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Academic Abstract

The overexpression of certain peptide receptors on cancers cells can be exploited
for the development of radiopharmaceuticals that are selectively delivered to cancer cells
for diagnostic imaging or therapeutic purposes. Parts of this dissertation explore the
development and preclinical evaluation of a radiolabeled antagonist peptide conjugate
(RM2 = DOTA-4-amino-1-carboxymethyl-piperidine-D-Phe-GIn-Trp-Ala-Val-Gly-His-
Sta-Leu-NH>) that targets the bombesin receptor (BB2r) overexpressed in human prostate
cancer. Two radionuclides, 2**Pb and 2!?Pb, were selected due to their uniqueness as a
chemically identical theranostic matched pair. Lead-203 (ti2 = 51.9 hours) decays by
electron capture to stable 2°Tl, with the emission of 278 keV gamma rays (81% intensity)
suitable for single-photon emission computed tomography (SPECT) imaging. On the other
hand, 2!?Pb (t12= 10.6 hours) decays by beta emission into !?Bi (ti2= 60.6 minutes), which
subsequently decays into stable 2®*Pb through a branched decay chain consisting of one
alpha particle and one beta particle emission in each decay pathway. Hence, >'?Pb is of
interest as an in vivo generator of 2'’Bi for targeted alpha therapy. The fundamental
chemistry and radiochemistry involved in the synthesis, purification and characterization
of both [?*>Pb]Pb-RM2 and [>'?Pb]Pb-RM2 is described. Additionally, in vivo preclinical
evaluation of the radiolabeled peptide conjugates was performed in male mouse models
inoculated with PC3 human prostate cancer cells.

The last portion of the work described in this dissertation focuses on '“Rh as a

potential therapeutic radionuclide. Rhodium-105 (ti2 = 35.4 hours) is a moderate energy

beta-emitting radionuclide [B avg = 152 ke V], with low energy gamma emissions [319 keV

(19%) and 306 keV (5%)]. The production of '°*Rh from recycled **Ru metal target via

XVi



the %Ru (p, n) ®Ru = %Rh reaction was reported. In addition, a microwave-assisted
procedure for the synthesis of Rh(III) complexes without the addition of refluxing ethanol

or SnCl; as reducing agents is described.
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CHAPTER 1: General Introduction

1.1. Radiopharmaceuticals as a Tool in Cancer Diagnosis and
Therapy

Simply put, a radiopharmaceutical is a radioactive drug. Radiopharmaceuticals
have emerged as a very useful tool for physicians in the fight against cancer by
revolutionizing the ability to non-invasively detect, stage, treat, and monitor the
progression of cancer. Similar to other pharmaceutical drugs, the development of a new
radiopharmaceutical is a long and complex process that involves a great deal of
interdisciplinary research. This process typically includes understanding the disease at a
molecular level, identifying molecular targets specific to the disease, designing a lead
compound that has a desired influence on the identified molecular target, optimizing the
lead compound to meet minimal toxicity and favorable pharmacokinetics, and performing
numerous preclinical and clinical trials to ascertain the safety and efficacy of the drug in

humans.

Nevertheless, the radiopharmaceutical drug development process is uniquely
different from that of a conventional pharmaceutical drug. This difference stems mainly
from the fact that the key component in a radiopharmaceutical is the radionuclide, whose
nuclear properties (e.g., half-life, type of radioactive decay, etc.) determine the clinical
utility of the drug. Unfortunately, scientists have no control over the nuclear properties of
a radionuclide; hence the choices for clinically-relevant radionuclides are limited. In some
cases, the initial chemical form of the radionuclide may create additional challenges that

would not have been otherwise encountered for conventional pharmaceutical development.



Despite these challenges, several radiopharmaceuticals have been successfully developed

and are currently being used in patient care.

For a new radiopharmaceutical to be successful, it must fulfill one of two clinical
needs: (1) be used as diagnostic agent or (2) be used as a therapeutic agent. Diagnostic
radiopharmaceuticals require radionuclides that emit either gamma (y) rays or positrons
(B"). Gamma rays are electromagnetic radiation, which minimally interact with body
tissues and can easily penetrate the body, enabling them to be externally detected by
radiation detectors. Gamma ray-emitting radionuclides (e.g., ®™Tc, !'In, 2°1T1, 2®Pb, etc.)
are useful for single photon emission computed tomography (SPECT), where the gamma
rays are detected by a single or a pair of lead-collimated radiation detectors (typically
Nal(Tl) scintillation detectors).! On the other hand, positrons are positively charged
electrons emitted from the nucleus of proton-rich nuclides. Positrons interact with
negatively charged electrons through a process called positron annihilation to produce two
coincident 511 keV photons approximately 180° apart. Positron-emitting radionuclides
(e.g., '8F, ¥Zr, %Ga, etc.) are useful for positron emission tomography (PET), where the
511 keV annihilation photons are detected in coincidence by a ring of scintillation radiation
detectors (e.g., lutetium oxyorthosilicate, LSO), which allows for the use of electronic
collimation to distinguish between true and interfering photons.! In both SPECT and PET
imaging modalities, mathematical algorithms are utilized to reconstruct a 3D image

showing the distribution of the radionuclide in the body."

In contrast, therapeutic radiopharmaceuticals require radionuclides that emit
ionizing particulate radiation, such as alpha (o) particles, beta (B°) particles, or Auger

electrons. Alpha particles are the same as a helium nucleus consisting of two protons, two
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neutrons and have a +2 charge. Alpha particles are predominantly emitted by high mass
radionuclides (A > 210). Beta particles are negative electrons ejected from a neutron-rich
nucleus. Auger electrons are low energy (0.1 — 1 keV) orbital electrons that are emitted by
radionuclides that decay by either electron capture or internal conversion. Alpha particles,
beta particles and Auger electrons all strongly interact with target tissues (e.g., cancerous
tumor) and lead to extensive localized ionization, which can damage chemical bonds in

DNA molecules and potentially induce cytotoxicity.>

For most nuclear medicine applications, it is desired that a diagnostic
radiopharmaceutical be coupled with a therapeutic radiopharmaceutical. This concept is
commonly known as “theranostics”.? It is important that the chemical and pharmacokinetic
behaviors of both the diagnostic and therapeutic radiopharmaceuticals match. Ideally, the
diagnostic and therapeutic radionuclides are a chemically identical radioisotope pair (also
known as “matched pair”). The most well-known matched pair for theranostic
radiopharmaceutical application is the '2’I/!'*'T pair, where '*’I-labeled compounds (e.g.,
['ZI]Nal capsules) are used for diagnosis, while *'I-labeled compounds (e.g., ['*'I]Nal
capsules) are used for therapy. Another promising theranostic matched pair is the
203pb/212Ph pair, which is the focus of Chapters 2 and 3, respectively. Alternatively,
radionuclide pairs from different elements can be utilized for theranostic
radiopharmaceutical development provided that their chemistry is very similar (e.g.,
99mTc/186/188Re) and there is no significant difference in the pharmacokinetic behavior
between the diagnostic and therapeutic analogues. A good example is the *Ga/!”"Lu pair,
where ®Ga is used for diagnosis and !”’Lu is used for therapy. The ®*Ga/!”’Lu pair has been

utilized in the development of two FDA-approved radiopharmaceuticals, [**Ga]Ga-



Dotatate (NETSPOT™)* and ['”’Lu]Lu-Dotatate (LUTATHERA®)’, for the diagnosis and

treatment of gastroenteropancreatic neuroendocrine tumors, respectively.

1.2. Radiopharmaceutical Design

Some radionuclides possess an intrinsic affinity to certain organs/tissues due to
their physiological properties. These radionuclides can therefore be used as
radiopharmaceuticals by direct administration of the anionic or cationic salt. For example,
iodine is primarily absorbed in the thyroid and is essential for the formation thyroid
hormones. Therefore, radioactive iodine capsules ([!*'I]Nal) are administered for the
treatment of thyroid cancer. Similarly, radium acts as a calcium mimic and readily forms
complexes with the bone mineral, hydroxyapatite. Therefore, radioactive radium salt
([***Ra]RaCly) is used for the treatment of bone metastases. Other radiopharmaceuticals
require that the radionuclide be incorporated into a biologically-active targeting molecule
for it to be delivered to a specific target organ/tissue. This can be accomplished by two
methods: the integrated method (also direct labeling method) and the bifunctional chelate
(BFC) method. In the integrated method, the radionuclide is an integral part of the
biologically-active molecule and is directly incorporated into it. This method is
predominantly utilized in radiopharmaceuticals containing non-metallic radionuclides
(e.g., ['®F]fluorodeoxyglucose, ['!C]choline, etc.). However, radiopharmaceuticals
containing metallic radionuclides have also been developed using the integrated method
(e.g., [P™Tc]Tc-Sestamibi, [*™Tc]Tc-methylene diphosphonate, etc.). The BFC method is
predominantly utilized in radiopharmaceuticals containing metallic radionuclides. The
radiometal is tightly bound to a suitable bifunctional chelator that has been covalently

conjugated to a targeting vector (e.g., peptides, proteins, antibodies, etc.) through a linker
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or spacer, as shown in Figure 1-1. The targeting vector serves as the vehicle for delivery
of the radionuclide to the organ/tissue of interest. Targeting vectors localize at their
biological targets through various mechanisms including receptor binding,
antigen/antibody reactions, etc.

targeting
bifunctional vector

chelator
A \
— target

e / cel

linker receptor

radiometal

Figure 1-1. Schematic of the bifunctional chelate (BFC) method

1.3. Targeted Alpha Therapy

Out of all the therapeutic radiations (i.e., o, B, and Auger electrons), alpha particles
have the greatest biological effectiveness because of their high linear energy transfer (LET)
properties (~100 keV/um), which is a result of their densely ionizing track and short path
length (50-100 um) in tissues.’® Due to their high LET, a few alpha particles (between 1
and 20) traversing through a cancer cell can induce irreparable double-strand DNA
breakage, subsequently resulting in cell death through a number of mechanisms including
apoptosis, autophagy, and necrosis.>” In contrast, low LET radiation like beta particles
(~0.2 keV/um) produce mainly single-strand DNA breakage, which has a lower cytotoxic
effect. The cytotoxic effect of alpha particles has been shown to be independent of dose

rate and tissue oxygen levels, which makes them effective against hypoxic tumors.%°



The cytotoxic superiority of alpha particles over beta particles has been
demonstrated in several preclinical studies. In vitro studies comparing 2'*Bi, an alpha-
emitting radionuclide, with !"’Lu, a beta-emitting radionuclide, demonstrated that 2!*Bi has
significantly greater cytotoxic potency.'®!! Greater DNA double-strand breaks, as
quantified by immunofluorescence staining of YH2AX-foci, was observed for [*>Ac]Ac-
DOTATOC compared to ['’Lu]Lu-DOTATOC.!? Wild et al.'® reported that the median
survival time of mouse models bearing human prostate carcinoma (PC3) xenografts was
increased by about 15 weeks when treated with [*°Bi]Bi-DOTA-PESIN compared to

['""Lu]Lu-DOTA-PESIN.

The first reported clinical trial for alpha particle radioimmunotherapy was
performed using 2!*Bi-labeled HuM 195 (a humanized anti-CD33 monoclonal antibody) for
the treatment of myeloid leukemia, where therapeutic response in 14 out of the 15 evaluated
patients was reported.'* In another study, long-lasting therapeutic response was reported
after administration of [>'*Bi]Bi-DOTATOC to patients who were refractory to prior
treatment with the beta-emitting compounds ([*°Y]Y-DOTATOC and ['’Lu]Lu-
DOTATOC).!® Studies using 2!'At-labeled antibodies have shown positive clinical
outcomes for the treatment of glioblastoma!® and ovarian cancer.!””! The safety and
therapeutic efficacy of [*!*Pb]Pb-TCMC-trastuzumab in patients with HER2-positive
peritoneal malignancies has been recently demonstrated in clinical studies by Meredith et
al.?022 Perhaps the alpha-emitting radionuclide that has gained the most attention in the
past five years is >*Ac. This increased attention is partly due to the remarkable therapeutic

outcomes observed after administration of [*°Ac]Ac-PSMA-617 to patients with



metastatic castration-resistant prostate cancer who failed to respond to prior treatment with
[V""Lu]Lu-PSMA-617.23%5

In a recent phase III clinical trial, treatment with [?2*Ra]RaCl, resulted in significant
survival benefits in men with bone metastases resulting from castration-resistant prostate
cancer.2® This study subsequently led to the FDA approval of [?**Ra]RaCl, (Xofigo®),

which is currently the only FDA-approved alpha-emitting radiopharmaceutical.

1.4. Alpha-emitting Radionuclides of Clinical Relevance

Based on the promising preclinical and clinical studies supporting the cytotoxic
superiority of alpha particles over beta particles, there has been an increased interest for
alpha-emitting radionuclides that are useful for targeted alpha therapy.® 2’2® The most

promising clinically-relevant alpha-emitting radionuclides are discussed below.

1.4-1. Astatine-211

Astatine-211 (t12= 7.2 hours) decays through a branched pathway into stable 2*’Pb
with the net emission of one alpha particle through each decay pathway (Figure 1-2).
Astatine-211 is cyclotron produced by bombarding a bismuth target with alpha particles
(~28 MeV) via the 2®Bi(a, 2n)*!'At reaction.?** Unfortunately, very few cyclotron
facilities have the capability of generating > 25 MeV alpha particles, which has greatly
limited the availability of *!'At. The lack of stable astatine isotopes has limited the
understanding of astatine chemistry. As a member of the halogen family, the chemical
properties of astatine are believed to be similar to iodine; however, astatine exhibits more
metallic characteristics.’® A major concern with ?!'At radiopharmaceuticals is in vivo

stability due to the relatively weak carbon-astatine bond strength, which can lead to



deastatination and subsequent physiological accumulation of free astatine in thyroid and
stomach.*? In addition, the presence of a relatively long-lived daughter radionuclide from

21At decay (*OBi, tio=31.5 years) is not ideal.

211At (7.2 h)

41.8% a, 5.9 MeV/ \ 58.2% EC

207Bj (31.5 y) 211pg (0.5 s)

EC \ / a, 7.5 MeV

207pp (stable)

Figure 1-2. Astatine-211 decay chain

1.4-2. Radium-223

Radium-223 (ti2 = 11.4 days) decays into stable 2°’Pb through a series of
intermediate daughter radionuclides, with the net emission of four alpha particles and two
beta particles in its decay pathway (Figure 1-3). Radium-223 is obtained as a product of
227Th decay, which is the daughter radionuclide from ??’Ac decay. As an alkaline earth
metal, >*’Ra has similar chemical properties to calcium and readily accumulates in the
inorganic bone matrix through complexation to the bone mineral, hydroxyapatite.?® This
property of ***Ra was exploited for the development of [***Ra]RaCl> (Xofigo®) for the
treatment of bone metastases resulting from castration-resistant prostate cancer.?® The
application of 2*Ra for the development of radiopharmaceuticals that target other diseases
has been challenging due to the lack of suitable bifunctional chelators for *?°Ra

complexation.



227pc (21.8y)
NP
227Th (18.7 d)
/o
223Ra (11.4 d)

Jo

219Rn (3.96 s)

/o

215pp (1.78 ms)
/o

211pp (36.1 m)
NP

211Bj (2.13 m)

99.7% Q. / \0.3% B-

2077} (4.77 m) 211pg (0.52 s)
ﬁ'\ / a
207pp (stable)

Figure 1-3. Radium-223 decay chain

1.4-3. Actinum-225 / Bismuth-213

Actinium-225 (t12= 9.9 days) is a member of the >>*U decay chain (Figure 1-4).
Actinium-225 decays into 2°Bi (ti2 = 45.6 minutes) through two intermediate alpha-
emitting daughter radionuclides (**'Fr and ?!”At). Bismuth-213 subsequently undergoes a
branched decay into stable 2*’Bi, with the emission of one alpha particle and two beta
particles through each decay pathway. Therefore, the decay of ?*Ac into stable **Bi results
in the net emission of four alpha particles and two beta particles. Both ?*Ac and ?!*Bi are
being investigated for the development of targeted alpha radiopharmaceuticals; however,
the short half-life of 2!°Bi poses a challenge during the radiopharmaceutical synthesis and

purification process. Using *?°Ac as an in vivo generator of 2*Bi overcomes the challenges



associated with the short half-life of 2!*Bi. The current chelators of choice for the formation
of 2Ac/’"®Bi complexes are polyaminocarboxylic acid-based chelators, particularly

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and its derivatives

(Figure 1-6, left).

233y (1.6 x105y) |—> | 22°Th (7340vy)
/o
225R3 (14.9 d)
N
225A¢ (9.9 d)
/o
221Fr (4.8 m)
/o
2177t (32 ms)
/o
2138j (45.6 m)
2% o / \98% B-
2097] (2.2 m) 213pg (4.2 ps)
B'\ / a
209p}y (3.3 h)
N

209 (stable)

Figure 1-4. >’Ac / *'’Bi decay chain

The primary source of 2>Ac/?'*Bi is from **Th build-up resulting from 233U decay.
The current estimated annual global supply of **Ac/?*Bi from this source is 1.7 Ci (63
GBq), which will not be sufficient to meet clinical and research demands.*> Another
potential production route for ?*Ac that is currently being investigated is the proton
spallation of thorium targets via the 2*Th(p,x)***Ac reaction.**¢ However, potential co-
production of ?*’Ac (ti.=21.8 years) is of concern. Efforts have also been made to increase
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the 22°Th stockpile by neutron irradiation of 2°Ra via the 2?°Ra (n,y) 2*’Ra (B") *’Ac (n,y)
228 A¢ (B7) 228Th (n,y) **Th reaction.?”3® Apostolidis et al.>* reported the production of 2*Ac
in a cyclotron via the 22°Ra (p, 2n) *>Ac reaction with a relatively high cross-section of
710 mb at 16.8 MeV. It is estimated that the irradiation of an ~1 g of ?2°Ra target with a 20
MeV proton beam at 500 pA beam current could produce a theoretical maximum of 108
Ci (4 TBq) of ?*>Ac per month.** The indirect production of >*>Ac from the photonuclear

transmutation of 2°Ra via the *Ra (y, n) *°Ra (B") >*>Ac reaction is also very promising.**-

43

1.4-4. Lead-212 / Bismuth-212

Lead-212 (ti2 = 10.6 hours) and its daughter, 2'?Bi (t;2 = 60.6 minutes), are both
members of the natural 22>Th decay series (Figure 1-5). Lead-212 decays by beta emission
into 2'?Bi, which subsequently undergoes a branched decay chain into stable 2°*Pb, with
the emission of one alpha particle and one beta particle through each decay pathway.
Therefore, the decay of 2'?Pb results in the net emission of one alpha particle and two beta
particles. Similar to *'*Bi, the relatively short half-life of ?!?Bi can be a challenging factor
during the radiopharmaceutical synthesis and purification process. However, using >'?Pb
as an in vivo generator of 2!>Bi significantly compensates for the shorter half-life of 2'*Bi
and allows sufficient time for the preparation, administration, and localization of the

radiopharmaceutical at the target organ/tissue within the patient.**

The primary source for >!?Pb/?!?Bi is from 2**Th (ti2= 1.9 years), which decays into
224Ra that is subsequently used for producing **Ra/*'?Pb generators. Thorium-228 is the

product of 22U decay and is also the second member of the **Th decay series; hence, the
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current availability of 22°Th is dependent on 2**U (ti2= 68.9 years) and 2**Th (ti.= 1.4E10

years) stockpiles. Similar to 22°Th, the availability of 2*Th can potentially be increased by

neutron irradiation of *?°Ra via the *?°Ra (n,y) **’Ra (B") *’Ac (n,y) **Ac (") ***Th

reaction.’”3% 4 Two bifunctional chelators, DOTA and TCMC [2,2'2",2"-(1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetrayl )tetraacetamide],

are primarily used for the

complexation of 2'?Pb and 2!?Bi (Figure 1-6). DOTA and TCMC complexes of >'?Pb and

212Bj are thermodynamically stable and do not easily dissociate at physiological pH;

however, Pb-TCMC was shown to have slightly improved stability over Pb-DOTA at pH

3.5 and below.*¢

232Th (1.4 x 1010 y)

Jo

2320 (68.9 y)

Jo

228Ra (5.7 y)

—|  28ac(6.1h)

228Th (1.9 y)

/@

22%Ra (3.6 d)

{a

220Rp (55.6 s)

Jo

216pp (0.14 s)

/oc

212pp (10.6 h)

NP

2128 (60.6 m)

36% O / \64% B~

208T] (3.1 m) 212po (0.1 ps)

ﬁ\ ‘/100% a

208ph (stable)

Figure 1-5. 2’Pb / 2!2Bi decay chain
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Figure 1-6. Chemical structures of DOTA (left) and TCMC (right)

1.5. Bombesin Receptors as Molecular Targets in Prostate
Cancer

The gastrin-releasing peptide receptor (GRPR), also known as BB2 receptor is a
cell surface transmembrane protein belonging to the family of bombesin receptors, a type
of G-protein-coupled receptor possessing a seven transmembrane domain.*’ Several
reports have demonstrated that the BB2 receptor is overexpressed in prostate cancer

1. 3! observed high

tumors.**->? Using in vitro receptor autoradiography, Korner et a
incidence of BB2 receptor expression in prostate carcinoma (77%, n = 60) and high grade
prostatic intraepithelial neoplasia (73%, n = 55), whereas very weak expression was
observed in normal prostate glands (18%, n = 111). Similarly, high BB2 receptor
expression was observed in 100% (n = 30) of prostate carcinoma tissues studied by
Markwalder et al. *, with very high receptor density found in 83% of the studied tissues.
The native ligand for the BB2 receptor has been identified as the gastrin-releasing peptide
and was shown to bind with high affinity. The biologically active portion of the gastrin-
releasing peptide is its carboxyl terminus consisting of a seven amino acid sequence (-Trp-
Ala-Val-Gly-His-Leu-Met-NH>). The selective overexpression of BB2 receptor in prostate

cancer tumors, along with the high binding affinity of gastrin-releasing peptide analogues

for the BB2 receptor, has inspired research into the development of targeted prostate cancer
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theranostic radiopharmaceuticals using radiolabeled gastrin-releasing peptide analogues.>

55

Initial studies focused on radiolabeled gastrin-releasing peptide agonists that are
internalized upon binding to BB2 receptors. Several compounds such as [**™Tc]Tc-RP527
657 [TLu]Lu-AMBA %% [Y7Lu]Lu-DOTA-PESIN,"* % and ['''In]In-DOTA-X-
BBN(7-14)NH, %62 were developed and investigated. Several clinical trials have
demonstrated the safety of radiolabeled BB2 receptors agonist peptide conjugates as
molecular imaging agents.>” % However, in one unpublished clinical trial with [!"’Lu]Lu-
AMBA, side effects such as nausea, diarrhea and abdominal cramps were reported.>® These
side effects could possibly be attributed to the fact that activation of the BB2 receptor by
gastrin-releasing peptide agonists can trigger a range of physiological responses like
release of gastrointestinal hormones, contraction of smooth muscles in the gastrointestinal
tract, and proliferation of cells.*”> > As a result, there has been a shift towards the
investigation of gastrin-releasing peptide antagonists. Comparison between antagonist and
agonist gastrin-releasing peptides revealed improved pharmacokinetics and tumor
targeting properties with the antagonist peptides.®®%” Of particular interest is RM2 (DOTA-
4-amino-1-carboxymethyl-piperidine-D-Phe-GIn-Trp-Ala-Val-Gly-His-Sta-Leu-NHz), a
BB?2 receptor antagonist that was shown to exhibit high and specific tumor accumulation
and retention in PC3 human prostate tumor-bearing mice.®® Clinical studies using
[%¥Ga]Ga-RM2 have demonstrated its high sensitivity and specificity for the detection of
metastatic prostate cancer lesions in patients with biochemically recurrent disease.®’?

Additionally, no drug related toxicity has been reported. Other BB2 receptor antagonist

peptide conjugates such as NeoBOMB1 7% and SB3 7°-7¢ have also been reported.
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1.6. Dissertation Qutline

In this work, the fundamental chemistry and radiochemistry involved in the
synthesis of targeted radiopharmaceuticals are described.

Chapter 2 describes the synthesis and characterization of [***Pb]Pb-RM2 as a
potential agent for diagnostic imaging of prostate cancer. As previously mentioned, RM2
is a potent BB2 receptor antagonist peptide conjugate that binds with high affinity and
specificity to the BB2 receptors overexpressed on prostate cancer cells. A method for
purification of the commercially-purchased [**Pb]PbCl, is described using a lead-selective
chromatographic resin (Pb-resin). Biodistribution and in vivo imaging studies of [2**Pb]Pb-
RM2 in male mouse models inoculated with PC3 human prostate cancer cells are also
reported.

In Chapter 3, the automated synthesis of [?!?Pb]Pb-RM2, the therapeutic analogue
of [2Pb]Pb-RM2, is reported. An improved method for the elution and purification of the
224Ra/*1?Pb generator eluent is described. Additionally, preclinical evaluation of [21>Pb]Pb-
RM2 in male mouse models inoculated with PC3 human prostate cancer cells is reported.

Finally, the fundamental chemistry, radiochemistry, and production of '®>Rh from
recycled '®Ru metal target via the 1®Ru (p, n) 1®Ru =» %°Rh reaction is reported in
Chapter 4. A microwave-assisted method for the synthesis of Rh(III) complexes that does

not require the addition of refluxing ethanol or SnCl as reducing agents is also described.
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CHAPTER 2: Diagnostic Imaging of Prostate Cancer Using a
203pp-labeled BB2 Receptor Antagonist

2.1. Introduction

For most cancer patients, the probability of a good prognosis increases with early
disease detection. Currently, the methods employed for the diagnosis of prostate cancer
include digital rectal examination (DRE), prostate-specific antigen (PSA) testing, and
diagnostic anatomical imaging using magnetic resonance imaging (MRI), computed
tomography (CT), or ultrasound (US). However, there is an ongoing debate as to the
efficacy of these current methods due to the likelihood for overdiagnosis and the associated
treatment-related harms.! One promising method for a more precise detection of prostate
cancer tumors is through diagnostic imaging of tumor-expressed receptors using

radiolabeled peptides.

The discovery that the bombesin receptor (BB2r) is overexpressed in prostate
cancer cells led to its investigation as a viable target for the development of targeted
diagnostic and therapeutic prostate cancer radiodiopharmaceuticals.>” To this effect,
several peptide analogues targeting BB2r have been evaluated.®!! Of particular interest is
RM2  (DOTA-4-amino-1-carboxymethyl-piperidine-D-Phe-GlIn-Trp-Ala-Val-Gly-His-
Sta-Leu-NHbz, Figure 2-1), a BB2r antagonist peptide conjugate that has been shown to
exhibit high and specific tumor targeting in BB2r-expressing prostate cancer cell line

xenografts and in patients with prostate cancer.'*"!”
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Figure 2-1. Chemical structure of RM2

Previous studies involving radiolabeled RM2 peptide conjugates focused mainly
on [%Ga]Ga-RM2 213 1617 and [""Lu]Lu-RM2 %1 for diagnosis and therapy,
respectively. In this study, the synthesis and preclinical evaluation of [?**Pb]Pb-RM2 as
the diagnostic surrogate to the therapeutic [2'?Pb]Pb-RM2 is described. Lead-212 (ti2 =
10.6 hours) decays by beta emission into 2!2Bi, which subsequently decays into stable *°*Pb
through a branched decay pathway consisting of one alpha particle and one beta particle
emission in each decay pathway. Therefore, 2!*Pb is of interest as an in vivo generator
of 212Bi for targeted alpha therapy.?’! Lead-203 (ti2 = 51.9 hours) decays by electron
capture to stable **T1, with the emission of 278 keV gamma rays (81% intensity) suitable
for single-photon emission computed tomography (SPECT) imaging. The ***Pb/?!?Pb pair
constitute a true theranostic matched pair since there should be no difference in the

chemical and pharmacokinetic properties of 2°*Pb- and >'?Pb-labeled compounds.

The potential of 2*Pb/?!>Pb as a theranostic matched pair has been described in

22-23

preclinical models for neuroendocrine tumors and melanoma.?*?” Tworowska et al.?>

2 reported promising in vitro and in vivo results for targeting somatostatin receptor-

positive neuroendocrine tumors using 2**Pb-labeled octreotate analogues and are planning

to investigate the 2!?Pb-labeled analogues in clinical trials. Similarly, alpha-melanocyte-
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stimulating hormone (a-MSH) peptide analogues that target the melanocortin-1 receptor
have been labeled with 2Pb/?'?Pb and preclinically evaluated for the development of
targeted melanoma radiopharmaceuticals.>*?’ In a recent clinical study, the dosimetry
estimates from a 2%*Pb-labeled PSMA analogue ([2**Pb]Pb-PSMA-CA012) were used to
extrapolate the dosimetry of the 2!2Pb analogue.?® These studies highlight the potential
clinical applicability of 2°*Pb as a diagnostic surrogate to >'?Pb. Herein, the synthesis and

preclinical evaluation [2**Pb]Pb-RM2 is described.

2.2. Experimental

2.2-1. Materials and Methods

The RM2 peptide conjugate was purchased from CPC Scientific, Inc. (Sunnyvale,
CA, USA) and used without further purification. [***Pb]PbCl, was purchased from
Lantheus Medical Imaging, Inc. (N. Billerica, MA, USA). [*’Fe]FeCls was purchased from
PerkinElmer (Waltham, MA, USA). ['*I]I-Tyr*-BBN was purchased from PerkinElmer
(Shelton, CT, USA). CAUTION! 2%Pb, °Fe and !*I are radioactive and must be handled
in laboratories outfitted and approved for work with radioactive materials. All work
involving radioactivity was approved by the Harry S. Truman VA Hospital Radiation
Safety Committee prior to performance. All radioactive dose measurements were
performed using a Capintec CRC-Ultra dose calibrator (Florham Park, NJ, USA). The lead-
selective chromatographic resin (Pb-resin) with a particle size of 100 — 150 um was
purchased from Eichrom Technologies, LLC (Lisle, IL, USA). Fluka TraceSELECT
ultrapure water, absolute ethanol, and trace metal grade HCI were obtained from Sigma-

Aldrich (St. Louis, MO, USA) or Fisher Scientific (Waltham, MA, USA). Solid phase

25



extraction (SPE) Sep-Pak C18 Plus Light Cartridges (55-105 pm particle size) were
purchased from Waters Corporation (Milford, MA, USA). Microwave synthesis was
carried out in dynamic mode using a CEM Discover SP microwave synthesizer (Matthews,
NC, USA). Deionized water (18.2 MQ.cm) used for HPLC analyses was obtained from an
in-house Aqua Solutions (Jasper, Georgia) water purification system. HPLC quality
control of non-radiolabeled and radiolabeled peptides was performed using a Shimadzu
Prominence HPLC system (Columbia, MD, USA) equipped with a UV-Vis absorbance
detector (set at 220 and 280 nm) and a Nal(TI) scintillation detector. All HPLC analyses
were performed using a mobile phase consisting of solvent A (99.9% H>O and 0.1%
trifluoroacetic acid [TFA]) and solvent B (99.9% CH3CN and 0.1% TFA) run on a Jupiter
C-18 analytical HPLC column [5 u, 300 A, 250 x 4.6 mm purchased from Phenomenex®
(Torrance, CA, USA)] maintained at a column temperature of 31 °C using an Eppendorf
HPLC temperature control system. HPLC quality control was performed using a linear
gradient of 10% solvent B:A increased to 70% solvent B:A over 8 minutes, followed by
an additional 1 minute at 70% solvent B:A, then decreased to 10% solvent B:A over 1
minute at a flow rate of 1.5 mL/min. Electrospray lonization Mass Spectrometry (ESI-MS)
was performed at the MU Molecular Interactions Core on a Thermo Finnigan TSQ7000

triple-quadrupole instrument with an API2 source.
2.2-2. Synthesis of Non-radioactive Pb-RM2

Microwave-assisted synthesis of Pb-RM2 was performed by adding 130 puL of a 40
mg/mL aqueous solution of Pb(NO3)2 (5.2 mg, 15.7 umol) into a 10 mL microwave
reaction vial containing the RM2 peptide conjugate (2.6 mg, 1.6 umol) dissolved in 1 mL

of ultrapure water. The reaction vial was capped and heated in the microwave synthesizer
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at 105 °C, 50 psi (max) and 150 W (max) for 5 min with stirring. Upon cooling to room
temperature, the reaction mixture was loaded onto a C18 Sep-Pak cartridge preconditioned
with 5 mL of absolute ethanol and 5 mL of ultrapure water. The C18 Sep-Pak cartridge
was washed with 3 mL of ultrapure water to remove any unreacted Pb(NO3).. Pb-RM2 was
subsequently eluted with 2 mL of absolute ethanol. After removal of ethanol by
evaporation in vacuo, the purified product was reconstituted in 500 puL of ultrapure water
and lyophilized to obtain a white powder. HPLC and ESI-MS analysis were performed to

confirm the purity of the desired product.
2.2-3. Purification of [>***Pb]PbCl,

Commercially available [***Pb]PbCl, was purchased with specific activity ranging
from 4539 - 6629 Ci/g (168 - 245 TBq/g) and radioactivity concentrations ranging from
29.7 - 140 mCi/mL (1.09 - 5.18 GBg/mL) in 0.5 M HCI (Table 2-1). The [***Pb]PbCl,
solution supplied also contained non-radioactive metallic impurities, primarily Fe (3.58 —
8.71 pg/mL) and Pb (4.50 — 12.08 pg/mL). Prior to radiolabeling, the Fe contaminants
contained in the [*®Pb]PbCl, stock solution were removed using a lead-selective
chromatographic resin (Pb-resin) following a similar procedure previously reported by Li

et al.%¢

Briefly, ~50 mg of Pb-resin was packed into a fritted 1 mL polypropylene SPE
column (Supelco 54220-U). The column was preconditioned with 3 mL of 0.5 M HCI, after
which a 500 pL aliquot of the [2*Pb]PbCl, stock solution (2 - 17 mCi, 74 - 629 MBq) was
loaded onto the column. Next, the column was washed with 3 mL of 0.5 M HCI to remove

the metal contaminants. Finally, ***Pb was eluted with 1 mL of 0.5 M NaOAc buffer (pH

6.5) repeatedly (using a maximum of 4 mL of NaOAc buffer) resulting in complete
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recovery of 2%*Pb. The 2“Pb solution obtained was used directly for radiolabeling

experiments.

Table 2-1. Technical data for [**Pb]PbCl, purchased from Lantheus

. Activity
Lot Number Date Ac tispi(:mfgi /g) Concentration 1;b L lje L
vity (Ci/g (mCi/mL) (ng/mL) | (ug/mL)
101602-Pb | 10/24/2016 6629 29.7 4.50 3.58
111601-Pb | 11/14/2016 5697 55.0 9.68 7.59
011701-Pb | 01/01/2017 4539 140.5 12.08 8.71

Note: Data was provided by Lantheus

2.2-4. Efficiency of Fe Separation from Pb Using Pb-resin

The efficiency of Pb-resin to separate Fe from Pb was investigated using *’Fe as a
tracer. The Pb-resin column was packed and preconditioned as described above. 129 — 55
uCi (4.7 — 2.0 MBq) of **FeCl; (in 0.5M HCI) was spiked into solutions containing varying
amounts of FeCl3.6H>O and Pb(NO3)», as shown in Table S2-1. 500 uL of the *Fe-spiked
solutions was loaded onto different Pb-resin columns. The columns were washed with 2
mL 0.5 M HCI and the eluent was collected in 1 mL fractions and analyzed for *°Fe

radioactivity using a Capintec CRC-Ultra dose calibrator.
2.2-5. 283Pb Labeling

The 2%*Pb-labeled RM2 peptide conjugate was synthesized by the addition of 80 pg
(0.049 pmol) of RM2 into a reaction vial containing 2 — 5 mCi (74 — 185 MBq) of purified

203Pb in 2 mL of 0.5 M NaOAc buffer (pH 6.5). The reaction mixture was incubated in a

sand bath for 50 min at 85 °C and subsequently allowed to cool to room temperature. For
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purification, the radiolabeled peptide conjugate was loaded onto a C18 Sep-Pak cartridge
preconditioned with 5 mL of absolute ethanol and 5 mL of ultrapure water. The C18 Sep-
Pak cartridge was washed with 3 mL of ultrapure water to remove any unreacted 2**Pb.
[2*Pb]Pb-RM2 was eluted from the cartridge with 2 mL of absolute ethanol. The purified
product was concentrated to dryness by slowly purging with a steady stream of N> at 85°C
to remove the ethanol. Finally, the radiolabeled peptide was reconstituted in normal saline
and passed through a 0.22 um syringe filter (Cameo, Sanford, ME, USA) for use in animal
biodistribution studies. The radiochemical purity of the radiolabeled peptide conjugate was
analyzed using radio-HPLC.

2.2-6. Cell Culture

The PC3 human prostate cancer cell line was purchased from the American Type
Cell Culture Collection (Manassas, VA, USA) and authenticated (IDEXX BioResearch,
Columbia, MO, USA) prior to use. CAUTION! All PC3 cell work was performed
following BSL-2 practices. The PC3 cells were cultured in the MU Cell and
Immunobiology Core (MU CIC, Columbia, MO, USA) facility using RPMI 1640
supplemented with 10% Fetal Bovine Serum (Gibco/Life Technologies, Grand Island, NY,
USA) and 50 pg/mL gentamicin (Fresenius Kabi USA, LLC; Lake Zurich, IL, USA) in a
humidified environment with 5% carbon dioxide. Cells were counted using an automated
cell counter (Biorad TC-20, Hercules, CA, USA), centrifuged, and resuspended in RPMI
1640 (Gibco/Life Technologies, Grand Island, NY, USA) without additives prior to use.

2.2-7. In Vitro Receptor Binding Affinity Studies

The binding affinity of non-radioactive Pb-RM2 for the BB2 receptors expressed

in PC3 human prostate cancer cells was determined using a competitive displacement cell
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binding assay employing ['*I]I-Tyr*-BBN (Perkin Elmer Health Sciences Inc, Shelton,
CT, USA), a known BB2 receptor agonist, as the displacement radioligand. Cell media
consisted of RPMI 1640 media (Life Technologies, Grand Island, NY, USA) at pH 7.4
modified with 4.92 mg/mL of HEPES (Fisher BioReagents, Fair Lawn, NJ, USA) and 2
mg/mL of Bovine Serum Albumin (Fisher BioReagents, Fair Lawn, NJ, USA). For the
binding assay, approximately 3x10* PC3 cells were suspended in cell media and incubated
at 37 °C and 5% CO: for 45 min in the presence of 20,000 cpm ['**I]I-Tyr*-BBN and
increasing concentrations of Pb-RM2 (3.33x10°13 — 3.33x10°® M) in duplicate. Following
incubation, cells were washed with ice-cold media three times and cell-bound radioactivity
was measured by counting the washed cells in a WIPER gamma counter (Lab
Technologies, Inc., Maple Park, IL, USA). The percentage of [1*I]I-Tyr*-BBN bound to
the cells was plotted against the concentration of Pb-RM2 to determine the respective fifty-
percent inhibitory concentration (ICso) values. Studies were performed in triplicate on three
separate occasions and the final ICso value was calculated by averaging the results obtained

in the three experiments.
2.2-8. Mice and Husbandry

Male CF-1 mice (4 - 5 weeks of age) were purchased from Charles Rivers
Laboratories (Wilmington, MA, USA). Male ICR SCID (Institute of Cancer Research
severe combined immunodeficient) mice were purchased from Taconic Farms
(Germantown, NY, USA) at 4 — 5 weeks of age. All mice were housed in ventilated rack
systems with up to four animals per cage containing paperchip bedding (Shepherd
Specialty Papers; Chicago, IL, USA). CF-1 mice were conventionally housed with ad

libitum access to rodent chow (Lab Diet 5008, Ralston Purina, St. Louis, MO, USA) and
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acidified water. ICR SCID mice were housed in autoclaved cages with ad libitum access
to irradiated rodent chow (Lab Diet 5053, Ralston Purina, St. Louis, MO, USA) and
autoclaved acidified water. The animal room was set on a 12-h light/12-h dark schedule
with temperature and humidity control. All animal studies were reviewed and approved by
the Subcommittee for Animal Studies (SAS) at the Harry S. Truman VA Hospital prior to
performance.
2.2-9. [**Pb]PbCl; Biodistribution Studies

Normal CF-1 mice were allowed to acclimate for 10 days prior to tail vein
administration of a 50 pL bolus containing 5 puCi (0.185 MBq) of [2*Pb]PbCl>. Mice were
sacrificed by cervical dislocation at 15 minutes, 1 hour, 4 hours, and 24 hours post
injection. Selected tissues, organs, and remaining carcass were collected and weighed; the
residual radioactivity was subsequently quantified in a Nal(TIl) well counter. The percent
injected dose (%ID) and the percent injected dose per gram (%ID/g) of each organ or tissue
were calculated. The %ID in whole blood was estimated assuming a whole blood volume
equivalent to 6.5% of the measured body weight. Excreted radioactivity was reported as
%ID and includes radioactivity measured in cage paper, bladder contents, and feces
(collected and quantified separately at 24 hours).
2.2-10. [2“Pb]Pb-RM2 Biodistribution Studies

Following an on-site acclimation period of 6-11 days, SCID mice were anesthetized
using isofluorane (Baxter Healthcare, Deerfield, IL, USA) administered with a non-
rebreathing apparatus (Summit Medical Equipment Co., Bend, OR, USA). Anesthetized
mice received bilateral subcutaneous flank injections of 100 uL containing 7 x 10°® PC3

cells prepared as described above. Tumors were allowed to grow 4-5 weeks until palpable
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tumors (0.15 — 0.30 g) were observed. Each mouse was administered a bolus containing 8
- 29 uCi (0.296-1.073 MBq) of [2*Pb]Pb-RM2 in 100 uL via the tail vein. Mice were
sacrificed by cervical dislocation at 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 24
hours, and 48 hours after administration. Selected tissues, organs, and remaining carcass
were collected and weighed; the residual radioactivity was subsequently quantified in a
Nal(TI) well counter. The percent injected dose (%ID) and the percent injected dose per
gram (%ID/g) of each organ or tissue were calculated. The %ID in whole blood was
estimated assuming a whole blood volume equivalent to 6.5% of the measured body
weight. Excreted radioactivity was reported as %ID and includes radioactivity measured
in cage paper, bladder contents, and feces (collected and quantitated separately at 24 hours
and 48 hours). Receptor blocking studies were performed by pre-injection of a 100 uL i.v.
bolus via the tail vein containing 20 nmoles of unlabeled RM2 peptide conjugate in normal
saline 5 minutes prior to administration of [2*Pb]Pb-RM2.

2.2-11. Micro SPECT/CT/MRI Imaging Studies

Micro-SPECT images were obtained using a Siemens INVEON small animal,
dedicated SPECT/CT system (Siemens Medical Solutions, Malvern, PA, USA) at 24 hours
post-injection of [?**Pb]Pb-RM2 or [**Pb]PbCl,. PC3 tumor-bearing mice received tail
vein injections of 18-80 uCi (0.66 — 2.96 MBq) of [?*Pb]Pb-RM2, while CF-1 normal
mice were injected with 25 uCi (0.93 MBq) of [?**Pb]PbCl,. Mice were anesthetized using
2.5-3% 1soflurane anesthesia and imaged for 30 min. The micro-SPECT images were
acquired using mouse-whole-body (1.0 mm) multi-pinhole collimators, a 35 mm radius of
rotation, 2 revolutions, and 60 projection/revolution. The micro-SPECT acquisition data

was histogrammed using an energy window that included the 279 keV photopeak of Pb-
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203 and reconstructed using a 3-dimensional ordered subset expectation maximization
(OSEM-3D) algorithm applying 8 iterations and 6 subsets.

Micro-computed tomography (micro-CT) images were also obtained on the
Siemens INVEON small-animal unit immediately following acquisition of the micro-
SPECT imaging for the purpose of image fusion to reference the molecular data with the
anatomical data. The 360 degree micro-CT images were acquired using an 80 kilovoltage
peak (kVp) X-ray source with 500 pA current, 280 ms exposure at low magnification, and
concurrent image reconstruction was achieved using a conebeam (Feldkamp) filtered back-
projection algorithm, without downsampling, slight noise reduction, mouse beam
hardening, and a Shepp-Logan filter. The raw, reconstructed micro-SPECT datasets were
imported into the Siemens INVEON Research Workplace software for image smoothing
employing a 3D Gaussian kernel for subsequent image fusion with the micro-CT image
data and 3D visualization.

Following collection of SPECT/CT data, MRI images were obtained using a 7 Tesla
small bore MRI (Bruker Biospin Corp., Billerica, MA, USA) equipped with a 35 mm inner
diameter quadrature RF coil. Axial T2 weighted images (TR at 2 s and TE at 35 ms) were
obtained with a slice thickness of 1 mm. MRI images were fused with SPECT imaging data

using Siemens INVEON Research Workplace software.

2.3. Results and Discussion
2.3-1. Chemistry and Radiochemistry

Pb-RM2 was synthesized with an unoptimized yield of 58% (n=1). Based on HPLC
analysis, the purity of Pb-RM2 conjugate was 98.2% (Figure S2-1). ESI-MS analysis of
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Pb-RM2 revealed a high intensity peak with m/z of 923.86, which is consistent with the
calculated m/z for the [M + 2H]*" ion (923.05) for Pb-RM2 (Figure 2-2). No significant

impurities were observed.

The [>“Pb]PbCl> precursor used in this study was purchased from Lantheus
Medical Imaging and contained significant amounts of Pb and Fe impurities, as shown in
Table 2-1. A recent patent application by Lantheus reported that 2“Pb is isolated from the
cyclotron waste stream as a byproduct during the production of 2°!'TI via the 2*TI (p, 3n)
201ph =>» 201T] reaction.?” The authors indicated that the cyclotron waste stream contains
metal contaminants including Cu, Ni, Fe, and Zn.?° Li et al.?® reported the production of
203pb at Lantheus cyclotrons via the 2°°Tl (p, 3n) 2**Pb reaction by bombarding 2.5 — 9
grams of natural TI target (70.5% 2°°T1 abundance) with a 26.5 MeV proton beam for 6 —
24 hours. However, 2°*Pb is produced as a byproduct via the 2°°T1 (p, 2n) 2*™Pb = 2%Pb
reaction, which could contribute to the Pb impurities contained in the [2**Pb]PbCl, solution.
One of the reported methods for separation of Pb from TI is through co-precipitation of Pb
with macroscale amounts of Fe(OH)3.3*3! This could be another potential source of Fe

impurities in the [>***Pb]PbCl, solution.

Prior to radiolabeling, the Fe impurities were removed using a lead-selective
chromatographic resin (Pb-resin). The Fe impurities present will compete with 2*Pb for
complexation to the RM2 peptide conjugate, which can result in BB2 receptor blockage by
Fe-RM2. The Eichrom Pb-resin is based on a macrocylic polyether, bis-4, 4°(5”)-[tert-
butylcyclohexano]-18-crown-6, which was shown by Horwitz et al.*? to have low retention
for commonly encountered cations (e.g., Ca®", Fe’", Na*, AI**, Cu**, Zn?"). Using >°Fe as

a tracer, we demonstrated the efficiency of the Pb-resin to separate Fe from a Pb solution.
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It was observed that 98 + 1 % of >°Fe was washed off from the Pb-resin column with two
1 mL fractions of 0.5 M HCI, as shown in Figure 2-3. Addition of macro-scale amounts of
nonradioactive FeCls (up to 22 pg) and Pb(NO3)2 (up to 41 pg) did not affect the retention

of *°Fe on the Pb-resin column (Table S2-1).
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Figure 2-2. ESI-MS of nonradioactive Pb-RM?2

Initial attempts to synthesize [?*>Pb]Pb-RM2 directly from commercially purchased
[2Pb]PbCl, in acidic solution (0.5 M HCI) resulted in no radiolabeling yield. For
successful radiolabeling, it was critical that the pH of the reaction solution be adjusted to

~4 using NaOAc or NH4OAc. Purified **Pb** in 0.5 M NaOAc buffer (pH 6.5) was used
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to synthesize [2*Pb]Pb-RM2 in 90 + 3% yield (n=3), and the desired product was identified
as a single species with 98.9 + 1.5% (n=3) radiochemical purity using radio-HPLC as

shown in Figure 2-4.
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Figure 2-3. Efficiency of *’Fe stripping from Pb-resin (n = 9)
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Figure 2-4. Radio-HPLC profiles of [2*Pb]PbCl, and [***Pb]Pb-RM2
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2.3-2. In vitro Receptor Binding Affinity Studies

In vitro BB2 receptor binding affinity of Pb-RM2 was determined by a competitive

cell binding assay using ['Z’I]I-Tyr*-BBN as a displacement radioligand. Pb-RM2

exhibited a dose dependent binding affinity for the BB2 receptors expressed in PC3 human

prostate cancer cells with an ICso value 1.47 £+ 0.05 nM, as shown in Figure 2-5. This is

consistent with the the ICso value of RM2 (7.7 £ 3.3 nM) and In-RM2 (9.3 + 3.3 nM), as

reported by Mansi et al.'?, which indicates that the incorporation of Pb into RM2 peptide

conjugate does not negatively impact receptor affinity. Other BB2 receptor-targeting

peptide analogues, including In-DOTA-8-Aoc-BBN[7-14]NH, (ICso = 0.6 = 0.1 nM)*,

Demobesin 1 (ICso = 0.7 = 0.08 nM)**, Lu-AMBA (ICso = 2.5 + 0.5 nM)**, In-RM1 (ICs

=14 £ 3.4 nM)*¢ and Lu-NeoBOMBI1 (ICso = 1.38 + 0.09 nM)*’, also have low nanomolar

binding affinity values comparable to that of Pb-RM2.
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Figure 2-5. ICso curve of Pb-RM2
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2.3-3. [**Pb]PbCl; Biodistribution Studies

In vivo biodistribution data for [>**Pb]PbCl, in CF1 mice is summarized in Table

2-2 (see Table S2-2 for data reported as %ID). Whole-body clearance of [2**Pb]PbCl, was

very slow, with only 19.82 + 4.61% of the total injected dose cleared by 24 h post injection.

Very high uptake was observed in kidney (47.32 + 8.48% ID/g), bone (9.93 £ 2.38% ID/g),

and liver (10.13 + 1.27% ID/g) at 15 minutes post injection. The uptake in these organs

remained significantly high at 24 hours post injection with 34.57 + 4.35% ID/g in kidney,

17.23 £2.62% ID/g in bone, and 7.51 £ 2.26% ID/g in liver. This pattern of high uptake of

[2*Pb]PbCl, in kidney, bone and liver is consistent with data previously reported by Mathé

et al.®® and Lever et al.>°, which suggests that free 2°*Pb** preferentially accumulates in the

kidneys, liver and bone.

Table 2-2. [**Pb]PbCl; biodistribution in CF1 mice

Data shown as mean = SD %ID/g (n =5 mice per time point)

Tissue 15 min 1h 4h 24 h
Blood 3.78£0.54 3.23+048 2.62 +£0.47 1.71 £0.20
Heart 0.88 £0.35 0.55+0.12 0.46 £0.20 0.18 £0.03
Lung 3.13+0.34 2.59+0.39 1.85+0.50 0.85+0.17
Liver 10.13 £1.27 10.45 £ 0.69 11.87 £1.48 7.51+£2.26
Stomach 0.64 £0.08 0.78 £0.27 1.08 +£0.23 0.72 £0.40
Sm. Intestines 2.10£0.07 2.29 £0.26 2.23+0.31 0.81 £0.11
Lg. Intestines 1.10£0.37 1.09+0.13 2.01£0.10 1.22+0.24
Kidney 4732+ 8.48 51.94+11.85 45.17+2.14 34.57 £4.35
Spleen 1.25+0.32 1.69 + 0.69 1.84 £0.47 1.22+0.74
Brain 0.17 £0.04 0.17 £0.03 0.20 £ 0.09 0.12+0.01
Pancreas 2.03£1.13 2.63+£0.24 1.94 £0.36 0.95+0.13
Muscle 0.27+0.10 0.29+£0.18 0.13+0.11 0.20+0.18
Bone 9.93 £2.38 15.52 +6.24 15.01 £4.77 17.23 +£2.62
Urine (%ID) 0.95+0.19 2.05+0.19 4.63 £0.86 10.22 +£2.86
Excretion (%ID) 0.95+0.19 2.05+0.19 4.63 £0.86 19.82 +4.61

Note: Values for urine include radioactivity measured in cage paper
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2.3-4. [2®Pb]Pb-RM2 Biodistribution Studies

The pharmacokinetic and BB2 receptor-targeting properties of [2*Pb]Pb-RM2 was
examined in SCID mice bearing PC3 tumor xenografts, as summarized in Table 2-3 (see
Table S2-3 for data reported as %ID). [2**Pb]Pb-RM2 exhibited substantial tumor uptake
value of 6.41 £ 0.73% ID/g at 15 min post injection. The tumor uptake increased steadily
with time, reaching a maximum value of 11.26 £+ 2.48% ID/g at 2 hours post injection
(Figure 2-6). The maximum tumor uptake value reported here for [?**Pb]Pb-RM2 is
comparable with maximum tumor uptake values reported for other radiolabeled RM2
peptide conjugates such as ['!'In]In-RM2 (15.23 + 4.78% ID/g)'?, [**Ga]Ga-RM2 (14.66
+2.12% ID/g)'?, and ['""Lu]Lu-RM2 (11.46 + 5.38% ID/g)'®. A similar maximum tumor
uptake value of 12.4 = 2.3% ID/g was reported for [**Ga]Ga-NeoBOMB1, which is another
BB2 receptor antagonist peptide conjugate.*’

Prolonged retention of [***Pb]Pb-RM2 in the tumor was observed with 7.73 +
2.33% ID/g remaining at 4 hours post injection, 4.36 = 0.98% ID/g remaining at 24 hours
post injection, and 3.11 + 0.67% ID/g remaining at 48 hours post injection. The specificity
of the observed tumor uptake was confirmed by conducting a blocking experiment, which
involved pre-injection of 20 nmoles of unlabeled RM2 peptide conjugate prior to
administration of [2?**Pb]Pb-RM2. The tumor uptake was significantly lowered from 7.73
+2.33 % ID/g to 0.67 £ 0.15 % ID/g at 4 hours post injection of [>***Pb]Pb-RM2 (Table 2-
4). This represents a 91.3 % blockage (p < 0.0001) in tumor uptake, which demonstrates
that the tumor uptake is BB2 receptor-mediated.

Rapid whole-body clearance of [>***Pb]Pb-RM2 was observed with 90.44 + 2.92%

and 94.59 + 1.85% of the total injected dose excreted by 4 hour and 24 hours post injection,
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respectively. Fast blood clearance was also observed with 0.05 + 0.01% ID/g and 0.03 +
0.01% ID/g remaining at 4 hour and 24 hours post injection, respectively. [2*Pb]Pb-RM2
is excreted predominantly via the kidney into the urinary system. Due to the rapid clearance
of [*®Pb]Pb-RM2 from the blood and nonspecifically targeted organs, high tumor to
background ratios were observed, which generally increased with time through 2 hours
post injection. For example, the tumor-to-blood ratio was 2.56 at 15 min post injection and
increased to 187.67 at 2 hours post injection. Similarly, the tumor-to-muscle ratio increased

from 8.78 at 15 min post injection to 213.67 at 2 hours post injection (Table 2-3).
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Figure 2-6. Biodistribution [***Pb]Pb-RM2 in PC3 tumor bearing mice
(n =5 per time point)
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A relatively high uptake of 13.40 + 2.41% ID/g at 15 min post injection was

observed in the pancreas. The pancreas is well known to be rich in BB2 receptors, and

other peptide analogues that target the BB2 receptor have been shown to exhibit uptake in

the pancreas.'? 33 3637 4041 However, the clearance rate of [2“Pb]Pb-RM2 from the

pancreas is rapid with 0.49 + 0.32% ID/g and 0.13 £ 0.02% ID/g remaining at 4 hours and

24 hours post injection, respectively. This is in contrast to the prolonged retention of

[2Pb]Pb-RM2 in the tumor, which had 7.73 + 2.33% ID/g and 4.36 + 0.98% ID/g

remaining at 4 hours and 24 hours post injection, respectively (Figure 2-7). Very minimal

uptake was observed at every time point in critical non-target organs, including liver, bone,

muscle, heart, intestines, and stomach.

Table 2-4. [**Pb]Pb-RM2 tumor uptake specificity
Data shown as mean £+ SD %ID/g (n = 5 mice per time point)

Tissue 4h 4 h Block
Blood 0.05+0.01 0.05+0.04
Heart 0.05+0.02 0.03 +£0.02
Lung 0.12+0.02 0.08 £ 0.01
Liver 0.23 +£0.05 0.24 +£0.02
Stomach 0.15+0.09 0.15+0.15
Sm. Intestines 0.27+0.16 0.31+0.26
Lg. Intestines 1.59+£1.32 1.15+0.33
Kidney 3.65+1.06 3.55+0.43
Spleen 0.24 +0.12 0.22+0.14
Brain 0.01 +0.01 0.01 +0.01
Pancreas 0.49+0.32 0.11£0.03
Muscle 0.04 +0.03 0.07 +£0.05
Bone 0.14 +£0.03 0.10+0.04
Tumors 7.73 £2.33 0.67 £0.15
Excretion (%ID) 90.44 +£2.92 94.29 + 1.34
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Figure 2-7. Comparison of [2*Pb]Pb-RM2 uptake in tumor and pancreas
(n =5 per time point)

The pharmacokinetic behavior of [***Pb]PbCl, was distinctively different from that
of [?*Pb]Pb-RM2. [***Pb]PbCl; exhibited slow whole-body clearance and preferentially
accumulated in the kidney, bone, and liver (Table 2-2). In contrast, [2*Pb]Pb-RM2
exhibits rapid whole-body clearance, with very minimal uptake in the bone and liver at
every time point studied (Table 2-3). The [2**Pb]Pb-RM2 uptake observed in the kidney is
as a result of normal clearance through the urinary system. This distinctive difference in
the biodistribution of [?**Pb]Pb-RM2 in comparison to [2**Pb]PbCl; is depicted in Figure

2-8 and is an indication of the high in vivo stability of [***Pb]Pb-RM2.
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Figure 2-8. Comparison of [2*Pb]Pb-RM2 and [?**Pb]PbCl, uptake in select
organs at 4 hours post injection (n = 5)

2.3-5. Micro SPECT/microCT Imaging Studies

The pharmacokinetic data is consistent with the micro-SPECT/CT images as shown
in Figures 2-9A and 2-9B. The maximum intensity projection micro-SPECT/CT image of
[2Pb]Pb-RM2 in a PC3 tumor-bearing SCID mouse obtained at 24 hours post injection
clearly shows high and selective drug accumulation in the tumors (Figure 2-9A). No
visible [?**Pb]Pb-RM2 activity was observed in all other non-target organs except for
minimal activity in the kidney, which is the predominant clearance organ for [>“*Pb]Pb-
RM2.

In contrast, the micro-SPECT/CT image of [***Pb]PbCl; in a CF-1 mouse shows
high drug accumulation in the kidney, liver and bone, demonstrating that free *“Pb
preferentially accumulates in these organs (Figure 2-9B, right). The absence of high
kidney, liver and bone retention observed in the [2*Pb]Pb-RM2 (Figure 2-9B, left) micro-

SPECT/CT image is a confirmation of the in vivo stability of [2**Pb]Pb-RM2.
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[293Pb]Pb-RM2 SPECT/CT/MRI Imaging
MIP at 24 hours in PC-3 Xenograft SCID mouse
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Figure 2-9A. MIP SPECT/CT/MRI image of [***Pb]Pb-RM2 in PC3 xenograft SCID
mouse at 24 hours post injection.
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Figure 2-9B. Comparison between [2“Pb]Pb-RM2 (left panel) and [2>*Pb]PbCl, (right
panel) at 24 hours post injection
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2.4. Conclusions

This study demonstrates the potential utility of 2“Pb as a clinically relevant
diagnostic radionuclide. The successful synthesis of [**Pb]Pb-RM2, a radiolabeled
antagonist peptide conjugate that targets the BB2 receptor overexpressed in prostate cancer
cells, was described. [>***Pb]Pb-RM2 exhibited selective and prolonged tumor uptake in
PC3 tumor-bearing SCID male mice. Additionally, we demonstrated the ability to visualize
PC3 tumor xenografts in this mouse model using micro-SPECT/CT. In general, the rapid
clearance of [2**Pb]Pb-RM2 from the whole body, accompanied with its high and specific
uptake and retention in PC3 tumor xenografts, resulted in a favorable pharmacokinetic
profile. It is worth mentioning that the presence of non-radioactive Pb in the [2**Pb]PbCl,
precursor would, in theory, lower the specific activity of the administered [>**Pb]Pb-RM2
and may have led to lower uptake values in BB2-receptor expressing tissues. Based on the
amount of non-radioactive Pb present in the [?*>Pb]PbCl, precursor, it was calculated that
the specific activity ranged from 6 — 11 mCi/ug. This indicates that only 2 — 4% of the total
Pb atoms used for radiolabeling are present as 2**Pb atoms, which would lead to
competition between [2**Pb]Pb-RM2 and non-radioactive Pb-RM2 for the BB2 receptors.

The current action level for Pb in drinking water recommended by the United States
Environmental Protection Agency (EPA) is 15 ppb (~15 pg/L). Based on the specific
activity of the [***Pb]PbCl, precursor reported here, a 25 mCi [***Pb]Pb-RM2 patient
injection (typical dose administered for [**™Tc]Tc-Sestamibi SPECT scan) will contain
~2.2 ng of Pb, which is still below the EPA action level. However, in a high specific
activity [2**Pb]PbCl, precursor with negligible non-radioactive Pb contamination, the same

25 mCi [2“Pb]Pb-RM2 patient injection would contain only ~0.09 pg of Pb, which is more
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acceptable. Hence, an improved [>***Pb]PbCl, production method minimizing the amount
of non-radioactive Pb contamination would be beneficial.

Comparing the biodistribution of [?>Pb]Pb-RM2 with that of other radiolabeled
BB2 receptor-targeting peptides reported in literature may be challenging due to the
differences in precursor specific activity and total amount of peptide conjugate used during
synthesis. However, we can report that the general pharmacokinetic profile of [2°*Pb]Pb-
RM2 follows the same trend as what has been reported for other radiolabeled RM2 peptide
conjugates including ['!'In]In-RM2'2, [®Ga]Ga-RM2'?, and [!”Lu]Lu-RM2'%. A
comparable pharmacokinetic profile was also reported for another BB2 receptor antagonist
peptide conjugate, [**Ga]Ga-NeoBOMBI1.%

In conclusion, the BB2 receptor remains a very attractive target for developing
prostate cancer radiopharmaceuticals. The favorable pharmacokinetic profile and BB2
receptor-targeting ability of [2**Pb]Pb-RM2 further highlights its potential as a diagnostic

agent for prostate cancer.

2.5. Future Studies

As previously mentioned, the commercially purchased [>“Pb]PbCl, precursor
contains significant Fe and Pb impurities. Lead-203 is typically isolated as a byproduct
from the cyclotron waste stream during the production of 2°'T1.2° However, the cyclotron
waste stream contains other metal contaminants, including Cu, Ni, Fe, and Zn. One of the
potential sources of Pb impurities is the co-production of stable 2**Pb via the 2°*T1 (p, 2n)
204mp, =y 204ph reaction, which is a side reaction from the desired 2°T1 (p, 3n) 2**Pb.® For
routine clinical utility of 2°*Pb in radiopharmaceutical formulations, other 2**Pb production

methods that minimize Fe and Pb metallic impurities need to be developed.
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One alternative 2®Pb production route is via the 2Tl (p, n) **Pb reaction.
According to the TENDL-2017 nuclear data library, the maximum theoretical cross section
for the 2°T1 (p, n) 2°Pb reaction is 111 mb at an incident proton energy of 11 MeV (Figure
2-10).*> Hence, an enriched (>98%) 23Tl metal target can be irradiated with a proton beam
of approximately 11 MeV. The feasibility of this production route has been demonstrated
by Mathé et al.*® The authors reported the production of 2.2 mCi (80 MBq) of 2%*Pb after
bombardment of natural Tl metal with a proton beam of 14.5 MeV and beam current of 5
A for 18 hours. Using more mass of enriched ?**T1 metal target and a higher beam current
along with a longer irradiation time would increase 2°*Pb production yield. However,
enhanced target cooling will be needed to mitigate potential target failure due to the
relatively low melting point (303.5 °C) and thermal conductivity (46.1 W.m™!-K!) of TI.
As an alternative, Tl can be electroplated or melted onto a Cu plate to enhance heat
dissipation, as previously reported.26: 4344

The irradiated T1 metal target can be dissolved in dilute HNO3 following reported
literature procedures.?®*® Several ion exchange resins, including Chelex 100%%2°, AG50W-
X4*, and DOXEX?!%® have been used to separate ***Pb from bulk Tl metal target material.
In addition, a second purification step using a Pb-resin column can be performed following
the procedure reported in this study in order to further remove metallic impurities. If high
specific activity [2“Pb]PbCl, is successfully produced, [**Pb]Pb-RM2 biodistribution

studies should be repeated and compared with the data reported in this study.
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CHAPTER 3: 212Pb Targeted Alpha Therapy of BB2 Receptor
Positive Prostate Cancer

3.1. Introduction

With about 31,620 estimated deaths in 2019, prostate cancer is currently the second
leading cause of cancer-related deaths in American men, behind lung cancer.! For men
with castration-recurrent prostate cancer, androgen deprivation therapy (ADT) has been
the standard treatment for decades; however, resistance to first-line ADT can develop over
time. Although subsequent therapies, including taxane-based chemotherapy (e.g.,
docetaxel, cabazitaxel), hormone therapy (e.g., abiraterone and enzalutamide),
immunotherapy (e.g., sipuleucel-T), can be utilized upon disease progression, the duration
of a response to treatment is often finite and treatment can become less effective over time,
leading to patients being placed in best supportive care.? Therefore, additional effective
treatment strategies are needed.

One promising treatment option that is being investigated is peptide receptor
radionuclide therapy (PRRT). PRRT involves the complexation of a therapeutic
radionuclide to a suitable chelator conjugated to a peptide that targets specific peptide
receptors overexpressed on cancer cells.>* In most cases, a diagnostic radionuclide can also
be complexed to the same chelator, allowing for the development of a matched pair of
diagnostic and therapeutic (i.e., theranostic) radiopharmaceuticals.’ The clinical potential
of PRRT was recently affirmed by the FDA approval of [!”’Lu]Lu-Dotatate (Lutathera®),
which is a '""Lu-labeled somatostatin agonist peptide conjugate that was shown to improve
overall survival in patients with somatostatin receptor positive neuroendocrine tumors.é
Furthermore, [®Ga]Ga-Dotatate (Netspot®), the diagnostic analogue to ['7’Lu]Lu-
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Dotatate, was also approved by the FDA. The clinical successes of ['’’Lu]Lu-Dotatate and
[%Ga]Ga-Dotatate demonstrate the potential of developing targeted theranostic

radiopharmaceuticals for prostate cancer.

Efforts towards the development of targeted prostate cancer radiopharmaceuticals
have focused on molecules that target the prostate specific membrane antigen (PSMA) or
the gastrin-releasing peptide receptor (BB2r). PSMA is a type Il transmembrane protein
that has been shown to be overexpressed in prostate cancer cells.”” Likewise, BB2r is a
seven transmembrane protein that is also overexpressed in prostate cancer cells.!%!* Hence,
several PSMA-targeting molecules (e.g., PSMA-11, PSMA 1&T, PSMA-617, etc.)!>!8 and
BB2r-targeting molecules (e.g, RM2, AMBA, NeoBOMBI, etc.)!”** have been
synthesized and radiolabeled with various clinically-relevant diagnostic and therapeutic
radionuclides. However, there is some evidence suggesting that the levels of PSMA and
BB2r can be influenced by other pharmacological compounds.?*?” This suggests that some
patients may benefit more from PSMA-targeted radiopharmaceuticals, while others may
benefit more from BB2r-targeted radiopharmaceuticals. For example, Minamimoto et al.?®
recently compared the uptake of [**Ga]Ga-PSMA and [*®Ga]Ga-RM2 in seven men with
biochemically recurrent prostate cancer and reported that some prostate cancer lesions were
better visualized using [*®Ga]Ga-PSMA, while others were better visualized using

[®®Ga]Ga-RM2. Hence, there is need for both PSMA-targeted and BB2r-targeted

radiopharmaceuticals to be developed.

The goal of this current study was to synthesize and evaluate a BB2r targeted alpha-
emitting radiopharmaceutical for the treatment of prostate cancer by incorporating >'“Pb

into RM2 (RM2= DOTA- 4-amino-1-carboxymethyl-piperidine-D-Phe-GIn-Trp-Ala-Val-
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Gly-His-Sta-Leu-NHb»), a potent BB2r antagonist peptide conjugate that has been shown to
exhibit high and specific tumor targeting in BB2r-expressing prostate cancer cell line
xenografts and in patients with prostate cancer (Figure 2-1).!% 2830 The rationale behind
this study is that alpha-emitting radionuclides, when adequately targeted to cancer cells,
can deliver a highly localized cytotoxic radiation dose to the cells, which would cause more
irreparable double-strand DNA breakage compared to radionuclides that emit only beta
particles. It is well known that alpha particles have a densely ionizing track with high linear
energy transfer properties (~100 keV/um) and short penetration range in tissues (50-100
um).3134 The cytotoxic superiority of alpha-emitting radionuclides over beta-emitting

radionuclides has been demonstrated in several preclinical and clinical studies.!® 33

Although not an alpha emitter, 2'2Pb (t;2 = 10.6 hours) decays by beta emission (B
ave = 0.10 MeV) to the alpha-emitting 2'*Bi (ti2= 60.6 minutes). Bismuth-212 subsequently
decays into stable 2**Pb through a branched decay chain consisting of one alpha particle
emission and one beta particle emission through each decay pathway, as shown in Figure
3-1. Therefore, >'?Pb can serve as an in vivo generator of 2'>Bi resulting in the net emission
of one alpha particle and two beta particles. Using 2!°Pb as an in vivo generator of >'’Bi
compensates for the shorter half-life of '?Bi, and allows sufficient time for the preparation,
administration, and in vivo accumulation of the radiopharmaceutical at its target site.’’
Additionally, the longer half-life of >!?Pb is a better match for biomolecules with a longer
biological half-life (e.g., antibodies). Another favorable factor that supports the clinical

utility of 2!2Pb is the availability of a 2*Ra/?!*Pb generator system.
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Figure 3-1. Lead-212 decay scheme

Several preclinical studies have demonstrated the feasibility of utilizing *'*Pb for
targeted alpha therapy.*®*° The majority of these studies have been focused on 2!2Pb-
labeled trastuzumab conjugates for targeting the human epidermal growth factor receptor
type 2 (HER2) overexpressed in some cancers (e.g., ovarian, colorectal, and breast). Kasten

et al.*?

reported no apparent radiation-related toxicity in the bone marrow, kidneys, and
peritoneal organs after intraperitoneal injection of [*?Pb]Pb-TCMC-trastuzumab in
cynomolgus monkeys. Likewise, significant therapeutic effect and no systemic toxic effect
was reported by Tan et al.*! after intravenous injection of [>!2Pb]Pb-TCMC-trastuzumab in
mice. These studies ultimately translated into the first-in-human clinical trial at the
University of Alabama at Birmingham evaluating *'?Pb targeted alpha therapy using
[*12Pb]Pb-TCMC-trastuzumab.’*>>  Reports from this trial show that intraperitoneal

administration of [2!?Pb]Pb-TCMC-trastuzumab was well tolerated in patients even at the

highest administered dose level (27 MBg/m? or 0.7 mCi/m?), with no toxicity observed so
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far over a >1 year follow-up period. A monoclonal antibody (376.96) targeting the B7-H3
antigen has been labeled with 2!2Pb and evaluated for radioimmunotherapy of ovarian and
pancreatic cancers.*** Miao et al.*® reported decreased tumor growth rate in melanoma
tumor-bearing mice after treatment with [?'?Pb]Pb-DOTA-Re(Arg!'))CCMSH, a
radiolabeled peptide targeting the melanocortin-1 receptor. Pretargeted approaches for
212Pb radioimmunotherapy have also been reported.*”*® In general, these preclinical
studies, together with the promising results from the clinical trials, demonstrate the safety
and therapeutic efficacy of 2!2Pb. Herein, data on the synthesis and preclinical evaluation

of [>!?Pb]Pb-RM2 for targeted alpha therapy of prostate cancer is presented.

3.2. Experimental

3.2-1. Materials and Methods

The RM2 peptide conjugate was purchased from CPC Scientific, Inc. (Sunnyvale,
CA, USA) and used without further purification. [>'?Pb]PbCl, was eluted from an ~10 mCi
224Ra/*1?Pb generator purchased from Oak Ridge National Laboratory (Oak Ridge, TN).
CAUTION! 2’Pb is radioactive and must be handled in laboratories outfitted and
approved for work with radioactive materials. All work involving radioactivity was
approved by the Harry S. Truman VA Hospital Radiation Safety Committee prior to
performance. All radioactive dose measurements were performed using a Capintec CRC-
Ultra dose calibrator (Florham Park, NJ, USA). Gamma spectroscopy measurements were
performed using either a PerkinElmer 2480 WIZARD? gamma counter (Waltham, MA)
containing a thallium-activated sodium iodide crystal or a portable Canberra model
GC2018 high purity germanium detector (HPGe). The lead-selective chromatographic

resin (Pb-resin) with a particle size of 100 — 150 um was purchased from Eichrom
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Technologies, LLC (Lisle, IL, USA). Fluka TraceSELECT ultrapure water, absolute
ethanol, and trace metal grade HCI were obtained from Sigma-Aldrich (St. Louis, MO,
USA) or Fisher Scientific (Waltham, MA, USA). Solid phase extraction (SPE) Sep-Pak
C18 Plus Light Cartridges (55-105 um particle size) were purchased from Waters
Corporation (Milford, MA, USA). Radiochemical synthesis was performed using a
Modular-Lab PharmTracer cassette based system (Eckert & Ziegler, Berlin, Germany).
Deionized water (18.2 MQ.cm) used for HPLC analyses was obtained from an in-house
Aqua Solutions (Jasper, Georgia) water purification system. HPLC quality control of non-
radiolabeled and radiolabeled peptides was performed using a Shimadzu Prominence
HPLC system (Columbia, MD, USA) equipped with a UV-Vis absorbance detector (set at
220 and 280 nm) and a Nal(TI) scintillation detector. All HPLC analyses were performed
using a mobile phase consisting of solvent A (99.9% H>O and 0.1% trifluoroacetic acid
[TFA]) and solvent B (99.9% CH3CN and 0.1% TFA) run on a Jupiter C-18 analytical
HPLC column [5 u, 300 A, 250 x 4.6 mm purchased from Phenomenex® (Torrance, CA,
USA)] maintained at a column temperature of 31 °C using an Eppendorf HPLC
temperature control system. Two linear gradient protocols were developed for HPLC
analyses. Gradient 1: 10% solvent B:A increased to 70% solvent B:A over 8 minutes,
followed by an additional 1 minute at 70% solvent B:A, then decreased to 10% solvent
B:A over 1 minute at a flow rate of 1.5 mL/min. Gradient 2: 22% solvent B:A increased
to 25% solvent B:A over 19 minutes, followed by an additional 1 minute at 25% solvent

B:A, then decreased to 22% solvent B:A over 1 minute at a flow rate of 1.5 mL/min.

3.2-2. Elution and Purification of 2'2Pb From 2**Ra/?"?Pb Generators
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[*12Pb]PbCl, was slowly eluted from a ?>*Ra/*'*Pb generator using 3 mL of 2 M
HCI at a flow rate of ~1.5 mL/min. The amount of >!?Pb radioactivity was measured using
a CRC-Ultra dose calibrator set to the calibration for 2!*Pb (calibration # 101). Prior to
radiolabeling, the [*'Pb]PbCl, solution was purified using a lead-selective
chromatographic resin (Pb-resin) following the same procedure employed for the
purification of [2®Pb]PbCl, as described in Chapter 2. Briefly, 50 mg of Pb-resin was
packed into a fritted 1 mL polypropylene SPE column (Supelco 54220-U). The column
was preconditioned with 3 mL of 2 M HCI. Next, 1 mL of the [2!?Pb]PbCl, solution was
loaded repeatedly onto the preconditioned column until the total volume was exhausted.
The column was then washed with 3 mL of 0.5 M HCI. Finally, 2'?Pb was eluted from the
column with I mL of 0.5 M NaOAc buffer (pH 6.5) repeatedly (using a maximum of 4 mL
of NaOAc buffer). The radionuclide contents of the 2!?Pb?" solution before and after
purification were determined using both an energy-calibrated PerkinElmer 2480
WIZARD? Nal(Tl) detector and a Canberra Model GC2018 portable HPGe detector.
3.2-3. Synthesis of [>?Pb]Pb-RM2

Synthesis of [*'*Pb]Pb-RM2 was performed using the Eckert & Ziegler Modular-
Lab PharmTracer automated cassette-based radiosynthesis system. A 4 mL aliquot of the
purified [2!?Pb]Pb(OAc): solution (6.8 — 1.5 mCi / 251.6 — 55.5 MBq) in 0.5 M NaOAc
buffer (pH 6) was added into the activity vial. The activity was subsequently transferred
into the reaction vial preloaded with 60 uL of a 1 mg/mL RM2 peptide conjugate solution
(60 pg, 0.037 umol). The mixture was heated at 85 °C for 20 min. The radiolabeled peptide
conjugate was transferred from the reaction vial and trapped on a C18 Sep-Pak cartridge.

The Sep-Pak cartridge was washed with saline and the desired product was eluted with
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80% ethanol into a product vial after filtration through a 0.22 um syringe filter (Cameo,
Sanford, ME, USA). For in vivo animal studies, the product was diluted with sterile saline
to attain less than 10% ethanol concentration. For in vitro cell studies, the radiolabeled
peptide conjugate trapped on the C18 Sep-Pak cartridge was eluted with ethanol. The
product was concentrated to dryness by slowly purging with a steady stream of N> at 85 °C
to remove the ethanol. Finally, the radiolabeled peptide conjugate was reconstituted into 2

mL of RPMI 1640 media (Gibco/Life Technologies, Grand Island, NY, USA).

3.2-4. Cell Culture

The PC3 human prostate cancer cell line was purchased from the American Type
Cell Culture Collection (Manassas, VA, USA) and authenticated (IDEXX BioResearch,
Columbia, MO, USA) prior to use. The PC3 cells were cultured in the MU Cell and
Immunobiology Core (MU CIC, Columbia, MO, USA) facility using RPMI 1640
supplemented with 10% Fetal Bovine Serum (Gibco/Life Technologies, Grand Island, NY,
USA) and 50 pg/mL gentamicin (Fresenius Kabi USA, LLC; Lake Zurich, IL, USA) in a
humidified environment with 5% carbon dioxide. Cells were counted using an automated
cell counter (Biorad TC-20, Hercules, CA, USA), centrifuged, and resuspended in RPMI
1640 (Gibco/Life Technologies, Grand Island, NY, USA) without additives prior to use.
3.2-5. Mice and Husbandry

Male CF-1 mice (4 — 5 weeks of age) were purchased from Charles Rivers
Laboratories (Wilmington, MA, USA). Male ICR SCID (Institute of Cancer Research
severe combined immunodeficient) mice were purchased from Taconic Farms
(Germantown, NY, USA) at 4 — 5 weeks of age. All mice were housed in ventilated rack

systems with up to four animals per cage containing paperchip bedding (Shepherd
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Specialty Papers; Chicago, IL, USA). CF-1 mice were conventionally housed with ad
libitum access to rodent chow (Lab Diet 5008, Ralston Purina, St. Louis, MO, USA) and
acidified water. ICR SCID mice were housed in autoclaved cages with ad libitum access
to irradiated rodent chow (Lab Diet 5053, Ralston Purina, St. Louis, MO, USA) and
autoclaved acidified water. The animal room was set on a 12-h light/12-h dark schedule
with temperature and humidity control. All animal studies were reviewed and approved by
the Subcommittee for Animal Studies (SAS) at the Harry S. Truman VA Hospital prior to

performance.
3.2-6. [2?Pb]Pb-RM2 Biodistribution Studies

Following an on-site acclimation period of 7-9 days, SCID mice were anesthetized
using isofluorane (Baxter Healthcare, Deerfield, IL, USA) administered with a non-
rebreathing apparatus (Summit Medical Equipment Co., Bend, OR, USA). Anesthetized
mice received bilateral subcutaneous flank injections of 100 uL containing ~5 x 10° PC3
cells prepared as described above. Tumors were allowed to grow 5-6 weeks until palpable
tumors (0.15 — 0.40 g) were observed. Each mouse was administered a bolus containing
17 - 24 uCi (0.629 — 0.888 MBq) of [2!2Pb]Pb-RM2 in 100 - 150 uL via the tail vein. Mice
were sacrificed by cervical dislocation at 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours,
24 hours, and 48 hours after administration. Selected tissues, organs, and remaining carcass
were collected and weighed; the residual radioactivity was subsequently quantified in a
Nal(TIl) well detector. The percent injected dose (%ID) and the percent injected dose per
gram (%ID/g) of each organ or tissue were calculated. The %ID in whole blood was
estimated assuming a whole blood volume equivalent to 6.5% of the measured body

weight. Excreted radioactivity was reported as %ID and includes radioactivity measured
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in cage paper, bladder contents, and feces (collected and quantified separately at 24 hours
and 48 hours). Receptor blocking studies were performed by pre-injection of a 100 uL i.v.
bolus containing 2.4 nmoles of unlabeled RM2 peptide conjugate in normal saline 5

minutes prior to administration of [2!2Pb]Pb-RM2.

3.3. Results and Discussion

3.3-1. [22Pb]PbCl; Elution and Purification

The ***Ra/*'?Pb generator consists of ***Ra absorbed on a macroporous cation
exchange resin (BioRad AG-MP-50) and housed in a one inch thick lead pig with
inlet/outlet tubes, as shown in Figure 3-2. Currently, the major source of 2**Ra is through
the decay of 2*Th, which is the second product of the 2*>Th decay chain and is also a
product of 22U decay (Figure 1-5). Radium-224 is separated from 2?*Th using an anion
exchange resin and is subsequently used in the production of *Ra/?!?Pb generator.>>->* The
224Ra/?!?Pb generators used in the studies described here contain ~10 mCi (370 MBq) of
224Ra and have a shelf life of ~2 weeks. Figure 3-3 shows the decay curve of ***Ra and
212pp from a typical 10 mCi (370 MBq) generator calculated using the Bateman equation.
It can be observed that the time for maximum ingrowth of 21?Pb activity from ***Ra decay
is 36.8 hours. However, in order to maximize utility, the generator was eluted every ~24

hours, which would give ~65% of the theoretical maximum 2'?Pb activity.

The ***Ra/*'*Pb generator was eluted with 3 mL of 2 M HCl resulting in a crude
generator eluent solution containing >'?Pb along with its daughter radionuclides (*!?Bi,
20871, and 2'?Po) as identified by gamma-ray spectroscopy. HPGe analysis of the crude

[2'2Pb]PbCl, eluent (Figure S3-1) revealed the presence of the gamma rays and X-rays

63



associated with 2!2Pb, 2!2Bi, and 2%¥T1, as listed in Table 3-1. No unexpected radionuclidic
impurities were observed. Figure 3-4 shows the gamma spectrum of the 2!?Pb generator
eluent obtained using a Nal(Tl) detector. Two predominant peaks were identified; one at
~240 keV, which is associated to the gamma emission from the decay of 2!2Pb to 2'?Bi
(238.6 keV, 43.6%), and the other at ~75 keV, which is associated with the K-shell X-rays
emitted from 2!2Pb decay (74.8 keV, 10.3%; 77.1 keV, 17.1%). In addition, there is
evidence of a peak at ~580 keV, which is associated with the gamma emission from the

decay of 28Tl to 2%8Pb (583.2 keV, 30.3% corrected for branching).

Figure 3-2. Picture of a 2*Ra/?!>Pb generator housed in a lead pig (left) and
disassembled to show the cation exchange resin column (right)
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Figure 3-3. Decay curve of 2**Ra and ?!?Pb from a 10 mCi ***Ra/*'?Pb generator

Prior to use in radiolabeling, the crude [*'?Pb]PbCl, generator eluent was purified
using the Eichrom Pb-resin, which has been shown to selectively retain Pb in acidic
solutions.*>>® This purification step was performed to improve specific activity by
removing nonradioactive metal impurities and minimizing the amount of radiometal
impurities from 2!?Pb daughter radionuclides (*'?Bi, *%TIl, and 2!’Po). The crude
['2Pb]PbCl, generator eluent was loaded onto the Pb-resin column and washed with 0.5
M HCI. Subsequently, >'?Pb was eluted from the column as [*!*Pb]Pb(OAc) using 0.5 M
NaOAc buffer (pH 6.5). When compared to the crude [>'?Pb]PbCl, generator eluent, HPGe
analysis of the purified [2'?Pb]Pb(OAc), shows a reduction in the gamma peaks areas
associated 2!’Bi and 2%*TI (Figure S3-2). Likewise, the Nal(Tl) gamma spectrum of the
purified [>'?Pb]Pb(OAc), show a reduction in the intensity of the 580 keV peak associated
with the decay of 2%T1 to 2°8Pb, as shown in Figure 3-4:. Thallium-208 rapidly establishes
transient equilibrium with 2!?Bi in about 13 minutes; hence the 583.2 keV gamma peak

from 2%T1 decay can be used to track the presence *!*Bi.
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Figure 3-4. Gamma spectrum of crude ?!?Pb generator eluent (A) and after purification
using Pb-resin (B)

The conventional method reported in the literature for the synthesis of 2!?Pb-labeled
biomolecules typically includes the following steps: (1) evaporation of the [>!2Pb]PbCl,
generator eluent to dryness, (2) digestion with 8 M HNO; and subsequent reconstitution in
0.1 M HNO3, (3) neutralization to pH ~5 with 5 M NH4OAc, (4) radiolabeling, and (5)
purification (Figure 3-5, left).3% *:57-% It has been reported that this conventional method
takes about 3.5 hours before an injectable dose can be prepared.’® Additionally, this
conventional method does not allow for the initial separation of 2'?Bi, 28Tl and 2!*Po from
the [*!2Pb]PbCl, generator eluent. In contrast, the method described here for the elution
and purification of 2!2Pb takes less than 1.5 hours for the preparation and quality control of
an injectable dose (Figure 3-5, right). This method also enables the separation of *!*Bi,
20871, and 2'?Po from the [*'?Pb]PbCl, generator eluent and eliminates the need for
undesirable processes like evaporation to dryness and digestion with 8 M HNO3. Most
importantly, this method can be adopted to automated radiosynthesis modules, following

recently published procedures.>> % This will make it more convenient for GMP formulation
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in well-equipped radiopharmacies and potentially minimize radiation exposure to

personnel.

Table 3-1. The significant X-rays and y-rays associated with >'?Pb and its daughter

radionuclides

Radionuclide Energy (keV)

74.8 (10.2%), 77.1 (17.1%), 86.8 (2.07%), 87.3 (3.97%), 89.8 (1.46%),
115.2 (0.6%), 238.6 (43.6%), 300.1 (3.3%),

212Pb

288.07 (0.1%)8, 327.9 (0.04%), 452.4 (0.1%), 727.3 (4.2%)*, 785.3
2124 (0.7%)*, 893.4 (0.2%)*, 952.1 (0.1%)*, 1078.62 (0.36%)*, 1512.7
(0.18%)*, 1620.5 (0.9%)*

74.9 (1.2%)*, 277.3 (2.3%)*, 510.7 (3.1%)*, 583.2 (30.3%)*, 763.1
2087 (0.6%)*, 860.6 (4.4%)*, 927.6 (0.04)*, 982.7 (0.07)*, 1093.9 (0.15%)*,
2614.5 (35.8%)*

§ Corrected for 64.06% branch decay
* Corrected for 35.94% branch decay

3.3-2. Synthesis and In Vitro Stability of [*2Pb]Pb-RM2

Synthesis of [*?Pb]JPb-RM2 was accomplished by reacting purified
[212Pb]Pb(OAc), with RM2 peptide conjugate using the Eckert & Ziegler Modular-Lab
PharmTracer automated cassette-based radiosynthesis system. The radiolabeling yields
obtained after C18 Sep-Pak purification were always above 100% due to the continuous
in-growth of !2Bi, 2°*T1, and >'?Po from the decay of *'*Pb. The radiochemical purity was
determined using radio-HPLC. Figure 3-6A shows a typical radio-HPLC chromatogram
of [2?Pb]Pb-RM2 compared to that of [2!2Pb]PbCl, obtained using gradient 1 (10% to 70%
ACN:H>0O over 10 minutes at 1.5 mL/min). It can be observed that the desired product

(retention time ~6.3 minutes) was obtained in over 94% radiochemical purity with very
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minor impurities from free 2!?Pb/?'?Bi (retention time ~2.3 minutes). For a more robust
analysis of the radiochemical purity, gradient 2 (22% to 25% ACN:H20 over 20 minutes
at 1.5 mL/min) was developed to better differentiate between [2'?Pb]Pb-RM2 and
[*2Bi]Bi-RM2 by comparing the radio-HPLC chromatogram with the non-radioactive Pb-
RM2 and Bi-RM2 standards (Figure 3-6B). Using gradient 2 conditions, it can be observed
that [2'?Pb]Pb-RM2 has a retention time of ~13.5 minutes while [>'’Bi]Bi-RM2 has a
retention time of ~12 minutes. Apart from free >'?Pb/?!?Bi (retention time ~2.4 minutes),

no other radiochemical impurities were observed.

Conventional method (~3.5 h) New method (~1.5 h)
224Ra/?1?Pb generator 224Ra/?1?Pb generator
2 M Hcl l 2 M HCl
v
Evaporation of eluate Eluate purification
8 M HNO, lEichrom Pb-resin
v
Digestion (3X) Radiolabeling
0.1 M HNO, l
v
Extraction Purification
5 M NH,OAc
\ 4
Neutralization
\ 4
Radiolabeling
\ 4
Purification

Figure 3-5. A flow chart comparing the conventional method for the synthesis of
212pp-labeled biomolecules with the new method developed in this study

68



[212Pb]Pb-RM2
[212Pb]PbCl,

Time (min)

Figure 3-6A. Radio-HPLC profiles of [2?Pb]PbCl, and [*'?Pb]Pb-RM2 using gradient 1
(10% to 70% ACN:H>0 over 10 minutes)
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Figure 3-6B. HPLC profiles of [2'?’Pb]Pb-RM2, Pb-RM2, and Bi-RM2 using gradient 2
(22% to 25% ACN:H>0 over 20 minutes)

Aliquots (1.6 mL, 0.49 mCi) of Sep-Pak purified [*!*Pb]Pb-RM2 were mixed with
either saline (400 uL) or 0.03 M gentisic acid solution in saline (400 uL). The solutions
were incubated at room temperature and 15 pL aliquots were taken for radio-HPLC

analysis at 1 hour, 2 hours, 4 hours and 24 hours using gradient 2. The percentage of
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[2'2Pb]Pb-RM2, [*'’Bi]Bi-RM2 and free '?Pb/*'’Bi present at each time point was
determined by integrating the area under each peak. The amount of free 2!2Pb/?!’Bi
observed at 24 hours was less than 15% for all solutions analyzed (Table 3-2A and 3-2B).
The addition of gentisic acid as a radiolysis stabilizer had no significant effect in improving

stability (Figure 3-7).

Su et al.*® investigated the in vitro stability of ['?Pb]Pb-DOTA-biotin and reported
30.8% and 34.9% free 2!?Pb/?!?Bi at 4 hours and 24 hours, respectively, using radio-HPLC.
Similarly Mirzadeh et al.%! reported that about 35% of free 2!%Bi is released from the decay
of [!?Pb]Pb-DOTA using Chelex-100 columns for the separation of free metal from metal
complex species. In contrast, the current study reported here for [*'?Pb]Pb-RM2 does not
show the same level of instability, with less than 15% of free 2!’Pb/?!?Bi observed at 24
hours. Perhaps, the initial purification of the [>'?Pb]PbCl, generator eluent prior to use in
radiolabeling, along with Sep-Pak purification after synthesis, contributed to the improved

stability for [2!?Pb]Pb-RM2 reported here.

Table 3-2A. [2!2Pb]Pb-RM2 in vitro stability in saline*
Time (h) | Free ?'*Pb/??Bi (%) | [*'’Bi]Bi-RM2 (%) | [*'"*Pb]Pb-RM2 (%)
0 2.60 4.80 92.50
1 5.85+0.65 7.55+0.55 86.50 £ 0.10
2 8.30 = 0.80 8.40+ 1.1 83.30 £ 0.35
4 9.35 + 0.05 9.50 + 0.50 81.15 + 0.45
24 11.45+1.65 11.55+0.65 77.05 +2.25
*n=2
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Table 3-2B. [>'?Pb]Pb-RM2 in vitro stability in saline with gentisic acid *
Time (h) | Free 2?Pb/?"?Bi (%) | [*'?Bi]Bi-RM2 (%) | [*'*Pb]Pb-RM2 (%)
0 2.80 5.16 92.04
1 6.75+£0.35 8.65+0.25 84.60 £0.10
2 8.70 £ 0.40 9.50 £0.20 81.80 +0.20
4 10.30 = 0.40 8.55+0.05 81.20 £0.50
24 13.45+0.35 9.20+1.60 77.35+1.95
*n=2
100
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Figure 3-7. Stability of [*!?Pb]Pb-RM2 in saline and 0.03 M gentisic acid solution in
saline (n = 2 per time point)

3.3-3. [*"’Pb]|Pb-RM2 Biodistribution Studies

The pharmacokinetic profile of [*'?Pb]Pb-RM2 was examined in SCID mice
bearing PC3 tumor xenografts, as summarized in Table 3-3 (see Table S3-1 for data
reported as %ID). [>'?Pb]Pb-RM2 exhibited substantial tumor uptake values at the early
time points, with a maximum value of 4.81 = 1.59% ID/g at 1 hour post injection.
Prolonged retention of [2!?Pb]Pb-RM2 in the tumor was observed, with 3.98 + 0.70% ID/g,
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3.52 £ 0.83% ID/g and 2.62 + 0.31% ID/g at 2 hours, 4 hours and 24 hours post injection,
respectively. The specificity of the observed tumor uptake was confirmed by conducting a
blocking experiment, which involved pre-injection of 2.4 nmoles of unlabeled RM2 prior
to administration of [>'2Pb]Pb-RM2. The tumor uptake was reduced from 3.52 + 0.83%
ID/g to 1.43 + 0.31% ID/g at 4 hours post injection of [>!2Pb]Pb-RM2. This represents a
59.4% blockage (p < 0.0001) in tumor uptake, indicating that the tumor uptake is BB2
receptor-mediated. The reduction in the tumor blockage observed for [2?Pb]Pb-RM2 (59.4
%) compared to [2**Pb]Pb-RM2 (91.3%) is as a result of the ~10 fold decrease in amount
of pre-injected unlabeled RM2 peptide conjugate between both studies (2.4 nmoles vs 20

nmoles, respectively).

It has been widely reported that the BB2 receptor is expressed in the pancreas.!'® 2>

23,6263 Therefore, the early [>!?Pb]Pb-RM2 pancreas uptake value of 23.64 + 12.70% ID/g
at 15 min post injection was expected. However, rapid pancreas clearance was observed,
with 1.62 + 1.15% ID/g and 0.34 + 0.12% ID/g remaining at 2 hours and 4 hours post
injection, respectively Figure 3-8. Additionally, rapid whole-body clearance of [>'?Pb]Pb-
RM2 was observed with 93.76 + 1.40% and 96.89 + 0.38% of the total injected dose
excreted by 4 hour and 24 hours post injection, respectively. Fast blood clearance was also
observed with 0.03 + 0.04% ID/g and 0.02 £+ 0.02% ID/g remaining at 4 hour and 24 hours
post injection, respectively. [2!?Pb]Pb-RM2 is excreted predominantly via the kidney into
the urinary system. Additionally, no substantial retention of [>'*Pb]Pb-RM2 activity was
observed in all non-specifically targeted organs. Due to the rapid clearance of [>'?Pb]Pb-
RM2 from the blood and non-specifically targeted organs, high tumor to background ratios

were observed, which generally increased with time. For example, the tumor-to-blood ratio
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was 1.20 at 15 min post injection and increased to 42.77 at 2 hours post injection. Similarly,
the tumor-to-muscle ratio increased from 6.70 at 15 min post injection to 108.32 at 2 hours

post injection (Table 3-3).

As already discussed in Chapter 2, free Pb>" is preferentially accumulated and
retained in the kidney, bone, and liver. [2!?Pb]Pb-RM2 exhibited very minimal uptake in
the bone and liver at every time point studied. The [>'?Pb]Pb-RM2 activity observed in the
kidney is as a result of normal clearance through the urinary system, which steadily
decreased over time. The very minimal accumulation of [2!2Pb]Pb-RM2 activity in the bone

and liver is an indication of its high in vivo stability.

In theory, the pharmacokinetic behavior of [>!2Pb]Pb-RM2 should be identical to
the biodistribution of [2*Pb]Pb-RM2 since there should be no difference in the chemical
behavior of the two compounds. Generally, [>'?Pb]Pb-RM2 and [>**Pb]Pb-RM2 exhibited
similar pharmacokinetic trends, with rapid clearance from the blood and non-specifically
targeted organs predominantly through the urinary system via the kidneys. Additionally,
specific uptake was observed in the BB2 receptor expressing organs/tissues (pancreas and
PC3 tumor xenografts). However, some discrepancies were observed in the maximum
uptake values between [2!2Pb]Pb-RM2 and [***Pb]Pb-RM2. For example, the maximum
[2%*Pb]Pb-RM2 tumor uptake value observed was 11.26 + 2.48% ID/g, while the maximum
[*12Pb]Pb-RM2 tumor uptake value observed was 4.81 + 1.59% ID/g (Figure 3-9A).
Similarly, the maximum [>*Pb]Pb-RM2 activity observed in the pancreas was 13.40 =+
2.41% ID/g, while the maximum [>'2Pb]Pb-RM2 activity observed in the pancreas was

23.64 + 12.70% ID/g (Figure 3-9B).
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Figure 3-8. Biodistribution of [*'?Pb]Pb-RM2 in PC3 tumor bearing mice
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Figure 3-9A. Comparison of [>?Pb]Pb-RM2 and [>**Pb]Pb-RM2 uptake in PC3
tumor (n = 6 per time point)
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Figure 3-9B. Comparison of [2!?Pb]Pb-RM2 and [***Pb]Pb-RM2 uptake in
pancreas (n = 6 per time point)

One possible explanation for the discrepancies observed in the BB2 receptor
expressing organs/tissues between [*“*PbJPb-RM2 and [*'’Pb]JPb-RM2 is potential
differences in the specific activity of the [***Pb]PbCl, and [*'?Pb]PbCl, precursor. As
described in Chapter 2, the [2***Pb]PbCl, precursor contained substantial amounts of non-
radioactive Pb, which would lead to competition between [***Pb]Pb-RM2 and non-
radioactive Pb-RM2 for the same BB2 receptors, resulting in lower [2*Pb]Pb-RM2 uptake
values in BB2 receptor-expressing organs/tissues. In theory, the [2!?Pb]PbCl, precursor
should have high specific activity since it is obtained from a ?**Ra/*'’Pb generator and
should contain very minimal Pb impurities. To rule out the presence of metallic impurities
in the [>'?Pb]PbCl, generator eluent, 200 pL aliquots were collected and analyzed by ICP-

MS after decay of 2!?Pb. Surprisingly, it was observed that the [2!?Pb]PbCl, generator
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eluent contained significant amounts of metallic contaminants, predominantly Pb, Fe and

Zn (Table S3-2).

The Fe and Zn contamination was significantly reduced after purification using Pb-
resin, as shown in Figures 3-10A to 3-10C. Based on the amount of non-radioactive Pb
observed in the [*'?Pb]PbCl, generator eluent, it was calculated that the specific activity is
~28 mCi/pg on the first day of eluting the *Ra/?!?Pb generator. This indicates that 2% of
the total Pb atoms are present as 2'?Pb, which is comparable to what was determined in the
[2Pb]PbCl, precursor as described in Chapter 2. Based on this information, it can be
concluded that the difference in the specific activities (with respect to total non-radioactive
Pb atoms) between the [?>*Pb]PbCl, and [*'?Pb]PbCl, precursor is not significant enough
to explain the discrepancies in the uptake values observed in the BB2 receptor expressing

organs/tissues between [2Pb]Pb-RM2 and [*!2Pb]Pb-RM2.
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Figure 3-10A. Comparison of Pb contamination in [*!?Pb]PbCl, generator eluent
before and after purification (n = 1, generator #4)
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Figure 3-10B. Comparison of Fe contamination in [2!?Pb]PbCl, generator eluent
before and after purification (n = 1, generator #4)
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Figure 3-10C. Comparison of Zn contamination in [*?Pb]PbCl, generator eluent
before and after purification (n = 1, generator #4)

Variations in specific activity with respect to the total amount of peptide used for
radiolabeling and variations in the activity concentration administered to the animals can

influence the uptake values observed in the BB2 receptor-expressing organs/tissues (Table
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3-4). As expected, the total [2'?Pb]PbCl, activity eluted from the 22*Ra/*'?Pb generator
decreases over time, thereby resulting in a decrease in the [*'?Pb]Pb-RM2 activity over
time. Therefore, the activity concentration and specific activity per umol RM2 was
different depending on the day the radiolabeling experiment was performed (Table 3-5).
Considering that ~ 20 uCi (0.7 MBq) of [>'?Pb]Pb-RM2 in a ~100 puL bolus is typically
administered to each mouse, the [?'?’Pb]Pb-RM2 activity required more dilution in the
earlier days than in the later during the biodistribution study. Thus, a greater amount of
unlabeled RM2 peptide conjugate was injected into each mouse in the later days during the
biodistribution study, which possibly contributed to the observed decrease in [*!*Pb]Pb-
RM2 uptake in the BB2 receptor-expressing organs/tissues. The influence of the total
amount of injected peptide on pancreas uptake was also reported by Dalm et al.?? for
['""Lu]Lu-NeoBOMB, which is another BB2 receptor antagonist peptide conjugate. The
authors observed a pancreas uptake value of 105 £ 13% ID/g with the injection of 1
MBq/10 pmol of ['""Lu]Lu-NeoBOMB whereas, the pancreas uptake value was 19.8 +
6.9% ID/g with the injection of 1 MBq/200 pmol of ['7’Lu]Lu-NeoBOMB. Similar peptide
related influence on the uptake values in BB2 receptor-expressing organs was reported for
['"'In]In-AMBA, which is a BB2r agonist peptide conjugate.®> Effect of peptide mass on
pharmacokinetics have also been reported for radiolabeled peptide conjugates targeting the

somatostatin receptor.®®
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Table 3-4. Variations in [*!?Pb]Pb-RM2 pancreas and tumor uptake with the date of
synthesis
10/27/2017 10/31/2017 11/01/2017 11/06/2017
15 min
Pancreas 3466 £6.25* 12.63+0.48*
Tumor 520+0.71 * 4.18+0.48 *
30 min
Pancreas 1241 £236+ 5.63+£0.61#
Tumor 471+0.87+ 4.18+0.64#
1 hour
Pancreas 8.60+3.67 * 4.26+0.86 *
Tumor 491+226* 4.72+£0.62 *
2 hours
Pancreas 3.09+1.21¢ 1.22+0.33 * 0.75+0.01%
Tumor 472 +0.18 ¢ 4.06 +0.44 * 3.12+0.12 %
tn=2,*n=3,#n=4

Table 3-5. Variations in [*'*Pb]Pb-RM2 specific activity and activity concentration

with the date of synthesis

Activity after Sep- Specific Activity Activity
Date Pack purification | RM2 (umol) (mCi/ pmol concentration
(mCi) RM2) (mCi/mL)*
10/27/2017 5.74 0.037 149.5 2.73
10/31/2017 2.96 0.037 80.9 1.48
11/01/2017 2.26 0.037 61.7 1.13
11/06/2017 0.93 0.037 254 0.46

* assuming final volume of 2 mL

80



3.4. On-going Studies

3.4-1. In-vitro Evaluation of [2'2Pb]Pb-RM2 Therapeutic Efficacy

The in vitro evaluation of the therapeutic efficacy of [2'?Pb]Pb-RM2 is currently
underway in various prostate cancer cell lines including PC3, 22RV1, DU-145, LNCAP,
LNCAP C42B, LNCAP C42, and VCAP. The cells were exposed to increasing doses of
[2'2Pb]Pb-RM2 (0.5 pCi, 1 uCi, 2 uCi and 4 uCi). Subsequently, the therapeutic efficacy
was determined by assessing cell viability using the MTT assay, cell survival and
proliferation using the clonogenic assay, and DNA damage using immunofluorescence

staining of 53BPI and YH2AX markers.

Initial data on cell survival (using clonogenic assay) obtained in two cell lines (PC3
and LNCAP) after exposure to [*'?Pb]Pb-RM2 and [!”’Lu]Lu-RM2 show significantly
improved therapeutic efficacy (as indicated by the lower survival fraction) with [>'>Pb]Pb-

RM2, as shown in Figure 3-11.

3.4-2. Evaluation of [*?’Pb]Pb-RM2 Maximum Tolerated Dose and In
Vivo Toxicity

Studies to evaluate the maximum tolerated dose of [>!?Pb]Pb-RM2 in CF-1 normal
mice are currently underway. Three treatment groups and one control group are being
investigated. The treatment groups received an intravenous injection of [2'?Pb]Pb-RM2 at
three dose levels (50 nuCi, 100 puCi and 200 pCi), with 26 mice per dose level. A control
group of 21 mice received an intravenous injection of saline. Body weight (BW), complete
blood counts (CBC), and body condition score (BCS) were recorded prior to injection of
either [21?Pb]Pb-RM2 or saline. After injection, BW, CBC, and BCS will be monitored

weekly for a duration of 30 weeks. A subset of the animals in each study group will be
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sacrificed at day 30, 50, 70 and 90 (n = 4 per time point) for tissue histopathological
examination and toxicity evaluation by monitoring serum chemistry markers for liver
function [e.g., alanine aminotransferase (ALT), alkaline phosphatase (ALP), aspartate
aminotransferase (AST), and bilirubin], kidney function [blood urea nitrogen (BUN),
calcium, albumin, and creatinine], pancreas function [amylase and lipase] and general

metabolic function [glucose, inorganic phosphorus and total cholesterol].

Clonogenic Response of PC3 and Clonogenic Response of PC3 and
LNCAP Cell Lines With Treatment of LNCAP Cell Lines With Treatment of
Increasing Amounts of 77Lu-RM2 Increasing Amounts of 2'2Pb-RM2
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Figure 3-11. Comparison of clonogenic response of PC3 and LNCAP cells lines to
['""Lu]Lu-RM2 treatment (left) and [>'?Pb]Pb-RM2 (right)

As at week 10 into the maximum tolerated dose studies, no deaths in any of the
treatment groups and no adverse effects on body weight have been observed. In fact, the
average body weight has steadily increased over time in all study groups (Figure 3-12).

Additionally, no apparent signs of hematological toxicity have been observed through
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week 10 into the maximum tolerated dose studies, with no significant differences in the
average white blood cell counts (Figure 3-13) and average platelets counts (Figure 3-14)
between the control and treatment groups. Furthermore, the absence of a significant
decrease in white blood cell and platelet counts is an indication of normal bone marrow

activity and lack of myelosuppression.

3.5. Conclusions

The method described in this study for the synthesis of [>?’Pb]Pb-RM2 incorporates
a step for the purification of the [*!?Pb]PbCl, generator eluent using the Eichrom Pb-resin,
which cuts down the synthesis time to ~1.5 hours compared to the ~3.5 hours that has been
traditionally reported for >'?Pb labeling.’® We demonstrated that this purification step
significantly reduces the amount of radiometal impurities from 2'?Pb daughter
radionuclides (>'?Bi, 2®T1, and ?!?Po). ICP-MS analysis of the crude [>'Pb]PbCl, generator
eluent revealed the presence of significant amounts of Pb, Fe and Zn metal contamination;
however, the Pb-resin purification step reduced the Fe and Zn contamination to negligible

amounts.

A major concern with alpha-emitting radionuclides is the recoil energy imparted to
the daughter radionuclide upon alpha decay as a result of conservation of momentum. This
recoil energy is typically around 100 keV and is significantly greater that the bond energies
for most common bonds (e.g., C-O=3.6eV; C-C=3.6eV; C-N=3.0eV; C=0=11.2
eV). Therefore, there is a possibility that the chemical bonds in any chelator used for the
complexation of an alpha-emitting radionuclide would break as a result of the recoil
energy, resulting in possible redistribution of the daughter radionuclide. However, it is

worth mentioning the decay of >!?Pb into >'?Bi occurs by beta emission.
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Figure 3-12. Effect of [2!2Pb]Pb-RM2 administration on body weight in CF-1 mice
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Figure 3-13. Effect of [2!2Pb]Pb-RM2 administration on white blood cells in CF-1 mice
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Figure 3-14: Effect of [>!?Pb]Pb-RM2 administration on platelets count in CF-1 mice

The effective recoil energy from 2!2Pb beta decay is on the order of 1 eV, which is
not sufficient to disrupt the chemical integrity of the [*'?Pb]Pb-DOTA conjugate.!
Although electronic excitation of the metal-chelator conjugate can occur from internal
conversion and emission of X-rays following beta decay, we expect that this will have a
much less severe effect compared to the recoil energy from a direct alpha particle emission.
For example, the recoil energy from the 5.9 MeV alpha particle emission in ***Ac decay is
104 keV. [>'?Pb]Pb-RM2 was found to be relatively stable at room temperature, with less
than 15% of free 2'?Pb/?!’Bi observed at 24 hours after incubation in either saline or 0.03
M gentisic acid solution in saline. This is an improvement from the ~35% instability
previous reported.*® ¢! This improved stability could be attributed to the initial purification
of the [*!*Pb]PbCl, generator eluent prior to radiolabeling, along with Sep-Pak purification

of [>'?Pb]Pb-RM2 after synthesis.
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[*12Pb]Pb-RM2 exhibited specific tumor targeting in PC3 tumor-bearing SCID
mice. Additionally, rapid clearance from the blood and non-target organs were observed
primarily through the urinary system. Most importantly, negligible [>!?Pb]Pb-RM2 activity
was observed in the bone and liver at every time point studied. The is an indication of the
high in vivo stability [*'?Pb]Pb-RM2 because redistribution of free 2!*Pb/*'?Bi should result
in accumulation of activity in the bone and liver. The [>'2Pb]Pb-RM2 activity concentration
and specific activity per umol of RM2 was found to be related to its uptake in BB2 receptor-
expressing organs/tissues (pancreas and PC3 tumor), with lower specific activity
(mCi/ pmol RM2) resulting in lower uptake values. Preliminary data from ongoing in vitro
studies show that exposure of [2!2Pb]Pb-RM2 to PC3 and LNCAP cells caused significant
cell death. Additionally, no radiation-related toxicity has been observed as at week 10 in

ongoing [*'?Pb]Pb-RM2 maximum tolerated dose studies in CF-1 normal mice.

In conclusion, the favorable pharmacokinetic profile of [2'?Pb]Pb-RM2, together
with the preliminary demonstration of in vitro therapeutic efficacy and lack of toxicity in
ongoing MTD studies, highlight its potential as a therapeutic radiopharmaceutical for
prostate cancer. As with other radionuclides of interest in targeted alpha therapy, a major
factor that could hinder future routine clinical utility of >'?Pb-based radiopharmaceuticals
is the availability of GMP grade 2**Ra/?!’Pb generators. The completion of a 2'?Pb
generator production facility (Laboratoire Maurice Tubiana) in France was recently
announced by Orano Med, although no information on the production method was
provided. A potential method for increasing the availability of 2**Ra/?!?Pb generators is to
develop new production routes for 2Th other than through the natural decay of **U and

232Th. Thorium-228 is the parent isotope of **Ra; hence, increasing the production of ?*Th
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would lead to increased availability of >**Ra for producing the ***Ra/*'?Pb generators. One
potential production route for 22Th is by neutron irradiation of **Ra via the *°Ra (n,y)
227Ra (B7) ¥’ Ac (n,y) 2*2Ac (B") #2*Th reaction.’”-%® Interestingly, the neutron irradiation of
226Ra has been primarily investigated for the production of 2°Th as a means of increasing
the availability of 22°Ac (Figure 3-15). However, more 22%Th is produced from the neutron
irradiation of 2?°Ra. For example, Hogle et al.®’ reported that the production yield of for
228Th and 22°Th was 1450 + 110 kBqg/ug and 74.0 £ 7.4 Bg/ug, respectively, after an ~26
days irradiation of ?*°Ra target. Additionally, the co-production of Ac-227 does not
constitute a major concern since there are established methods to separate Ac from Th.®”
68 Furthermore, the data presented in this study show that the incorporation of a final
purification step for the *?*Ra/?'’Pb generator eluent using the Eichrom Pb-resin is

successful in removing residual radionuclidic contamination prior to radiolabeling.

3.6. Future Studies

The data obtained upon completion of the [*'?Pb]Pb-RM2 MTD studies will be used
to initiate therapy studies to evaluate the in vivo therapeutic efficacy of [2!*Pb]Pb-RM2 in
SCID mice bearing PC3 prostate tumor xenografts. The therapy doses will be administered
at levels that did not induce radiation related toxicity based on the MTD studies. Four study
groups will be investigated: (1) non-tumor bearing control group receiving an intravenous
administration of saline, (2) tumor bearing control group receiving an intravenous
administration of saline, (3) tumor bearing therapy group receiving an intravenous
administration of [>'2Pb]Pb-RM2, and (4) tumor bearing therapy group receiving an
intravenous administration of non-radioactive Pb-RM2. Each study group will consist of

15 mice. Similar to the MTD studies, BW, CBC, and BCS will be monitored weekly for a
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duration of 30 weeks. Additionally, tumor volumes will be measured weekly for the same

duration using calipers.
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Figure 3-15. Experimental and theoretical yields of 2*Th, *’Ac, ?*Ra and ** Th
from 2*6Ra irradiation at ORNL HFIR. Reproduced with permission from Hogle at al.®’
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CHAPTER 4: Microwave-assisted Synthesis of Rh(III)
Complexes and Radiochemical Evaluation of 'Rh Produced
from Recycled '“Ru Metal Target

4.1. Introduction
Grazman and Troutner'? first identified '®Rh as a potential therapeutic

radionuclide. Rhodium-105 (half-life = 35.4 hours) is a moderate energy beta emitting

radionuclide [B max =567 keV (75%), B ave = 152 keV], with low energy gamma emissions

[319 keV (19%) and 306 keV (5%)]. The beta energy of !°Rh is comparable to the beta

energies of '7"Lu (B avg = 134 keV) and *'T (B avg = 182 keV), which are currently used in
the production of FDA-approved therapeutic radiopharmaceuticals.

Rhodium-105 is produced at the University of Missouri Research Reactor Center
(MURR) by thermal neutron (~9.78 x 10'3 n/cm?/s) irradiation of an enriched (>98%) '**Ru
metal target to give '*Ru (half-life = 4.4 hours), which subsequently decays by beta
particle emission to '%°Rh, as previously reported by Grazman and Troutner (Equation 4-
1).!2 A 24 hour wait period is allowed to ensure the decay of !Ru into '®Rh. Rhodium-
105 is separated from the bulk '““Ru metal target by oxidation of !*Ru metal to
['Ru]RuO4 using hypochlorite generated in situ by bubbling Cl, into a 2 M NaOH
solution containing the '"*Ru metal target (Figure 4-1). ['*Ru]RuOy4 is distilled off at
elevated temperature (~ 90 °C) and trapped in a 3 M HCI solution for future recovery,
leaving behind '%Rh in the original target dissolution vial. Rhodium-105 is acidified with
1 M HCI to yield a mixture of '®Rh chloride species such as [!®>Rh]RhCl3(OHz)s,
[1Rh]RhCl4(OHa).", ['®Rh]RhCls(OHz),>, and ['Rh]RhCle>", as previously determined

by electrophoresis analysis.!”
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Figure 4-1. Schematic for '°Rh separation

Due to the high cost of the enriched '®*Ru metal target, it is necessary that the target
material be recycled for reuse in order to make routine '>Rh production economically
feasible. In addition, less than 1% of the total '’*Ru atoms are converted to '“Ru atoms
following neutron irradiation; hence, the '°*Ru metal target can be reused multiple times if
successfully recovered. Recent research by Phelps and colleagues at the University of
Missouri have demonstrated the possibility of recycling and reusing '*Ru trapped in 3 M
HCI as ruthenate ([!®*Ru]RuOs*) during the '>Rh production process.* The target
recycling process involves concentrating the 3 M HCl solutions to dryness to yield hydrated
ruthenium chloride ([!**Ru]RuCls-xH>0), dehydrating ['**Ru]RuCls-xH>O with Ar at 525
°C, and subsequently reducing to '**Ru metal with H, at 800 °C. ICP-MS analysis revealed

that the isotopic enrichment of the recycled metal target was 98.9% '®Ru.* Neutron
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activation analysis on the recycled '°*Ru metal target produced mainly '"*Ru, with very
minimal amounts of >*Na (0.3% of total '°*Ru) produced from neutron activation of minor
NaCl contaminants in the recycled '**Ru metal.*

A very attractive chemical property of Rh is the kinetic inertness of Rh(III)
complexes, which favors a low spin octahedral d® arrangement.’ This suggests that
10SRh(IIT) complexes should exhibit high in vivo stability since they should be stable to
transchelation by serum proteins. Therefore, several researchers have investigated
10SRh(IIT) complexes as potential radiotherapeutic agents.®! Initial studies were done
using polyamine chelates, especially derivatives of cyclam and cyclen.® Troutner and his
research group investigated several diethylenetriamine,” ' amine oxime,'! and porphyrin,’
ligands and their derivatives. Li et al.® evaluated the in vivo pharmacokinetics of a series
of 'Rh-labeled tetradentate thiamacrocyclic ligands in rats. The authors observed very
minimal in vivo degradation of the radiolabeled complexes and clearance through both the
hepatobiliary and urinary systems was also observed depending on the ligand structure and
derivatization.®

More recently, efforts on the development of chelators for ' Rh complexation have
focused on tetrathioether frameworks.!?"!* Goswami et al.!? investigated how the number
of carbon chain length [ethylene (222S4), propylene (333S4), or a combination of both
(232S4)] between the sulfur atoms in the tetrathioether ligand backbone affected the
conformation of the final Rh(IIT) complex. The authors found that the smaller backbone
chain length (222S4) favored the formation of the cis-dichloro isomer, while the larger
backbone chain length (333S4) favored the formation of the trans-dichloro isomer.'?

Similar results were also reported by Dame'® and Crenshaw!® using tetrathioether ligand
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frameworks containing pendant methyl acetate groups, shown in Figure 4-2A and 4-2B.
The intermediate backbone chain length (232S4) gave a mixture of both the cis-dichloro
and trans-dichloro isomers.!? Goswami et al.!’ subsequently evaluated the in vivo
pharmacokinetics of '®Rh-labeled tetrathioether ligands (222Sa4, 232Ss, and 333S4)
containing pendant carboxylic acid groups. The '®Rh complexes effectively cleared from
the blood and tissues primarily through the urinary system; however, the [ Rh]Rh-222S4
complex was shown to exhibit slightly superior stability and lesser hepatobiliary clearance
than the ['Rh]Rh-333S4 complex.'® Akgun et al.!” investigated Rh(III) complexes derived
from a series of diaminedithioether ligands and found that the ligand with 232 carbon

backbone chain length with gem-dimethyl groups was preferred.

Figure 4-2A. Crystal structure of cis-[RhCl>-222S4diAcOMe]PFs as reported by Dame.!”
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Figure 4-2B. Crystal structure of frans-[RhCl2-333S4diAcOMe]PFs as reported by
Crenshaw.!®

Recently, Carroll'® performed '“Rh-labeling studies using 333-S4-8Aoc-BBN(7-
14)NH_, which is a bifunctional chelate containing the 333S4diAcOH tetrathioether ligand
conjugated to the bombesin(7-14) agonist peptide for targeting the gastrin-releasing
peptide receptor. Carroll reported very low radiolabeling yields (<10%) and observed the
formation of multiple radiolabeled species. The multiple radiolabeled species were
attributed to acid catalyzed esterification of the pendant carboxylic acid groups on the
tetrathioether ligand because the reaction was carried out under acidic conditions (pH 4 —
5) in the presence of refluxing ethanol. In addition, the pendant carboxylic acid groups
were found to directly coordinate with the Rh(III) core.'* To avoid the formation of acid
catalyzed esterification products, Crenshaw!® and Dame!’ investigated the formation of
Rh(IIT) complexes of 333S4 and 22254 tetrathioether ligands respectively, using SnCl; as
reducing agent instead of refluxing ethanol. It has been widely reported that the catalytic

reduction of Rh*? to Rh*!, with subsequent re-oxidation to Rh*> by atmospheric oxygen, is

99



necessary for the formation of Rh(III) complexes.'* 1°2° Hence refluxing alcohols,
particularly ethanol, have been traditionally used as reducing agents for the formation of
Rh(III) complexes.> & 1213

This study reports the synthesis of Rh(II) complexes using two tetrathioether
ligands (22284diAcOMe and 222S,diAcOH) and a tetradentate thiamacrocyclic ligand
(16S4-diol) without refluxing ethanol or SnCl, as a reducing agent. A rapid microwave-
assisted synthesis procedure for Rh(IIl) complexes was developed and an improved HPLC
method for distinguishing the various product species is reported. Additionally, we report
the production of '®Rh from recycled %Ru targets. Finally, '®Rh-labeling studies using
['Rh]RhCl; produced from both new and recycled '“Ru metal target materials are

reported.

4.2. Experimental

4.2-1. Materials and Methods

1,5,9,13-tetrathiacyclohexadecane-3,11-diol (16S4-diol; cis/trans mixture) was
purchased from Sigma-Aldrich and used without further purification. All other chemicals
and reagents were purchased from Sigma-Aldrich or Fisher Scientific and used without
further purification. Plastic-backed silica gel TLC plates were purchased from Sigma-
Aldrich or Fisher Scientific and were used for radio TLC. Only 18 MQ water was used.
['Rh]RhCl; was produced at the University of Missouri Research Reactor Center
(MURR) by the bombardment of enriched '**Ru metal targets (2 — 5 mg) encapsulated in
a quartz vial with thermal neutron irradiation (~9.78 x 10'* n/cm?/s) for ~90 hours at the
reflector position. CAUTION! !%Rh is radioactive and must be handled in laboratories
outfitted and approved for work with radioactive materials. 'H and '*C NMR spectra were
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obtained using a 500 MHz or a 600 MHz Bruker ARX spectrometer. Microwave synthesis
was carried out in dynamic mode using a CEM Discover SP microwave synthesizer
(Matthews, NC). Electrospray lonization Mass Spectrometry (ESI-MS) was performed on
a Thermo Finnigan TSQ7000 triple-quadrupole instrument with an API2 source.
Inductively coupled plasma mass spectrometry (ICP-MS) was performed using a
PerkinElmer NexION 300X Model equipped with a glass cyclonic spray chamber and glass
concentric nebulizer and operated in KED mode. An Eckert & Ziegler Bioscan AR-2000
Imager using LabLogic Win-Scan imaging scanner software was used for scanning
radioTLC plates. High-performance liquid chromatography (HPLC) was performed using
a Shimadzu Prominence HPLC system equipped with a UV-Vis absorbance detector (set
at 254 and 280 nm), and a Nal(Tl) scintillation detector. All HPLC analyses were
performed using a mobile phase consisting of solvent A [99.9% H>O and 0.1%
trifluoroacetic acid (TFA)] and solvent B [99.9% CH3CN (ACN) and 0.1% TFA] run on a
Thermo Scientific Beta Basic Column (C18, 5y, 150 x 4.6 mm). Three different linear
gradient systems were developed for HPLC analyses. Gradient 1I: 10% solvent B:A
increased to 80% solvent B:A over 18 minutes, followed by an additional 1 minute at 80%
solvent B:A, then decreased to 10% solvent B:A over 1 minute. Gradient 2: 2% solvent
B:A increased to 5% solvent B:A over 10 minutes, followed by an additional 5 minute at
5% solvent B:A, then increased to 80% solvent B:A over 9 minutes, and finally decreased
to 2% solvent B:A over 1 minute. Gradient 3: 5% solvent B:A increased to 20% solvent
B:A over 15 minutes, followed by an additional 2 minutes at 20% solvent B:A, then

decreased to 5% solvent B:A over 3 minutes.
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4.2-2. Synthesis of methyl 2-((2-chloroethyl)thio)acetate [CsHoClO:S],
intermediate 1

Intermediate 1 was synthesized following a slightly modified literature
procedure.'> %18 1 2_dichloroethane (88.6 mL, 1.12 mol) and triethylamine (17.2 mL, 0.12
mol) were added into a one-necked round bottom flask and heated to 90 °C. While stirring
at 90 °C, methyl thioglycolate (10 mL, 0.11 mol) was added drop wise. The reaction was
refluxed overnight (~ 18 hours) at 90 °C under N». The reaction progress was monitored
using silica gel TLC, with 1:1 hexane / ethyl ether as the mobile phase. Upon reaction
completion, the reaction mixture was cooled to room temperature and ethyl ether (~ 70
mL) was added to precipitate the trimethylammonium salts. The mixture was filtered and
the solid residues were washed with ethyl ether. The filtrate was concentrated to minimal
volume using a rotary evaporator. The condensed filtrate was then transferred to a smaller
round bottom flask. Any remaining 1,2-dichloroethane was removed by vacuum
distillation (~13 mbar) beginning at 60 °C and gradually increased to 115 °C. The
distillation apparatus was replaced with clean glassware. The desired product was finally
obtained as a colorless oily liquid by vacuum distillation (~13 mbar) between 135 °C to
145 °C. Yield, 12.81 g, 69%. 'H NMR (500 MHz, CDCls) & ppm: 2.97 (t, CH,CHS>S, 2H),
3.25 (s, SCH,COO, 2H), 3.65 (t, CH,CH:Cl, 2H), 3.72 (s, COOCH3, 3H). *C NMR (500
MHz, CDCIl3) & ppm: 33.80 (CHz), 34.98 (SCH>), 42.88 (CH>), 52.84 (OCH3), 170.86

(COOMe).

4.2-3. Synthesis of dimethyl 3,6,9,12-tetrathiatetradecanedioate
[C12H2204S84], 22285 diAcOMe

22284diAcOMe was synthesized following a slightly modified literature

procedure.'® > 1® Intermediate 1 (5 g, 30 mmol), triethylamine (5 mL, 36 mmol), and 1,2-
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ethanedithiol (1.13 mL, 13 mmol) was added into a round bottom flask and refluxed
overnight (> 18 hours) at 95 °C under N». The reaction progress was monitored using silica
gel TLC, with dichloromethane as the mobile phase. Upon reaction completion, the
reaction mixture was cooled to room temperature and ethyl ether (~ 70 mL) was added to
precipitate the trimethylammonium salts. The solution was filtered and the filtrate was
concentrated to dryness using a rotary evaporator to afford white solids. The white solids
were dissolved in hot ethyl ether and 15 mL of hexane was added to the mixture. The
mixture was place in a dry ice bath to precipitate the desired product as white solids. Yield,
2.37 g, 51%. 'H NMR (600 MHz, CDCI3) & ppm: 2.78 — 2.88 (m, SCH,CH>, 12H), 3.26
(s, SCH,COO, 4H), 3.74 (s, OCH3, 6H). *C NMR (600 MHz, CDCl3) § ppm: 31.64 (CH>),

32.22 (CH), 32.63 (CHb), 33.36 (SCH2COOMe), 52.52 (CHs), 170.72 (COOMe).

4.2-4. Synthesis of 3,6,9,12-tetrathiatetradecanedioic acid [CioH1804S4],
22284diAcOH

22284diAcOH was synthesized following a slightly modified literature
procedure.'® 15 2228,diAcOMe (0.37 g, 1.03 mmol) was dissolved in methanol (15 mL)
inside a 35 mL quartz microwave reaction vial. Potassium hydroxide (0.36 g, 6.4 mmol)
was dissolved in 1 mL of deionized H>O and added into the reaction vial. The reaction was
heated at 100 °C for 15 minutes using a CEM Discover SP microwave synthesizer in
dynamic mode. The mixture was allowed to cool to room temperature to afford a white
precipitate. The precipitate was filtered and washed with cold methanol. The precipitate
was dissolved in deionized H>O and acidified by dropwise addition of 3 M HCI to afford
the desired product as a white solid. Yield, 0.20 g, 59%. 'H NMR (500 MHz, CD;CN) §

ppm: 2.78 — 2.87 (m, SCH2CH>, 12H), 3.30 (s, SCH.COO, 4H). 3C NMR (500 MHz,
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CDsCN) 6 ppm: 31.01 (CH>), 31.68 (CH>), 32.25 (CH>), 32.71 (SCH.COOH), 170.99
(COOH). ESI-MS (m/z): 329.02 (330.01 calculated for C1oH1s04S4[M - H]").
4.2-5. Synthesis of [Rh(III)Cl:-22284diAcOMe]X (X = CI or PFy)

The Rh(III) complex of 22284diAcOMe was synthesized following a modified
procedure.'? !* In summary, RhCls3-xH>O (40 — 15 mg) was dissolved in 1 mL of deionized
H>0. 222S,diAcOMe (50 — 13 mg) was dissolved in acetonitrile. The molar ratio between
22284diAcOMe and RhCl3 was 1:1.2. The RhCl3 solution and the 222S,diAcOMe solution
were combined into a 10 mL a quartz microwave reaction vial and the mixture was heated
at 100 °C for at least 15 minutes using a CEM Discover SP microwave synthesizer in
dynamic mode. Several reaction conditions, as indicated in Scheme 4-1, were investigated
to determine the different product species formed. Upon reaction completion, the original
color of the reaction solution changed from wine red to bright yellow. The solution was
filtered using a 0.2 um syringe filter. The desired product was obtained as the CI salt by
concentrating the filtrate to dryness in a rotary evaporator to afford a yellow solid. The PF¢’
salt was obtained by adding 1 mL of'a 0.1 g/mL aqueous solution of NH4PF¢ and additional
2 mL deionized H2O to the filtrate to afford a yellow precipitate. The solution was
centrifuged and the supernatant was removed. The precipitate was washed twice with cold
ethanol and then dissolved in acetonitrile. The solution was concentrated to dryness in a
rotary evaporator to afford the desired product as a yellow solid. The identity and purity of

the product was analyzed using NMR, HPLC and ESI-MS.
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RhCl,
RhCl,
RhCl,
RhCl,
RhCl,
RhCl,
RhCl,

RhCl,

RhCl,

ACN (0.5 mL), H,0 (1.5 mL)

+ 2225,diAcOMe o ~ [RhC1,-222S,diACOMEICI ... (1)
+ 2225,diAcOMe T ~ [RhCl,-222S,diACOME]CI ... (2)
+ 222S,diAcOMe S ~ [RhCI,-222S,diACOMEICI ... (3)
+ 2225,diACOMe T T [RhCI,-222S,diACOME]CI ... (4)
+ 2225,diAcOMe ) [RhC1,-2225,diACOME]CI ... (5)
+ 2205 diAcOMe —~ 20D, ERC AT O LTY o [RNCI,-2225,diACOMe]CI ... (6)
+ 2025,diAcOMe SR CEL PO CLE) PR HEATY o [RNCI,-2225,dIACOMEICT ... (7)
+ 2208 diAcoMe S E2 P CA B 05T [RNCI,-2225diACOMe]CT ... (8)
+ 2225,diAcOMe — 2RO MLL B0 B mb), SnClL (78 mY) 1oy, -2225,diACOME]CT ... (9)

microwave, 100 °C, 10 min

Scheme 4-1. Reaction conditions for the synthesis of [RhCl>-22284diAcOMe]Cl

4.2-6. Synthesis of [Rh(III)Cl1:-22284diAcOH]|CI

The Rh(IIl) complex of 22284diAcOH was synthesized following a modified
procedure.'?!* 15 In summary, RhCl3xH,O (25 — 15 mg) was dissolved in 1 mL of
deionized H20. 22284diAcOH (35 — 13 mg) was dissolved in acetonitrile or deionized H2O.
The molar ratio between 2228,diAcOH and RhCl3 was 1:1.2. The RhCl3 solution and the
22284diAcOH solution were combined into a 10 mL a quartz microwave reaction vial and
the mixture was heated at 90 °C for 10 minutes using a CEM Discover SP microwave
synthesizer in dynamic mode. Several reaction conditions, as indicated in Scheme 4-2,
were investigated to determine the different product species formed. Upon reaction
completion, the original color of the reaction solution changed from wine red to bright

yellow. The solution was filtered using a 0.2 pum syringe filter and subsequently evaporated
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to dryness to obtain a yellow solid. The identity and purity of the product was analyzed

using HPLC and ESI-MS.

RhCl, + 222S,diAcOH e — [RhC1,-222S,diACOHICI ... (10)
RhCl; + 2225,diAcOH N [RNCI,-222S,diACOH]CI ... (11)
RhCl; + 222S,diAcOH e ) [RNC1,-222S,diACOH]CI ... (12)
RhCl; + 2225,diAcOH S o [RhCI,-222S,diACOHICI ... (13)

. H,O (1.0 mL), ACN (1.0 mL), 0.5M HCI (1.0mL) .
RNCl; + 222S,diACOH "mml e oo [RNCI1,-222S,diACOH]CI ... (14)

+

RCI, 2225 ,diACOH EtOH (1 mL), H,0 (1 mL), 0.5M HCI (1 mL)

K o [RhCI,-222S,diACOHICI ... (15)

Scheme 4-2. Reaction conditions investigated for the synthesis of
[RhC1>-22284diAcOH]CI

4.2-7. Synthesis of [Rh(IIT)Cl2-16Sdiol] C]

The Rh(IIT) complex of 16Sdiol was synthesized following a modified procedure
described by Venkatesh et al.’> In summary, RhCl3-xH,0 (30 — 5 mg) was dissolved in 1
mL of deionized H>O. 16Sdiol (50 — 8 mg) was dissolved in either ethanol or acetonitrile.
The molar ratio between 16S4diol and RhCl; was 1:1.2. The RhCI3 solution and the
16S.4diol solution were combined into a 10 mL a quartz microwave reaction vial and the
mixture was heated using a CEM Discover SP microwave synthesizer in dynamic mode.
The color of the reaction solution changed from wine red to bright yellow. A
comprehensive detail of the various reaction conditions investigated is listed in Scheme 4-
3. Upon reaction completion, the reaction solution was filtered using a 0.2 um syringe

filter. The identity and purity of the product was analyzed using HPLC and ESI-MS.
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ACN (0.5 mL), H,0 (15 mL)

RhCl; + 16S,diol CrovAve 3 °S 10 i [RhCL,-16S,diol]lCl ... (16)
. EtOH (0.5 mL), H,0 (1.5 mL) .
RhCl; + 16S,diol o oSG 10 [RhCL,-16S,diol]lCl ... (17)
. ACN (1 mL), H,0 (1 mL) ) :
RhC|3 + 1684d|0| microwave, 110 °C. 5 min [RhCI2 1684d|0|]C| .. (18)
RhCI; + 16S,diol EtOH (1 mL), H,0 (L mL) [RhCl,-16S,diol]Cl ... (19)
microwave, 110 °C, 5 min
RhCl; + 16S,diol ACN (05 mL). H,0 (L mL), SnCl, (5.6 mg) [RhCl,-16S,diol]Cl ... (20)
microwave, 110 °C, 5 min
RhCl; + 16S,diol ACN (1 mL), 0.5M HC1 (4 mL) [RhCl,-16S,diol]Cl ... (21)

microwave, 110 °C, 5 min

Scheme 4-3. Reaction conditions investigated for the synthesis of [RhCl2-16S4diol]Cl

4.2-8. Production of 'Rh from Recycled '"*Ru Metal Target

Ruthenium-104 trapped in 3 M HCI as ruthenate ([!**Ru]RuO4>) from previous
105Rh productions at MURR over a period of more than two decades was recovered and
recycled by Phelps and colleagues.* The target recycling process involved concentrating
the 3 M HCI solutions to dryness to yield hydrated ruthenium chloride
(['**RuJRuCls-xH,0), dehydrating ['**Ru]RuCls-xH>O with Ar at 525 °C, and subsequently
reducing to '*“Ru metal with H, at 800 °C.*

Three separate neutron irradiations of the recycled '®*Ru metal and one irradiation
of new %Ru metal were performed at MURR as summarized in Table 4-1. Briefly, '*“Ru
metal target was encapsulated in a 4 x 6 mm quartz vial and irradiated for ~90 hours with
thermal neutrons (~9.78 x 10'* n/cm?/s) at the MURR neutron reflector position (G1 or
H1). A 24-hour wait period was allowed to ensure the decay of 'Ru into !°Rh. After the
wait period, the total activity of the irradiated target in the quartz vial was measured.

Subsequently, the quartz vial was scored and broken, and the irradiated target was
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transferred into a 30 mL glass midget impinger containing 2 mL of 2 M NaOH. The
impinger was connected to one 3 M HCI (500 mL) and two 5 M NaOH (500 mL) traps
using teflon-lined tubing as shown in Figure 4-1.

Rhodium-105 was separated from the bulk '*“Ru metal target by oxidation of '**Ru
metal to [!**Ru]RuOs using hypochlorite generated in situ, and subsequent distillation of
[1%*Ru]RuOs at elevated temperatures. To accomplish this, Cl» at ~ 30 mL/min (50 seconds
for production 1 and 2, 2 minutes for production 3, and 5 minutes for production 4) was
bubbled into the impinger containing the irradiated '“*Ru metal target in 2 mL of 2 M
NaOH. The impinger was heated at 40 °C for 1 hour under constant airflow (~30 mL/min).
Additional Cl> at ~ 30 mL/min (12 minutes for productions 1 and 2, and 25 minutes for
productions 3 and 4) was bubbled into the impinger followed by heating at 90 °C for 1 hour
under constant airflow (~30 mL/min). The target solution was filtered through a 0.8 pm
syringe filter into a clean midget impinger. The solution was heated for an additional 30
minutes at 90 °C under constant airflow (~30 mL/min). Finally, 0.25 mL of 1 M HCI was
added to the solution and heated for 30 minutes at 90 °C without airflow. The radionuclidic
purity of the final !Rh stock solution was evaluated using an HPGe gamma spectrometer.
Additionally, a 200 uL aliquot of the '“Rh stock solution was analyzed by inductively

coupled plasma mass spectrometry (ICP-MS) after decay of 'Rh.
4.2-9. 1%Rh-labeling

['Rh]RhCI; (22 - 3 mCi/ 814 - 111 MBq) in ~2 mL 1 M HCI (pH 0.5 — 1) was
obtained from MURR. 200 uL of deionized H>O was added to a 400 pL aliquot of the
195RhCls stock solution and the pH was carefully adjusted to ~3.5 using 1M NaOH (20 pL)

and 0.5M NaOH (20 pL).
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The 'Rh complex of 2228.diAcOMe was synthesized by adding 100 pL (550 —
100 uCi/20.4 - 3.7 MBq) of the pH-adjusted ['®Rh]RhCl; solution to a solution containing
100 pL (10 pg) of a 0.1 mg/mL (0.3 mM) 22284diAcOMe ligand solution in acetonitrile,
200 pL of H20 and 100 pL of 50% ACN : H>O. The resultant solution was heated for 1
hour at 90 °C in a water bath. Upon cooling to room temperature, the reaction solution was
analyzed using radio-HPLC and TLC.

The '%Rh complex of 2228,diAcOH was synthesized by adding 100 pL (550 - 100
uCi / 20.4 - 3.7 MBq) of the pH-adjusted [!*Rh]JRhCl; solution to a solution containing
100 pL (10 pg) of 0.1 mg/mL (0.3 mM) 222S,diAcOH ligand in 50% acetonitrile : H2O,
200 pL of H20 and 100 pL of 50% ACN : H2O. The resultant solution was heated for 1
hour at 90 °C in a water bath. Upon cooling to room temperature, the reaction solution was
analyzed using radio-HPLC and TLC.

The 'Rh complex of 16S4-diol was synthesized by adding 100 pL (550 - 100 uCi
/20.4 - 3.7 MBq) of the pH-adjusted ['>Rh]RhClI; solution to a solution containing 100
pL (10 pg) of 0.1 mg/mL (0.3 mM) 16Ss-diol ligand in 50% ethanol : H2O, 200 pL of H,O
and 100 pL of 50% ethanol : H>O. The resultant solution was heated for 1 hour at 90 °C in
a water bath. Upon cooling to room temperature, the reaction solution was analyzed using
radio-HPLC and TLC.

4.2-10. Radiochemical Analyses

The radiochemical purity of the '®Rh complexes was determined using radio-

HPLC and silica gel TLC. The TLC plates for all '’ Rh complexes were developed in three

different mobile phases (0.9% saline, acetonitrile and 0.4M NaBPhg4 in acetonitrile). Three
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different linear gradient systems (Gradient 1, Gradient 2, and Gradient 3 described in

materials and methods) were used for radio-HPLC analyses.

4.3. Results and Discussion

The synthesis of 222S84diAcOMe and 222S,diAcOH was accomplished following
modified literature procedures, as shown in Figure 4-3.'% !> NMR characterization of these
tetrathioether ligands is consistent with previously reported data, as shown in Figure 4-4A
through 4-6C.!> 1> Additionally, 222S4diAcOH was identified as the [M-H] ion [m/z =
329.02 (found), 330.01 (calculated)] based on ESI-MS analysis, as shown in Figure 4-7.
A key detail in the purification of Intermediate 1 is to ensure that the vacuum distillation
glassware has no air leaks and that strong vacuum (~ 13 mbar) is constantly applied
throughout the distillation process. The vacuum distillation method described here
eliminates the need for silica gel column separation, as reported by Dame. '

A microwave synthesizer was utilized for the synthesis of all Rh(III) complexes
reported in this study. Previously, it was reported that at least a 1 hour reaction time was
required for the formation of Rh(III) complexes of both tetrathioether ligands and
tetradentate thiamacrocyclic ligands.® '>13 The microwave-assisted synthesis procedure
reported in this study significantly reduced the reaction time to 10 minutes or less, while

also reducing the formation of unwanted byproducts.
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Figure 4-3. Synthesis of 222S.diAcOMe and 222S,diAcOH
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'H NMR: Intermediate 1 in CDCl,

620" 0-——

856"
£L6"
cre

SLe
686
8geZ"’
£79°
659"
FLYT
LeL”

BGZ"

Z
Tz
'z

4

£—

-2
£
£

JA—

Ppm

g o
m d
O T o =
(J wn
O S
0 o
-
%))
0
-
(18]
Y o
] () o
)
(4]
J gZSG'l
—oo0e
j )
© 161
‘q -~ r6¢
)
E =¥
o
o
r—a @
S
Lo~ o
o
O
0
wn
| <
[»]
o
w
| ©
o 0
n%g <
T
Q ) .
™ o ~
(@]
S
© 0
~

Figure 4-4A. '"H NMR spectrum of Intermediate 1
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'H NMR: 22284diAcOMe in CDCl,
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Figure 4-5A. '"H NMR spectrum of 222S,diAcOMe
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HMQC NMR: 222854diAcOMe in CDCl;
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'H NMR: 22284diAcOH in CD;CN
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Figure 4-7. ESI-MS of 222S.diAcOH

4.3-1. Rh(IIT) Complexes With 222S4diAcOMe Chelate System
[Rh(IID)CL2-222S4diAcOMe]Cl was synthesized by reacting RhCIl3 with

22284diAcOMe using a microwave synthesizer. Based on the crystal structures reported by

Dame'” (Figure 4-2A) and Goswami et al.!2, we expected the formation of the cis-dichloro

isomer, where Rh(III) is coordinated to two chlorides and to the four sulfur atoms in the

22284diAcOMe tetrathioether ligand.
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Ten different reaction conditions were investigated as shown in Scheme 4-1.
Reactions 1 — 4 were performed in acetonitrile and water only. HPLC analysis of these
reactions revealed a predominant peak (peak area ~ 88%) at approximately 8.2 minutes
using Gradient 1 (10% solvent B:A increased to 80% solvent B:A over 18 minutes,
followed by an additional 1 minute at 80% solvent B:A, then decreased to 10% solvent
B:A over 1 minute), as shown in Figures S4-1A to S4-11. ESI-MS analysis of this peak
indicates the presence of a strong signal for the M' ion of cis-[Rh(IIT)Cl2-
22284diAcOMe]" [m/z = 530.85 (found), 530.88 (calculated for Ci2H22C1,04RhS4%)], as
shown in Figure 4-8. There was no significant difference in the HPLC profile between
reactions 1 — 4 (no ethanol or SnCl; used) and reactions 5 - 6 (ethanol used) or reaction 9
(SnCl; used). To the best of our knowledge, this is the first report of a Rh(III) tetrathioether
complex synthesized without using ethanol or SnCl; for the catalytic reduction of Rh** to
Rh*'!, as previously reported.® 1213 15-16. 18-19

Two other minor product species were identified in reactions 1 — 4; one with a
retention time of approximately 6.5 minutes, and the other with a retention time of
approximately 4.4 minutes, as shown in Figures S4-1A to S4-11. ESI-MS analysis revealed
that the peak at approximately 6.5 minutes is consistent with the species where one of the
pendant methyl acetate groups has been hydrolyzed to a carboxylic acid group [m/z =
516.90 (found), 516.87 (calculated for C11H20Cl204RhS4")], as shown in Figure 4-9. The
m/z of the peak at approximately 4.4 minutes is consistent with the species where one of
the pendant methyl acetate groups has been hydrolyzed to a carboxylic acid and is directly
coordinated to the Rh(III) center along with one chloride atom [m/z = 480.93 (found),

480.89 (calculated for C11Hi9Cl04RhS4")], as shown in Figure 4-10.
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Figure 4-8. ESI-MS of cis-[Rh(IIT)Cl2-222S4diAcOMe]*
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Figure 4-10. ESI-MS of C11H19ClO4RhS4*

Reaction 7 was performed in acetonitrile and water, with the addition of 1 mL 0.5
M HCI. In addition to the peaks at 8.2 minutes, 6.5 minutes, and 4.4 minutes described
above, a new and intense peak (peak area ~ 46%) was observed at 2.2 minutes (Figure S4-
1G). ESI-MS analysis revealed that this new peak is consistent with the species where both
of the pendant methyl acetate groups have been hydrolyzed to carboxylic acid groups and

are both directly coordinated to the Rh(III) center [m/z =430.94 (found), 430.90 (calculated
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for CioHisO4RhS4")], as shown in Figure 4-11. This reaction condition is more

representative of the reaction condition at the radiotracer scale because '®>RhCls is obtained

in a 1 M HCI solution; hence, it is likely the acid hydrolysis of the pendant methyl acetate

groups in 22284diAcOMe will occur at the radiotracer scale.
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Figure 4-11. ESI-MS of C1oH1604RhS4"

3C NMR of [Rh(III)Cl2-222S,diAcOMe]Cl (Figure 4-12A) shows four CH,

signals (36.85 — 41. 52 ppm) and one CHj3 signal (53.90 ppm), which is indicative of the
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presence of a single isomer. If more than one isomer were present, additional CH> signals
would have been observed, similar to data reported by Goswami et al.'> The '"H NMR of
[Rh(IIT)C12-22284diAcOMe]Cl (Figure 4-12B) is not as straightforward to interpret as the
13C NMR. Each sulfur atom on the 2228,diAcOMe ligand becomes a chiral center upon
complexation with Rh(III); hence, different enantiomeric isomers are possible, which
explains the complexity of the 'H NMR. However, two-dimensional '*C - 'H heteronuclear
multiple-quantum correlation (HMQC) NMR allowed the assignment of the multiple 'H

peaks between 2.5 — 4.5 ppm to their corresponding *C peak, as shown in Figure 4-12C.
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13C NMR: [Rh(III)C1,-22284diAcOMe]" in CD;CN
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Figure 4-12A. 3C NMR spectrum of [Rh(III)Cl>-222S:diAcOMe]Cl
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TH NMR: [Rh(III)Cl,-22284diAcOMe]" in CD;CN
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Figure 4-12B. '"H NMR spectrum of [Rh(II)Cl,-222S,diAcOMe]Cl
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HMQC NMR: [Rh(ITN)Cl,-22284didcOMe]* in CD,CN
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Figure 4-12C. HMQC NMR spectrum of [Rh(II)Cl>-222S4diAcOMe]Cl

4.3-2. Rh(IIT) Complexes With 2228:diAcOH Chelate System

Six different reaction conditions were investigated for the synthesis of Rh(III)Clz-
22284diAcOH|CI, as shown in Scheme 4-2. HPLC analysis of these reactions revealed a
predominant peak with a retention time of approximately 7.5 minutes (Figure S4-2A to
S4-2D) using Gradient 2 (2% solvent B increased to 5% solvent B over 10 minutes,
followed by an additional 5 minute at 5% solvent B, then increased to 80% solvent B over
9 minute, and finally decreased to 2% solvent B over 1 minute). ESI-MS analysis revealed

that this peak is consistent with the species where one of the pendant carboxylic acid group
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and one chloride group is directly coordinated to the Rh(III) center [m/z = 466.96 (found),

466.88 (calculated for C19Hi7C104RhS4")], as shown in Figure 4-13.
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Figure 4-13. ESI-MS of C10H17ClO4RhS4*

Two other product species were observed with retention times of approximately 2.3
minutes and 11.8 minutes. The m/z of the peak at approximately 2.3 minutes is consistent

with the species where both of the pendant carboxylic acid groups are directly coordinated
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to the Rh(IIT) center [m/z = 430.78 (found), 430.90 (calculated for Ci1oHisO4RhS4")], as
shown in Figure 4-14. The m/z of the peak at approximately 11.8 minutes is consistent
with the species where two chloride atoms are directly coordinated to the Rh(III) center
[m/z =502.88 (found), 502.85 (calculated for C1oHi3Cl,04RhS4")], as shown in Figure 4-

15.
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Figure 4-14. ESI-MS of C1oH1604RhS4"
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Figure 4-15. ESI-MS of for C10HsCl,O4RhS4*

4.3-3. Rh(IIT) Complexes With 16Ssdiol Chelate System

16S-diol is generally used as the chelate of choice for quick assessment of '®Rh-
labeling efficiency. Hence, non-radioactive Rh(III) complexes formed with 16S-diol were
evaluated as a standard for comparing Rh(III) coordination chemistry with other chelators
at the tracer scale. [Rh(III)Clz2-16S4-diol]Cl was synthesized by reacting RhCls; with 16S,-

diol using a microwave synthesizer. The crystal structure previously reported by Venkatesh
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et al. indicates that Rh(III) was coordinated to four S atoms in a square planar geometry,
with two Cl atoms bound to the Rh(III) core in the trans axial positions. However, two
isomers were identified, which resulted from the diol oxygens being in either the cis or
trans position. This result was expected because the 16S4-diol ligand was purchased as the
cis/trans mixture.

Six different reaction conditions were investigated as shown in Scheme 4-3. HPLC
analysis of reactions 16 and 17 revealed 5 predominant peaks with retention times of
approximately 10.5 minutes, 9.7 minutes, 8.5 minutes, 8.0 minutes, and 7.3 minutes using
Gradient 3 (5% solvent B increased to 20% solvent B over 15 minutes, followed by an
additional 2 minutes at 20% solvent B, then decreased to 5% solvent B over 3 minutes), as
shown in (Figure S4-3A to S4-3F). ESI-MS analysis revealed that the peaks at
approximately 10.5 minutes and 9.7 minutes (combined peak area ~ 80%) are consistent
with the M" ion of [Rh(IIN)Clz-16Sdiol]* [m/z = 501.12 (found), 500.91 (calculated for
C12H24C1202RhS4%)], as shown in Figure 4-16. We can conclude that these two isomers
result from the diol oxygens being in either the cis or trans position since the 16S-diol
ligand was purchased as the cis/frans mixture. In addition, similar results were reported by
Venkatesh et al.?

The peaks at 8.5 minutes and 8.0 minutes correspond to the species where two
hydroxyl groups (OH) are directly coordinated to the Rh(III) metal center instead of two
chlorides [m/z = 465.08 (found), 464.98 (calculated for C12H2604RhS4")], as shown in
Figure 4-17. Similar product species were observed by Carroll'®. No significant difference

was observed in the HPLC profile between reaction 16 (no ethanol used) and reaction 17
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(ethanol used), which further suggests that Rh(III) complexes can be formed without the

addition of ethanol for the catalytic reduction of Rh* to Rh*!.

Interestingly, the product species with a retention time of approximately 10.5

minutes was preferentially formed when the reaction temperature was increased to 110 °C

(reactions 18 — 21). No significant difference was observed in the HPLC profile between

reaction 18 (no ethanol used), reaction 19 (ethanol used), and reaction 20 (SnCl> used).
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Figure 4-17. ESI-MS of for [Rh(II)OH,-16Sdiol]"

4.3-4. Production of !Rh from Recycled 'Ru Metal Target

Three separate neutron irradiations of the recycled '**Ru metal (production 1, 3 and
4) and one irradiation of new !®*Ru metal (production 2) were performed at MURR as
summarized in Table 4-1. The '®Rh recovery in productions 3 and 4 (57.9% and 57.6%,
respectively) was significantly higher than the !°*Rh recovery from productions 1 and 2

(22.9% and 15.1%, respectively). To the best of our knowledge, the ~ 57% '°Rh recovery
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reported here for productions 3 and 4 is the highest that has been reported for '®>Rh
production. The time for Clo bubbling during the target processing procedure in
productions 3 and 4 was more than double that used in productions 1 and 2. Bubbling more
Cl into NaOH solution would potentially generate more hypochlorite in situ, which would
facilitate the dissolution of the ®*Ru target and the release of '®Rh into the solution. This
might explain why the '®Rh recovery was higher in productions 3 and 4, which had more

time for Cl, bubbling.

Table 4-1: '®Rh production from recycled '**Ru metal target at MURR

Pull Date | '%Ru Target* | Irradiation | Initial 'Rh | Recovered 'Rh | % !°Rh recovery

(mg) time (h) | activity (mCi) activity (mCi) | (decay corrected)
Production 1 4/17/2018 1.44 90.02 7.17 1.50 22.9
Production 2 5/17/2018 3.24 89.15 23.90 3.30 15.1
Production 3 6/11/2018 4.78 89.67 38.20 19.79 57.9
Production 4 8/6/2018 4.46 90.02 36.60 19.10 57.6

*Recycled '"Ru metal target was used except for production 2 where new '**Ru metal target was used

Although high '">Rh recovery was achieved in productions 3 and 4, visual
inspection of the midget impinger during the dissolution of the recycled '®Ru target
revealed that the target did not completely dissolve, given that some very fine black
particles were still observed after heating in in situ generated hypochlorite for 1 hour at 40
°C. It is possible that the high temperatures required during the target recycling process
might have affected the particle size of the metal powder, thereby making it more difficult

to dissolve. Additionally, there is a possibility that passivation of the '®*Ru metal target
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occurred during the recycling process that included a long storage period of ['**Ru]RuOx4
in3 M HCL*

HPGe gamma spectrometry analysis of the final '®Rh stock solutions revealed the
predominant gamma peaks associated with '®Rh (318 and 306 keV). However, very
minimal impurities from 2*Na (< 0.1%) at 1368 keV were observed. The **Na impurity is
most likely from the neutron activation of NaCl contaminants contained in the recycled
104Ru metal. The 2*Na impurities reported here are consistent with previous results reported
by Phelps.* No other radionuclide impurities were identified.

ICP-MS analysis was performed on a 200 uL aliquot of decayed '’Rh stock
solution to determine the separation efficiency between '°*Ru metal target and '°Rh during
the target processing procedure. The '®Rh stock solution is usually obtained in a total
volume of ~2 mL; hence, the amount of metallic impurities obtained from the 200 pL ICP-
MS analysis aliquot was multiplied by 10 to get an estimate of the total amount of metallic
impurities in the stock solution. For all four 'Rh productions, the amount of '%Ru
remaining after separation was less than 0.05% of the original amount of irradiated '**Ru
metal target (Table 4-2). This is assuming that all signals at mass 104 are due to Ru with
an isotopic composition identical to the 98.9% enriched '**Ru metal target. Other metals
identified during the ICP-MS analysis include '®Pd, '°Pd and !'®*Rh. Pallidium-105 is
produced from the beta decay of '®Rh. Pallidium-106 is produced from the beta decay of
1%Rh, which is produced from the neutron capture reaction on '’Rh as shown in Equation
4-2. Given the very high thermal neutron capture cross section for '’Rh (11,000 barns),
there is a high probability for neutron activation of '®>Rh produced from the beta decay of

195Ru during the neutron irradiation of '°*Ru metal target. Rhodium-103 is produced from

137



the beta decay of '%*Ru, which is produced from the neutron activation of '®’Ru impurity

in the '“Ru metal target as shown in Equation 4-3. Phelps previously reported that the

104Ru metal target contains about 0.5% '“’Ru impurities, which would explain the

formation of '®Rh.*

105Rp, MY 106Rp P~ 106pg

Equation 4-2. Possible production route for !°°Pd

102Ry MY 103Ry P~ 103Rp

Equation 4-3. Possible production route for ®>Rh

Table 4-2: ICP-MS analysis of metals in decayed '®Rh stock solution*

1Ru Metal Total Total Total Total '*Ru % '""Ru

Target (ng) | 'Pd (ng) | '“Pd (ng) | '”Rh (ng) | remaining (ng) | remaining
Production 1 1.44 E+06 4.5 0.71 0.95 52.9 0.004
Production 2 3.24 E+06 23.5 4.05 0.10 354 0.001
Production 3 4.78 E+06 46.4 6.32 8.42 745 0.016
Production 4 4.46 E+06 40.7 6.03 7.48 2130 0.048

*Based on 2 mL of '%Rh stock solution

4.3-5. 1Rh-labeling

Prior to radiolabeling, the pH of the ['>Rh]RhCI; solution was carefully adjusted

to ~ 3.5 using 1 M NaOH (20 uL) and 0.5 M NaOH (20 uL). Previous studies have shown

that Rh™ tends to hydrolyze under basic conditions to form Rh(OH)s (K, = 4.8 x 102%),

which may form dimers or bridged species.’> Once Rh(OH); is formed, it is almost

138




impossible to convert back to Rh™3. Hence, it is critical that !®Rh-labeling experiments be
performed under acidic conditions (pH < 5). Care should be taken when adjusting the pH
of the ['®Rh]RhCI; solution to avoid going above pH 7. The Ry value of ['**Rh]RhCl3
developed using 0.9% saline is 0.05 when the pH of the [!°*Rh]RhCl; solution is above 7
(Figure S4-4) as opposed to 1.0 when the pH is ~4 (Figure S4-5). This indicates that
[1Rh]Rh(OH); (formed when pH > 7) remains at the origin, while [ Rh]RhCl; moves to
the solvent front in 0.9% saline. Radiolabeling experiments that were performed in pH > 7
resulted in no radiolabeling yields based on TLC analysis, with all radioactivity remaining
in the origin.

105Rh-labeling was performed using 222S.diAcOMe, 222SdiAcOH, and 16S4-
diol. The pH-adjusted ['®Rh]RhCl3 solution was incubated with the ligand solutions for
1 hour at 90 °C in a water bath. Silica gel TLC analysis was performed using three mobile
phases; 0.9% saline, acetonitrile, and 0.4 M NaBPhy in acetonitrile. The Rf values of
['®Rh]RhCl3, ['Rh]RhCL>-222S.diAcOMe, ['"*Rh]RhCL1>-222S,diAcOH, and
[1%Rh|RhClz2-16Sdiol in the three mobile phases are tabulated in Table 4-3 and the

images of the TLC scan are shown in Figures S4-4 to S4-16.

Table 4-3. Silica gel TLC analysis of 'Rh complexes

Compound R (0.9% Saline) R (ACN) R¢ (0.4 M NaBPhy in ACN)
['Rh]RhCl; 1.0 0.05 0.05
['Rh]|RhCl;-222S diAcOMe ~0.8 ~0.6 0.3-0.7
["Rh|RhCl,-2228 diAcOH ~0.8 ~0.6 0.3-0.7
["Rh]RhCl,-16S diol 0.3 0.2-0.4 0.9
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The radiolabeling yield for [1Rh]RhCl2-16Sdiol was 80.9 + 0.4% (n = 3), which
was determined using the TLC scans developed in saline as the mobile phase. The
radiolabeling yields for [1Rh]RhCL:-222SdiAcOMe and ['">Rh]RhC12-222SdiAcOH
were 92.5 £2.0% (n = 3) and 91.0 £ 1.5% (n = 3), respectively, which were determined
using the TLC scans developed in acetonitrile as the mobile phase. The TLC scans from
[1Rh]|RhC12-222S4diAcOMe and ['SRh]RhC2-222SdiAcOH were almost identical in
all three mobile phases. It is likely that the pendant methyl acetate groups in the
22284diAcOMe ligand would be hydrolyzed to carboxylic acid groups given the acidic
reaction conditions used for radiolabeling. This would result in identical product species
with the 22284diAcOH ligand. Acid hydrolysis of the pendant methyl acetate groups in
22284diAcOMe was also observed during the macro-scale synthesis of Rh(II)Clz-

2228 4diAcOMe with the addition of 1 mL of 0.5 M HCI.

4.4. Conclusions

Rh-105 remains an attractive radioisotope for the development of therapeutic

radiopharmaceuticals due to its favorable nuclear properties (half-life = 35.4 hours, B avg =
152 keV). Historically, it has been reported that the catalytic reduction of Rh*® to Rh*!,
with subsequent re-oxidation to Rh** by atmospheric oxygen, is necessary for the ligand
exchange and formation of Rh(III) complexes.'* 2 Hence refluxing alcohols, particularly
ethanol, have been traditionally used as reducing agents for the formation of Rh(III)
complexes.>3 1213 However, the studies reported here demonstrates that Rh(III) complexes
can be synthesized without the addition of ethanol or SnCl, as reducing agents.
Additionally, a microwave-assisted synthesis method for Rh(III) complexes was reported.

The use a microwave significantly reduced the reaction time to 10 minutes or less
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compared to the over 1 hour reaction time reported using the conventional bench top
synthesis method.!> '8 An improved HPLC method was developed to identify the various
Rh(IIT) product species, which were subsequently characterized using ESI-MS.

We also report the production of '®Rh using recycled '“Ru metal target.
Subsequently, !%*Rh-labeling experiments were performed using three ligands (16S4-diol,
22284diAcOMe, and 222S4diAcOH). To the best of our knowledge, the is the first reported
synthesis of Rh(III) complexes using '’Rh produced from recycled '®*Ru metal targets.
Additionally, ' Rh-labeling of 222S,diAcOMe, and 222SdiAcOH was achieved without

ethanol or SnCl; as reducing agents.

4.5. Future Studies

Although the production of ! Rh using recycled '**Ru metal target was successful,
there is room to improve the target processing procedure. The use of Cl, to generate
hypochlorite in situ for the oxidation of '"Ru metal creates room for possible
inconsistencies between different batches of target processing. This is because the amount
of Cl, used may vary due to changes in tubing length or pressure in the Cl, tank. The data
reported here shows that the amount of '®Rh recovered is influenced by the amount of Cl,
(i.e., increased Cl, bubbling time) used during target processing with more '°Rh recovered
with longer Cl> bubbling time. Additionally, Clz is a toxic gas and should be avoided if
possible. As an alternative, commercially available NaOCI can be used to oxidize '*Ru
metal to '»*RuOas. Phelps has demonstrated the oxidation of "Ru metal using 12-15%
NaOC].* Therefore, this method can be applied for processing irradiated ®*Ru metal target

to separate '*°Rh.
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Potential preclinical and clinical translation of '°*Rh-based radiopharmaceuticals
will require the development of bifunctional analogues of 2228.diAcOH that are
conjugated to suitable targeting molecules. The pendant carboxylic acid groups in
22284diAcOH provide a suitable functional group for the formation of an amide bond with
terminal amines in peptide molecules. Rhodium-105 labeling of the resulting bifunctional
chelator can then be performed without the addition of ethanol or SnCl; as reducing agents,
following the synthesis procedure that is reported in this work. Additionally, the
microwave synthesis method reported here for the synthesis of non-radioactive Rh(III)

complexes can also be applied for !°°Rh labeling studies to decrease reaction time.
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Supplementary Information

Supplementary Data - Chapter 2

Table S2-1. Efficiency of **Fe stripping from Pb-resin

Column#  %FeCls (uCi) Fe(ug)* Pb(ug)** Fractionl  Fraction 2 Total *°Fe
(nCi) (uCi) recovery
1 129 0 0 125.5 0 97%
2 129 4.4 0 126 0 98%
3 121.5 22.1 0 120.7 0 99%
4 117.6 11.0 41.0 114.4 0.8 98%
5 108.5 11.0 41.0 106.5 1.9 100%
6 108.5 11.0 41.0 106.3 1.9 100%
7 55.8 6.1 6.1 534 0.6 97%
8 55.8 6.1 6.1 54 0.6 98%
9 55.6 6.1 6.1 53.7 0.3 97%
*  from 0.54 mg/ml FeCls;.6H2O solution
**  from 0.64 mg/ml Pb(NO3), solution
mV :
40 |"‘ % Detector A Channel 1 280nm)|
| i
30 |
\
i | '
ZU*_ \‘
] |
10-] L
] n z 2
0;, S —— S N /"‘ ‘\\ = _,r\: .
T T T ‘ T T T T ‘ T T ‘ T T T ‘ T T | T ‘ T T T ‘ T | T

0.0

25

5.0

20.0
min

Figure S2-1. HPLC profile of Pb-RM2 (gradient = 22% ACN:H2O increased to 25%
ACN:H>0 over 19 minutes, followed by an additional 1 minute at 25% ACN:H>O, then
decreased to 22% ACN:H>O over 1 minute at a flow rate of 1.5 mL/min)
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Table S2-2. [***Pb]PbCl, biodistribution in CF1 mice

Data shown as mean £+ SD %ID (n = 5 mice per time point)

Tissue 15 min 1h 4h 24 h

Blood 7.64+0.97 6.70 £ 1.06 5.27+0.98 3.64 £0.45
Heart 0.12+0.04 0.07 £0.02 0.06 = 0.02 0.03+£0.01
Lung 0.61 £0.08 0.54+£0.12 0.42+0.23 0.18 £0.04
Liver 22.17+2.07 22.79 £ 1.49 23.89+£1.36 16.53 £3.50
Stomach 0.47+0.07 045+0.14 0.65+0.28 0.42+0.34
Sm. Intestines 4.17+0.40 4.35+0.42 4.19+0.38 1.70+0.20
Lg. Intestines 1.53 £0.55 1.17£0.07 2.70+0.43 1.71 £0.23
Kidney 26.26 +£3.10 28.52+2.84 25.46+2.10 18.97+1.51
Spleen 0.13 +0.03 0.16 £0.05 0.18 £0.03 0.10 £ 0.06
Brain 0.07 £0.01 0.07 £0.02 0.08 £0.03 0.05 +0.01
Pancreas 0.83+0.14 0.78+0.13 0.65+0.14 0.34 £ 0.06
Muscle 0.05+£0.01 0.05 +£0.02 0.03 +0.02 0.03 +0.03
Bone 0.75+0.16 0.95+0.12 0.95+0.10 1.29+0.14
Urine (%]ID) 0.95+0.54 2.05+0.32 4.63 £0.84 10.22 £2.86
Excretion (%ID) 0.95+0.19 2.05+£0.19 4.63 £0.86 19.82 +4.61

Note: Values for urine include radioactivity measured in cage paper

146




Ioded o3e0 ur painseawr AJIANOBOIPRI OPNOUL SULIN JOJ SINBA 910N

STLFOSVO6  COTFIY06 T08FSLO8 STIFOCO6L OvvFTWLS LTOFI91Y (A1%) uonaidxy
90CTFCETC6 TOCFVPO06 108FSLI98  STIFOC6L OV Y FIVLS LTOFI9 IV (a1%) durin
6L°0F8C'1 CLOFLST 6€0FECT S6'0F0CC 67°0 F Sl €O L Frrl s.ownj,
000 F 1070 00'0F 10°0 C0'0F 10°0 000F 1070 10°0 €00 [0°0 FS0°0 uog
100 F 1070 [0°0 F10°0 000 F 10°0 10°0 F €0°0 00 F60°0 SO0FSI0 IPSNA
000 F¥0°0 900 FCI0 SCOF950 VoFvrl 890 F8C'¢ CLOFVTY sea.nued
000 F00°0 000 F 10°0 [0°0 F 10°0 00°0F 200 100 F€0°0 [0°0 F90°0 ure.ag
000 F10°0 000 F 10°0 [0°0 F10°0 000 F10°0 10°0 F €0°0 20’0 F90°0 udddg
9T°0F 880 LTOFIST CCOFLY] SI'0OF68'1 6€0FCCC ELOFECE Asupry
SO0FEL0 00CTF 061 61'0F9L°0 600 F9¢€°0 0CT0F9L0 EC0F V0l saupsayuy *3]
8C0F9C0 ¢C0F8Y0 96’9 F 08¢ [T0FEST SVOFSST 99'0 FST'¢ saupsau "W
10°0 F20°0 [0°0FL0°0 98’1 FL60 900 F IT0 800 FS€0 er'0FSsso YoewolS
¥0°0 F9C°0 LOOFLEOD S0'0F€L0 CI'0OFIL0 ITO0F6¢€1 [8°0F €8T J9AI']
100 F 1070 000 FC0°0 [0°0F €0°0 100 F01°0 00 F¥C°0 cr0oF vy o Suny
000 F00°0 000 F 10°0 000 F 10°0 100 F €00 C0'0F LOO Y00 FSI°0 J1edH
10°0 ¥ S0°0 20’0 F60°0 900 F €10 8C0F+8°0 0L0FLSC SSTF€0°S poorgq
yye Uy yc Ul um ¢ u g INSSL],

(qurod swn) 4ad 21 G = U) I% (S F UBIW S& UMOYS BIB(
"301W Jurredq-Iowny ¢)d ul uonnqrsipolq tINA-ddladgyl “€-7S d1qeL

147



Supplementary Data — Chapter 3
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Dead Time 8.62 %
Energy Calibration Used Done On : 1/28/2019
Efficiency Calibration Used Done On W R2RPRIPRER

Efficiency ID
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Detector Name: DETO1

Sample Title: Sample title.
Peak Analysis Performed on: 1/28/2019 2:29:47 PM
Peak Analysis From Channel: i
Peak Analysis To Channel: 8192
Peak ROI ROI Peak Energy FWHM Net Peak Net Area Continuum
No. start end centroid (keV) (keV) Area Uneerkt. Countis
1 80— 92 86.65 24.80 1.79 9.048E+03 468.44 7.743E+04
M 2 249- 276 255.88 73.08 1.36 5.269E+04 383.34 1.350E+05
m 3 249- 276 262.77 75.05 1.36 2.172E+05 575.63 1.344E+05
m 4 249- 276 270.41 T F 23 1.36 2.604E+05 608.49 1..245E+05
M 5 291~ 320 297.61 84.99 1.56 4.376E+04 341.88 9.600E+04
m 6 291~ 320 305.78 87.32 1.56 1.362E+05 473.70 1.020E+05
m 7 291—= 320 314.71 89.87 1.56 4.500E+04 325.98 8.331E+04
8 402- 403 403.40 11518 0.29 3.042E+03 143.31 1.318E+04
9 831- 836 834.00 238.04 1.15 6.368E+05 1002.90 2.070E+05
10 965~ 972 969.14 276.60 1.24 3.515E+04 285.21 2.299E+04
11 1003- 1010 1006.58 28%..29 1.29 b5.194E+03 189.55 1.527E+04
12 1044- 1052 1048.55 299.26 1.31 4.736E+04 316.09 2.463E+04
13 1141- 1149 1145.58 826.93 0.92 1.378E+03 186.67 1.567E+04
14 1576- 1587 1581.69 45139 1.44 4.072E+03 171.41 1.009E+04
15 1777- 1789 1783.68 509.02 1.64 9.271E+04 401.27 2.596E+04
16 2029- 2043 2036.62 581.20 1.62 2.758E+05 613.59 3.501E+04
M 17 2513~ 2548 2530.78 P20 1.92 2.309E+03 TN ] 5.018E+03
m 18 2513- 2548 2539.82 724.78 1.93 5.096E+04 249.59 5.596E+03
19 2657- 2674 2665.74 760.71 1.63 4.625E+03 119.42 2: 962E+03
20 2734- 2751 2742.96 782.74 1.82 7.898E+03 133.78 3.077E+03
21 2864- 2876 2869.10 818.73 1.90 2.529E+02 71.36 1.835E+03
2% 2995~ 3014 3005.12 85755 1.90 3.028E+04 213.69 4.393E+03
23 3110- 3129 3119.89 890.30 1.95 2.473E+03 103.94 2: 37T6E+03
24 3233- 3249 3239.22 924 .34 0.83 3.412E+02 78.71 1.866E+03
25 3314- 3335 3325.01 948.82 1.68 1.222E+03 99.35 2.306E+03
26 3424- 3442 3431.89 97932 1.81L 3.175E+02 86.44 2+ 115E+03
27 3756- 3778 3767.27 1075.02 2:01 2.969E+03 112491 2:525E+03
28 3810- 3829 3819.77 1090.00 2.16 1.080E+03 90.69 2.040E+03
29 Bb270- bH294 5284.19 1507.85 2.22 1.271E+03 108.73 2.557E+03
20 5866~ 5879 BE72.05 1532.92 L. @ =1 .l L6ERGL 656 1.378E+03
31 Sbd8= 5574 556264 158730 2.63 1.551E+04 184.02 3.859E+03
32 5646- 5676 5661.32 1615.46 2:50 5:857E+HQ3 158.28 3.936E+03
33 6295- 6319 6309.38 1800.38 1.91 3.320E+02 115.79 3.165E+03
34 6556- 6573 6562.06 1872.48 0.46 2.116E+02 86...58 2 . 238E+03
35 7332= 7306 V349:52 2097171 3.63 1.238E4+04 211.31 6.005E+03
M = First peak in a multiplet region
m = Other peak in a multiplet region
FF= Fitted singlet

Errors quoted at 1.000 sigma

Figure S3-1. Gamma spectrum peak analysis report for Pb-212 generator eluent
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Purified Pb-212

Filename: DETO1
Report Generated On

Sample Title

Sample Description
Sample Identification
Sample Type

Sample Geometry

Peak Locate Threshold

Peak Locate Range (in channels)
Peak Area Range (in channels)
Identification Energy Tolerance

Sample Size

Sample Taken On
Acquisition Started

Live Time
Real Time

Dead Time

Energy Calibration Used Done On
Efficiency Calibration Used Done On

Efficiency 1D

1728 /201.9 2:00:35%5 BM

Sample title.

3. 00
1 = 65535
1 - 65535
1.000 keVv

1.0000E+00 Unit

1/28/2019 1:38:49 BPM

1200.0 seconds
1237.8 seconds

3. 05 %

1/28/2019

PO BND 5
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Detector Name: DETO1

Sample Title: Sample title.
Peak Analysis Performed on: 1/28/2019 2:00:35 PM
Peak Analysis From Channel: 1
Peak Analysis To Channel: 8192
Peak ROI ROI Peak Energy FWHM Net Peak Net Area Continuum
No. start end centroid (keV) (keV) Area Uncert. Counts
1 22- 34 28.91 8.32 1.76 3.078E+04 356.05 3.377E+04
M 2 249- 276 255.76 73.05 1.00 1.773E+04 204.08 3.860E+04
m 3 249- 276 262.47 74 .97 1.00 1.175E+05 380.69 3.615E+04
m 4 249- 276 270.29 77.20 1.00 1.628E+05 434.51 3.167E+04
M 5 291- 320 297.30 84.90 1.20 1.627E+04 189.44 3.049E+04
m 6 291- 320 305.52 87.25 1.20 8.184E+04 323.79 2.785E+04
m 7 291- 320 314 .84 89.91 1.20 2.560E+04 207.67 2.499E+04
8 402- 403 403.39 115 .17 0.29 3.385E+03 103.53 5.487E+03
] 511- 514 513.00 146 .45 0.29 2.581E+01 99.37 6.436E+03
10 753- 758 756 .00 215.79 0.29 1.252E+02 119.65 8.017E+03
11 831- 836 833.96 238.03 0.99 5.404E+05 793.13 5.024E+04
12 965- 972 969.14 276.61 1.04 8.447E+03 121.77 3.189E+03
13 1003- 1010 1006.77 287 .34 1.05 1.435E+03 83.09 2.723E+03
14 1044- 1052 1048.63 299.29 1.10 3.519E+04 210.12 4 .215E+03
15 1576- 1587 1581.72 451.40 1.15 ©.459E+02 71.01 1.635E+03
le 1777- 1789 1783.71 509.03 1.37 1.906E+04 163.26 2.894E+03
17 2029- 2043 2036.76 581.24 1.35 5.420E+04 245.73 2.147E+03
M 18 2515- 2548 2521.49 719.55 1.54 1.336E+02 22.69 5.466E+02
m 19 2515- 2548 2539.093 724.81 1.55 1.058E+04 105.73 6.377E+02
20 2658- 2674 2665.92 760.76 1.41 8.835E+02 47 .82 4 .495E+02
21 2734- 2751 2743.31 782 .84 1.60 1.712E+403 56.17 4 .435E+02
22 2791- 2798 2794.06 797 .32 0.76 9.269E+00 19.14 1.767E+02
23 2914- 2923 2919.12 833.01 0.85 3.228E+01 22.30 2.057E+02
24 2996- 3014 3005.51 857.66 1.59 5.467E+03 84 .91 5.168E+02
25 3111- 3130 3120.36 890.43 1.57 4.821E+02 44 .72 4.319E+02
26 3318- 3335 3325.13 948 .86 1.90 2.404E+02 38.39 3.756E+02
27 3422- 3441 3432.73 979.56 1.30 9.457E+01 3621 3.454E+02
28 3609- 3620 3613.56 1031.16 0.38 2.107E+01 22.79 1.959E+02
29 3760- 3778 3767.73 1075.15 1.21 5.446E+02 42.12 3.634E+02
30 3809- 3831 3820.70 1090.26 1.34 2.639E+02 40.97 3.651E+02
31 5094- 5113 5102.73 1456.08 0.86 1.198E+02 38.62 3.892E+02
32 5276- 5293 5284.32 1507.89 2.04 2.848E+02 34.50 2.772E+02
33 b5551- 5577 5563.40 1587.52 2.21 2.634E+03 71.19 5.473E+02
34 5647- 5674 5662.43 1615.78 2.00 1.134E+03 61.93 6.006E+02
35 5729- 5740 5734.38 1636.31 0.44 -1.090E+01 24 .59 2.439E+02
36 6302- 6317 6310.13 1800.59 0.29 4.054E+01 32.82 3.445E+02
37 6810- 6824 6817.69 1945.42 0.59 2.577E+01 31.40 3.332E+02
38 7133- 7146 7139.99 2037.38 0.46 5.350E+01 27 .85 2.625E+02
39 7332- 7367 7350.27 2097.38 3.65 2.239E+03 87.07 9.714E+02

First peak in a multiplet region
Other peak in a multiplet region
Fitted singlet

Figure S3-2. Gamma spectrum peak analysis report for purified Pb-212
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Table S3-2. ICP-MS analysis of crude and purified 2*2Pb samples **

Sample ID Date Description ‘ Fe (ng) ‘ Zn (ng) | Pb (ng)
Generator 3
T1 09/19/2018 2M HCI 6.00 0.50 3.46
T2 09/19/2018 0.5M NaOAc <LOD 0.71 0.30
T3 09/19/2018 Crude Pb-212 113 20.7 50.9
T4 09/19/2018 | Purified Pb-212 6.12 7.20 40.0
TS5 09/20/2018 Crude Pb-212 65.2 40.6 90.7
T6 09/20/2018 | Purified Pb-212 1.77 14.7 32.0
T7 09/21/2018 Crude Pb-212 222 244 82.4
T8 09/21/2018 | Purified Pb-212 1.30 13.2 28.6
T9 09/24/2018 Crude Pb-212 37.7 27.3 5.06
T 10 09/24/2018 | Purified Pb-212 1.70 8.44 16.5
T11 09/26/2018 Crude Pb-212 18.3 29.0 17.3
T12 09/26/2018 | Purified Pb-212 1.02 8.25 48.1
T13 09/28/2018 Crude Pb-212 17.5 24.4 4.83
T 14 09/28/2018 | Purified Pb-212 1.93 7.18 9.51
Generator 4
T18 10/10/2018 Crude Pb-212 104 222 42.7
T19 10/10/2018 | Purified Pb-212 <LOD 2.43 30.1
T 20 10/11/2018 Crude Pb-212 121 23.1 14.5
T 26 10/11/2018 | Purified Pb-212 <LOD 2.02 6.53
T 27 10/12/2018 Crude Pb-212 96.8 34.8 6.01
T 28 10/12/2018 | Purified Pb-212 <LOD 3.28 4.80
T 29 10/15/2018 Crude Pb-212 243 28.0 2.58
T 30 10/15/2018 | Purified Pb-212 <LOD 2.04 4.01
T 31 10/16/2018 Crude Pb-212 137 24.2 8.39

** Each sample contains 200 puL
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Supplementary Data — Chapter 4
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Figure S4-1A. HPLC spectrum for reaction 1
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Figure S4-1B. HPLC spectrum for reaction 2
mV (x1,000)
Detector A Ch1:280nm &
125 o
1.00
075
050
025 -
8 g 3
NG Oy 3y
0.00 T 0 S ™
00 25 50 75 100 25 150 175 min

Figure S4-1C. HPLC spectrum for reaction 3
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Figure S4-1E. HPLC spectrum for reaction 5
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Figure S4-1F. HPLC spectrum for reaction 6
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Figure S4-1G. HPLC spectrum for reaction 7
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Figure S4-1H. HPLC spectrum for reaction 8
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Figure S4-11. HPLC spectrum for reaction 9
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Figure S4-2F. HPLC spectrum for reaction 15
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Figure S4-3D. HPLC spectrum for reaction 19
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Figure S4-3E. HPLC spectrum for reaction 20
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Figure S4-4. TLC scan of ['Rh]RhCl; solution (pH > 7) with 0.9% saline as mobile
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Figure S4-5. TLC scan of [!*Rh]RhCI; solution (pH ~ 4) using 0.9% saline as mobile
phase
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