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Abstract 

Advancing targeting radiopharmaceuticals for theranostic applications  

by 

Tyler Allan Bailey 

Doctor of Philosophy in Engineering - Nuclear Engineering 

University of California, Berkeley 

Professor Rebecca J. Abergel, Chair 

 

In the past few decades, targeted radionuclide therapy has emerged as a 
potential strategy for combatting cancer. Through the delivery of alpha, beta-minus, or 
Auger electron emitting radionuclides to diseased tissue via targeting vectors, targeting 
radiopharmaceuticals can deal cytotoxic damage to cancerous cells while minimizing 
damage to healthy tissue. Furthermore, applying the theranostic approach, where a 
diagnostic radionuclide is delivered using the same targeting vector, allows targeted 
radionuclide therapy to become more personalized, potentially making these treatments 
more effective. This strategy allows for using the same targeting radiopharmaceutical 
for both diagnostics and therapy. This enables patient-specific dosimetry, the ability to 
predict the response for a given therapy, improved treatment planning, and monitoring 
of the ongoing treatment. Unfortunately, widespread use of the theranostic approach 
faces a variety of challenges in order to make theranostics more obtainable.  

This dissertation seeks to advance targeting radiopharmaceuticals for theranostic 
applications by investigating a novel companion diagnostic radionuclide, 134Ce, as a 
companion diagnostic for both 225Ac and 227Th. In addition, the use of the chelator 3,4,3-
LI(1,2-HOPO) (HOPO) was investigated with 134Ce, the 90Y/86Y theranostic pair, and 
225Ac. HOPO has the potential to be a “theranostic chelator” due to its affinity for a 
variety of strategic trivalent and tetravalent radiometals. Furthermore, a novel elution 
strategy for 224Ra/212Pb generators was benchmarked which could facilitate the use of 
the 212Pb/203 Pb theranostics in clinical settings. Lastly, the use of Siderocalin fusion 
proteins, which could pave the doorway for the development of antibody-based “cold-
kits” thereby allowing for the rapid, room temperature labeling of monoclonal antibodies 
for targeted radionuclide therapy, was explored. 

The actinide radionuclides 225Ac and 227Th have recently shown great clinical and 
preclinical success for targeted radionuclide therapy due to their long decay chain which 
emits 4 or 5 α particles and their lack of a long-lived decay product. Unfortunately, 
neither of these radionuclides can be suitably imaged by contemporary molecular 
imaging modalities including positron emission tomography (PET) or single photon 
emission computed tomography (SPECT). Furthermore, there is not an actinium or 
thorium isotope that allows for PET or SPECT imaging. To address this need a 
surrogate diagnostic radionuclide with chemically similar properties using the in vivo 
generator system 134Ce/134La was investigated since it can be imaged by PET and has 
an unique redox chemistry that allows 134Ce to be stabilized as 134CeIII to mimic 225AcIII 
or as 134CeIV to mimic 227ThIV. The surrogacy of 134Ce/134La is investigated by assaying 



2 
 

the biodistribution and in vivo stability of 134Ce complexes (134CeIII-DTPA, 134CeIII-DOTA, 
and 134CeIV-HOPO) through microPET imaging of a murine model. All of these 
complexes displayed high in vivo stability and rapid pharmacokinetics, and they all had 
negligible residual activity 24 hours after administration.  Furthermore, the long half-life 
of 134Ce (3.2 days) allows for it to be compatible with antibody drug conjugates. This 
compatibility is investigated through microPET imaging 134CeIII-DOTA-Trastuzumab in a 
SK-OV-3 tumor-bearing murine model. Because of the high in vivo stability of 134Ce-
DOTA and long half-life of 134Ce, 134Ce-DOTA-Trastuzumab displayed elevated tumor 
uptake for up to 9 days after administration and has a similar biodistribution to 225Ac -
DOTA -Trastuzumab. These proof of concept studies open the doorway for the 
development of targeting radiopharmaceuticals incorporating 134Ce. 

86YIII (a positron emitter) and 90YIII (a β- emitter) are rare earth metal theranostic 
pairs that facilitate the implementation of the theranostic approach due to both the 
therapeutic and diagnostic radionuclides having identical chemistry. Due to HOPO’s 
affinity for trivalent radiometals, HOPO can rapidly form highly stable yttrium complexes 
at room temperature, unlike DTPA or DOTA which are commonly used for 90Y/86Y 
theranostics. Through in vivo microPET imaging, the biodistribution and in vivo stability 
of 86Y-HOPO are assayed in a murine model. 86Y-HOPO displayed high in vivo stability 
and rapid pharmacokinetics, and it had negligible residual activity 24 hours after 
administration which is valuable for future work investigating yttrium-based targeting 
radiopharmaceuticals. 

212Pb, another promising α emitting radionuclide, is available in a convenient 
224Ra/212Pb generator and has a diagnostic matched pair available, 203Pb, which allows 
for SPECT imaging. A new elution strategy that directly yields 212Pb in a more favorable 
electrolytic solution (1.0 M sodium acetate) for radiolabeling, circumventing the need for 
long evaporation and redissolution processes, is benchmarked by a series of 
radiolabeling experiments comparing this new strategy to the conventional one. 
Through two weeks of labeling experiments, this elution strategy minimized the time 
needed to elute the 225Ra/212Pb, and it maintained a high radiochemical yield and 
radiochemical purity while labeling 212Pb to TCMC-Trastuzumab conjugates. This novel 
elution strategy can facilitate the use of 224Ra/212Pb generators in clinical settings 
allowing a more widespread implementation of 212Pb/203Pb theranostics.  

Siderocalin fusion proteins allow for a novel way to deliver therapeutic 
radionuclides to diseased sites. Because of Siderocalin’s ability to non-covalently bind 
to highly stable, negatively charged metal-HOPO complexes, these fusion proteins can 
allow for rapid, room temperature radiolabeling compared to DOTA which requires high 
temperatures in order for quantitative radiolabeling. In order to investigate their tumor 
targeting and tumor control properties, ex vivo biodistribution and tumor control 
experiments are performed with 225Ac and 90Y labeled fusion proteins in a SK-OV-3 
tumor-bearing murine model. While 225Ac labeled fusion proteins were not able to 
display elevated uptake in tumors due to the low in vivo stability of 225Ac-HOPO, the 90Y 
fusion proteins were able to display tumor uptake within 50 hours. With further 
development, these Siderocalin fusion proteins can potentially become the blueprint for 
antibody-based “cold-kits”.  
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CHAPTER 1: Introduction 
1.1 Overview 

Targeted radionuclide therapy has emerged as an effective option for treating 
cancer. While traditional radiotherapy directs radiation through the careful delivery of a 
collimated x-ray beam to the specific disease site (external beam therapy) or the 
placement of a seed containing a radiation source near the specific disease 
(brachytherapy), targeted radionuclide therapy relies on the administration of molecular 
agent with a radionuclide payload that has a high affinity for a specific receptor or 
antigen on the diseased site1. This molecular agent, acting as a “Zauberkugel” or 
“Magic Bullet” in the words of the German Nobel Laureate Paul Ehrlich, delivers its 
radionuclide payload to its target where the radionuclide emits ionizing radiation to 
disable or destroy the target2. These molecular agents (herein referred to as targeting 
radiopharmaceuticals) have taken a variety of forms over the years.  

Starting in the 1940s, radioactive iodine isotopes (particularly 131I and 128I which 
are both β- emitters) were administered in patients with thyroid carcinomas without the 
aid of a molecular targeting vector (this radioactive iodine is administered as NaI which 
dissociates in vivo)1. These therapies were effective due to iodine’s natural propensity 
for uptaking in the thyroid due to its role in producing thyroid hormones. 131I soon was 
the dominant radioiodine to be in use for medical applications due to its longer half-life 
and its emission of a gamma photon. This photon allows 131I to be imaged by an 
external device which allows for the same molecule to be used for diagnostics and 
therapy (vide infra). This idea of using the radionuclide’s natural biodistribution as the 
targeting vector has been extended to recent times in the form of 223RaCl2, which was 
FDA-approved in 2013 for treating patients with castration-resistant prostate cancer that 
has spread to the bone3.  

While relying on the natural biodistribution of the radionuclide is effective in some 
cases, more complex targeting vectors are required when the diseased tissue is not 
located on a “convenient” organ. One particular example is 131I-meta-
iodobenzylguanidine or 131I-MIBG, an analogue of a catecholamine, which is a small 
molecule that is recognized by a receptor on adrenergic tissue. This targeted 
radiopharmaceutical has been used to treat unresectable (can’t be surgically removed) 
or metastatic adrenergic tissue tumors since the 1990s and has recently been FDA-
approved in 20184. 

Another potential avenue for targeted radionuclide therapy is 
radioimmunotherapy where the radionuclide is labeled to a monoclonal antibody that 
targets a specific antigen on the diseased tissue5. The first two FDA-approved 
radiopharmaceuticals for radioimmunotherapy were 90Y-tiuxetan-Ibritumomab (approved 
in 2002) and 131I-Tositumomab (approved in 2003). Both of these targeting 
radiopharmaceuticals were used to treat CD20+ (the antigen) Non-Hodgkin’s 
lymphoma. While the procedure for labeling 131I to Tositumomab was simpler (131I is just 
covalently bonded to the antibody itself), the preparation of 90Y-tiuxetan-Ibritumomab is 
more involved since 90Y is a metal and not a gas unlike 131I and requires the use of a 
bifunctional chelator (tiuxetan) which binds to the 90Y and antibody. In addition, 90Y does 
not emit a gamma photon (it is a pure β- emitter); therefore imaging targeting 
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radiopharmaceuticals incorporating 90Y requires swapping out 90Y for a radionuclide that 
can be imaged. 111In has commonly been used for this application even though it has 
different chemical properties than 90Y6. Despite these complications, 90Y-tiuxetan-
Ibritumomab has some advantages and is still in use today since its more energetic β- 
particle allows for the more effective treatment of larger tumors because of the cross-fire 
effect. Moreover, 131I-Tositumomab was removed from the market in 2014 due to limited 
use.  

Another potential subset of targeted radionuclide therapy is through peptide 
receptor radionuclide therapy where peptides are instead used as the targeting vector. 
A popular application for peptide receptor radionuclide therapy has been for the 
treatment of neuroendocrine tumors1. A common feature of these types of tumors is that 
they are metastatic at the time of presentation, so resection of the primary tumor is not 
curative. It was discovered that these tumors expressed somatostatin receptors which 
could be inhibited by peptides. Early attempts at developing targeting 
radiopharmaceuticals to combat this type of cancer were to incorporate 90Y (as a 
therapeutic agent) and 111In (as a diagnostic agent) into peptides such as DOTA-TATE, 
DOTA-TOC, and DOTA-LAN (DOTA is a bifunctional chelator while the peptides TATE, 
TOC, and LAN are short for octreotate, octreotide, and lanreotide respectively). While 
these 90Y labeled peptides yielded promising results, it was found that 177Lu was more 
effective. 177Lu has a lower β- energy than 90Y which made it more effective at delivering 
high dose to micrometastases and smaller lesion sizes; in addition, 177Lu also emits a 
gamma which also allows for imaging by single photon emission computed tomography. 
Because of this 177Lu-DOTA-TATE was FDA approved in 20187. 

While the vast majority of targeting radiopharmaceuticals have incorporated β- 
emitters, in the past couple of decades targeted radionuclide therapy with α emitters, or 
targeted alpha therapy, has been steadily expanding. This is because α particles 
deposit large amounts of energy in short distances (50-230 keV/um)  compared to β- 
particles (0.1-1.0 keV/um) which makes α emitters rather effective against small tumor 
volumes, micrometastases, and circulating cells8. Alpha particles only travel 50-100 μm 
(5-10 cell diameters) in soft tissue, which minimizes energy deposition in nearby healthy 
cells, especially in comparison to beta particles which can travel 2,000-10,000 μm (200-
1000 cell diameters). In addition, alpha particles efficiently produce double-stranded 
breaks in DNA, the dominant cause of cell death from radiation interactions, through 
direct ionization, which, unlike beta particles, is independent of tissue oxygenation9,10. 
Moreover, alpha emitters are effective at breaking chemotherapy-resistant, photon 
irradiation-resistant, and castration-resistant lesions11,12. 

While many alpha-emitting radionuclides have potential or are approved for 
medical use (223Ra for instance), 225Ac, 227Th, and 212Pb are the preeminent candidates 
for targeted alpha therapy3,13,14. This is due to 225Ac and 227Th having long decay chains 
including 4 or 5 alpha-emitting daughters, long half-lives granting adequate time for 
transportation, labeling, and compatibility with both peptides and monoclonal antibodies, 
and the lack of long-lived decay products that would deliver unnecessary dose to the 
patient. Moreover, there exists bifunctional chelators that allow for the sequestering of 
225Ac, 227Th, and 212Pb and the conjugation to targeting vectors. This is unlike 223Ra, 
which lacks strong chelators, thereby limiting its oncological application due to its affinity 
to the bone mineral hydroxyapatite15. This non-specific uptake can lead to a large 
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uptake in both the metastases and healthy, actively growing bone, which contains 
hydroxyapatite as well. Coupling 225Ac, 227Th, or 212Pb to targeting vectors 
circumnavigates this non-specific uptake and expands the use of alpha-emitters to other 
cancer types. 

Auger electron-emitting radionuclides are another avenue that targeted 
radionuclide therapy can turn to. The low-energy electrons that these radionuclides emit 
in cascades deposit their energy in short ranges (1-23 keV/μm)  with the highest energy 
auger electrons only going several microns in soft tissue16. While these electrons further 
minimize the chance of the cross-fire effect occurring and are considered more precise 
than even α particles, it is often thought that auger electron emitters require to be 
internalized inside the nuclear membrane (as close as possible to the DNA) to yield 
efficacious results. There has been some in vitro and in vivo evidence that 
demonstrated cytotoxic effects can be realized without nuclear internalization due to the 
bystander effect, but these studies are in the minority17–19. Because of these 
complications, clinical trials with auger electrons have been limited and have involved 
mainly 111In and 125I. 

One reason for the prominence of 131I in early targeted radionuclide therapy 
treatments was that 131I also emitted a gamma photon which allowed for the imaging of 
its biodistribution. The emission of both of these particles allows targeting 
radiopharmaceuticals that incorporate 131I to be used for therapy and diagnostics. 
Theranostics, the portmanteau of therapy and diagnostics, allows for patient-specific 
dosimetry to be determined and the preparation of a treatment plan for each individual 
patient20. This approach could determine whether a particular targeted 
radiopharmaceutical will benefit a particular patient and estimate whether it will lead to 
toxic side effects. While this idea isn’t new, the widespread adoption of theranostics has 
been limited in targeted radionuclide therapy. The primary purpose of this dissertation is 
to discuss novel ways of advancing targeting radiopharmaceuticals to further facilitate 
the use of theranostics. While the radionuclides used can be radiometals (as is the case 
for 90Y) or radioactive gases (as is the case for 131I), this dissertation focuses on the use 
of radiometals as it allows for greater modularity (if an appropriate chelator is chosen, 
one radiometal can potentially be swapped for another while keeping everything else 
the same). 

1.2 Targeting Radiopharmaceuticals 
To facilitate the discussion of targeting radiopharmaceuticals throughout the rest 

of this dissertation, a discussion of a generalized model and all its individual 
components is warranted. Figure 1.1 illustrates the beforementioned model which is 
comprised of a therapeutic and/or diagnostic radiometal, a chelator, a targeting vector, 
and a linker that attaches the chelator to the targeting vector.  
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Figure 1.1: Generalized model of a targeted radiopharmaceutical.  

1.2.1 Radiometals 
In a targeted radiopharmaceutical, the radiometal can either be used for therapy, 

diagnostics, or both. If a different radiometal is used for therapy and diagnostics, both 
the radiometals must either have the same or similar chemistry for the theranostic 
approach to provide accurate dosimetry. This is because of the potential demetallation 
(or disassociation) of the radiometal from the chelator in vivo (vide infra). If this occurs, it 
is ideal for the therapeutic and diagnostic radiometal to have the same or similar 
chemistry because then they will have the same natural biodistribution. The therapeutic 
radiometals (and their companion diagnostics) that are discussed in this dissertation 
can be categorized into one of three different categories: theranostic radiometal, 
theranostic pair, and theranostic matched pair13. 

A theranostic radiometal allows for the same radiometal to be used for therapy 
and imaging. In addition to emitting an α particle, β- particle, or auger electron(s), the 
radiometal also emits a gamma photon or a positron with sufficient intensity that can be 
imaged by SPECT or positron emission tomography (PET), respectively. One common 
example is 177Lu which emits a β- particle and 2 gamma photons (112.95 keV (6.23%) 
and 208.37 keV (10.41%))7. A more novel example that has received attention recently 
is 149Tb which can either decay by α emission approximately 16.7% of the time or by 
positron emission followed by a cascade of gamma photons allowing for the ability to 
directly image this α emitter via PET or SPECT21.  

A theranostic pair is when the therapeutic radiometal and the diagnostic 
radiometal are of the same element. Because the two radiometals’ chemistry is 
identical, their in vivo behavior is identical so the diagnostic targeted 
radiopharmaceutical can be used to accurately trace the biodistribution of the 
therapeutic targeted radiopharmaceutical. Two theranostic pairs that will be discussed 
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in detail in this dissertation include 90Y (β- emitter) / 86Y (positron emitter) and 212Pb (α 
emitter) / 203Pb (gamma emitter)22,23. Some other theranostic pairs that have also 
received interest in the past few years are 47Sc (β- emitter) / 44Sc (positron emitter) and 
149Tb (alpha and positron emitter) / 152Tb (positron emitter) / 155Tb (auger electron and 
gamma emitter) / 161Tb (β- emitter)24.  
 A theranostic matched pair is required when the therapeutic radiometal does not 
emit a gamma photon or positron with sufficient intensity. Because of this, a diagnostic 
radiometal with similar chemistry is required to allow for similar in vivo behavior. Due to 
limitations of contemporary clinical SPECT and PET scanners, theranostic matched 
pairs are required for 225Ac and 227Th, two alpha emitters that have displayed promising 
preclinical and clinical results, to perform accurate dosimetry and treatment planning. 
68Ga and 89Zr (both positron emitters) have commonly been used as theranostic 
matched pairs for 225Ac and 227Th, respectively11,25. As will be discussed throughout this 
dissertation, both 68Ga and 89Zr unfortunately do not have similar chemistry to both 
225Ac and 227Th. 

1.2.2 Chelators 
 Chelators are organic molecules responsible for binding the therapeutic or 

diagnostic radiometal with high in vivo stability in targeting radiopharmaceuticals. If the 
chelator releases the radiometal in vivo, the radiometal may redistribute to its natural 
biodistribution and unnecessarily dose healthy organs, potentially leading to 
radiotoxicity and second cancers (Fig. 1.2)26,27. While using targeting vectors that 
rapidly internalize in diseased cells or administering the targeted radiopharmaceutical 
directly into the diseased tissue can mitigate this redistribution, for general applications 
it is ideal to use chelators that display high in vivo stability for the radiometal of interest. 
Moreover, it is beneficial for the chelator to display higher selectivity for the 
corresponding radiometal compared to endogenous metals (such as calcium, zinc, and 
copper) as this will prevent transmetallation which leads to the release of the 
radiometal. Throughout the experiments discussed in this dissertation, the following 
chelators were used: diethylenetriamine pentaacetic acid (DTPA), 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7,10-tetraaza-1,4,7,10-
tetra(2-carbamoylmethyl)cyclododecane (TCMC), and 3,4,3-LI(1,2-hydroxypyridinone) 
(HOPO).  
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Figure 1.2: Diagram of the release of the radiometal from its chelator in targeting 
radiopharmaceuticals due to low in vivo stability of the metal-chelator complex. 

 DTPA (Fig. 1.3) and DOTA (Fig. 1.4) are both octadentate (capable of forming 8 
coordinate bonds) chelators that have been used frequently with a variety of rare-earth 
(90Y, 86Y, 44Sc, 47Sc, and 177Lu) and group 3 (68Ga and 111In) radiometals28. In addition, 
DOTA has been the most common chelator used for 225Ac. DTPA is an acyclic (linear) 
chelator and allows for fast radiolabeling (5 to 15 minutes) at room temperatures. This 
fast radiolabeling is due to a low energetic barrier which unfortunately can cause DTPA 
complexes to have a low kinetic inertness, leading to the release of metals in vivo. 
DOTA, being a macrocycle, has a much higher energetic barrier towards dissociation 
which causes DOTA complexes to have a much higher in vivo stability than DTPA 
complexes. Unfortunately, this enhanced stability comes at a cost and requires elevated 
heating (50-95 °C) for longer periods of time (1 hour) to afford efficient radiolabeling, 
which is not always feasible when the radiometal has a short half-life or when the 
targeting vector is heat sensitive such as monoclonal antibodies.  
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Figure 1.3: The chemical structure of DTPA. The red oxygens and the blue nitrogens 
are the coordinating atoms that bind to the metal when the oxygens are deprotonated. 

 

Figure 1.4: The chemical structure of DOTA. The red oxygens and the blue nitrogens 
are the coordinating atoms that bind to the metal when the oxygens are deprotonated. 

 In terms of chelators for 212Pb/203Pb theranostics, early preclinical studies used 
DOTA, but this leads to the high uptake of radiometal in the femurs which is indicative of 
212Pb release13. The macrocycle TCMC (Fig. 1.5), which has a cyclen ring like DOTA 
but uses amides to coordinate to metal instead of carboxylates, leads to more stable Pb 
complexes and is currently the gold standard for Pb-based targeting 
radiopharmaceuticals.  
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Figure 1.5: The chemical structure of TCMC. The red oxygens and the blue nitrogens 
are the coordinating atoms that bind to the metal when the oxygens are deprotonated. 

 While both  225Ac and 227Th fare better than 223Ra in terms of compatible chelator 
availability, most chelators in medical use are optimized for transition and/or main group 
metals and not for rare earth elements or actinides29. While DOTA and DTPA have had 
some success, complexes formed with these chelators have low kinetic stability and 
unfavorable labeling conditions, which is detrimental to the development of targeting 
radiopharmaceuticals incorporating these strategic radiometals and demonstrating the 
need for developing new chelators30. In the past, the development of chelators for 
actinides has mainly been for the application of decorporation31. This development has 
mainly been focused on siderophore derivatives, which are a class of molecules that are 
typically produced by bacteria or fungi and used to traffic FeIII to them. One of these 
chelators incorporates hydroxypyridinone moieties on a spermine base, 3,4,3-LI(1,2-
HOPO) (Fig. 1.6), and has been shown to rapidly bind both trivalent and tetravalent 
actinides and rare earth metals with higher selectivity compared to divalent endogenous 
metals32,33. Furthermore, 3,4,3-LI(1,2-HOPO) allows for rapid, room temperature 
radiolabeling, which can facilitate its use as a chelator for targeting 
radiopharmaceuticals.  
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Figure 1.6: The chemical structure of 3,4,3-LI(1,2-HOPO). The red oxygens are the 
coordinating atoms that bind to the metal when the oxygens are deprotonated. 

1.2.3 Targeting Vectors 
The purpose of the targeting vector is to ferry the radioactive payload to the 

diseased tissue. Ideally, the targeting vector only binds to one type of receptor or 
antigen that is located on this diseased tissue, however there has been some 
exceptions where targeting occurs through the use of the radiometal’s natural 
biodistribution (such as 131I and 223Ra)1,3.  

When using α emitters with long decay chains (such as 225Ac, 227Th, and 212Pb), 
the emission of an α particle can cause the radioactive daughter nuclei to recoil which 
will release it from the chelator. This recoil effect can cause the daughter nuclei to 
redistribute away from the diseased site which decreases the therapeutic to toxicity 
ratio. One potential way to mitigate this effect is to utilize targeting vectors that 
internalize in the target cell34. 

Throughout this dissertation, the monoclonal antibody, Trastuzumab, will be 
employed as the targeting vector. Trastuzumab specifically targets the Human 
epidermal growth factor receptor 2 antigen (HER2), which can be overly expressed on 
breast cancers, ovarian cancers, and stomach cancers35. While Trastuzumab is 
primarily used as an FDA-approved immunotherapy drug, it has been used in targeting 
radiopharmaceuticals in previous preclinical and clinical experiments36–38. Because of 
this, the biodistribution of Trastuzumab is well known, allowing it to act as a platform for 
testing new strategies for targeting radiopharmaceuticals.  

One of the disadvantages of using monoclonal antibodies in full Immunoglobulin 
G (IgG) form as a targeting vector is that they can take a few days to lead to elevated 
uptake in the lesion, which is disadvantageous if the radiometal has a short half-life39. 
The fragment antigen-binding (Fab) region of these antibodies can be isolated, which 
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allows for faster tumor uptake and can accommodate shorter-lived radiometals with the 
caveat that these fragments are eliminated from the body through the kidneys.  

1.2.4 Linkers 
The purpose of a linker is to attach the chelator to the targeting vector. This is 

typically done through the use of bifunctional chelators. These are chelators that have 
an organic molecule that is covalently attached to their structure that can be conjugated 
to the targeting vector and can also maintain their metal-binding functionality40. In this 
dissertation, this is done through the formation of thiourea bonds with 
isothiocyanatobenzyl (p-SCN-Bn) (which is the linker on the chelator) and the primary 
amine of lysine residues on the antibody. Figure 1.7 and Figure 1.8 display the chemical 
structures of 134Ce-p-SCN-Bn-DOTA-Trastuzumab (or 134Ce-DOTA-Trastuzumab) and 
212Pb-p-SCN-Bn-TCMC-Trastuzumab (or 212Pb-TCMC-Trastuzumab), respectively as 
examples.  

 

Figure 1.7: The chemical structure of 134Ce-p-SCN-Bn-DOTA-Trastuzumab. The Y-
shaped structure is Trastuzumab. 
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Figure 1.8: The chemical structure of 212Pb-p-SCN-Bn-TCMC-Trastuzumab. The Y-
shaped structure is Trastuzumab. 

 One of the disadvantages of 3,4,3-LI(1,2-HOPO) (HOPO) is that bifunctionalizing 
it has been challenging. While there has been a previously reported successful attempt 
to attach p-SCN-Bn to HOPO, this is a rather challenging synthesis process and has 
low yield, revealing the need to come up with other ways to link HOPO to targeting 
vectors36.  One potential way that will be discussed in this dissertation is related to 
siderophore’s biological function. Two rather common bacterial species, Escherichia coli 
and Salmonella typhimurium, emit the siderophore, enterobactin, which is a 
hexadentate chelator with a high affinity for iron41. Enterobactin will bind to this iron, 
forming a negatively charged complex, and bring the iron back to the bacteria. To 
prevent this iron acquisition, mammals have evolved to produce a protein called 
Siderocalin that will bind to these negatively charged complexes through non-covalent 
bonds and prevent the iron acquisition. Furthermore, if the iron is swapped with an 
actinide or rare earth metal, the strong electrostatic binding still occurs between 
Siderocalin and the negatively charged complex42. Interestingly, this mechanism also 
applies if enterobactin is swapped with HOPO and HOPO binds to a trivalent rare earth 
metal or actinide (since the HOPO complex is negatively charged). This non-covalent 
binding from the Siderocalin can potentially be used as a linker if the Siderocalin is 
attached to a targeting vector. Unfortunately this non-covalent binding doesn’t occur 
with tetravalent metals and HOPO, which limits the utility of this mechanism.  

1.3 Molecular Imaging 
Through the theranostic approach, the same targeted radiopharmaceutical can 

be used for therapy as well as molecular imaging. Assaying the biodistribution of the 
targeted radiopharmaceutical can allow for the prediction of patient-specific efficacy, 
determination of patient-specific dosimetry, preparation of an appropriate treatment 
plan, and allow for the monitoring of treatment. This molecular imaging is typically done 
through SPECT and PET, which both allow for assaying the three-dimensional in vivo 
biodistribution of the targeted radiopharmaceutical. 
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Image formation with SPECT has traditionally relied on absorptive collimators 
(lead or tungsten septa), which has limited the sensitivity of this modality in comparison 
to PET. Luckily, recent advances in reconstruction algorithms and CT-based attenuation 
and scatter compensation techniques have made quantitative SPECT/CT possible, 
which allows for accurate dosimetry putting the modality on more equal footing with 
PET43–45. Unfortunately, limited sensitivity coupled with the limited amount of activity of 
225Ac and 227Th that can safely be administered and the relatively weak gamma photon 
emissions from 225Ac and 227Th leads to images of the beforementioned radiometals to 
have low signal-to-noise ratios demonstrating the need for theranostic matched 
pairs11,46. One of the downsides of the use of theranostic matched pairs is that they are 
unable to trace the daughters of 225Ac or 227Th if they are not internalized in the target 
cell. Future SPECT scanners that incorporate CZT detectors, which enhance the energy 
resolution of the system, allowing for multi-radionuclide images, could allow for the 
imaging of daughters47. This coupled with the development of gamma cameras that do 
not require the use of collimators would be groundbreaking for the use of targeting 
radiopharmaceuticals incorporating 225Ac and 227Th48,49. 

Image formation with PET has been through electronic collimation, which 
leverages the approximate collinearity of high energy photons from positron annihilation 
removing the need for absorptive collimators. This approach has led to PET having 
much higher sensitivity than SPECT. This sensitivity has been increased 40-fold with 
the introduction of the EXPLORER total-body PET system50. This increased sensitivity 
allows for smaller amounts of activity required for imaging (reducing the radiation dose), 
shorter frame durations as small as 1 second which could allow for kinetic modeling 
(making dosimetry even more accurate), and allow for imaging extremely long 
timepoints such as imaging antibodies labeled with 89Zr through 30 days after 
administration. 

While PET offers increased sensitivity, certain positron emitters like 134La and 
68Ga have high positron energies that can degrade the spatial resolution51. This is 
particularly troublesome for preclinical microPET systems (Appendix B). However, the 
development and implementation of faster and brighter scintillators (such as LSO(Ce), 
LYSO(Ce), and LaBr3(Ce)) and silicon photomultiplier detectors have allowed for PET 
scanners to incorporate time-of-flight capabilities which can improve this spatial 
resolution52,53. In addition, these silicon photomultiplier detectors allow for multi-modality 
PET/MRI which offers excellent soft tissue contrast overlaid on PET images (compared 
to PET/CT) and further improvement of spatial resolution54,55.  

1.4 Organization of this dissertation  
This dissertation presents the results of 5 targeting radiopharmaceutical research 

efforts organized in separate chapters 
Chapter 2 discusses the therapeutic radiometals and their companion 

diagnostics that are prevalent in this dissertation. These therapeutic radiometals include 
the 90Y (and its theranostic pair 86Y), 212Pb (and its theranostic pair 203Pb), 225Ac, and 
227Th with their potential theranostic matched pairs and their chemical similarities. Other 
aspects of these radiometals that are discussed include decay properties, natural 
biodistribution, potential chelators, preclinical and clinical applications, and production. 
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Chapter 3 describes experiments investigating the in vivo stability of novel 
complexes using microPET imaging. The two positron-emitting radionuclides discussed 
in this chapter include the novel 134Ce/134La in vivo generator system, which is a 
potential theranostic matched pair for both 225Ac and 227Th and 86Y, which is a 
theranostic pair for 90Y. These experiments elucidate which chelators have a high 
affinity for both of these radiometals and pave the way for targeting 
radiopharmaceuticals to incorporate these complexes.  

Chapter 4 describes an experiment that demonstrates the ability of 134Ce/134La to 
allow for long tumor imaging through antibody-based targeting radiopharmaceuticals 
due to the long half-life of 134Ce. This is tested by administering 134Ce-DOTA-
Trastuzumab in a SK-OV-3 tumor-bearing murine model and imaging the biodistribution 
over 9 days via a microPET scanner. This proof of concept also demonstrates that 
134Ce can be used as a theranostic matched pair for 225Ac in antibody-based targeting 
radiopharmaceuticals.  

Chapter 5 describes an experiment that benchmarks a novel elution strategy of  
224Ra/212Pb generators. This elution strategy is benchmarked through labeling TCMC-
conjugated Trastuzumab and using radiochemical yield and radiochemical purity as 
metrics to compare this new strategy with the currently used strategies. This experiment 
shows that this new strategy can optimize the production of targeting 
radiopharmaceuticals incorporating 212Pb by allowing for more activity to be labeled, 
which potentially allows for more patients to be treated.  

Chapter 6 describes experiments that test the tumor control capabilities and 
biodistribution of siderocalin fusion proteins with 225Ac and 90Y. Instead of utilizing 
covalent bonds, these fusion proteins allow for labeling targeting vectors with non-
covalent interactions. These experiments allow for the incorporation of highly stable 
3,4,3-LI(1,2-HOPO) complexes in targeting radiopharmaceuticals and potentially open 
the doorway for antibody-based cold-kits.  

Appendix A discusses the spatial resolution of the microPET scanner used for 
this dissertation. Appendix B discusses the definitions of radiochemical yield and 
radiochemical purity when producing targeting radiopharmaceuticals.  
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CHAPTER 2: Radionuclides of theranostic interest 
2.1 Introduction 

This dissertation discusses the advancement of targeting radiopharmaceuticals 
incorporating the following therapeutic radionuclides: 225Ac, 227Th, 212Pb, and 90Y. While 
β- emitters such as 90Y have seen the most clinical use, the application of α emitters 
(225Ac, 227Th, and 212Pb) in targeting radiopharmaceuticals has been increasing due to 
their effectiveness against smaller lesions and their ability to break chemotherapy-
resistant, photon irradiation-resistant, and castration-resistant lesions8,11,12. In particular, 
225Ac-PSMA-617 and Targeted Thorium-227 Conjugates have shown promising 
preclinical and clinical results11,25. 

While 90Y and 212Pb have theranostic pairs, 86Y and 203Pb, that share the same 
chemical properties and can be imaged by PET or SPECT facilitating the theranostic 
approach, 225Ac and 227Th lack theranostic pairs or suitable decay characteristics for 
direct imaging with contemporary molecular imaging modalities. Because of this, 
theranostic matched pairs that have similar chemical properties and can be imaged 
need to be developed. Potential theranostic matched pairs for these promising 
radionuclides are discussed here. Other metrics include decay properties, natural 
biodistribution, potential chelators, preclinical and clinical applications, and production.  

2.2 Actinium-225 and its theranostic matched pairs 
2.2.1 Actinium-225 

225Ac (T1/2 =9.9 days) decays via a series of 4 alpha emissions to essentially 
stable 209Bi (209Bi has a half-life of 2 x 1019 years) (Fig. 2.1). Like other large trivalent 
actinides (ionic radius: 112 pm (coordination number = 6)), 225Ac predominately 
accumulates in the liver in rodents, with much of the rest accumulating in the skeletal 
system56–58. If 225Ac is not internalized, two of its longer-lived daughters, 213Bi (T1/2=45.6 
minutes) and 221Fr (T1/2=4.8 minutes), have been shown to accumulate in the kidneys34. 
There has been some preclinical evidence that this uptake can lead to long-term renal 
toxicity59. This long-term renal toxicity can translate to the clinical setting with three 
patients developing chronic kidney disease after treatment with the targeting 
radiopharmaceutical 225Ac-PSMA-617 for metastatic, castration-resistant prostate 
cancer26. While the incidence of 225Ac therapy-associated kidney disease is rather rare 
(in this study, 3 patients developed kidney disease out of 33 patients treated with 225Ac-
PSMA-617), it is necessary to develop strategies for both the targeted internalization in 
diseased cells and the determination of accurate dosimetry for 225Ac-based targeting 
radiopharmaceuticals. 
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Figure 2.1: 225Ac decay chain with the imageable radiation emitted by 225Ac and its 
daughters included. 

The large ionic radius of 225Ac and the lack of long-lived actinium isotopes has 
made the development of chelators challenging. An early study evaluated the 
biodistribution of a few ligands in healthy female BALB/c mice (a mouse model that 
allows for the implantation of human xenograft tumors since they are immunodeficient). 
These ligands include ethylenediaminetetraacetic acid (EDTA), N-[(R)-2-amino-3-(4-
nitrophenyl)propyl]-trans- (S,S)-cyclohexane-1,2-diamine-N,N,N′,N′′,N′′-pentaacetic acid 
(CHX-A” DTPA), 1,4,7,10-tetraazacyclododecaneN,N′,N′′,N′′′-tetraacetic acid  (DOTA), 
1,4,7,10,13- pentaazacyclopentadecane-N,N′,N′′,N′′′,N′′′′-pentaacetic acid  (PEPA), and 
1,4,7,10,13,16- hexaazacyclohexadecane-N,N′,N′′,N′′′,N′′′′,N′′′′′-hexaacetic acid  
(HEHA)57. Both acyclic ligands (EDTA and CHX-A” DTPA) led to increased skeletal and 
liver uptake with the liver uptake increasing over time, indicating low in vivo stability of 
the complex. The macrocyclic ligands (DOTA, PEPA, and HEHA) fared better even 



16 
 

though DOTA and PEPA still led to accumulation over time in the liver. At the time of 
this study, this led to the belief that macrocyclics with larger atom ring sizes were 
necessary to saturate the coordination sphere of 225Ac in order to form stable 
complexes (HEHA has an 18 atom ring while PEPA and DOTA only have a 15 atom 
ring and a 12 atom ring, respectively). However upon testing serum stability with an 
225Ac-labeled antibody drug conjugate (CC49) incorporating HEHA (2-(4-
isothiocyanatobenzyl)-1,4,7,10,13,16-hexaazacyclohexadecane-1,4,7,10,13, 16-
hexaacetic acid), approximately only two-thirds of the antibody drug conjugate was 
intact by 5 hours60. More recently, the use of a 1-step labeling procedure involving 
225Ac-labeled antibody drug conjugate (Lintuzumab) was investigated with both S-2-(4-
Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid (p-SCN-Bn-
DOTA) and 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-
hydroxysuccinimide (NHS-DOTA), with the former differing from the latter with an extra 
carboxylate group for binding61. The p-SCN-Bn-DOTA conjugate in comparison to the 
NHS-DOTA conjugate, which only has 7 donor atoms compared to p-SCN-Bn-DOTA 
having 8 donor atoms, was shown to have both higher radiochemical yield (52.2% 
versus 10.5%) and higher radiochemical purity (98.3% versus 69.1%), demonstrating 
the need for a higher coordination number for 225Ac. In addition, the biodistribution in 
healthy BALB/c mice indicated a lack of time-dependent liver accumulation, which is 
indicative of high in vivo stability. Recently, the 18 atom ring macrocyclic macropa was 
rapidly labeled at room temperature in an antibody format with 225Ac with a 
radiochemical yield of greater than 99% and exceptionally high stability62. While DOTA-
based chelators are currently the most commonly used for 225Ac, they require elevated 
temperatures to ensure quantitative labeling.  Rapid room-temperature binding from 
macropa could be game-changing. 

While the majority of 225Ac-based radiopharmaceutical development has used 
DOTA and other macrocyclic chelators, there has been some evidence that acyclic 
ligands with picolinic acid moieties have a high affinity for 225Ac as well. As an example, 
at 1 micromolar Py4pa was able to achieve 97% radiochemical yield when labeling 
225Ac at room temperature for 30 minutes63. In comparison, at 100 micromolar and 
under the same conditions, DOTA was only able to achieve 75% radiochemical yield. 
Furthermore, a biodistribution study of 225Ac-Py4pa-Trastuzumab in SK-OV-3 tumor-
bearing NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ (NRG) mouse model (a mouse model 
that allows for the implantation of human xenograft tumors since they are 
immunodeficient) showed excellent tumor targeting over 10 days with similar liver 
uptake compared to 225Ac-DOTA-Trastuzumab. Other acyclic chelators with picolinic 
acid moieties, such as Bispa2, CHXoctapa, and noneunpa, have also demonstrated high 
radiochemical yields (98% at 100 μM concentration, 94% at 1 μM, and 95% at 1 μM 
respectively) at room temperature labeling conditions64–66.  

While still on the trend of acyclic chelators, hydroxypyridinone-based chelators 
may show a high affinity for 225Ac as well. In particular, 3,4,3-LI(1,2-HOPO) has been 
shown to offer fast binding kinetics at room temperature and high in vivo for both 
trivalent and tetravalent f-elements67,68. To test this hypothesis, Chapter 6 discusses an 
experiment that investigated the biodistribution of 225Ac-3,4,3-LI(1,2-HOPO) non-
covalently bound to Siderocalin-Trastuzumab fusion proteins in SK-OV-3 tumor-bearing 
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NOD SCID mice (an immunocompromised mouse model that is used predominately in 
the Bioactinide Chemistry Group for tumor imaging and tumor control studies).  

One of the challenges that plagues 225Ac is its lack of availability. In the US, the 
225Ac that is used for clinical trials is supplied through the elution of 229Th generators at 
Oak Ridge National Laboratory, which can produce approximately 2.2 GBq per month69. 
To provide perspective, one of the patients with castration-resistant, metastatic prostate 
cancer in the Kratochwil, et al. study received fractions of 6.5 MBq of 225Ac-PSMA-
61711. This would only allow 338 patients per month to receive this exact fraction dose, 
and this number is neglecting decay and loss of activity during transport and 
radiolabeling procedures. While this is rather low, the production method does produce 
225Ac clean of radioactive impurities.  

As an alternative to generator produced 225Ac, Oak Ridge National Laboratory, 
Brookhaven National Laboratory, and Los Alamos National Laboratory have teamed up 
to produce 225Ac through the 232Th(p, x)225Ac reaction70. This endeavor has been 
projected to be able to produce approximately 3120 GBq per month (about 1418 times 
more activity than the US supply from 229Th generators69. Unfortunately, this method 
coproduces the long-lived radioisotope 227Ac (T1/2 =21.8 years)  at an 227Ac to 225Ac 
activity ratio of up to 0.2%. In terms of atoms, this leads to approximately 1.6 atoms of 
227Ac to 1 atom of 225Ac. While it is currently unclear what the long term impact of this 
227Ac impurity especially if it is released from its targeting vector in vivo and whether it is 
safe for clinical use, accelerator-produced 225Ac provides a challenge from the 
radiolabeling front, since a high excess of chelator to metal is often needed for high 
radiochemical yields even just for generator produced 225Ac71.  

From an imaging standpoint, 225Ac does not directly emit high intensity photons 
that can be imaged by SPECT. In addition, the decay chain does not emit positrons, 
which forgoes the option of using PET as well. Attempts have been made to image 
gammas from the 221Fr and 213Bi daughters, which have 218 keV (11.44%) and 440.45 
keV (25.94%) respectively11,72,73. Unfortunately, this does not image 225Ac directly but 
instead images the distribution of the daughters, and they may have different 
distributions due to redistribution. Moreover, due to the potency of alpha emitters, the 
activity of 225Ac that can safely be injected is rather low in comparison to more 
traditional SPECT isotopes. As a result, the number of photons emitted by 225Ac is 
inadequate for contemporary clinical SPECT scanners.  This leads to images with low 
signal-to-noise ratios and contrast which minimizes the amount of useful information 
that can be gathered. As an example, Figure 2.2 shows posttherapeutic planar scans of 
68Ga-PSMA-11, 177Lu-PSMA-617, and 225Ac-PSMA-61711. The 225Ac-PSMA-617 images 
(Fig. 2.2e and 2.2f) where the dose administered was 100 kBq/kg have a significantly 
lower signal-to-noise ratio than the 177Lu-PSMA-617 images (Fig. 2.2b and 2.2c) where 
the dose administered was 114 MBq/kg. Because of this, the co-development of 
theranostic matched pairs of 225Ac is warranted. Table 2.1 summarizes 225Ac and its 
theranostic matched pairs including half-life, imageable radiation, chelators, and 
targeting vectors.  
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Figure 2.2:  Postherapeutic planar scans of  (a and g) 68Ga-PSMA-11, (b and c) 177Lu-
PSMA-617, and (e and f) 225Ac-PSMA-617. This research was originally published by 
Kratochwil C, Bruchertseifer F, Giesel FL, et al. in the Journal of Nuclear Medicine11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

Table 2.1: Summary of 225Ac and its theranostic matched pairs. 

Radionuclide Half-
Life 

Ionic 
Radius56,a 

Imageable 
Radiation 

Chelators Targeting Vectors 

 

 

 

 

 

 

225Ac 

 
 
 
 
 
 

9.9 d 

 

 

 

 

 

 

112 pm 

 

 

 

 

221Fr  γ: 218 
keV 

(11.44%); 
213Bi  γ: 

440.45 keV 
(25.94%) 

EDTA57, 
CHX-A” 
DTPA57 
PEPA57 

DOTA38,57,61–

63,74–78 
HEHA57,60 
Macropa62  
Py4pa63 
Bispa264  

CHXoctapa65 
Noneunpa66 
3,4,3-LI(1,2-

HOPO)d 

 
CC4960 

Lintuzumab61 
Trastuzumab38,62,63,d 

single-chain 
variable fragment74 

hTAB00475 
PP-F11N76 

Cixutumumab77 
PSMA61711,26 

NM60078 

 

68Ga 
 

67.7 
m 

 
62 pm 

β+: 
E(β+)=829.5 

keV 
(88.91%) 

DOTA73,79–82 
HBED-CC11,82 

DOTATATE73 
Neurotensin81 

PSMA1111 

 

132La 
 

4.8 h 
 

116 pm 
β+: 

E(β+)=1.29 
MeV 

(42.10%) 

DOTA78 
Macropa83 

NM60078 
DUPA83 

 

133La 
 

3.9 h 
 

116 pm 
β+: 

E(β+)=460 
keV (7.20%) 

DOTA84 
Macropa84 

PSMA-I&T84 

 

 

 

111In 

 
 
 

2.8 d 

 
 
 

92 pm 

 
γ: 171.28 

keV 
(90.7%); 
γ: 245.35 

keV (94.1%) 

 
 

DOTA38,74–77 
Bispa2 64 

Noneunpa66 

Trastuzumab38 
Single-chain 

variable fragment74 
hTAB00475 
PP-F11N76 

Cixutumumab77 
 

134CeIII/134La 
 
3.2 d 
/ 6.5 

m 

 
114 pm 

134La β+: 
E(β+)=1.22 

MeV 
(63.6%) 

 
DTPA85,b 
DOTAb 

 
Trastuzumabc 

aFor 225Ac and 68Ga, the ionic radius is given for a coordination number of 6. For every other element, the ionic radius 
is given for a coordination number of 8 
bChapter 3 
cChapter 4 
dChapter 6 

2.2.2 Gallium-68 
68Ga (T1/2 = 67.7 minutes) is one of the more popular theranostic matched pair in 

the clinical setting for 225Ac and is predominately used as an analogue for 225Ac-
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PSMA617 as 68Ga-PSMA1111,26. This is due in part to it being a PET isotope with a high 
branching ratio (88.9%) and its availability in a 68Ge (T1/2=270.9 days)/68Ga generator 
system, foregoing the need for on-site production86. The utility of 68Ga being a surrogate 
for 225Ac ends there, however. Although gallium is a trivalent cation in physiological 
conditions, gallium has an ionic radius that is almost half the size of actinium’s ionic 
radius (62 pm versus 112 pm at coordination number = 6) and behaves more like an 
iron surrogate than an actinium surrogate in vivo56. In fact, gallium-citrate accumulates 
predominately in the kidneys, heart, blood, and lungs instead of in the liver and skeleton 
in rodents87,88. This is due to transferrin, a plasma glycoprotein in vertebrates that is 
responsible for transporting iron, and its high affinity for gallium89. 

Gallium’s small size limits its stability with DOTA due to Ga-DOTA complexes 
having 2 free carboxylate groups79,80. In addition, the need for heating to facilitate 
labeling DOTA, which can take up to an hour, is another constraint due to the short half-
life of 68Ga. Despite this, DOTA has seen some use for gallium-actinium theranostics 
with DOTATE in the clinical setting and DOTA-Neurotensin analogs in the preclinical 
setting73,81. 

Another commonly used chelator for gallium-actinium theranostics is the 
hexadentate acyclic ligand bis(2- hydroxybenzyl)ethylenediaminediacetic acid (HBED); 
its derivative, HBED-CC, is most commonly used in 68Ga-PSMA1111. HBED offers both 
higher stability for gallium and allows for higher radiochemical yield (>80%) at room 
temperature82. While certainly advantageous compared to radiolabeling with DOTA, the 
high stability of  68Ga-HBED does not “match” well to 225Ac-DOTA found in 225Ac-PSMA-
617, which can demetallate in vivo due to the lower in vivo stability of 225Ac-DOTA57. 
Because of this, pretreatment dosimetry using 68Ga-PSMA-11 may not account for the 
impact of this demetallation and may be inaccurate.  

One of the other downsides of utilizing 68Ga as a theranostic matched pair for 
225Ac is the difference in half-life (67.7 minutes versus 9.9 days). While the short half-life 
of 68Ga is optimal for small, rapidly uptaking peptides due to the diminished radiation 
dose imparted on the patient, 68Ga can only mirror the acute biodistribution of the 
radiopharmaceutical incorporating 225Ac. In addition, the short half-life of 68Ga is 
incompatible when treatment planning for 225Ac labeled antibody drug conjugates due to 
antibodies having both a longer biological life time and uptaking much slower in 
diseased tissue compared to peptides. This long-term compatibility versus radiation 
dose should be taken into account when choosing a theranostic matched pair, 
especially due to recent reports of long-term chronic kidney disease in some patients 
after being treated with 225Ac-PSMA617 as mentioned previously26. 

2.2.3 Radiolanthanums: Lanthanum-132 and Lanthanum-135 
132La (T1/2=4.8 hours) and 133La (T1/2=3.9 hours)  are two relatively new PET 

radionuclides that can act as theranostic matched pairs for 225Ac. Lanthanum (ionic 
radius: 116 pm (coordination number = 8)) in particular is well matched to actinium 
because they are trivalent in physiological conditions and have similar ionic radii56. 132La 
was shown to mirror 225Ac’s natural biodistribution by accumulating predominately in the 
liver with much of the rest in the bone90. In addition, the DOTA-based small molecule 
alkylphosphocholine (NM600) was used to verify this surrogacy of 225Ac and 132La in a 
murine mammary adenocarcinoma 4T1 model through 24 hours78. Promising 



21 
 

radiolabeling and in vivo tumor targeting results were shown as well with 133La-PSMA-
I&T (a DOTA-based peptide) in LNCaP tumor-bearing NU/NU Nude mice (a mouse 
model that allows for the implantation of human xenograft tumors since they are 
immunodeficient)84. While DOTA has been shown to form suitably stable complexes 
with the radiolanthanums, the 18 atom ring macrocycle macropa has been shown to be 
labeled with 132La rapidly at room temperature with a high yield in comparison to 
DOTA83. This compatibility with radiolanthanums and 225Ac may make macropa a 
cornerstone in actinium-lanthanum theranostics. Unfortunately, like 68Ga, both 
radiolanthanum’s short half-lives do not allow for the imaging of long timepoints, which 
makes its potential long-term accumulation in the liver more difficult to image. This 
relegates radiolanthums to only small molecule applications. 

While both 132La and 133La can be produced using natural barium targets, only 
132La can be produced using on-site low energy cyclotrons (11.9 MeV proton beam)90,91. 
135La requires a higher proton energy of 22 MeV which is out of reach of most medical 
cyclotrons which may limit availability. Despite this, 133La grants a better spatial 
resolution compared to 132La since it has a lower average positron energy (0.46 MeV 
versus 1.29 MeV) and is more dosimetrically favorable since it emits fewer gammas. 
Unfortunately, the longer-lived, Auger electron emitting 135La (T1/2=19.5 hours) is also 
coproduced with both isotopes. While 135La minimally impacts the image formation (it 
has 1 gamma at 480.51 keV with an intensity of 1.52% that can lead to a small number 
of false coincidences), it does impart unnecessary dose. For 133La, the amount of 133La 
produced is much smaller than for 132La. The ratio of 135La to 133La (at 22 MeV) shortly 
after the end of bombardment is only 0.72 while the ratio of 135La to 132La (at 11.9 MeV) 
is 1891. Using enriched 132Ba targets and increasing the proton energy could decrease 
the 135La to 132La ratio; however, there are currently no published results that support 
this90. Despite this, the use of the Auger electrons from 135 La could potentially be used 
for added therapeutic effect in actinium-lanthanum theranostics or could be leveraged 
for radiopharmaceuticals only incorporating 132La/133La and 135La as matched pairs. 

2.2.4 Indium-111 
111In (T1/2=2.8 days) is a SPECT radionuclide (it has two intense gammas at 

171.28 keV and 245.35 keV with intensities of 90.7% and 94.1% respectively) that has 
been commonly been used as a theranostic matched pair for 225Ac due to its 
widespread availability and prevalence in clinical settings92. Moreover, its long half-life 
allows for compatibility with larger macromolecules such as antibodies and opens the 
gateway for acting as a surrogate for 225Ac for longer timepoints. Even though the 
trivalent 111In matches 225Ac better than 68Ga matches 225Ac due to its larger ionic radius 
(ionic radius: 92 pm (coordination number = 8)), 111In has more in common with 68Ga in 
vivo since transferrin has a high affinity for both 111In and 68Ga56,89,93. This difference in 
natural biodistribution when compared to 225Ac may limit the ability of 111In to see time-
dependent liver accumulation, which is common with 225Ac-based radiopharmaceuticals. 
 Unlike 68Ga, 111In forms stable, non-deformed complexes with DOTA since the 
larger indium cation allows for octadentate coordination79. Because of DOTA’s 
compatibility with both actinium and indium, virtually all of the investigations utilizing 
indium-actinium theranostics use DOTA38,74–77. As mentioned previously, 225Ac-DOTA 
complexes are not stable in the long term and the requirement for heating is detrimental 
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for labeling larger macromolecules like antibodies. Luckily, the 18 atom ring chelator 
macropa may also display a high affinity for 111In since actinium and indium have similar 
ionic radii62. In addition, the acyclic ligands with picolinic acid moieties bispa2 and 
noneunpa have shown high radiochemical yields (>99% at 100 nM and 91% at 1 μM, 
respectively) when labeling with 111In at room temperature which are comparable to the 
yields achieved with 225Ac64,66.  

Cheal, et al. directly compared the biodistribution of single chain variable 
fragments incorporating 225Ac and 111In in colorectal SW1222 tumor-bearing athymic 
nude mice (a mouse model that allows for the implantation of human xenograft tumors 
since they are immunodeficient)74. Both of the radionuclides had a similar tumor uptake 
and follow a similar biodistribution with the exception of the 225Ac accumulating more in 
the bone and the liver in comparison to indium at 24 hours.  Borchardt, et al. also 
directly compared the biodistribution of 225Ac-DOTA-Trastuzumab and 111In-DOTA-
Trastuzumab in ovarian SKOV3-NMP2 tumor-bearing nude mice38. Interestingly, no 
difference was found for 225Ac and 111In in bone and liver uptake in this study. Because 
of the longer half-life of 111In, actinium-indium theranostics can be applied both to small 
rapidly uptaking targeting vectors such as single chain variable fragments and larger, 
slower uptaking targeting vectors such as antibodies. 

2.2.5 Cerium(III)-134/Lanthanum-134 
134Ce (T1/2=3.2 days)/134La (T1/2=6.5 minutes) is an in vivo generator system in 

which 134Ce is incorporated in the radiopharmaceutical and then decays in vivo to 134La, 
which can be imaged with PET since it decays via positron emission94. The long half-life 
of the parent allows for the imaging of both fast and slow uptaking targeting vectors 
unlike the radiolanthanums. However, the high average positron energy of 134La (1.22 
MeV) leads to a worse spatial resolution which can be problematic for preclinical 
imaging or accurate quantification of small structures. 

 Another unique feature of this in vivo generator system is cerium’s easily 
accessible 4+ oxidation state. The Ce(III)/Ce(IV) redox couple can be leveraged for both 
purification purposes after production and to allow this system to serve as a theranostic 
pair for both 225Ac and 227Th85. The rest of this section will discuss the production of 
134Ce and 134CeIII/134La as a theranostic matched pair for 225Ac. Section  2.3.2 will 
discuss 134CeIV/134La as a theranostic matched pair for 227Th. 

The state-of-the-art production/purification method for producing 134Ce occurs at 
the Isotope Production Facility at Los Alamos National Laboratory where a natural 
Lanthanum target is bombarded by a 100 MeV proton beam (99 μA) for 30 hours 
through a 139La(p,6n)134Ce reaction85. The irradiated target is allowed to cool for 6 days, 
it is then dissolved using 8 M HNO3. After dissolution, separation of 134Ce from the rest 
of the lanthanum is achieved through the oxidation of cerium from +3 to +4 using 
NaBrO3, and CeIV was separated from LaIII using anion-exchange chromatography. At 
7.8 days after irradiation, the cerium radioisotopes, activity, and half-life were reported 
as follows: 134Ce (18.3 GBq), 137mCe (1.6 GBq; T1/2=34.4 hours), 137Ce (activity 
dependent on 137mCe; T1/2=9.0 hours), 135Ce (148.0 MBq; T1/2=17.7 hours) and 139Ce 
(207.2 MBqi; T1/2=137.6 days). The high activity of the short-lived impurities 
necessitates that the 134Ce be allowed to cool before preclinical or clinical studies. By 
the time shipments of 134Ce reach Lawrence Berkeley National Laboratory, the only 
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impurity in non-negligible amounts was 139Ce which emits an intense gamma (165.9 
keV at an intensity of 80%). This impurity is not ideal from a radiation dose perspective, 
but it does offer the capability for multimodality PET/SPECT imaging. While the SPECT 
images which are generated from the 139Ce gamma display the biodistribution of the 
radiopharmaceutical containing cerium, the PET images which are generated from the 
134La’s annihilation photons display the distribution of the 134La radionuclides. This can 
elucidate whether redistribution of 134La and internalization of radiopharmaceuticals are 
occurring. 
 Cerium’s 3+ ionic radius at 114 pm (at coordination number = 8) allows 134CeIII to 
act as a theranostic matched pair for 225Ac (Fig. 2.3)56. Based on an in vivo 
biodistribution study of 134Ce-citrate (citrate complexes dissociate in vivo allowing for the 
determination of the biodistribution of free 134Ce), free 134Ce behaves more like free 
225Ac in vivo since it uptakes primarily in the liver and the skeletal system (Chapter 3). 
Using L3-edge x-ray absorption spectroscopy, it was confirmed that Ce-DTPA is in a 3+ 
oxidation state85. The acute biodistribution and in vivo stability were investigated in 
Swiss Webster mice (an immunocompetent mouse model where the biodistribution of a 
variety of metal-chelator complexes has been extensively assayed by the Bioactinide 
Chemistry Group) which confirmed 134CeIII-DTPA surrogacy to 225Ac-DTPA (Chapter 
3)57. A similar study also demonstrated 134Ce-DOTA surrogacy to 225Ac-DOTA (Chapter 
3). A proof of concept study further showed DOTA’s compatibility for 134Ce through an in 
vivo PET imaging study of 134Ce-DOTA-Trastuzumab in SK-OV-3 tumor-bearing NOD 
SCID mice demonstrating elevated tumor uptake over 9 days and limited skeletal and 
liver uptake (Chapter 4). Due to the similar sizes of 134CeIII and 225Ac, it is also 
anticipated that other novel chelators such as macropa, Py4pa, Bispa2, CHXoctapa, and 
noneunpa will also show an exceptional affinity for 134CeIII as well62–66. 

 
Figure 2.3:  A drawing depicting how cerium can have a similar ionic radius to either 
225Ac or 227Th based on its oxidation state. 
*The only known ionic radius for 225Ac is at coordination number 656. For the chelators discussed in this dissertation, 
its ionic radius and coordination number are most likely larger. 
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2.3 Thorium-227 and its theranostic matched pairs 
2.3.1 Thorium-227 

227Th (T1/2=18.7 days) decays via a series of 5 alpha emissions to stable 207Pb 
(Fig. 2.4). Like other large tetravalent actinides (ionic radius: 105 pm (coordination 
number = 8)), the vast majority of 227Th accumulates in the bone with limited uptake in 
the liver56,58. Its rather long-lived daughter, 223Ra (T1/2=11.4 days), can redistribute to the 
bone and the small intestine95–97. Long term toxicity has not been reported, and the 
clinical experience with 223RaCl2 has shown that 223Ra is well tolerated3. 

 

 
Figure 2.4:  227Th decay chain with the imageable radiation emitted by 227Th and its 
daughters included. The photons included have the highest intensity for the given 
isotope.  
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 Both DTPA and DOTA complexes with 227Th have been studied to some extent. 
While 227Th-DTPA complexes may be effective for labeling rapidly uptaking targeting 
vectors such as peptides and antibody fragments, 227Th-DTPA will decomplex in the 
long term due to competition with endogenous divalent cations (similarly to 225Ac-CHX-
A” DTPA)98. p-SCN-Bn-DOTA was utilized to label 227Th to both trastuzumab and 
rituximab in a 2-step labeling procedure (labeling the ligand first then conjugating)99. 
The results were lackluster, however, and only led to a radiochemical yield of 6%-17%. 
While the 1-step labeling procedure improves the yield for DOTA conjugates (70-85%), 
interest has recently shifted to acyclic, oxygen-rich hydroxypyridinone ligands68,100. 
More specifically, the octadentate bifunctional p-SCN-Bn-(Me-3,2-HOPO) has been 
shown to have a 96% radiochemical yield with much faster binding kinetics than DOTA-
based chelators (30 minutes at room temperature versus 40 minutes to 2 hours at 
elevated temperatures)101. This development has led to in vitro and preclinical studies 
on a variety of antibodies incorporating p-SCN-BN-(Me-3,2-HOPO) and 227Th (aptly 
termed Targeted Thorium Conjugates)25. 
 An advantage of 227Th compared to 225Ac is that it can be produced in clinically 
relevant amounts102. Through the thermal neutron irradiation of 226Ra (T1/2 =1600 years) 
in a reactor, 227Ra (T1/2 =42.2 minutes) is produced which β- decays into 227Ac (T1/2 
=21.8 years). This long-lived isotope (which subsequently β- decays into 227Th) provides 
the basis for a generator that can produce both 227Th and 223Ra for FDA approved 
223RaCl2 through anion exchange chromatography (227Th β- decays into 223Ra). This 
availability of 227Th may help streamline the FDA approval process for Targeted 
Thorium Conjugates in the future.  
 Unlike 225Ac, 227Th does directly emit imageable gammas, which allows for 
assaying the distribution of the radiopharmaceutical incorporating 227Th. Moreover, 
223Ra and a few of the shorter-lived daughters also emit some imageable photons. 
Utilizing different energy windows in a SPECT scanner allows for simultaneous imaging 
of both the candidate molecule and the redistribution of 227Th’s daughters46,103. While 
this has great potential for applying the theranostic approach for 227Th 
radiopharmaceuticals, current SPECT technology incorporating collimators does not 
offer enough sensitivity for low activity imaging, leading to low signal-to-noise images. In 
the future, collimatorless gamma cameras would be groundbreaking for this field48,49. 
However, in the meantime, the codevelopment of theranostic matched pairs of 227Th is 
warranted in order to facilitate the use of 227Th. Table 2.2 summarizes 227Th and its 
theranostic matched pairs including half-life, imageable radiation, chelators, and 
targeting vectors. 
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Table 2.2: Summary of 227Th and its theranostic matched pairs. 

Radionuclide Half-
Life 

Ionic 
Radius56 

Imageable 
Radiationa 

Chelators Targeting 
Vectors 

 

 

 

 

 

 

 

 

 

 

 

 

227Th 

 
 
 
 
 
 
 
 
 
 
 
 

18.7 d 

 

 

 

 

 

 
 
 
 
 
 
 

105 pm 

227Th: 88 keV 
(2.2%),           
236 keV 

(12.9%), 256 
keV (7.0%) 

223Ra: 81 keV 
(14.7%),           
84 keV 

(24.3%), 95 
keVb 

(10.8%)b, 
144 keV 

(3.5%), 154 
keV (6.0%), 

270 keV 
(13.3%), 324 
keV (3.6%), 

338 keV 
(2.6%) 

219Rn: 271 
keV (10.8%), 

402 keV 
(6.6%) 

211Pb: 405 
keV (3.8%),        

832 keV 
(3.5%) 

211Bi: 351 
keV (13.2%) 

 
 
 
 
 
 
 
 
 
 
 

DTPA98 
DOTA99,100,102 

Me-3,2-
HOPO25,68,101,104 

 
 
 
 
 
 
 
 
 

Trastuzumab99,102 
Rituximab99 

CD2225 
CD3325 
MSLN25 
PSMA25 
CD7025 

FGFR225 
 

 

134CeIV/134La 
 

3.2 d / 
6.5 m 

 
97 pm 

134La β+: 
E(β+)=1.22 

MeV (63.6%) 

 
3,4,3-LI(1,2-
HOPO)85,c 

 
N/A 

 

 

89Zr 

 
 

3.3 d 

 
 

84 pm 

 
β+: 

E(β+)=396 
keV (22.74%) 

DFO105 
Me-3,2-

HOPO25,104 
3,4,3-LI(1,2-
HOPO)36,106 

 
MSLN104 
PSMA25 

Trastuzumab36 

aImageable radiation from 227Th is taken from Larsson, et al46. The gamma energies are given in units of keV, and 
their respective intensities are given in the corresponding parentheses as a percentage.  
bWeighted mean energy and summed intensity from photons between 94 keV and 98 keV. 
cChapter 3 
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2.3.2 Cerium(IV)-134/Lanthanum-134 
As discussed previously, due to the CeIII/CeIV redox couple, the oxidation state of 

cerium can be stabilized to 4+ with appropriate chelator selection. When 134Ce is tuned 
to 4+, it has an ionic radius of 97 pm (coordination number = 8) allowing it to act as a 
theranostic matched pair for 227Th (Fig. 2.3)56. To test this hypothesis, an L3-edge x-ray 
absorption spectroscopy measurement was done on Ce-3,4,3-LI(1,2-HOPO), confirming 
that the chelator stabilizes the oxidation state to 4+85. Furthermore, the acute 
biodistribution and in vivo stability were investigated in Swiss Webster mice which 
confirmed 134CeIV-3,4,3-LI(1,2-HOPO) surrogacy to 227Th HOPO-based complexes 
(Chapter 3). It is currently unclear what the oxidation state of other HOPO-based (such 
as Me-3,2-HOPO) cerium complexes is, and future work investigating the chemical 
properties of these complexes is warranted.  

2.3.3 Zirconium-89 
89Zr (T1/2=3.3 days)  has several advantages as a PET radioisotope. It can be 

produced through the 89Y(p,n)89Zr with a proton energy of 14 MeV, allowing for local 
production using a low energy cyclotron105. In addition, 89Y has 100% natural 
abundance which minimizes the cost for targetry. Moreover because of its long half-life 
and great spatial resolution (its average positron energy is 396 keV), 89Zr has seen 
widespread clinical and preclinical use in the realm of ImmunoPET, where monoclonal 
antibodies and other immune agents are labeled with PET isotopes and subsequently 
administered and imaged for treatment planning. On top of this, 89Zr shares similar 
chemical properties and in vivo behavior to 227Th. For one, 89Zr is a tetravalent cation in 
physiological conditions and has a similar ionic radius to 227Th (84 pm (coordination 
number = 8))56. In addition, 89Zr-chloride has been shown to accumulate predominantly 
in the skeleton of healthy, female NIH Swiss mice (an immunocompetent mouse model 
that is used commonly for general-purpose research), which is similar to 227Th 
biodistribution107. 
 Most radiopharmaceuticals incorporating 89Zr have utilized the hexadentate 
siderophore desferrioxamine (DFO)105. Unfortunately, due to 89Zr preference for 
octadentate coordination, 89Zr-DFO complexes have the propensity of demetallating in 
vivo and 89Zr uptakes in the skeleton. This can lead to an unnecessary radiation dose to 
the radiosensitive bone marrow. Fortunately, like 227Th, HOPO-based ligands have 
shown great affinity for 89Zr and form complexes with incredibly high in vivo stability, 
leading to limited uptake of 89Zr in the skeleton that is similar to 227Th68,101,106.  In 
particular, a PSMA-targeting monoclonal antibody and a MSLN-targeting monoclonal 
antibody using p-SCN-BN-(Me-3,2-HOPO) were leveraged to display the surrogacy of 
227Th and 89Zr25,104. It is anticipated that p-SCN-BN-3,4,3-LI(1,2-HOPO) and other 
bifunctional variants of 3,4,3-LI(1,2-HOPO) will show great utility with thorium-zirconium 
theranostics36.  

2.4 Yttrium-90 and yttrium-86 
90Y (T1/2=2.7 days) and 86Y (T1/2=14.7 hours) are a theranostic pair where 90Y can 

be used for β- therapy (E(β-)=932 keV (100%)) and 86Y can be used for PET imaging 
(E(β+)=660 keV (31.9%)). This is certainly advantageous compared to theranostic 
match pairs since both 90Y and 86Y have identical chemical properties. Yttrium, although 
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technically a trivalent transition metal due to its positioning in the periodic table, is 
considered a rare earth element due to it having a rather large ionic radius and 
preference for higher coordination numbers (ionic radius: 102 pm (coordination number 
= 8))56. Because of this chemical similarity and more widespread availability, it can often 
be used as a testbed for novel chelating strategies designed for f-elements. However 
unlike other trivalent f-elements (such as lanthanum, cerium, and actinium), free yttrium 
accumulates primarily in the kidneys and bones instead of the liver and bones108. 

90Y is widely available from 90Sr (T1/2=28.9 years) generators79. 90Sr is a 235U 
fission product available in concentrations 74−740 GBq/L from high-level liquid waste. 
Because of the long-lived nature of 90Sr and the use of 235U nuclear reactors, 90Y is an 
attractive therapeutic radiometal for targeting radiopharmaceuticals. In fact, an antibody 
drug conjugate, 90Y-tiuxetan-Ibritumomab (tiuxetan is a bifunctional version of DTPA 
with a methyl group and an isothiocyanatobenzyl linker), was approved for 
radioimmunotherapy of non-Hodgkin lymphomas by the United States FDA in 2002109. 
Because 90Y is a pure β- (it emits no gamma photons), 111In-tiuxeta-Ibritumomab was 
originally used to determine if any altered biodistribution occurred in a specific patient 
that may cause unintended organ damage6. In 2011, the US FDA declared this 
procedure no longer necessary since it was determined that the 111In scan had poor 
discriminating power in determining altered biodistribution110.  

One reason that 111In was used previously as a surrogate of 90Y instead of 86Y is 
the more limited availability of 86Y. Currently, the most attractive method is through the 
86Sr(p,n)86Y reaction using 14 MeV protons from a low energy cyclotron onto a 86SrCO3 
target22,79. The challenging aspect of this production route is the need for a highly 
enriched 86Sr target (86Sr has only a 9.86% natural abundance) in order to minimize the 
coproduction of the impurity 87mY (T1/2=13.4 hours) which decays into the long-lived 87Y 
(T1/2=3.3 days). Target enrichment of 95.6%-97% 86Y is required to minimize the 87mY 
impurity to less than 3%22.  

 The majority of yttrium-based targeting radiopharmaceuticals use either DTPA or 
DOTA-based chelators. Both of these chelators have shown the capability of labeling 
yttrium at low concentrations and demonstrate high kinetic inertness against 
endogenous metals (iron, copper, zinc, and calcium) and serum proetins111,112. Because 
of this, these chelators have been used in a few preclinical experiments demonstrating 
86Y/90Y theranostics in a variety of diseased models113–117.  However, a recent study 
showed that in a murine model both 86Y-DTPA and 86Y-DOTA releases retained 
elevated levels of 86Y in the kidneys 48 hours after administration27. This suggests the 
need for the development of chelators with a higher affinity for yttrium. One potential 
alternative is acyclic chelators with picolinic acid moieties such as octapa118,119. While 
conjugated to Trastuzumab, octapa allowed for rapid (15 minutes), room temperature 
labeling with 90Y granting a radiochemical yield of >95%. In addition, a 96 hour serum 
stability showed that 90Y-octapa-Trastuzumab retained more 90Y than 90Y-CHX-A’’-
Trastuzumab (94.8% versus 87.1%). Another alternative is hydroxypyridinone-based 
chelators such as 3,4,3-LI(1,2-HOPO). Because of 3,4,3-LI(1,2-HOPO) affinity for 
trivalent rare earth elements and its capability for rapid, room temperature radiolabeling, 
an in vivo biodistribution was performed to demonstrate the high in vivo stability of 86Y-
3,4,3-LI(1,2-HOPO) complexes in Swiss Webster mice120. This work is discussed in 
detail in Chapter 3. Furthermore, the biodistribution and tumor control efficacy of 90Y-
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3,4,3-LI(1,2-HOPO) complexes non-covalently bound to Siderocalin-Trastuzumab 
fusion proteins was investigated in SK-OV-3 tumor-bearing NOD SCID mice. This study 
is discussed in Chapter 6. Table 2.3 summarizes 90Y and 86Y as theranostic pairs 
including half-life, imageable radiation, chelators, and targeting vectors. 

While the 86Y positron energy does not degrade the spatial resolution of PET 
images as bad as some of the other positron emitters discussed in this Chapter, 86Y 
emits a myriad of gammas that range from 187.87 keV to 2610.11 keV. While some of 
these gammas are out of the energy window range of PET scanners (typically 350 keV 
to 650 keV), the ones that are in the range or the higher energy ones that Compton 
scatter inside the patient into the range can lead to false coincidences (recorded events 
that are not actually attributed to a positron annihilation)22. These false coincidences 
can lead to a low frequency background which can overestimate organ uptake. While 
these false coincidences can be minimized in 2-D mode PET through projection tail 
fitting, global tail fitting, or longitudinal collimators, there has been no correction 
mechanism validated for 3-D mode PET22,121. This overestimation problem is more 
apparent in clinical PET however where Compton scattering in a human is more 
common compared to a small rodent. 
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Table 2.3: Summary of the theranostic pairs 90Y/86Y and 212Pb/203Pb. 

Theranostic 
Pair 

Half-
Life 

Ionic 
Radius5

6 

Imageable 
Radiation 

Chelators Targeting Vectors 

 

 

 

 

90Y / 86Y 

 
 
 

18.7 d / 
14.7 h 

 
 
 
 
102 pm 

 

 

 

86Y β+: 
E(β+)=660 

keV 
(31.9%) 

 
 

DTPA6,27,109,110,112

–115,117,119 
DOTA27,111,112,116 

Octapa118,119 
3,4,3-LI(1,2-
HOPO)120,a 

 
 

Ibritumomab6,109,1

10 
DOTATOC111 
DOTATATE111 

Trastuzumab113,11

9,c 

TRC105114,115 
ALT836117 
Ultrasmall 

Mesoporous 
Silica 

Nanoparticles116 
 

 

 

 

 

 

 

212Pb / 
203Pb 

 
 
 
 
 
 
 

2.2 d / 
10.6 m 

 
 
 
 
 
 
 
129 pm 
 
 
 
 
 
 
 

 

 

 

 

203Pb: 279 
keV 

(81.0%) 
212Pb: 239 

keV 
(43.6%), 
300 keV 
(3.3%) 

  

 
 
 
 
 
 
 

DOTA122–127 
TCMC122,123,125,128

–130,b 

 
 
 
 

Trastuzumab128,b 

PSMA122,129,130 
CC49123 

PEG4-VMT-
MCR1124 
Biotin126 
GGNle-

CycMSHhex127 
 
 

 
aChapter 3 
bChapter 5 
cChapter 6 

2.5 Lead-212 and lead-203  
The final theranostic pair that will be discussed in this Chapter are 212Pb (T1/2 = 

10.6 hours) and 203Pb (T1/2=2.2 days). 212Pb own low energy β- decay (E(β-)=101.3 keV) 
is not why this pair is attractive; 212Pb’s short-lived daughter, 212Bi (T1/2=1.01 hours) 
decays either by alpha emission (with a 35.9% branching ratio) or it β- decays into 212Po 
(T1/2=300 ns) which decays instantaneously via alpha emission (Fig. 2.5). This allows 
212Pb to act as an in vivo generator system (like 134Ce/134La) where 212Pb is labeled to a 
targeting vector, administered to the patient, and then decays into 212Bi in vivo which 
emits the potent alpha particle128. In addition, lead, being a divalent group 4 metal (ionic 
radius: 129 pm (coordination number = 8)), behaves differently in vivo compared to rare 
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earth elements and actinides discussed in this chapter56. Free lead has been shown to 
uptake in the liver, kidneys, bone, and the brain23,131.  

 
Figure 2.5:  212Pb decay chain with the imageable radiation emitted by 212Pb.The 
photon included has the highest intensity emitted by 212Pb. 

 Similarly to 227Th, 212Pb emits gamma photons that could potentially allow for 
direct SPECT imaging of 212Pb-labeled targeting radiopharmaceuticals132. Unfortunately, 
like 225Ac and 227Th, the activity of administered 212Pb is low compared to typical 
radionuclides and this can lead to images with low signal-to-noise ratios. Unlike 225Ac 
and 227Th, the electron capture isotope 203Pb, which can be imaged through SPECT due 
to the emission of a 279.2 keV (81%) gamma, leads to high quality images for 
preclinical and clinical lead theranostic studies23,122,127,129,130. 
 In the US, 212Pb is generally available through the elution 224Ra/212Pb 
generators14. 224Ra (T1/2=3.6 days) is generally separated from its 228Th parent (T1/2=1.9 
years) which decays and is separated from 232U (T1/2=68.9 years) stockpiles125. From 
there, 224Ra is loaded onto a cation exchange column which is either eluted with 
hydrochloric or hydroiodic acid yielding 212Pb with limited impurities (breakthrough of 
224Ra is less than 1 ppm)128,133. Unfortunately, this method leads to large volumes of 
212Pb in ab unfavorable electrolytic solution which is unideal for radiolabeling. Because 
of this, the 212Pb solution has to be evaporated down to a residue and then redissolved 
into a more appropriate electrolytic solution. This is problematic because these steps 
can add a few more hours to an already time intensive procedure (which leads to a 
smaller activity of 212Pb from decay and process losses). In Chapter 5, a series of 
radiolabeling experiments with the goal of benchmarking the elution of these generators 
with 1.0 M sodium acetate is discussed. This novel elution strategy allows the direct 
radiolabeling of targeting vectors without the need for evaporation and redissolution.  
 203Pb can be produced using low energy cyclotrons through the 203Tl(p,n)203Pb 
reaction using protons on a natural thallium target23. The target is then dissolved and 
pushed through either an anion exchange column or a Pb-selective column124. 
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Afterwards, either nitric acid or hydrochloric acid is pushed through to remove the 203Pb 
from the column. This process leads to a very pure solution of 203Pb where no radio-
impurities were detected through gamma spectroscopy23.  

Early studies evaluated DOTA as a potential chelator of lead isotopes. In a 
SW122 tumor-bearing murine model, the biodistribution 212Pb-DOTA-biotin and 203Pb-
DOTA-biotin were compared126. 203Pb and 212Pb had similar biodistributions in all organs 
besides the kidney, spleen, and femur. The kidneys in particular had an excess amount 
of 212Bi which primarily may be from the recoil effect where the alpha emission from 
212Pb causes 212Bi to recoil and release from its chelator, resulting in the redistribution to 
the kidneys. The excess femur uptake is particularly from the in vivo release of 212Pb 
from the chelator which can redistribute to the bone. The macrocyclic TCMC was found 
to be more stable in vivo and led to 212Pb-TCMC-Trastuzumab being the first lead-
based targeted radiopharmaceutical to be administered in humans with no toxicity noted 
up to 1 year123,125,134,135. TCMC has continued to be touted as the gold standard of lead 
theranostics and has demonstrated to have superior radiolabeling yield and higher in 
vivo stability with both 212Pb and 203Pb than DOTA in PSMA models as well122. Table 2.3 
summarizes 212Pb and 203Pb as theranostic pairs including half-life, imageable radiation, 
chelators, and targeting vectors. 

2.6 Conclusion 
For targeted radionuclide therapy, no single therapeutic radionuclide is the best 

choice for every situation. While 225Ac and 227Th with their long series of alpha 
emissions have shown promising preclinical and clinical results for metastatic cancers 
and small tumor volumes, they both suffer from a lack of theranostic pairs and require 
the development of chemically similar theranostic matched pairs in order to perform 
accurate dosimetry and treatment planning11,25. In addition, if not handled correctly, the 
recoiling daughters can lead to radiotoxicity and potentially second cancers26. Moreover, 
the lack of fundamental understanding of actinium has made the development of 
effective chelators rather challenging, and the lack of availability of 225Ac has inhibited 
its development in targeting radiopharmaceuticals69,136. 

212Pb is another alpha emitter that solves a lot of problems that 225Ac and 227Th 
pose. For instance, 212Pb has a theranostic pair, 203Pb, that can be imaged via 
SPECT130. In addition, 212Pb is available in 224Ra/212Pb generators which are rather 
convenient for hospitals as they act as a self-renewing source of 212Pb for a couple 
weeks128. The main disadvantage of 212Pb is the current elution strategy (which involves 
time consuming evaporation and redissolution steps) is rather time consuming which 
can lead to the loss of activity due to the processes that are involved and to decay. The 
development of methodologies that can shorten this elution time can greatly facilitate 
the development of targeting radiopharmaceuticals incorporating 212Pb.  

Finally, 90Y is a tried and true therapeutic radionuclide with experience in FDA-
approved drugs unlike the other therapeutic radionuclides discussed in this chapter109. 
While not as effective against smaller tumor volumes and metastatic cancers as alpha 
emitters, beta emitters such as 90Y are rather effective at larger tumor volumes. In 
addition, 90Y is much easier to control in vivo since it lacks recoiling radioactive 
daughters unlike 225Ac, 227Th, and 212Pb. Furthermore, the use of 86Y as a theranostic 
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pair can allow for accurate dosimetry and treatment planning of yttrium-based targeted 
radiopharamceuticals22.  
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CHAPTER 3: Investigating the in vivo stability of novel 
complexes using positron emission tomography 
3.1 Introduction 

Targeted radiopharmaceuticals are an advantageous weapon against cancer 
because it allows for the systematic treatment of the disease without having to know the 
exact location of the diseased tissue (unlike in external beam therapy); only the tumor 
biology needs to be known (which dictates the specific targeting vector that needs to be 
used)137. This therapy is rather versatile where for a specific targeting vector the 
payload can be swapped to fit the needs of the patient. For larger tumor volumes, a β-
emitter can be used while for smaller tumor volumes, an α-emitter can be used. 90Y, a 
β- emitter that has been FDA approved as an antibody drug conjugate (90Y-tiuxetan-
Ibritumomab) for approximately 2 decades, and 225Ac and 227Th, both of which have 
recently demonstrated astonishing preclinical and clinical results due to their long decay 
series which results in a series of α emissions, are all attractive candidates11,25,109. The 
theranostic approach can improve this therapy by using a molecular imaging modality 
(such as PET or SPECT imaging) to do treatment planning and dosimetry. While it is 
ideal for the diagnostic radionuclide to be either the same isotope or the same element 
(like the 90Y/86Y theranostic pair) as the therapeutic radionuclide, some radionuclides 
(like 225Ac and 227Th) don’t have a suitable theranostic pair nor emit enough photons to 
yield high quality SPECT images with the typical administered activity for alpha emitters. 
It has been hypothesized that the 134Ce/134La in vivo generator system can act as a 
chemically analogous companion diagnostic for both 225Ac and 227Th. 

In addition, it has recently been reported that DOTA and DTPA (both commonly 
used chelators in targeted radiopharmaceuticals incorporating 90Y and 86Y) lead to the 
release of yttrium in vivo27,114–117. This release could potentially lead to the unnecessary 
dosing of healthy organs and potentially lead to radiotoxicity and second cancers26,138. 
Developing chelators that form complexes with high kinetic inertness is imperative in 
ensuring the safety and efficacy of these targeted radiopharmaceuticals.  

Herein, the in vivo stability of novel 134Ce (a potential theranostic matched pair for 
225Ac and 227Th) complexes and the novel 86Y-3,4,3-LI(1,2-HOPO) complex are 
investigated. Some of the data and methods in this Chapter have been previously 
published in peer-reviewed journals with the permission of all authors. All of the figures 
have been altered from how they were published for stylistic purposes.  

Relevant Publications:  

Bailey TA, Mocko V, Shield KM, et al. Developing the 134Ce and 134La pair as 
companion positron emission tomography diagnostic isotopes for 225Ac and 227Th 
radiotherapeutics. Nat Chem. 2021;13(3):284-289. doi:10.1038/s41557-020-00598-7 

Carter KP, Deblonde GJP, Lohrey TD, Bailey TA, An DD, Shield KM, Lukens Jr. WW, 
and Abergel RJ. Developing scandium and yttrium coordination chemistry to advance 
theranostic radiopharmaceuticals. Commun Chem. 2020;3(1):1-7. doi:10.1038/s42004-
020-0307-0 
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3.1.1 134Ce as a theranostic matched pair for 225Ac and 227Th  
For 225Ac (ionic radius: 112 pm (coordination number = 6)), the PET radiometal, 

68Ga (ionic radius: 62 pm (coordination number = 6) and the SPECT radiometal, 111In 
(ionic radius: 92 pm (coordination number = 8), have commonly been used as 
theranostic matched pairs; while for 227Th (ionic radius: 105 pm (coordination number = 
8), the PET radiometal, 89Zr (ionic radius: 84 pm (coordination number =8), has 
commonly been used as a theranostic matched pair11,25,38,56,74–77,104. These main group 
and transition diagnostic radionuclides poorly represent the chemical properties of 225Ac 
and 227Th (being actinides) due to having much smaller ionic radii which leads to vast 
differences in the in vivo biodistribution.  

The 134Ce (T1/2=3.2 days) / 134La (T1/2=6.5 minutes) in vivo generator system 
(where the longer-lived 134Ce is labeled to a targeting vector and then decays to 134La in 
vivo which can then be imaged by PET) is in a unique position due to the CeIII/CeIV 
redox couple. When its oxidation state is stabilized to 3+ with appropriate chelator 
selection, 134CeIII (ionic radius: 114 pm (coordination number = 8)) can mimic 225AcIII due 
to similar ionic radii56. When its oxidation state is stabilized to 4+ with appropriate 
chelator selection, 134CeIV (ionic radius: 97 pm (coordination number = 8)) can mimic 
227ThIV due to similar ionic radii56. This allows 134Ce to serve as a companion diagnostic 
for targeted radiopharmaceuticals incorporating either 225Ac or 227Th. 

Before incorporating 134Ce into targeted radiopharmaceuticals, investigating its 
compatibility and in vivo stability with commonly used chelators for 225Ac and 227Th is 
paramount. Both DTPA and DOTA have been used with 225Ac (with DOTA being the 
most commonly used chelator for 225Ac) while the hydroxypyridinone-based chelators 
have become a mainstay in Targeted Thorium Conjugated (particularly Me-3,2-HOPO). 
Herein, the 134CeIII-DTPA and 134CeIII-DOTA complexes are investigated as surrogates 
of 225AcIII-DTPA and 225AcIII-DOTA while the 134CeIV-3,4,3-LI(1,2-HOPO) (another 
hydroxypyridinone-based chelator) complex is investigated as a surrogate of 227ThIV-
3,4,3-LI(1,2-HOPO). The radiochemical yield through radio-instant thin layer 
chromatography (see Appendix A) and the in vivo stability through microPET imaging 
are determined for all three complexes. In addition, an ex vivo biodistribution experiment 
was performed for both the 134CeIII-DTPA and 134CeIV-3,4,3-LI(1,2-HOPO) complexes. 

3.1.2 In vivo stability of 86Y-3,4,3-LI(1,2-HOPO) 
  Despite the frequent use of DTPA and DOTA in targeted radiopharmaceuticals 
incorporating 90Y and 86Y (and other radionuclides), both of these chelators have a 
number of limitations. DOTA in particular has poor binding kinetics which requires the 
need for incubating at elevated temperatures for long period of time which is 
disadvantageous for short-lived radionuclides and labeling antibodies111. While the 
acyclic DTPA allows for faster binding kinetics, DTPA complexes often suffer from low 
in vivo stability when complexed to radionuclides of interest27,57.  

An ideal chelator in targeted radiopharmaceuticals would allow for fast, room 
temperature binding and high in vivo stability. Chelators with hydroxypyridinone 
moieties are known to meet these criteria67,68. 3,4,3-LI(1,2-HOPO) (referred to as HOPO 
from now on) is a particularly attractive option as it is known to form highly stable 
complexes with a variety of trivalent and tetravalent metals, including rare earth 
elements and the actinides139,140. Furthermore, density functional theory calculations 
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have shown structural deformities for HOPO complexes with endogenous metals, which 
minimizes in vivo competition with radiometals of interest141. Applied to 90Y/86Y, this 
could potentially negate the release of these radiometals in vivo. Herein, the in vivo 
stability of 86Y-HOPO in a murine model is investigated through microPET imaging. 

3.2 Materials and methods 
All procedures and protocols used in these studies were reviewed and approved 

by the Institutional Animal Care and Use Committee of LBNL and were performed in 
AAALAC-accredited facilities, according to prescribed guidelines and regulations. 
Intravenous injections into a warmed lateral tail vein and euthanasia by cervical 
dislocation were performed under isoflurane anesthesia. 

3.2.1 Materials 
The following chemicals were used as received from chemical suppliers: Yttrium-

86 (86Y; Eckert & Ziegler), 1,4,7,10-tetraazacylododecane tetraacetic acid (DOTA; 
Macrocyclics), Diethylenetriaminepentaacetic acid (DTPA; Sigma Aldrich), 3,4,3-LI(1,2-
HOPO) (HOPO; Ash Stevens), sodium citrate dihydrate (citrate; Mallinckrodt), 10x 
sterile phosphate buffered saline (10X PBS, VWR), ammonium acetate (NH4OAc; 
Fluka), 0.9% sterile saline (saline; APP Pharmaceuticals), Ethylenediaminetetraacetic 
acid disodium salt dihydrate (EDTA; VWR), Dimethyl sulfoxide (DMSO; Amresco). All 
solutions were prepared with deionized water purified by a Millipore Milli-Q water 
purification system.  

3.2.2 134Ce production and radiolabeling 
134Ce was produced at the Isotope Production Facility (IPF) of Los Alamos 

National Laboratory (LANL)85. In brief, 134Ce was obtained through a 139La(p,6n)134Ce 
reaction by the 100 MeV proton bombardment of a natural lanthanum target. After 
dissolving the target, separation of 134Ce from the rest of the lanthanum was achieved 
through the oxidation of Ce from +3 to +4 using NaBrO3, and CeIV was separated from 
LaIII using anion-exchange chromatography. At 7.8 days after end of irradiation, the 
purified product contained 18.3 GBq of 134Ce (T1/2 = 3.16 days), 1.59 GBq of 137mCe (T1/2 
= 34.4 hours), 148 MBq of 135Ce (T1/2 = 17.7 hours), and 207.2 MBq of 139Ce (T1/2 = 
137.6 days). 370 MBq samples of 134Ce were then shipped to Lawrence Berkeley 
National Laboratory with a specific activity ranging from 16.4 kBq/ng (activity of 134Ce to 
the total mass of cerium) to 96.2 of 134Ce kBq/ng. 

The 134Ce-DOTA solution was prepared by adding DOTA to 134Ce (25:1 chelator 
to cerium nuclide molar ratio) in 0.165 M NH4OAc, followed by an incubation period of 
60 min at 60°C. This 134Ce- DOTA solution was then diluted into saline for animal 
injection. The 134Ce-citrate solution was prepared by the addition of 134Ce to a solution 
of 0.008 M citrate and 0.14 M NaCl in MilliQ water.   

For labeling HOPO and DTPA for live-animal microPET imaging, aliquots of 
134Ce in a 0.05 N HCl solution were added to pre-prepared 10X PBS solutions 
containing either HOPO or DTPA to form solutions with a 25:1 chelator to cerium 
nuclides molar ratio. Both solutions were incubated at 60 °C for 1 hour and then diluted 
with saline for animal injection. 



37 
 

For labeling HOPO and DTPA for postmortem microPET imaging and ex vivo 
biodistribution, aliquots of 134Ce in a 0.05 N HCl solution were added to pre-prepared 
10X PBS solutions containing either HOPO or DTPA to form solutions with a 10,000:1 
chelator to 134Ce ratio (this ratio is approximately on the same order of magnitude to the 
25:1 ligand to cerium nuclides ratio that was used for the live animal microPET imaging 
solutions). Both solutions were incubated at 45 °C for 2 hours and then diluted with 
saline for animal injection.  
 Activities of the 134Ce-DOTA, 134Ce-citrate, live-animal 134Ce-HOPO, and live-
animal 134Ce-DTPA injection solutions were determined by gamma spectroscopy via a 
P-Type High Purity Germanium gamma spectrometer using the 511.00 and 604.72 keV 
lines of 134La. Activities of the postmortem 134Ce-HOPO and postmortem 134Ce-DTPA 
injection solutions were measured by Liquid Scintillation Counting (Packard Tri-Carb 
model B4430, Perkin Elmer), using a 20 – 2000 keV window and Ultima Gold LLT. For 
both methods, samples were allowed to sit at rest for more than 1 hour prior to 
measurements to allow 134La to reach secular equilibrium with 134Ce before counting, 
allowing the 134La activity to be equivalent to 134Ce. The radiochemical yields of these 
radiolabeled small molecule solutions were determined by radio-instant thin layer 
chromatography (Bioscan System 200 Imaging Scanner), using Varian ITLC-SA strips 
(Agilent Technologies) and 50 mM EDTA at pH 10.5 as the mobile phase. 
Radiochemical yields were determined by drawing two regions of interest (using 
Bioscan System 200 Imaging Scanner software) over the prominent gaussian peak 
(which contains the labeled chelators) and the region to the left of the prominent peak 
(which constitutes unlabeled radiometal). The radiochemical purity is then calculated by 
the ratio of labeled radiometal to the total amount of radiometal on the plate. 

3.2.3 86Y radiolabeling 
 A 2.86 mL 10X  PBS solution containing 5 μL of HOPO (34.9 μM) in DMSO was 
added to the 86Y stock solution in 0.1 M HCl in order to form a 10,000 to 1 ligand to 86 Y 
ratio. The reaction was incubated at room temperature for 10 minutes. In order to 
confirm 86Y-HOPO binding, an aliquot of the solution was combined with a wild-type 
Siderocalin protein solution, and upon Siderocalin recognition, separation from free 86Y 
was done via spin filtration using 0.5 mL 10 kDa Amicon Ultra centrifugal filter units (see 
Chapter 6 for a discussion on Siderocalin proteins)142. Free 86Y goes through the filter, 
and a Ludlum 2224-1 Alpha-Beta Scaler-Ratemeter was used to determine the 
proportion of activity that remained in the filter versus the activity that went through the 
filter. The solution was then diluted with saline for animal injection. The activity of the 
solution was determined by gamma spectroscopy via a P-Type High Purity Germanium 
gamma spectrometer using the 307.00, 443.13, 580.57, and 777.37 keV lines of 86Y. 

3.2.4 Live animal 134Ce PET imaging and in vivo biodistribution 
 Biodistribution studies were performed to evaluate the in vivo stability of 134Ce- 
DOTA, 134Ce-HOPO, and 134Ce-DTPA in adult female Swiss Webster mice (12-19 
weeks; 31.9 ± 2.8 g; Simonsen Laboratories, CA). 134Ce-citrate was also administered 
since it would be representative of free 134Ce in vivo. Groups of four mice were injected 
intravenously with a single 0.2 mL dose of either 134Ce-DOTA (6.90 ± 0.03 MBq, 22.6 
nM), 134Ce-HOPO (4.49 ± 0.02 MBq, 14.7 nM), 134Ce-DTPA (7.72 ± 0.03 MBq, 25.3 
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nM), or 134Ce-citrate (5.05 ± 0.02 MBq, 16.5 nM). Molarities of the ligands and the 
metals in each injection dose are included in Table 3.1. The mice were anesthetized at 
20 minutes, 5 hours, and 25 hours and subsequently imaged with a Concorde 
microPET R4 in the head first prone position. After the 25 hour timepoint, mice were 
euthanized by cervical dislocation.  

3.2.5 Ex vivo biodistribution and postmortem 134Ce PET imaging 
 A separate ex vivo biodistribution study was also performed to evaluate the in 
vivo stability of 134Ce-HOPO and 134Ce-DTPA in adult female Swiss Webster mice (14-
15 weeks old; 32.4 ± 1.6 g; Simonsen Laboratories, CA). Groups of three mice were 
injected intravenously with a single 0.2 mL dose of either 134Ce-HOPO (3.19 ± 0.01 
MBq, 10.4 nM) or 134Ce-DTPA (6.27 ± 0.01 MBq, 20.5 nM). Molarities of the ligands and 
the metals in each injection dose are included in Table 3.1. Each group was euthanized 
by cervical dislocation at 10 minutes, 4 hours, and 24 hours after injection. After at least 
1 hour after euthanasia  (to ensure 134Ce and 134La are in secular equilibrium), the 
euthanized mice were subsequently imaged with a Concorde MicroPET R4 in the head 
first supine position. For each mouse, the liver, kidneys, spleen, lungs, and the 
abdominal remaining tissue (ART, which includes the (GI) tract, reproductive organs, 
urinary bladder, and abdominal fat) were dissected and counted by a gamma counter 
(Packard A5530 gamma spectrometer) with the results being reported in terms of 
percent recovered activity per gram of tissue (%RA/g). 

3.2.6 Live animal 86 Y PET imaging and in vivo biodistribution 
 Biodistribution studies were performed to evaluate the in vivo stability of 86Y-
HOPO in adult female Swiss Webster mice (11-12 weeks; 32.6 ± 1.5 g; Simonsen 
Laboratories, CA). Groups of three mice were injected intravenously with a single 0.2 
mL dose of 86Y-HOPO (3.44 ± 0.11 MBq, 2.18 nM). Molarities of the ligands and the 
metals in each injection dose are included in Table 3.1. The mice were anesthetized at 
15 minutes, 2 hours, 24 hours, and 48 hours after injection on a Concorde microPET R4 
in the head first prone position. After the 48 hour timepoint, mice were euthanized by 
cervical dislocation. 
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Table 3.1: Ligand molarity, radiometal molarity, and ligand to radiometal ratio for every 
complex injection dose discussed in Chapter 3. 

Complexesa Ligand Molarity Radiometal Molarity Ligand to 
radiometal ratio 

134Ce-DOTA 241.0 μM 22.6 nM 10,664 
134Ce-HOPO 
premortem 

255.0 μM 14.7 nM 17,347 

134Ce-DTPA  
premortem 

439.0 μM 25.3 nM 17,352 

134Ce-citrate 8.0 mM 16.5 nM 484,484 
134Ce-HOPO 
postmortem 

104.0 μM 10.4 nM 10,000 

134Ce-DTPA 
postmortem 

205.0 μM 20.5 nM 10,000 

86Y-HOPO 21.8 μM 2.18 nM 10,000 
aInjection dose was 0.2 mL injected intravenously for all complexes 

3.2.7 MicroPET scanner and reconstruction parameters  
 The Concorde microPET R4 supports a transaxial resolution of 1.66 mm FWHM, 
an energy window of 350-650 keV, and a coincidence timing window of 6 ns were used 
during image acquisition. Images were reconstructed using 3D ordered subset 
expectation maximum followed by maximum a posteriori onto a 128 x 128 x 63 (0.85 x 
0.85 x 1.2 mm3) matrix. Image data underwent normalization, dead-time count losses, 
positron branching ratio, and decay corrections. The counting rates in the processed 
images were converted to the percentage of injected activity per gram of tissue (%IA/g) 
using a system calibration factor obtained by imaging a cylinder filled with a known 
concentration and volume of the injection solutions. The reported images are coronal 
maximum intensity projection (MIP) images. Quantitative imaging analysis on organs of 
interest was done by hand-drawing three-dimensional regions of interest (ROI) using 
AMIDE v1.0.5 with the results being reported in terms of percent injected activity per 
gram of tissue (%IA/g)143. 

3.3 Results 
3.3.1 134Ce in vivo stability 

Figure 3.1 shows representative coronal (MIP) PET images of 134Ce-citrate 
biodistribution through 25 h in healthy female Swiss Webster mice. All three timepoints 
display high uptake in both the liver and the skeletal system (the knee bones are used 
as a surrogate for the skeletal system reference, for ROI purposes) (Fig. 6A). The liver 
uptake was initially high (18.18 ± 2.08 %IA/g at 20 minutes) and then increased and 
plateaued at the two latter timepoints (30.04 ± 2.54 %IA/g at 5 hours and 29.87 ±1.75 
%IA/g at 25 hours). Isotope burden in the knee bones gradually increased over time 
from 1.54 +/- 0.54 %IA/g at 20 minutes to 2.54 ± 0.49 %IA/g at 25 hours. Minimal 
uptake was apparent in the rest of the mice besides minute accumulation in the bladder 
at 20 minutes indicating a minor renal elimination pathway. 
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(A)                                                  (B)     

 
      (C)     

 
Figure 3.1:  Maximum intensity projection (MIP) PET images of a Swiss Webster 
mouse injected intravenously with 5.05 MBq of 134Ce-citrate at (a) 20 minutes, (b) 5 
hours, and (c) 25 hours after administration. 

 Radio-instant thin layer chromatography (radio-ITLC) allows for the separation of 
unlabeled or “free” 134Ce from labeled 134Ce. This proportion of labeled to unlabeled 
134Ce is then quantified through the use of a position-sensitive proportional counter. 
When the 134Ce solution is spotted at the origin of the silica gel plate (the stationary 
phase), free 134Ce is complexed by the EDTA in the mobile phase (50 mM of EDTA at 
pH 10.5). Through these investigations, it was discovered that the 134Ce-EDTA complex 
moved much further up the plate than the experimental 134Ce complexes (DOTA, 
HOPO, and DTPA) since 134Ce-EDTA has a much higher polarity than the other 
complexes. 

134Ce-DOTA exhibited a high radiochemical yield (93.9%) measured by radio-
ITLC where free 134Ce moved up the plate with the solvent front while the prominent 
134Ce-DOTA peak lagged behind the solvent front (Fig. 3.2A and 3.2B). This high 
stability was also apparent in vivo with the majority of activity located in the bladder at 
20 minutes, which indicates rapid renal elimination (Fig. 3.3). High in vivo stability is 
further demonstrated by virtually all activity being eliminated by 5 hours (notice the low 
signal to noise of the 5 hours and 25 hours images), no apparent bone uptake, and 
minimal liver and kidney uptake at 25 hours (Fig. 3.6B). Both liver and kidney uptakes 
decreased rapidly between 20 minutes and 5 hours, with liver uptake reduced from 2.65 
± 0.47 %IA/g to 0.04 ± 0.01 %IA/g and kidney uptake from 1.49 ± 0.42 to 0.20 ± 0.03 
%IA/g. 
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(A)           (B) 

 
(C)           (D) 

 
Figure 3.2: Radio-ITLC traces of (A) free 134Ce, (B) 134Ce-DOTA, (C) 134Ce-HOPO, and 
(D) 134Ce-DTPA. The origin is located at 0 mm. For the experimental complexes, counts 
outside the prominent peak correspond to unlabeled 134Ce. 
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(A)                                                  (B)     

 
      (C)     

 
Figure 3.3:  MIP PET images of a Swiss Webster mouse injected intravenously with 
6.90 MBq of 134Ce-DOTA at (a) 20 minutes, (b) 5 hours, and (c) 25 hours after 
administration. At 20 minutes, the majority of activity is located in the bladder indicating 
rapid, renal elimination of 134Ce-DOTA. 

 134Ce-HOPO displayed a radiochemical yield (83.6%) measured by radio-ITLC 
where the prominent 134Ce-HOPO lagged behind the solvent front (Fig. 3.2C). 134Ce-
HOPO is unique compared to all of the cerium complexes discussed in this chapter 
because it is eliminated through the hepatobiliary pathway as shown in figure 3.4. At 20 
minutes and 5 hours, activity is shown accumulated in the liver and traversing the 
gastrointestinal tract. At 25 hours, minimal activity remains in the liver and the 
abdominal remaining tissue (notice the high signal-to-noise in Fig. 3.4C) with no 
apparent bone uptake indicating high in vivo stability. Due to the slower nature of the 
hepatobiliary pathway in comparison to the renal pathway, the initial liver and abdominal 
remaining tissue start out high (liver is 3.92 ± 0.69 %IA/g and ART is 60.37 ± 7.44 at 20 
minutes) but decrease to minimal levels by 25 hours (liver is 0.31 ± 0.05 %IA/g and ART 
is 0.40 ± 0.11 %IA/g at 25 hours) (Fig. 3.6C).  
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(A)                                                  (B)     

 

      (C)     

 
Figure 3.4:  MIP PET images of a Swiss Webster mouse injected intravenously with 
4.49 MBq of 134Ce-HOPO at (a) 20 minutes, (b) 5 hours, and (c) 25 hours after 
administration. At 5 hours, the high concentration of activity is located in the 
gastrointestinal tract indicating hepatobiliary elimination of 134Ce-HOPO. 

 134Ce-DTPA displayed a radiochemical yield (83%) measured by radio-ITLC 
where the prominent 134Ce-DTPA peak lagged behind the solvent front. Like 134Ce-
DOTA, 134Ce-DTPA is eliminated through the rapid renal pathway with the majority of 
activity located in the bladder at 20 minutes. High in vivo stability is confirmed at 5 hours 
and 25 hours with minimal activity located in the kidneys (0.31 ± 0.24 %IA/g at 5 hours 
and 0.29 ± 0.05 at 25 hours) and liver (0.49 ± 0.30 %IA/g at 5 hours and 0.25 ±  0.03 
%IA/g at 25 hours) and no apparent uptake in the knee bones (Fig. 3.6D).  
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(A)                                                  (B)     

 
      (C)     

 
Figure 3.5:  MIP PET images of a Swiss Webster mouse injected intravenously with 
7.72 MBq of 134Ce-DTPA at (a) 20 minutes, (b) 5 hours, and (c) 25 hours after 
administration. At 20 minutes, the majority of activity is located in the bladder indicating 
rapid, renal elimination of 134Ce-DTPA. 
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  (A)             (B) 

 

  (C)           (D) 

 
Figure 3.6: ROI analysis of organs of interest in Swiss Webster mice administered 
intravenously with (A) 134Ce-Citrate, (B) 134Ce-DOTA, (C) 134Ce-HOPO, or (D) 134Ce-
DTPA. Each data point is the average value of the 4 mice in each group, and the error 
bars represent the 1-sigma standard deviation. Only the upper error bar is displayed for 
ease of visualization. ART is abdominal remaining tissue.  
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3.3.2 134Ce ex vivo biodistribution and postmortem imaging 
The postmortem images of 134Ce-HOPO biodistribution corroborate with the live 

animal images (Fig. 3.7). The early timepoints (10 minutes and 4 hours) exhibit uptake 
in the liver and the gastrointestinal tract exhibiting the familiar hepatobiliary elimination 
pathway. By 24 hours, minimal activity remains (notice the high signal to noise ratio in 
Figure 3.7C) with the residual predominately in the liver. The ex vivo biodistribution is 
also indicative of the hepatobiliary elimination pathway with the liver having an uptake of 
13.22 ± 4.54 %RA/g at 10 minutes and decreasing to 1.60 ± 0.35 %RA/g at 24 hours 
(Fig. 3.9). The abdominal remaining tissue gradually decreases from 5.54 ± 0.43 %RA/g 
at 10 minutes to 0.26 ± 0.35 %RA/g at 24 hours. Minimal uptake is also apparent in the 
lungs, kidneys, and spleen throughout the study. 

(A)                                                  (B)     

 

      (C)     

 
Figure 3.7:  Postmortem MIP PET images of a Swiss Webster mouse injected 
intravenously with 3.19 MBq of 134Ce-HOPO at (a) 10 minutes, (b) 4 hours, and (c) 24 
hours after administration. 

 The postmortem images of 134Ce-DTPA biodistribution display rapid renal 
elimination like the live animal images (Fig. 3.8). The majority of the activity is located in 
the bladder and kidneys at 10 minutes. By 4 hours, most of the activity was already 
eliminated from the mouse with the residual activity located in the liver and the kidneys. 
By 24 hours, the only remaining activity is located in the liver. The ex vivo biodistribution 
further confirms these results by indicating renal elimination with the kidneys having an 
uptake of 56.41 ± 24.38 %RA/g at 10 minutes and rapidly decreasing to 0.67 ± 0.06 
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%RA/g at 4 hours (Fig. 3.9). The abdominal remaining tissue (which contains the 
bladder) also shows elevated uptake at 10 minutes (6.66 ± 1.14 %RA/g) and rapidly 
decreases to minimal levels by 4 hours (0.22 ± .09 %RA/g). One of the challenging 
aspects of doing any postmortem bladder measurement is that the euthanasia 
technique that is used causes the mouse to empty its bladder upon death. This leads to 
the activity levels that are reported to be smaller than actual activity levels when the 
mouse is alive. This difference in bladder activities is also apparent when comparing the 
10 minute postmortem and live animal images (Fig. 3.8A and 3.5A) where the 
postmortem bladder is smaller in volume than the live animal image bladder. The liver 
uptake also shows a rapid decline from 6.78 ± 3.72 %RA/g at 10 minutes to 1.44 ± 0.29 
%RA/g at 4 hours and then stabilizes.  

(A)                                                  (B)     

 

      (C)     

 
Figure 3.8:  Postmortem MIP PET images of a Swiss Webster mouse injected 
intravenously with 6.27 MBq of 134Ce-DTPA at (a) 10 minutes, (b) 4 hours, and (c) 24 
hours after administration. 
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 (A)           (B) 

 
        (C)  

 
Figure 3.9:  Ex vivo 134Ce-HOPO and 134Ce-DOTA biodistribution in Swiss Webster 
mice in terms of %RA/g at (a) 10 minutes, (b) 4 hours, and (c) 24 hours after 
administration measured by gamma counting. Each data point is the average value of 
the 3 mice in each group, and the error bars represent the 1-sigma standard deviation. 
Only the upper error bar is displayed for ease of visualization. ART is abdominal 
remaining tissue. 
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3.3.3 86Y in vivo stability 
The siderocalin binding assay indicated negligible amounts of 86Y went through 

the denoting a >99% radiochemical yield. Similarly to 134Ce-HOPO, 86Y-HOPO 
displayed hepatobiliary elimination with the live animal PET images displaying activity 
predominately traversing through the liver and gastrointestinal tract (Fig. 3.10). By 24 
hours, the vast majority of activity was eliminated by the mice (notice the high signal to 
noise ratio in Figure 3.10C), and at 48 hours just noise was imaged indicating high in 
vivo stability. This is corroborated by the ROI analysis where the uptake in both the liver 
(101.77 ± 42.93 %IA/g at 15 minutes to 0.32 ± 0.44 %IA/g at 24 hours)  and abdominal 
remaining tissue (136.35 ± 42.64 %IA/g at 15 minutes to 0.22 ± 0.11 %IA/g at 24 hours) 
decreases to negligible values by 24 hours (Fig. 3.11). No ROI results are provided for 
the 48 hour image since no activity uptake was apparent. 

(A)                                                  (B)     

 
(C)                                                  (D)     

 
 
Figure 3.10:  MIP PET images of a Swiss Webster mouse injected intravenously with 
3.44 MBq of 86Y-HOPO at (a) 15 minutes, (b) 2 hours, (c) 24 hours, and (d) 48 hours 
after administration. 
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Figure 3.11: ROI analysis of organs of interest in Swiss Webster mice administered 
intravenously with 86Y-HOPO. Each data point is the average value of the 3 mice in 
each group, and the error bars represent the 1-sigma standard deviation. Only the 
upper error bar is displayed for ease of visualization. ART is abdominal remaining 
tissue.  

3.4 Discussion 
The goal of these in vivo stability studies is to see if the radiometal follows the 

pharmacokinetics and elimination pathways of the chelator. All of these chelators that 
were discussed in this chapter should be eliminated within 24-48 hours. A complex with 
a high in vivo stability would be represented by little to no activity at later timepoints. A 
complex with poor in vivo stability would be represented by a large amount of activity 
located at organs associated with the corresponding radiometal’s natural biodistribution. 
As an example, the 134Ce-citrate (which models cerium natural biodistribution since 
134Ce-citrate demetallates in vivo) images indicate uptake primarily in the liver and some 
bone uptake which is similar to the 225Ac-acetate (which models free 225Ac)57,58. The 
134CeIII-DOTA and 134CeIII-DTPA follow both 225AcIII-DOTA and 225AcIII-DTPA 
biodistribution with a rapid renal elimination pathway and minimal activity remaining in 
the liver, kidneys, and bones57. 134CeIV-HOPO follows a slower hepatobiliary with the 
residual activity located in the liver and the GI tract with no apparent bone uptake. This 
elimination pathway is indicative of chelators with hydroxypyridinone moieties such as 
Me-3,2-HOPO101,106. One thing to consider if using 134CeIV as a surrogate for 227ThIV is 
that if cerium is released in vivo, it will be stabilized to 3+ and no longer acts as a 
surrogate for 227ThIV144–146. This fact demonstrates the necessity of using a chelator, 
such as HOPO, that can strongly bind to both 134CeIV and 227ThIV. 

Moreover, the 86Y-HOPO complex follows a similar elimination pathway as 
134CeIV-HOPO with minimal activity remaining in the GI tract at 24 hours and no 
apparent activity at all at 48 hours. Furthermore, no apparent activity was located in the 
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bones and kidneys (where free yttrium tends to accumulate) which is indicative of high 
in vivo stability108. 

One of the caveats of using 134Ce in radiopharmaceuticals is the amount of 
excess chelator that is necessary to ensure a high radiochemical yield. The specific 
activity of the shipments of 134Ce has ranged from 16.4 kBq/ng (activity of 134Ce to the 
total mass of cerium) to 96.2 of 134Ce kBq/ng. This corresponds to anywhere from 114-
666 total atoms of cerium to atoms of 134Ce (this excess of cerium atoms is primarily 
from all the radiompurities). While these experiments used excess chelator to ensure 
high radiochemical in order to investigate the in vivo stability of 134Ce complexes, a 
large excess of chelators is not always possible nor feasible for producing targeted 
radiopharmaceuticals. In addition, heating at an elevated temperature for a long 
duration of time was performed on all complexes discussed in this Chapter in order to 
minimize experimental variables. This is not necessarily needed for HOPO which can 
form rapidly form stable complexes at room temperature139,140. Future work will optimize 
the radiolabeling condition for these complexes (amount of excess chelator and 
incubation temperature and time).  

One open ended question that remains is whether 134La stays in the chelator 
after the decay of 134Ce. One potential way to investigate this phenomenon is to use 
liquid chromatography mass spectrometry147. The liquid chromatography can separate 
free 134La from the 134Ce-complex while the mass spectrometer can determine the ratio 
of each of the species. While this doesn’t give insight into what happens to the 134Ce 
complex in vivo, it would illuminate what types of target vectors are compatible with 
134Ce based on whether they internalize or not34. 

3.5 Conclusions 
Herein, it was demonstrated that 134CeIII-DTPA, 134CeIII-DOTA, 134CeIV-HOPO, 

and 86Y-HOPO all had high in vivo stability, rapid pharmacokinetics, and little to no 
residual activity after 24-48 hours after administration. These studies illuminate that 
134Ce could potentially be an effective theranostic matched pair for either 225AcIII or 
227ThIV (based on appropriate chelator selection) and that 3,4,3-LI(1,2-HOPO) could 
advance 90Y/86Y theranostics. Future work will investigate DOTA-based antibody drug 
conjugates incorporating 134Ce (see Chapter 4), bifunctional variants of 3,4,3-LI(1,2-
HOPO) labeled with 134Ce or 86Y, and siderocalin fusion proteins bound to 86Y-3,4,3-
LI(1,2-HOPO) complexes (see Chapter 6)36,148,149.  
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CHAPTER 4: Evaluating 134Ce as a theranostic matched pair 
for antibody drug conjugates incorporating 225Ac 
4.1 Introduction 

Targeted alpha therapy, where alpha-emitting radionuclides are transported to 
diseased tissues via biochemical targeting vectors, is a promising approach for cancer 
therapy8–10,150. Once at the targeted sites, radionuclides deliver alpha particles that can 
deposit large amounts of energy in short distances, thus minimizing the damage to 
surrounding, non-diseased tissue. Both 225Ac (T1/2 = 9.9 days) and 227Th (T1/2 = 18.7 
days) have shown early success, in part due to decay chains that generate a series of 
four or five alpha particles11,62,151–153. In addition, the long half-lives of both radionuclides 
allow for compatibility with a wide variety of targeting vectors ranging from small 
peptides and antibody fragments to large antibodies62,78,101.  

One of the challenges associated with the development of radiopharmaceuticals 
incorporating 225Ac and 227Th is the lack of imageable photons or positrons from 
therapeutic quantities of either of these radionuclides or other actinium and thorium 
isotopes. This prevents routine treatment planning and monitoring of the 
radiopharmaceuticals with contemporary clinical SPECT and PET scanners, 
necessitating the use of a chemically analogous diagnostic radionuclide. Among 
available PET imaging radiometals, 68Ga (T1/2 = 67.7 min) and 89Zr (T1/2 = 78.4 h) have 
been used as theranostic matched pairs 225Ac and 227Th, respectively11,154. 
Unfortunately, both of these PET isotopes display different coordination properties from 
those of their proposed therapeutic counterparts making them poor chemical 
surrogates. Furthermore, because of the short half-life of 68Ga, monitoring the 
biodistribution of 225Ac over a few days is not possible. Recently, it was demonstrated 
that the in vivo generator 134Ce (T1/2 = 3.2 days)/134La (T1/2 = 6.5 minutes) can mimic 
either 225AcIII or 227ThIV with appropriate chelator selection (using DTPA to tune 134Ce to 
3+ and 3,4,3-LI(1,2-HOPO) to tune 134Ce to 4+) due to the readily accessible CeIII/CeIV 

redox couple85. Moreover, 134CeIII-DOTA was shown to have a high in vivo stability and 
a similar biodistribution to 225AcIII-DOTA which is the most commonly used complex for 
225Ac-based targeted radiopharmaceuticals (Chapter 3). In addition, the half-life of 134Ce 
is long enough to allow tracing the long-term biodistribution of both 225Ac and 227Th. 

Herein, the compatibility of 134Ce in DOTA-based antibody drug conjugates is 
investigated. This is done by demonstrating long-term targeting for up to 9 days after 
injection of 134Ce-DOTA-Trastuzumab in a SK-OV-3 tumor-bearing murine model. Some 
of the data and methods included in this Chapter have been published in a peer-
reviewed journal with the permission of all authors. All of the figures have been altered 
for stylistic purposes.  
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Relevant Publications:  

Bailey TA, Wacker JN, An DD, et al. Evaluation of 134Ce as a PET imaging surrogate 
for antibody drug conjugates incorporating 225Ac. Nuclear Medicine and Biology. 
2022;110-111:28-36. doi:10.1016/j.nucmedbio.2022.04.007 

4.2 Materials and methods 
All procedures and protocols used in these studies were reviewed and approved 

by the Institutional Animal Care and Use Committee of LBNL and were performed in 
AAALAC-accredited facilities, according to prescribed guidelines and regulations. 
Intravenous injections into a warmed lateral tail vein and euthanasia by cervical 
dislocation were performed under isoflurane anesthesia. 

4.2.1 Materials 
The following chemicals were used as received from chemical suppliers: 

Trastuzumab (Absolute Antibody), S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-
tetraazacylododecane tetraacetic acid (p-SCN-Bn-DOTA; Macrocyclics), Mouse IgG 
Isotype control (IgG; ImmunoReagents), L-arginine hydrochloride (L-arginine; 
Spectrum), sodium bicarbonate (NaHCO3; Ward’s Science), 1x sterile phosphate 
buffered saline (PBS, VWR), ammonium acetate (NH4OAc; Fluka), 0.9% sterile saline 
(saline; APP Pharmaceuticals), Ethylenediaminetetraacetic acid disodium salt dihydrate 
(EDTA; VWR), Dimethyl sulfoxide (DMSO; Amresco), 40-86% Nitric Acid (HNO3; 
Sigma-Aldrich), and Matrigel matrix (Matrigel; VWR). All solutions were prepared with 
deionized water purified by a Millipore Milli-Q water purification system. SK-OV-3 cells 
were used as received from ATCC. 

4.2.2 Antibody conjugation 
Conjugation of Trastuzumab antibodies occurred through covalent coupling of p-

SCN-Bn-DOTA to the lysine residues of the antibodies155. In brief, 0.9 mg of 
Trastuzumab was buffer-exchanged into 0.1 M NaHCO3 using 0.5 mL 30 kDa Amicon 
Ultra Centrifugal Filter Units (Millipore Sigma). Trastuzumab was then incubated with p-
SCN-Bn-DOTA for 60 min at 37 °C in a DMSO matrix at a 1:40 molar ratio. The 
resulting solution was buffer-exchanged into 0.2 M NH4OAc for radiolabeling. 
Conjugation of IgG antibodies occurred with 0.2 mg of IgG and a 1:20 antibody to 
chelator molar ratio using the same procedure outlined above. 

4.2.3 134Ce production and radiolabeling 
134Ce was produced according to a previously described method at the Isotope 

Production Facility (IPF) of Los Alamos National Laboratory (LANL)85. In brief, 134Ce 
was obtained through a 139La(p,6n)134Ce reaction by the 100 MeV proton bombardment 
of a natural lanthanum target. After dissolving the target, separation of 134Ce from the 
rest of the lanthanum was achieved through the oxidation of Ce from +3 to +4 using 
NaBrO3, and CeIV was separated from LaIII using anion-exchange chromatography. At 
7.3 days after end of irradiation, the purified product contained 24.7 GBq of 134Ce (T1/2 = 
3.16 days), 1.4 GBq of 137mCe (T1/2 = 34.4 hours), 122.1 MBq of 135Ce (T1/2 = 17.7 
hours), and 177.6 MBq of 139Ce (T1/2 = 137.6 days). A 370 MBq sample of 134Ce was 
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then shipped to Lawrence Berkeley National Laboratory with a specific activity of 162 
kBq/ng (activity of 134Ce to the total mass of cerium). 

For labeling Trastuzumab and IgG, 125 MBq and 100 MBq aliquots of 134Ce were 
added to the DOTA-Trastuzumab and DOTA-IgG solutions, respectively, followed by an 
incubation period of 90 min at 45 °C. The solutions were then buffer-exchanged 4 times 
into PBS using 0.5 mL 30 kDa Amicon Ultra centrifugal filter units to remove unlabeled 
metal. The 134Ce-DOTA-Trastuzumab solution was diluted into saline while 134Ce-
DOTA-IgG was diluted into 0.1 M L-arginine in saline for animal injections.  

Activities of the injection solutions were determined by gamma spectroscopy via 
a P-Type High Purity Germanium gamma spectrometer using the 511.00 and 604.72 
keV lines of 134La.  Before counting, samples were allowed to sit at rest for more than 1 
hour prior to measurements to allow 134La to reach secular equilibrium with 134Ce, 
allowing the 134La activity to be equivalent to 134Ce. The radiochemical yields were 
determined by measuring the activity of 134Ce that stayed at the top of the 30 kDa filter 
(the labeled 134Ce) and the activity of 134Ce that was in the filtrate (the unlabeled 134Ce). 
The radiochemical yield is then calculated by the ratio of labeled radiometal to the sum 
of labeled radiometal and unlabeled radiometal. The radiochemical purities of 
radiolabeled antibody drug conjugate solutions were determined by radio-ITLC (Bioscan 
System 200 Imaging Scanner), using Varian ITLC-SA strips (Agilent Technologies) and 
50 mM EDTA at pH 10.5 as the mobile phase. Radiochemical purities were determined 
by drawing two regions of interest (using Bioscan System 200 Imaging Scanner 
software) over the gaussian peak at the origin (which contains the labeled antibodies) 
and the region outside the origin peak (which constitutes unlabeled radiometal. The 
radiochemical purity is then calculated by the ratio of labeled radiometal to the total 
amount of radiometal on the plate.  

4.2.4 Small animal PET imaging and biodistribution 
Biodistribution studies were performed to evaluate the tumor targeting capability 

of 134Ce-DOTA-Trastuzumab in SK-OV-3 tumor-bearing (0.39 ± 0.11 cm3), adult female 
NOD SCID mice (15 weeks; 24.3 ± 1.7 g; Charles River Laboratories, NY). The SK-OV-
3 tumors were passaged in mice and prepared as single-cell suspensions (106 cells) in 
50% Matrigel prior to subcutaneous transplantation in the right mammary fat pad of 
NOD SCID mice under isoflurane anesthesia. Groups of three mice were injected 
intravenously with a single 0.2 mL dose of either 134Ce-DOTA-Trastuzumab (3.20 ± 0.1 
MBq, 738.5 nM of antibody) or 134Ce-DOTA-IgG (1.28 ± 0.19 MBq, 189.6 nM of 
antibody). Mice were anesthetized at 20 minutes, 5 hours, 25 hours, 52 hours, 75 hours, 
100 hours, 124 hours, and 147 hours, and subsequently imaged on a Concorde 
microPET R4 in the head first prone position. At 214 hours, mice were euthanized by 
cervical dislocation, subsequently imaged 1 hour after euthanasia, and then dissected 
for an ex vivo biodistribution study. For each mouse, kidneys, liver, spleen, and tumor 
were dissected, and the abdominal remainder tissue (ART, which includes the (GI) tract, 
reproductive organs, urinary bladder, and abdominal fat) was removed. The organ 
samples and the partially eviscerated carcasses were managed as individual samples. 
All samples were dried at 100 °C, dry-ashed at 575 °C, and dissolved in concentrated 
nitric acid. The ashed-soft tissue in the carcass was rinsed from the ashed-bone with 
HNO3 and both soft tissue and bone were diluted with water into polyethylene bottles. 
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The dissolved organs, 2 g aliquots of the soft tissue and bone, and 2 mL aliquots of 
standard solutions were mixed with 10 mL of Ultima Gold LLT (Perkin Elmer, Shelton) 
for counting by liquid scintillation counting (Packard Tri-Carb model B4430, Perkin 
Elmer) using a window of 50 keV-2000 keV with the results being reported in terms of 
percent injected activity per gram of tissue (%IA/g). 

The Concorde microPET R4 supports a transaxial resolution of 1.66 mm FWHM, 
an energy window of 350-650 keV, and a coincidence timing window of 6 ns were used 
during image acquisition. Images were reconstructed using 3D ordered subset 
expectation maximum followed by maximum a posteriori onto a 128 x 128 x 63 (0.85 x 
0.85 x 1.2 mm3) matrix. Image data underwent normalization, dead-time count losses, 
positron branching ratio, and decay corrections. The counting rates in the processed 
images were converted to the percentage of injected activity per gram of tissue (%IA/g) 
using a system calibration factor obtained by imaging a cylinder filled with a known 
concentration and volume of the injection solutions. The reported images are coronal 
maximum intensity projection images. Quantitative imaging analysis on organs of 
interest was done by hand-drawing three-dimensional regions of interest (ROI) using 
AMIDE v1.0.5 with the results being reported in terms of percent injected activity per 
gram of tissue (%IA/g)143. 

4.3 Results 
The radiochemical yield was determined to be 80.9% for 134Ce-DOTA-

Trastuzumab, while it was 43.7% for 134Ce-DOTA-IgG. Radiochemical purity was 
determined by radio-ITLC where the antibody drug conjugate stayed at the origin and 
the free metal moved up the plate with the solvent front (Fig. 4.1A). The radiochemical 
purity was determined to be 80.7% for 134Ce-DOTA-Trastuzumab (Fig 4.1B) and 68.8% 
for 134Ce-DOTA-IgG (Fig 4.1C). 
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(A)           (B) 

 
      (C) 

 
Figure 4.1: Radio-ITLC traces of (A) free 134Ce, (B) 134Ce-DOTA-Trastuzumab, and (C) 
134Ce-DOTA-IgG. 
 

Figure 4.2A shows representative MIP PET images of 134Ce-DOTA-
Trastuzumab in a SK-OV-3 tumor-bearing NOD SCID mouse through 147 h. At 214 h, 
mice were euthanized and imaged 1 h later (allowing 134La to reach secular equilibrium 
with 134Ce) (Fig. 4.3A). Through the first 25 h after administration, tumor uptake steadily 
increased over time (1.76 ± 0.17 %IA/g to 9.28 ± 2.07 %IA/g) (Fig. 4.4A). From 25 h to 
75 h, tumor uptake plateaued and then steadily decreased from 75 h through 147 h 
(8.83 ± 2.73 %IA/g to 5.49 ± 2.00 %IA/g). The postmortem image at 214 h also 
displayed tumor uptake at 3.74 ± 0.86 %IA/g. The liver uptake steadily decreased over 
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time, from 16.90 ± 4.87 %IA/g at 20 min to 4.30 ± 0.18 %IA/g at 147 h. The knee bones 
uptake generally remained constant over the 147 h (2.99 ± 0.36 %IA/g at 20 min to 2.37 
± 0.79 %IA/g at 147 h), while the ART steadily decreased over the 147 h (2.78 ± 1.06 
%IA/g to 1.41 ± 0.61 %IA/g). Ex vivo biodistribution confirmed tumor uptake at 214 h 
(6.19 ± 2.08 %IA/g) (Fig. 4.5A). Elevated uptake in both the liver and spleen was also 
apparent with respective burdens of 4.77 ± 1.06 %IA/g and 20.72 ± 12.83 %IA/g. The 
entire skeletal system was also counted, revealing an uptake of 4.20 ± 0.36 %IA at 214 
h (Fig. 4.5B). 

Figure 4.2B shows representative coronal MIP PET images of 134Ce-DOTA-IgG 
in a SK-OV-3 tumor-bearing NOD SCID mouse through 147 h. At 214 h, mice were 
euthanized and imaged 1 hour later (allowing 134La to reach secular equilibrium with 
134Ce) (Fig. 4.3B). Through all 147 h, tumor uptake remained minimal (0.70 ± 0.14 
%IA/g at 20 min to 0.59 ± 0.11 %IA/g at 147 h) (Fig. 4.4B). The postmortem images at 
214 h also displayed minimal tumor uptake (0.50 ± 0.28 %IA/g). Liver uptake increased 
initially from 39.78 ± 2.65 %IA/g at 20 min to 43.67 ± 2.39 %IA/g at 5 h and slightly 
decreased over time, ending up at 37.58 ± 5.68 %IA/g at 147 h. The knee bone uptake 
remained relatively constant over time (1.23 ± 0.15 %IA/g at 20 min to 1.05 ± 0.14 
%IA/g at 147 h), while the ART uptake slightly decreased over time (0.59 ± 0.10 %IA/g 
at 20 min to 0.36 ± 0.07 %IA/g at 147 h). Ex vivo biodistribution confirmed minimal 
tumor uptake at 214 h (0.49 ± 0.18 %IA/g) (Fig. 4.5A). Elevated uptake was confirmed 
in both the liver and the spleen with respective burdens of 53.37 ± 5.84 %IA/g and 
28.30 ± 7.71 %IA/g. The entire skeletal system was also counted, displaying an uptake 
of 5.77 ± 0.74 %IA at 214 h (Fig. 4.5B). 
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 (A) 

 

 
 (B) 

 

 
Figure 4.2: (A) MIP PET images of a SK-OV-3 tumor bearing NOD SCID mice injected 
intravenously with 3.20 MBq 134Ce-DOTA-Trastuzumab over 147 hours after 
administration. (B) MIP PET images of a SK-OV-3 tumor bearing mice injected 
intravenously with 1.28 MBq 134Ce-DOTA-IgG over 147 hours after administration.  
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(A)                                                  (B)     

 

Figure 4.3: (A) Postmortem MIP PET image of a SK-OV-3 tumor bearing NOD SCID 
mouse injected with 3.20 MBq 134Ce-DOTA-Trastuzumab at 214 hours after 
administration. (B) Postmortem MIP PET image of a SK-OV-3 tumor-bearing NOD SCID 
mouse injected with 1.28 MBq 134Ce-DOTA-IgG at 214 hours after administration. Both 
mice were imaged at 1 hour after euthanasia.  

  (A)            (B) 

 
Figure 4.4: ROI analysis of organs of interest in SK-OV-3 tumor bearing NOD SCID 
mice administered intravenously with (A) 134Ce-DOTA-Trastuzumab or (B) 134Ce-DOTA-
IgG. Each data point is the average value of the 3 mice in each group, and the error 
bars represent the 1-sigma standard deviation. Only the upper error bar is displayed for 
ease of visualization. ART is abdominal remaining tissue.  
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(A)           (B) 

 
Figure 4.5: Ex vivo 134Ce-DOTA-Trastuzumab and 134Ce-DOTA-IgG biodistribution SK-
OV-3 tumor bearing NOD SCID mice in terms of (A) %IA/g and (B) %IA at 9 days after 
administration measured by liquid scintillation counting. Each data point is the average 
value of the 3 mice in each group, and the error bars represent the 1-sigma standard 
deviation. Only the upper error bar is displayed for ease of visualization.  ART is 
abdominal remaining tissue. Skel is the entire skeletal system. Soft is the remaining soft 
tissue that was not already harvested.  

4.4 Discussion 
As discussed in Chapter 2, there has been recent interest in other PET-active 

lanthanum isotopes as surrogates for 225Ac such as 132La (T1/2 = 4.8 hours) and 133La 
(T1/2 = 3.9 hours)78,84. The 134Ce/134La in vivo generator system stands out amongst 
these other radiolanthanum isotopes due to its much longer half-life, allowing the tracing 
of large macromolecules (such as antibodies) over long periods of time. These results 
demonstrate that 134Ce allows for monitoring elevated tumor uptake of Trastuzumab 
over 214 h which would not be possible with 132La or 133La. 

When compared to a previously published 225Ac-DOTA-Trastuzumab 
biodistribution study, the in vivo stability and biodistribution of the 134Ce 
radimmunoconjugate were both similar38,63. The Borchardt, et al. study also displayed 
minimal bone uptake, gradually decreasing liver uptake, and elevated tumor uptake is 
evident over 120 h.   

One of the challenges involved in PET imaging 134Ce is the high positron 
endpoint energy (2709 keV) of 134La can degrade the system spatial resolution of a PET 
scanner51. While not as pertinent for clinical PET scanners, in preclinical PET scanners 
this can lead to partial volume effects, which can then result in underestimation of the 
true activity concentration of a small structure. This is apparent when comparing the 
ROI analysis at 214 h to the ex vivo biodistribution of the tumor in the mice that were 
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administered 134Ce-DOTA-Trastuzumab. The ROI analysis yielded 3.74 ± 0.86 %IA/g at 
214 h, less than the ex vivo biodistribution result of 6.19 ± 2.08 %IA/g, which is not 
impacted by the partial volume effect. To minimize this partial volume effect in 134Ce 
preclinical imaging, it is advisable to use dual-modality PET-MRI scanners, which will 
reduce the range of the positrons55,156. 

One of the open-ended questions that is yet to be addressed by the 134Ce/134La 
system is whether 134La is released from its chelate after the decay of 134Ce in vivo, 
leading to the potential redistribution of 134La. While a similar in vivo generator system, 
140Nd (ε, T1/2 = 3.4 days) /140Pr (β+, T1/2 = 3.4 minutes), was shown to display this 
redistribution effect with the non-internalizing targeting vector DOTA-LM3, the 
methodology used would not work with a targeting vector that can be internalized (such 
as Trastuzumab)35,157. One potential way to evaluate if redistribution occurs with any 
targeting vector is to leverage the 139Ce radio-impurity 165.86 keV gamma photon85. If a 
134Ce labeled targeting vector is imaged by a dual-modality PET-SPECT scanner, the 
PET image will display the biodistribution of 134La, and the SPECT image will display the 
biodistribution of 139Ce, which will have the equivalent biodistribution of 134Ce. Any 
significant differences between the two isotopes’ biodistribution would indicate 
redistribution. Future work will attempt to tackle this question.  

4.5 Conclusions 
Herein, it was demonstrated that the long half-life of 134Ce allows for antibody 

drug conjugates incorporating 134Ce to image tumors for long periods of time after 
administration. In addition, because of the high in vivo stability of 134CeIII-DOTA and 
134CeIII chemical similarity to 225AcIII, 134Ce-DOTA-Trastuzumab can act as a surrogate 
for 225Ac-DOTA-Trastuzumab. Future work will focus on investigating the redistribution 
effect of 134La from its 134Ce parent. 
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CHAPTER 5: Optimizing radiolabeling of 224Ra generator-
produced 212Pb 
5.1 Introduction  

The use of α emitters in targeted radionuclide therapy has been shown to have 
many advantages in comparison to β emitters. The short path lengths of α particles 
allow for diseased tissue to be selectively destroyed while sparing nearby healthy tissue 
unlike β particles. In addition, there has been clinical evidence that targeted alpha 
therapy can be effective against chemotherapy-resistant, photon irradiation-resistant, 
and castration-resistant lesions11,12. Despite these advantages, the availability of α 
emitters with a suitable half-life for clinical use is limited. Often, the radionuclide needs 
to be produced offsite, purified, shipped to the clinic, radiolabeled to a targeting vector, 
and after quality control, the targeted radiopharmaceutical can be administered to the 
patient. Moreover, monoclonal antibodies are common targeting vectors and can take 
multiple days to uptake sufficiently in a lesion due to their slower pharmacokinetics36,129. 
Both 225Ac (T1/2=9.9 days) and 227Th (T1/2=18.7 days) have long enough half-lives to be 
effective in targeted radiopharmaceuticals, and they have shown great success in 
clinical trials due to their decay chains which feature 4 or 5 alpha emissions11,25. 
Unfortunately, these long half-lives are a double-edged sword that may become a 
problem in terms of waste disposal if used in large enough quantities129. Also, 225Ac low 
availability makes clinical trials rather difficult69. 

212Pb (T1/2=10.6 hours) medium length half-life negates this problem and its more 
commonly available by 224Ra (T1/2=3.6 days) generators which are rather convenient for 
clinical sites since a single generator can be used for a couple weeks14. Unlike 225Ac 
and 227Th, 212Pb has a theranostic pair, 203Pb (T1/2=2.2 days) which can be imaged via 
SPECT imaging allowing treatment planning and accurate dosimetry23. Unfortunately, 
the common method of eluting 224Ra/212Pb generators requires running high 
concentrations of hydrochloric acid through the cation exchange column (which 
separates the 212Pb from the 224Ra) which yields rather pure 212Pb (224Ra breakthrough 
is typically less than 1 ppm) in an unfavorable electrolytic solution for radiolabeling14,128. 
Because of this, it is required to evaporate the 212Pb solution down to a residue and 
then redissolve the residue in a more favorable matrix before radiolabeling. Moreover, 
targeted radiopharmaceuticals commonly use the chelator TCMC which requires 
incubating at elevated temperatures in order to ensure quantitative radiolabeling123,128. 
All of these steps including quality control can take several hours to produce the 
targeted radiopharmaceutical which can limit the amount of activity that can be 
administered to the patient.  

Herein, an elution method of using a 1.0 M sodium acetate and a Pb selective 
column is applied to a 224Ra/212Pb generator125. This method circumnavigates the need 
for the evaporation and redissolution steps and allows for direct labeling of the targeting 
vector since the sodium acetate matrix is more favorable. This method is tested by 
labeling TCMC conjugated Trastuzumab with the 212Pb from the 1.0 M sodium acetate 
method and from the evaporation and redissolution with 0.1 M hydrochloric acid and 0.1 
M nitric acid over two labeling trials over two weeks. The metrics used to compare each 
of the methods are radiochemical yield and radiochemical purity (see Appendix A).  
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5.2 Materials and methods 
5.2.1 Materials 

The following chemicals were used as received from chemical suppliers: 
Trastuzumab (Absolute Antibody), S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraaza-
1,4,7,10-tetra(2-carbamoylmethyl)cyclododecane (p-SCN-Bn-TCMC; Macrocyclics), 
sodium bicarbonate (NaHCO3; Ward’s Science), hydrochloric acid optima (HCl; Fisher 
Scientific), nitric acid optima (HNO3; Fisher Scientific), sodium acetate trihydrate 
(NaOAc; VWR), L-ascorbic acid (ascorbic acid; Sigma-Aldrich), 1x sterile phosphate 
buffered saline (PBS, VWR), ammonium acetate (NH4OAc; Fluka), 0.9% sterile saline 
(saline; APP Pharmaceuticals), Ethylenediaminetetraacetic acid disodium salt dihydrate 
(EDTA; VWR), and Dimethyl sulfoxide (DMSO; Amresco). All solutions were prepared 
with deionized water purified by a Millipore Milli-Q water purification system. The 2 mL 
50-100 micron lead resin cartridges were purchased from Eichrom Technologies, Inc.  

5.2.2 Antibody conjugation 
Conjugation of Trastuzumab antibodies occurred through covalent coupling of p-

SCN-Bn-DOTA to the lysine residues of the antibodies155. In brief, known masses of 
Trastuzumab were buffer-exchanged into 0.1 M NaHCO3 using 0.5 mL 30 kDa Amicon 
Ultra Centrifugal Filter Units (Millipore Sigma). Trastuzumab was then incubated with p-
SCN-Bn-TCMC for 60 min at 37 °C in a DMSO matrix at a 1:40 molar ratio. The 
resulting solution was buffer-exchanged into 0.2 M NH4OAc for radiolabeling. 

5.2.3 224Ra/212Pb generator elution 
The 89.5 MBq 224Ra/212Pb generator that was used for this study was designed 

by, produced by, and shipped to Lawrence Berkeley National Laboratory by the Nuclear 
Chemistry and Engineering technical group at Pacific Northwest National Laboratory. 
The generator was eluted by two different methods two times over two weeks. 
 The first method used was based on a procedure described by Baidoo, et al128. 
In brief, 212Bi (the daughter of 212Pb) can be removed by washing the generator with 1 
mL of 0.5 M HCl. From there, 212Pb can be eluted by washing the column twice with 250 
μL of 2.0 M HCl followed by 250 μL of Milli-Q water. Two separate aliquots of the total 
solution were taken, and both were evaporated down (using a stirring and hot plate) to a 
212Pb-chloride residue. One of the residues was dissolved into 8.0 M HNO3 and 
subsequently evaporated down to a 212Pb-nitrate residue. Finally, the 212Pb-chloride 
residue was redissolved using 0.1 M HCl, and the 212Pb-nitrate residue was redissolved 
using 0.1 M HNO3. Both of these solutions were then used for radiolabeling 
 The second method uses 1.0 M NaOAc and a Pb selective column. The 2 mL 50-
100 micron lead resin cartridge is attached to the end of the 224Ra column. 1 mL of 2.0 
M HCl is then pushed through the generator which causes the majority of the 212Pb to 
be at the top of the lead resin. The lead resin is then detached from the generator, 
flipped upside down, and reattached again to the end of the generator. 1.0 M NaOAc is 
then pushed through the generator to collect the 212Pb in a 1.0 M NaOAc matrix. This 
solution can then be assayed and prepared for radiolabeling.  
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5.2.4 212Pb radiolabeling 
After elution, the three 212Pb solutions (in 0.1 M HCl, 0.1 M HNO3, or 1.0 M 

NaOAc) were used to label TCMC-conjugated Trastuzumab antibodies in order to 
compare the three methods. These radiolabeling experiments were performed twice 
over two weeks to emulate a fractionated radiotherapy therapy study that is commonly 
performed in the Bioactinide Chemistry Group. The radiolabeling procedures employed 
were also adapted from Baidoo, et al (which described the labeling of TCMC-conjugated 
Trastuzumab with 212Pb in a 0.1 M HNO3 matrix)128. 

For both the 0.1 M HCl 212Pb solution and the 0.1 M HNO3 solution, the pH was 
adjusted to 5.0-5.5 by adding 1 part 5 M NH4OAc to 10 part acid (volume-wise). In 
addition, 220 mg/ml of ascorbic acid was also added as a radioprotectant in a 1 part 
ascorbic acid to 10 part acid ratio (volume-wise). A known mass of TCMC-conjugated 
Trastuzumab in a 0.2 M NH4OAc matrix was then added to each 212Pb solution. For the 
0.1 M HCl 212Pb solution, 10 μg of trastuzumab was added during week 1 while 26.7 μg 
of trastuzumab was added during week 2 (Table 5.1). For the 0.1 M HNO3 solution, 10 
μg of trastuzumab was added during week 1 while 25.2 μg of Trastruzumab was added 
during week 2. Both reaction solutions were then heated at 37 °C for 1 hour, and the 
reactions were quenched by the addition of 50 mM EDTA in a 2 part EDTA to 125 part 
acid ratio (volume-wise). The solutions were then buffer-exchanged into saline using 0.5 
mL 30 kDa Amicon Ultra centrifugal filter units to remove unlabeled metal.  

For the 1.0 M NaOAc 212Pb solution, just 220 mg/ml of ascorbic acid was added 
in a 1 part ascorbic acid to 10 part NaOAc ratio (volume-wise) in order to reach the 
desired pH (5.0-5.5) and to serve as a radioprotectant. A known mass of TCMC-
conjugated Trastuzumab in a 0.2 M NH4OAc matrix was then added to the 212Pb 
solution (10 μg during week 1 and 25.2 μg during week 2) (Table 5.1). The reaction 
solution was then heated at 37 °C for 1 hour, and the reaction was then quenched by 
the addition of 50 mM EDTA in a 2 part EDTA to 125 part NaOAc ratio (volume-wise). 
The solution was then buffer-exchanged into saline using 0.5 mL 30 kDa Amicon Ultra 
centrifugal filter units to remove unlabeled metal.  

Table 5.1: Mass of Trastuzumab added for each labeling trial.  

Week 0.1 M HCl 0.1 M HNO3 1.0 M NaOAc 
1 10 μg 10 μg 10 μg 
2 26.7 μg 25.2 μg 25.2 μg 

 
Activities of the 212Pb solutions were determined by gamma spectroscopy via a 

P-Type High Purity Germanium gamma spectrometer using the 238.63 keV line. The 
radiochemical yields were determined by measuring the activity of 212Pb that stayed at 
the top of the 30 kDa filter (the labeled 212Pb) and the activity of 212Pb that was in the 
filtrate (the unlabeled 212Pb). The radiochemical yield is then calculated by the ratio of 
labeled radiometal to the sum of labeled radiometal and unlabeled radiometal. The 
radiochemical purities of radiolabeled antibody drug conjugate solutions were 
determined by radio-ITLC (Bioscan System 200 Imaging Scanner), using Supelco ITLC-
SG glass plates (Sigma-Aldrich) and 20 mM EDTA at pH 5.5 as the mobile phase. 
Radiochemical purities were determined by drawing two regions of interest (using 
Bioscan System 200 Imaging Scanner software) over the gaussian peak at the origin 
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(which contains the labeled antibodies) and the region outside the origin peak (which 
constitutes unlabeled radiometal. The radiochemical purity is then calculated by the 
ratio of labeled radiometal to the total amount of radiometal on the plate.  

5.3 Results 
For the 0.1 M HCl labeling trials, the activity of 212Pb per microgram of antibody 

incubation was 58.8 kBq/μg for week 1 (588.0 kBq of 212Pb and 10 μg of Trastuzumab) 
and was 25.5 kBq/μg for week 2 (680.9 μCi of 212Pb and 26.7 μg of Trastuzumab) 
(Table 5.2). The radiochemical yield was consistently low at 17.66% for week 1 and 
19.18% for week 2 (Table 5.2). Table 5.2 also contains the radiochemical yield per 
microgram of antibody in order to normalize the radiochemical with respect to the 
amount of antibody added for each trial. For this trial, this quantity was 1.77 %/μg for 
week 1 and was 0.72 %/μg for week 2. Radiochemical purity was determined by radio-
ITLC where the antibody drug conjugate stayed at the origin and the free metal moved 
up the plate with the solvent front and formed a double peak (one peak for 212Pb and 
another peak for 212Bi) (Fig. 5.1B and Fig. 5.1D). Radiochemical purity (Table 5.3) 
stayed consistent over both weeks with 85.5% at week 1 (Fig. 5.1A) and 80.3% at week 
2 (Fig. 5.1C).  

 
Table 5.2: Activity of 212Pb per microgram of antibody, radiochemical yield, and 
radiochemical yield per microgram of antibody for each labeling trial. 

 0.1 M HCl 0.1 M HNO3 1.0 M NaOAc 
Week A/μga 

(kBq/μg) 
RCYb 
(%) 

RCY/μgc 
(%/μg) 

A/μg 
(kBq/μg) 

RCY 
(%) 

RCY/μg 
(%/ug) 

A/μg 
(kBq/ug) 

RCY 
(%) 

RCY/μg 
(%/μg) 

1 58.8 17.66 1.77 75.5 28.69 2.87 170.9 75.41 7.54 
2 25.5 19.18 0.72 22.2 26.83 1.06 8.9 88.65 3.52 

aA/μg is the activity of 212Pb per microgram of antibody at the time of antibody incubation 
bRCY is radiochemical yield 
cRCY/μg is the radiochemical yield per microgram of antibody 
 
Table 5.3: Radiopurity of 212Pb-TCMC-Trastuzumab for each labeling trial.  

Week 0.1 M HCl 0.1 M HNO3 1.0 M NaOAc 
1 85.5% 88.8% 85.8% 
2 80.3% 93.2% 88.2% 
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(A)           (B) 

 

(C)           (D) 

 

Figure 5.1: Radio-ITLC traces of (A) 212Pb-TCMC-Trastuzumab during week 1’s 
labeling experiments, (B) free 212Pb during week 1’s labeling experiments, (C) 212Pb- 
TCMC-Trastuzumab during week 2’s labeling experiments, and (D) free 212Pb during 
week 2’s labeling experiments after reconstituting the lead residue in 0.1 M HCl. 
 

For the 0.1 M HNO3 labeling trial, the activity of 212Pb per microgram of antibody 
incubation was 75.5 kBq/μg for week 1 (755.0 kBq of 212Pb and 10 μg of Trastuzumab) 
and was 22.2 kBq/μg for week 2 (559.4 kBq of 212Pb and 25.2 μg of Trastuzumab) 
(Table 5.2). The radiochemical yield was slightly higher than the 0.1 M HCl labeling trial 
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at 28.69% for week 1 and 26.83% for week 2 (Table 5.2). The radiochemical yield per 
microgram of antibody was 2.87 %/μg for week 1 and was 1.06 %/μg for week 2 (Table 
5.2). Radiochemical purity (Table 5.3) was determined by radio-ITLC where the 
antibody drug conjugate stayed at the origin and the free metal moved up the plate with 
the solvent front and formed a double peak (one peak for 212Pb and another peak for 
212Bi) (Fig. 5.2B and Fig. 5.2D). Radiochemical purity stayed consistent over both weeks 
with 88.8% at week 1 (Fig. 5.2A) and 93.2% at week 2 (Fig. 5.2C).  
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(A)           (B) 

 
(C)           (D) 

 

Figure 5.2: Radio-ITLC traces of (A) 212Pb-TCMC-Trastuzumab during week 1’s 
labeling experiments, (B) free 212Pb during week 1’s labeling experiments, (C) 212Pb-
TCMC-Trastuzumab during week 2’s labeling experiments, and (D) free 212Pb during 
week 2’s labeling experiments after reconstituting the lead residue in 0.1 M HNO3. 
 

For the 1.0 M NaOAc labeling trial, the activity of 212Pb per microgram of antibody 
incubation was 170.9 kBq/μg for week 1 (1709.0 kBq of 212Pb and 10 μg of 
Trastuzumab) and was 8.9 kBq/μg for week 2 (224.3 kBq of 212Pb and 25.2 μg of 
Trastuzumab) (Table 5.2). The radiochemical yield was dramatically higher than the 
other labeling trials at 75.41% for week 1 and 88.65% for week 2 (Table 5.2). The 
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radiochemical yield per microgram of antibody was 7.54 %/μg for week 1 and was 3.52 
%/μg for week 2 (Table 5.2). Radiochemical purity (Table 5.3) was determined by radio-
ITLC where the antibody drug conjugate stayed at the origin and the free metal moved 
up the plate with the solvent front and formed a double peak (one peak for 212Pb and 
another peak for 212Bi) (Fig. 5.3B and Fig. 5.3D). Radiochemical purity stayed consistent 
over both weeks with 85.8% at week 1 (Fig. 5.2A) and 88.2% at week 2 (Fig. 5.2C).  
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(A)           (B) 

 

(C)           (D) 

 

Figure 5.3: Radio-ITLC traces of (A) 212Pb-TCMC-Trastuzumab during week 1’s 
labeling experiments, (B) free 212Pb during week 1’s labeling experiments, (C) 212Pb-
TCMC-Trastuzumab during week 2’s labeling experiments, and (D) free 212Pb during 
week 2’s labeling experiments after eluting the generator with 1.0 M NaOAc.  

5.4 Discussion 
One of the benefits of the 1.0 M NaOAc method is that it circumvents the need 

for the evaporation and redissolution step. The evaporation step alone takes anywhere 
from 1 to 1.5 hours. Removing this step can minimize the loss of activity due to decay 
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and process loss during the extra steps. In addition, for both of the weeks, the 
radiochemical yield was substantially higher for the NaOAc method compared to the 
other 2 methods. The radiochemical yields for the 0.1 M HCl and 0.1 M HNO3 trials 
were considerably lower than what has been reported128. Adding more antibody the 
second week only slightly increased the radiochemical yield for the 0.1 M HCl trial but 
decreased for the 0.1 M HNO3 trials. One other possibility is that the pH of the solution 
before antibody addition needed to be brought even higher by adding more 5 M 
NH4OAc.  

Another reason for increasing the amount of antibodies for the second week is 
that in previous studies involving TCMC conjugated antibodies incorporating 212Pb in the 
Bioactinide Chemistry Group, the radiochemical yield and radiochemical purity 
dramatically decreased during the second week of using the 224Ra/212Pb generator. It is 
suspected that this labeling degradation is due to the radiolytic break down of the cation 
exchange column, and this led to the formation of 212Pb complexes with organic 
molecules from the column which outcompeted TCMC14,133,138. In the future, this 
hypothesis will be verified using mass spectrometry.  

It is common during running radio-TLC for 212Pb to allow the plate to decay over 
24 hours in order for all the free 212Bi (T1/2= 1.0 hours) to decay and for the remaining 
212Pb and 212Bi to reach secular equilibrium125. While this leads to more accurate results 
(radio-ITLC typically can’t distinguish between 212Pb and 212Bi), this isn’t feasible if being 
used as a quality control procedure to determine whether a dose will be administered to 
the patient. For this study in order to emulate a typical preclinical study, the plate was 
ran right after radiolabeling. This leads to a double peak where the free metal is located 
where one peak is 212Pb and the other peak is 212Bi. While radio-TLC is not able to 
determine which peak is which and thus limits the accuracy of this measurement, high 
performance liquid chromatography could be collecting fractions of the mobile phase 
and counting each fraction using gamma spectrometry to determine the radionuclide 
composition in each fraction which would allow for more accurate quality control before 
administration. If the plate was allowed to decay in place for 24 hours getting rid of the 
free 212Bi peak, the radiochemical purity would be higher since the free 212Bi peak 
contributes to the degradation of the radiochemical purity.  

While the 1.0 M NaOAc elution method was first demonstrated using a 
228Th/212Pb generator, this study demonstrates that this method is also compatible with 
224Ra/212Pb generators. While 228Th/212Pb can be used for much longer periods of time 
because of the 1.9 year half-life of 228Th, the generators are known to break down over 
time and leading to more and more 228Th breakthrough14,133,138. While the 224Ra/212Pb 
generator is only usable for up to two weeks due to the shorter half-life of 224Ra and is 
only typically available with up to 740 MBq of 224Ra, there is minimal 224Ra 
breakthrough, which is acceptable for clinical trials. This new elution method could 
potentially facilitate future clinical trials.  

While TCMC has been the most commonly used chelator for 212Pb, its slower 
binding kinetics also make the logistics of prepping 212Pb-based targeted 
radiopharmaceuticals challenging. The hydroxypyridinone-based 3,4,3-LI(1,2-HOPO) 
could potentially allow for highly stable lead complexes and the ability to rapidly bind 
lead at room temperature32. While HOPO may form more stable complexes with 
tetravalent metal cations compared to divalent metal cations, limiting the radiolabeling 
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time through 3,4,3-LI(1,2-HOPO) could minimize activity loss potentially allowing for the 
treatment of more patients.   

5.5 Conclusions 
Herein, it was demonstrated that the elution of 224Ra/212Pb generators with 1.0 M 

NaOAc both minimizes the time to fabricate targeted radiopharmaceuticals and 
maintains a high radiochemical yield and radiochemical purity over two weeks. 
Incorporation of this strategy could advance 212Pb/203Pb theranostics and facilitate 
clinical studies  Future work will investigate 212Pb-3,4,3-LI(1,2-HOPO) complexes and 
incorporate 212Pb into siderocalin fusion proteins32,36,148,149. 
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CHAPTER 6: Delivering 225Ac and 90Y through non-covalent 
interactions of small molecule ligands with siderocalin fusion 
proteins 
6.1 Introduction 

One of the key components of a targeted radiopharmaceutical is the chelator 
which is responsible for binding the therapeutic and diagnostic radiometal with high in 
vivo stability. If the chelator releases the radiometal in vivo, the metal could potentially 
redistribute to a healthy organ and unnecessary dose it potentially leading to 
radiotoxicity and second cancers26,27. The ideal chelator for theranostic applications 
would have high in vivo stability, allow for rapid room temperature radiolabeling, and be 
compatible with a wide variety of metal cations. This last point would facilitate the further 
modularization of targeted radiopharmaceuticals: easily allowing the radiometal to be 
swapped to another radiometal in a targeted radiopharmaceutical without changing the 
chelator.  

Several strategic radiometals for theranostic applications are trivalent and 
tetravalent actinides (225AcIII and 227ThIV) and rare earth metals (86YIII, 90YIII, 44ScIII, 
47ScIII, 132LaIII, 133LaIII, 134CeIII, 149TbIII, 155TbIII, 152TbIII, 161TbIII, and 177LuIII)21,78,84,85,120,158–

160. In the past, chelation of actinides for the application of decorporation has been 
focused on siderophore derivatives, which are a class of molecules that are typically 
produced by bacteria or fungi and used to traffic FeIII to them31. A siderophore-derived 
chelator with hydroxypyridinone moieties, 3,4,3-LI(1,2-HOPO), has been shown to 
rapidly bind both trivalent and tetravalent actinides and rare earth metals with higher 
selectivity compared to divalent endogenous metals30,32,33.  

While 3,4,3-LI(1,2-HOPO) (referred to now as HOPO) has been bifunctionalized 
as p-SCN-Bn-HOPO, conjugated to Trastuzumab, and labeled with 89Zr in order to 
image BT474 tumor bearing mice, the synthesis process is challenging and has low 
yield prompting the need to investigate other means of linking HOPO to targeting 
vectors36,161. One potential option is to use the mammalian 24 kDa Siderocalin protein. 
Siderocalin has been shown to be part of the innate immune system where it binds 
through electrostatic interactions with the negatively charged [FeIII-enterobactin]-3 
complex where enterobactin is a hexadentate siderophore produced by Escherichia coli 
and Salmonella typhimurium41. Interestingly, If the iron is swapped with a trivalent or 
tetravalent actinide or rare earth metal, siderocalin will still bind rather strongly with the 
complex42. Furthermore, swapping enterobactin with HOPO allows for the same 
electrostatic binding if the metal is a trivalent cation because HOPO trivalent metal 
complexes have a charge of negative 142. If a HOPO is bound to a tetravalent metal 
cation, the complex that is formed is neutral and is not recognized by Siderocalin. This 
non-covalent interaction could potentially be used as a linker to bind MIII-HOPO 
complexes to a targeting vector if the targeting vector incorporates Siderocalin’s binding 
pocket.  

In order to investigate this hypothesis, Siderocalin-Trastuzumab fusion proteins 
were developed (Fig. 6.1). These fusion proteins have the functionality of both the 
original proteins, Siderocalin’s ability to tightly bind negatively charged HOPO 
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complexes and Trastuzumab’s ability to selectively bind to the HER2+ protein, allowing 
them to be used for targeted radiopharmaceuticals148,149. Two different fusion proteins 
were developed: Siderocalin-Trastuzumab-IgG (Fig. 6.2(A)) which contains two 
siderocalin proteins allowing for the binding of 2 [MIII-HOPO]-1 complexes and 
Siderocalin-Trastuzumab-Fab (Fig. 6.2(B)) which contains one Siderocalin protein 
allowing for the binding of 1 [MIII-HOPO]-1 complex. 

 
Figure 6.1: The chemical structure of the Siderocalin-Trastuzumab fusion protein. Ab is 
antibody, and Scn is Siderocalin. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



75 
 

(A)           (B) 

 
Figure 6.2: A schematic of (A) Siderocalin-Trastuzumab-IgG and (B) Siderocalin-
Trastuzumab-Fab. Siderocalin-Trastuzumab-IgG has two Siderocalin proteins while 
Siderocalin-Trastuzumab-Fab only has one Siderocalin protein. Scn is Siderocalin. 

Herein, the ex vivo biodistribution of 90Y and 225Ac bound to both of these fusion 
proteins in SK-OV-3 tumor bearing NOD SCID mice is investigated. In addition, a tumor 
control efficacy study is performed with both of these therapeutic radionuclides.  

6.2 Materials and methods 
All procedures and protocols used in these studies were reviewed and approved 

by the Institutional Animal Care and Use Committee of LBNL and were performed in 
AAALAC-accredited facilities, according to prescribed guidelines and regulations. 
Intraperitoneal (IP) injections and euthanasia by cervical dislocation were performed 
under isoflurane anesthesia. 

6.2.1 Materials 
The following chemicals were used as received from chemical suppliers: Yttrium-

90 (90Y; Eckert & Ziegler), hydrochloric acid optima (HCl; Fisher Scientific), 1x sterile 
phosphate buffered saline (PBS, VWR), 0.9% sterile saline (saline; APP 
Pharmaceuticals), 3,4,3-LI(1,2-HOPO) (HOPO; Ash Stevens), 
Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA; VWR), 40-86% Nitric 
Acid (HNO3; Sigma-Aldrich), Dimethyl sulfoxide (DMSO; Amresco), and Matrigel matrix 
(Matrigel; VWR). The wild-type Siderocalin proteins were produced as previously 
described by Roland Strong’s laboratory at Fred Hutchinson Cancer Research Center41. 
Also, the Siderocalin fusion proteins were produced at the beforementioned lab. 
Generator-produced 225Ac was received from the National Isotope Development Center 
at Oak Ridge National Laboratory as 225Ac trichloride69. All solutions were prepared with 
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deionized water purified by a Millipore Milli-Q water purification system. SK-OV-3 cells 
were used as received from ATCC. 

6.2.2 225Ac radiolabeling 
Radiolabeling of the fusion proteins with 225Ac was performed by Dr. Korey 

Carter while gamma spectroscopy was performed by me. 225Ac trichloride was dissolved 
in 0.05 N of HCl. 3 aliquots of the 225Ac solution were added to pre-prepared PBS 
solutions containing HOPO in DMSO in a 100:1 ligand to metal ratio. The solution was 
mixed thoroughly by pipetting up and down and then allowed to incubate for 1 hour at 
60 degrees Celsius. Afterwards, the solutions were then added to either wild-type 
Siderocalin proteins (200:1 protein to metal ratio), Siderocalin-Trastuzumab-IgG 
proteins (100:1 protein to metal ratio), or Siderocalin-Trastuzumab-Fab proteins (200:1 
protein to metal ratio) in a PBS matrix. These solutions were mixed thoroughly by 
pipetting up and down and then were allowed to incubate for 5 minutes at room 
temperature. The solutions were then buffer-exchanged into saline using 0.5 mL 10 kDa 
Amicon Ultra centrifugal filter units to remove unlabeled metal and then diluted for 
animal injection. A cold HOPO-Siderocalin-Trastuzumab-IgG solution was prepared as 
a negative control with the same procedure minus the 225Ac. 

Activities of the injection solutions were determined by gamma spectroscopy via 
a P-Type High Purity Germanium gamma spectrometer using the 218.00 keV line of 
221Fr.  Before counting, samples were allowed to sit at rest for more than 1 hour prior to 
measurements to allow 221Fr to reach secular equilibrium with 225Ac, allowing the 221Fr 
activity to be equivalent to 225Ac. The radiochemical yields were determined by 
measuring the activity of 225Ac that stayed at the top of the 10 kDa filter (the labeled 
225Ac) and the activity of 225Ac that was in the filtrate (the unlabeled 225Ac). The 
radiochemical yield is then calculated by the ratio of labeled radiometal to the sum of 
labeled radiometal and unlabeled radiometal. 

6.2.3 90Y radiolabeling 
6 aliquots (3 for biodistribution experiments and 3 for therapy experiments) of 90Y 

in a 0.04 N HCl matrix were added to pre-prepared PBS solutions containing HOPO in 
DMSO in a 100:1 ligand to metal ratio. The solution was mixed thoroughly by pipetting 
up and down, and then allowed to incubate for 5 minutes at room temperature. 
Afterwards, the solutions were then added to either wild-type Siderocalin proteins (200:1 
protein to metal ratio), Siderocalin-Trastuzumab-IgG proteins (100:1 protein to metal 
molar ratio), or Siderocalin-Trastuzumab-Fab proteins (200:1 protein to metal molar 
ratio) in a PBS matrix. These solutions were mixed thoroughly by pipetting up and down 
and then were allowed to incubate for 5 minutes at room temperature. The solutions 
were then diluted for animal injection.  

Activities of the injection solutions were measured by Liquid Scintillation Counting 
(Packard Tri-Carb model B4430, Perkin Elmer), using a 20 – 2000 keV window and 
Ultima Gold LLT. The radiochemical purities of radiolabeled antibody drug conjugate 
solutions were determined by radio-ITLC (Bioscan System 200 Imaging Scanner), using 
Supelco ITLC-SG glass plates (Sigma-Aldrich) and 20 mM EDTA at pH 5.5 as the 
mobile phase. Radiochemical purities were determined by drawing two regions of 
interest (using Bioscan System 200 Imaging Scanner software) over the gaussian peak 
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at the origin (which contains the labeled proteins and 90Y-HOPO) and the region outside 
the origin peak (which constitutes unlabeled radiometal). Because both 90Y-HOPO 
bound to protein and 90Y-HOPO unbound to protein stayed at the origin, this 
radiochemical purity measurement does not distinguish between the two cases (this is 
discussed further in Section 6.4). The radiochemical purity is then calculated by the ratio 
of labeled radiometal to the total amount of radiometal on the plate. The radiochemical 
purities were measured immediately, 1 day, and 3 days after solution prep in order to 
determine if the purity degraded overtime in vitro.  

6.2.4 225Ac labeled fusion protein biodistribution and tumor control studies 
Ex vivo biodistribution and tumor control studies were performed in SK-OV-3 

tumor-bearing (0.28 ± 0.04 cm3), adult female NOD SCID mice (13 weeks; 23.9 ± 2.3 g; 
Charles River, CA)  to evaluate the tumor targeting capability and the tumor control 
efficacy of the 225Ac labeled fusion proteins. The SK-OV-3 tumors were passaged in 
NOD SCID mice and prepared as single-cell suspensions (106 cells) in 50% Matrigel 
prior to subcutaneous transplantation in the right mammary fat pad of NOD SCID mice 
under isoflurane anesthesia.  

For the biodistribution study, groups of 3 mice were injected intraperitoneally with 
a single dose of either 0.2 mL 225Ac-HOPO-Siderocalin (3784.1 ± 51.5 Bq, 39.2 pM), 0.2 
mL 225Ac-HOPO-Siderocalin-Trastuzumab-IgG (333 ± 33.5 Bq, 3.4 pM), or 0.2 mL 
225Ac-HOPO-Siderocalin-Trastuzumab-Fab (59.2 ± 2.3 Bq, 0.6 pM). Molarities of the 
antibodies, ligands, and the metals in each injection dose are included in Table 6.1. At 
24 hours after administration, mice were euthanized by cervical dislocation and then 
dissected. For each mouse, kidneys, liver, spleen, and tumor were dissected, and the 
abdominal remainder tissue (ART, which includes the (GI) tract, reproductive organs, 
urinary bladder, and abdominal fat) was removed. Feces samples were separated 
manually from urine-stained cellulose bedding and treated as group samples (each 
group had their own cage). The organ samples and the partially eviscerated carcasses 
were managed as individual samples. All samples were dried at 100 °C, dry-ashed at 
575 °C, and dissolved in concentrated nitric acid. The ashed-soft tissue in the carcass 
was rinsed from the ashed-bone with HNO3 and both soft tissue, bone, feces, and urine 
were diluted with water into polyethylene bottles. The dissolved organs, 2 g aliquots of 
the soft tissue, bone, feces, and urine, and 2 mL aliquots of standard solutions were 
mixed with 10 mL of Ultima Gold LLT (Perkin Elmer, Shelton) for counting by liquid 
scintillation counting (Packard Tri-Carb model B4430, Perkin Elmer) using a window of 
50 keV-2000 keV with the results being reported in terms of percent injected activity per 
gram of tissue (%IA/g). 

For the tumor control study, groups of 4 mice were injected intraperitoneally with 
a single dose of either 0.2 mL cold HOPO-Siderocalin-Trastuzumab-IgG, 0.2 mL 225Ac-
HOPO-Siderocalin (3784.1 ± 51.5 Bq, 39.2 pM), 0.2 mL 225Ac-HOPO-Siderocalin-
Trastuzumab-IgG (333.0 ± 33.5 Bq, 3.4 pM), 0.4 mL 225Ac-HOPO-Siderocalin-
Trastuzumab-IgG (603.0 ± 22.8 Bq, 3.1 pM), or 0.2 mL 225Ac-HOPO-Siderocalin-
Trastuzumab-Fab (59.2 ± 2.3 Bq, 0.6 pM). Molarities of the proteins, ligands, and the 
metals in each injection dose are included in Table 6.1. Mice were checked daily for 
signs of distress, and weights and tumor volumes were measured twice a week. Mice 
were euthanized by cervical dislocation if tumor volumes were larger than 1000 mm3 for 
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two consecutive measurements, lost more than 15% of their original body mass at the 
time of drug administration, or if the tumor ulcerated.  

Table 6.1: Protein molarity, ligand Molarity, goal 225Ac molarity, and actual 225Ac 
molarity for the 225Ac labeled fusion proteins injection solutions.  

Injection Dosea Protein Molarity Ligand Molarity Goal 225Ac 
Molarity 

Actual 225Ac 
Molarity 

HOPO-
Siderocalin-

Trastuzumab-IgG 

 
7.7 nM 

 
7.7 nM 

 
N/A 

 
N/A 

225Ac-HOPO-
Siderocalin 

 
15.3 nM 

 
7.7 nM 

 
76.6 pM 

 
39.2 pM 

225Ac-HOPO-
Siderocalin-

Trastuzumab-IgG 

 
7.7 nM 

 
7.7 nM 

 
76.6 pM 

 
3.45 pM 

225Ac-HOPO-
Siderocalin-

Trastuzumab-
IgGb 

 
7.7 nM 

 
7.7 nM 

 
76.6 pM 

 
3.12 pM 

225Ac-HOPO-
Siderocalin-

Trastuzumab-Fab 

 
15.3 nM 

 
7.7 nM 

 
76.6 pM 

 
0.6 pM 

aUnless otherwise stated, the injection dose was 0.2 mL injected intraperitoneally. 
bThe injection dose was 0.4 mL injected intraperitoneally  

6.2.5 90Y labeled fusion protein biodistribution and tumor control studies 
Ex vivo biodistribution and tumor control studies were performed in SK-OV-3 

tumor-bearing (0.04 ± 0.01 cm3), adult female NOD SCID mice (10 weeks; 24.2 ± 1.4 g; 
Charles River, CA)  to evaluate the tumor targeting capability and the tumor control 
efficacy of the 90Y labeled fusion proteins. The SK-OV-3 tumors were passaged in NOD 
SCID mice and prepared as single-cell suspensions (106 cells) in 50% Matrigel prior to 
subcutaneous transplantation in the right mammary fat pad of NOD SCID mice under 
isoflurane anesthesia.  

For the biodistribution study, groups of 3 mice were injected Intraperitoneally with 
a single 0.2 mL dose of either 90Y-HOPO-Siderocalin (76.6 ± 0.4 kBq), 90Y-HOPO-
Siderocalin-Trastuzumab-IgG (74.1 ± 0.7 kBq), or 90Y-HOPO-Siderocalin-Trastuzumab-
Fab (49.3 ± 4.5 kBq). Molarities of the proteins, ligands, and the metals in each injection 
dose are included in Table 6.2. At 24 hours after administration, mice were euthanized 
by cervical dislocation and then dissected. For each mouse, kidneys, liver, spleen, 
femur, heart, and tumor were dissected, and the abdominal remainder tissue (ART, 
which includes the (GI) tract, reproductive organs, urinary bladder, and abdominal fat) 
was removed. All samples were dried at 100 °C, dry-ashed at 575 °C, and dissolved in 
concentrated nitric acid. The dissolved organs and 2 mL aliquots of standard solutions 
were mixed with 10 mL of Ultima Gold LLT (Perkin Elmer, Shelton) for counting by liquid 
scintillation counting (Packard Tri-Carb model B4430, Perkin Elmer) using a window of 
50 keV-2000 keV with the results being reported in terms of percent injected activity per 
gram of tissue (%IA/g). 
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For the tumor control study, groups of 4 mice were injected intraperitoneally with 
a single 0.2 mL dose of either 90Y-HOPO-Siderocalin (1.63 ± 0.03 MBq), 90Y-HOPO-
Siderocalin-Trastuzumab-IgG (1.65 ± 0.03 MBq), 90Y-HOPO-Siderocalin-Trastuzumab-
Fab (1.70 ± 0.03 MBq), or no treatment. Molarities of the proteins, ligands, and the 
metals in each injection dose are included in Table 6.2.  Mice were checked daily for 
signs of distress, and weights and tumor volumes were measured twice a week. Mice 
were euthanized by cervical dislocation if tumor volumes were larger than 1000 mm3 for 
two consecutive measurements, lost more than 15% of their original body mass at the 
time of drug administration, or if the tumor ulcerated.  

Table 6.2: Protein molarity, ligand molarity, and 90Y molarity for the 90Y labeled fusion 
proteins.  

Injection Dosea Protein Molarity Ligand Molarity 90Y Molarity 
Biodistribution 

90Y-HOPO-
Siderocalin 

42.3 nM 21.2 nM 211.6 pM 

90Y-HOPO-
Siderocalin-

Trastuzumab-IgG 

 
20.5 nM 

 
20.5 nM 

 
204.7 pM 

90Y-HOPO-
Siderocalin-

Trastuzumab-Fab 

 
27.2 nM 

 
13.6 nM 

 
136.2 pM 

Tumor Control 
90Y-HOPO-
Siderocalin 

900.7 nM 450.4 nM 4.5 nM 

90Y-HOPO-
Siderocalin-

Trastuzumab-IgG 

 
455.9 nM 

 
455.9 nM 

 
4.6 nM 

90Y-HOPO-
Siderocalin-

Trastuzumab-Fab 

 
939.4 nM 

 
469.7 nM 

 
4.7 nM 

aThe injection dose was 0.2 mL injected intraperitoneally. 

6.3 Results 
6.3.1 Fusion proteins labeled with 225Ac  

The radiochemical yield was determined to be 17.7% for 225Ac-HOPO-
Siderocalin, 2.2% for 225Ac-HOPO-Siderocalin-Trastuzumab, and 0.4% for 225Ac-HOPO-
Siderocalin-Fab. Because of the low yield, the goal doses for therapy (200 nCi for 0.2 
mL injections and 400 nCi for 0.4 mL injections) were not able to be met. In addition, 
there was not enough activity to determine radiochemical purity using radio-ITLC.  

Figure 6.3(A) and Figure 6.3(B) show the results of the ex vivo biodistribution 24 
hours after administration of the constructs in terms of %IA/g and %IA respectively. 
Minimal tumor uptake is apparent in all three groups with 0.82 ± 0.36 %IA/g for 225Ac-
HOPO-Siderocalin (negative control), 2.97 ± 3.98 %IA/g for 225Ac-HOPO-Siderocalin-
Trastuzumab-IgG, and 0.97 ± 0.57 %IA/g for 225Ac-HOPO-Siderocalin-Trastuzumab-
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Fab indicated minimal tumor uptake. Furthermore, elevated uptake is apparent in the 
liver, spleen, and skeletal system for all three constructs which is indicative of the 
natural biodistribution of free 225Ac. Interestingly, 225Ac-HOPO-SCN-Fab has elevated 
uptake in the feces at 26.15 ± 0.32 %IA which could be due to the elimination pathway 
225Ac-HOPO not bound to the protein.  
(A)           (B) 

 
Figure 6.3: Ex vivo 225Ac-HOPO-Siderocalin, 225Ac-HOPO-Siderocalin-Trastuzumab-
IgG, and 225Ac-HOPO-Siderocalin-Trastuzumab-Fab biodistribution in SK-OV-3 tumor 
bearing NOD SCID mice in terms of (A) %IA/g and (B) %IA at 1 day after administration 
measured by liquid scintillation counting. Each data point is the average value of the 3 
mice in each group, and the error bars represent the 1-sigma standard deviation. Only 
the upper error bar is displayed for ease of visualization. IgG is Trastuzumab-IgG, Fab 
is Trastuzumab-Fab, and SCN is Siderocalin. ART is abdominal remaining tissue. Skel 
is the entire skeletal system. Soft is the remaining soft tissue that was not already 
harvested.  

 The individual tumor growth curves are shown for all 5 treatment groups in Figure 
6.4. The 225Ac radiolabeled groups (3784.1 Bq of 225Ac-HOPO-Siderocalin (Fig. 6.4(B)), 
333.0 Bq of 225Ac-HOPO-Siderocalin-Trastuzumab-IgG (Fig. 6.4(C)), 603 Bq of 225Ac-
HOPO-Siderocalin-Trastuzumab-IgG (Fig. 6.4(D)), and 59.2 Bq of 225Ac-HOPO-
Siderocalin-Trastuzumab-Fab (Fig. 6.4(E)) all follow a similar growth trend to the 
negative control HOPO-Siderocalin-Trastuzumab group in Figure 6.4(A). This similarity 
is also apparent in Figure 6.5(A) which shows the average tumor volume growth for 
each group is not statistically significantly different from one and other (notice the 1 
standard deviation error bars all overlap). The mice seemed to tolerate the constructs 
well and did not lose more than %15 of their body mass on administration day. All the 
mice were euthanized early due to ulcerations in their tumors as shown in the survival 
curve in Figure 6.5(B).  
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(A)           (B) 

 

(C)           (D) 
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        (E) 

 
Figure 6.4: Individual tumor growth curves of SK-OV-3 tumor bearing NOD SCID mice 
administered with (A) cold HOPO-Siderocalin-Trastuzumab-IgG, (B) 3784.1 Bq of 225Ac-
HOPO-Siderocalin, (C) 333.0 Bq of 225Ac-HOPO-Siderocalin-Trastuzumab-IgG, (D) 603 
Bq of 225Ac-HOPO-Siderocalin-Trastuzumab-IgG, and (E) 59.2 Bq of 225Ac-HOPO-
Siderocalin-Trastuzumab-Fab. Each data point is the tumor volume for a single mouse, 
and the error bars represent the experimental error of manually measuring tumors with 
calipers. Only the upper error bar is displayed for ease of visualization. IgG is 
Trastuzumab-IgG, Fab is Trastuzumab-Fab, and SCN is Siderocalin. LD is the low dose 
of 225Ac-HOPO-Siderocalin-Trastuzumab-IgG at 333.0 Bq while HD is the high dose of 
225Ac-HOPO-Siderocalin-Trastuzumab-IgG at 603 Bq.  
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(A)           (B) 

 
Figure 6.5: (A) Average tumor growth curves and (B) survival curves of SK-OV-3 tumor 
bearing NOD SCID mice administered with cold HOPO-Siderocalin-Trastuzumab-IgG, 
3784.1 Bq of 225Ac-HOPO-Siderocalin, 333 Bq of 225Ac-HOPO-Siderocalin-
Trastuzumab-IgG, 603.0 Bq of 225Ac-HOPO-Siderocalin-Trastuzumab-IgG, and 59.2 Bq 
of 225Ac-HOPO-Siderocalin-Trastuzumab-Fab. Each data point is the average value of 
the 4 mice in each group, and the error bars represent the 1-sigma standard deviation. 
Only the upper error bar is displayed for ease of visualization. IgG is Trastuzumab-IgG, 
Fab is Trastuzumab-Fab, and SCN is Siderocalin. LD is the low dose of 225Ac-HOPO-
Siderocalin-Trastuzumab-IgG at 333.0 Bq while HD is the high dose of 225Ac-HOPO-
Siderocalin-Trastuzumab-IgG at 603.0 Bq. For the survival curve, the cold HOPO-
Siderocalin-IgG curve is overlapping with the 225Ac-HOPO-Siderocalin-Fab curve and 
the 225Ac-HOPO-Siderocalin curve is overlapping with the HD 225Ac-HOPO-Siderocalin-
IgG curve.  

6.3.2 Fusion proteins labeled with 90Y 
Radiochemical yield was not measured for labeling these fusion proteins with 90Y 

as spin filtration was not done for purification purposes like with the 225Ac labeled fusion 
proteins and the antibody drug conjugates in Chapter 4 and 5. Radiochemical purity 
was determined by radio-ITLC where it was determined that labeled proteins and HOPO 
(Figure 6.6(B)) stayed at the origin and the free metal moved up the plate with the 
solvent front (Fig. 6.6(A)). 90Y-HOPO had a radiochemical purity of 81.0% (Fig.6.6(B)). 
The 90Y-HOPO-Siderocalin radiochemical purity was rather consistent over 3 days 
where it was 85.9% at day 0 (Fig.6.7(A)), 84.3% at day 1 (Fig.6.7(B)), and 86.7% at day 
3 (Fig. 6.7(C)). The 90Y-HOPO-Siderocalin-Trastuzumab-IgG radiochemical purity was 
also consistent over 3 days where it was 86.3% at day 0 (Fig. 6.8(A)), 82.6% at day 1 
(Fig. 6.8(B)), and 84.9% at day 3 (Fig.6.8(C)). The 90Y-HOPO-Siderocalin-Trastuzumab-
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Fab radiochemical purity also displayed the latter’s consistency where it was 87.2% at 
day 0 (Fig. 6.9(A), 86.7% at day 1 (Fig. 6.9(B)), and 84.9% at day 3 (Fig. 6.9(C)). All of 
these radiochemical purity results are tabulated in Table 6.3 for ease of comparison. 
Table 6.4 tabulates the location and the full width at half maximum (FWHM) of the 
prominent peak for the 90Y-HOPO-Siderocalin, 90Y-HOPO-Siderocalin-Trastuzumab-
IgG, and 90Y-HOPO-Siderocalin-Trastuzumab-Fab TLC traces. Based on the location 
and FWHM of the peaks, there seems to be no difference in retention times for all three 
constructs.  

(A)           (B) 

 
Figure 6.6: Radio-ITLC traces of (A) free 90Y and (B) 90Y-HOPO.  
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(A)           (B) 

 
      (C) 

 
Figure 6.7: Radio-ITLC traces of 90Y-HOPO-Siderocalin (A) immediately after 
radiolabeling, (B) a day after radiolabeling, and (C) 3 days after radiolabeling. SCN is 
Siderocalin. 
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(A)           (B) 

 
      (C) 

 
Figure 6.8: Radio-ITLC traces of 90Y-HOPO-Siderocalin-Trastuzumab-IgG (A) 
immediately after radiolabeling, (B) a day after radiolabeling, and (C) 3 days after 
radiolabeling. SCN is Siderocalin and IgG is Trastuzumab-IgG.  
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(A)           (B) 

 
      (C) 

 
Figure 6.9: Radio-ITLC traces of 90Y-HOPO-Siderocalin-Trastuzumab-Fab (A) 
immediately after radiolabeling, (B) a day after radiolabeling, and (C) 3 days after 
radiolabeling. SCN is Siderocalin and Fab is Trastuzumab-Fab. 
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Table 6.3: Radiopurity for 90Y-HOPO-Siderocalin, 90Y-HOPO-Siderocalin-Trastuzumab-
IgG, and 90Y-HOPO-Siderocalin-Trastuzumab-Fab.   

Day 90Y-HOPO-SCN 90Y-HOPO-SCN- IgG 90Y-HOPO-SCN-Fab 
0 85.9% 86.3% 87.2% 
1 84.3% 82.6% 86.7% 
3 86.7% 84.9% 84.9% 

 

Table 6.4: Location of the peak and the full width at half maximum (FWHM) of the 
prominent peak for the 90Y-HOPO-Siderocalin, 90Y-HOPO-Siderocalin-Trastuzumab-
IgG, and 90Y-HOPO-Siderocalin-Trastuzumab-Fab TLC traces. 

 90Y-HOPO-SCN 90Y-HOPO-SCN-IgG 90Y-HOPO-SCN-Fab 
Day Peak (mm) FWHM 

(mm) 
Peak (mm) FWHM 

(mm) 
Peak (mm) FWHM 

(mm) 
0 18.6 14.0 17.1 12.4 17.1 10.9 
1 17.1 10.9 15.5 12.4 15.5 10.9 
3 15.5 10.9 15.5 10.9 15.5 10.9 

Avg ± SD 17.1 ± 1.6 11.9 ± 1.8 16.0 ± 0.9 11.9 ± 0.9 16.0 ± 0.9 10.9 ± 0.0 
 
 Figure 6.10 shows the ex vivo biodistribution for the 3 constructs at 5 hours, 25 
hours, and 50 hours. The 90Y-HOPO-Siderocalin negative control group shows 
surprisingly consistent but stagnant elevated tumor uptake at all three timepoints (5.91 ± 
4.66 %IA/g at 5 hours, 5.53 ± 5.33 %IA/g at 25 hours, and 6.03 ± 1.86 %IA/g at 50 
hours) (Fig. 6.10(A, D)). 90Y-HOPO-Siderocalin-Trastuzumab-IgG showed similar 
results as well through all three timepoints (4.71 ± 2.14 %IA/g at 5 hours, 7.24 ± 3.39 
%IA/g at 25 hours, and 4.35 ± 2.71 %IA/g at 50 hours) (Fig. 6.10(B, D)). 90Y-HOPO-
Siderocalin-Trastuzumab-Fab showed rapid elevated tumor uptake at 5 hours and then 
decreased and plateaued at the later timepoints (12.73 ± 3.72 %IA/g at 5 hours, 5.09 ± 
7.86 %IA/g at 25 hours, 6.30 ± 2.06 %IA/g at 50 hours) (Fig. 6.10(C, D)). Minimal 90Y 
uptake is located femur through all three constructs indicating high in vivo stability.  
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(A)           (B) 

 
(C)           (D)       

 
Figure 6.10: Ex vivo (A) 90Y-HOPO-Siderocalin, (B) 90Y-HOPO-Siderocalin-
Trastuzumab-IgG, and (C) 90Y-HOPO-Siderocalin-Trastuzumab-Fab biodistribution in 
SK-OV-3 tumor bearing NOD SCID mice in terms of %IA/g at 5 hours, 25 hours, and 50 
hours after administration measured by liquid scintillation counting. Each data point is 
the average value of the 3 mice in each group, and the error bars represent the 1-sigma 
standard deviation. Only the upper error bar is displayed for ease of visualization. IgG is 
Trastuzumab-IgG, Fab is Trastuzumab-Fab, and SCN is Siderocalin. ART is abdominal 
remaining tissue. The tumor uptake (D) is displayed in a separate graph for ease of 
comparison). 
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The individual tumor growth curves are shown for all 4 treatment groups in Figure 
6.11. The 90Y radiolabeled groups (90Y-HOPO-Siderocalin (Fig. 6.11(A)), 90Y-HOPO-
Siderocalin-Trastuzumab-IgG (Fig. 6.11(B)), and 90Y-HOPO-Siderocalin-Trastuzumab-
IgG (Fig. 6.11(C))) all follow a similar growth trend to the negative control no treatment 
group in Figure 6.11(D). This similarity is also apparent in Figure 6.12(A) which shows 
the average tumor volume growth for each group is not statistically significantly different 
from one and other (notice the 1 standard deviation error bars all overlap). The mice 
seemed to tolerate the constructs well and did not lose more than %15 of their body 
mass on administration day. All the mice were euthanized due to ulcerations in their 
tumors as shown in the survival curve in Figure 6.12(B).  
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(A)           (B) 

 

(C)           (D) 

 
Figure 6.11: Individual tumor growth curves of SK-OV-3 tumor bearing NOD SCID mice 
administered with (A) 1.63 MBq of 90Y-HOPO-Siderocalin, (B) 1.65 MBq of 90Y-HOPO-
Siderocalin-Trastuzumab-IgG, (C) 1.70 MBq of 90Y-HOPO-Siderocalin-Trastuzumab-
Fab, and (D) no treatment. Each data point is the tumor volume for a single mouse, and 
the error bars represent the experimental error of manually measuring tumors with 
calipers. Only the upper error bar is displayed for ease of visualization. IgG is 
Trastuzumab-IgG, Fab is Trastuzumab-Fab, and SCN is Siderocalin.  
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(A)           (B) 

 
Figure 6.12: (A) Average tumor growth curves and (B) survival curves of SK-OV-3 
tumor bearing NOD SCID mice administered with 1.63 MBq of 90Y-HOPO-Siderocalin, 
1.65 MBq of 90Y-HOPO-Siderocalin-Trastuzumab-IgG, 1.70 MBq of 90Y-HOPO-
Siderocalin-Trastuzumab-Fab, and no treatment. Each data point is the average value 
of the 4 mice in each group, and the error bars represent the 1-sigma standard 
deviation. Only the upper error bar is displayed for ease of visualization. IgG is 
Trastuzumab-IgG, Fab is Trastuzumab-Fab, and SCN is Siderocalin. For the survival 
curve, the 90Y-HOPO-Siderocalin curve is overlapping with the no treatment curve.  

6.4 Discussion 
One of the benefits of using Siderocalin’s ability to non-covalently bind to 

negatively charged HOPO complexes is the binding process is fast and can be 
performed at room temperature unlike the more traditional covalent binding approach 
using isothiocyanatobenzyl-based bifunctional chelators which require elevated heating 
for 1 hour and then require more time and potentially more heating for 
radiolabeling42,155. Siderocalin and HOPO could pave the door way for antibody labeling 
“cold-kits” which could facilitate the use of targeted radiopharmaceuticals in the clinical 
setting162. Unfortunately one of the downsides of this study is that the radio-ITLC 
conditions that were used could not distinguish between 90Y-HOPO-Siderocalin and 90Y-
HOPO since both of these species stayed at the origin. In Chapter 3, the radio-ITLC 
conditions used for the 134Ce-HOPO complex were pH shifted to 10.5 which caused 
HOPO to follow the solvent front85. Unfortunately, these conditions are not commonly 
used for radiolabeled antibodies where the pH is not adjusted and stays around 5-5.5, 
and previous studies investigating HOPO complexes with radio-ITLC used these same 
conditions36,106. In the future, liquid chromatography with mass spectrometry will be 
used to quality control these fusion proteins as the technique could easily separate free 
90Y, 90Y-HOPO, and 90Y-HOPO-Siderocalin147. 
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 One of the failures of this study was that it is not clear that either the 225Ac was 
bound to HOPO or that the 225Ac-HOPO complex was bound to the fusion protein based 
on the low radiochemical yield and the biodistribution results. This failure of HOPO to 
coordinate 225Ac with the given conditions isn’t necessarily surprising because the 
chemical properties of actinium are generally unknown compared to other f-elements 
due to its limited availability69. In fact, no crystal structure has ever been solved for 
actinium since its discovery in 1899136. Unfortunately, because the 225Ac-based 
experiment occurred before the 90Y experiment, purification of the 90Y fusion proteins 
through 0.5 mL 10 kDa Amicon Ultra centrifugal filter units was not performed as it was 
thought to be potentially one of the causes of the low radiochemical yield for the 225Ac 
study. Future work will rigorously test 225Ac-HOPO labeling conditions with High 
Performance Liquid Chromatography and develop a more robust purification 
methodology for these Siderocalin fusion proteins using size exclusion chromatography 
using PD-10 columns163.  

The 90Y fusion protein study highlights the stability of 90Y-HOPO complexes. Over 
3 days, the radiochemical purity stayed approximately constant. In addition, limited bone 
and kidney uptake were apparent in the biodistribution with the exception of elevated 
kidney uptake for 90Y-HOPO-Siderocalin and 90Y-HOPO-Siderocalin-Trastuzumab-Fab. 
This elevated kidney uptake is due to renal elimination of the Siderocalin protein which 
is not surprising based on previous Siderocalin biodistribution studies161. Unlike 
Trastuzumab-IgG which circulates in the body for a long period of time, Trastuzumab-
Fab is more rapidly cleared through renal elimination which explains the consistently 
elevated kidney uptake in the 90Y biodistribution study39,164,165. Furthermore, 
Trastuzumab-Fab expresses elevated uptake in tumors more rapidly than Trastuzumab-
IgG explaining the more elevated levels in the tumor. It is anticipated that at longer 
timepoints the uptake of the Trastuzumab-IgG fusion protein will increase dramatically 
which is what has been observed with 89Zr-HOPO-Trastuzumab36. While imaging 86Y 
labeled fusion proteins will be done in the future in order to corroborate the 90Y 
biodistribution results, a longer-lived PET isotope such as 134Ce or 89Zr is required to 
confirm long term tumor targeting with the Trastuzumab-IgG fusion proteins.  
 While the 225Ac fusion protein tumor control experiment failed due to a poor 
radiochemical yield, the 90Y fusion protein tumor control experiment could have failed 
due to the administration of too little activity. In other preclinical yttrium theranostic 
experiments using antibodies, the administered 90Y dose was between 4.4 and 5.5 MBq 
while the administered dose for this experiment was around 1.7 MBq115,117. This lower 
dose was due to material limitations and also an attempt to take into account the 
radiosensitivity of NOD SCID mice166. Higher activity and potentially another mouse 
model (athymic nude mice) are warranted in order to see tumor control.  
 The down side of using HOPO for Siderocalin fusion proteins is that it prevents 
the use of tetravalent metal cations such as the 227ThIV and 89ZrIV since they would form 
neutrally charged complexes. In addition, labeling HOPO with 134Ce would stabilize 
134Ce to 134CeIV causing the formation of a neutral complex which prevents the use of 
225Ac-134CeIII theranostics85. Through the use of a chelator with catecholamide (CAM) 
moieties on a spermine backbone or 3,4,3-LI(CAM), the use of tetravalent metal cations 
in these Siderocalin fusion proteins since these complexes will form a [MIV-3,4,3-
LI(CAM)]-4 complex and bind strongly to Siderocalin161. Unfortunately, it is unknown 
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whether 3,4,3-LI(CAM) will stabilize 134Ce to 134CeIV which could limit this system’s 
potential for 227Th-134CeIV theranostics.  

6.5 Conclusions 
Herein, it was demonstrated that Siderocalin fusion proteins allow for tumor 

targeting with high in vivo stability with 90Y-HOPO complexes. In addition, the rapid non-
covalent binding of Siderocalin to negative charged HOPO complexes allows could 
facilitate the labeling of trivalent radiometals to antibodies by completely removing the 
conjugation step and greatly reducing the time needed to label the radiometal the 
targeted radiopharmaceutical. Future work will investigate a more robust quality control 
and purification method for Siderocalin fusion proteins and investigate the system with 
other strategic radiometals.  
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CHAPTER 7: Conclusion 
 In this dissertation, new strategies were discussed with the purpose of advancing 
targeting radiopharmaceuticals for theranostic applications. These strategies ranged 
from a new diagnostic radiometal (134Ce) to serve as theranostic matched pairs for 225Ac 
and 227Th, a novel chelator, 3,4,3-LI(1,2-HOPO) (HOPO), that can enable rapid, room-
temperature radiolabeling that form complexes with high kinetic inertness with a variety 
of radiometals, a new elution strategy for a generator produced radiometal, 212Pb, which 
can facilitate radiolabeling of said radiometal, and Siderocalin fusion proteins which 
could open the doorway for antibody-based “cold-kits”. 
 Through the investigations of the 134Ce/134La in vivo generator system, the 
biodistribution of 134Ce complexes was assayed through microPET imaging. These 
studies demonstrated the surrogacy of 134Ce to both 225Ac and 227Th (with appropriate 
chelator selection) because of the unique CeIII/CeIV redox couple. Moreover, 134Ce long 
half-life allowed for the long term (9 days after administration) tumor imaging of 134Ce-
DOTA-Trastuzumab in a SK-OV-3 murine model. This proof of concept experiment 
demonstrates 134Ce ability to act as a theranostic matched pair for 225Ac in antibody-
based targeted radiopharmaceuticals.  
 Through the investigations of the in vivo stability and biodistribution of 86Y-HOPO, 
HOPO was demonstrated to be a superior chelator for 86Y compared to DTPA or DOTA 
due to HOPO allowing for rapid room temperature labeling and high in vivo stability. 
This further demonstrates HOPO’s potential as a theranostic chelator that can bind a 
myriad of trivalent and tetravalent radiometals. Moreover, the negatively charged 90Y-
HOPO complex allowed for the non-covalent binding to Siderocalin fusion proteins 
which demonstrated tumor targeting. With further work and optimization, this system 
can be used as the blueprint for antibody-based “cold-kits”.  
 Through the benchmarking of a novel 1.0 M sodium acetate elution strategy of a 
224Ra/212Pb generator, radiolabeling TCMC-conjugated Trastuzumab yielded a higher 
radiochemical yield through 2 weeks than the traditional 2.0 M hydrochloric acid elution 
strategy. In addition, because the 1.0 M sodium acetate elution strategy does not 
require a matrix exchange, this approach minimizes the time needs to prep targeted 
radiopharmaceuticals which can facilitate the use of 212Pb/203Pb in the clinic.  

7.1 Future Work 
 While this dissertation introduces the use of 134Ce as a theranostic matched pair 
for both 225Ac and 227Th, most of the work that has been done focused on 134Ce as a 
surrogate for 225Ac. Although impeded by the low availability of both 134Ce and the 
chelator Me-3,2-HOPO (which is the most commonly used chelator for Targeted 
Thorium Conjugates), in vitro and in vivo experiments are required to determine the 
surrogacy of Me-3,2-HOPO complexes incorporating either 134Ce or 227Th25. This 
coupled with a bifunctional variant of 3,4,3-LI(1,2-HOPO) could become cornerstones in 
227Th/134Ce theranostics.  
 One remaining question about the use of 134Ce is whether 134La is released from 
its chelator after the decay of 134Ce. This release could potentially degrade the spatial 
resolution 134Ce PET images which could be problematic for imaging smaller structures. 
While this can be mitigated through the use of internalizing target vectors, 
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characterizing this release would be necessary to facilitate the use of non-internalizing 
target vectors. The use of liquid chromatography and mass spectrometry could 
determine this in vitro. For in vivo situations, imaging the targeted radiopharmaceutical 
through PET/SPECT system would allow the PET scanner to determine the 
biodistribution of 134La while the SPECT scanner can determine the biodistribution of the 
139Ce impurity.  
 While the 90Y-labeled Siderocalin fusion proteins showed tumor targeting, both 
the tumor control experiments and the labeling of 225Ac to the fusion proteins failed. 
There are a few avenues that can be pursued from here. The first is more rigorous in 
vitro experiments of 225Ac complexes are required in order to determine if chelation is 
feasible. If this is the case, the determination of adequate radiolabeling conditions is 
also required. The second avenue that can be pursued is developing more robust 
purification and quality control strategies. While the experiments that were performed in 
this dissertation utilized Amicon Centrifugal Filter Units, these have only led to 
radiochemical purities of less than 90%. Other studies in the literature have used size 
exclusion columns (PD-10 columns) or a combination of size exclusion columns and 
centrifugal filters and have obtained radiochemical purities of greater than 99%163. In 
addition, as discussed in Chapter 6, Thin layer chromatography has a hard time 
separating labeled Siderocalin fusion protein from free HOPO. Utilizing liquid 
chromatography and mass spectrometry could separate the two allowing for the 
determination of the proportion of HOPO complexes bound to the fusion protein. A third 
and final avenue would be to investigate other strategic f-elements including terbium 
radioisotopes (149Tb, 152Tb, 155Tb, and 161Tb) and 227Th in these Siderocalin fusion 
proteins. The terbium radioisotopes are a promising theranostic quadruplet that allow for 
α therapy, β- therapy, auger electron therapy, SPECT imaging, and PET imaging24. 
While 227Th would require the use of 3,4,3-LI(CAM) in order to be incorporated into 
Siderocalin fusion proteins, it is unclear whether the terbium radiometals would be 
stabilized to 4+ when complexed to 3,4,3-LI(1,2-HOPO). Either way, due to HOPO’s 
affinity for trivalent and tetravalent rare earth metals, the development of terbium 
radiometals in HOPO-based targeted vectors could greatly advance targeted 
radionuclide therapy.  

7.2 Outlook 
 While this dissertation has focused on the advancement of targeted 
radiopharmaceuticals through in vivo studies and developing new radiochemical 
strategies, facilitating the use of theranostics is a multidisciplinary effort. One of the 
main hurdles in targeted radiopharmaceuticals is the actual production of the 
radionuclides. The lack of availability of certain radionuclides, such as 225Ac, has limited 
their use in clinical trials which has slowed their pathway to FDA approval and 
commercialization. While accelerator-produced 225Ac has increased its availability in 
recent years, it is unclear if 227Ac impurity leads to long term toxic effects69,71. In 
addition, the technological development of molecular imaging modalities is also 
warranted. While theranostic matched pairs allow for “unimageable” therapeutic 
radionuclides to be traced via conventional PET or SPECT imaging, determining 
accurate dosimetry of 225Ac and 227Th is still rather difficult due to their recoiling 
daughters. Advancements in sensitivity and energy resolution of SPECT systems could 
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potentially allow for imaging the individual daughters of both of these radionuclides. 
While great strides have been made in the past couple decades for targeted 
radionuclide therapy, there is still a long way to go.  
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APPENDIX A: Concorde MicroPET R4 spatial resolution 
 The microPET scanner that was used for the preclinical studies in this 
dissertation was the Concorde MicroPET R4 (Fig. A.1), nicknamed Sarah, has 
previously been specified to support a transaxial spatial resolution of 1.66 mm full width 
half maximum (FWHM) for Flourine-18167. This measurement was verified by a Derenzo 
phantom designed for microPET scanners (Fig. A.2). The diameters of the holes in the 
Derenzo Phantom are grouped by size. From largest to smallest the hole diameters are 
4.8 mm, 4.0 mm, 3.2 mm, 2.4 mm, 1.6 mm, and 1.2 mm. Based on a coronal maximum 
intensity projection image of the phantom, the smallest resolvable holes on the Derenzo 
phantom are the 1.6 mm holes which corroborates with the beforementioned transaxial 
spatial resolution measurement (Fig. A.3).  

 

Figure A.1: Sarah, the Concorde MicroPET R4 used for the preclinical studies in this 
dissertation.  
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Figure A.2: The Derenzo phantom filled with 18F. The green color is from food dye. 
From largest (4 o’clock position) to smallest (6 o’clock position), the hole diameter sizes 
are 4.8 mm, 4.0 mm, 3.2 mm, 2.4 mm, 1.6 mm, and 1.2 mm.  

 
Figure A.3: A coronal maximum intensity projection image of the Derenzo phantom 
filled with 18F. The smallest resolvable holes are the 1.6 mm holes (8 o’clock).  
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 The total spatial resolution of Sarah is based on several factors including 
individual detector size, positron range, the acolinearity effect, decoding (when there are 
more scintillation crystals than photodetectors), the penetration of the 511 keV photons 
between interaction in the crystals, and sampling error51. These effects all add in 
quadrature with the exception of the sampling error which acts as a multiplicative factor 
that degrades all the other components. In terms of investigating different positron-
emitters, the only variable that changes when swapping the positron emitter is the 
positron range term. The formula for the total spatial resolution with all components 
except the positron range is aggregated into a single term, is given by:  

                                                          𝛤𝛤 = 1.25√𝑠𝑠2 + 𝛥𝛥                                                (A.1) 

where the factor of 1.25 is the multiplicative factor from the sampling error, s is the 
positron range, and Δ is the aggregation of the other components. This allows for an 
estimation of the total system resolution for any positron emitter if the component for the 
positron range is known. The positron ranges for the positron emitters discussed in this 
dissertation are shown in Table A.1 in units of mm FWHM where these values were 
linearly interpolated from Table 1 in Moses51. Figure A.4 shows a plot of the total system 
resolution for Sarah versus the mean positron energy.  

Table A.1: Mean positron energy and positron range for positron emitters discussed in 
this dissertation.  

Isotope Mean Positron Energy 
(keV) 

Positron Range  
(mm FWHM) 

18Fa 250 0.54 
11Ca 386 0.92 
89Zr 396 0.98 

133La 460 1.32 
13Na 492 1.49 
44Sc 632 2.06 
86Y 660 2.17 

149Tb 730 2.46 
15Oa 735 2.48 

68Gaa 830 2.83 
152Tb 1140 4.41 
134La 1217 4.80 
132La 1290 5.17 
82Rba 1481 6.14 

aThe positron ranges for these isotopes were taken from Moses51.  
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Figure A.4: Total spatial resolution versus mean positron energy for Sarah. 
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APPENDIX B: Radiochemical Yield and Radiochemical Purity 
 Two metrics that pertain to radiolabeling molecules that are discussed frequently 
in this dissertation are radiochemical yield and radiochemical purity. The definitions and 
distinctions are discussed here.  
 Radiochemical yield is the proportion of activity in the product after going through 
a process where activity may have been loss168. As an example, in this dissertation 
radiochemical yield is often talked about in reference to purifying antibody drug 
conjugates using 0.5 mL 30 kDa Amicon Ultra centrifugal filter units. The activity in the 
product is the activity that stays in the filter (or the retentate) and the activity that is lost 
is the activity that goes through the filter (or the filtrate).  

Radiochemical purity is the proportion of activity in the sample that is in the 
desired radiolabeled species169. As an example, if discussing a radiolabeled antibody, 
this is the proportion of activity that is labeled to the antibody. This value can be 
measured by radio-Instant Thin Layer Chromatography. For the conditions used in this 
dissertation, an activity that is labeled to the antibody stays at the origin while free 
radioactivity follows the solvent front. An example of a TLC trace of 212Pb-TCMC-
Trastuzumab is shown in Figure B.1. 

 
Figure B.1: TLC trace of 212Pb-TCMC-Trastuzumab. Activity that is labeled to the 
antibody stays at the origin while free activity follows the solvent front.  

While for antibody labeling the radiochemical purity is distinct from the 
radiochemical yield, for small molecule studies (such as the metal-chelator complexes) 
the distinction between the two metrics overlaps. For complexes, by definition the 
radiochemical purity is the proportion of activity actually labeled to the molecule (as 
measured by TLC in this dissertation). However, in previous studies this metric 
(measured by radio-ITLC) has been reported as the radiochemical yield63. In order to 
keep the notation consistent with the literature, complex measurements done by radio-
ITLC will be reported as radiochemical yield. An example of a TLC trace of 134Ce-DOTA 
is shown in Figure B.2.  
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Figure B.2: TLC trace of 134Ce-DOTA. Activity that is labeled to the chelator is located 
at the prominent gaussian peak while free activity lies outside the prominent gaussian 
peak.  
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