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Abstract

Development of Theranostic and Bioresponsive Small Molecule

Magnetic Resonance Imaging Contrast Agents

Casey Adams

Biomedical imaging is an essential part of medicine that enables the non-invasive
observation of biological phenomena. This, in turn, allows for more accurate and earlier diagnoses,
monitoring of therapies, and even fundamental research into biological processes. Molecular
imaging, a fast-growing subdiscipline of biomedical imaging, seeks to image biochemical
processes at the cellular level and beyond. There are a variety of imaging modalities used in
molecular imaging, such as fluorescence, positron emission tomography (PET), single photon
emission computed tomography (SPECT), computed tomography (CT), and magnetic resonance
imaging (MRI), each of which have benefits and drawbacks. MRI is a uniquely powerful imaging
modality, as it is safe, has unlimited depth penetration (can image any part of the body), and
provides unparalleled soft tissue contrast and anatomical information. However, it suffers from
poor sensitivity, and therefore contrast agents are commonly used to enhance the signal. Gd(I11)
based contrast agents (GBCAs) result in brighter contrast where present and have multiple
parameters that affect their relaxivity (i.e. how well they behave as contrast agents). Targeting
groups can be added to GBCAs to image biological targets of interest and bioresponsive groups
can be added that change the relaxivity of Gd(Il1) in response to a stimulus, providing a way of

imaging biochemical processes. As such, there is a wide variety of ways in which GBCASs can be



used for molecular imaging.

The first two uses of GBCAs described in this thesis (chapters 2 and 3) involve Gd-Pt
theranostic agents. Theranostics enable simultaneous imaging and therapy through combining a
therapeutic with a diagnostic. In the first case, Gd(I11)-Pt(1l) theranostics were developed to image
chemoresistance to Pt(ll) drugs (e.g. cisplatin), which are among the most important cancer
therapeutics. By coupling a GBCA to a cisplatin-like moiety, we were able to image agent
accumulation differences in chemosensitive and chemoresistant tumors using MRI. Decreased
drug accumulation is a hallmark of chemoresistance, therefore this method is a promising first step
towards the ability to image Pt(ll) chemoresistance. Future work will involve optimizing these
Gd(111)-Pt(11) agents and performing more in depth in vivo experiments to establish the ability of

the agents to predict chemoresistance.

Chapter 3 describes the development of Gd(ll1)-Pt(1V) theranostic agents. Pt(IV)
complexes are commonly used in prodrug strategies because they are non-toxic in the IV oxidation
state but can be reduced by biologically relevant reducing agents to an active cytotoxic Pt(Il)
complex. By coupling a GBCA to a Pt(IV) cisplatin prodrug, we were able to deliver Gd(l11)
intracellularly, whereas all clinically used GBCAs are limited to the extracellular space. Because
the agent releases cisplatin, it was significantly more cytotoxic than the Gd(l11)-Pt(ll) agents
previously described. Therefore, these Gd(111)-Pt(IV) agents are a promising platform for effective
tandem chemotherapy and MR imaging. Future work will involve incorporating additional
diagnostic and therapeutic moieties onto the Gd(I11)-Pt(IV) agents for multimodal imaging and

combination therapy.



Chapter 4 describes the development of a Ca(ll) responsive GBCA with high cellular
uptake and NIR fluorescence capability. The agent increases its relaxivity >100% (at 7 T) in the
presence of Ca(ll), enabling detection of intracellular Ca(ll) flux. A derivative of a NIR fluorescent
dye, IR-783, was incorporated to target organic anion transporter polypeptides (OATPSs) on cells.
We found that the incorporation of IR-783 drastically increased the cellular accumulation of the
agent (>10 fmol/cell), resulting in significant intracellular contrast enhancement, especially when
Ca(ll) flux was induced. In vivo experiments imaging neuronal activity in mouse brains are

currently underway.
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1.1 Introduction

At the most fundamental level, biomedical imaging enables the noninvasive observation of
biological phenomena. The importance of being able to visualize the inner workings of the body
cannot be overstated. Modern biomedical imaging techniques are essential in modern medicine;
they allow clinicians to detect and diagnose diseases earlier and more accurately and monitor the
progress of treatment, all of which significantly improve patient prognoses.

Molecular imaging, which aims to visualize specific biochemical processes in the body in
real time, is a rapidly advancing and exciting subdiscipline of biomedical imaging with enormous
potential. Molecular imaging has the potential to provide detailed insights into complex biological
pathways and disease mechanisms in a living organism. As such, the information gathered from
molecular imaging can advance our diagnostic capabilities, aid in drug discovery, enable
personalized and precision medicine, track therapies, and discover biochemical interactions and
pathways hitherto unknown.*

There are a wide variety of biomedical imaging modalities that are used for molecular
imaging, each of which have strengths and weaknesses. Most imaging modalities rely on contrast
agents, which, as the name suggests, provides the signal that is detected. In molecular imaging, the
contrast agent is typically designed to target or interact with something of biological interest to
provide information about it in real time. Two of the most important aspects of a given imaging
modality are sensitivity and depth penetration. Sensitivity relates to how easily a signal can be
detected; in short, a more sensitive modality requires less signal to be detectable. Depth penetration
relates to how readily the signal can pass through biological media. Depth penetration affects the

resolution of images, and in many cases, hinders detection of the signal entirely. These two factors,
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among others, are essential to understand when determining which imaging modality is best for a

given task.!

Table 1.1. Summary of discussed molecular imaging modalities (modified from ref 1).

Modality Spatial Sensitivity Benefits Limitations
Resolution
Fluorescence <1 pm in vitro 10°-10* M Cheap, Low depth
ubiquitous, good penetration
2-3 mm in vivo safety profile (limited clinical
(preclinical) utility)
PET/SPECT 1-2 mm 100-101? M Unlimited depth lonizing
(preclinical) penetration radiation, costly,
no anatomical
5-10 mm information
(clinical)
CT 50-200 pm Not determined | Unlimited depth lonizing
(preclinical) penetration, radiation, limited
ubiquitous in molecular
0.5-1 mm clinic imaging utility
(clinical)
MRI 25-100 um 10°5-10° M Unlimited depth | Low sensitivity,
(preclinical) penetration, no long image
ionizing acquisition
1 mm (clinical) radiation, best in | times, expensive
class soft tissue
contrast

1.2 Optical Fluorescence Imaging

Optical imaging (fluorescence being the most common type) utilizes the luminescent
properties of certain molecules, termed fluorophores. Fluorophores work by absorbing light of a
certain wavelength (dependent on the specific fluorophore) and subsequently releasing light at a

different wavelength. Fluorescence imaging is one of the most common imaging modalities for
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molecular imaging and has seen widespread use in in vitro and preclinical in vivo settings.>®

Fluorescence imaging is so commonly used for a few reasons. First, there are countless
fluorescent moieties that exist. With such a broad scope of available compounds, it is possible to
select a fluorophore for nearly any purpose. Furthermore, fluorophores can be drastically affected
by subtle chemical modifications, enabling the design of bioresponsive fluorophores that change
fluorescent properties in response to a biological stimulus. Finally, Fluorescence imaging has
excellent sensitivity, with fluorophore concentrations in the nanomolar (10-° M) to picomolar (10
12 M) range detectable.® With such excellent sensitivity, fluorophores can be used to visualize
biological targets that are not present in high amount. As such, it is no surprise that fluorescence
imaging is the gold standard imaging modality for in vitro cell work. In the cellular setting of
confocal microscopy, fluorescence imaging has excellent spatial resolution, with sub-micron
resolution possible (diffraction limited to about ~200 nm).” This enables detailed images of
subcellular structures, which is extraordinarily useful in the study of structural biology and
biochemical processes.

However, the limitations of fluorescence imaging become apparent when in vivo settings
are considered. One of the most significant drawbacks of fluorescence imaging is its limited depth
penetration. Light in the UV-Vis range does not penetrate well through biological tissue (limited
to <1 cm), which significantly limits its utility in imaging animals, and makes non-invasive
imaging in humans impossible. Even if the light can penetrate through tissue, it severely affects
the spatial resolution (2-3 mm).! To help overcome this issue, researchers have developed
fluorophores that emit at longer wavelengths, such as the near infrared region (NIR).8 NIR light

penetrates through tissue better, and as such, have enabled fluorescence imaging in many
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preclinical experiments, such as those in mice.® Though non-invasive fluorescence imaging in
humans is far-fetched, fluorophores have seen use in a few areas in the clinic, such as fluorescence-
guided surgery.1® Fluorescence guided surgery uses a fluorophore to target tissue that is intended
to be resected; the fluorescence signal helps the surgeon visualize what tissue should be removed.
Thus, though fluorescence imaging is most useful in the in vitro realm, unique uses in the clinic

are emerging.

1.3 Nuclear Imaging Techniques

Nuclear imaging techniques, such as positron emission tomography (PET) and single
photon emission computed tomography (SPECT), utilize electromagnetic radiation released from
radioactive nuclei. Both PET and SPECT radiotracers ultimately release high energy gamma ray
radiation, albeit through different mechanisms. While SPECT radiotracers (1231, **™Tc, 133Xe, 1*In,
etc.) directly release a single photon of gamma radiation, PET radiotracers (*8F, *1C, Cu, %Ga,
etc.) first emit a positron.t* The positron, which is the antiparticle of an electron, undergoes an
annihilation event when it collides with an electron, which produces two gamma ray photons 180°
apart.

Both PET and SPECT utilize gamma radiation, which is sufficiently energetic to penetrate
through biological tissue in humans. This unlimited depth penetration means both modalities are
relevant for biomedical imaging in the clinic. There are FDA approved PET and SPECT
radiotracers commonly used, such as '8F-fluorodeoxyglucose (FDG), which is a common PET
radiotracer for cancer imaging.*? In addition to the outstanding depth penetration, PET and SPECT

have excellent sensitivity (101°-101? M).! With the ability to be detected at very low
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concentrations anywhere in the body, nuclear radiotracers have an impressive scope of possible
uses in molecular imaging. Additionally, each specific radiotracer has a distinct half-life, therefore
the radiotracer used can be selected to match the indication. For example, immunoPET imaging
uses long lived positron emitters such as 8Zr (t2 of ~3 days) to match the long half-lives of
antibodies.?

Despite the beneficial aspects and clinical promise of nuclear techniques, they do have
several limitations. First, the excellent depth penetration comes at the cost of using harmful
ionizing radiation. Though only small quantities of radiotracer are necessary, repeat exposure to
gamma radiation is a significant safety concern. As such, there are questions about the ability to
monitor diseases long-term using nuclear techniques. Second, both techniques have poor spatial
resolution and lack any anatomical information. As such, they can be coupled with a second
imaging modality (MRI or CT) to provide anatomical information that contextualizes the PET or
SPECT signal.'* Third, the cost of PET and SPECT imaging is higher than most other imaging
modalities.! Not only are the scanners expensive, but the radioactive material can be a bottleneck
as well. For instance, short lived isotopes such as *'C require an onsite cyclotron. Because of the
high cost, PET and SPECT are not yet ubiquitous in the clinic. Still, the versatility of nuclear
techniques and ability to image nearly any molecular target in the body make them essential

molecular imaging tools.

1.4 Computed Tomography
Unlike nuclear techniques, computed tomography (CT) provides detailed anatomical

images. CT uses x-rays to take a series of images at different angles, which are then compiled into
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cross-sectional slices that, when combined, provide 3D images. Because X-rays attenuate
differently depending on the density of the tissue they pass through, different tissue types will have
different contrast in a CT image. As such, CT can provide detailed anatomical information on a
variety of different tissue types and is useful for imaging nearly any part of the body.' CT is used
extensively in the clinic for a variety of purposes, such as brain imaging, detection of tumors,
detection of clots, etc. Especially dense tissue, such as bones, appear very bright on a CT image
because they attenuate x-rays to a high degree, and as such, it is an excellent modality for
visualizing bone abnormalities. Contrast agents can be used to enhance the observed contrast in
CT images. CT contrast agents are compounds that block x-rays from passing through, thus
increasing the contrast where they are present.® lodine-based compounds are typically injected
into the blood and used to image blood vessels while barium-based compounds are used orally to
image the Gl tract.

Like PET and SPECT, CT uses ionizing radiation (x-rays), and therefore there are safety
concerns related to regular CT imaging of a patient.! Though CT imaging is an undeniably
indispensable imaging technique in the clinic, it is not used as frequently for molecular imaging
or imaging in the preclinical setting, perhaps due to the restrictions on CT contrast agents (i.e. they

must be heavy elements with high electron density).

1.5 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is unique among the other imaging modalities
discussed and has several benefits that make it one of the most powerful and commonly used

biomedical imaging techniques. MRI operates on the same principle as nuclear magnetic resonance
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(NMR). In short, a sample is placed in a strong external magnetic field (Bo) such that spin active
nuclei (*H in the vast majority of cases of MRI) align with or against the magnetic field. Alignment
with the external magnetic field is slightly energetically favorable, resulting in a net magnetization
vector (Mo) that is aligned with the external magnetic field (Figure 1.1.) Radio frequency pulses
are applied that knock the net magnetization vector out of alignment with the external magnetic
field. The excited nuclei that have been knocked out of alignment subsequently relax through two
mechanisms: T1 (longitudinal) relaxation, which is the time it takes for Mo to regrow in the
direction of Bo, and T2 (transverse) relaxation, which is the time it takes for the net magnetization
in the XY plane (i.e. the magnetization that resulted from Mo being knocked out of alignment with
Bo) to return to zero.6-17

The signal detected is proportional to how quickly the excited nuclei relax back to
equilibrium, which in turn is affected by the environment the nuclei are in. Most MR imaging deals
with *H nuclei (protons), which are ubiquitous in all tissues and water in the body. The H nuclei
in different tissues (muscle, fat, brain, etc.) are in very different environments, and therefore have
distinct relaxation properties. This results in inherent contrast differences between different
biological tissue types, which provides MRI with excellent soft tissue contrast and anatomical
information. Additionally, there are no safety concerns with MRI (without contrast agent) because
radio frequency is used. Radio frequency also has limitless depth penetration, making MRI very
well suited for clinical imaging.!

The main drawback of MRI as a molecular imaging modality is its low sensitivity. Because
tissue has endogenous contrast in MRI (i.e. a contrast agent does not produce the signal) the

background signal is very high when imaging a specific target. Furthermore, because the energy
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difference between parallel and antiparallel alignment with Bo is very small, Mo is smaller than it
otherwise would be. Therefore, the signal from one cycle of excitation and relaxation is quite
small, and many scans must be acquired to obtain a suitable image. As such, image acquisition
time of MRI is longer than the other imaging modalities discussed.*: 16-17

To increase the utility of MRI as a molecular imaging modality, contrast agents can be
employed to increase the relaxation rate (T1 or T2) of excited nuclei, ultimately enhancing the
contrast where the agent is present. Gadolinium (Gd(lI11)) is acommonly used T1-weighted contrast
agent, meaning it increases the Ti relaxation rate (lowers the relaxation time), resulting in brighter
contrast in a Ti-weighted image.'®1” Gd(lI11)-based contrast agents (GBCAs) will be discussed in
greater detail in subsequent sections. T2 contrast agents increase the T2 relaxation rate, resulting in
darker contrast in T2-weighted images. Superparamagnetic iron oxide nanoparticles (SPIONS) are
common T2 contrast agents. Because of the low sensitivity of MRI, contrast agent concentrations
in the high micromolar to millimolar (10--10-° M) are necessary to significantly enhance the
observed contrast.! This is a significant limitation, yet there are many ways in which MRI contrast

agents can report on biological processes and phenomena.

‘T M, RF Pulse |

T, (transverse) relaxation
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Scheme 1.1. Depiction of the process that occurs during MRI. Spin active nuclei (most typically
'H) will align with an applied external magnetic field (Bo) such that there is a net magnetization
vector (Mo) aligned with Bo (termed the Z direction). When radiofrequency (RF) pulses are
applied, Mo gets knocked out of alignment with Bo. The excited 'H nuclei then relax back to
equilibrium through two mechanisms, T1 and Tz, where Tz is the time it takes for Mo to regrow in
the Z direction and T2 is the time it takes for the net magnetization in the XY plane to return to
zero. This process is repeated during image acquisition in MRI. (T1 and T2 relaxation pictures from
mriquestions.com).
1.6 Gd(I11)-Based MRI Contrast Agents (GBCAS)

Gd(l11)-based contrast agents (GBCAs) are very commonly used tools in *H MRI. Nearly
40% of all clinical MRI scans employ a GBCA to enhance the contrast of an area of interest. 6%
Gd(111) works as a contrast agent by increasing the relaxation rate of excited *H nuclei. Gd(l11) is
ideally suited to this role because of its unique electronic and magnetic properties. Gd(I11) has a
half-filled 4f subshell, making it highly paramagnetic with the largest stable spin (S=7/2) and
giving it a symmetric S state that results in a slow electronic relaxation time (T1e).1%1” The Tie of
Gd(11) is well in tune (on the same order of magnitude, depending on the magnetic field strength)
with the Larmor frequency of protons, which is the frequency at which protons precess around the
applied external magnetic field.'®-1" As a result, Gd(I11) is well suited to facilitate energy transfer
from the excited protons, which increases their Ti relaxation rate. This is observed as brighter
contrast in a Ti1-weighted image wherever the Gd(111) is present.

Free Gd(l1l) ions that are not coordinated by an organic ligand are toxic in biological
systems. As such, it is necessary to form a stable (thermodynamically and kinetically) complex so
that the Gd(111) does not interfere with biological processes and cause toxic side effects.'51” There

are several GBCAs that are approved for clinical use by the FDA (Figure 1.2.) Each of these FDA

approved agents are based on octadentate (eight-coordinate) ligands that allow one water molecule
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to bind directly to the Gd(I11) ion.t” The ligands are either linear and based on diethylenetriamine
pentaacetate (DTPA) or macrocyclic with three acetic acid arms (DO3A) or four (DOTA). DTPA
and DO3A/DOTA based ligands bind Gd(Ill) to form highly thermodynamically stable and
kinetically inert complexes. However, in recent years, concerns about Gd(111) dissociating from its
ligand in the body have been raised.*®1° Of note, some patients developed nephrogenic systemic
fibrosis (NSF). Further analysis showed that three agents (Magnevist, Omniscan, and Optimark),
all of which use a linear ligand, were associated with increased chances of developing NSF;
however, this only occurs after repeat exposure in patients with severely compromised kidney
function (pre-existing kidney failure). Because of the association between linear complexes and
NSF, as well as the increased stability of macrocyclic complexes compared to their linear
analogues (macrocyclic effect), there has been a strong trend towards the exclusive use of
macrocyclic GBCAs.

More recently, data has shown that patients with repeat contrast enhanced MR scans can
have detectable amounts of Gd(l1l) remain in their bodies, including in the brain, for months or
years after imaging.2%-2 Gd(lI11) retention in the body has not yet been linked to any adverse health
effects in patients with normal kidney function, yet this observation prompted the FDA to issue a
warning. Still, GBCAs (especially macrocyclic ones) are considered very safe, with severe adverse
events observed in only 1 in every 40,000 injections.?? As such, the FDA asserts their benefits
continue to outweigh any potential risks.

The safety concerns of GBCAs, though minimal, have spurred research into developing Tz
contrast agents that use paramagnetic ions other than Gd(l11), such as Mn(I1) and Fe(111).2-? Iron

and manganese are naturally present in biological systems, therefore researchers suggest CAs
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using these paramagnetic ions may be safer alternatives. Although Gd(lll) is typically a more
efficient CA compared to Fe(l11) and Mn(ll), certain complexes have been developed that have
relaxivities comparable to clinically used GBCAs.2-?> Additionally, Fe(I11) and Mn(Il) are both
redox active, whereas Gd(I11) is not under any reasonable conditions, thus opening the door for
redox mediated molecular imaging probes.?>?° Though GBCAs will likely remain the gold-
standard for clinical use, it is likely research into alternative contrast agents will continue to

increase in the coming years.
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Figure 1.1. FDA approved Gd(I11)-based contrast agents (GBCASs). All approved contrast agents
are based on the linear ligand, DTPA, or macrocyclic ligands, DO3A or DOTA. All FDA approved

GBCA:s are octadentate with one inner sphere water bound. Figure modified from reference 17.
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1.7 Relaxation Theory of GBCAs

In MRI, *H nuclei have an intrinsic relaxation time (T1 and T2), which is the basis of the
diamagnetic portion of the observed signal. The intrinsic T1 and T2 of a proton depends on the
environment it is in, which ultimately results in contrast differences in distinct tissues in the body
without the use of an exogenous contrast agent. When an exogenous contrast agent is used, such
as a GBCA, the paramagnetic ion generates fluctuating magnetic fields through Brownian motion,
which speeds up the relaxation rate of nearby protons. This increase in relaxation rate due to the
contrast agent is known as paramagnetic relaxation enhancement (PRE).6-17

There are a number of factors that contribute to the PRE effect that a GBCA has on protons,
many of which can be altered through chemical modification or biochemical interaction of the
Gd(111) complex. This is the basis for developing bioresponsive MR contrast agents.'® Since
GBCAs are rarely used as T2 contrast agents, this discussion will focus exclusively on Ti
relaxation.

The typical measure the effectiveness of a contrast agent is T1 relaxivity (r1). Relaxivity is
the slope of the line of a plot of 1/T1 (R1 or relaxation rate) vs. concentration of the contrast agent.
In short, a higher relaxivity contrast agent is one that more efficiently increases the relaxation rate
of protons, resulting in a higher PRE and brighter observed MR contrast. As equation 1.1 shows,
the observed relaxation rate can be increased by either increasing the relaxivity or the concentration
of the contrast agent. Equation 1.2 shows that the relaxivity of a contrast agent is broken into an
inner sphere portion and outer sphere portion, the contributions of each are ~50% of the total PRE.
There are several parameters that affect the inner sphere portion of relaxivity. The number of water

molecules directly bound to Gd(lll) (q) is directly proportional to relaxivity (Eq 1.3.) In other
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words, relaxivity increases as more water can directly bind to Gd(l11). Additionally, relaxivity is
maximized when the dipole-dipole relaxation correlation time (zc) is equal to the inverse Larmor
frequency of water protons. Equation 1.4 shows three key parameters that affect z.. = (the
rotational correlation time), tm (water residency time), and Tie (electronic relaxation time of
Gd(111)). The Larmor frequency of protons is dependent on the external magnetic field strength,
therefore different parameters dominate relaxivity at low field strength (0.5-3 T) and high field
strength (7-9.4 T). Figure 1.2 shows the different water coordination spheres of a small molecule
GBCA as well as some of the key parameters discussed. Each of these parameters, and how they

are used to develop bioresponsive GBCAs, will now be discussed in greater detail .15’

L =1 4 0GdAID]  Eq 1.1

Tl,obs Tl,d

rn=r2+r Eq. 1.2
I1s _ 4/[H20]

S = e Eq. 1.3

LR I LR Eq. 1.4
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Figure 1.2. Different water coordination spheres of a small molecule GBCA and some of the key
parameters affecting relaxivity. Inner sphere (IS) water bound directly to Gd(lll) is ¢, and
relaxivity is directly proportional to this parameter. Second sphere water refers to water hydrogen
bonded to the complex but not directly coordinated to Gd(111). zr is the rotational correlation time
of the complex, which is related to how fast it rotates in solution. 7m is the water residency time,
which is related to how fast the bound water exchanges with the bulk water. Tze is the electronic
relaxation time of Gd(I11), which affects all coordination spheres and is dependent on magnetic
field strength. In total, inner sphere contributions contribute about 50% of the total relaxivity.

Hydration number (q) and g-modulated activatable agents:
The hydration number, the number of water molecules directly bound to Gd(l11), is directly

proportional to the inner sphere relaxivity. As previously stated, all FDA approved GBCAs are g
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of 1, and they have relaxivities between 3.5-5.5 mM-stat 1.5 T.16-17 If g is increased, the relaxivity
increases in a linear fashion; however, increasing q comes at the cost of decreasing the denticity
of the ligand, resulting in a less stable complex. Therefore, q values greater than 2 are not
commonly seen. The hydration number provides a straightforward means of developing
activatable GBCAs at any magnetic field strength. g-modulated GBCAs start with a low hydration
number, usually =0, due to an extra chemical group (“arm”) that binds to Gd(III) and blocks water
coordination. The arm is designed to respond to or interact with some sort of biological stimulus
(enzyme, ion, etc.) such that it no longer binds Gd(lll) and opens up one or more water
coordination sites to increase q to 1 or 2 (Scheme 1.2.) The increase in relaxivity going from the
“off” to “on” states provides a readout of the biological activity that occurred. However, because
inner sphere contributions are only ~50% of the total relaxivity, the “off” state of a q-modulated
agent is never truly off. As such, it can be difficult to tease out high concentrations of “off” agent
vs. activation of the agent to its brighter “on” state. Nevertheless, it is a powerful strategy for
developing activatable GBCAs because it can be used regardless of magnetic field strength, and
therefore is relevant for clinical and preclinical applications alike. Over the past two decades, -
modulated agents have been developed that report on Ca? flux, reporter genes for gene therapy,

pH, Zn%*, K*, Cul*?* Fe?*, and redox activity.30-34
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Scheme 1.2 Depiction of how g-modulated activatable GBCAs work. Initially, a chemical group
binds to Gd(III), blocking water coordination (q=0) and resulting in a low relaxivity “off” state.
The chemical group then interacts with some biological analyte of interest such that it no longer
binds Gd(l11), opening up one or more water coordination sites (g=1 or 2) and resulting in a higher
relaxivity “on” state.

Water residency time (zm):

The water that is directly bound to Gd(111) exchanges rapidly with the bulk water, imparting
the strong PRE effect to the surrounding area. Typical small molecule GBCAs have a tm of ~100
ns (~10 million water molecules exchanged per second). The ligand of the GBCA can be designed
to change Tm, and indeed research has been done to “optimize” Tm. FOr example, researchers have
designed Gd-DTPA derivatives with substituted ligand backbones that affect the water exchange
rate.3® However, Tm is a difficult parameter to use as a bioactivatable strategy, and it is sufficiently
fast for small molecule agents where it is not the limiting factor of relaxivity at relevant magnetic

field strengths.
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Rotational correlation time (zr) and zzr-modulated agents:

The rotational correlation time (zr) is related to how fast the Gd(l11) complex rotates in
solution. For most small molecule GBCAs, the tr is ~0.1 ns, which is very fast compared to other
parameters (Tz1e and Tm) seen in Eq. 1.4.117 Therefore, the relaxivity of small molecule GBCAs is
typically limited by the fast tr, and as a result, slowing tr is a very effective way to produce
significant increases in relaxivity.'® Tr modulation is usually most effective at low field; however,
as the magnetic field strength increases tr no becomes less of a limiting factor, and therefore tr-
modulation strategies are usually ineffective at high field (7-9.4 T).1

In short, the Tr-modulation strategy involves slowing the rotation of the Gd(I11) complex.
This is usually accomplished by making the contrast agent larger or designing the contrast agent
to bind to something large to slow the rotation. Nanoparticles are commonly employed as a means
of increasing 7r.3® GBCAs conjugated to nanoparticles often demonstrate drastic increases in tr
and relaxivity, especially at low field. Gold nanoparticles, nanodiamonds, and silica nanoparticles
have all been used as vehicles for GBCAs.3"-* Furthermore, nanoparticles enable loading of many
Gd(111) complexes per particle, which increases contrast through concentration.

Another common tr-modulation strategy includes binding to large biomacromolecules
such as proteins and DNA. When the small molecule GBCA binds to a large biomacromolecule,
it slows the rotation of the complex and an increase in zr results.5 This strategy is used in some
clinically approved GBCAs, such as Ablavar. Ablavar binds to albumin, a ubiquitous serum
protein, which significantly increases the relaxivity of the agent as well as the half-life. In fact,

when bound to albumin, Ablavar has a relaxivity 10 times higher than Gd-DTPA at 0.5 T,
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highlighting just how significant an increase in 7r can be for small molecule GBCAs.'” Agents
of these type are termed blood pool agents because they stay in the blood complexed with serum
proteins and circulate for extended periods of time, making them very useful for imaging blood
vessels (angiography).

Blood pool agents already have clinical utility; however, there are many reports of r-
modulated GBCAs used for other purposes. For example, GBCAs can be used to target receptor
proteins, bind DNA, and self-aggregate in response to some biological stimulus, usually enzymatic
cleavage (Scheme 1.3.)*-50 If the GBCA interacts with its biological stimulus with high specificity,
the observed contrast enhancement due to a tr-modulated relaxivity increase provides a readout

in real time of that event.
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Scheme 1.3. Common strategies for tr-modulated GBCAs. (A) A small molecule GBCA can be
designed to bind to a larger biomacromolecule. Upon binding, the tr increases, resulting in a
increase in relaxivity at low magnetic field strength. If the GBCA targets that macromolecule with
high specificity, the relaxivity increase provides contrast enhancement as a readout of the binding
event. (B) Small molecule GBCAs can be designed to respond to a biological stimulus such that
they self-aggregate, forming larger structures that have increased tr. Here, the increase in observed
contrast gives a readout of the event that triggered aggregation. Figure graciously borrowed from:
Krueger, Ruby. 2018. Towards detection of intracellular calcium flux by magnetic resonance
imaging. PhD Thesis, Northwestern University.

Because most biological targets are much larger than small molecule GBCAs, agents
usually experience an increase in Tr When they bind to their targets. In addition to the increase in
TR, this strategy can also increase accumulation of the agents, which in turn can increase the

observed contrast by increasing the local concentration of the agent. As previously discussed, large

particles (Gd(lIll)-protein conjugates, nanoparticles, etc.) typically have longer half-lives and
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circulate in the body longer, further increasing the accumulation and retention of the GBCA
compared to a small molecule complex alone. Therefore, Tr-modulation often goes hand in hand

with increased accumulation of the agent, though that is not necessarily the case.

Electronic spin-lattice relaxation time (Tze) of Gd(l11):

The slow (~107° s) T1e of Gd(lll) that is inherently in tune with the Larmor frequency of
protons is a fundamental property that makes Gd(I11) such a great contrast agent for *H MRI.16-1
Tie, like Larmor frequency, is dependent on magnetic field strength. Unlike other parameters
discussed like q and tr, T1e affects all coordination spheres (both inner and outer) that contribute
to relaxivity. As such, Tie modulation offers a way of producing a truly “off” state for an activatable
GBCA. If the T1e can be changed such that it is no longer in tune with the Larmor frequency of
protons, Gd(111) would cease to be an effective contrast agent (r1near 0). However, this is difficult
because T1e is not affected by simple chemical modifications or coordination differences in Gd(l11)
because it is a property stemming from the non-bonding 4f electrons. Instead, the proposed Tie
modulation strategy involves coupling Gd(I11) to another paramagnetic metal ion with a fast Tie
(Fe, Cu, Co, Ru) through one or more shared bridging ligands that enables magnetic coupling (e.g.
via superexchange). If magnetic coupling occurs between the Gd(I11) and transition metal ion, the
T1e of Gd(I11) can be sped up to the point where it no longer effectively relaxes protons. If the
coupling can be broken through some process (e.g. redox of the transition metal to a diamagnetic
complex) the T1e of Gd(l11) is restored and the agent returns to a normal relaxivity. Through this
process, extremely large turn-on responses are possible due to the very low relaxivity off state.

Preliminary proof of concept work has been accomplished in this area, yet probe design is
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exceptionally difficult due to the requirements for coordinating Gd(lll), accommodating a
transition metal ion, incorporating a suitable bridging ligand, etc.>* Tie modulation is a fascinating
strategy with enormous potential for activatable agents, but will likely be difficult to use in

practical biological applications.

1.8 Theranostics and GBCAs

Theranostics are dual purpose agents that combine a therapeutic with a diagnostic, thus the
name theranostic (sometimes seen as theragnostic).5? Theranostics are powerful tools that deliver
a therapy while simultaneously providing information on the course of therapy that otherwise
would not be possible. For instance, theranostics can enable non-invasive visualization of where
the therapy has been delivered (i.e. validation that the therapy has gone to its intended target),
monitoring of treatment, monitoring of off-target toxicity, reporting of drug activation in prodrug
strategies, etc. Any molecular imaging modality can be used in a theranostic, and indeed
theranostic agents incorporating fluorophores, PET/SPECT radiotracers, and MRI contrast agents
have all been reported.>->* Nanoparticles are commonly used in theranostics because contrast
agents, therapeutics, targeting groups, etc. can all be easily conjugated.®® The wide scope of
nanoparticle materials and possible diagnostic and therapeutic groups makes for a near limitless
combination of nanotheranostics. Many platforms include more than one diagnostic for
multimodal imaging and more than one therapeutic for combination therapy. There are many
examples of Gd(I11) used in nanoparticle-based theranostics for MRI in the literature.5? Although
nanoparticles are the most common type of theranostic, small molecule agents are still quite

prevalent, some of which incorporate GBCAs for MRI.52 One common strategy is the use of a
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prodrug, which is an inactive form of a therapeutic that becomes activated in response to some

stimulus.5%5¢ Theranostic GBCAs will be discussed in further detail in chapters 2 and 3.

1.9 Considerations for GBCAs

There are several key factors to consider when designing a GBCA to be used for molecular
imaging. One of the most important factors (and often a limiting factor) is the abundance of the
biological target of interest. Since relatively high concentrations of Gd(lll) are necessary to
appreciably enhance the observed contrast (10°-10% M), targets that have micromolar or
nanomolar concentrations in the body are not suitable targets. Unfortunately, many biological
targets of interest (receptors, extracellular/intracellular proteins, etc.) are at concentrations too low
to be feasibly imaged by MR. Again, nanoparticles can be useful in this regard, as one nanoparticle
can deliver hundreds of Gd(l11) complexes per particle, shifting the window of what is feasible by
one or two orders of magnitude.

Another key consideration is the location of the target of interest. Extracellular targets are
generally quite accessible, as are many cell-surface targets; however, many biological targets are
intracellular. GBCAs using a clinically approved ligand (DTPA or DO3A/DOTA derivative) are
quite water soluble and do not readily penetrate cells. Therefore, delivering a GBCA
intracellularly, especially in high enough amount to significantly enhance the contrast, is a difficult
task. A variety of groups can be incorporated onto GBCAs to aid in cellular delivery, including
cell penetrating peptides (CPPs), groups that target transporter proteins, and nanoparticles that can
be endocytosed. Still, efficient intracellular delivery of GBCAs is a hurdle that must be carefully

considered when designing a molecular imaging probe.
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In addition to location of the target, the timeframe of the biochemical event of interest must
be considered. Image acquisition takes minutes, therefore very fast biological processes are not
likely feasible to image using MRI. However, special pulse sequences can be developed to help
speed up image acquisition. On the other end of the spectrum, processes that occur very slowly
can be difficult to image because over time the contrast agent will clear out of the body. In those
instances, it is difficult to quantify signal that is coming from imaging the biological process vs.
the signal that is lost due to agent clearance. As previously mentioned, quantification of activatable
GBCA:s is especially difficult because the “off™ state is never truly ri1=0.

In summary, GBCAs are powerful and versatile tools in the molecular imaging toolkit.
MRI is a unique imaging modality that offers safe and non-invasive imaging in any biological
system (cells all the way to humans) with extraordinary soft-tissue contrast and anatomical
information. Gd(l11) complexes have a variety of parameters that can be manipulated to develop
activatable agents that report on biochemical processes, and although there are limitations with
sensitivity, time scale, and targeting, there are numerous ways in which GBCAs have and will be

used for molecular imaging purposes.

1.10 Scope of Thesis

This thesis discusses the development of new theranostic and bioresponsive MR contrast
agents, each of which utilize a Gd(I11) complex. Chapter 2 discusses Gd(I11)-Pt(Il) theranostic
agents that are used to image Pt(Il) chemoresistance in tumors. Pt(l1l) chemotherapeutics (e.g.
cisplatin) are some of the oldest and most widely used cancer drugs available, yet they have

significant issues with off-target toxicity and chemoresistance. Though many chemoresistance
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mechanisms are possible, and indeed usually multiple are at play, decreased drug accumulation is
observed in nearly every case. Therefore, the goal of this project is to couple a Gd(I11) complex to
a Pt(Il) drug to enable non-invasive visualization of the complex in tumors. If a tumor is Pt(Il)
sensitive, the theranostic agent should accumulate in normal amounts and contrast enhancement
will be observed. If a tumor is Pt(Il) resistant, the thernostic agent will accumulate to a lesser
amount; therefore, this can be used as a proxy to tell if a tumor is likely chemoresistant by using
MRI. This method could potentially be used to image for innate chemoresistance before starting
therapy or to monitor for the onset of chemoresitance throughout therapy. In either case, detecting
chemoresistance earlier helps patients get the most effective treatments possible and avoid undue
toxicity.

Chapter 3 discusses the development of Gd(l11)-Pt(IV) prodrugs, which can be used for
tandem MRI and chemotherapy. Pt(IV) prodrugs are commonly used in preclinical research (and
some are in clinical trials) because Pt(IV) is non-toxic, but can be reduced by biologically relevant
reducing agents (e.g. glutathione, ascorbic acid) to Pt(Il), the active cytotoxic agent. While Pt(Il)
complexes are square planar, Pt(1\VV) complexes are octahedral, and therefore the axial ligands can
be used to couple other chemical entities that ultimately dissociate when the platinum is reduced.
In this project, a Gd(l11) complex was coupled axially to a Pt(IV) prodrug. The agent was able to
enter cells, where the Pt(IV) was reduced to Pt(ll), releasing active cisplatin. Compared to the
Gd(11)-Pt(11) agents discussed in chapter 2, the Gd(111)-Pt(IV) are much better therapeutics when
they release cisplatin. Additionally, Gd(l11) was observed to be well retained in cells, making this
platform promising for intracellular contrast enhancement and imaging of therapy. Finally, there

was is an additional axial ligand available that can be used to incorporate targeting groups,
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fluorophores for multimodal imaging, or other therapeutics for combination therapy. These
possibilities will be explored in future generations of Gd(I11)-Pt(1V) agents.

Chapter 4 discusses the development of a Ca(ll) sensing GBCA that increases its relaxivity
through a g-modulation strategy in the presence of Ca(ll). Several Ca(ll) sensing GBCAs have
been developed over the past two decades; however, the vast majority sense extracellular Ca(ll)
where concentrations are high. The goal of this project was to develop an agent that has high
cellular uptake in order to image intracellular Ca(ll) flux. Since Ca(ll) is the primary transducer of
electrical activity in neurons, the goal is to use this agent to image neuronal activity in the brain.
A Ca(ll) sensing agent with high cell uptake was developed by incorporating an analogue of the
NIR fluorescent dye, IR-783. IR-783 targets organic anion transporter polypeptides (OATPS),
resulting in active transport into cells. An IR-783 moiety was coupled to a Ca(ll) sensing GBCA,
and was found to enter cells in large amount. As an added benefit, IR-783 enables fluorescence
imaging at NIR wavelengths for multimodal imaging and optical validation of the location of the

probe. In vivo experiments using this agent are underway.
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CHAPTER 2

Development of Gd(111)-Pt(l1) Theranostic MR Contrast Agents

for Imaging Pt(I1) Chemoresistance



59

2.1 Introduction

Since its initial FDA approval in 1978, cisplatin has proved to be an essential tool for the
treatment of various types of solid tumors.% The success of cisplatin sparked widespread research
into the development of other Pt(Il), and more recently, Pt(IVV) complexes that are efficacious
chemotherapeutics.*” Despite decades of research and clinical trials, there are only three Pt-based

drugs approved by the FDA: cisplatin, carboplatin, and oxaliplatin.

Remarkably, these drugs are used in nearly 50% of all chemotherapy regimens.? Although
they have widespread clinical use, Pt(Il) chemotherapeutics are impeded by issues with off-target
toxicity and chemoresistance.®** Tumors can have both innate and acquired chemoresistance
stemming from various mechanisms. These include decreased influx, increased efflux, increased
sequestration in the cytoplasm by thiols, and increased DNA repair/resistance to damage. There is
currently no effective method to predict tumor response to Pt(ll) chemotherapy because the
mechanisms of resistance and associated genes are not completely known or understood. 46 Once
patients begin a Pt(Il) regimen, they undergo weeks or months of treatment (two cycles, six to
eight weeks minimum for cisplatin) before the tumor can be reevaluated for a clinical response,
typically by measuring tumor size by MRI or CT.-2L If the tumor has not responded, the patient
has been exposed to unnecessary toxicity and lost precious time. In order to improve efficacy and
mitigate patient exposure to harmful side effects, new research tools are necessary to predict tumor

response to Pt(1l) chemotherapies.

Though multiple chemoresistance mechanisms are possible, and indeed a combination of

mechanisms is typical, decreased accumulation of Pt(ll) is one of the most consistently identified
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causes of Pt(lI1) resistance.???* This presents an ideal opportunity to use Gd(I11)-Pt(Il) theranostic
MRI contrast agents (CAs) to image Pt(Il) chemoresistance. Pt(Il) moieties that have similar
structures to chemotherapeutics, such as cisplatin or carboplatin, can be incorporated into Gd(l11)
CAs, allowing the agents to behave as Pt(Il) drugs. This provides a powerful platform for
determining if cancer cells of interest take up Pt(Il) complexes. If a tumor is resistant to Pt(ll)
through a mechanism that results in decreased drug accumulation, the observed MR contrast
enhancement due to the theranostic agent will be lower than in Pt(Il) sensitive tumors that take the
drugs up in higher amounts. In this way, the extent of MR contrast enhancement provides a direct
and non-invasive readout of Pt(ll) accumulation (Scheme 1). This, in turn, may provide a means

of imaging Pt(1l) chemoresistance.

There are few examples of Gd(I11)-Pt(11/1V) agents in the literature, none of which have
been used to image factors related to chemoresistance.?>3! Here, we describe two Gd(I11)-Pt(11)
agents that were synthesized by coupling a Gd(I11) MR CA to cisplatin and carboplatin-based
complexes. These agents are designed to mimic the mechanism of action of Pt(1l) drugs (i.e. bind
to DNA). As a consequence, they provide intracellular contrast enhancement, whereas Gd(l1l)
CAs are typically limited to the extracellular environment.3> 33 This platform offers a
straightforward way to non-invasively probe the amount of Gd(I11) (and Pt(Il) by proxy) in cancer
cells. This method to image Pt(ll) accumulation, a dominant factor of chemoresistance, is a crucial
first step towards predicting response to therapy and monitoring for the onset of chemoresistance—

a critical unmet need in medicine.
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Scheme 2.1. Demonstration of how Gd(I11)-Pt(I1) agents may be used to image Pt(11) accumulation
differences. Gd(I11)-Pt(I1) agents will accumulate in Pt(l1) sensitive tumors, providing MR contrast
enhancement. In Pt(ll) resistant tumors, there is a decreased drug accumulation due to
chemoresistance. Therefore, Gd(I11)-Pt(I1) agents will accumulate to a lesser extent, resulting in
little to no MR contrast enhancement. This may provide a means of imaging Pt(ll)
chemoresistance.
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2.2 Results and Discussion

Synthesis and purification of the agents. Two Gd(IIl)-Pt(Il) agents, GP1 and GP2, were
synthesized through a copper-catalyzed click (CUAAC) reaction between Gd(I11) complex 1 and
Pt(11) complexes 2 and 3 (Figure 2.1.) Complexes 1-3 were synthesized using adapted literature
protocols.®* % GP1 and GP2 were synthesized from 1-3 in one step after finding adequate
conditions for the CUAAC reaction. Both agents were purified by preparatory HPLC, characterized
by HPLC-MS and HRMS (see appendix), and analyzed by ICP-MS to ensure the Gd:Pt ratio was
near 1:1. The higher yield of GP2 is attributed to the greater stability of the carboplatin moiety

compared to cisplatin.
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Figure 2.1. (A) Synthetic scheme of GP1 and GP2: (i) 2 (1.1 equiv.), (+)-sodium L-ascorbate (0.5
equiv.), CuSO4(H20)s (0.25 equiv.), DMF, RT, N2, 32%; (ii) 3 (1.1 equiv.), (+)-sodium L-

ascorbate (0.5 equiv.), CuSOa4(H20)s (0.25 equiv.), DMF, RT, N2, 68%); (B) Structures of cisplatin,
carboplatin, and the corresponding azide-appended complexes 2 and 3.

Relaxivity measurements and DNA binding. The Tz relaxivity (r1) and T2 relaxivity (r2) of GP1
and GP2 at low (1.41 T) and high (7 T) field strength were measured in pH 7.40 tris buffer in the
absence, and presence of calf thymus DNA (CT-DNA). These new agents were designed to behave
like Pt(11) drugs, and as such, should have the ability to bind DNA, which can affect relaxivity.

The measured r1 values are summarized in Table 2.1 (see appendix for r2 values). At 1.41



64

T, GP1 had an r1 of 5.8 mM-s in the absence and 13.3 mM-1s in the presence of CT-DNA, a
129% increase. At high field, the r1 was 5.1 mM-s't without and 4.8 mM-1st with CT-DNA. The
large relaxivity increase at low field can be attributed to an increase in the rotational correlation
time (7r) upon binding to DNA. At high field, an increase in r1 due to zr is not observed, as
expected.® Similar results were observed for GP2. At low field, GP2 had an r1 of 4.9 mMs? in
the absence and 10.1 mM-!s! in the presence of CT-DNA, a 106% increase. At high field, the r1
was 5.0 mM-1st without and 5.4 mM-1s with CT-DNA.

These results demonstrate GP1 and GP2 behave as excellent MR CAs that can bind DNA.
In the absence of DNA, both agents have relaxivities well within the range for small molecule
Gd(111) complexes.®> 23 In the presence of DNA, there is a significant boost in relaxivity at low
field attributed to a zr increase upon binding DNA. The absence of this relaxivity boost at high
field further supports the significant role zr plays in affecting the observed relaxation properties of
the agent. The significant contrast enhancement upon binding DNA at low field is useful because
it will likely enhance MR contrast intracellularly when compared to Pt(ll) resistant cells, which

consistently exhibit lower numbers of Pt(11)-DNA adducts.’

Table 2.1. r1 values of GP1 and GP2 at low (1.41 T) and high (7 T) field strength in pH 7.40 tris
buffer at 37 °C

Agent: Low Field (1.41T) High Field (7 T)
w/o CT-DNA w/ CT-DNA w/o CT-DNA w/ CT-DNA
GP1 5.8 13.3 5.1 4.8

GP2 4.9 10.1 5.0 5.4
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To further characterize the DNA binding, circular dichroism (CD) was used. CT-DNA was
incubated with varying equivalents of GP1, GP2, cisplatin, or carboplatin to assess how each is
shifted in the CD spectrum of CT-DNA. This provides a direct means of determining if the agents
bind to DNA in the same way as their Pt(ll) analogues. Previous research has shown Pt(Il) drugs
red-shift the CD spectrum of CT-DNA and cause an initial increase in ellipticity, with a subsequent
decrease in ellipticity as the number of Pt(11)-DNA adducts increases (see ESI for CD spectra with
cisplatin and carboplatin).38 39

It is important to note that carboplatin is far less reactive than cisplatin, therefore it takes
significantly more of the complex to produce the same number of Pt(I1)-DNA adducts. Fig. 2
shows the CD spectra of CT-DNA incubated with varying equivalents of GP1 (Figure 2.2A) and
GP2 (Figure 2.2B). Both agents shift the CD spectrum of CT-DNA in the same way as cisplatin
and carboplatin, indicating they are binding to DNA in a similar manner. These data further suggest

GP1 and GP2 can mimic the mechanism of action of Pt(Il) drugs, which is essential if they are to

be used to image Pt(Il) resistance.
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Fig. 2.2. CD spectra of 100 uM CT-DNA in pH 7.40 tris buffer incubated with varying equivalents
of (A) GP1 at 37 °C for 24 h and (B) GP2 at 37 °C for 24 h. Both agents shifted the spectrum of
CT-DNA in a similar manner as their Pt(I1) analogues, cisplatin and carboplatin (see appendix).
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Cytotoxicity of the agents. The cytotoxicity of GP1 and GP2 was measured in Pt(ll) sensitive
HelLa and A2780 cells, as well as cisplatin resistant 2780CP/CI-16 cells (derivative of A2780).
2780CP/CI-16 cells are not commercially available and were obtained from Professor Zahid Siddik
at MD Anderson Cancer Center. These cells were developed by exposure to cisplatin and have
been extensively characterized.*® 2780CP/CI-16 have a mutated p53 tumor suppressor gene,
increased glutathione concentrations, and decreased accumulation of cisplatin, all of which are
mechanisms of resistance. This combination of chemoresistance mechanisms makes them a
realistic model for Pt(Il) resistance.

Table 2.2 summarizes the 1Cso of cisplatin, carboplatin, GP1, and GP2 in each of the cell
lines (see ESI for 1Cso curves). The 1Cso measured for cisplatin and carboplatin were well within
the range reported in the literature.*" 4> Not surprisingly, each had a higher ICsoin 2780CP/CI-16
cells, indicating Pt(I1) resistance. Compared to their Pt(1l) analogues, GP1 and GP2 consistently
had higher ICso values in all cell lines. This decrease in toxicity is expected because GP1 and GP2
contain a bulky Gd(I11) complex, which likely decreases cell permeability, and therefore requires
higher incubation concentrations to achieve the same levels of intracellular Pt(Il). Most
importantly, 2780CP/CI-16 cells demonstrated resistance to both GP1 and GP2 compared to
A2780 cells. This is essential in order to use these cell lines as a model to image Pt(11) resistance.
Even though they are not as potent chemotherapeutics as cisplatin and carboplatin, these data

support that GP1 and GP2 behave as Pt(l1) drugs.
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Table 2.2. 1Cso concentrations of cisplatin, carboplatin, GP1, and GP2 in various cell lines

Complex 1Cs0 (M)

A2780 2780CP/CI-16 HelLa
Cisplatin: 7.3 14.7 12.2
Carboplatin: 15.6 86.6 60.5
GP1: 117 498 222
GP2: 519 1774 1120

Accumulation of the agents in cells. To measure intracellular accumulation of GP1 and GP2,
concentration-dependent cell uptake experiments were performed in HelLa, AZ2780, and
2780CP/CI-16 cells. Table 2.3 summarizes the cellular accumulation of Gd(llI) in each of these
cell lines when dosed at the respective 1Cso. 2780CP/CI-16 cells were dosed at the 1Cso of A2780
cells in order to directly compare accumulation in the two cell lines.

Gd(l11) uptake in all cell lines from both agents is higher than what is typically considered
the detection limit for MR (high uM to low mM concentrations).*> 44 This suggests that GP1 and
GP2 penetrate cells in high enough amount to enhance intracellular MR contrast. Additionally, the
Gd:Pt ratio in each case was close to 1.0. Our previous work with Gd(I11)-Pt(1V) agents showed
drastically different levels of cellular Gd/Pt accumulation because the Gd(lll) and Pt(I1/1V)
complexes were designed to dissociate intracellularly.?® Here, the Gd(I11) and Pt(l) complexes

remain coupled, and therefore it is expected the Gd:Pt ratio is much closer to 1, as is observed.
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Table 2.3. Accumulation of GP1 and GP2 in A2780, 2780CP/CI-16, and HeLa cells when
incubated near the ICso* for 24 h.

Complex: | A2780 Cells 2780CP/CI-16 Cells HeLa Cells
Gd Gd:Pt Gd Gd:Pt Gd Gd:Pt
(fmol/cell) | Ratio (fmol/cell) | Ratio (fmol/cell) | Ratio
GP1 1.7+0.2 1.11 1.1+01 1.07 1.3+0.3 1.09
GP2 1.7+0.3 1.12 14+01 1.10 21+0.3 1.06

*2780CP/CI-16 cells were dosed at the same concentrations as A2780 cells to allow for direct
comparison.

Figure 2.3A shows that at each concentration there is a statistically significant (p<0.01)
increase in accumulation of GP1 in A2780 vs. 2780CP/CI-16 cells. At a 125 uM incubation
concentration, there was a 43% difference in Gd(111) accumulation. These data demonstrate that
like cisplatin, GP1 accumulates less in 2780CP/CI-16 cells because they are Pt(Il) resistant. This
method provides a straightforward way of imaging a main cause of Pt(ll) resistance by MRI, since
the amount of CA present is directly proportional to the contrast enhancement.

Unlike GP1, there was no clear difference in accumulation of GP2 in the two different cell
lines (Figure 2.3B). At lower concentrations, the uptake of GP2 in 2780CP/CI-16 cells was
actually higher than in A2780 cells. At 500 uM (~ICso in A2780), the accumulation was higher in
A2780 cells; however, the difference is not statistically significant. Clearly, the behavior of GP2
varies from that of GP1 and this difference is attributed to the Pt(Il) moieties of the two agents.
Carboplatin and cisplatin have significantly different properties (e.g. reactivity and

hydrophobicity) that can affect how the agents behave. Additionally, 2780CP/CI-16 cells were
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made resistant through cisplatin exposure, not carboplatin. Though 2780CP/CI-16 cells showed
resistance to GP2 in cytotoxicity assays, decreased accumulation is clearly not as much of a factor.

In addition to concentration-dependent uptake, time-dependent uptake experiments were
performed in HelLa cells to assess how quickly the agents accumulate intracellularly (see
appendix). These experiments showed that MR relevant amounts of agent accumulate in cells
within the first 3 hours, with increased accumulation observed over longer amounts of time. Rapid

accumulation is necessary for the agents to effectively enhance MR contrast of tumors in vivo.
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Figure 2.3. (A) Accumulation of GP1 in A2780 and 2780CP/CI-16 cells at varying concentrations
up to the 1Cso of GP1 in A2780 cells (~125 uM). At each concentration, there was a statistically
significant (p<0.01) decrease in GP1 accumulation in cisplatin resistant 2780CP/CI-16 cells
compared to the parent A2780 cells. (B) Accumulation of GP2 in A2780 and 2780CP/CI-16 cells
at varying concentrations up to the ICso of GP2 in A2780 cells (~500 uM). There is no clear trend
in accumulation of GP2 in the two cell lines.
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MR Imaging of A2780 and 2780CP/CI-16 cell pellets. MR imaging of A2780 and 2780CP/ClI-
16 cell pellets treated with GP1 and GP2 was performed to assess if the agents can significantly
enhance the intracellular contrast. Cells were incubated with GP1 and GP2 for 24 hours, washed,
then pelleted and imaged in a 7 T MR scanner. The relaxation rate (R1), which is defined as 1/T:
and is directly proportional to MR contrast, was determined and compared to untreated control cell
pellets.

Figure 2.4 shows the results of the cell pellet MR imaging experiments. As expected from
the cell uptake experiments, both GP1 and GP2 enhanced the intracellular MR contrast of both
cell lines. In A2780 cells, GP1 increased the Ri by 54%, which was the largest contrast
enhancement observed (Figure 2.4A). In 2780CP/CI-16 cells, the same dose of GP1 resulted in an
R1 increase of just 22%. This 32% difference in AR:1 demonstrates that the differences in
accumulation of GP1 in the Pt(I1) sensitive A2780 and Pt(ll) resistant 2780CP/CI-16 cells results
in significant differences in MR contrast. This supports the idea that Gd(I11)-Pt(1l) agents may be
used to image Pt(Il) chemoresistance.

Treatment with GP2 resulted in nearly identical contrast enhancement in Pt(Il) sensitive
and resistant cell lines (Figure 2.4B). This was expected based on the cell uptake experiments,
which showed a non-significant difference in accumulation at that dose (500 uM). Because of this,

GP2 was not included in further experimentation.
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Figure 2.4. (A) MR images of A2780 cell pellets that were untreated (control), treated with 125
uM GP1, or 500 uM GP2. Both GP1 and GP2 significantly enhanced the intracellular contrast of
A2780 cells. (B) MR images of 2780CP/CI-16 cell pellets that were untreated (control), treated
with 125 uM GP1, or 500 uM GP2. Both agents enhanced the MR contrast of 2780CP/CI-16 cells.
However, the contrast enhancement by GP1 was significantly lower in 2780CP/CI-16 cells
compared to A2780 cells. The contrast enhancement by GP2 was virtually the same in both cell
lines. MR imaging was performed on a 7 T scanner and all cells treated with agent were dosed at
ICso concentrations for 24 h prior to imaging.

In vivo MR imaging of GP1 in A2780 and 2780CP/CI-16 flank tumors. The promising in vitro
results of GP1 led to in vivo MR imaging experiments in murine models. Mice bearing either an
A2780 or 2780CP/CI-16 flank tumor received 0.15 mmol/kg of GP1 through intravenous injection
and were imaged 15 minutes and 3 hours post-injection. This dose was determined after

considering typical clinical and preclinical doses of cisplatin and adjusting for the molar mass and
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cytotoxicity of GP1 compared to cisplatin.*® The tumors were then harvested after the 3 hour time
point and the accumulation of GP1 was measured by ICP-MS of the whole tumor. Figure 2.5A
shows representative images from the in vivo experiments. 15 minutes post-injection, GP1
enhanced the contrast of both tumor types. Contrast enhancement was not uniform throughout the
entire tumor, likely because the majority of agent was in the vasculature. After 3 hours, contrast
enhancement remained in areas of the A2780 tumors; however, the 2780CP/CI-16 tumors returned
to baseline. ICP-MS analysis of the tumors at 3 hours post-injection (Figure 2.5B) confirmed that
there was a statistically significant difference (p<0.05) in accumulation of Gd(111) in the two tumor
types. As expected, there was also a similar difference in accumulation of Pt(I1) (see appendix).
These results demonstrate that the lower accumulation of GP1 in 2780CP/CI-16 due to
Pt(11) resistance translates to in vivo models. Furthermore, the differences in agent accumulation
can be qualitatively observed by MR imaging, providing a way of noninvasively imaging Pt(I1)
accumulation differences. This proof of concept is an important first step towards demonstrating
the ability of Gd(I11)-Pt(Il) agents to image Pt(I1) chemoresistance, and ultimately, predict the

outcome of Pt(1) chemotherapy and monitor for the onset of chemoresistance.
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Figure 2.5. (A) MR images (9.4 T) of axial slices of mice bearing A2780 (top row) or 2780CP/CI-
16 (bottom row) flank tumors. Mice received 0.15 mmol/kg GP1 intravenously and imaging was
performed pre-injection and at 15 minutes and 3 hours post-injection. Tumor area is encircled in
red and images are normalized to a reference standard of MultiHance (light blue circle left of
mice). GP1 enhanced contrast in both tumor types at 15 minutes post-injection. However, contrast
enhancement persisted at 3 hours only in A2780 tumors. (B) Gd(I11) content of each tumor type
(n=3 for each) 3 hours post injection measured by ICP-MS. There was a statistically significant
difference in accumulation (p<0.05) of Gd(ll1) in the Pt(ll) sensitive A2780 tumors compared to
the Pt(I1) resistant 2780CP/CI-16 tumors.

2.3 Conclusions

We have developed a Gd(l11)-Pt(11) theranostic agent (GP1) that behaves like cisplatin and
provides Ti-weighted MR contrast enhancement. GP1 accumulates to a lesser extent in cisplatin
resistant 2780CP/CI-16 cells compared to the parent cisplatin sensitive A2780 cells. This
difference in accumulation results in differences in MR contrast enhancement both in vitro and in
vivo and may provide a facile way of imaging Pt(l1) resistance. This is a critical first step towards

the goal of imaging Pt(Il) resistance in order to predict the outcome of Pt(Il) chemotherapy and
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monitor for the onset of chemoresistance throughout therapy, a critical unmet need in medicine.
Furthermore, this platform could potentially be applied to any chemotherapeutic where decreased
drug accumulation is a dominant mechanism of chemoresistance. We are currently developing
optimized Gd(I11)-Pt(I1) agents that have superior toxicity and cell uptake profiles. The goal is to
test the optimized agents in more in-depth in vivo experiments that correlate quantitative MR
imaging with cisplatin therapy outcomes to demonstrate the ability of Gd(II1)-Pt(Il) agents to

image Pt(Il) chemoresistance.
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CHAPTER 3

Development of Gd(111)-Pt(1\V) Theranostic Contrast Agents for

Tandem MR Imaging and Chemotherapy
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3.1 Introduction

For decades, Pt(I1) chemotherapeutics have been fundamental tools for the treatment of
solid tumors.r® Although there have been extensive efforts to develop new Pt-based
chemotherapeutics, there are currently only three approved by the FDA: cisplatin, carboplatin, and
oxaliplatin.#" All FDA approved Pt chemotherapeutics are Pt(Il) square planar complexes that
cross-link DNA, ultimately leading to apoptosis in fast-dividing cells.> @ This mechanism of action
makes them highly effective at treating solid tumors. Even so, they have significant off-target
toxicity that can result in a number of serious side effects including renal failure, hearing loss, and
myelosuppression.t Pt(11) chemotherapeutics are also susceptible to chemoresistance. This stems
from multiple mechanisms, including decreased drug accumulation, cytosolic sequestration, and
resistance to DNA damage.®1? Despite issues with toxicity and chemoresistance, Pt(I1) complexes
are used in nearly 50% of all chemotherapy regimens, making them some of the most widely used
cancer drugs available.*

A number of approaches have been attempted to mitigate off-target toxicity and
chemoresistance of Pt drugs. This includes using tumor-targeting groups, nanoconstructs, and
selective release mechanisms.'#1¢ In recent years, Pt(I\V) prodrugs have become a promising
approach to alleviate off-target toxicity and reduce chemoresistance.’*1° Pt(IV) complexes are
octahedral and inert compared to their Pt(11) square planar analogues. In an oxidizing extracellular
environment Pt(I\V) complexes remain inert. They can be reduced intracellularly to Pt(ll), that
triggers the dissociation of a reactive Pt(I1) drug from its axial ligands.'>° A variety of groups can
be incorporated as axial ligands to allow for tumor targeting, combination therapy, bioimaging,

and controlled reduction of the Pt(1V).20-3! Sessler and coworkers were the first to demonstrate
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how Gd(l11) complexes can be used synergistically with Pt(IV) prodrugs. Their Gd(I11)-texaphyrin
complexes have been used to increase tumor localization and mediate the reduction of Pt(1V) to
Pt(11).3% 31 However, we believe there is a significant opportunity to investigate Gd(I11)-Pt(1V)
mixed metal complexes for applications as theranostic agents.

Several examples of theranostic Pt(I\V) prodrug complexes for dual chemotherapy and
fluorescence imaging have been reported.?*?’ Some of these probes can provide important
information regarding drug delivery and subsequent reduction of the Pt(IVV) complex in vitro.
However, in vivo fluorescence imaging has limited clinical utility.®? 33 The primary modality for
imaging tumors is MRI, which allows for whole body, non-invasive imaging with excellent soft
tissue contrast and spatial resolution.3?-2¢ While a few examples of Gd(I11)-Pt(I1) theranostics have
appeared,3”-3 to our knowledge there are no reported examples of Pt(IV) prodrugs containing a
Gd(111) complex for contrast-enhanced MR imaging either in vitro or in vivo.

Here, we describe two Gd(111)-Pt(1V) theranostic agents that were synthesized by coupling
a Gd(111) MR contrast agent axially to cisplatin and carboplatin-based Pt(1V) complexes. These
agents are water soluble, cell permeable, and oxidatively stable, but are reduced under biologically
relevant intracellular conditions to release the toxic Pt(Il) payload and the Gd(ll1) MR agent
(Scheme 3.1.) These complexes are designed for intracellular contrast enhancement of cancer
cells, whereas typical Gd(Il) contrast agents are limited to the extracellular space surrounding
tumors.3* 4% This Gd(I11)-Pt(IVV) platform possesses a second axial site that can be used to couple
targeting groups for tumor specificity, drugs to combat chemoresistance, or fluorophores for

multimodal imaging and validation.
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Scheme 3.1. Schematic of a Gd(II1)-Pt(IV) theranostic agent. In the oxidizing extracellular
environment, the agent remains in the Pt(IVV) oxidation state.*> Upon entering the cell, the agent is
reduced to Pt(Il), simultaneously releasing the therapeutic Pt(l1) drug and a Gd(I1l) MR contrast
agent.
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3.2 Results and Discussion

Synthesis and purification of the agents. Two Gd(l11)-Pt(IV) agents, GP1 and GP2 were
synthesized by coupling a Gd(l11) complex, 1, with Pt(IVV) complexes 2 and 3 respectively (Figure
3.1A.) Complexes 1, 2, and 3 were all synthesized following literature protocols.***® The
structures of GP1 and GP2 are found in Figure 1A. Both agents were purified by preparatory
HPLC, characterized by HPLC-MS (see supplementary information) and analyzed by ICP-MS to

ensure the Gd:Pt ratio was 1:1.
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Figure 3.1. (A) Synthetic scheme of GP1 and GP2: (i) TBTU (1 equiv.), triethylamine (1 equiv.),
2 (1.5 equiv.), DMSO, 45 °C, 12 h, 44%; (ii) TBTU (1 equiv.), triethylamine (1 equiv.), 3 (1.5
equiv), DMSO, 45 °C, 12 h, 56%. (B) Structures of cisplatin, carboplatin, and the corresponding
Pt(1VV) complexes 2 and 3.



80

Relaxivity measurements. The T1 relaxivity (r1) and Tz relaxivity (rz) of 1, GP1, and GP2 were
measured at both low (1.41 T) and high (7 T) magnetic field strength in phosphate-buffered saline
(PBS) to quantify how well they behave as MR contrast agents. Relaxivity values are summarized
in Table 3.1. At 1.41 T, 1 had an r1 of 4.1 mM-s? and an r2 of 4.6 mMst. At 7 T, the r1 had a
slight increase while the r2 significantly increased, as expected at high field. The relaxivity values
for 1 are well within the range of what is expected for a small molecule Gd(I11) complex.®* At 1.41
T, GP1 and GP2 had an r10f 7.0 and 8.8 mM-!s! and r2 of 7.5 and 10.7 mM-1s! respectively. At
7 T, there was little change in r1 for both agents, while both r2 values increased, as expected.

Compared to 1, both GP1 and GP2 had significantly increased relaxivity (both r1 and rz2). This is
possibly due to an increase in the rotational correlation time (tr) or a change in the inner sphere
hydration number (q) of Gd(Ill). The differences in relaxivity of GP1 and GP2 compared to 1
offers the possibility of monitoring reduction of the agents by MR at both high and low field
strength. To test this, GP1, GP2, and 1 were incubated in 5 mM GSH in PBS and the relaxivity
was measured (see appendix). The relaxivity of each converged to the same value (r1 of 4.4, 4.5,
and 4.6 mM-1s for 1, GP1, and GP2 respectively), indicating the same Gd(l11) species was formed
after reduction. The significant change in r1 upon reduction of GP1 and GP2 theoretically could
be used to monitor intracellular reduction by MR. However, further testing needs to be done to

determine if these agents are suitable for this application.
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Table 3.1. r1 and r2 of 1, GP1, and GP2 at low (1.41 T) and high (7 T) magnetic field strength in
PBS

Agent: ri (mM-is?) rz(mM-s™)

141 T 7T 141T 7T
1 4.1 4.7 4.6 6.9
GP1 7.0 7.1 7.5 10.7
GP2 8.8 8.5 9.2 12.4

Stability and reduction of the Gd(l11)-Pt(1V) complexes. Though most Pt(IV) complexes (see
2 and 3 in Figure 3.1) are insoluble in most solvents, both GP1 and GP2 are readily soluble in
aqueous solutions. To ensure both agents remain stable in aqueous media under various conditions,
they were dissolved in PBS, two types of cell culture media (MEM and RPMI-1640), pH 5 H20,
and porcine live esterase (PLE) in PBS and monitored over time by HPLC-MS.

Figure 3.2A-B shows that over 48 hours, GP1 and GP2 both remained completely stable
in PBS and pH 5 H20. This suggests that both agents can remain intact even in the most acidic
conditions in cells, such as in lysosomes (pH 4.5-5).* Both agents also remained highly stable in
MEM (>92% intact) at 48 hours. GP1 and GP2 were mostly stable in the presence of PLE, and
the slight decrease in stability that was observed (~10%) occurred on a much slower timescale than
the reduction of both agents by GSH (Figure 3.2C-D). It is unlikely that esterase cleavage is a
competing intracellular dissociation mechanism.

In RPMI-1640, 33% of GP1 and 28% of GP2 were reduced to Pt(ll) within 48 hours.

Unlike MEM, which contains no glutathione (GSH), RPMI-1640 has 0.003 mM GSH. Though
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this is an extracellularly relevant concentration of GSH (0.002-0.02 mM),*> 46 a minority of GP1
and GP2 are reduced over long periods of time. However, it is important to note that at 6 hours,
both agents are >96% intact (i.e., they remain in the Pt(IV) oxidation state). In vivo, agent that does
not get into cells within this time frame will likely be renally cleared before it is reduced.
Therefore, within the time frame relevant for in vivo experiments, GP1 and GP2 stay intact and
stable in extracellularly relevant conditions.

Under reducing conditions both agents rapidly converted to a monomeric Gd(I11) complex
and a Pt(1l) drug. Each agent was incubated with 5 mM GSH and 5 mM ascorbate at 37 °C to
mimic intracellular conditions. Figure 3.2C-D shows that both agents are rapidly reduced by GSH
at these concentrations (>94% reduction in less than an hour). As expected, GP1 and GP2 are also
reduced by ascorbate, albeit it at a much slower rate. This is not surprising, as ascorbate is a weaker
reducing agent. It is clear from these results that under conditions similar to those inside cells, both

agents are reduced, releasing a Gd(l11) contrast agent and Pt(Il) chemotherapeutic.
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Figure 3.2. Stability of (A) GP1 and (B) GP2 in PBS, MEM, RPMI-1640, pH 5 H20, and porcine
liver esterase (PLE) in PBS. The observed partial reduction over long periods of time in RPMI-
1640 is likely a result of glutathione (GSH) in the media. Both agents are highly stable in PBS,
MEM, and pH 5 H20 over extended periods of time while PLE resulted in slight decrease in
stability. Stability of (C) GP1 and (D) GP2 in 5 mM GSH and 5 mM ascorbate. GP1 and GP2 are
both rapidly reduced by intracellular concentrations of GSH.

Cytotoxicity of the agents. To assess the cytotoxicity of GP1 and GP2 in vitro, cell viability
assays were performed to determine the ICso concentrations in three cancer cell lines (A2780,
HelLa, and MCF-7). Table 3.2 summarizes the 1Cso concentrations of both agents compared to
those of cisplatin and carboplatin. Cells were incubated with cisplatin and GP1 for 48 h and

carboplatin and GP2 for 72 h to compensate for the inherent decreased potency of carboplatin
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compared to cisplatin. GP1 had an ICso of 29.8 uM in A2780 cells, 49.3 uM in HelLa cells, and
113 uM in MCF-7 cells. For all cell lines, GP1 was less toxic than cisplatin but followed the same
trend of highest toxicity in A2780 cells and least toxic in MCF-7 cells. GP1 releases cisplatin
intracellularly, therefore the apparent difference in toxicity of the two is likely due to decreased
cell permeability of GP1 caused by the Gd(Il1) complex. However, because GP1 is inert in the
extracellular matrix, higher doses can be safely administered to account for the decreased cell
permeability.

GP2 had an ICso of 55.0 uM in A2780 cells, 258 uM in HelLa cells, and 382 uM in MCF-
7 cells. The decreased toxicity is of GP2 compared to GP1 is expected because carboplatin is
known to be significantly less reactive than cisplatin. GP2 was similarly less toxic than carboplatin
but followed the same trend of highest toxicity in A2780 cells and lowest toxicity in MCF-7 cells.
The decreased toxicity compared to carboplatin is again attributed to decreased cell permeability
due to the presence of the Gd(I11) complex.

These results demonstrate that GP1 and GP2 are cytotoxic in three different cancer cell
lines. Both agents show similar trends in toxicity as their Pt(I1) analogues, which suggests that

upon entering the cells they are reduced and behave like typical Pt(I1) chemotherapeutics.



Table 3.2. 1Cso concentrations of cisplatin, carboplatin, GP1, and GP2 in various cell lines.
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Complex 1Cs0 (M)

A2780 HelLa MCF-7
Cisplatin: 76+23 147 +1.2 224+20
Carboplatin: 153+£5.8 71.2+49 124 £ 4
GP1: 29.8+25 493+13 113+ 4
GP2: 55.0+2.9 258 +5.0 382+6

Accumulation of the Gd(I11)-Pt(IV) agents in cells. Accumulation of GP1 and GP2 in cells was
measured by concentration-dependent uptake experiments in A2780 and HeLa cells. Individual
concentration-dependent uptake graphs are found in the supplementary information. Table 3.3
compares the accumulation of Gd and Pt in A2780 and HeLa cells that were incubated with GP1,
GP2, cisplatin, and carboplatin near their respective 1Cso concentrations. For comparison, both
cell lines were dosed with complex 1 at similar concentrations as GP1 and GP2. The results of
these uptake experiments demonstrate several important points. First, the accumulation of Gd in
both cell lines for both agents is higher than what is typically considered the amount necessary for
detection by MR (high M concentrations).3> 33 This suggests that GP1 and GP2 can significantly
enhance intracellular MR contrast. Typical Gd(Il1l) complexes alone are not cell permeable,
therefore the Pt(IVV) complexes are making it possible for GP1 and GP2 get into cells. This is
evidenced by the significant increase in cellular uptake of GP1 and GP2 compared to complex 1

in both cell lines.
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Second, intracellular Pt levels at the 1Cso concentrations were similar between GP1 and
cisplatin and GP2 and carboplatin. From a therapeutic standpoint, the agents behave like cisplatin
and carboplatin once they enter cells and are reduced from Pt(1V) to Pt(I1). These results support
that the higher 1Cso concentrations of GP1 and GP2 compared to cisplatin and carboplatin are
caused by decreased cell-permeability, not a decrease in intracellular toxicity. It is clear that both
GP1 and GP2 penetrate cells well enough to provide sufficient MR relevant Gd(I11) concentrations
for imaging and therapeutically relevant Pt concentrations in cells at low incubation
concentrations.

Finally, there is a significant preferential accumulation of Gd(I111) compared to Pt from both
agents in both cell lines. The difference in accumulation of the two is because they dissociate from
one another after the intracellular reduction of Pt(1V) to Pt(ll). For GP1, a 13-fold higher
accumulation of Gd(I11) than Pt in A2780 cells and 34-fold higher Gd(l11) accumulation in HelLa
cells was observed. For GP2, Gd(I11) accumulation was 3.7-fold higher in both A2780 and HelLa
cells. These results suggest that the Gd(I11) is effluxed to a lesser extent than Pt. When GP1 and
GP2 are reduced intracellularly, the cell impermeable charged Gd(I11) complex will be prevented
from exiting the cells as readily as the cell permeable Pt(Il) complexes. This is of particular
consequence for the ability of GP1 and GP2 to act as MR contrast agents because higher cellular

amounts of Gd(I11) increase MR contrast.
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Table 3.3. Accumulation of Gd and Pt in A2780 and HeLa cells when incubated with GP1, GP2,
cisplatin, and carboplatin near their 1Cso concentrations and 1 at 100 uM for 24 h.

Compound Cell Accumulation (fmol/cell)

A2780 Cells HeLa Cells

Gd Pt Gd Pt
GP1 25+0.3 0.20 +0.03 5.7+x19 0.17+0.01
GP2 14+0.2 0.38+0.1 1.1+0.2 0.30 £ 0.06
1 0.26 £ 0.02 N/A 0.21+0.01 N/A
Cisplatin N/A 0.21+0.02 N/A 0.27 £0.02
Carboplatin N/A 0.22 +0.02 N/A 0.60 +0.11

Cell uptake of GP1 and GP2 was additionally measured in a time-dependent manner in
A2780 cells. Figure 3.3 demonstrates that the accumulation of both Gd(I11) and Pt from both agents

is directly proportional to time. In these experiments, higher accumulation of Gd(I11) compared to

Pt was observed at every timepoint. Initial uptake of GP1 and GP2 from 0-30 min was fast

compared to uptake from 0.5-24 h. Fast uptake and intracellular reduction can explain why there
was significantly more Gd(l11) than Pt even at the 30 min timepoint. For both agents, the Gd:Pt
ratio in cells continues to increase over time, which is consistent with a higher rate of efflux of Pt.
These results also suggest MR-relevant amounts of Gd(l11) from both agents accumulate in cells

within a few hours. This is promising for the prospect of imaging within the time frame relevant

for in vivo experiments.
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Figure 3.3. (A) Accumulation of Gd(l11) and Pt in A2780 cells incubated with 65 uM GP1 over
time. (B) Accumulation of Gd(111) and Pt in A2780 cells incubated with 62.5 uM GP2 over time.
In both cases, accumulation of Gd(111) was significantly higher than Pt.

MR imaging of A2780 and HeL a cell pellets. To quantify the ability of GP1 and GP2 to enhance
MR contrast intracellularly, MR cell pellet imaging experiments were performed. A2780 and HeLa
cells were incubated with 1Cso concentrations of GP1 and GP2 for 6 hours then imaged ina 7 T
MR scanner. The relaxation rate (R1), which is defined as 1/T1 and is directly proportional to MR
contrast, of each cell pellet was determined and compared to control cells that were untreated,
incubated with 100 uM complex 1, or incubated with 1Cso concentrations of cisplatin.

Figure 3.4 demonstrates that GP1 and GP2 significantly enhance the intracellular MR
contrast of both A2780 and HeLa cells when dosed at concentrations near the 1Cso. GP1 increased
the R1 by 36% in A2780 cells and 48% in HelLa cells compared to the untreated controls. GP2
increased the Ri by 26% in A2780 cells 23% in HeLa cells. Treating cells with similar
concentrations of complex 1 and ICso concentrations of cisplatin resulted in minimal increases in
R1. This supports that the observed contrast enhancement by GP1 and GP2 is a result of the agents

effectively accumulating in cells, something 1 cannot do alone. Furthermore, any physiological
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changes in the cells caused by the presence of a Pt(11) drug have little effect on the MR contrast.
Therefore, the contrast enhancement is a result of intracellular Gd(111).

Notably, the cell pellet experiments were performed within a time frame relevant for in
vivo MR imaging (6 hours). These results are very promising for the prospect of using Gd(llI)-

Pt(1V) theranostics like GP1 and GP2 for in vivo MR imaging.

A) Control Cisplatin 1 GP1 GP2 T, (ms)
2500
[Agent]: 0 7.5 UM 100puM 30 M 60 uM
Ti(ms): 2318+ 48 2216+26 217034 1708 +27 1837 £31
AR,: NIA 4.6% 6.8% 36% 26%
B) Control  Cisplatin 1 GP1 GP2
|
[Agent)]: 0 15pM 100 uM 60 uM 250 uM
Ti(ms): 2297 £ 67 223619 2178 +42 155717 1869123
AR,: NIA 2.7% 5.5% 48% 23%

Figure 3.4. (A) MR imaging of A2780 cell pellets at 7 T. 1Cso concentrations of GP1 and GP2
significantly enhanced the intracellular contrast of A2780 cells (increase in R1) compared to the
untreated control cells while 1 and cisplatin had a minimal effect. (B) MR imaging of HelLa cell
pelletsat 7 T. ICso concentrations of GP1 and GP2 significantly enhanced the intracellular contrast
of HeLa cells compared to the untreated control cells while 1 and cisplatin had a minimal effect.
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3.3 Conclusions

We have described the synthesis, characterization and cellular uptake of two new Gd(l1)-
Pt(1V) agents. GP1 and GP2 represent the first examples of Gd(Il1)-Pt(IV) agents that are
simultaneously MR contrast agents and are reduced to provide chemotherapy. Of the two agents,
GP1 is most promising as it exhibits greater cellular toxicity, higher intracellular accumulation of
Gd(I11) and better MR contrast enhancement in vitro. Future work will focus on demonstrating the

in vivo efficacy of these agents for both imaging and treatment.
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4.1 Introduction

Ca(ll) is involved in nearly all significant cellular events, including the maintenance of
membrane potential, propagation of action potential, signal transduction, transcription, and
apoptosis.t> In the central nervous system (CNS), Ca(ll) plays a crucial role in the proper function
of neurons by contributing to synaptic signaling (the release of neurotransmitters), excitability,
and the regulation of neuronal plasticity.®’ As a result of these essential functions, the
dysregulation of Ca(ll) is associated with various pathologic conditions, including seizures,
ischemia, and hypoglycemia, all of which lead to neurodegeneration and neuronal cell death.®
The impact of Ca(ll) on neuronal function has led to the development of several techniques for
detecting and imaging changes in Ca(ll) concentrations (or Ca(ll) flux), in vivo. Mammalian cells
maintain a large gradient of unbound Ca(ll), with extracellular concentrations of ~2 mM and
intracellular concentrations of ~100 nM." During an action potential, Ca(ll) influx drastically in-
creases the intracellular concentration, therefore imaging changes in Ca(ll) can provide an ideal
readout of neuronal activity.

Previous in vivo imaging of Ca(ll) has commonly utilized Ca(ll) sensitive fluorescent dyes
or blood-oxygen-level-dependent (BOLD) contrast generated from functional magnetic resonance
imaging (fFMRI).1>-22 More recently, genetically encoded calcium indicators (GECIs) consisting of
fluorescent fusion proteins have been de-veloped.?*?6 Though these techniques have provided
important information about Ca(ll) signaling, several inherent disadvantages hinder their ability
to produce high resolution, real-time imaging of Ca(ll) flux in vivo.

Optical techniques are limited by sample depth and opacity, making non-invasive in vivo

imaging difficult.?’”- 2 fMRI has excellent depth penetration, but changes in BOLD contrast are not
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necessarily caused by Ca(ll) and are indirect because they arise from changes in blood flow,
volume, and oxygenation.*®2° Additionally, the temporal resolution of BOLD imaging is restricted
by the delay necessary to generate changes in circulation after neuronal firing. Though GECIs can
be used to image subcellular structures and are compatible with long term in vivo imaging, they
require introduction of an encoding gene through transgenesis or viral constructs.

The limitations of these techniques for imaging neuronal activity in deep brain regions in
vivo may be over-come through the use of contrast-enhanced magnetic resonance imaging.% In
order to image Ca(ll) flux using contrast-enhanced MR imaging, our lab and others have developed
bioresponsive agents that generate in-creased MR contrast through interaction with Ca(ll) ions.3
3 The majority of these agents image changes in the extracellular Ca(ll) pool. However, the
decrease in extracellular Ca(ll) caused by neuronal signaling is minimal because of the high
extracellular concentration whereas the increase in intracellular Ca(ll) is significant.

There are two examples of MR agents designed to im-age changes in intracellular Ca(l1).3%
37 Qur lab developed the first Ca(ll) bioresponsive MR contrast agents that are activated by
intracellular concentrations from 1-10 um.3-3® The agents consist of two paramagnetic Gd(l1)
complexes (1,4,7,10-tetraazacycloddodecane-1,4,7-triacetic acid, Gd(I11)-DO3A) conjugated to
the well-established Ca(ll) binding domain 1,2,bis(O-aminophenoxy) ethane-N,N,N’,N’-
tetraacetic acid (BAPTA). Regiospecific back-binding to Gd(lIl) from carboxylate groups of
BAPTA coordinatively saturates Gd(Il1) and blocks water coordination (q) at Ca(ll) con-
centrations below 1 pM, resulting in a lower relaxivity “oft” state. At Ca(Il) concentrations greater
than 1 uM, the carboxylates of BAPTA preferentially bind Ca(ll), which increases q and therefore

the T relaxivity (r1) of each Gd(111) complex. This platform allows for the detection of intracellular
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Ca(ll) flux at low concentrations (1-10 uM). However, the ability of our previously developed
agents to effectively detect intracellular Ca(ll) in vivo has been limited by cellular uptake of
previous agents.®

To address this limitation, we have designed and synthesized a series of new agents that
are conjugated to a near infrared (NIR) fluorescent dye, IR-783 (Figure 4.1.) IR-783 has been
shown to significantly increase the up-take of many small molecules (including Gd(lIl)
complexes) via organic anion transporter polypeptides (OATPs).4? In addition to increasing
cellular uptake, IR-783 enables NIR fluorescence imaging for optical co-registration of uptake and
location of the agent both in vitro and in vivo.*! 42

Therefore, by incorporation of IR-783 to our Ca(ll) responsive platform, we have
developed a series of multimodal MR and NIR fluorescence agents capable of detecting
intracellular Ca(ll) changes that exhibits very high cellular uptake. This advance is a crucial step
towards the goal of successfully imaging intracellular Ca(ll) flux in vivo, which could have a
significant impact on the ability to study brain function and pathologic states stemming from

Ca(ll) dysregulation.



95

0-. % / Ny fo) O-- 7 .’ > GO FEo)
T . (g e @)
POaing el N L BT R B o

Figure 4.1. Structures of the Ca(ll) bioresponsive multimodal MR contrast agents, 1-4.
Incorporation of a NIR dye (IR-783) dramatically increases cellular uptake and allows for
simultaneous detection by NIR fluorescence imaging. 1-4 were synthesized by varying the number
of Gd(I1l) and IR-783 moieties to determine the architecture that exhibits the greatest cellular
uptake and most favorable MR/optical imaging properties.
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4.2 Results and Discussion
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Scheme 4.1. Synthetic scheme of IR-783 conjugated complex 1. (a) Bis-t-butyl DO2A, K2COs,
MeCN, 60 °C, 30%. (b) 8, K2COs, MeCN, 50 °C. (c) Formic acid, 40 °C, 75% (over 2 steps). (d)
GdCls, NaOH, pH 5-6.5, 40 °C. (e) 5, DMSO/MeCN/100 mM Na2COs, 14% (over 2 steps).
Compounds 5 and 8 were synthesized following adapted literature protocols.

Synthesis and Characterization. Four multimodal contrast agents (1-4) were synthesized and
characterized (Scheme 4.1.) 1-4 each consist of three moieties: BAPTA, one or more Gd(III)
chelates, and optical dye, IR-783. BAPTA was chosen as a Ca(Il) binding domain because it
31,32, 43

exhibits a 10°-fold selectivity for Ca(Il) over other cations such as Mg(Il) and protons.

Protected cyclen-based macrocycles for coordination to Gd(III) were attached through reaction
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with the brominated BAPTA binding domain, 6. Subsequent deprotection and metalation resulted
in Gd(IIT) intermediate complexes (10, S5, S7), which were then conjugated to IR-783-NCS, 5,
through NCS coupling reactions to afford agents 1-4. The complexes were purified by semi-
preparative reverse-phase HPLC in basic conditions and were characterized via analytical HPLC-
MS.

Effect of Ca(Il) Binding on Relaxivity. Relaxivities (1) of 1-4 were measured at pH 7.40 in 0.1
M HEPES buffer with 0.1 M KCl in the absence and presence of Ca(II) (0-100 uM). Upon addition
of CaCly, all agents precipitated out of solution, likely because binding Ca(Il) neutralizes two
negative charges on the molecules, promoting aggregation of the IR-783 moieties, which are prone
to self-aggregation.*> # To overcome the aggregation of the complexes, 1% DMSO and 5% Tween
80 were added to the solutions. In the absence of Ca(Il), the ionic r1 (71 per GA(III) ion) of 1 at
1.41 T was found to be 26.4 mM! s'! (Table 4.1.) In the presence of 100 uM Ca(II), 3 instantly
precipitated, 2 displayed a decrease in r1 due to the formation of insoluble aggregates, and 4
displayed an initial increase in 71, but precipitated out of solution after 24 h. However, 1 remained
soluble in the presence of Ca(Il). 71 and 7> measurements of solutions of 1 in the presence of 100
uM Ca(Il) were repeated after 24, 48, and 72 h. At these time points, no changes in 71 or 7> were
observed indicating 1 remains soluble over time. Any changes in solubility or aggregation would

likely have changed the observed 71 or 72at 1.41 T.

In the presence of 100 pM Ca(II), the 71 of 1 was found to be 36.3 mM! s-! at 1.41 T. This
represents a 38% increase in response to the presence of Ca(Il). At 7 T, 1 had an r1 of 2.2 mM! s

' without Ca(II) and 4.7 mM-! s”! in the presence of 100 uM Ca(Il), representing a 114% increase.
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The increase in 71 in response to Ca(Il) at 7 T was markedly higher than the increase at 1.41 T,

therefore all in vitro MR imaging was performed at 7 T.

The r1 of 1 (0-0.8 mM) was then measured at varying concentrations of Ca(Il) (see

appendix). Importantly, the data show the dynamic range of response to Ca(II) for 1 is between 1

and 10 uM with an EC50 of 3.6 uM (i.e., the intracellular concentration of in vivo Ca(Il)). This

dynamic range is consistent with previous BAPTA-based Ca(Il) responsive agents investigated in

our lab.3/-33

Table 4.1. Relaxivity (r1) of complex 1 at low (1.41 T) and high (7 T) magnetic field strength with
and without Ca(ll).

Complex ri (1.417) r1 (1.417T, 100 uM ri(7T) ri (77,100 uM
ca(ll)) ca(l)
ionic (mM-1 Molecular ionic (mM-1 Molecular | ionic (mM-? Molecular | ionic (mM-? Molecular
s?) (mM-1s?) s?) (mM1st) [ s?) (mMtst) [ s?) (mM-1s?)
1 26.4+1.0 52.8+2.0 36.3+0.6 72.6+1.2 | 22+0.2 44+04 4.7+0.8 9.6+1.6

All values reported were measured in pH 7.40 0.1 M HEPES buffer with 0.1 M KCI, 1% DMSO
and 5% Tween 80 at 37 °C.

In Vitro Toxicity, Uptake and Retention. Although cytotoxic amounts of Tween 80 were used

to measure 71 in solution, this does not impact in vitro experiments because 1 is readily soluble in

cell media (DMEM or MEM + 10% FBS). Cell media is not an attractive choice for measuring 1

because of the inherently high concentrations of Ca?" and Zn?", making it difficult to measure the

r1 of the “off” state of the agent.
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In vitro experiments were performed using HT-22 hippocampal neuronal cells and U-87
MG glioblastoma cells. HT-22 cells were chosen because they are commonly used to study
neuronal function while U-87 MG cells were chosen as a second brain cell line to validate the
toxicity and uptake of 1.#> 6 Toxicity of 1 was assessed by incubating cells with concentrations
ranging from 0-100 uM for 24 h (see appendix). In both HT-22 and U-87 MG cells, 1 was well

tolerated at concentrations up to 20 uM (> 88% cell viability). For this reason, all further in vitro

experiments were performed using <20 uM 1.

Concentration-dependent uptake was determined by incubating cells with 0-20 uM 1 for
24 h. Figure 4.2 shows that at low incubation concentrations ranging from 5-20 uM, both HT-22
and U-87 MG cells displayed high uptake of Gd(III) (>2-16 femtomoles per cell). These values all
correspond to cellular concentrations in the millimolar range (assuming a cell volume of ~2
picoliters) which is well above the amount necessary for detection by MR.? 2% #7 The uptake of 1
is greatly improved compared to previous Ca(Il) responsive contrast agents even when dosed at
much lower concentrations.?? In order to characterize the subcellular localization of the agent, cell
fractionation experiments were performed in HT-22 cells incubated with 10 uM 1 (see appendix).
These experiments demonstrate the nearly all of the agent (95%) is located in the cytosol. These

results demonstrate the ability of the agent to access intracellular Ca(II) upon an influx.
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Figure 4.2. Concentration-dependent uptake of 1 in HT-22 and U-87 MG cells after 24 h. Data
are the mean + one standard deviation of three runs. 1 exhibits drastically higher cellular uptake
compared to previous BAPTA based agents.

Time-dependent uptake in HT-22 cells was performed to determine how quickly MR-
relevant concentrations of Gd(III) accumulate intracellularly. Cells were incubated with 10 uM 1
for times ranging from 0.5-24 h and uptake of Gd(III) was determined at each timepoint. Figure
4.3 demonstrates that uptake of 1 increases over time. More importantly, in just 30 min, uptake of
>2 fmol/cell was observed, indicating MR-relevant concentrations of 1 rapidly accumulate
intracellularly.

To determine if 1 remains internalized in cells, a leaching experiment was performed. HT-

22 cells were incubated with 10 uM 1 for 24 h, after which the media was removed, the cells were
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Figure 4.3. Time-dependent uptake of Gd(I11) in HT-22 cells treated with 10 uM 1. Data are the
mean + one standard deviation of three runs. MR-relevant concentrations of Gd(lll) rapidly
accumulate in HT-22 cells (>2 fmol/cell in 30 min) followed by increased uptake over time.

washed with DPBS 3x and fresh media was added. The cells were incubated in the fresh media for
varying amounts of time (0, 3, 6, 12, and 24 h), and at each time point the media was collected and
analyzed by ICP-MS to determine the amount of Gd(I11) that leached. From 0-3 h, 25% of Gd(lIl)
was lost to leaching; However, from 3-24 h a non-significant amount of Gd(I11) leached. The initial
loss of Gd(l11) is likely due to non-specifically bound agent on the cell surface, as the cells could
not be centrifuged because they were adhered to the plate. Nevertheless, these data demonstrate

that the majority of 1 is retained over 24 h, which is a suitable timeframe for in vivo imaging.
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In Vitro MR Imaging. To quantify the increase in MR image contrast induced by the accumulation
of 1, HT-22 cells were incubated with 10 uM 1 for 30 min or 24 h, centrifuged into capillaries, and
imaged using a 7 T MR spectrometer. The control cell pellet (no agent) had a 71 of 2051 &+ 15 ms
while the cells incubated with 1 for 30 min and 24 h had a 71 of 1610 + 14 ms and 987 = 12 ms
(Figure 4.4). These values correspond to an increase in R1 (1/71, proportional to the signal) of 27%
and 107% compared to the control (Figure 4.5.) These data indicate 1 can quickly accumulate in
cells and significantly increase MR contrast in as little as 30 min, with even more profound

increases in contrast at longer incubation times.

2.25 x 103 T; (ms) 0

Control 1 (30 min) 1 (24 h)
Ti: 2051 %15 1610 * 14 987 £ 12

Figure 4.4. T map of MR images of HT-22 cell pellets. Cells were untreated (control) or incubated
with 10 uM 1 for 30 min or 24 h. 1 significantly lowered the T1 of HT-22 cells at both incubation
times, indicating rapid, high cellular uptake.
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To test if 1 can respond to intracellular Ca(Il) changes in vitro, a Ca(ll) ionophore,
calcimycin, was used in the same HT-22 cell pellet MR experiments. Control cells (no agent) and
cells incubated with 10 uM 1 for 24 h were treated with 10 uM calcimycin (in pH 7.40 0.1 M
HEPES buffer with 0.1 M KCI and 2 mM CaCl), pelleted, and imaged at 7 T (see appendix). Cells
treated with calcimycin alone had a 71 of 2066 + 17 ms, a non-significant change from the control
cells without calcimycin. However, cells incubated with 1 for 24 h that were then treated with
calcimycin had a 71 of 925 + 13 ms, which represents a 121% increase in R1 compared to the
control (Figure 4.5.) This increase in Ri1 is 14% higher than the increase observed for cells
incubated with 1 for 24 h that were not treated with calcimycin. Thus, increasing the intracellular
Ca(Il) concentration resulted in a significant increase in MR contrast (p < 0.01) in cells labeled
with 1. This demonstrates that 1 can indeed detect changes in intracellular Ca(Il), even at relatively
low concentrations.

To further support that the observed changes in MR signal are due to 1 binding Ca(II), HT-
22 cells were incubated with a Ca(Il)-insensitive analogue (S1) and imaged at 7 T (see appendix).
Half of these labeled cells were treated with 10 uM calcimycin while the rest were untreated.
Treatment with calcimycin did not shorten the observed 71. Therefore, the observed decrease in

T1 by 1 is due Ca(Il) binding and not calcimycin.
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Figure 4.5. Percent increase of R1 of HT-22 cell pellets imaged at 7 T compared to untreated
(control) cells. Cells were treated with 10 uM calcimycin alone, 10 uM 1 for 30 min, 10 uM 1 for
24 h, or 10 uM 1 for 24 h followed by 10 uM calcimycin. Cells treated with calcimycin alone
showed no significant change in Ry, but all cells incubated with 1 had significant increases. Cells
incubated with 1 and treated with calcimycin (purple) showed a significant increase (p < 0.01) in
R1 compared to the same cells that were not treated with calcimycin (green), indicating 1 responds
to intracellular Ca(ll) changes.

In Vitro Fluorescence Imaging. In addition to significantly improving cellular uptake,
incorporation of IR-783 allows for detection by fluorescence imaging at NIR wavelengths. To
assess the ability of 1 to be detected by fluorescence imaging, HT-22 cells were imaged using a

two-photon confocal microscope and an IVIS Spectrum.

Plated cells and cell pellets used for MR imaging were additionally imaged using an IVIS

Spectrum and compared to HT-22 cells without agent (see appendix). These images demonstrate



105

that 1 can be detected by NIR fluorescence imaging in vitro even at higher concentrations than are
required by MR imaging.

For confocal microscopy, cells were plated on a FluoroDish and incubated with 10 uM of
1 for 24 h, after which the cells were washed (3x) with DPBS and fresh media was added. The
confocal micrographs in Figure 4.6 demonstrate that 1 accumulates intracellularly in HT-22 cells
and can be detected by NIR fluorescence imaging at the same concentrations compatible with MR
imaging.

The results of these in vitro experiments support our hypothesis that incorporation of IR-
783 onto BAPTA-based Ca(Il) responsive contrast agents significantly increases cellular uptake

while enabling detection by NIR fluorescence imaging.



106

Bright Field

NIR
Excitation: 780 nm

Figure 4.6. Confocal micrographs of HT-22 cells incubated with 10 uM 1 for 24 h. A) Bright field
images of the HT-22 cells treated with 1. B) Fluorescence images of the same HT-22 cells treated
with 1 using an excitation wavelength of 780 nm. The overlap of the bright field and fluorescence
images indicates 1 has the ability to accumulate intracellularly and is easily detected by
fluorescence imaging at NIR wavelengths.
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4.3 Conclusions

We have synthesized a series of Ca(Il) responsive MR imaging contrast agents that
incorporate a NIR dye (IR-783) that substantially increases the cellular uptake of the Ca(Il)-
responsive MR agents while simultaneously providing a fluorescence signal. Complex 1
demonstrated the most promising results and exhibited a very large increase in 71 (114%) in
solution when activated in the presence of Ca(Il) at 7 T. At concentrations between 0-20 uM, 1
was well tolerated by HT-22 and U-87 MG cells (=88% viability) and showed rapid, drastically
increased cellular uptake compared to previous Ca(Il) responsive MR contrast agents. At
concentrations < 10 uM, 1 was detectable in vitro by both MR and NIR fluorescence imaging and
showed significantly increased MR contrast in response to intracellular Ca(II) changes. This new
series of multimodal and bioresponsive MR probes is currently being evaluated in vivo using

stereotaxic microinjection techniques to measure Ca(Il) flux in whole animals.
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General Methods. Unless otherwise indicated, all reactions were performed under a nitrogen
atmosphere using oven-dried glassware. Anhydrous solvents were used in all reactions and
obtained from a J.C. Meyer solvent system (Laguna Beach, CA). Thin-layer chromatography
(TLC) was performed on EMD 60 F254 silica gel plates. Standard grade 60 A 230-400 mesh silica
gel was used for normal-phase column chromatography. Unless otherwise stated, all silica gel
columns were flashed with air. *H and *C NMR spectra were obtained on a Bruker 500 MHz

Avance |1l NMR spectrometer. ESI-MS was performed on a Bruker AmaZon-SL spectrometer.

Cyclen was obtained from Strem Chemical, while all other reagents were purchased from
Sigma Aldrich, Fisher Scientific, or TCI and used without purification. Analytical HPLC-MS was
performed on an Agilent 1260 Infinity Il HPLC system with an in-line Agilent 6120 Quad mass
spectrometer. Semi-preparative HPLC was performed on an Agilent PrepStar 218 equipped with
an Agilent 1260 Infinity diode array detector. HPLC purifications utilized deionized water (18.2
MQ-cm) obtained from a Millipore Q-Guard System and HPLC grade MeCN, formic acid, and

ammonium hydroxide (all obtained from Fisher Scientific).

Analytical HPLC-MS used a Phenomenex Synergi C18 column (4.6 x 150 mm, 4 um).
Semipreparative HPLC used a Phenomenex Synergi C18 column (21.2 x 150 mm, 4 um). GP1
and GP2 were purified using the following method: MeCN held at 0% for 5 min followed by a 15

min ramp to 25% followed by a 5 min ramp to 100%.

Synthesis of GP1. 82 mg 1 (0.14 mmol) and 59 mg 2 (0.16 mmol) were added to a 25 mL round

bottom flask and dissolved in 10 mL of dry DMF. 11 mg CuSO4(H20)s (0.045 mmol) and 18 mg
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(+)-sodium L-ascorbate (0.09 mmol) were added to 200 uL 0.9% NaCl solution and mixed
thoroughly. The mixture was added to the round bottom flask containing 1 and 2, and the solution
was stirred under nitrogen in the dark for 48 h. The DMF was evaporated and the crude product
was dissolved in 15 mL of 0.9% NaCl solution to ensure the chloride ligands were not lost. The
crude was purified by HPLC (retention time: 13.4 min) in 32% yield. An analytical HPLC-MS
trace of the purified product is found in Figure SIA. HRMS m/z observed: 999.1005 [M+Na]*

(Figure S1B).

Synthesis of GP2. 50 mg 1 (0.08 mmol) and 40 mg 3 (0.09 mmol) were added to a 25 mL round
bottom flask and dissolved in 10 mL of dry DMF. 6 mg CuSO4(H20)s (0.025 mmol) and 10 mg
(+)-sodium L-ascorbate (0.05 mmol) were added to 200 uL H20 and mixed thoroughly. The
mixture was added to the round bottom flask containing 1 and 3, and the solution was stirred under
nitrogen in the dark for 48 h. The DMF was evaporated, the crude product was dissolved in 15 mL
of H20, and the crude was purified by HPLC (retention time: 14.5 min) in 68% yield. An analytical
HPLC-MS trace of the purified product is found in Figure S1C. HRMS m/z observed: 1049.2075

[M+H]* (Figure S1D).

Relaxivity Measurements at 1.41 T. GP1 and GP2 were dissolved in 1 mL of 5 mM pH 7.40
Tris HCI buffer (with or without 500 uM CT-DNA). Each solution was serially diluted to make
solutions of varying concentration. Solutions containing CT-DNA were incubated for 24 h at 37

°C to allow adequate time for the agents to bind DNA. Relaxation times were measured on a Bruker



138

mg60 NMR analyzer equipped with Minispec v 2.51 Rev.00/NT software (Bruker Biospin,
Billerica, MA, USA) operating at 1.41 T (60MHz) and 37 °C. Measurements were made using an
inversion recovery pulse sequence (T1_ir_mb) using the following parameters: 4 scans per point,
10 data points, monoexponential curve fitting, phase cycling, 10 ms first pulse separation, and a
recycle delay and final pulse separation > 5 Ti1. 10 uL aliquots of each solution were taken for ICP-
MS analysis to determine the concentration of Gd(I11). Measurements were repeated every day for

a week to ensure no changes in relaxivity were observed.

Relaxivity Measurements at 7 T. GP1 and GP2 were dissolved in 200 uL. 5 mM pH 7.40 Tris
HCI buffer (with or without 500 uM CT-DNA) and each solution was serially diluted to make
solutions of varying concentration. 25 uL of each solution were pipetted into flame sealed Pasteur
pipettes. The pipette tips containing solution were scored, separated, and sealed with parafilm to
make small capillaries containing solution. These capillaries were imaged using a Bruker
PharmaScan 7 T MR imaging spectrometer (Bruker BioSpin, Billerica, MA, USA). T1 relaxation
times were measured using a rapid-acquisition rapid-echo (RARE-VTR) Ti-map pulse sequence
with static Te (10 ms) and variable Tr (100, 200, 400, 500, 750, 1000, 2500, 7500, and 1000 ms)
values. Imaging parameters were as follows: field of view (FOV) = 25 x 25 mm?, matrix size
(MTX) =256 x 256, number of axial slices = 5, slice thickness (S1) = 1.0 mm, and averages (NEX)
= 4. T1 analysis was carried out using the image sequence analysis tool in Paravision 6.0 pl2
software (Bruker, Billerica, MA, USA) with monoexponential curve-fitting of image intensities of

selected regions of interest (ROIs) for each axial slice.



139

Circular Dichroism with CT-DNA. A stock solution of 100 uM CT-DNA in 5 mM pH 7.40 Tris
HCI buffer was prepared. CT-DNA solutions with varying equivalents of GP1, GP2, cisplatin or
carboplatin were prepared and incubated at 37 °C in the dark for 24 h. CD spectra of each solution
were acquired using the following parameters: 220-320 nm, 1 nm bandwidth, 0.1 nm step

resolution, 10 nm/min scan speed, 1 s response time.

Cell Lines and Culture. 2780CP/CI-16 cells were obtained from Professor Zahid Siddik at MD
Anderson Cancer Center. A2780 and 2780CP/CI-16 cells were cultured using RPMI-1640
supplemented with 10% FBS and L-glutamine. HeLa cells were cultured using phenol red free
DMEM supplemented with 10% FBS. All three cell lines were grown in a humidified incubator at
37 °C and 5% CO: and were harvested using 0.25% TrypLE. Cells were grown for 24 hours after

plating before each experiment. All solutions were filtered through 0.2 uL sterile filters before use.

Viability Assays. A2780, 2780CP/CI-16, and HeLa cells were plated at a density of 3,000 cells
per well (100 pL) in opaque white 96-well plates. Cells were dosed with 100 uL of solutions of
GP1, GP2, cisplatin, or carboplatin in media and incubated for 48 hours (GP1 or cisplatin) or 72
hours (GP2 or carboplatin). After incubation, 50 uL CellTiter-Glo 2.0 (Promega, Madison, WI)
was added to each well and the assay was carried out following the manufacturer’s protocol.

Luminescence of the wells was measured using a Synergy H1 microplate reader (BioTek,
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Winooski, VT). Viability was determined by comparing luminescence readings of the cells treated
with agent to untreated control cells. Values are reported as the average + the standard deviation

of three independent experiments.

Concentration-dependent Cell Uptake. A2780, 2780CP/CI-16, and HeLa cells were plated at a
density of 40,000 cells per well (500 uL) in a 24-well plate. Cells were incubated with GP1, GP2,
cisplatin or carboplatin at varying concentrations in media (300 pL) for 24 hours. After 24 hours,
the media were aspirated and the cells were washed twice with 500 uL of PBS, harvested, and
centrifuged at 500 rpm for 5 minutes at 4° C. The media were aspirated, and the cells were
resuspended in 200 pL of media. A 50 uL aliquot was taken for cell counting using a Guava PCA
system using the Guava Viacount protocol provided by the manufacturer. An additional 100 pL

aliquot was used for ICP-MS analysis of Gd and Pt in the cells. VValues are reported as the average

+ the standard deviation of three independent experiments.

Time-dependent Cellular Uptake. HeLa cells were plated at a density of 40,000 cells per well
(500 pL) in a 24-well plate. Cells were incubated with 300 pL of 250 uM GP1 or 1000 uM GP2
in media for variable amounts of time (3, 6, 9, 24 h). At each timepoint, the media were aspirated,

and the cells were washed twice with 500 uL of PBS, harvested, and centrifuged at 500 rpm for 5
minutes at 4° C. The media were aspirated, and the cells were resuspended in 200 uL of media. A

50 uL aliquot was taken for cell counting using a Guava PCA system using the Guava Viacount
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protocol provided by the manufacturer. An additional 100 pL aliquot was used for ICP-MS
analysis of Gd and Pt in the cells. Values are reported as the average + the standard deviation of

three independent experiments.

MR Imaging of Cell Pellets at 7 T. A2780 and 2780CP/CI-16 cells were grown to ~60%
confluency in T-75 flasks. A2780 and 2780CP/CI-16 cells were both dosed with 5 mL of 125 uM
GP1, 500 uM GP2, or vehicle (media). Cells were incubated for 24 hours. After incubation, the
media were aspirated and the cells were washed twice with 5 mL PBS, harvested, and centrifuged
at 500 rpm for 5 min at 4 °C. The cells were resuspended in 1 mL of media and 950 uL of the
suspension was added to flame-sealed Pasteur pipettes while the rest was used for cell counting
and ICP-MS. The pipettes were centrifuged at 200 rpm for 5 minutes and were separated to form
small capillaries containing the cell pellets. The capillaries were sealed with parafilm and imaged
using a Bruker PharmaScan 7 T MR imaging spectrometer following the same imaging protocol

previously described.

In vivo MR imaging of tumor-bearing mice at 9.4 T. All animal experiments were reviewed and
approved by the Institutional Animal Care and Use Committee (IACUC) at Northwestern
University (protocol # 1IS00000691). Athymic nude mice (Jackson Laboratory) were inoculated on
the left flank through subcutaneous injection of A2780 cells (3 million/mouse) or 2780CP/CI-16
cells (8 millions/mouse) in 1:1 PBS/Matrigel. The tumors were measured twice weekly until they

were of adequate size for imaging, around 2 weeks for A2780 and 4 weeks for 2780CP/CI-16 cells.
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Three A2780 and three 2780CP/CI-16 mice were imaged pre-injection and 15 minutes and 3 hours
after 1V injection of 0.15 mmol/kg GP1. After the 3-hour time point, mice the mice were

euthanized, and the tumors were collected for ICP-MS analysis of Gd(l11) and Pt(I1) content.

MR imaging was performed on a 9.4T Bruker Biospec MRI system with a 30 cm bore and
a 12 cm gradient insert (Bruker Biospin Inc, Billerica, MA). Respiratory signals and temperature
were monitored using an MR-compatible physiologic monitoring system (SA Instruments,
Stonybrook, NY); a warm water circulating system was used to maintain body temperature. The
mouse’s abdomen was centered in a 40 mm quadrature volume coil (Bruker Biospin, Inc, Billerica,
MA) operating in transmit/receive mode. A reference standard containing a diluted commercially
available Gd contrast agent (Multihance) was placed alongside the mouse. T1 weighted images
were acquired using an accelerated spin echo sequence (T1 Rapid Acquisition with Relaxation
Enhancement, T1-RARE) oriented axially. The following parameters were used: TR/TE = 750
ms /5.62 ms, RARE factor 4, MTX = 256 x 256, FOV 3.5 x 3.5 cm, 7 slices, 1 mm slice thickness
and 4 signal averages. Acquisition time was approximately 4 minutes. In vivo MRI data were
analyzed using Amira version 2020.1 (Thermo Fisher Scientific, Waltham, MA, USA). T:
weighted images were normalized to the reference standard, a color map was applied, and then the

T1 weighted image was overlaid on the corresponding T2 weighted anatomical reference image.

Cell Counting with a Guava EasyCyte Mini Personal Cell Analyzer (PCA) System. Aliquots
of cell suspensions were mixed with the Guava ViaCount Reagent and allowed to stain for 5

minutes. The samples were vortexed for 20 seconds and cell count was determined via manual
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analysis using a Guava EasyCyte Mini PCA and ViaCount software. 1000 events were acquired
for each sample and dilutions were performed to assure the cell count was in the optimal range for
instrument performance (10-100 cells/uL). Performance of the instrument was assessed daily using

Guava-Check Beads and the manufacturer’s protocol and Daily Check software.

Quantification of Gadolinium and Platinum with Inductively Coupled Plasma Mass
Spectrometry. Quantification of Gd and Pt was accomplished using ICP-MS of acid digested
samples. Specifically, samples were digested in concentrated trace nitric acid (> 69%, Thermo
Fisher Scientific, Waltham, MA, USA) and trace hydrochloric acid (> 34%, Thermo Fisher
Scientific, Waltham, MA, USA) and placed at 65 °C for at least 4 hours to allow for complete
sample digestion. Ultra-pure H20 (18.2 MQ-cm) was then added to produce a final solution of
2.0% nitric acid and 2.0% hydrochloric acid (v/v) in a total sample volume of 10 mL. Quantitative
standards were made using a 10,000 pg/mL Gd elemental standard and a 1,000 ug/mL Pt elemental
standard (Inorganic Ventures, Christiansburg, VA, USA) which were used to create a 200 ng/g
mixed element standard and a 2 ng/g mixed element standard in 2.0% nitric acid and 2.0%
hydrochloric acid (v/v) in a total sample volume of 50 mL. A solution of 2.0% nitric acid and 2.0%

hydrochloric acid (v/v) was used as the calibration blank.

ICP-MS was performed on a computer-controlled (QTEGRA software) Thermo iCapQ ICP-MS
(Thermo Fisher Scientific, Waltham, MA, USA) operating in STD mode and equipped with a ESI
SC-2DX PrepFAST autosampler (Omaha, NE, USA). Internal standard was added inline using the

prepFAST system and consisted of 1 ng/mL of a mixed element solution containing Bi, In, °Li,
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Sc, Th, Y (IV-ICPMS-71D from Inorganic Ventures). Online dilution was also carried out by the
prepFAST system and used to generate a calibration curve consisting of 200, 100, 50, 20, 10, 2
ppb Gd and Pt and a calibration curve consisting of 2000, 1000, 500, 200, 100, and 20 ppt Gd and
Pt. Each sample was acquired using 1 survey run (10 sweeps) and 3 main (peak jumping) runs (40
sweeps). The isotopes selected for analysis were 1°4195Pt, 5657Gd, and °In, 15°Tb, 29°Bi (chosen
as internal standards for data interpolation and machine stability). Instrument performance is
optimized daily through autotuning followed by verification via a performance report (passing

manufacturer specifications).

HPLC-MS and HRMS:
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Figure A.1.1. (A) HPLC chromatogram of GP1 (retention time=9.17 min) with Gd:Pt ratio
determined by ICP-MS. (B) HRMS spectrum of purified GP1. (C) HPLC chromatogram of GP2
(retention time=10.31 min) with Gd:Pt ratio. (D) HRMS spectrum of purified GP2.

Relaxivity Measurements:

Table A.1.1. r2 values of GP1 and GP2 at low (1.41 T) and high (7 T) field strength in tris

buffer at 37 °C
Agent: Low Field (1.41°T) High Field (7 T)
w/o CT-DNA w/ CT-DNA w/o CT-DNA w/ CT-DNA
GP1 7.8 20.2 9.5 23.7
GP2 13.6 28.4 14.6 31.2
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Figure A.1.2. T1 relaxivity (r1) plots of (A) GP1 with and without CT-DNA in tris buffer at 1.41
T and 37 °C. (B) GP1 with and without CT-DNA in tris buffer at 7 T and 37 °C. (C) GP2 with and
without CT-DNA in tris buffer at 1.41 T and 37 °C. (D) GP2 with and without CT-DNA in tris

buffer at 7 T and 37 °C.
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Figure A.1.3. CD spectra of 100 uM CT-DNA in tris buffer incubated with varying equivalents
of (A) cisplatin for 24 h at 37 °C and (B) carboplatin for 24 h at 37 °C.
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Figure A.1.4. ICso curves of (A) GP1 (B) GP2 (C) cisplatin and (D) carboplatin in A2780,
2780CP/CI-16, and HeLa cells. Cells were incubated with GP1 and cisplatin for 48 h and GP2
and carboplatin for 72 h. Cell viability was measured with CellTiter-Glo 2.0.
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Time-Dependent Uptake:
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Figure A.1.5. (A) Concentration-dependent uptake of GP1 and GP2 in HeLa cells over 24 h. MR
relevant concentrations of both agents accumulate in HeLa cells. (B) Time-dependent uptake of
250 uM GP1 and 1000 uM GP2 (~ICso values) in HelLa cells. MR relevant amounts of both agents
accumulate in as little as 3 hours when dosed at the 1Cso.
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In Vivo MR Imaging:
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Figure A.1.6. MR imaging at 9.4 T of additional (A) A2780 tumor-bearing mice and (B)
2780CP/CI-16 tumor-bearing mice given 0.15 mmol/kg GP1 through IV injection. (C) Pt(Il)
accumulation in A2780 and 2780CP/CI-16 tumors measured by ICP-MS (n=3 for each tumor
type). There was a statistically significant difference (p<0.05) in accumulation of Pt(ll) in the two
tumor types, similar to Gd(ll1).
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Figure A.1.7. Representative pictures of athymic nude mice bearing an (A) A2780 flank tumor
and (B) 2780CP/CI-16 flank tumor.
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APPENDIX 2

SUPPORTING INFORMATION FOR CHAPTER 3
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General Methods. Unless otherwise indicated, all reactions were performed under a nitrogen
atmosphere using oven-dried glassware. Anhydrous solvents were used in all reactions and
obtained from a J.C. Meyer solvent system (Laguna Beach, CA). Thin-layer chromatography
(TLC) was performed on EMD 60 F254 silica gel plates. Standard grade 60 A 230—400 mesh silica
gel was used for normal-phase column chromatography. Unless otherwise stated, all silica gel
columns were flashed with air. 1H and 13C NMR spectra were obtained on a Bruker 500 MHz

Avance [II NMR spectrometer. ESI-MS was performed on a Bruker AmaZon-SL spectrometer.

Cyclen was obtained from Strem Chemical, while all other reagents were purchased from
Sigma Aldrich, Fisher Scientific, or TCI and used without purification. Analytical HPLC-MS was
performed on an Agilent 1260 Infinity II HPLC system with an in-line Agilent 6120 Quad mass
spectrometer. Semi-preparative HPLC was performed on an Agilent PrepStar 218 equipped with
an Agilent 1260 Infinity diode array detector. HPLC purifications utilized deionized water (18.2
MQ-cm) obtained from a Millipore Q-Guard System and HPLC grade MeCN, formic acid, and

ammonium hydroxide (all obtained from Fisher Scientific).

Analytical HPLC-MS used an Atlantis C18 column (4.6 x 250 mm, 5 um). Semipreparative
HPLC used an Atlantis T3 C18 column (19 x 250 mm, 10 um). GP1 and GP2 were purified using
the following method: MeCN held at 0% for 5 min followed by a 25 min ramp to 75% followed

by a 5 min ramp to 100%.

Synthesis of GP1. 9.0 mg 1 (0.015 mmol) were added to a 10 mL round bottom flask and dissolved

in 3 mL of dry DMSO. 4.7 mg TBTU (0.015 mmol) and 2 pL triethylamine (0.015 mmol) were

added and the solution was heated to 45 °C and stirred for 10 min. 7.3 mg 2 (0.023 mmol) were
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added and the reaction was stirred at 45 °C under nitrogen over night. The reaction mixture was
lyophilized to dryness, dissolved in H20, and purified by semipreparative HPLC (retention time:
13.8 min) in 44% yield. Analytical HPLC-MS trace of the purified product is found in Fig. S1A.

ESI-MS m/z observed: 931.7, calculated: 931.1 [M+H]*.

Synthesis of GP2. 5.5 mg 1 (0.009 mmol) were added to a 10 mL round bottom flask and dissolved
in 2 mL of dry DMSO. 2.9 mg TBTU (0.009 mmol) and 1.2 uL triethylamine (0.009 mmol) were
added and the solution was heated to 45 °C and stirred for 10 min. 5.5 mg 3 (0.014 mmol) were
added and the reaction was stirred at 45 °C under nitrogen over night. The reaction mixture was
then lyophilized to dryness, dissolved in H20, and purified by semipreparative HPLC (retention
time: 15.3 min) in 56% yield. Analytical HPLC-MS trace of the purified product is found in Fig.

S1B. ESI-MS m/z observed: 1003.4, calculated: 1003.19 [M+H]".

Relaxivity Measurements at 1.41 T. GP1 and GP2, and 1 were dissolved in 1 mL of PBS or 5
mM GSH in PBS. Each solution was serially diluted to make solutions of varying concentration.
Relaxation times were measured on a Bruker mg60 NMR analyzer equipped with Minispec v 2.51
Rev.00/NT software (Bruker Biospin, Billerica, MA, USA) operating at 1.41 T (60MHz) and 37
°C. Measurements were made using an inversion recovery pulse sequence (T1_ir_mb) using the
following parameters: 4 scans per point, 10 data points, monoexponential curve fitting, phase
cycling, 10 ms first pulse separation, and a recycle delay and final pulse separation > 5 T1. 10 pL

aliquots of each solution were taken for ICP-MS analysis to determine the concentration of Gd(l11).
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Relaxivity Measurements at 7 T. GP1 and GP2 and 1 were dissolved in 200 uL PBS or 5 mM
GSH and each solution was serially diluted to make solutions of varying concentration. 25 pL of
each solution were pipetted into flame sealed Pasteur pipettes. The pipette tips containing solution
were scored, separated, and sealed with parafilm to make small capillaries containing solution.
These capillaries were imaged using a Bruker PharmaScan 7 T MR imaging spectrometer (Bruker
BioSpin, Billerica, MA, USA). 71 relaxation times were measured using a rapid-acquisition rapid-
echo (RARE-VTR) T1-map pulse sequence with static 7t (10 ms) and variable 7r (100, 200, 400,
500, 750, 1000, 2500, 7500, and 1000 ms) values. Imaging parameters were as follows: field of
view (FOV) = 25 x 25 mm?, matrix size (MTX) = 256 x 256, number of axial slices = 5, slice
thickness (SI) = 1.0 mm, and averages (NEX) = 4. T1 analysis was carried out using the image
sequence analysis tool in Paravision 5.0 pl2 software (Bruker, Billerica, MA, USA) with
monoexponential curve-fitting of image intensities of selected regions of interest (ROIs) for each

axial slice.

Stability of GP1 and GP2 in various aqueous media. Aliquots of GP1 and GP2 were prepared
from a stock with known mass checked by ICP-MS. An aliquot of each was dissolved in H20 and
analyzed by HPLC-MS using an Atlantis C18 column (4.6 x 250 mm, 5 pm) and the following
method: MeCN held at 0% for 3 min followed by a 15 min ramp to 100% MeCN (GP1 retention
time: 10.9 min, GP2 retention time: 11.6 min). Aliquots of both were additionally dissolved in

PBS, MEM, RPMI-1640, pH 5 H20, PBS with 10 units/mL porcine liver esterase, 5 mM
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glutathione, and 5 mM sodium ascorbate, incubated in a shaker at 37 °C, and were analyzed by
HPLC-MS at different time points using the same method. At each time point, the area of the peak
of GP1 or GP2 was determined by integration and compared to the area of the peaks in H20.
Difference in peak area was used as a means of determining the percentage of agent remaining in

solution.

Cell Lines and Culture. A2780 cells were cultured using RPMI-1640 supplemented with 10%
FBS. HeLa cells were cultured using phenol red free DMEM supplemented with 10% FBS. MCF-
7 cells were cultured using phenol-red free MEM supplemented with 10% FBS. All three cell lines
were grown in a humidified incubator at 37 °C and 5% CO:2 and were harvested using 0.25%
TrypLE. Cells were grown for 24 hours after plating before each experiment. All solutions were

filtered through 0.2 pL sterile filters before use.

Viability Assays. A2780, HeLa, and MCF-7 cells were plated at a density of 3,000 cells per well
(100 pL) in an opaque white 96-well plate. Cells were dosed with 100 uL of solutions of GP1,
GP2, cisplatin, or carboplatin in MEM and incubated for 48 hours (GP1 or cisplatin) or 72 hours
(GP2 or carboplatin). After incubation, 50 uL CellTiter-Glo 2.0 (Promega, Madison, WI) was
added to each well and the assay was carried out following the manufacturer’s protocol.
Luminescence of the wells was measured using a Synergy H1 microplate reader (BioTek,
Winooski, VT). Viability was determined by comparing luminescence readings of the cells treated

with agent to untreated control cells.
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Concentration-dependent Cell Uptake. A2780 and HeLa cells were plated at a density of 40,000
cells per well (500 uL) in a 24-well plate. Cells were incubated with GP1, GP2, 1, cisplatin or
carboplatin at varying concentrations in MEM (300 pL) for 24 hours. After 24 hours, the media
was aspirated and the cells were washed twice with 500 uL of PBS, harvested, and centrifuged at
500 rpm for 5 minutes at 4° C. The media was aspirated and the cells were resuspended in 200 uL
of media. A 50 uL aliquot was taken for cell counting using a Guava PCA system using the Guava
Viacount protocol provided by the manufacturer. An additional 100 pL aliquot was used for ICP-

MS analysis of Gd and Pt in the cells.

Cell fractionation experiments were performed using a cytosol/particulate rapid separation
kit (BioVision, Milpitas, CA). Uptake experiments were performed in the same way, following
the manufacturer’s protocol after the first centrifugation. Gd and Pt content in each fraction was
determined by ICP-MS and the total uptake for a given set of cells was taken to be the sum of the

cytosol and particulate fractions.

Time-dependent Cellular Uptake. A2780 cells were plated at a density of 40,000 cells per well
(500 pL) in a 24-well plate. Cells were incubated with 300 uL of 65 uM GP1 or 62.5 uM GP2 in
MEM for variable amounts of time (0.5, 1, 2, 3, 6, 24 h). At each timepoint, the media was aspirated
and the cells were washed twice with 500 pL of PBS, harvested, and centrifuged at 500 rpm for 5

minutes at 4° C. The media was aspirated and the cells were resuspended in 200 pL of media. A 50
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pL aliquot was taken for cell counting using a Guava PCA system using the Guava Viacount
protocol provided by the manufacturer. An additional 100 pL aliquot was used for ICP-MS analysis

of Gd and Pt in the cells.

MR Imaging of Cell Pellets at 7 T. A2780 and HeLa cells were grown to ~60% confluency in T-
75 flasks. A2780 cells were dosed with 5 mL of 30 uM GP1, 60 uM GP2, 100 uM 1, 7.5 uM, or
vehicle (MEM) and HeLa cells were dosed with 5 mL of 60 uM GP1, 250 uM GP2, 100 uM 1,
15 uM, or vehicle (MEM). Cells were incubated for 6 hours. After incubation, the media was
aspirated and the cells were washed twice with 5 mL PBS, harvested, and centrifuged at 500 rpm
for 5 min at 4 °C. The cells were resuspended in 1 mL of media and 950 pL of the suspension was
added to flame-sealed Pasteur pipettes while the rest was used for cell counting and ICP-MS. The
pipettes were centrifuged at 200 rpm for 5 minutes and were separated to form small capillaries
containing the cell pellets. The capillaries were sealed with parafilm and imaged using a Bruker

PharmaScan 7 T MR imaging spectrometer following the same imaging protocol previously

described.

Cell Counting with a Guava EasyCyte Mini Personal Cell Analyzer (PCA) System. Aliquots
of cell suspensions were mixed with the Guava ViaCount Reagent and allowed to stain for 5
minutes. The samples were vortexed for 20 seconds and cell count was determined via manual
analysis using a Guava EasyCyte Mini PCA and ViaCount software. 1000 events were acquired

for each sample and dilutions were performed to assure the cell count was in the optimal range for
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instrument performance (10-100 cells/pL). Performance of the instrument was assessed daily using

Guava-Check Beads and the manufacturer’s protocol and Daily Check software.

Quantification of Gadolinium and Platinum with Inductively Coupled Plasma Mass
Spectrometry. Quantification of Gd and Pt was accomplished using ICP-MS of acid digested
samples. Specifically, samples were digested in concentrated trace nitric acid (> 69%, Thermo
Fisher Scientific, Waltham, MA, USA) and trace hydrochloric acid (> 34%, Thermo Fisher
Scientific, Waltham, MA, USA) and placed at 65 °C for at least 4 hours to allow for complete
sample digestion. Ultra-pure H20 (18.2 MQ-cm) was then added to produce a final solution of
2.0% nitric acid and 2.0% hydrochloric acid (v/v) in a total sample volume of 10 mL. Quantitative
standards were made using a 10,000 pg/mL Gd elemental standard and a 1,000 ug/mL Pt elemental
standard (Inorganic Ventures, Christiansburg, VA, USA) which were used to create a 200 ng/g
mixed element standard and a 2 ng/g mixed element standard in 2.0% nitric acid and 2.0%
hydrochloric acid (v/v) in a total sample volume of 50 mL. A solution of 2.0% nitric acid and 2.0%

hydrochloric acid (v/v) was used as the calibration blank.

ICP-MS was performed on a computer-controlled (QTEGRA software) Thermo iCapQ ICP-
MS (Thermo Fisher Scientific, Waltham, MA, USA) operating in STD mode and equipped with a
ESI SC-2DX PrepFAST autosampler (Omaha, NE, USA). Internal standard was added inline using
the prepFAST system and consisted of 1 ng/mL of a mixed element solution containing Bi, In, SLi,
Sc, Th, Y (IV-ICPMS-71D from Inorganic Ventures). Online dilution was also carried out by the
prepFAST system and used to generate a calibration curve consisting of 200, 100, 50, 20, 10, 2

ppb Gd and Pt and a calibration curve consisting of 2000, 1000, 500, 200, 100, and 20 ppt Gd and
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Pt. Each sample was acquired using 1 survey run (10 sweeps) and 3 main (peak jumping) runs (40

sweeps). The isotopes selected for analysis were 1°4195Pt, 5657Gd, and °In, 15°Tb, 29°Bi (chosen

as internal standards for data interpolation and machine stability). Instrument performance is

optimized daily through autotuning followed by verification via a performance report (passing

manufacturer specifications).
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Figure A.2.1 (A) HPLC-MS trace of GP1 purified by semipreparative HPLC. The reported Gd:Pt
ratio was determined by ICP-MS analysis of all batches of GP1. (B) HPLC-MS of GP2 purified
by semipreparative HPLC. The reported Gd:Pt ratio was determined by ICP-MS analysis of all
batches of GP2. (C) ESI-MS spectrum of purified GP1. (D) ESI-MS spectrum of purified GP2.
(E) Predicted mass spectrum isotope pattern of GP1. (F) Predicted mass spectrum isotope pattern
of GP2.
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Figure A.2.2. Graph of r1 of (A) GP1 measured at 1.41 T (B) GP1 measured at 7 T (C) GP2
measured at 1.41 T (D) GP2 measured at 7 T (E) 1 measured at 1.41 T (F) 1 measured at 7 T. All
measurements were taken in PBS at 37 °C (G) 1 measured at 1.41 T with 5 mM GSH (H) GP1
measured at 1.41 T with 5 mM GSH and (I) GP2 measured at 1.41 T with 5 mM GSH.
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Table A.2.1. riof GP1, GP2, and 1 in PBS with 5 mM glutathione at 37 °C
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Figure A.2.3. Analytical HPLC chromatograms of (A) cisplatin, carboplatin, 1, 2, and 3 in H20
(B) GP1 in PBS over time (C) GP1 in MEM over time (D) GP1 in RPMI-1640 over time (E) GP1
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in pH 5 H20 over time (F) GP1 in PBS with porcine liver esterase (PLE) over time (G) GP1in 5
mM ascorbate over time and (H) GP1 in 5 mM glutathione (GSH) over time. All HPLC runs used
the same method (0-3 min 100% H-O followed by a 15 min ramp to 100% MeCN). These data
demonstrate in non-reducing conditions, GP1 is largely stable over long periods of time, but can
be quickly reduced under intracellularly relevant conditions.
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Figure A.2.4. Analytical HPLC chromatograms of GP2 in (A) PBS over time (B) MEM over time
(C) RPMI-1640 over time (D) pH 5 H20 over time (E) PBS with porcine liver esterase (PLE) over
time (F) 5 mM ascorbate over time and (G) 5 mM glutathione (GSH) over time. All HPLC runs
used the same method (0-3 min 100% H-O followed by a 15 min ramp to 100% MeCN). These
data demonstrate that like GP1, GP2 is largely stable over long periods of time in non-reducing
conditions, but can be quickly reduced under intracellularly relevant conditions.
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Figure A.2.5. (A) I1Cso curves of GP1 in A2780, MCF-7, and HeLa cells. (B) ICso curves of GP2
in A2780, MCF-7, and HeLa cells. (C) I1Cso curves of cisplatin in A2780, MCF-7, and HeLa cells.

(D) ICso curves of carboplatin in A2780, MCF-7, and HeLa cells.
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Figure A.2.6. (A) Accumulation of Gd in A2780 cells dosed with varying concentrations of GP1
for 24 h. (B) Accumulation of Pt in A2780 cells dosed with varying concentrations of GP1 for 24
h. (C) Accumulation of Gd in HeLa cells dosed with varying concentrations of GP1 for 24 h. (D)
Accumulation of Pt in HeLa cells dosed with varying concentrations of GP1 for 24 h.
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Figure A.2.7. (A) Accumulation of Gd in A2780 cells dosed with varying concentrations of GP2
for 24 h. (B) Accumulation of Pt in A2780 cells dosed with varying concentrations of GP2 for 24
h. (C) Accumulation of Gd in HeLa cells dosed with varying concentrations of GP2 for 24 h. (D)
Accumulation of Pt in HeLa cells dosed with varying concentrations of GP2 for 24 h.
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Figure A.2.8. (A) Accumulation of Pt in A2780 cells dosed with varying concentrations of
cisplatin for 24 h. (B) Accumulation of Pt in HeLa cells dosed with varying concentrations of
cisplatin for 24 h. (C) Accumulation of Pt in A2780 cells dosed with varying concentrations of
carboplatin for 24 h. (D) Accumulation of Pt in HeLa cells dosed with varying concentrations of
carboplatin for 24 h.
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Figure A.2.9. Concentration dependent uptake of complex 1 in A2780 and HeLa cells after 24
hours. At incubation concentrations similar to GP1 and GP2, 1 had significantly lower

accumulation in both A2780 and Hela cells. This supports that the Pt(IV) complexes are
responsible for the higher uptake of GP1 and GP2 compared to complex 1.
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Figure A.2.10 Subcellular localization of Gd and Pt in cytosolic and particulate (membrane,
organelles, cytoskeleton) cellular fractions. (A) A2780 cells incubated with 32.5 uM GP1 for 24
h. (B) HeLa cells incubated with 50 uM GP1 for 24 h. (C) A2780 cells incubated with 50 uM GP2
for 24 h. (D) HeLa cells incubated with 250 uM GP2 for 24 h. In all cases, >94% of Gd localized
in the cytosol. The majority of Pt localized in the cytosol, but significant amounts were also found
in particulate fractions. The differences in subcellular localization between Gd and Pt supports that
GP1 and GP2 dissociate intracellularly.



174

APPENDIX 3

SUPPORTING INFORMATION FOR CHAPTER 4



175

General Methods. Unless otherwise indicated, all reactions were performed under a nitrogen
atmosphere in oven-dried glassware. Anhydrous solvents were used in all reactions and obtained
from a J.C. Meyer solvent system (Laguna Beach, CA). Thin-layer chromatography (TLC) was
performed on EMD 60 F254 silica gel plates. Standard grade 60 A 230—-400 mesh silica gel was
used for normal-phase column chromatography. Unless otherwise stated, all silica gel columns
were flashed with air. 1H and 13C NMR spectra were obtained on a Bruker 500 MHz Avance III
NMR spectrometer. MALDI-MS was performed on a Bruker AutoFlex III, using 2,5-
dihydroxybenzoic acid as the matrix. ESI-MS was performed on a Bruker AmaZonSL

spectrometer.

Cyclen was obtained from Strem Chemical, while all other reagents were purchased from
Sigma Aldrich or Fisher Scientific and used without purification. Analytical HPLC-MS was
performed on an Agilent 1260 Infinity II HPLC system with an in-line Agilent 6120 Quad mass
spectrometer. Semi-preparative HPLC was performed on an Agilent PrepStar 218 equipped with
an Agilent 1260 Infinity diode array detector. HPLC purifications utilized deionized water (18.2
MQ-cm) obtained from a Millipore Q-Guard System and HPLC grade MeCN, formic acid, and
ammonium hydroxide (all obtained from Fisher Scientific). Analytical HPLC used either a Waters
Atlantis C18 column (4.6 x 250 mm, 5 um) or an XBridge C18 column (4.6 x 150 mm, 5 pum).
Semipreparative HPLC used either a Waters XBridge C18 column (19 x 250 mm, 10 um) or a
Phenomenex Synergi Polar RP column (21.2 x 150 mm, 4 pm). Compounds were purified using
one of the following methods. Method A: MeCN held at 15% for 5 min followed by a 5 min ramp
to 35% and a 15 min ramp to 45%. Method B: MeCN held at 0% for 5 min followed by a 2 min

ramp to 15% and a 23 min ramp to 35%. Method C: MeCN held at 0% for 5 min followed by a 2
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min ramp to 15% and a 33 min ramp to 35%. Method D: MeCN held at 0% for 5 min followed by
a 15 min ramp to 50%. Method E: MeCN held at 0% for 5 min followed by a 7 min ramp to 15%

and a 23 min ramp to 35%.

Chemical Synthesis. tetra-tert-butyl-2,2',2",2"'-(((((ethane-1,2-diylbis(oxy))bis(2-(bis(2-(tert-
butoxy)-2-oxoethyl)amino)-3,1-phenylene))bis(oxy))bis(propane-3,1-diyl))bis(1,4,7,10-

tetraazacyclododecane-4,1,7-triyl))tetraacetate, 7. 640 mg of bis-t-butyl-DO2A (1.6 mmol) and
308 mg K2COs3 (2.24 mmol) were dissolved in 75 mL MeCN. 311 mg of 6 (0.319 mmol) was
added and the reaction was stirred at 60 °C with a condenser under nitrogen for 24 h, at which
point analytical HPLC-MS indicated completion. The crude product was filtered and concentrated
for HPLC purification. A semi- preparative Polar RP column and Method A (0.1%) formic acid
additive; retention time = 18 min) were used to purify the product as a pale glass in 30% yield.
Analytical HPLC-MS traces are found in Figure A.3.1 ESI-MS m/z observed: 807.71, calculated:

807.53 [M+2H]>".

tetra-tert-butyl-2,2',2",2"'-(((((ethane-1,2-diylbis(oxy))bis(2-(bis(2-(tert-butoxy)-2-
oxoethyl)amino)-3,1-phenylene))bis(oxy))bis(propane-3,1-diyl))bis(4-(1-(tert-butoxy)-6-((tert-
butoxycarbonyl)amino)-1-oxohexan-2-yl)-1,4,7,10-tetraazacyclododecane-10,1,7-
triyl))tetraacetate, 9. 60 mg of 7 (0.037 mmol) and 51 mg K2COs (0.37 mmol) were dissolved in
30 mL MeCN. 51 mg of 8 (0.37 mmol) were added and the reaction was stirred at 50 °C with a
condenser under nitrogen for 48 h, at which point ESI-MS indicated completion. The crude product

was filtered and concentrated. Silica gel chromatography with a gradient of 10-15% MeOH in
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CH2Cl2 yielded product as a pale oil. ESI-MS m/z observed: 1092.85, calculated: 1092.95

[M+H]*".

2,2"'.2" 2"-(((((ethane-1,2-diylbis(oxy))bis(2-(bis(carboxymethyl)amino)-3,1-
phenylene))bis(oxy))bis(propane-3,1-diyl))bis(4-(5-amino- 1 -carboxypentyl)-1,4,7,10-
tetraazacyclododecane-10,1,7-triyl))tetraacetate-gadolinium(III), 10. 42 mg of 9 (.019 mmol) were
dissolved in 10 mL of formic acid and the reaction was stirred at 40 °C with a condenser under
nitrogen for 48 h, at which point analytical HPLC-MS indicated the deprotection was complete.
Formic acid was removed in vacuo and the crude product was co-evaporated twice with 10 mL
CH2Cla. A semi-preparative Atlantis C18 column and Method D (0.1% formic acid additive;
retention time = 16 min) were used to purify the product as a pale glass in 75% yield (over 2 steps).
Analytical HPLC-MS traces are found in Figure A.3.1. ESI-MS m/z observed: 712.36, calculated:

712.37 [M]>.

54 mg of deprotected compound (0.030 mmol) were dissolved in 15 mL H20 and pH was
adjusted to 6.5 with dilute NaOH. 41 mg of GdCl3-6H20 (0.150 mmol) were added and the pH
readjusted to 6.5. The reaction was stirred at 40 °C under nitrogen for 18hrs, at which point
MALDI-MS and analytical HPLC-MS indicated metalation was complete. The reaction was
adjusted to pH 9 and filtered to remove excess Gd(III) as Gd(OH)3 and lyophilized. 10 was used
without further purification in the next step. MALDI-TOF-MS m/z observed: 1777.331, calculated

1777.50 [M+2Na]".
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4,4'-((2E,2'E)-((2E,2'E)-((((((((((((ethane-1,2-diylbis(oxy))bis(2-(bis(carboxymethyl)amino)-3,1-
phenylene))bis(oxy))bis(propane-3,1-diyl))bis(4,10-bis(carboxymethyl)-1,4,7,10-
tetraazacyclododecane-7,1-diyl))bis(5-carboxypentane-5,1-
diyl))bis(azanediyl))bis(carbonothioyl))bis(azanediyl))bis(4,1-phenylene))bis(oxy))bis(3-((E)-2-
(3,3-dimethyl-1-(4-sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-2-yl-1-
ylidene))bis(ethane-2,1-diylidene))bis(3,3-dimethylindoline-1-yl-2-ylidene))bis(butane-1-
sulfonate)-gadolinium(III), 1. 10 (assumed 0.0043 mmol) was dissolved in 2 mL of 100 mM
NaxCOs3 and 1.6 mL MeCN. 8.3 mg of 5 (0.0086 mmol) was dissolved in 0.4 mL DMSO and added
to the reaction mixture. The reaction was stirred under nitrogen for 18 h in the dark. The MeCN
was removed in vacuo and the reaction was lyophilized to dryness in the dark for HPLC
purification. A semi-preparative X-Bridge C18 column and Method B (0.1% NH4OH additive;
retention time = 22 min) were used to purify the product as a green flufty solid in 14% yield (over
2 steps) after lyophilization. Analytical HPLC traces (210 and 700 nm Aabs) of purified 1 are found

in Figure A.3.2. ESI-MS m/z observed: 1727.1, calculated: 1727.02 [M+2Na]?*".

tert-butyl-2-bromo-6-((tert-butoxycarbonyl)amino)hexanoate, 8. 1.5 g Ne-Boc-D-lysine (6.09
mmol) were dissolved in 110 mL CH2Cl2 and chilled to 0 °C under nitrogen. 1.5 mL Br2 (30.45
mmol) were added followed by slow addition of isopentyl nitrite over 5 min. The reaction was
stirred for 90 min until the starting material had dissolved (indicating reaction of the amine).
CH:2Cl2 and Br2 were removed in vacuo and the residue co-evaporated twice with CH2Cl. After
removal of Brz, the crude product was taken up in EtOAc and washed (2x) with 0.25 M Na2S203

followed by 0.1 M HCI (2x). The organic phase was dried over Na2SO4 and concentrated. Silica
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gel chromatography with a gradient of 7:3-1:1 hexanes/EtOAc yielded the brominated product as
a pale yellow oil in 52% yield. 1H NMR (500 MHz, CDCl3) & 6.35 (br s, 1H), 4.24 (dd, J = 7.2
Hz, 1H), 3.13 (dd, J = 6.4, 0.3, 0.2 Hz, 2H), 2.2-2 (m, 2H), 1.58-1.38 (m, 11H).

To 1.07 g of purified compound (3.44 mmol) in 125 mL CHCIs were added 2.45 mL ¢-
butyl-2,2,2-trichloroacetimidate (13.76 mmol) in 25 mL CHCI3 via a drop-funnel. After 18 h the
crude product was concentrated and dry-loaded onto a silica gel column. A gradient of 9:1-5:1
hexanes/EtOAc yielded 8 as a pale yellow oil in 83% yield. 1H NMR (500 MHz, Chloroform-d)
04.10 (dd, J =17.8,6.8 Hz, 1H), 3.12 (dd, J = 6.7, 6.2 Hz, 3H), 2.14 — 1.86 (m, 2H), 1.48 (s, 9H),
1.46-1.34 (m, 2H), 1.44 (s, 9H).
Triethyl-2,2",2"-(10-(3-(2-(bis(2-ethoxy-2-oxoethyl)amino)-3-(2-(2-(bis(2-ethoxy-2-
oxoethyl)amino)-3-(3-bromopropoxy)phenoxy)ethoxy)phenoxy)propyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate, $2. 802 mg of S1 (0.93 mmol) and 308 mg K2COs3
(2.23 mmol) were dissolved in 1200 mL MeCN. 488 mg of tris-ethyl DO3A (1.11 mmol) was
added and the reaction was stirred at 60 °C under nitrogen for 40 h, at which point ESI-MS
indicated consumption of the tris-ethyl-DO3A. The crude was filtered and concentrated. Silica
gel chromatography (gravity) with a very slow gradient of 2.5-7.5% MeOH in CH2Cl: yielded

product as a pale oil. ESI-MS m/z observed: 1211.66, calculated: 1211.53 [M + H]".

Diethyl-2,2'-(4-(1-ethoxy-1-oxo0-6-(2, 2, 2-trifluoroacetamido) hexan-2-yl)-1,4,7,10-
tetraazacyclododecane-1,7-diyl)diacetate, $3. 1.08g of bis-ethyl-DO2A (3.24 mmol) and 750 mg
K2COs3 (5.4 mmol) were dissolved in 150 mL MeCN. 549 mg of trifluoroacetyl-Ne-L-lysine a-

bromo ethyl ester (1.8 mmol) were added and the reaction was stirred under nitrogen for 40 h. The
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reaction was filtered and concentrated. Silica gel chromatography in 10% MeOH/EA yielded the

product as a light brown oil. ESI-MS m/z observed: 598.30, calculated: 598.33 [M + H]".

Triethyl-2,2",2"-(10-(3-(2-(bis(2-ethoxy-2-oxoethyl)amino)-3-(2-(2-(bis(2-ethoxy-2-
oxoethyl)amino)-3-(3-(7-(1-ethoxy-1-oxo-6-(2,2, 2-trifluoroacetamido) hexan-2-yl)-4, 10-bis(2-
ethoxy-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-
vl)propoxy)phenoxy)ethoxy)phenoxy)propyl)-1,4,7, 1 0-tetraazacyclododecane-1,4,7-
triyl)triacetate, 4. 352 mg of S2 (0.29 mmol), 260 mg of compound S3 (0.435 mmol), and 120
mg of K2CO3 (0.87 mmol) were dissolved in 50 mL MeCN. The reaction was stirred at 70 °C with
a condenser under nitrogen for 48 h, at which point ESI-MS indicated compound 2 was largely
consumed and the reaction was filtered and concentrated. Silica gel chromatography (gravity)
with a very slow gradient of 2.5-15% MeOH in CH2Cl: yielded product as a pale oil. ESI-MS m/z

observed: 865.12, calculated: 864.97 [M + 2H]*".

2,2 2"-(10-(3-(3-(2-(3-(3-(7-(5-amino- I-carboxypentyl)-4, 10-bis (carboxymethyl)-1,4,7, 1 0-
tetraazacyclododecan-1-yl)propoxy)-2-(bis(carboxymethyl)amino)phenoxy)ethoxy)-2-
(bis(carboxymethyl)amino)phenoxy)propyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate-gadolinium(Ill), 5. 35 mg of S4 (0.02 mmol) were dissolved in 20 mL THF. 10
mL 1 M NaOH were added and the biphasic reaction mixture was stirred at 35 °C under nitrogen
for 18 h, at which point analytical HPLC-MS indicated the deprotection was complete. THF was
removed in vacuo and the aqueous crude was neutralized then lyophilized for HPLC purification.

A semi-preparative Polar RP column and Method E (0.1% formic acid additive; retention time =
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14 min) were used to purify the product as a pale powder after lyophilization in approximately

41% yield (Figure A.3.1.) ESI-MS m/z observed: 1353.4, calculated: 1353.46 [M + H]".

11 mg of deprotected compound (0.0081 mmol) were dissolved in 15 mL H20 and the pH
was adjusted to 6.5 with 0.1 M NaOH. 10 mg of GdCl3-6H20 (0.024 mmol) were added and the
pH readjusted to 6.5. The reaction was stirred at 40 °C under nitrogen for 18 h, at which point
MALDI-MS and analytical HPLC indicated metalation was complete. The reaction was adjusted
to pH 9 and filtered to remove excess Gd(III) as Gd(OH)3 and lyophilized. S5 was used without

further purification in the next step. ESI-MS m/z observed: 848.3, calculated: 848.44 [M + K]?*".

(4-((E)-2-((E)-2-(2-(4-(3-(5-(7-(3-(2-(bis(carboxymethyl)amino)-3-(2-(2-
(bis(carboxymethyl)amino)-3-(3-(4,7,10-tris(carboxymethyl)-1,4,7, 1 0-tetraazacyclododecan- 1 -
yl)propoxy)phenoxy)ethoxy)phenoxy)propyl)-4, 10-bis(carboxymethyl)-1,4,7,10-
tetraazacyclododecan-1-yl)-5-carboxypentyl)thioureido)phenoxy)-3-((E)-2-(3,3,4,5-tetramethyl-
1-(4-sulfonatobutyl)-3H-pyrrol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-3, 3-
dimethylindolin-1-yl)butane- I-sulfonate)-gadolinium(Ill), 2. S5 (assumed 0.0081 mmol) was
dissolved in 2.5 mL of 100 mM Na2CO3 and 1.6 mL MeCN. 11 mg of 5 (0.012 mmol) was
dissolved in 0.5 mL DMSO and added to the reaction mixture. The reaction was stirred under
nitrogen for 24 h in the dark. The MeCN was removed in vacuo and the reaction was lyophilized
to dryness in the dark for HPLC purification. A semi-preparative X-Bridge C18 column and
Method C (0.1% NH4OH additive; retention time = 17 min) were used to purify the product as a

green fluffy solid in 17% yield (over 2 steps) after lyophilization. Analytical HPLC traces (210
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and 700 nm Aabs) of purified 2 are found in Figure A.3.2. ESI-MS m/z observed: 832.8, calculated:

832.90 [M + H]*".

Triethyl-2,2",2"-(10-(3-(3-(2-(3-(3-azidopropoxy)-2-(bis(2-ethoxy-2-
oxoethyl)amino)phenoxy)ethoxy)-2-(bis(2-ethoxy-2-oxoethyl)amino)phenoxy)propyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate, §6. 490 mg of compound S2 (0.404 mmol) were
dissolved in 50 mL DMF. 525 mg NaN3 (8.08 mmol) were added and the reaction was stirred at
70 °C under nitrogen for 18 h, at which point ESI-MS indicated complete conversion of the starting
material. The reaction was filtered and the DMF removed in vacuo. The crude residue was taken
up in CH2CI2/H20 and extracted into CH2Clz (3x). The combined organic phases were dried over

Na2SO4 and concentrated. ESI-MS m/z observed: 1174.76, calculated: 1174.62 [M + H]".

2,2 2"-(10-(3-(3-(2-(3-(3-aminopropoxy)-2-(bis(carboxymethyl)amino)phenoxy)ethoxy)-2-
(bis(carboxymethyl)amino)phenoxy)propyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate-gadolinium(Ill), S7. S6 (assumed 0.4 mmol) was dissolved in 50 mL THF. 25 mL
IM NaOH were added and the biphasic reaction mixture was stirred at 35 °C under nitrogen for
24 h, at which point MALDI-MS indicated complete deprotection. THF was removed in vacuo
and the residual aqueous mixture adjusted to pH 6.5 with 4M HCI. The crude was carried through

without further purification. ESI-MS m/z observed: 978.65, calculated: 978.44 [M + H]".

450 mg GdCl3H20 was added to the aqueous mixture containing the deprotected
intermediate. The pH was readjusted to 6.5 with 0.1 M NaOH and 200 mg Pd/C was added. The

flask was sealed with a septum and flushed with H>. The reaction mixture was stirred 18 h, at
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which point analytical HPLC indicated product had been formed. The reaction was adjusted to
pH 8.5 with NaOH to precipitate residual Gd(IIT) as Gd(OH)s, filtered, and lyophilized for HPLC
purification. A semi-preparative Polar RP column and Method D (0.1% formic acid additive;
retention time = 18 min) were used to purify S7 as a pale powder after lyophilization in 18% yield

(over three steps). ESI-MS m/z observed: 1107.2, calculated: 1107.18 [M+H]". (Figure A.3.1.)

(4-((E)-2-((E)-2-(2-(4-(3-(3-(2-(bis(carboxymethyl)amino)-3-(2-(2-(bis (carboxymethyl)amino)-3-
(3-(4,7,10-tris(carboxymethyl)-1,4,7, 1 0-tetraazacyclododecan- 1 -
vl)propoxy)phenoxy)ethoxy)phenoxy)propyl)thioureido)phenoxy)-3-((E)-2-(3,3-dimethyl-1-(4-
sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-3, 3-
dimethylindolin-1-yl)butane- I-sulfonate)-gadolinium(Ill), 3. 161 mg of S7 (0.07 mmol) was
dissolved in 5 mL of 100 mM Na2COs3 and 4 mL MeCN. 15 mg 5 (0.018 mmol) was dissolved in
1 mL DMSO and added to the reaction mixture. The reaction was stirred under nitrogen for 18 h
in the dark. The MeCN was removed in vacuo and the reaction was lyophilized to dryness in the
dark for HPLC purification. A semi-preparative X-Bridge C18 column and Method C (0.1%
NH4OH additive; retention time = 18 min) were used to purify the product as a green fluffy solid
in 4% yield. Analytical HPLC traces (210 and 700 nm Aabs) of purified 3 are found in Figure

A.3.2. ESI-MS m/z observed: 974.3, calculated: 974.29 [M+H]?*".

(4-((E)-2-((E)-2-(2-(4-(3-(5-(7-(3-(3-(2-(3-(3-(7-(5-amino- I -carboxypentyl)-4, 1 0-
bis(carboxymethyl)-1,4,7, 10-tetraazacyclododecan-1-yl)propoxy)-2-

(bis(carboxymethyl)amino)phenoxy)ethoxy)-2-(bis(carboxymethyl)amino)phenoxy)propyl)-4, 10-
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bis(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)-5-carboxypentyl)thioureido)phenoxy)-
3-((E)-2-(3,3-dimethyl- 1-(4-sulfonatobutyl)-3H-indol- 1 -ium-2-yl)vinyl)cyclohex-2-en-1-
viidene)ethylidene)-3,3-dimethylindolin-1-yl) butane- 1 -sulfonate)-gadolinium(lll), 4. 10 (0.033
mmol) was dissolved in 5 mL of 100 mM Na2COs3 and 4 mL MeCN. 22 mg 5 (0.0264 mmol) was
dissolved in 1 mL DMSO and added to the reaction mixture. The reaction was stirred under
nitrogen for 18 h in the dark. The MeCN was removed in vacuo and the reaction was lyophilized
to dryness in the dark for HPLC purification. A semi-preparative X-Bridge C18 column and
Method C (1% NH4OH additive; retention time = 18.5 min) was used to purify the product as a
green flufty solid in 3% yield (over 2 steps). Analytical HPLC traces (210 and 700 nm Aabs) of

purified 4 are shown in Figure A.3.2. ESI-MS m/z observed: 858.8, calculated: 858.03 [M+H]*".

Relaxation Time Measurements at 1.41T. 1 was dissolved in 800 uL of pH 7.40 0.1 M HEPES
buffer with 0.1 M KCI, 1% DMSO, and 5% Tween 80. The solution was serially diluted to make
4 solutions of varying agent concentration for 71 acquisition. Relaxation times were measured on
a Bruker mq60 NMR analyzer equipped with Minispec v 2.51 Rev.00/NT software (Bruker
Biospin, Billerica, MA, USA) operating at 1.41 T (60MHz) and 37 °C. Measurements were made
using an inversion recovery pulse sequence (71 _ir_mb) using the following parameters: 4 scans
per point, 10 data points, monoexponential curve fitting, phase cycling, 10 ms first pulse
separation, and a recycle delay and final pulse separation > 5 71. 10 pL aliquots of each solution
were taken for I[CP-MS analysis to determine the concentration of Gd(III). Aqueous CaCl> was
added such that each solution had a Ca(Il) concentration of 100 uM. 71 measurements of each

solution were taken in the presence of Ca(Il) and 10 uL aliquots were taken for ICP-MS analysis.
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MR Imaging of Solutions at 7 T. 1 was dissolved in 100 pL of pH 7.40 0.1 M HEPES with 0.1
M KCl, 1% DMSO, and 5% Tween 80. The solution was serially diluted to make 3 solutions of
varying agent concentration. 30 pL of each solution were added to flame-sealed 9” Pasteur
pipettes. The tips of the pipettes were scored below the meniscus and separated to make small
capillaries containing the solutions. These capillaries were sealed with parafilm and imaged using
a Bruker PharmaScan 7 T MR imaging spectrometer (Bruker BioSpin, Billerica, MA, USA). Ti
relaxation times were measured using a rapid-acquisition rapid-echo (RARE-VTR) T1-map pulse
sequence with static 7t (10 ms) and variable 7r (100, 200, 400, 500, 750, 1000, 2500, 7500, and
1000 ms) values. Imaging parameters were as follows: field of view (FOV) =25 x 25 mm?, matrix
size (MTX) =256 x 256, number of axial slices = 5, slice thickness (SI) = 1.0 mm, and averages
(NEX) = 4. T1 analysis was carried out using the image sequence analysis tool in Paravision 5.0
pl2 software (Bruker, Billerica, MA, USA) with monoexponential curve-fitting of image

intensities of selected regions of interest (ROIs) for each axial slice.

Cell Line and Culture. HT-22 hippocampal neuronal cells were obtained from Professor Schubert
at Salk Institute (LaJolla, CA) and were cultured using phenol red free DMEM supplemented with
10% FBS. U-87 MG cells were purchased from ATCC and cultured using phenol red free MEM
supplemented with 10% FBS. Cells were grown in a humidified incubator at 37 °C and 5% CO:
and were harvested using 0.25% TrypLE. Cells were grown for 24 hours after plating before all

experiments. All solutions were filtered through 0.2 pum sterile filters before use with cells.
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Cellular Viability. HT-22 and U-87 MG cells were plated at a density of 6,000 cells per well (100
pL) on an opaque white 96-well plate. Cells were incubated with 50 pL of 1 in media with 0.5%
DMSO at concentrations ranging from 0-100 uM. After 24 hours of incubation, 50 uL of CellTiter-
Glo 2.0 (Promega, Madison, WI) was added to each of the wells and the assay was carried out
following the manufacturer’s protocol. Luminescence of the wells was measured using a Synergy
H1 microplate reader (BioTek, Winooski, VT). Viability was determined by comparing

luminescence of the cells incubated with agent to those incubated with vehicle (DMEM, 0.5%

DMSO).

Concentration-dependent Cellular Uptake. HT-22 and U-87 MG cells were plated at a density
of 40,000 cells per well (500 uL) on a 24-well plate. Cells were incubated with 300 pL of 1 in
media with 0.5% DMSO at concentrations ranging from 0-20 uM. After 24 hours, the media was
aspirated and the cells were washed twice with 500 puL of DPBS, harvested, and centrifuged twice
at 500g for 5 minutes at 4° C. The media was aspirated and the cells were resuspended in 200 pL
of media. A 40 pL aliquot was taken for cell counting using a Guava PCA system using the Guava
Viacount protocol provided by the manufacturer. An additional 100 pL aliquot was used for ICP-
MS analysis of Gd(III) in the cells.

Cell fractionation experiments were performed using a cytosol/particulate rapid separation
kit (BioVision, Milpitas, CA). Uptake experiments were performed in the same way, following the
manufacturer’s protocol after the first centrifugation. Gd(III) content in each fraction was
determined by ICP-MS and the total Gd(III) uptake for a given set of cells was taken to be the sum

of the cytosol and particulate fractions.
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Time-dependent Cellular Uptake. HT-22 cells were plated at a density of 40,000 cells per well
(500 pL) on a 24-well plate. Cells were incubated with 300 puL of 10 uM 1 in media with 0.5%
DMSO for variable amounts of time (0.5, 1, 2, 3, 6, 24 h). At each timepoint, the media was
aspirated and the cells were washed twice with 500 uL of DPBS, harvested, and centrifuged twice
at 500g for 5 minutes at 4° C. The media was aspirated and the cells were resuspended in 200 pL
of media. A 40 pL aliquot was taken for cell counting using a Guava PCA system using the Guava
Viacount protocol provided by the manufacturer. An additional 100 uL aliquot was used for ICP-

MS analysis of Gd(III) in the cells.

Cellular Retention of Gd(IIT). HT-22 cells were plated at a density of 40,000 cells per well (300
pL) on a 24-well plate. Cells were incubated with 300 uL of 10 uM 1 in media with 0.5% DMSO.
After 24 hours, the media was aspirated and the cells were washed twice with DPBS. 300 pL of
fresh media was added to the cells and the agent was allowed to leach for 0, 3, 6, 12, and 24 hours.
At these time points, 200 pL of media was collected for ICP-MS analysis of Gd(III) content.
Additionally, cells at the 0 time point were harvested for counting using a Guava PCA system and
analysis by ICP-MS to ensure adequate initial uptake of the agent. Cellular retention was
determined by comparing the amount of leached Gd(III) in the media at the various time points to

the 0 time point.
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MR Imaging of Cell Pellets at 7 T. HT-22 cells were grown to ~60% confluency in T-75 flasks.
Cells treated with agent were incubated with 5 mL of 10 uM 1 or S1 in media with 0.5% DMSO
while control cells were incubated with 5 mL of media containing 0.5% DMSO. After incubation,
the media was aspirated and the cells were washed twice with 5 mL of DPBS, harvested, and
centrifuged twice at 500g for 5 minutes at 4 °C. The cells were suspended in 1 mL of pH 7.40 0.1
M HEPES buffer with 0.1 M KCl and 2 mM CaCl: (with either 10 or 0 uM calcimycin), and 950
pL of the suspension was added to 5 3" flame-sealed Pasteur pipettes while the rest was used for
cell counting and ICP-MS. The pipettes were centrifuged at 200g for 5 minutes at 4° C and were
separated to form small capillaries containing the cell pellets. The capillaries were imaged using a
Bruker PharmaScan 7 T MR imaging spectrometer following the same imaging protocol

previously described.

Two-photon Confocal Microscopy. HT-22 cells were plated at a density of 50,000 cells on a 35
mm FluoroDish (World Precision Instruments, Sarasota, FL). The cells were incubated with 10
pM 1 in media with 0.5% DMSO for 24 hours. After incubation with the agent, the media was
aspirated, the cells were washed three times with 1 mL of DPBS, and 1 mL of fresh media was
added. The cells were imaged using a Zeiss LSM 510 confocal laser scanning inverted microscope
with a mode-locked Mai Tai DeepSee Ti:sapphire two-photon laser (Spectra Physics, Mountain
View, CA) at an excitation wavelength of 780 nm. All images were acquired using a Plan-

Appochromat 40x/1.20NA water immersion Korr UV-vis-IR M27 objective lens.
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In Vitro IVIS Imaging. Plated HT-22 cells used for confocal microscopy and cell pellets used for
MR imaging were additionally imaged using an IVIS Spectrum Imaging System (PerkinElmer,
Waltham, MA). An excitation wavelength of 745 nm and emission wavelength of 810 nm was

used.

Cell Counting with a Guava EasyCyte Mini Personal Cell Analyzer (PCA) System. Aliquots
of cell suspensions were mixed with the Guava ViaCount Reagent and allowed to stain for 5
minutes. The samples were vortexed for 20 seconds and cell count was determined via manual
analysis using a Guava EasyCyte Mini PCA and ViaCount software. 1000 events were acquired
for each sample and dilutions were performed to assure the cell count was in the optimal range for
instrument performance (10-100 cells/uL). Performance of the instrument was assessed daily using

Guava-Check Beads and the manufacturer’s protocol and Daily Check software.

Quantification of Gd(I11) with Inductively Coupled Plasma Mass Spectrometry. Gd(lIl)
content was quantified through ICP-MS analysis of acid digested samples. Samples were digested
in 300 uL of ACS reagent grade nitric acid (70%, Sigma, St. Louis, MO) for 3 hours in a 70 °C
water bath. After digestion, the volume was diluted up to 10 mL with Milli-Q water. ICP-MS was
performed on a computer-controlled (Plasma-lab software) Thermo X series |1 ICP-MS (Thermo
Fisher Scientific, Waltham, MA) operating in standard mode equipped with an ESI SC-2
autosampler (Omaha, NE). Each sample was acquired using 1 survey run and 3 main runs. >’Gd

and 1%8Gd were selected for analysis with *°In and *%°Ho as internal standards.
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Scheme A.3.1. Synthetic Scheme of 2. (a) Tris-ethyl DO3A, K2COs, MeCN, 60 °C, 43%. (b) S3,
K2COs, MeCN, 70 °C, 7%. (c) 1 M NaOH, THF, 35 °C, 41%. (d) GdCls, NaOH, pH 5-6.5, 40 °C.
(e) 5, DMSO/MeCN/100 mM Na2COs.
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Scheme A.3.2. Synthetic scheme of 3. (a) NaNs, DMF, 70 °C. (b) 1 M NaOH, THF, 35 °C. (c)
GdCls, NaOH, pH 5-6.5, Pd/C, Ha. (d) 5, DMSO/MeCN/100 mM Na2COs.
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Figure A.3.1. Analytical HPLC traces of intermediate compounds 7 (A), unmetalated 10 (B),
unmetalated S5 (C), and S7 (D) with the corresponding product mass extractions.
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Figure A.3.2. Analytical HPLC traces of purified final compounds 1 (A), 2 (B), 3 (C), and 4 (D)
using 210 nm and 700 nm UV-vis channels. Each analytical trace shows one species that absorbs
at 210 nm and 700 nm, indicating IR-783 was attached and each compound was successfully
purified. These traces along with MS data indicate the purity and identity of final compounds 1-4.
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Figure A.3.3. Relaxivity (r1) at 1.41 T of 1 upon addition of CaClz in pH 7.40 0.1 M HEPES buffer
with 0.1 M KCI, 1% DMSO, and 5% Tween 80 at 37 °C. For each data point, Ca(ll) response was
measured at 0, 0.4 and 0.8 mM 1. The r1 of 1 increases in response to Ca(ll) in the range of 1-10

uM, with an EC50 of 3.6 uM and is therefore activated at biologically relevant concentrations of
Ca(ll).
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Figure A.3.4. Viability of HT-22 and U-87 MG cells incubated with 1 for 24 h. Data are
presented as the average + one standard deviation of at least three assays. 1 is well tolerated in
both cell lines up to 20 uM.
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Figure A.3.5. Time-dependent leaching of Gd(III) in HT-22 cells over 24 h after incubation with
10 uM 1 for 24 h. Data are the mean + one standard deviation of three runs.
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Figure A.3.6. 71 map of untreated HT-22 cells (control), control cells treated with 10 uM
calcimycin, cells incubated with 10 uM 1 for 24 h, and cells incubated with 10 uM 1 for 24 h
treated with 10 uM calcimycin. Control cells treated with calcimycin did not have a significant
change in 71; however, cells incubated with 1 for 24 h showed a drastic decrease in 71 and cells
incubated with 1 that were treated with calcimycin had a significant decrease in 71 (p < 0.01)
compared to cells incubated with 1 that were not treated with calcimycin.
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Figure A.3.7. IVIS imaging of HT-22 cells untreated (control) and incubated with 10 uM 1 for 24
h. A) IVIS images of the same HT-22 cell pellet capillaries used for in vitro MR imaging. B) IVIS
images of the same HT-22 cells used for confocal microscopy. In both A and B, the controls (left)
show no fluorescence while cells treated with 1 (right) show fluorescence. In both cases the
excitation and emission wavelengths were 745 and 810 nm respectively.
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Figure A.3.8. T1 relaxivity (r1) graphs of 1 at 1.41 T with and without 0.1 mM Ca(ll) (A), L at 7
T with and without 0.1 mM Ca(ll) (B), 2 at 1.41 T in the absence of Ca(ll) (C), 3at 1.41 T in the
absence of Ca(ll) (D), and 4 at 1.41 T with and without 0.1 mM Ca(ll) (E). All measurements were
made in pH 7.40 100 mM HEPES buffer with 100 mM KCI, 1% DMSO and 5% Tween 80 at 37
°C. The r1 values reported in Table A.3.1 were found by determining the slope of each line.
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Figure A.3.9. Uptake of 1 in cytosolic and particulate (non-cytosolic components) subcellular
fractions of HT-22 cells. Cells were incubated with 10 uM 1 for 24 h. The data is expressed as %
of Gd(I11) in each subcellular fraction relative to the total Gd(l11) uptake. 95% of Gd(I11) was found
in the cytosol whereas 5% was in other subcellular locations.
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Figure A.3.10. Cell pellet MR imaging at 7 T of HT-22 cells incubated with Ca(ll)-insensitive
analogue, S8. A) Structure of agent S8. B) MR images of untreated HT-22 cells (control), cells
incubated with 10 uM S8 for 24 h, and cells incubated with 10 uM S8 that were then treated with
10 uM calcimycin. All cells incubated with S8 had shorter T1 relaxation times compared to control.
Cells incubated with S8 that were treated with calcimycin had a longer T1 than those that were not
treated with calcimycin. C) T fits of cell pellets imaged at 7 T.



199

Table A.3.1. 71 relaxivity (1) of complexes 2-4 at 1.41 T with and without Ca(II).

Complex 1 (L41T) 1 (1.41 T, 100 uM Ca(II))
ionic (mM1s?1) | Molecular (mM- | ionic (mM?1s?) | Molecular (mMs?)
s1)
2 20.1+£0.5 402+£10 - -
3 31406 31406 - -
4 17.2+1.0 34420 235%+0.3 47.0x0.6

All values reported were measured in pH 7.40 0.1 M HEPES buffer with 100 mM KCI, 1% DMSO
and 5% Tween 80 at 37 °C

Table A.3.2. T2 relaxivity (rz) of complex 1 at low (1.41 T) and high (7 T) magnetic field
strength with and without Ca(ll).

Complex r2 (L41T) r2 (1.41 T, 100 uM r2 (7 7T) r2 (7T, 100 uM
ca(ll)) ca(l))
ionic Molecul | ionic Molecu | ionic Molecu | ionic Molecu
(mM1s?t) |ar(mM?t| (mMts | lar (mMts | lar (mMts | lar
S'l) 1) (mM-l 1) (mM-l 1) (mM-l
s1) s1) s1)
1 44.3 88.6 60.9 121.8 57.7 115.4 84.0 168.0

All values reported were measured in pH 7.40 0.1 M HEPES buffer with 0.1 M KCI, 1% DMSO
and 5% Tween 80 at 37 °C.
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Table A.3.3. T relaxivity (2) of complexes 2-4 at 1.41 T with and without Ca(Il).

Complex r (141 T) 2 (1.41 T, 100 uM Ca(Il))
ionic (mM1s?1) | Molecular (mM- | ionic (mM?1s?) | Molecular (mMs?)
s1)
2 27.2 54.4 - -
3 47.7 954 - -
4 24.0 48.0 34.5 69.0

All values reported were measured in pH 7.40 0.1 M HEPES buffer with 100 mM KCI, 1%
DMSO and 5% Tween 80 at 37 °C
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APPENDIX 4

DEVELOPMENT OF Mn(11I/11)-Pt(IV/Il) THERANOSTIC
AGENTS FOR TURN-ON MR CONTRAST

ENHANCEMENT AND CHEMOTHERAPY
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A.4.1 Introduction

Though Gd(111) is the most common paramagnetic ion used in T1 MR contrast agents, it is
not the only possible choice. As previously mentioned in Chapter 1, there is a growing body of
research into utilizing Mn(I1), Fe(111), and even Eu(ll) as T1 MR contrast agents.*® The first two
transition metals in that list, Mn and Fe, are biologically relevant, and therefore many researchers
advertise them as a potential safer alternative to Gd(l11). They suggest that if some of the Mn(ll)
or Fe(lll) dissociates, the body has natural mechanisms to utilize or clear them.

Other than potential safety advantages, Mn(ll) and Fe(l1l) have an attractive quality over
Gd(I1): interesting redox chemistry. Because of the stability associated with its half filled 4f
subshell, Gd(l1l) is the only oxidation state under reasonable conditions. On the other hand, Mn
and Fe (especially Mn) have a variety of accessible oxidation states, some of which are useful for
paramagnetic relaxation enhancement in MRI and some of which are not. This opens the door for
the ability to develop redox mediated MR contrast agents. For example, Mn(Il) and Fe(111) (high
spin) are both S=5/2 (5 unpaired electrons) and have Tie around the same order of magnitude as
Gd(111) (~108-101° s), making them effective at PRE. However, Mn(I11) and Fe(l1) (high spin) are
both S=2 (less paramagnetic) and have Tz several orders of magnitude faster (~10"11-1023 s). The
redox potential of these metal ions and electronic properties (such as Tze) are significantly affected
by the ligand used, therefore the ligand can be designed to tune the redox potential into a
biologically relevant window.

The Caravan Lab has performed a significant amount of research into using Mn(ll) as a
MR contrast agent, and they have designed a series of ligands suitable for redox active Mn(l1/111)

agents.>® One such ligand (termed Mn-HBET) has the ability to stably coordinate Mn(ll) and
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Mn(I11) and has a redox potential (0.356 V) in the biological window (Figure A.4.1.)?> They
demonstrated that Mn(111)-HBET has a low relaxivity of ~1.2 mM-1st, whereas Mn(l1)-HBET has

asignificantly higher relaxivity of ~4 mM-1s1, an impressive turn-on response of >300%. Notably,

the relaxivity of Mn(11)-HBET is similar to clinically used GBCAs.?

O /N O
N N
Y) Mr - Mn-HBET

EIII/II =0.356V

w

Relaxivity (mM's™")

Mn(lll)-HBET  Mn(ll)-HBET

Figure A.4.1. Structure of Mn-HBET. The HBET ligand forms stable complexes with Mn(Il) and
Mn(l11), and Mn(I11/11)-HBET has a redox potential in the biologically relevant window, thus
making it a promising redox-activatable MR contrast agent. The Caravan Lab demonstrated that
Mn(II1)-HBET has a low relaxivity of ~1.2 mM-1s? whereas Mn(I1)-HBET has a significantly
higher relaxivity of ~4 mM-1s, a >300% turn-on response. Figure adapted from ref 2.
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We believe Mn-HBET is ideally suited to be used with a Pt(IV) prodrug to develop a
theranostic platform. The Mn(111/11)-Pt(1\V//11) theranostic will provide turn-on therapy as well as
turn-on MR contrast enhancement. Our prior work has demonstrated the utility of Gd(111)-Pt(1V)
theranostic agents, and this Mn(l11)-Pt(IVV) agent has the added benefit of reporting on the
reduction event via MR contrast enhancement.’® In other words, the Gd(111)-Pt(IVV) agent shows
where the agent is in the body, but the Mn(l11)-Pt(IVV) agent will show exactly when the active

Pt(1l) drug is released (Scheme A.4.1.)

O H N/;, \CI
% v Pt
O N, ',
(0] Mn
O)W ‘<:N, ' \O :
H3N,,.| .Cl 0] \‘. Reduction /:{/
P '. 0 N IO
HaN™ | Cl 0
N

cisplatin @
Intracellular P 00

O-g HO ’M-,n‘o
- O
o)
11 b}] O
“Off” On
state state

Scheme A.4.1. Proposed Mn(111/11)-Pt(I\V/I1) theranostic agent. The agent will undergo
intracellular reduction (or reduction in the tumor microenvironment) to produce cisplatin and a
higher relaxivity Mn(11) complex.
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A.4.2 Preliminary Results

The Mn-HBET complex developed in the Caravan Lab lacks a functional handle through
which the complex can be coupled to a Pt(IV) prodrug. Therefore, we designed a slightly modified
version of the complex that has a hydroxyl group on the ligand backbone (Scheme A.4.2.) Using
the available hydroxyl group, we will couple the Mn complex to a Pt(1V) prodrug to synthesize
the Mn-Pt agent, MP1. Thus far, we have been able to synthesize the Mn(lll) complex (6).

Synthetic procedures for the reactions completed to date are listed below.

HN/\hNHB“ TFA/DCM
4>

H2N/\K\NH2 Boc,0 HzN/\/\’}lH salicylaldehyde o
OH > OH Boc NaBH,
(6]

1 H 2

OTBDMS

HN/\ﬁNHZ TBDMS-CI HN/\ﬁN

Hy
t-butylbromoacetate K\
OH OTBDMS - >(OW]AN N/Yo
SR ¢ S
OH OTBDMS j<
o)

3 TBDMSO

o)

OH OH
TFA (85%) H\ .
NDM (5%) HO\H/\N N/YO MnCl, OY)"' N o)

T —_— N
TIS (5%)) 0 OH o< --- MA-- 3 0
HO NP

H20 (5%) HO Yo O 0o

5 6

9 H\ 0 0
OH
O (0] 0} O<<: Mn
)

HsN, |t Cl 0] KZ[\J—\Mn—,\fh-»o TBTU HsN,, | Cl 0 N\‘ %
HN" | ClI -+ d 0N T . N’Tt‘m o@

o TEA

‘R O. (o)

MP1

Scheme A.4.2. Proposed synthetic scheme of MP1, a Mn(111/11)-Pt(I\VV/1l) theranostic agent. The
agent will be synthesized by coupling a Mn complex (6) with a Pt(IV) prodrug. Solid synthetic
arrows indicate steps that have been completed, whereas dashed lines are planned synthetic steps.
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tert-butyl (3-amino-2-hydroxypropyl)carbamate, 1.

5 grams of 1,3-diamino-2-propanol (0.0555 mol) was dissolved in 100 mL of MeOH and
12.11 grams Di-tert-butyl decarbonate (0.02775 mol) was dissolved in 25 mL MeOH. The Di-tert-
butyl solution was added to the 1,3-diamino-2-propanol and stirred at room temperature for 24
hours. The solvent was removed under reduced pressure. The crude product was dissolved in
saturated NaCl Hz0 solution and subsequently acidified to pH of 5 using 1 M HCI and washed
with DCM (3 x 50 mL). The aqueous fraction was basified to pH of 12 using 1 M NaOH and the
product was extracted using chloroform (5 x 100 mL) and dried over NaSQOa. The solvent was
evaporated under reduced pressure yielding a white solid (2.5262 g, 22.85%), which was used in

the next step without further purification.

ESI-MS m/z observed: 190.83, 212.85, 381.05; calculated: 191.13 [M + H]+, 213.13 [M+Na]+,
381.26 [2M+H]+.

tert-Butyl (2-((2-hydroxybenzyl)amino)2-hydroxypropyl)carbamate, 2.

2.5262 grams of 1 (0.0133 mol) was dissolved in 100 mL? of MeOH. To this solution,
1.7037 grams/1.46 mL of salicylaldehyde (0.0140 mol) wad added and resulted in color change to
yellow. After 1 hour of stirring at room temperature, 0.5026 gram of NaBHa4 (0.0133 mol) was
added. Gas evolution was observed, and the solution changed from yellow to colorless. The
reaction stirred at room temperature for 24 hours and the solvent was removed under reduced
pressure. The crude product was dissolved in 100 mL DCM and washed with saturated NaHCOs3
H20 solution (1 x 100 mL). The aqueous fraction was washed with DCM (2 x100 mL). All the
DCM fractions were combined and washed with saturated NaCl H20 solution (1 x 100 mL) and

subsequently dried over NaSOas. The solvent was evaporated under reduced pressure yielding a
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yellow oil/white solid. The product was further purified with a silica column (eluant 19:1

DCM/MeOH, ramped up to 9:1 DCM/MeOH ). This yielded a white solid (2.299 grams, 48.58%).

H NMR (500 MHz, CDCI3) § (ppm): 7.14 (t, J = 7.75 Hz, 1 H), 6.97 (d, J = 5.65, 1H), 6.80 (d, J = 8.15
Hz, 1H), 6.76 (t, J = 7.4 Hz, 1H), 3.99 (q, J = 13.85 Hz, 1H), 3.89-3.85 (m, 1H), 3.25-3.16 (m, 2H), 2.70-

2.60 (M, 2H)

ESI-MS m/z observed: 296.98; calculated: 297.17 [M+H]+

2-(((3-amino-2-hydroxypropyl)amino)methyl)phenol, 3.

2.299 grams of 2 was dissolved in 25 mL of DCM. To this solution, 25 mL of trifluoroacetic
acid was added, resulting in gas formation. The solution slowly changed from colorless to slight
yellow to deep red. After 4 hours of stirring at room temperature, the solvent was removed under
reduced pressure, yielding a red oil. The crude product was dissolved in 40 mL of H20 and washed
with ether (3 x 40 mL). The aqueous fraction was lyophilized forming a white solid (3.19 ¢

assumed 100% yield), which was used in the next reaction with no further purification.

ESI-MS m/z observed: 425.24; calculated: 425.16 [M+H]+

e TFA salt version (196.12 + 114.02 +114.02)

di-tert-butyl 2,2'-((3-((2-(tert-butoxy)-2-oxoethyl)(2-((tertbutyldimethylsilyl)oxy)benzyl)amino)-
2-((tert-butyldimethylsilyl)oxy)propyl)azanediyl)diacetate, 4.

Under the flow of nitrogen gas, 3.19 grams of 3 (0.00752 mol of protonated TFA salt
version) were dissolved in 50 mL of DCM and the solution was cooled to 0°C in an ice bath. 7.87

mL of N, N-diisopropylethylamine ( 0.0452 mol) was added to the solution. Subsequently, grams
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tert-butyldimethylsilyl chloride ( 0.0226 mol) was added and the solution was stirred for 5 hours
as it returned to room temperature. The solution was cooled to 0°C in an ice bath and followed by
the dropwise addition of 5.56 mL of tert-butyl bromoacetate (0.0376 mol) under nitrogen flow.
Following 18 hours of stirring, the solution was diluted with DCM (200 mL) and washed with
saturated NaHCO3(3 x 200 mL) and saturated NaCl (1 x 200 mL). The DCM fraction was collected
and dried with NaSO4 and the solvent was removed under vacuum, yielding a yellow oil. The
crude oil was further purified using a silica column, yielding a colorless oil ( 1.4754 grams,

25.56%%).

ESI-MS m/z observed: 767.60; calculated 767.50 [M+H]+

2,2'-((3-((carboxymethyl)(2-hydroxybenzyl)amino)-2-hydroxypropyl)azanediyl)diacetic acid, 5.

4 (1.4754 g, 0.00192 mol) was dissolved in 40 mL of in trifluoracetic acid. 2.35 mL of each
triisopropylsilane, 1-dodecanethiol, and water were subsequently added (85:5:5:5 solution). The
reaction was stirred at room temperature for 5 hours and the solvent was removed under reduced
pressure. The crude product was dissolved in water and washed with ether (3 x 40 mL). The
aqueous fraction was lyophilized forming 5 as a powder, which was used in the next reaction with

no further purification.

Mn(111)-2,2'-((3-((carboxymethyl)(2-hydroxybenzyl)amino)-2-hydroxypropyl)azanediyl)diacetic
acid, 6.

10 mg (0.027 mmol) of 5 was dissolved in 1 mL of water. The pH was adjusted to 8 using

0.1 M NaOH solution. MnClI2 tetrahydrate (0.03 mmol, 6 mg) was added to the solution and the
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pH was adjusted to 12. The solution was stirred for 1 h and was then filtered through a 0.2 um
filter. The pH was adjusted to 11 and the solution was stirred for an additional 18 h. The reaction
was checked by analytical HPLC-MS in water/acetonitrile with 0.1% NHsOH using a 20 minute
ramp from 0-100% acetonitrile. The presence of 6 was confirmed, but the crude product was not

purified.

Complex 6

A

e~ T )

800000

400000

Figure A.4.2. Analytical HPLC trace (top) and corresponding ESI-MS spectrum (bottom) showing
the presence of complex 6 during the metalation reaction. The complex will next be purified using
preparatory HPLC.
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A.4.3 Conclusions and Future Directions

A Mn(II) complex (6) has been synthesized but not yet purified. The complex will be
purified by preparatory HPLC and characterized to ensure it behaves similarly to Mn-HBET.
Complex 6 will then be coupled to a Pt(IV) prodrug, which will be synthesized following literature
protocols. Once the final complex (MP1) is synthesized and purified, it will be characterized by
measuring the redox potential of both the Mn and Pt complexes. The relaxivity of the agent will
be measured before and after reduction to determine the MR turn-on response. Cell studies will be
performed in cancer cell lines to determine the 1Cso of the agent and the cellular accumulation, and
in vivo experiments in mice will be performed to demonstrate the ability of the agent to provide

simultaneous chemotherapy and contrast enhanced MR imaging.
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