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Abstract 

With the potential to determine non-invasively through diagnostic imaging if a patient is 

likely to benefit from a therapeutic treatment, theranostic radiopharmaceuticals are rapidly 

gaining clinical attention. These radiopharmaceuticals are composed of a radioactive 

metal (radiometal) bound by a bifunctional chelator linked to a biological targeting vector 

that specifically binds to overexpressed biomarkers on cancer cells, allowing for the 

selective delivery of radiation to cancer cells, sparing healthy surrounding tissues. 203Pb 

and 212Pb, used respectively for imaging and therapeutic purposes, form an element 

equivalent theranostic pair that have shown promising results in early clinical trials. 

However, further advancement of bifunctional chelator-based 203Pb/212Pb 

radiopharmaceuticals requires optimization and critical evaluation of each component to 

ensure safety and efficacy. This thesis explores key advancements in 203Pb/212Pb 

radiopharmaceutical development, with a focus on three essential areas including isotope 

production, chelator design, and the in vivo stability of bioconjugates. A novel purification 

method combining anion exchange and extraction chromatography, was developed 

alongside improvements in isotope production, providing a reliable supply of high purity 

isotopes to support preclinical studies. To expand the portfolio of chelators for lead 

isotopes, novel chelators were synthesized. Among these, Cyclen-4Py proved to be the 

most successful with high radiolabeling efficiency and kinetic inertness. An isothiocyanate-

based bifunctional analogue of Cyclen-4Py was synthesized and conjugated to fibroblast 

activation protein inhibitor (FAPI) to evaluate its in vivo biodistribution and tumor retention 

in comparison to the FAPI bioconjugate of the commercial standard, TCMC. Poor initial 

results led to comparative in vivo studies with amide-linked TCMC bioconjugates in small 

molecule and peptide models that suggested that the thiourea linkage may be unstable. 

This finding highlights potential limitations of thiourea-based bioconjugation for lead-based 

radiopharmaceuticals, indicating that amide linkages are a more suitable alternative. This 

thesis highlights advancements in isotope production, chelator development, and 

bioconjugate stability, contributing to the improvement of 203Pb/212Pb 

radiopharmaceuticals for clinical applications. 

Keywords:  Radiometals; Chelator; Radiopharmaceuticals; Theranostics; 

Bioconjugation; Biodistribution 
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Chapter 1.  
 
Introduction: From Cyclotrons to Chromatography 
and Beyond 

1.1. Overview of Nuclear Medicine 

Nuclear medicine utilizes radioactive tracers, also known as radiopharmaceuticals 

(RPs), for both diagnosing and treating disease. In diagnostics, these radioactive tracers 

enable the visualization of their uptake, providing insights into the physiology and/or 

functioning of tissues, tumours, and/or organs. For therapeutic purposes, these tracers 

can administer potent cytotoxic radiation to target diseased cells to induce cell death. With 

an ever-increasing prevalence of chronic diseases within an aging population1, the global 

nuclear medicine market was valued at 8.42 billion USD in 2023 and is anticipated to grow 

to 29.35 billion USD by 2030.2  

RPs can be categorized into two main groups: metal-based and nonmetal-based. 

Nonmetal-based RPs involve the incorporation of nonmetallic radionuclides, such as 

fluorine-18 (18F, half-life = 109.8 min), nitrogen-13 (13N, half-life = 9.965 min), oxygen-15 

(15O, half-life = 122.24 s), carbon-11 (11C, half-life = 20.36 min), and iodine-123 (123I, half-

life = 13.22 h), into the radiotracer's structure through the formation of covalent bonds. 

Most of these isotopes have short half-lives (t1/2; time it takes the radioactivity to decrease 

by half of its original value), necessitating rapid on-site production, chemistry, and quality 

control in clinics or nearby laboratories. Moreover, many of these nuclides decay in ways 

suitable only for imaging, limiting the applications of these RPs. In contrast, metallic 

radioisotopes (radiometals) offer a broader range of half-lives, spanning from minutes to 

years, and can undergo decay through modes that align with imaging and/or therapeutic 

applications.  

The metal-based radiopharmaceutical category can be further divided into two 

further subcategories, metal-essential and metal-nonessential, differing by the role of the 

metal in the targeting process, as shown in Figure 1.1A and 1.1B, respectively.3 The field 

of nuclear medicine first started with small molecule metal-essential RPs where a metal, 

such as technetium-99m (99mTc; m refers to the metastable state), is coordinated by 



2 

ligands and it is the lipophilicity, size, and charge of the overall complex that dictates the 

in vivo biodistribution and targeting ability of the tracer.4–6 For example, 99mTc bicisate 

(Neurolite, Figure 1.1C) is a neutral lipophilic complex that facilitates the visualization of 

cerebral blood flow.7  If the complexing metal differed, the biodistribution, and thus use of 

this tracer, would be vastly different. Alternatively, with metal-nonessential RPs, also 

referred to as bifunctional chelator-based RPs (BFC-RPs, Figure 1.1B), tissue targeting 

is not achieved through the metal coordination environment, but rather through the 

attachment of a biological targeting vector, such as a peptide, antibody, or small molecule. 

This vector selectively binds to a cell biomarker that is overexpressed on diseased tissue 

compared to healthy tissue. As illustrated in Figure 1.1B and 1.1D, via the use of a linker, 

the targeting vector is attached to the chelator which coordinates and contains the 

radiometal. Without the radiometal, this structure is often referred to as a bioconjugate. 

Once the radiometal is coordinated, the bioconjugate is considered radiolabeled and thus 

a RP. Although the chosen metal can affect the pharmacokinetics of the RP through the 

charge of the complex and chemical properties of the chelator required for complexation8, 

this effect is less profound compared to metal-essential RPs. Unless otherwise noted, RPs 

mentioned from here on in will be BFC-RPs.  

 

Figure 1.1. General structure of a (A) metal-essential radiopharmaceutical and a 
(B) metal-nonessential radiopharmaceutical. In a metal-essential 
radiopharmaceutical, ligand(s)/chelator(s) coordinate the radioactive 
metal to form a complex, as shown with (C) Neurolite, where the 
biodistribution is highly affected by the chemical properties of the 
radiometal. In a metal-nonessential radiopharmaceutical, as shown 
with (D)  [68Ga]Ga-FAPI-04, a bifunctional chelator coordinates the 
radiometal and is attached to a targeting vector that selectively binds 
to an overexpressed target on cells and has a greater influence over 
biodistribution than the radiometal. 
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The choice of radiometal determines the application of the RP and whether it will 

be used for imaging, therapy, or a combination of both. This is dependent on both the 

physical half-life and type of radioactive decay the metal undergoes. Radiometals that 

undergo positron emission (+ decay) or electron capture (EC) release gamma rays 

(indirectly or directly) that are compatible with medical imaging techniques such as 

positron emission tomography (PET) or single photon emission computed tomography 

(SPECT), respectively.9 Alternatively, radiometals that emit alpha () particles, beta (-) 

particles, or Auger electrons (AE) are useful for radiopharmaceutical therapy (RPT) as 

these particles can induce DNA damage, oxidative stress, membrane damage, and other 

cytotoxic events that can result in cell death.10–13 

Diagnostic isotopes are as crucial as therapeutic isotopes in nuclear medicine as 

they allow for the planning of personalized treatment plans and identification of targetable 

biomarkers on diseased cells with a minimally invasive approach. For imaging 

radionuclides, the obtained image quality is greatly affected by: (i) the photon energy (for 

SPECT) or positron energy (for PET), (ii) the percent abundance of the imaging gamma 

ray(s) emitted upon radioactive decay and, for positron emitting radiometals, (iii) the 

positron branching ratio, which refers to the fraction of these atoms that undergo positron 

decay over other decay modes. When a positron is emitted from the nucleus, depending 

on its energy, it travels a short distance before it collides with an electron.14 Upon this 

collision, annihilation occurs, resulting in the production of two 511 keV gamma photons 

emitted 180 degrees apart from each other. PET scanners simultaneously detect these 

two coincident photons and determine the location of the positron annihilation event in the 

body allowing for visualization of the RP uptake.14 To improve resolution, it is ideal that the 

positron travels only a short distance (several mm or less) before annihilation. Compared 

to PET, SPECT typically has lower spatial resolution as it relies on the emission of a single 

photon rather than a pair. However, PET imaging tends to be more expensive and less 

widely available and thus SPECT can be a more practical option. For sufficient SPECT 

sensitivity and resolution, the useful gamma energy range is typically 30 – 300 keV, with 

ideal energies between 100 – 250 keV.15–17 For both PET and SPECT, to minimize the 

injected dose and patient scan time the positron branching ratio and the abundance of the 

emitted imageable photon should be high, respectively. Figure 1.2 shows the differences 

between PET and SPECT imaging.  
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Figure 1.2. Differences between PET imaging, which relies of the simultaneous 
detection of two 511 keV photons emitted at an angle of 180° to each 
other post positron annihilation, and SPECT imaging, which detects 
singular photons. 

For therapy, to maximize therapeutic efficacy with RPs, the chosen radiometal 

should emit a cytotoxic particle whose effective range, pathway, and linear energy transfer 

(LET; the amount of energy deposited per unit distance travelled), matches the tumour’s 

size, mass, and radiosensitivity. Of the three types of therapeutic emissions employed in 

radiopharmaceutical therapy, − particles, emitted by radiometals undergoing beta decay, 

have the longest pathlength of up to 12 mm and a low LET (0.2 keV/m) making them 

most compatible for large tumours as they can deliver destructive radiation to several 

dozen cells in their path.18 Currently, only 177Lu (t1/2 = 6.6 d), a beta-emitting radiometal, 

has been FDA-approved for use in targeted radiopharmaceutical therapy.19–23 Due to a 

lower LET value, beta particles deposit their energy over a long range, leading to less 

damage per cell, reducing therapeutic effect, and potential off-target effects as 

surrounding healthy tissues may be affected.24  

On the other hand, α particles, emitted from radiometals that undergo alpha decay, 

have a high LET (50 – 250 keV/mm) and shorter path length of approximately 5 – 10 cells, 

which can produce difficult to repair double stranded DNA breaks and other radiolytic 

damage to the cell, resulting in apoptosis while minimizing damage to neighbouring 

healthy cells.25 As a result, alpha-emitting radiometals for RPT are starting to enter clinical 

use with dozens of clinical trials in place for a variety of cancer types including, but not 
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limited to, melanoma, neuroendocrine tumours (NETs), and prostate cancer.26–29  Xofigo 

([223Ra]RaCl2) is currently the only approved alpha-emitting metal-essential 

radiopharmaceutical intended for use in patients with castration-resistant prostate cancer 

with symptomatic bone metastases.30 Although it is not directed to cancer cells using a 

selective targeting vector like BFC-RPs, 223Ra (t1/2 = 11.4 d) in its divalent cation form 

mimics calcium in the body and accumulates in areas of increased bone turnover, such 

as bone metastases, where it forms complexes with hydroxyapatite.30 While Xofigo 

significantly improved median overall survival, 14 months versus 11.2 months in the 

placebo group, and enhances quality of life by reducing bone pain in patients with bone 

metastases, this RP lacks a selective targeting vector and can accumulate in healthy bone 

tissue, leading to an increased risk of fractures.30 This emphasizes the need for selectivity, 

which can be achieved through the use of BFC-RPs.  

Although promising, one of the major concerns around the use of alpha emitters 

for RPT is the recoil effect that occurs during alpha decay. When a high energy alpha 

particle is emitted from the nucleus, the atom experiences a significant kickback from the 

recoil force which can cause the radioactive atom to break out of the coordination complex 

of the chelator releasing the radiometal into the rest of the body which can cause 

undesirable side effects. The average recoil energy transferred to the daughter nuclide is 

around 100-200 keV whereas most chemical bonds have binding energies less than 10 

eV.31,32 It is ideal that these RPs are either rapidly internalized into the cell so that daughter 

radionuclides do not escape or that there are minimal alpha particles emitted in the decay 

scheme, although this can lead to a lower therapeutic response as there are less cytotoxic 

particles emitted to damage diseased cells.33   

Auger electrons have a high LET of 4 – 26 keV/m and have a short energy 

deposition range of less than one cell length and thus are most lethal when emitted near 

the cell nucleus and DNA.34 AEs can cause double stand breaks in DNA, either by directly 

damaging DNA or by generating reactive oxygen species.34 Despite limited clinical 

studies, early studies have shown promising results.35–37 

Theranostic radiopharmaceuticals combine diagnostic and therapeutic 

radionuclides to form theranostic pairs to enable a personalized approach to medicine. 

Within the pair, the diagnostic component allows visualization of the radiopharmaceutical’s 

uptake in diseased tissue. Based on the findings, if there is sufficient uptake, the 
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therapeutic component can be administered to facilitate treatment. In theory, this approach 

provides an opportunity to test the imaging drug prior to administering the therapeutic, 

allowing for the selection of the most suitable treatment for each patient. Although this 

approach has great promise, as shown by early clinical trials29,38,39, the growth and 

expansion of theranostics is limited by the availability and purity of these medical 

radionuclides. The preparation of RPs, from isotope production to injection, is shown in 

Figure 1.3.   

 

Figure 1.3. Typical stages of radiopharmaceutical production. 1) Target material 
is irradiated on a particle accelerator or nuclear reactor to produce 
the radiometal which then must further be 2) separated from the target 
material using purification techniques. Once purified, the desired 
bioconjugate is added to the radiometal solution and 3) radiolabeling 
occurs. 4) The radiopharmaceutical is then purified to remove any 
non-complexed radiometal and quality control is performed prior to 
intravenous injection. 

Three measures of isotope purity that affect the radiolabeling, which refers to the 

complexation of a radiometal by a chelator, include chemical purity, radionuclidic purity, 

and specific activity. Chemical purity refers to the extent of interfering stable chemical 

impurities (ex: Fe, Ca, etc.) in solution whereas radionuclidic purity refers to the fraction 
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of the desired radionuclide in a sample relative to all other present radionuclides. Specific 

activity (SA) refers to the amount of radioactivity per unit mass of the element. For all three 

measures of purity, it is desirable for the purity to be as high as possible to achieve high 

radiolabeling yields to improve patient outcomes, as further discussed in the later sections.  

To meet the ever-increasing clinical demand and unlock the complete potential of 

theranostics, continuous improvement of the structure of existing drug designs in addition 

to the production and development of new radionuclides with diverse therapy or imaging 

capabilities, is essential. As each component of a BFC-RP is vital to the success of nuclear 

medicine, this chapter examines the individual components and the optimization required 

for each to develop a safe and effective BFC-RP. A particular emphasis is placed on 

covering the fundamentals behind the current radiometal production and purification 

methods, their limitations, and the necessary advancements required to increase global 

access to these isotopes as isotope availability is often thought of as the bottleneck point 

for the future progress of nuclear medicine.  

1.2. Chelators 

In the context of nuclear medicine, the role of the chelator is to bind and form a 

stable complex with a radioactive metal ion. A stable complex is required so that upon 

injection into patients, the radioactivity can be delivered to the tumour site without release 

of the free radiometal into the body, which could otherwise accumulate in off-target 

tissues, resulting in undesirable side effects.   

The ideal properties of a chelator are that it is able to rapidly and quantitatively 

complex radiometals under mild conditions (e.g., ambient temperature, <60 min, close to 

physiological pH) in sub-micromolar concentrations with high thermodynamic stability, 

kinetic inertness, and high selectivity towards a desired radiometal.15,40  Thermodynamic 

stability, measured using potentiometric titration or UV-Vis spectroscopy to yield logKML 

and pM values, quantifies the binding affinity a chelator has towards a select metal where 

higher values indicate a stronger affinity.15 Of greater importance than thermodynamic 

stability is the kinetic inertness of the radiometal complex in vivo. Most BFC-RPs are 

injected intravenously and thus directly enter the bloodstream and circulate throughout the 

body. In the plasma, there are numerous metal-binding proteins that can compete with the 

chelator for the radiometal and thus the chelator must be resistant to transchelation.41–43 
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Kinetic inertness is tested in vitro with competition assays of radiolabeled complexes 

incubated in serum to quantify any transchelation or demetallation that may occur in the 

presence of these proteins.15 Rapid radiolabeling, which refers to the process by which 

the chelator complexes the radiometal, under mild, ambient conditions is preferable for 

heat and pH sensitive biological targeting vectors, such as antibodies, to prevent 

degradation. 

The physical properties of each metal dictate its coordination preferences and to 

form the most stable complexes, the design of the chelator in a radiopharmaceutical must 

be tailored to these preferences. The hard-soft acid-base (HSAB) principle provides a 

framework for understanding metal-chelate complex stability by classifying Lewis acids 

and bases as either hard, soft, or intermediate based on their properties. Hard Lewis acids 

and bases have small ionic radii, a high oxidation state, and low polarizability whereas soft 

Lewis acids and bases have larger ionic radii, low oxidation state, and high polarizability, 

with intermediate acids and bases falling in between. According to the HSAB principle, 

hard acids form the most stable complexes with hard bases and soft acids form the most 

stable complexes with soft bases. As metals act as Lewis acids, chelators should contain 

Lewis base electron donor groups that complement the metal’s hard or soft nature to 

produce thermodynamically stable complexes that remain intact under physiological 

conditions. Examples of hard, soft, and intermediate Lewis acids and bases are shown in 

Figure 1.4.  
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Figure 1.4. Classification of Lewis acids and bases and examples of their 
incorporation into chelators. 

Bifunctional chelators play two roles in BFC-RPs as they coordinate the radiometal 

and provide an attachment site for the biological targeting vector that give these 

radiopharmaceuticals their advanced selectivity. To enable this attachment, the BFC must 

contain a reactive functional group, referred to herein as the bifunctional handle. As most 

biomolecules contain primary amines and thiols, common bioconjugation strategies 

involve peptide coupling reactions yielding amide bonds via the use of carboxylic acids or 

activated esters, isothiocyanates yielding thiourea bonds, or maleimides forming thioether 

bonds as shown in Figure 1.5.40,44 In pre-targeting approaches, biorthogonal reactions are 

employed where the biological targeting vector is chemically modified (e.g. with a 

transcyclooctene group) and administered first. A radiolabeled BFC bearing a 

complementary reactive group (e.g. a tetrazine) is then introduced, binding selectively in 

vivo to the functional group on the targeting vector and thus localizing the radioactivity at 

the diseased tissue.45–48 Ultimately, the chosen conjugation strategy must produce a 

covalent bond that remains stable under physiological conditions, and attaching the 

chelator must not compromise the targeting vector’s functionality of specificity.  
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Figure 1.5. Examples of bioconjugation reactions and techniques used for 
nuclear medicine applications: Peptide coupling of a carboxylic acid 
and primary amine using (A) a coupling agent and activated ester (B) 
N-hydroxysuccinimide (NHS) and (C) tetrafluorophenyl (TFP) groups 
to form amide bonds; (D) coupling of an isothiocyanate to a primary 
amine to form a thiourea bond; (E) coupling of a maleimide to a thiol 
to form a thioether bond; (F) strain-promoted Inverse Electron 
Demand Diels-Alder reaction between a tetrazine and 
transcyclooctene.  

Bifunctional chelators are generally more challenging to synthesize than their non-

bifunctional counterparts. Consequently, non-bifunctional chelators are typically prepared 

first and evaluated for selectivity and stability and if the results are promising, the synthesis 

of bifunctional analogues is pursued. The major synthetic challenge with BFCs is 

incorporating the bifunctional handle at a position that will not disrupt the original 

coordination environment, which can otherwise compromise both radiolabeling efficiency 

and stability. Common attachment methods include functionalizing the chelator’s 

backbone or replacing or modifying the donor arm with reactive functional groups, with 

examples shown in Figure 1.6 for DOTA49, the most commonly used macrocyclic chelator 

for BFC-RPs in nuclear medicine.  However, replacing a donor arm may change the 

coordination number, and thus environment. Even if the donor arm remains in place but 
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is modified (e.g. DOTAGA-NHS-ester50), steric hindrance, especially after coupling to the 

targeting vector, may diminish the group’s ability to coordinate the metal effectively. 

Similarly, amide bond formation, from either activated esters (e.g. DOTA-TFP51) or directly 

from a DOTA carboxylic acid group, may allow coordination from the amide carbonyl 

group, but likely at a reduced capacity.40,52 Consequently, functionalizing the backbone, 

as shown for p-SCN-Bn-DOTA49,53, is often preferable because it preserves the 

coordination number but this route tends to be more synthetically challenging, and thus 

costly, compared to other routes. 

 

Figure 1.6. Production of bifunctional chelators via replacement51 and 
modification50 of donor arms51 and functionalization of macrocyclic 
backbones.49,53 

Chelators can significantly influence the biodistribution of BFC-RPs in vivo, but the 

extent of this influence depends largely on the type of biological targeting vector being 

used. A bulky protein, such as a full-size antibody, may overshadow the effects of the 

chelator, while smaller targeting vectors (e.g., peptides or small molecules) can be more 

sensitive to variations in chelator structure. Consequently, the choice of both the chelator 

and targeting vector is guided by the specific disease and molecular target, ensuring that 

any modifications introduced for radiometal binding do not compromise the targeting 

vector’s ability to localize precisely to cancer cells. 
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1.3. Biological Targeting Vectors 

Biological targeting vectors are the molecules responsible for selectively directing 

and delivering a bifunctional chelator-based radiopharmaceutical to cancer cells, reducing 

side effects in surrounding healthy tissues. The choice of targeting vector is essential in 

designing BFC-RPs as it affects both the pharmacokinetics, how quickly the 

radiopharmaceutical clears from the bloodstream, and the biological specificity, how 

effectively and selectively the radiopharmaceutical binds to the target, which further 

dictates, as described in later sections, the choice of radiometal employed for diagnostic 

or therapeutic purposes. Three common types of targeting vectors frequently employed in 

nuclear medicine include antibodies, peptides, and small molecules with each type 

offering unique advantages and challenges. 

1.3.1. Antibodies 

Antibodies bind with high affinity and specificity to antigens overexpressed on 

tumour cells. Fully intact antibodies, such as monoclonal antibodies (mAbs), typically have 

relatively large molecular weights (150 kDa) and long circulation times (days) in the 

bloodstream. This slow clearance can be beneficial for maximizing tumour uptake, but it 

also necessitates the use of radiometals with longer half-lives so that adequate signal can 

be detected for imaging and so that sufficient irradiation occurs at the tumour site for 

therapy. If a radiometal with too short of a half-life is used, the tumour won’t be able to be 

imaged and the majority of the radioactivity will decay before it reaches the tumour, 

causing irradiation of off-target tissues. Common radionuclides employed for antibody-

based radiopharmaceuticals include 89Zr (t1/2 = 78.4 h) for immuno-PET imaging, as well 

as 177Lu (t1/2 = 6.7 d) and 225Ac (t1/2 = 9.9 d) for therapeutic applications.  

Although fully intact antibodies offer unmatched selectivity and affinity towards 

their antigens, their extended circulation time in the blood exposes blood-rich tissues, like 

bone marrow, to prolonged radiation. As bone marrow is highly vascularized and contains 

rapidly dividing precursor cells, it is very sensitive to radiation damage that can result in 

myelosuppression, reducing blood cell production.54 Bone marrow toxicity is often the 

dose-limiting factor in radioimmunotherapy with intact antibodies.54,55 The use of 

engineered antibody fragments and modifications maintain selectivity while reducing bone 

marrow toxicity primarily by shortening systemic circulation time and thus minimizing non-
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specific radiation dose to blood-rich tissues. Smaller fragments including, but not limited 

to, antigen-binding fragments (Fab), single-chain variable fragments (scFv), and 

nanobodies are cleared from the bloodstream more quickly, thus reducing off-target 

radiation exposure while still allowing sufficient time to accumulate in the tumour.56 

Additionally, pre-targeting approaches in radioimmunotherapy separate the tumour-

targeting step from the radioactive payload step. This first allows for sufficient tumour 

uptake of the targeting vector to occur before administration of the radiolabeled 

bifunctional chelator, allowing for greater tolerance of higher doses that could improve 

therapeutic outcomes with radioimmunotherapy.57,58  

1.3.2. Peptides 

Compared to antibody-based BFC-RPs, peptide-based BFC-RPs typically 

accumulate at tumours more rapidly with a more uniform intratumoural distribution 

combined with rapid renal excretion. These properties improve the tumour-to-background 

contrast, leading to higher-quality diagnostic images.59 Peptides can also be chemically 

synthesized, making them easier and less expensive to produce or modify compared to 

antibodies. However, their rapid renal clearance often makes the kidneys the site of dose-

limiting toxicity and peptide-based BFC-RPs tend to have a lower overall tumour uptake, 

which may require more frequent dosing in clinical applications to achieve a sufficient 

therapeutic effect.60 Moreover, native peptides generally have short biological half-lives 

due to rapid proteolysis by enzymes in the bloodstream, limiting their utility in nuclear 

medicine. To overcome this, research efforts often focus on prolonging the biological half-

life through strategies such as peptide cyclization, the incorporation of unnatural amino 

acids, addition of albumin-binding moieties, or C- or N-terminus modifications to ensure 

that peptide-based BFC-RPs remain in circulation long enough to reach their target and 

be effective for imaging or therapeutic applications.61–63  

Due to their shorter biological half-lives, radiometals with shorter half-lives, such 

as 68Ga (t1/2 = 68 min) or 64Cu (t1/2 = 12.7 h) for imaging and 212Pb (t1/2 = 10.6 h) for therapy, 

are more compatible with peptide-based BFC-RPs. These shorter half-lives are 

preferrable as they align with the time scale of peptide residency in the tumour tissue, 

reducing the likelihood of off-target effects that may occur if the half-life is long as this 

could result in irradiation of healthy organs and tissues during the excretion process. 

However, if the RP is internalized or the tumour retention period is sufficiently long, 
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radionuclides with longer half-lives could offer the benefit of prolonged irradiation and 

therapeutic effects.  

1.3.3. Small Molecules 

Small molecules used in nuclear medicine are often inhibitors that bind enzymes 

or receptors overexpressed in cancer cells. This class of BFC-RPs often exhibits very fast 

pharmacokinetics as their often hydrophilic nature enables rapid tumour penetration but 

also rapid systemic clearance. Similarly to peptide-based BFC-RPs, small molecule-

based counterparts are commonly eliminated renally, making the kidneys the dose limiting 

organ and thus research efforts often focus on reducing nephrotoxicity while increasing 

tumour retention.64 Two common strategies to address the challenges of working with 

small molecule-based BFC-RPs include a bivalent ligand approach and lipidization.64 With 

the bivalent ligand approach, two small molecule pharmacophores are linked together and 

incorporated into the BFC-RP and the collaborative binding of these two groups enhances 

binding affinity and thus tumour retention.64 Lipidization is a chemical approach that 

involves the attachment of a lipid group to increase the lipophilic nature of the molecule 

which can enhance permeability across cell membranes and increase circulation time, 

allowing for greater tumour uptake.64 

Radionuclides with short half-lives are preferable to match the tumour residency 

time of the BFC-RP, however, significant therapeutic outcomes have been also observed 

when using nuclides with longer half-lives, as observed for [225Ac]Ac-PSMA-617 and 

[177Lu]Lu-PSMA-617, a small molecule-based BFC-RP utilizing DOTA and 225Ac or 177Lu 

to target prostate-specific membrane antigen overexpressed in prostate cancer.22,23,39,65 

The chemical structures of select peptide and small molecule-based BFC-RPs undergoing 

clinical trials is shown in Figure 1.7.  
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Figure 1.7. Structures and radiometals of select approved and in clinical trials 
small molecule- and peptide-based BFC-RPs. 

1.4. Radiometals 

The choice of radiometal profoundly influences the application and success of 

BFC-RPs. Its decay mode, including Auger electron and beta/alpha particle emission for 

therapy or gamma/positron emission for imaging, dictates whether the agent is used 

diagnostically or therapeutically all while its half-life must be compatible with the 

pharmacokinetics of the targeting vector to ensure optimal tumour uptake and minimal 

background signal. Although much attention in nuclear medicine focuses on designing the 

ideal chelator or targeting vector, it is equally critical to recognize that these innovations 

depend on a reliable supply of radionuclides. Without continued advances in isotope 

production methods and purification technologies, many promising radiometals would 

remain impractical for clinical use, limiting the future potential of targeted radionuclide 

therapy. Consequently, understanding the fundamentals of radionuclide production, and 

the challenges and costs associated in scaling up, is essential for the ongoing 

development and success of nuclear medicine.  
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1.4.1. Production of Metallic Medical Isotopes  

While few medical radionuclides, such as 212Pb (t1/2 = 10.6 h), may occur naturally 

as part of the decay chain of long-lived parent nuclides, the production of medical 

radionuclides in clinically significant quantities requires the use of particle accelerators or 

nuclear reactors. Using these instruments, high-energy protons, neutrons, alpha particles, 

or other sub-atomic particles are used to induce nuclear reactions converting a target 

atomic nucleus into an unstable (radioactive) state that may, if it satisfies certain criteria, 

be useful for medicinal purposes. In simple terms, the production of both reactor and 

accelerator-produced isotopes occurs via collision of a high energy particle with a target 

nucleus to result in the production of a radioactive metal atom. 

Even if a nuclide has ideal properties for imaging and/or therapy, if it cannot be 

produced at clinically significant quantities, the use of this radiometal will be limited. The 

cost of the target material, which is highly affected by whether or not it must be isotopically 

enriched, as well as the cross section (σ, the probability that a specific nuclear reaction 

will occur at a specific particle energy), accessibility to the correct instrument, and the 

simplicity and capabilities of the purification method to separate the desired isotope from 

the target material are all factors that need to be taken into consideration before 

investment in the development of a medical radionuclide. Additionally, if a radionuclide 

cannot be made on site at the clinic or a facility nearby and if the half-life is too short 

(minutes to a few hours), it may decay by the time it is purified from the target or parent 

material, incorporated into a tracer, and sent to the clinic (Process in Figure 1.3). On the 

other hand, if the half-life is too long (weeks to months), the isotope may not significantly 

decay to release enough cytotoxic particles to observe a therapeutic effect in vivo, or it 

may remain in the body and continue to irradiate the patient for an extended period of 

time, causing unnecessary dose. Therefore, it is recommended, if possible, to match the 

radiological half-life of the nuclide to the biological half-life of the radiopharmaceutical.66  

To better understand the requirements of production, this section will explain the 

fundamental principles behind the use of particle accelerators and reactors for production 

of medical radionuclides, targetry requirements, isotope generators, and limitations of 

each method will be discussed. Table 1.1 shows a summary of discussed radiometals, 

their production methods, and their applicable use in nuclear medicine.  
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Table 1.1. Production methods and clinical applications of discussed 
radiometals. 

Isotope Half Life Production Method Clinical Applicability 

64Cu 12.7 h 
Cyclotron: 

64Ni (p,n) 64Cu 

PET Imaging (17.9% 
positron branching ratio) 

67Cu 61.8 h 
Linac: 

68Zn (,p) 67Cu 
Therapy (- emission) 

68Ga 

 

68 min 

 

Cyclotron: 
68Zn (p,n) 68Ga 

Generator: 
68Ge/68Ga 

PET Imaging (89% positron 
branching ratio) 

99Mo 66 h 

Reactor: 
235U (n,f) 99Mo 

Linac: 
100Mo (,n) 99Mo 

Production of 99mTc 

99mTc 6 h 

Generator: 
99Mo/99mTc 

Cyclotron: 
100Mo (p,2n) 99mTc 

SPECT Imaging (140.5 keV 
photon at 89% abundance) 

119Sb 38.2 h 
Cyclotron: 

119Sn (p,n) 119Sb 
Therapy (AE emission) 

155Tb 5.3 d 
Cyclotron: 

155Gd (p,n) 155Tb 

SPECT Imaging (82 keV and 
105 keV photons with 

abundances of 32% and 
25%, respectively) 

161Tb 6.9 d 
Reactor: 

161Gd (n,) 161Tb 

Therapy (- and AE 
emission) 

165Er 10.4 h 
Cyclotron: 

165Ho (p,n) 165Er 
Therapy (AE emission) 

177Lu 6.7 d 

Reactor: 
176Lu (n,) 177Lu 

176Yb (n,) 177Yb→177Lu 

Therapy (- emission) 

203Pb 
 

51.9 h 

Cyclotron: 
203Tl (p,n) 203Pb 

205Tl (p,3n) 203Pb 

SPECT Imaging (279 keV 
photon at 81% abundance) 

212Pb 10.6 h 
Generator: 

228Th/212Pb, 224Ra/212Pb 
Therapy ( and - emission) 

225Ra 14.9 d 

Linac: 
226Ra (,n) 225Ra 

Cyclotron: 
232Th (p,x) 225Ra 

Generator: 
229Th/225Ra 

Therapy ( and - emission) 

225Ac 9.9 d 

Cyclotron: 
226Ra (p,2n) 225Ac 

232Th (p,x) 225Ac 

Generator: 
229Th/225Ac, 225Ra/225Ac 

Therapy ( and - emission) 
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It is important to note that during irradiation, only a small fraction, often micrograms 

to nanograms, of the target material will be converted into the radiometal. However, these 

often “sub-microgram” masses of nuclide can correspond to several patient doses as 

radioactivity is measured in units of Becquerel (Bq = 1 disintegration per second) or non-

SI units of Curie (1 Ci = 3.7x1010 Bq), which can be further converted to number of atoms 

and thus mass via Equation 1.1 where A is equal to the activity (Bq),  is the unique decay 

constant of the radioisotope ( = 
𝑙𝑛2

𝑡1/2
 ), and N is the number of atoms.  

                                                                𝐴 =  𝑁                                            Equation 1.1 

 

Similar to how chemical reactions alter associations of electrons between atoms, 

nuclear reactions modify the association of nucleons via a binary collision. Upon the 

collision of a projectile with a target atom, there are several types of possible reaction 

outcomes. The nucleus may remain unchanged (elastic scattering), be excited to a higher 

energy state (inelastic scattering), or a new nucleus is formed as nucleons are exchanged 

or fused (nuclear transmutation).67 To describe the nature of the target atom, projectile, 

and products involved in the reactions, they are written in either longhand (Equation 1.2) 

or shorthand (Equation 1.3) notation:  

                                                                𝐴 + 𝑎 → 𝑏 + 𝐵                                 Equation 1.2 

Target nucleus + projectile particle → Product nucleus + ejected particle 

 Example:                                    𝐴𝑢 +  𝑝 →  𝑛 +  𝐻𝑔80
197

0
1

1
1

79
197                                          

                                                                    A(a,b)B                                       Equation 1.3 

Target nucleus (projectile particle, ejected particle) Product nucleus 

 Example:                                                       197Au(p,n)197Hg                                                          

Nuclear reactions must obey the laws of conservation of mass, energy, 

momentum, charge, and nuclear spin. The mass-energy equivalence equation (Equation 

1.4) explains the relationship between mass and energy in nuclear reactions as every time 

there is a change in energy, there is also a change in mass and vice versa. Units 

1.4.1.1. Nuclear Reactions   
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commonly used to quantify energy in a nuclear reaction are joules (J) and 

megaelectronvolts (MeV) where 1.6022x10-13 J = 1 MeV. A proton is 1.00728 atomic mass 

unit (amu) while a neutron is 1.00866 amu. As per Equation 1.4, the energy of 1 amu is 

1.4924x10-10 J, or 931.5 MeV.  

                                                                 E = mc2                                          Equation 1.4 

The energetics of a nuclear reaction are given by the Q value, which is equal to 

the difference in the masses (amu) of the reactants and the products of a nuclear reaction, 

as shown in Equation 1.5 for the nuclear reaction A(a,b)B. The Q value is representative 

of the change in kinetic energy during the reaction. If the kinetic energy of the products is 

higher than that of the reactants, energy is released, the Q value is positive, and the 

reaction is denoted as exoergic. If the kinetic energy of the products is lower than the 

reactants, energy is absorbed and the Q value is negative and thus is endoergic; for an 

endoergic reaction to proceed, energy input is required.   

                                                    Q (MeV) = 931.5 M (amu)                        Equation 1.5                         

                      Where M = (Mtarget+ Mprojectile) – (Mproduct + Mejectile) 

For nuclear reactions to occur with charged particle projectiles (ex: protons, alpha 

particles, etc.), the Coulomb barrier must be overcome. As both the target nucleus and 

projectile have a positive charge, they will repel each other unless the projectile has 

enough kinetic energy to overcome this barrier and then experience the attractive nuclear 

force. This energy can be supplied by high energy particle accelerators, including 

cyclotrons. Neutrons, due to their neutral charge, do not face the challenge of the Coulomb 

barrier. However, charged particles and neutrons both face the centrifugal barrier, which 

considers that some of the energy of the projectile will be rotational energy and that 

angular momentum must be conserved for noncentral collisions. The centrifugal and 

Coulomb barriers are both kinetic factors and can be thought of to affect the nuclear 

reaction rate in the same way that the transition state energy does for a chemical reaction. 

The threshold energy is the minimum energy that a particle must possess for an endoergic 

reaction to occur.  

A nuclear cross section (σ) describes the probability of a nuclear reaction to occur. 

Excitation functions, shown in Figure 1.8, plot cross sections, with units in barns (b), 
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equivalent to 10-24 cm2, as a function of projectile energy. Excitation functions allow for the 

identification of a projectile energy that will both maximize production of the desired 

isotope while also minimizing the production of radionuclidic impurities as the excitation 

functions can show competing reaction channels that can occur over the set energy range 

with the same target nucleus. For example, in Figure 1.8, if one desires to produce 203Pb 

with a 205Tl target, it is most desirable to use proton energies between 22 – 30 MeV as 

here, the cross section for the 205Tl (p,3n) 203Pb reaction is high with primarily 201Pb co-

produced, but to a lesser extent. If one was to use proton energies of 15 – 20 MeV with 

the 205Tl target, nearly all the produced activity would be 204mPb as the cross section for 

the 205Tl (p,2n) 204mPb reaction has a maximum probability at this energy, while the 

probability of the desirable 205Tl (p,3n) 203Pb reaction is low and thus this energy range 

should not be used. It can also be observed in Figure 1.8 that reactions that eject more 

nucleons (e.g. 203Tl (p,3n) 201Pb, max = 1200.4 mb at 27 MeV68) have their maximum cross 

sections at higher energies compared to nuclear reactions that eject fewer nucleons (e.g. 

203Tl (p,n) 203Pb, max = 37.0 mb at 11.0 MeV69). This is because for more nucleons to be 

ejected, a greater nuclear binding energy must be overcome. On high energy (>100 MeV) 

cyclotrons, spallation reactions may occur where a high energy particle bombards a target 

nucleus and essentially results in its disintegration as the nucleus breaks up into several 

constituents, which can include protons, neutrons, and other composite particles. 

  

Figure 1.8. Excitation function of proton-induced reactions on natural thallium 
(Tl) target material; 203Tl = 29.5% abundance, 205Tl = 70.5% 
abundance.69 
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Cyclotrons are particle accelerators that use a rapidly alternating electric field and 

a constant magnetic field to accelerate charged particles along a spiral path. As shown in 

Figure 1.9, they consist of two oppositely charged, semicircular metal cylinders, called 

dees, placed in a vacuum chamber between the poles of an electromagnet. An ion source 

injects charged particles into the gap between the dees, where they are accelerated 

towards the dee of opposite charge by the electric field.70 Once in the dee, the magnetic 

field causes the particles to follow a spiral path.70 When the particles cross back into the 

gap, the electric field accelerates them again, causing the particles to gain more kinetic 

energy and travel in larger spiral paths with each cycle.70 Eventually, the particles exit the 

cyclotron with a designated energy, dependent on the parameters of the cyclotron, and 

collide with a target to produce radionuclides. As further discussed later in this section, 

targets can be solid, liquid, or gas, which can limit the maximum current of particles that 

can be applied. 

 

Figure 1.9. The components of a cyclotron. 

Cyclotrons are one of the most widely used accelerators in nuclear medicine for 

isotope production mainly due to the ability to install cyclotrons in hospitals or research 

facilities which allows for production and use of short-lived isotopes. Cyclotrons are also 

advantageous as they can produce isotopes with high specific activity as the product 

radionuclide is often a different element than that of the target material, which also allows 

for easier separation, as further discussed in Section 1.4.2. The energy of the cyclotron’s 

particles can in many models be adjusted to match the peak cross section of the desired 

reaction, allowing for maximal production of different isotopes.  

1.4.1.2. Cyclotrons 
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Like cyclotrons, linear particle accelerators use a radio frequency alternating 

voltage source to accelerate electrons.71 Connected to this voltage source are cylindrical 

electrodes, called drift tubes, placed in a vacuum chamber and coupled to an ion source.71 

Electrons are accelerated towards a drift tube of opposite charge and maintain a constant 

velocity inside it.71 At the end of the tube, the voltage changes, repelling the particles from 

the exit electrode and attracting them to the next drift tube, increasing their energy.71,72 

This process repeats, with later drift tubes being longer to match the particles' increased 

velocity at this point. Strong focusing magnets keep the particles on their path, directing 

them towards a target, also called a converter, of high atomic number material, like 

tantalum or tungsten, at the end.71 Upon collision, high-energy X-rays (Bremsstrahlung 

photons) or electrons are produced.73 These photons can then further hit another target, 

of which the material depends on the desired product isotope, to produce radionuclides 

through photoproton (,p) and photoneutron (,n) reactions. Figure 1.10 shows the 

components of a linear accelerator. 

 

Figure 1.10.  Components of a linear accelerator. 

One of the benefits of using linear accelerators is that there are fewer possible 

reaction channels, and thus fewer radionuclidic impurities will be co-produced.74 However, 

this can also restrict the possible isotopes that can be produced via this method. 

Additionally, a challenge of using this method is that photonuclear reactions tend to have 

smaller cross sections compared to nuclear reactions, limiting the yield of the desired 

isotope, although this does not apply to all isotopes.75,76 99Mo (t1/2 = 66 h), the parent of 

one of the most highly used diagnostic isotopes in nuclear medicine 99mTc (t1/2 = 6 h), and 

1.4.1.3. Linear Particle Accelerators “Linacs” 
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225Ra; (t1/2 = 14.9 d), the parent isotope of the powerful therapeutic isotope 225Ac (t1/2 = 9.9 

d), can be produced using ,n reactions on linear accelerators via the 100Mo (,n) 99Mo79,80 

and 226Ra (,n) 225Ra reaction79,80, respectively. A discussion on these generators is given 

in Section 1.4.1.6. 

Although medical nuclides can be produced directly via ,n reactions, such as in 

the case of  the 65Cu(,n)64Cu reaction81, it is preferable to produce isotopes via ,p 

reactions to ease separation and increase specific activity. This is because in the case of 

,n reactions both the target and product nuclide belong to the same chemical element 

and thus cannot be chemically separated from each other during the purification process, 

resulting in low SA. When targets are irradiated on accelerators, only a small fraction, 

typically micrograms to nanograms, of the target material undergoes nuclear reactions to 

produce the desired radiometal. As a result, there are typically thousands of times more 

of the target nuclei compared to product nuclei. If both are the same element, chelators 

will not distinguish between the isotopes, resulting in reduced radiolabeling yields and low 

specific activity of the radiotracer. On the other hand, ,p reactions cause a change in the 

atomic number from target to product nuclide, thus resulting in different chemical 

properties, which can more easily be separated from one another. For example, 67Cu can 

be produced in Curie quantities via irradiation on a 40 MeV linac using 68Zn-enriched 

targets via the more desirable 68Zn (,p) 67Cu reaction with a high radionuclidic purity 

(>99%) and this has allowed for recent commercial production of this nuclide.82  

 

Through neutron capture or neutron-induced fission, nuclear reactors produce 

neutron-rich isotopes that typically decay via β- decay as they are neutron-rich. Although 

most nuclear reactors are used for power generation, research reactors can be used to 

produce medical isotopes by exposing different target materials to the neutron flux of the 

reactor core to produce significant quantities of these isotopes.67  

Nuclear reactors initiate and control fission nuclear chain reactions that start when 

a heavy fissile nucleus, commonly 235U, captures a neutron and splits into two or more 

lighter nuclei and in this process, releases kinetic energy, gamma radiation, and on 

average 2.5 new neutrons67. These new neutrons can then go on to induce fission in other 

235U nuclei, leading to the production of even more neutrons, resulting in a chain reaction, 

1.4.1.4. Nuclear Reactors 



24 

as shown in Figure 1.11. In the reactor, this reaction is controlled by a moderator, typically 

water, used to slow down the released high energy neutrons to result in more fission, and 

control rods, which are made of neutron-absorbing material (ex: Boron) and are inserted 

or withdrawn to control the rate of the reaction.67 Neutron reflectors are also added to 

reduce loss of neutrons from the core, which will allow for a greater production of medical 

isotopes which is one of the main purposes of research reactors. This results in an 

environment with a high neutron flux. When target nuclei are placed in this flux, nuclear 

reactions can be induced to produce new radionuclides.  

 

Figure 1.11. Depiction of the chain reaction that occurs in nuclear reactors. An 
initial neutron is captured by a nucleus of 235U, which subsequently 
splits into two or more lighter nuclei (fission products) releasing 
energy and on average 2.5 new neutrons. These newly generated 
neutrons can be captured by another 235U nucleus, thus perpetuating 
the nuclear chain reaction. 

When a neutron strikes an atom, three general types of reactions may occur: 

neutron radiative capture (n, ), neutron capture followed by particle emission ((n,p), (n, 

), etc.), and fission (n,f).67 The most common reaction is neutron radiative capture as it 

tends to have high cross sections resulting in high yields. However, since both the target 

and product are the same element, the SA is low. Nevertheless, these reactions can also 

be used to produce isotopes of different elements if the produced isotope further decays 

into another element. This occurs with the 176Yb (n,) 177Yb reaction, where 177Yb (t1/2 = 1.9 

h) undergoes beta decay to produce 177Lu, a β--emitting isotope used in RPT, allowing for 

separation of the 177Lu from the 176Yb target material.83–86 This tends to allow for greater 
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specific activity over the direct production route from the 176Lu (n,) 177Lu reaction, although 

the separation of Yb from Lu has proven possible, yet difficult.87–91 The direct production 

route also does not allow for easy recycling of the expensive enriched 176Lu, making 

indirect production of 176Yb more economically sustainable.  

99Mo, which is the parent isotope for 99mTc, can be produced in two ways on a 

nuclear reactor: (1) as a product of 235U fission and (2) via neutron radiative capture of 

98Mo (98Mo (n,) 99Mo). When 235U undergoes fission with thermal neutrons, 99Mo makes 

up 6.1% of the products, giving a cross section of approximately 37 barns, resulting in 

extremely high yields.92 However, this process utilizes highly enriched uranium, which is 

the same material used in the manufacturing of nuclear weapons and thus is not 

favourable. Alternatively, the neutron radiative capture reaction of 98Mo, although it has a 

cross section 300 times less (0.13 barns) than that of the fission process, does not use 

this regulated material and thus is a promising alternative; however, access to a high flux 

reactor is required to compensate for the lower cross section.92  

 

Developed in the 1950s, the ISOL technique was originally developed to produce 

and separate rare isotopes on the basis of mass. To isolate radionuclides for nuclear 

medicinal purposes, this technique has 5 main steps: production, thermalization, 

ionization, mass separation, and implantation.85 In order to produce the radionuclides, a 

thick target material (e.g. Ceramic uranium carbide or tantalum foil) is irradiated with high 

energy protons (500 MeV – 1.4 GeV), or other particles such as neutrons or deuterons, 

which results in the production of a wide variety of nuclei via spallation, fragmentation, and 

induced implantation.93 In order to produce the radionuclides, a thick target material (e.g. 

Ceramic uranium carbide or tantalum foil) is irradiated with high energy protons (500 

MeV – 1.4 GeV), or other particles such as neutrons or deuterons, which results in the 

production of a wide variety of nuclei via spallation, fragmentation, and induced fission 

reactions.93,94 After production, the radionuclides are heated, up to 2000 C in the case 

of some solid targets, to extract these isotopes from the target material which are then 

transported towards the ion source.93 At the ion source, the radionuclides are ionized by 

one of many possible mechanisms (e.g. Laser, plasma, electron impact, etc.) so that they 

can be separated via a magnetic mass separator based on their mass-to-charge ratio.94,95 

The desired ratio (e.g. 225 if 225Ac is to be produced) is selected and the beam is focused 

1.4.1.5. The Isotope Separation On-line (ISOL) Technique 
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and collected onto an implantation target that is typically a metallic foil or a salt.96,97 The 

implantation target can then be collected and isotopes further purified from co-produced 

isobaric contaminants. 

ISOL is a promising and unique technique that enables the production and isolation 

of isotopes that are challenging or unattainable through other methods. Among others 

including 225Ac95,97 and 226Ac98, ISOL has been particularly useful in the production of 

terbium radioisotopes.99–102 Terbium has four isotopes compatible with medical 

applications including 149Tb (t1/2 = 4.1 h) for targeted alpha therapy, 152Tb (t1/2 = 17.5 h) for 

PET imaging, 155Tb (t1/2 = 5.3 d) for SPECT imaging, and 161Tb (t1/2 = 6.9 d) for SPECT 

imaging and -therapy.99  While 161Tb can be readily produced in a reactor, the production 

of 149Tb, 152Tb, and to a lesser extent 155Tb, using cyclotron-based approaches is limited 

by poor cross sections and low natural abundance of target materials, making enrichment 

difficult and costly.99 At the CERN-MEDICIS facility, 149Tb, 152Tb, and 155Tb can all be 

produced via 1.4 GeV proton spallation of Ta-Re targets.102 Although high quantities of 

activity (38 GBq of 149Tb, 37 GBq of 152Tb, and 5.3 GBq of 155Tb) can be produced after  a 

typical (12 – 16 hour) irradiation, a low extraction efficiency of 1% limits the activity 

recovered and thus in order to reliably produce clinical quantities of these isotopes, 

improvements to extraction efficiency must be made.99,102 

In addition to low extraction efficiencies, ISOL utilizes high-energy particles to 

induce nuclear reactions, with spallation reactions as one of the primary production 

pathways.94 Although spallation is an excellent technique to produce a wide array of 

potentially otherwise unattainable isotopes, with so many reaction channels possible, 

especially in targets with a high atomic number (Z), the overall production cross section 

for each reaction tends to be low, limiting the yield.102 Additionally, as such high energy 

accelerators are required to induce spallation, fragmentation, or induced fission, there are 

only a few centres globally that have the capability to perform this technique, further 

limiting the feasibility of producing clinical quantities of isotopes through ISOL. 

Nevertheless, producing pre-clinical quantities of these isotopes, such as 155Tb103, with 

ISOL has enabled researchers to assess the feasibility of using these isotopes for nuclear 

medicine applications.  
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Isotope generators, often referred to as “cows” that are “milked”, allow for the on-

site and on-demand production of short-lived medical isotopes that may be impractical to 

produce off-site and transport to distant facilities. They operate by housing a longer-lived 

parent isotope that decays into a radioactive daughter isotope, which is often the isotope 

intended for medical use. To continuously and reliably produce the daughter isotope, 

radiochemical equilibrium must be reached. Radiochemical equilibrium is achieved when 

the rate of decay of the parent isotope equals the rate of production of the daughter 

isotope.104 Initially, as the parent isotope decays, the daughter will accumulate until its 

production rate equals its decay rate. At this time, a steady state is achieved resulting in 

no overall change in the number of daughter atoms/activity, thus allowing for a consistent 

and reliable extraction of the daughter isotope for diagnostic and/or therapeutic 

purposes.104  

There are two types of radiochemical equilibria that can occur between a parent 

and daughter isotope depending on the differences between their half-lives. Secular 

equilibrium occurs when the half-life of the parent isotope is much longer (i.e. 10 to more 

than 100 times greater) than that of the daughter and thus there is no significant decay of 

the parent isotope over 5 daughter half-lives that pass as the daughter approaches 

equilibrium. When equilibrium is reached, assuming that the parent decays via a singular 

mode, the activity of the daughter will be nearly equal to that of the parent, as shown in 

Figure 1.12A. If the parent decays via multiple routes, the maximum daughter activity will 

be dictated by the parent’s branching ratio. The second type of radiochemical equilibrium 

is transient equilibrium which occurs when the half-life of the parent isotope is only 

moderately longer (i.e., t1/2 (parent) ≲ 10 x t1/2 (daughter)) than that of the daughter. As a result, 

over the time frame of 5 daughter half-lives, there is significant decay of the parent isotope, 

as shown in Figure 1.12B. Examples of isotope generators in transient equilibrium include 

225Ra (t1/2 = 14.9 d)/225Ac (t1/2 = 9.9 d) and 99Mo (t1/2 = 66 h)/99mTc (t1/2 = 6 h) generators, 

while examples of secular equilibrium include 68Ge (t1/2 = 271 d)/68Ga (t1/2 = 68 min) and 

228Th (t1/2 = 1.9 y)/212Pb (t1/2 = 10.6 h). In both cases, at equilibrium, the maximum activity 

reached, known as the saturation activity, is dependent on the activity of the parent and 

this ratio is given by Equation 1.6.  

1.4.1.6. Isotope Generators  



28 

                                                         𝐴𝑑 =  𝐴𝑝
𝑡𝑝

𝑡𝑝−𝑡𝑑
                                         Equation 1.6 

The saturation activity of the daughter, Ad, is related to the activity of the parent, 

Ap, and is dependent on the difference between their half-lives, td and tp, respectively. 

When tp is much greater than td, as in secular equilibrium, this ratio is nearly equal to one 

and thus, so long as the parent directly decays to the daughter, Ad  Ap at equilibrium. 

However, as the difference between half-lives reduces, as with transient equilibrium, this 

ratio increases, and the daughter activity is greater than the parent under equilibrium 

conditions (assuming the parent produces no other decay products). However, the 

maximum activity of the daughter nuclide can never be greater than the initial activity of 

the parent. With secular equilibrium, after 5 daughter half-lives, 96% of the saturation 

activity is reached. Transient equilibrium is, on average, reached within 4 daughter half-

lives.  

 

Figure 1.12. Activity time curves for generators that reach (A) secular equilibrium 
and (B) transient equilibrium. Ad = activity of daughter nuclide, and Ap 
= activity of parent nuclide, assuming the parent decays solely to the 
daughter nuclide (Parent nuclide → Daughter nuclide + decay 
particles). 
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The parent isotopes of generators may be produced via a variety of the methods 

previously mentioned. 103mRh (t1/2 = 56.1 m) is an Auger emitter that can be produced from 

the decay of 103Pd (t1/2 = 16.99 d). 103Pd can be produced on a cyclotron via the 103gRh 

(p,n) 103Pd reaction, or in much greater amounts via the neutron irradiation of 102Pd.105 If 

produced via the 102Pd route, separation of 102Pd target and 103Pd parent material will not 

be possible and thus the SA of 103Pd will be low. 103mRh can still be separated from the low 

SA 103Pd via the use of a chelator-impregnated C18 cartridge105, but using neutron 

irradiation to produce generator parent isotopes from target material of the same element 

can pose chemical challenges.105 This is because sub-nanograms of daughter material 

(ex: 103mRh) will need to be separated from milligram to gram quantities of the parent 

element (ex: Pd), which can result in breakthrough and thus radionuclidic and chemical 

impurities in the final product. In general, it is more ideal for the parent isotope to be 

cyclotron produced. For example, 68Ge (t1/2 = 271 d), the parent of 68Ga (t1/2 = 68 min), is 

produced via the 69Ga (p,2n) 68Ge reaction using 15 – 30 MeV protons, with a maximum 

cross section of 550 mb at approximately 20 MeV.106,107 The produced 68Ge is first 

separated from the 69Ga material and then fixed to a chromatographic column where it 

then produces high specific activity 68Ga.107  

From a convenience aspect, it is preferable to have the parent isotope fixed to a 

column so that generator operation merely involves rapid elution of the daughter with a 

single solution, as shown in Figure 1.13A. However, over time, radiolysis of the column 

material can result in undesired breakthrough of the parent material. This decreases the 

radionuclidic purity of the daughter isotope and if the parent ends up in the final 

formulation, this could pose a risk of off-target effects and prolonged irradiation as parent 

half-lives are longer. To avoid this, “reverse” generators, as shown in Figure 1.13B, can 

be used where the parent isotope solution, in equilibrium with its daughters, is loaded onto 

the column but only the daughter adsorbs and the parent returns to its initial stock solution. 

The daughter is eluted from the column for further use. While this decreases column 

radiolysis, it can make generator operation more laborious and thus it may not be desirable 

depending on the application.  
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Figure 1.13. Schematic of the use of generators that (A) affix the parent isotope to 
the column and remove the daughter with each elution compared to 
(B) reverse generators that load both parent and daughter isotopes 
onto the column where afterwards the parent is removed before 
elution of the daughter, resulting in reduced column radiolysis. 

 

Regardless of the type of particle accelerator or nuclear reactor used, the 

production rate is dependent on the flux (number of particles per unit area per unit time) 

of bombarding particles, the number of target nuclei, and the cross section of the 

reaction.108 The factors influencing the rate of production depend on if the reaction is 

induced by a beam of particles, which occurs with accelerators, or if the target material is 

immersed in a uniform flux of particles, as is the case for nuclear reactors.109 The rate of 

production in nuclear reactors, assuming a thin target where the flux and energy of the 

projectile does not change as it passes through the target, is given in Equation 1.7 where 

R is equal to the rate of nuclei formed per second,  is the neutron flux (neutrons cm-2 s-

1),  is the cross section (cm2), and Nt is the number of target nuclei within the target. In 

theory, all target atoms are exposed to the neutron flux and thus target thickness usually 

does not need to be taken into consideration.109 The neutron flux is dependent upon 

location within the reactor and thus optimization can be performed to maximize production 

yield. 

                                                               R = Nt.                                                                  Equation 1.7 

However, it must also be considered that upon formation, the product is also 

undergoing radioactive decay at a decay rate given in Equation 1.8 where A is the activity 

1.4.1.7. Production Equations 
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at the given time, Ao is the initial amount of activity,  is the unique decay constant of the 

radioisotope  ( = 
𝑙𝑛2

𝑡1/2
 ), and t is the amount of time that has passed (i.e. length of the 

irradiation).  

                                                              𝐴 = 𝐴𝑜𝑒−𝑡                                          Equation 1.8 

When this is taken into consideration, the activity produced at the end of 

bombardment in the reactor is given by Equation 1.9.  

                                              𝐴 = 𝑁𝑡(1 − 𝑒−𝑡)                                Equation 1.9 

For nuclei produced via target bombardment by a beam of particles, the rate of 

production (R) in a thin target, whose equation is shown in Equation 1.10, is dependent 

upon reaction cross section (), target density (nt, the number of atoms per cm2), and 

particle flux (np), which is directly related to the electrical current of the supplied particle 

beam (np = Iqe where I is equal to beam current and qe is equal to the charge of the particle 

beam).109 As a result, the accelerator parameters that can be modified to maximize the 

rate of production include the particle energy, which determines the cross section, and 

current as this affects the number of particles (i.e., flux) delivered to the target surface per 

unit time.  

                                                            R = npnt                                             Equation 1.10 

It is important to note that targets used in accelerators are often considered thick 

targets as the target materials can significantly attenuate the particle beam and thus the 

reduction of particle flux needs to be considered for an accurate calculation of produced 

activity. Like with reactor-produced isotopes, radioactive decay also needs to be 

accounted for and thus the activity produced at the end of bombardment in an accelerator 

system is shown in Equation 1.11. 

                                                        𝐴 = 𝑛𝑝𝑛𝑡(1 − 𝑒−𝑡)                                Equation 1.11 

 

In line with accelerators or reactors, target parameters and properties can also be 

altered to increase the production yield. Targets can be solid, liquid, or gas and amongst 

1.4.1.8. Targetry Considerations 
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all three, it is the density of target atoms, alongside particle flux, that most greatly affects 

isotope yield, as shown in Figure 1.14. Irradiation of target material generates heat and 

no matter the target type, all systems must utilize cooling systems to maintain target 

integrity to avoid contamination. Gas targets are primarily used for production of 

nonmetallic PET imaging isotopes such as 18F, 11C, 15O, and 13N and contain target 

material in a gaseous form, for example 14N2 gas targets to produce 11CO2 or 11CH4.110 

Density of the target atoms is increased with higher pressures and thus a robust 

containment system that can maintain pressure during the irradiation and the radioactive 

gas product will not escape.111 With gases having lower density than liquids and solids, 

the interaction probability to produce isotopes is inherently lower and gases tend to have 

lower thermal conductivity, making cooling more challenging. Liquid targets employ a salt 

solution of the target material (i.e. [68Zn]Zn(NO3)2 solution) and thus a more concentrated 

solution will result in higher yields.112 Liquid targets also allow for ease of purification post-

irradiation as there is no need for target dissolution, as further discussed in the next 

section. However, target atom density is lower in solution compared to with solid targets, 

typically resulting in lower yields in comparison.111 With high density and thermal 

conductivity, solid targets can produce the highest yields and dissipate heat most 

effectively, making them popular for production of radiometals and thus are the focus of 

this section.  
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Figure 1.14. Schematics of (A) solid, (B) liquid, and (C) gas targets used for 
radioisotope production showing the difference in target atom 
densities between each system, resulting in differing production 
yields. 

Although there are numerous types of solid targets, the two main components are 

the backing and the target material. The backing of the target provides structural support 

and plays a large role in the cooling of the target to transfer heat away from the target 

material, which is of utmost importance when dealing with target materials with low melting 

points, for example thallium (Melting point (MP) = 304 oC) or tin (MP = 232 oC). 

Bombardment produces heat and thus materials with high thermal conductivity 

coefficients, such as silver113, copper114, or gold114, can be useful backing materials. 

However, high chemical inertness and purity of the backing is also desirable to reduce 

impurities introduced in the dissolution process post irradiation (see below) and thus if the 

target material has a high melting point, more inert materials including tantalum115,116 or 

aluminum117 can be used. Target materials for irradiation in nuclear reactors are 

encapsulated in quartz ampoules and capsules most often made of aluminum due to low 

neutron absorption and the ability to cold weld the capsule shut to avoid oxidation or 

decomposition of the target material upon exposure to high temperatures.118  

Elements in their natural form often contain many isotopes and if the natural 

material is irradiated, this can lead to a multitude of nuclear reactions occurring with each 

isotope, producing numerous radionuclides, lowering radionuclidic purity. If the desired 
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isotope naturally occurs at low levels, this will also lower the yield of the desired product. 

Radionuclidic impurities can be decreased, and overall production yield increased via the 

use of isotopically-enriched target materials. Few elements, such as gold (197Au), holmium 

(165Ho), scandium (45Sc), and yttrium (89Y), are naturally monoisotopic and thus do not 

need enrichment while other elements, like nickel (58Ni, 60Ni, 61Ni, 62Ni, and 64Ni), have 

several and thus enrichment of the desired isotope is required. 64Ni, which is used to 

produce the popular PET nuclide 64Cu (t1/2 = 12.7 h) via the 64Ni (p,n) 64Cu reaction, must 

be enriched to produce clinically relevant quantities of this isotope as its natural 

abundance is 0.93%119 and via centrifugation techniques, an abundance up to 99% can 

be reached.120 Due to the large amount of material that must be processed to reach high 

enrichment levels, the cost of enriched materials is high and thus for economic reasons it 

is desirable for the target material to be recycled and used to produce more targets. Some 

enriched materials can be purchased in metallic forms while others only as oxides or other 

salts and thus the preferred target manufacturing method may differ between natural and 

enriched targets. 

The target manufacturing method dictates how the target material is connected to 

the backing, which affects the heat conduction capability at the target interface. 

Electrodeposition uses electric current to reduce metal cations to form deposits onto a 

conductive backing from aqueous or organic solutions.121 An advantage of this method is 

that even small amounts of material (<1 mg) can be deposited, which is useful when 

working with costly enriched or even radioactive materials, such as 226Ra (t1/2 =1600 y) 

which can be electroplated to produce 225Ac.122 Electrodeposition also leads to higher 

thermal contact conductance over other methods like pressing, where metal or metal 

salt/oxide powders are compressed into pellets and further into indents within target 

backings.113 Greater thermal conductance allows for higher currents to be applied during 

irradiation as heat can be more readily dissipated, reducing risk of target failure, thus 

increasing the production yield making this an attractive method for targets at risk of 

melting. However, not all target materials can be easily electrodeposited and thus other 

manufacturing methods, including, but not limited to, mechanical rolling to produce 

metallic foils123–125, melting115,116,126,127, and pressing128,129 can be used. Unlike with 

electrodeposition, which can be made more selective towards the desired metal, targets 

manufactured by these techniques may incorporate all impurities present in the starting 
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material into the target. Therefore, high isotopic and chemical purity of the utilized target 

material is essential to avoid radionuclidic and chemical impurities in the final product. 

Sealed target systems for accelerators have become more prevalent in the field as 

they allow for encapsulation of the target material using foils adhered to the target surface. 

The seal can be applied to targets manufactured by a variety of techniques. Often 

employing aluminum foil, this type of target is of great use for oxygen sensitive metals, 

such as barium130, or low melting point metals, including thallium131, or to prevent any loss 

of fragile target material in powder/salt-based targets, which is particularly important for 

enriched materials which may only be available in salt/oxide form.117 Additionally, the foil 

may act as a beam energy degrader as the seal material (e.g. Al) can absorb some of the 

energy of the beam before it interacts with the target material. This can be ideal for the 

optimization of the production of specific isotopes. The thickness of the foil can be 

changed so that it can reduce the beam energy so that the maximum cross section of the 

reaction can be reached to increase overall yield, or it may be altered to minimize the 

amount of co-produced radionuclidic impurities due to competing reactions occurring at 

the same energy. By lowering the incident beam energy, the occurrence of some 

undesired nuclear reactions may be minimized, improving radionuclidic purity.   

1.4.2. Purification of Metallic Medical Isotopes  

Although a plethora of radionuclides can be produced using particle accelerators 

and nuclear reactors, if they cannot be purified from the target material, their application 

in nuclear medicine is limited. After irradiation, only nanograms of the radiometal is 

produced from milligrams to grams of target material. The purpose of radiochemical 

purification is to isolate the desired radiometal from other chemical or radiochemical 

impurities that may interfere with chelator radiolabeling. In many tumours, there are a 

limited number of target binding sites on the surface of diseased cells and so to avoid 

competition between bioconjugate molecules labelled with desired radioactive metal and 

those labelled with undesired stable atoms, there should be a high abundance of 

radioactive atoms, and thus high specific activity. As shown in Figure 1.15A, if there is a 

high concentration of chemical and/or radionuclidic impurities, either of different elements 

or the same element as your radiometal, saturation of the binding sites can occur. Since 

these metals do not emit radiation compatible with therapy or imaging, there is limited 
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benefit to this otherwise targeted approach. As a result, the purity of the radiometal 

solution strongly affects the success of nuclear medicine. 

 

Figure 1.15. Representation of (A) a low radiometal chemical purity and low 
specific activity for a radiopharmaceutical, (B) a low molar activity 
radiopharmaceutical, and (C) an ideal high molar activity and 
radionuclidic and chemical purity radiopharmaceutical in vivo. Note 
that chelators are ‘labeled’ with non-radioactive metal impurities in 
addition to the desired radiometal, yet all bioconjugates will bind to 
the target cell receptor regardless of the metal ion bound to the 
chelator. 

The ideal purification method is high-yielding, rapid, simple, highly reproducible, 

compatible with automation, avoids evaporation, and allows for recovery of enriched target 

material. Ideally the final product will be of low volume and low acidity to facilitate easy 

incorporation of the isotope into a pharmaceutical (via radiolabeling). As most biological 

targeting vectors are not compatible with acidic pH values and many chelators may not 

form metallic complexes until a higher pH is reached, buffers are added in RP synthesis 

to ensure radiolabeling can occur and less acidic radiometal solutions are more easily 

neutralized by these buffers compared to highly acidic solutions. “Radiolabeling-ready” 

isotope solutions are composed of buffers of a suitable pH that allow unlabelled chelators 

or bioconjugates to be directly added without further processing, streamlining the 

production process; however, careful consideration should be taken when preparing 

radiometal solutions in buffer to avoid metal hydroxide formation which would render the 

nuclide unusable. Numerous separation techniques used for other chemical applications 

can be modified and applied for radiochemical purification including ion exchange 

chromatography, solvent extraction, extraction chromatography, and precipitation – all of 

which are discussed in detail below. With solid targets, all of these techniques first require 

the dissolution of the target material, often in mineral acids such as hydrochloric and nitric 

acid, rendering the desired metal as an ion in solution. Liquid targets do not require 

dissolution and can be used immediately.  
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Fundamentals and Theory  

Solvent extraction (SX), also known as liquid-liquid extraction (LLE), is based on 

the distribution of a solute between two immiscible phases, often one organic and one 

aqueous phase. In radiochemistry, SX is used to selectively extract a specific metal ion 

from an aqueous matrix into the organic phase to isolate the desired metal with high 

chemical and radiochemical purity. On their own, simple metal salts do not have high 

solubilities in organic solvents due to their highly ionic nature. In aqueous solutions, the 

metal ions are solvated by water molecules and coordinating counter ions (ex: nitrate and 

chloride anions). In order to be soluble in the organic phase, the solvated water and 

counter ion molecules must be removed to produce an uncharged species that will be 

soluble in the organic phase. To achieve this, extractants are used. The organic phase 

may be composed entirely of the extractant, or the extractant may be dissolved in an inert 

organic diluent. A scheme of how SX works is shown in Figure 1.16.  

1.4.2.1. Solvent (Liquid-Liquid) Extraction  
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Figure 1.16. Schematic of a simple solvent extraction process in radiochemical 
separation. (A) The organic phase, containing the extractant in a 
diluent, is added to the aqueous target solution and mixed. (B) The 
desired radionuclide is extracted into the organic phase by the 
extractant while the target material remains in the aqueous phase. 
The initial aqueous phase is removed and the radiometal is back-
extracted into an aqueous phase to make it compatible with 
radiolabeling or further purification by other methods. 

There are four main types of extractants used in SX that differ by the mechanism 

used to extract metals from the aqueous phase. The mechanisms of extraction by acidic 

(cation exchangers), neutral (solvating extractants), basic (anion exchangers), and binary 

(acid-base extractants) extractants are shown in Equations 1.12 – 1.15, respectively.132 

Within these equations, Mn+ is a metal cation, HL is an acidic extractant, a neutral 

extractant is S, and NR4 is a basic quaternary amine extractant. The overbar represents 

that the species is contained in the organic phase.  

                                                    𝑀𝑛+ +  nHL ̅̅̅̅̅ ⇌  M𝐿𝑛
̅̅ ̅̅ ̅̅  +  n𝐻+                           Equation 1.12 

                                          𝑀𝑛+ + 𝑁𝑂3
− +  n𝑆𝑥  ̅̅ ̅̅ ⇌  𝑀(𝑁𝑂3)𝑛 ∙ 𝑆𝑥

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅                        Equation 1.13 

                                𝑀𝑛+ + n𝐶𝑙− +  xN𝑅4Cl ̅̅ ̅̅ ̅̅ ̅̅ ̅ ⇌  [N𝑅4]𝑥 ∙ [M𝐶𝑙𝑛+𝑥]̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅                      Equation 1.14 

                                            𝑀𝑛+ + n𝐶𝑙− +  nN𝑅4L ̅̅ ̅̅ ̅̅ ̅̅  ⇌   𝑀𝐿𝑛
̅̅ ̅̅ ̅̅ +  n𝑁𝑅4𝐶𝑙̅̅ ̅̅ ̅̅ ̅̅                     Equation 1.15 
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With acidic extractants (Equation 1.12), the extent of extraction is highly 

dependent on the aqueous phase pH whereas for neutral extractants, the concentration 

of the counterion (NO3
- for example in Equation 1.13) heavily affects the extraction 

equilibrium.133 Amines act as basic (anion exchange) extractants and form an ion-pair 

complex (Equation 1.14) where they exchange their initial anion for the anionic metal 

complex.133 Binary extractants have both basic and acidic extractant components and 

extract salts instead of metal cations (Equation 1.15).134 Overall, adjustment of the pH 

and/or counterion concentration can result in either extraction of the metal into the organic 

phase or back-extraction of the metal from the organic to the aqueous phase, with the 

extent depending on both the structure of extractant and diluent, composition of the 

aqueous phase, and the coordination chemistry of the metal solute itself.  

The distribution of the metal solute between the organic and aqueous phase can 

be described by the distribution coefficient, Kd, and/or the distribution ratio, D, which are 

given in Equation 1.16(A) and 1.16(B), respectively respectively.135 Although very similar 

and sometimes used interchangeably, the distribution coefficient is used to describe the 

distribution of a single extractable solute species in the system under equilibrium 

conditions whereas the distribution ratio refers to ratio of the total concentration of the 

solute, in all its chemical forms and species, present in each phase.67 Within this equation, 

corg refers to the concentration in the organic phase whereas caq refers to the aqueous 

phase. 

                    (A)  Kd = 
𝑐[𝑆𝑖𝑛𝑔𝑙𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠]𝑜𝑟𝑔

𝑐[𝑆𝑖𝑛𝑔𝑙𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠]𝑎𝑞
         (B) D =  

𝑐[𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑒]𝑜𝑟𝑔

𝑐[𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑒]𝑎𝑞
               Equation 1.16       

Overall, the Kd and D can be used to design radiochemical purification systems. 

For an effective extraction, the distribution ratio/coefficient should be low for impurities and 

high for the metal of interest. The separation factor () is used to compare the distribution 

ratios of two different metals and to achieve a high decontamination factor it should be as 

large as possible. Numerous factors can affect the extent of extraction including kinetics, 

temperature, surface area, extractant concentration, and saturation capacity of the 

extractant and thus optimization is required.135  

 

Use in Literature and Discussion  
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Before gaining recognition in nuclear medicine, SX was primarily used in the 

nuclear industry for the reprocessing of nuclear fuels to reduce, recover, and recycle 

nuclear waste.136,137 An example of this is the TALSPEAK (Trivalent Actinide Lanthanide 

Separation with Phosphorus-reagent Extraction from Aqueous Komplexes) process as it 

was developed in the 1960s to selectively separate trivalent actinide and lanthanide fission 

products from each other in nuclear fuel reprocessing.138 Historically this separation was 

nearly impossible to perform due to the chemical similarities of these elements but due to 

the selectivity of the developed extractants and rigid pH control in the SX process, 

radioactivity levels in nuclear waste could be reduced.138 Due to its ability to separate 

isotopes with high chemical and radiochemical purity, multiple SX processes have been 

developed for nuclear medicine to separate radiometals from target materials for 

subsequent use for radiolabeling. An ideal separation will employ a “radiolabeling ready” 

back-extraction solution, require no further chromatographic purification, and is 

compatible with automation modules.  

Although rapid and selective, one of the main drawbacks that limited the use of SX 

in nuclear medicine was its presumed difficulty to automate and large product volumes. 

For example, 119Sb (t1/2 = 38.2 h), an Auger emitter, can be produced via the irradiation of 

tin targets via the 119Sn (p,n) 119Sb reaction and purified by SX.139 Once the target is 

dissolved in 12 M HCl and oxidized with H2O2, dibutyl ether selectively extracts 

[119Sb]Sb(V), reducing tin content by 99.95% after back-extraction with 0.1 M sodium 

citrate (pH 5.5).139 Despite the sodium citrate solution potentially leading to a radiolabeling 

ready solution, the final volume is 8 mL which makes the activity concentration 

prohibitively low, making radiolabeling studies difficult as larger volumes reduce the 

likelihood of interactions that result in complexation.139   

The choice of back-extraction solution and its concentration can have a large 

impact on the success of downstream radiolabeling. 47Sc (t1/2 = 3.35 d) is a radiometal 

compatible with both therapy (via - emission) and imaging (via emission of SPECT-

compatible 159 keV gamma ray).140 47Sc is a daughter of 47Ca (t1/2 = 4.7 d), which itself 

can be produced via the neutron bombardment of Ca and Ti targets via the 46Ca (n,) 47Ca 

and 47Ti (n,p) 47Ca reactions, respectively141, to produce a generator system in transient 

equilibrium. 47Sc can be purified from 47Ca using SX but the pH of the aqueous phase 

must be kept at pH 1.8 to minimize Ca2+ co-extraction into the organic phase.141 This strict 

pH control can pose difficulty when automating this procedure. A high extraction efficiency 
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of 99.2% can be reached but the 47Sc is back-extracted to the aqueous phase with a high 

concentration (0.4 M) of oxalic acid to reach these quantitative levels.141 The high 

concentration of acid will require post-purification neutralization of the product, increasing 

handling of the product and the high oxalate counterion concentration can interfere with 

radiolabeling of some chelators, making this separation less ideal.  

Despite lower production yields given their reduced target density142,143, liquid 

targets are most compatible with automated SX systems, especially if the aqueous phase 

containing target material can be reused in subsequent irradiations without reprocessing. 

This can lead to direct reuse of the target solution, minimizing loss of enriched material 

that often comes with target recycling and no dissolution step. Natural and enriched (68Zn) 

zinc nitrate144,145 or chloride146 solutions in nitric acid or hydrochloric acid, respectively, act 

as liquid targets to produce 68Ga. The SX can use various extractants in halogenated 

solvents to extract 68Ga from the target solution and then back-extract with high yields (80 

- >95%) using 0.1 – 2 M HCl in membrane separator-based systems.144–146 These 

extractions are rapid (<20 minutes) and do not require manual manipulation during 

purification. Automation increases reproducibility and reduces the possibility of human 

error; however, the membranes used to separate the organic and aqueous phases in 

these systems are prone to radiolysis145, which may be a limiting factor for these methods. 

Advances in the automation of in-flow extraction and microfluidic systems hold great 

promise for the future of SX purification in nuclear medicine.  

Overall, SX is a rapid and selective purification technique that historically, and 

currently, holds great importance in nuclear medicine. Expansion of the field and 

applications of microfluidics will allow for easier implementation of SX purification and 

motivation to use liquid targets over solid targets, if applicable, to simplify recycling and 

automation methods. However, resin-based chromatographic purification techniques 

(discussed below) remain, and likely will remain, the most prevalent due to their 

inexpensive set up and ease to operate and automate. The mechanisms by which the 

resin-based separations work, including ion exchange and extraction chromatography, are 

similar to that of solvent extraction.   

 

Fundamentals and Theory  

1.4.2.2. Extraction Chromatography 
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Extraction chromatography (EXC) is a separation technique that combines the 

selectivity of solvent extraction with the convenience of column chromatography. As 

shown in Figure 1.17A, EXC resins are composed of acrylic, macroporous inert support 

beads and within the pores of these beads, extractants are adsorbed via physisorption (a 

weak process governed by Van der Waals interactions).147 The extractants, which form 

the stationary phase, typically have a hydrophilic component that interacts with the metal 

ions and a lipophilic portion that interacts with the support beads. Although not required, 

the extractants can be dissolved in diluents and the choice of diluent can affect selectivity 

as it can either reduce or promote interactions in the organic stationary phase, help 

solubilize the extractant, or increase the hydrophobicity of the stationary phase.148–152 As 

these extractants are not covalently bound, organic solvents cannot be used in purification 

processes or extractant leaching will occur. As shown in Figure 1.17B, metals and 

radiometals are separated by a series of washes and elutions with mineral acids, 

commonly nitric and hydrochloric acid. When designing a separation scheme, it is 

pertinent to know the behaviour of the metal on this resin as a function of acid type and 

concentration as the retention of the metal complex varies with these conditions. Similar 

to how the distribution ratio in solvent extraction (SX) indicates the extent of extraction into 

the organic phase, the capacity factor (k') and the distribution coefficient (Kd) are 

commonly used in EXC to describe how effectively the metal is retained by the stationary 

phase.153 The weight distribution ratio (Dw) (Equation 1.17) is used to calculate the 

capacity factor (Equation 1.18); this is like the distribution ratio in SX, but it takes into 

account the masses of the resin (mr), volume of the aqueous phase (Va), volume of resin 

(Vr) and the activity of the radiometal tracer on the resin (Ar) and in the aqueous phase 

(Aa).154  

                                                             𝐷𝑤 =  
𝐴𝑟∙𝑉𝑎

𝐴𝑎∙𝑚𝑟
                                         Equation 1.17 

                                                             𝑘′ =  𝐷𝑤 ∙
𝑉𝑟

𝑉𝑎
                                        Equation 1.18 

The capacity factor (k’) for a particular (radio)metal is often plotted as a function of 

acid concentration (Figure 1.17C), and these plots can be used to design appropriate 

separation strategies. During the loading and washing steps, as shown in Figure 1.17B 

and 1.17C, conditions should be selected so that the radiometal has a high capacity factor 

such that it remains on the column while the target material and other impurities have a 
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low capacity factor to allow for effective removal and separation. During the elution step, 

conditions should be selected so that the desired radiometal has a low k’ to facilitate 

recovery from the column. This sequential adjustment of conditions and capacity factors 

maximizes the purity and yield of the radiometal.  

 

Figure 1.17. (A) Composition of extraction chromatographic resin. (B) Schematic 
of a resin-based purification process. C) Capacity factor plot of the 
desired radiometal as a function of acid concentration. 

Due to their high selectivity and ease of use, extraction chromatography is 

extremely common in radiochemistry as over a dozen different resins exist, giving them a 

wide variety of applications, with a select few shown in Table 1.2.  

 

 

 

Table 1.2. Summary of selected extraction chromatography resins used in 
nuclear medicine. 

Resin Name Structure of Extractant155 Applications 
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Pb resin 

 

Separation of Pb, Sr, and 
Po.113,114,131,156 

DGA resin 

 

Americium separation, 
Ra/Ac/La separation, Y/Sr 

separation.97,130,157,158 

TRU resin 

 

Separation of actinides159,160 

LN resin 

 

Separation of radium and light 
rare earth elements (ex: La, 

Ce, Pr, Nd, Sm, Eu)161,162 

TEVA 
 

Analysis of technetium, 
separation of actinides and 

lanthanides159,163 

UTEVA 

 

Separation of uranium and 
other tetravalent actinides (Ex: 

Np, Th, and Pu)159,163 

TK221 
Structure undisclosed – Mixture of 

diglycoamide and phosphine oxide with 
long-chained alcohols. 

Separation of lanthanides and 
actinides164–166 

TK211/212/213 
Structure undisclosed – Mixture of 

organophosphoric, orthophosphinic, and 
orthophosphonic acids 

Complex lanthanide 
separations165,166 

 

Use in Literature and Discussion  

With their high selectivity, EXC resins can be of great use for initial target material 

debulking in solid target purification methods or for separation of the desired daughter 

isotope in low specific activity generators, as shown with Pb resin for the purification of 

203Pb from 203Tl/205Tl targets113,114,131,156 and use in 228Th/212Pb generators.113,156 Low 

specific activity 228Th/212Pb generators source 228Th as a by-product of 232Th target 

spallation on high energy (ex: 500 MeV) cyclotrons but since 232Th and 228Th cannot be 

separated, the specific activity of 228Th is low.113,156 Pb resin is composed of an 18-crown-
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6 derivative that exhibits high retention (k’ >100) of Pb2+ in 0.1 – 10 M HNO3 to allow for 

loading and washing without significant Pb losses.149 Pb2+ also exhibits low retention in 

HCl at concentrations over 6 M HCl and with buffer solutions (e.g. sodium/ammonium 

acetate or citrate) to allow for effective elution.149 In HNO3, Tl can have over a 100-fold 

lower capacity factor than Pb while 228Th and its daughters are not retained by this resin 

and thus in load and wash steps, the majority of these impurities are removed while 

203/212Pb remains bound to the column; this can result in impressive separation factors up 

to 105.113,149,156 Despite these high separation factors, one limitation of extraction 

chromatographic resins is their limited capacity as these resins can become oversaturated 

if large (milligram to gram) quantities of material are passed through. This can affect the 

uptake, chemical purity, and radiochemical purity of radiolead, as shown by high Tl and 

Th concentrations in the 203Pb or 212Pb product after the use of a single Pb resin column 

after loading 320 – 350 mg of Tl113,156 and 8 – 10 grams of 232Th, respectively.113,156 High 

concentrations of target or parent material in the elute can negatively affect radiolabeling 

yields113 and thus the use of secondary columns after EXC are common.113,114,131 Overall, 

Pb resin is of particular value for the 203Pb/212Pb theranostic pair, but the solutions required 

for elution may require a secondary column to be employed.  

EXC resins are not only useful when the chemical properties of the desired metal 

are considerably different from the target/parent material but also when they are extremely 

similar. Historically, separating lanthanides and actinides, both within and between these 

groups, has been challenging. This process typically required large ion exchange resins, 

which led to substantial volumes of eluate and waste. As a result, EXC resins such as the 

DGA, Ln, and TK2XX series have become increasingly popular for radiometal purification. 

DGA resin is composed of tetraalkyldiglycoamides that act as neutral, solvating 

extractants and it comes in two different forms, either normal, which contains N,N,N’,N’-

tetra-n-octyldiglycolamide, or branched, which contains N,N,N’,N’-tetra-2-

ethylhexyldiglycolamide which has lower capacity factors overall to allow for easier elution 

of the desired radiometals.167 The trivalent lanthanides and actinides have high affinity for 

this resin in nitric acid while common impurities, like Fe3+, do not, allowing for effective 

decontamination.167,168 This resin is heavily used in the purification of 225Ac from both direct 

production from 232Th spallation targets157,168 or 226Ra targets122 or indirect production with 

225Ra/225Ac generators as 225Ra will not adhere to the column, allowing for further washing 

and purification of 225Ac.97,155,157 DGA resin is an ideal resin for purification of 225Ac 
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produced from a 232Th spallation process, which produces nearly all nuclides with atomic 

masses less than 232Th as the co-production of radiolanthanides and radioactinides poses 

a challenge for purification due to chemical similarities. However, Ca2+ and Ac3+ have 

similar capacity factors on this resin and Ca2+ contamination, which can negatively affect 

radiolabeling97,157, can be difficult to reduce without other resins or techniques applied. 

TK2XX resins, which include TK211, TK212, TK213, and TK221 are of particular 

use for the separation of the lanthanide series, which is of particular benefit for the 

purification of the 155Tb (t1/2 = 5.3 d) /161Tb (t1/2 = 6.9 d) theranostic pair.166 The TK21X 

resins have high affinity for the lanthanides in dilute HNO3 and HCl with drastic changes 

occurring from small changes in acid concentration, for example on TK212 resin, the KD 

of Gd3+ at 0.05 M HNO3 is approximately 1000 but rapidly drops to less than 10 at 0.2 M 

HNO3.166 With this resin, neighbouring lanthanide Tb3+ has a higher KD of 100 at 0.2 M 

HNO3 and thus TK212, as well as TK211 and TK213, are excellent resins to separate the 

lanthanides.166 In HNO3 concentrations greater than 0.1 M, TK221 shows very high 

retention of the lanthanides and very low retention with dilute HCl, making TK221 an ideal 

finishing resin at the end of a purification series.166 This results in concentrated activity 

with high chemical and radionuclidic purity, as well as specific activity, with an acid 

concentration that is easily neutralized to allow for simple RP synthesis. Although it is 

beneficial that the separation can occur with dilute acids from a waste and resin stability 

aspect, as shown by McNeil et al. the large changes in KD values with small changes to 

acid concentration can lead to challenges with establishing a highly reproducible 

automated procedure.166 With automated systems, it is not uncommon to have dead 

volumes in the tubing and syringes leading to mixing of reagents in the lines, which can 

affect procedures sensitive to acid concentration and lead to lower and more variable 

yields and thus optimization is required.  

EXC offers one of the highest degrees of selectivity for radiometals that may only 

be possible with other techniques by using large amounts of solvent/acids or long columns 

that are difficult to operate or automate. However, due to their limited capacity, 

breakthrough of target material in elutes is not uncommon and thus these columns may 

find greatest use in a series as an initial debulking column or as a final column used to 

concentrate the activity into a produce with smaller volume, preferably with a low acid 

concentration.  
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Fundamentals and Theory  

Ion exchange chromatography (IEC) is often used in conjunction with EXC to 

separate radiometals based on differences in charge. Ion exchange resins are composed 

of crosslinked polystyrene beads with covalently bonded, charged functional groups. IEC 

resins are either cation exchangers, where the functional groups are negatively charged 

to exchange cations, or anion exchangers, where the functional groups are positively 

charged to exchange anions. Examples of cation exchange (CEX) functional groups 

include sulfonic acid and carboxylic acids for strong and weak acidic CEX resins, 

respectively. Anion exchange (AEX) functional groups include quaternary amino groups 

and primary/second/tertiary amino groups for strong and weakly basic AEX resins, 

respectively. In these systems, the resin acts as the stationary phase and the aqueous 

solution, typically mineral acids like HCl or HNO3, is the mobile phase. Distribution 

coefficients (KD) and ratios (D) represent the distribution of the metal cation between the 

two phases as a function of concentration of acid or other eluent.  

Although IEC separates on the basis of charge, metals with identical charges may 

interact differently with the same resin due to differences in chemical properties such as 

hydration number, hydration energy, electronegativity, charge density, and ionic radius.169–

172 Acid concentration in the mobile phase can affect the extent of metal ion hydration, the 

extent of metal complex formation with acid anions (NO3
-, Cl-,etc.), and the overall charge 

of the formed complex, which can affect the interaction of the metal with the resin.169–172  

The distribution coefficients of nearly the entire periodic table on common CEX and AEX 

resins for nitric, hydrochloric, and perchloric acid have been determined and are an 

excellent resource for planning a radiochemical separation.170,171,173–176 Although mineral 

acids are the most common mobile phases, chelating/complexing agents (e.g. Ammonium 

acetate177, oxalic acid178, -hydroxyisobutyric acid179,180) and organic solvent mixtures (ex: 

HCl-acetone181, HNO3-methanol182) may also be used.  

 

Use in Literature and Discussion  

1.4.2.3. Ion Exchange Chromatography  
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Due to their increased metal capacity over EXC resins (20 to >200 mg/g vs 10 to 

50 mg/g, respectively), IEC resins can be used to separate both macro and tracer 

quantities of material, making them well suited for applications in radiochemistry. As 

previously discussed, it is possible for extraction chromatography to be used as the sole 

purification technique to separate radiometals from a target. However, this only works well 

if the KD values of the target material are sufficiently lower than that of the desired 

radiometal to allow for the target material to be removed in load and wash steps. If the KD 

values of the target material are always higher than the desired radiometal, EXC can be 

the sole purification method used but a large (containing several grams of resin), costly 

column would be required, and there is a greater chance of breakthrough of the target 

material into the radiometal elute. In this situation, the use of IEC, particularly CEX for the 

separation of radiolanthanides from lanthanide targets, with its higher capacity can be 

employed.  

Lanthanides, due to their similar chemical properties and trivalent charge, are not 

easily separated from each other via CEX. However, the chelating agent -

hydroxyisobutyric acid (HIBA) can be employed to form complexes with the lanthanides.180 

When lanthanides form complexes with HIBA, this lowers the affinity of the lanthanide for 

the resin.180 Later lanthanides tend to form stronger complexes with HIBA than earlier 

lanthanides and thus tend to elute from the resin first.180 However, pH and HIBA 

concentration also have an effect on complex stability and thus conditions must be 

optimized.180 CEX and ammonium -hydroxybutyrate (70 mM, pH 4.75), the ammonium 

salt of HIBA, were used in a purification method used to separate 165Er (t1/2 = 10.4 h), a 

therapeutic Auger electron emitting radiometal, produced via the proton bombardment of 

165Ho via the 165Ho (p,n) 165Er reaction, from 165Ho. Ho, as an earlier lanthanide, was 

retained on the resin while Er was eluted.165 In this method, 200 nanograms of [165Er]Er3+ 

was separated from 200 mg of [165Ho]Ho3+ via the use of CEX chromatography for 

general debulking of the Ho material.165 Although this column was an excellent debulking 

step, the chemical purity, due to milligram breakthrough of 165Ho in the elute, and large 

(250 mL) elute volume, were incompatible with radiolabeling and thus additional EXC 

resins were required to further purify and concentrate the activity.165  

IEC is not beneficial only for debulking, but it can also be useful as a concentrating 

and finishing column to remove trace impurities and to make the elute solution composition 
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more compatible with radiolabeling. For example, as shown with 203Pb,113,114 EXC Pb resin 

was first used to remove bulk thallium and other impurities and 203Pb was then eluted with 

8 M HCl113 or sodium acetate (1 M, pH 5.5). 114 8 M HCl is not directly compatible with 

radiolabeling and the use of sodium acetate leads to a large (5 mL) elute volume. To avoid 

evaporation and concentrate the activity, CEX114  and AEX113 were used as the Pb resin 

elutes could be loaded either directly (CEX) or after a simple dilution to 2 M HCl (AEX) to 

allow for elution with less than 2 mL of 1 or 0.01 M HCl, respectively. Typically, it is most 

ideal for a purification procedure to be composed of a single column to simplify automation 

and minimize loss of material that may occur during transfer. However, if the utilization of 

a second column can avoid evaporation, reduce acid concentration and/or elute volume, 

and greatly improve chemical and/or radiochemical purity, it should be implemented. 

IEC has also been used to produce isotope generators for radiometals such as 

212Pb. 212Pb is a daughter of 224Ra (t1/2 = 3.6 d) which further is a daughter of 228Th (t1/2 = 

1.9 y). 224Ra/212Pb generators, where the 224Ra is fixed to AGMP-50 CEX resin, are 

commercially available and allow for daily elution of 212Pb using 2 M HCl as 224Ra and 

212Pb reach transient equilibrium.183 This system allows for easier automation and 

collection of the 212Pb with minimal operator dose during its elution. Although it would be 

most ideal to fix both 228Th and 224Ra to the resin to extend the useful lifetime of the 

generator, any resin, whether IEC or EXC, would undergo significant radiolysis due to the 

prolonged irradiation of the resin by the parent nuclide during decay. Over time, this can 

result in breakthrough of the parent material, reducing radiochemical purity. To prolong 

the lifetime of a generator with a long-lived parent, generator systems that do not affix the 

parent to resin should be used to maintain performance over time.184  

Despite not having the selectivity of EXC, IEC is still an extremely useful technique 

with great prevalence in the field of nuclear medicine today. Due to its high capacity, IEC 

can be an excellent debulking step but can also be useful to change the elute composition 

from previous steps. Although IEC can handle both macro and tracer levels of material, 

there can often be significant breakthrough and thus other methods, such as precipitation, 

can be useful when dealing with large quantities of material.  

 1.4.2.4. Precipitation 
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Precipitation techniques take advantage of differences in solubility between the 

target and radionuclide material. In most cases, precipitation is the one of the first steps 

in a purification process and acts to reduce the burden of large quantities of target material 

to allow for superior separation and reduction of breakthrough in subsequent steps. In the 

500 MeV proton spallation of 232Th to produce 225Ac, Robertson et al precipitated out 

99.95% of the thorium in the 8 – 10 g thorium target as thorium peroxide to allow efficient 

separation of other radiometals in subsequent steps.157 68Ga can be separated from Zn185 

and 44gSc from Ca186 by precipitation with sodium hydroxide. Although nearly all metal 

nitrates are soluble in water, 132La/135La can be separated from Ba187 and 203Pb from Tl113 

by precipitation of the nitrate species through adjustment of nitrate concentration, volume, 

and temperature. Although in most cases chromatography is used afterwards to remove 

traces of target material, the level of decontamination that precipitation allows for would 

not be possible with traditional chromatographic techniques that, at this scale, would be 

difficult to both construct and automate.  

Overall, the goal of a radiochemist is to produce a radiometal solution with a high 

radiochemical and chemical purity in high yield and low volume using a simple, rapid, and 

reliable purification technique composed of one or a combination of the methods 

discussed in this section. To determine if this has been accomplished, analytical and 

radioanalytical techniques need to be applied. To determine the concentration of any 

metal impurities in the radiometal product, inductively coupled plasma mass spectrometry 

(ICP-MS) or inductively coupled plasma optical emission spectroscopy (ICP-OES) can be 

employed. ICP-MS is a more sensitive technique, with limits of detection down to parts 

per trillion, which is useful for metals with low regulatory limits. ICP-OES can be useful if 

all concentrations are above 10 ppb and if the sample contains a high concentration of 

total dissolved solids. To quantify the activity in solution, gamma spectroscopy can be 

used to identify and quantify radionuclides that emit gamma radiation. Some radionuclides 

do not emit gamma radiation at a high abundance and thus to quantify their activity, one 

can wait for the grow-in of a daughter that emits gamma radiation or, if they emit alpha 

particles, alpha spectroscopy can be used. Much like how gamma spectrometers measure 

the energy and quantity of emitted gamma radiation, alpha spectrometers measure the 

energy of the emitted alpha particle. As emitted alpha particles are mono-energetic, the 

1.4.2.5. Application of Analytical and Radioanalytical Chemistry 
Techniques for Quality Control 
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identity of the radionuclide can be determined. For applicable isotopes, the detection limit 

of alpha spectroscopy can be 100 – 1000 times lower than that of gamma spectroscopy190 

but the sample preparation is more difficult and thus gamma spectroscopy is used when 

possible.  

Radiolabeling studies measure the radiolabeling yield (RLY), which is the extent 

to which a BFC-RP or chelator alone complexes a radiometal, and these studies are a 

critical quality control measure for radiometals. Radiolabeling can be affected by chemical 

purity, radionuclidic purity, and specific activity of the added radiometals, alongside other 

experimental conditions including temperature, pH, buffer concentration, chelator 

concentration, and reaction volume. When a radiometal is of high purity, more of the BFC-

RP or chelator molecules added to the reaction will complex the radiometal and thus the 

molar activity (Am), which is a measure of the radioactivity complexed per mole of the BFC-

RP or chelator, typically expressed in units of becquerels (Bq)/mol, is higher. A high molar 

activity indicates a high ratio of radioactively labelled to unlabelled molecules. This is ideal 

and important when in vivo target sites are limited to prevent oversaturation of the 

receptors with ‘unlabeled’ drug to ensure high quality images and to elicit a therapeutic 

effect. Figure 1.15B and 1.15C shows the difference between a radiopharmaceutical with 

low molar activity compared to one with high molar activity, respectively.  An ideal 

radiometal purification procedure will result in a radiometal product with high, reproducible 

radiolabeling yields and high molar activities of BFC-RPs or chelators can be reached. 

Radiochemical yield (RCY) is closely related to radiolabeling yield, but also takes into 

account the final yield obtained after both labelling and purifying the radiopharmaceutical. 

This value reflects the quality of both the radiometal and radiopharmaceutical purification 

methods.  

A large library of chelators has been developed and are in development for the 

ever-expanding radiometal toolbox in nuclear medicine.15,40,191–193 DOTA (1,4,7,10-

Tetraazacyclododecane-1,4,7,10-tetraacetic acid, Figure 1.18A) is considered the 

commercial standard chelator for many radiometals including, but not limited to, 225Ac and 

177Lu. As DOTA can coordinate many different metals, its RLY can be highly affected by 

isotope purity. DOTAM (TCMC or 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetrayl)tetraacetamide, Figure 1.18B) is considered the commercial standard for the 

chelation of 203Pb and 212Pb.  



52 

 

Figure 1.18.  The chemical structure of (A) DOTA and (B) DOTAM (TCMC). 

In a radiolabeling study, as shown in Figure 1.19A, radiometal (often in dilute acid) 

is added to a solution containing chelator in buffer at an appropriate pH to promote 

radiometal complexation. The reaction mixture is then incubated at a set temperature and 

after a set period of time has elapsed, an aliquot is removed to determine the RLY. 

Quantification of the RLY requires that the free/noncomplexed activity is separated from 

complexed activity and this can be performed using radio-instant thin layer 

chromatography (iTLC) or radio-high performance liquid chromatography (HPLC), which 

separate components based on the extent of interaction with the stationary phase and the 

mobile phase. iTLC quantifies RLYs based on differences in retention factors (Rf) and 

HPLC by retention times of the free and complexed activity. As shown in Figure 1.19B, 

for iTLC, aliquots of the reaction are spotted onto chromatographic paper or silica plates 

and developed using a mobile phase, typically a pH-adjusted chelating solution such as 

EDTA or citrate. This mobile phase forms a soluble complex with the radiometals that 

remain unchelated in the reaction. As the plate develops, the more hydrophilic EDTA or 

citrate complexes of the “unbound” activity migrates further up the plate with the solvent 

front (Rf  1), while the radiometal complexed with the BFC-RP remains behind (Rf < 1). 

This separation allows for quantification of the percentage of the radiometal successfully 

incorporated into the BFC-RP in the reaction.  

iTLC plate readers determine the RLY of the reaction by measuring the 

radioactivity as a function of distance along the plate. The majority of iTLC plate readers 

use gas-filled proportional counters as their detectors. The detection chamber of these 

detectors is filled with a gas mixture, commonly 90% argon and 10% methane (P-10 gas), 

and as ionizing radiation enters the detector, it ionizes the gas atoms generating free 

electrons and positive ions. The free electrons are accelerated towards the positively 

charged anode of the detector and as they move, they produce secondary ionization 

events that produce a cascade effect. The number of secondary ionizations produced is 

proportional to the activity of the sample at the measured location on the TLC plate. The 
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area under the curve at each location is integrated and the RLY is quantified, as shown in 

Figure 1.19B.   

In radioHPLC, as shown in Figure 1.19C, detectors, often sodium iodide (NaI) 

scintillation detectors, are used to create radiochromatograms that plot measured 

radioactivity against retention time. When ionizing radiation enters the NaI crystal, it 

excites the atoms, causing them to emit visible light as they return to their ground state. 

This process, known as scintillation, generates photons which then strike the 

photocathode of a photomultiplier tube (PMT). The PMT amplifies the signal by releasing 

additional electrons through the photoelectric effect, creating an electron cascade that 

corresponds to the energy and intensity of the incoming radiation. This amplified signal 

allows for quantification of the radioactivity present. Typically with reverse-phase 

radioHPLC where hydrophobic C18 columns are often used, free activity has a shorter 

retention time than the BFC-RP or chelator complex as it does not interact strongly due to 

its high hydrophilicity.  
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Figure 1.19. (A) Components of a radiolabeling reaction. Typically, to a solution 
containing sub-micromolar concentration of chelator or bioconjugate 
in buffer is added the radiometal. The reaction mixture is allowed to 
react at prescribed time or temperature.  The resultant reaction 
mixture is then analysed using (B) radio-iTLC and/or (C) radioHPLC. 
In both chromatographic techniques, any “unchelated”  or “free” 
radiometal must be resolved from the radiometal-complex to 
determine the percent radiolabeling yield (%RLY)/radiochemical yield 
(%RCY) by integrating peaks in the (radio)chromatograms. 

If a radiometal solution has low chemical or radionuclidic purity, other competing 

cations (Fe3+, Ca2+, etc.) or radionuclides may be complexed instead of the desired 

radiometal, lowering the RLY and thus Am, which is less than desirable for in vivo studies 

and treatments. Therefore, before a radiometal can move onto clinical trials to expand the 

bright future of nuclear medicine, it must 1) be able to be produced in clinical quantities, 

of which the value differs depending on the nature of the isotope, and 2) must be able to 

be reproducibly purified to give high chemical and radionuclidic purity to result in high 

RLYs that allow for the synthesis of BFC-RPs to be used in clinical settings.  
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1.4.3. Trends and Future Outlook on Isotope Use, Production, and 
Purification  

Advances in the capabilities to both produce and purify radiometals with decay 

properties suitable for targeted imaging and/or therapy has significantly advanced the 

potential for personalized medicine by increasing the number of treatment options 

available with potentially reduced side effects. Consequently, numerous 

radiopharmaceuticals have received approval from the United States Food and Drug 

Administration (FDA) and European Medicines Agency (EMA), and many others are 

currently undergoing clinical trials with early results showing promise for improving patient 

outcomes. This section highlights currently approved RPs, RPs in clinical trials, production 

methods for these radiometals, and challenges associated with scaling up these 

radiopharmaceuticals to meet clinical demand. Figure 1.7 displays the structures of select 

approved and in trial BFC-RPs. 

  

68Ga is a diagnostic isotope as it undergoes decay via positron emission, making 

it compatible with PET imaging. The average positron range for 68Ga in tissue is 3.5 mm189, 

allowing for high resolution images to be obtained, making 68Ga an attractive diagnostic 

radiometal. The utility of 68Ga is demonstrated by the FDA approval of several 68Ga-based 

imaging agents for clinical use, including both [68Ga]Ga-DOTATATE (Netspot, approved 

in 2016) and [68Ga]Ga-DOTATOC (Somakit, approved in 2019)190 for the localization of 

somatostatin receptor (SSTR)-positive NETs, and [68Ga]Ga-PSMA-11 (Illucix/Locametz, 

approved in 2020) for the localization of prostate specific membrane antigen (PSMA, also 

sometimes denoted as PSA)-positive prostate cancer.191 These agents are often paired 

with their 177Lu counterparts, Lutathera for neuroendocrine tumours (NETs) and Pluvicto 

for metastatic castration resistant prostate cancer (mCRPC), respectively, to act as a 

theranostic pair to identify patients who may benefit most from these targeted treatments 

and to monitor their response over the treatment course. However, these radiometals are 

not isotopes of the same element, nor are they composed of the same targeting vector if 

[68Ga]Ga-PSMA-11 is used for mCRPC scans, and thus the diagnostic 68Ga RP may not 

accurately predict the biodistribution of its therapeutic Lu counterpart, but these mixed 

pairs can still be useful for tumour biochemical profiling and visualization of tumour burden.  

1.4.3.1. 68Ga 
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As clinical trials continue to show the benefits of the 68Ga/177Lu theranostic pair and 

other 68Ga RPs, the isotope supply of 68Ga must be able to meet the increased demand. 

68Ga can be produced directly on a cyclotron from enriched 68Zn targets via the 68Zn (p,n) 

68Ga reaction or from a 68Ge/68Ga generator.192 With a half-life of 271 days, a 68Ge/68Ga 

generator can last for a year, rapidly supplying up to 3.7 GBq (100 mCi) of 68Ga allowing 

for approximately 20 patient doses, although this yield reduces over the generator’s 

lifetime and the number of patient doses depends on the tracer employed.193 Generators 

are straightforward to use and can supply 68Ga without the need for an expensive 

cyclotron, making them a convenient option for many medical facilities. However, 

generators produce far less activity than the solid target cyclotron production method as 

a two-hour irradiation (80 A, 13 MeV) can produce more than 370 GBq (>10 Ci) at the 

end of bombardment and 194 GBq (5.2 Ci) at the end of a 35-minute automated 

purification194. This represents a 52-times increase in the available activity and maximum 

possible patient doses available (>500) compared to a generator, which is useful in the 

cases of high clinic demand.194 Nevertheless, this substantial increase in activity brings 

with it costly infrastructure requirements to safely handle these doses. Overall, the choice 

of the isotope production method is dependent on the specific needs, resources, and 

capabilities of the medical facility. In the future, greater interest in the procurement of 

cyclotron-produced 68Ga over generator-produced 68Ga is anticipated as more 68Ga RPs 

receive FDA approval. This is due to the higher yield achievable with cyclotron production, 

which will enable distribution to more facilities while still maintaining higher activity levels 

than what can be produced by generators. Although expensive ($5/mg), currently the 

supply of 68Zn is stable and thus there are minimal concerns with regards to future isotope 

availability.  

 

64Cu is a unique radiometal as it can decay either by positron emission (17.9%), 

electron capture (43.1%) or via beta decay (39.0%) theoretically making it compatible with 

both imaging and therapy and thus compatible with theranostics. Compared to 68Ga, 64Cu 

has a lower maximal positron energy (0.65 vs 1.90 MeV) and thus a lower positron range 

(0.56 vs 3.5 mm) that should result in superior resolution and image quality.189 A 

comparison between imaging of SSTR-bearing tumours with [68Ga]Ga- and [64Cu]Cu-

DOTATATE is shown in Figure 1.20. However, in these studies there was no clear 

advantage of using 64Cu over 68Ga. 64Cu has a lower positron yield (17% vs 88%) and thus 

1.4.3.2. 64Cu 
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should require more activity to be injected to achieve the same number of counts as 68Ga. 

However, it was found that 148 MBq (4 mCi) was sufficient to obtain suitable images 

whereas up to 200 MBq (5.4 mCi) is recommended with 68Ga.195 The longer half-life of 

64Cu (12.7 h vs 68 min for 68Ga) allows for imaging at later time points post injection to 

allow for superior tumour-to-background ratios to be obtained and easier coordination of 

the time from radiochemical production to patient injection.195 As a result of copper’s ideal 

decay properties, in 2020, [64Cu]Cu-DOTATATE (Detectnet) was FDA approved for the 

imaging of SSTR-positive NETs in adult patients.  

 

Figure 1.20. Comparative PET/CT imaging of SSTR in 4 patients with [64Cu]Cu-
DOTATATE and [68Ga]Ga-DOTATATE.194  

This figure was originally published in the Journal of Nuclear Medicine and is reproduced with 
permission. Jha, A. et al. Choice Is Good at Times: The Emergence of [64Cu]Cu-DOTATATE–
Based Somatostatin Receptor Imaging in the Era of [68Ga]Ga-DOTATATE. J Nucl Med. 2022, 
63(9): 1300 – 1301. 

Although 64Cu exhibits several superior decay properties compared to 68Ga for 

imaging purposes, it cannot be generator produced, which poses a significant barrier to 

its use in remote facilities and those without cyclotron access. 64Cu can be produced with 

the highest yield and specific activity via the 64Ni (p,n) 64Cu reaction with the maximum 

cross section occurring at 10.5 MeV to yield several GBq (100s of mCi) of 64Cu, allowing 
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for scans of over a dozen patients per irradiation.196–198 In addition to yielding less activity 

than the cyclotron production of 68Ga, the 64Ni target is also much pricier at $50/mg 

compared to $5/mg of 68Zn.199 If higher energy (>20 MeV) cyclotrons are available, 64Cu 

can be produced with the 68Zn target via the 68Zn (p,n) 64Cu reaction to utilize the less 

expensive target material.200  However, a lower yield of 64Cu is obtained with lower 

radionuclidic purity due to the co-production of 68Ga, 67Ga, and 67Cu making this route less 

likely to be pursued unless a facility has financial restrictions.200   

Even though 64Cu, due to its more ideal decay properties, should theoretically 

result in images of higher quality, the available comparison data with 68Ga is not 

conclusive. These isotopes cannot necessarily be used interchangeably due to chemical 

differences between divalent copper and trivalent gallium that can result in differences in 

the biodistribution of radiopharmaceuticals. Until data showing a significant improvement 

of one over the other is available, the choice of employing 64Cu or 68Ga will likely depend 

on isotope availability.189  

 

177Lu is a −-emitting radiolanthanide primarily used for therapeutic purposes.  

However, it can also be utilized for SPECT imaging due to its 208 keV (11% abundance) 

gamma emission. This gives the potential for intercycle monitoring of disease progression 

without the need to administer an additional diagnostic radiopharmaceutical.201–203 

Nevertheless, this approach is not common as diagnostic isotopes are typically employed 

first to confirm biomarker expression and perform dosimetry calculations to evaluate 

suitability of this treatment option for patients prior to administration of a cytotoxic 

therapeutic agent that may not always be ideal.204 Diagnostic agents that employ 68Ga 

tend to have higher detection rates and thus at this time 177Lu BFC-RPs are primarily used 

for therapeutic purposes.204,205  

Currently, two 177Lu BFC-RPs, Lutathera ([177Lu]Lu-DOTATATE)20 and Pluvicto 

([177Lu]Lu-PSMA-617), are FDA and EMA approved for the treatment of somatostatin 

positive gastroenteropancreatic neuroendocrine tumours (GEP-NETs) and prostate 

specific-membrane antigen (PSMA, also sometimes denoted as PSA)-positive metastatic 

castration resistant prostate cancer (mCRPC), respectively.  Figure 1.21 shows PET 

imaging of a patient with mCRPC with [68Ga]Ga-PSMA-11, an imaging agent further 

1.4.3.3. 177Lu 
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discussed below, before and after two treatment cycles of Pluvicto, showing nearly a 

complete response and thus the potential of this RPT.  

 

Figure 1.21.  Maximal intensity projection of [68Ga]Ga-PSMA-11 PET images 
obtained of a patient with mCRPC before (left) and after (right) two cycles with 
[177Lu]Lu-PSMA-617.23 
This figure was originally published in BMC Cancer and reproduced with permission. van der Sar, 
E. et al. Tolerability of concurrent external beam radiotherapy and [177Lu]Lu-PSMA-617 for node-
positive prostate cancer in treatment naïve patients, phase I study (PROQURE-I trial). BMC 
Cancer. 2023, 23(1): 268. 

Lutathera, approved by the FDA for use in adults in 2018, uses a somatostatin 

analog (DOTATATE) to bind to somatostatin receptors (SSTRs), which can be 

overexpressed on neuroendocrine tumour cells, at a dose of 7.4 GBq every 8 weeks for 

up to 4 doses, or until disease progression.206 The two major clinical trials that focused on 

the use of Lutathera in NETs are the NETTER-1 (Phase 3 completed in 2015) and 

NETTER-2 (Phase 3 completed in 2023).19,207 In the NETTER-1 study, Lutathera was 

investigated in patients with progressive disease who had already undergone other 

treatments19,206,208 and in the NETTER-2 study, Lutathera was used as the initial treatment 

option.207 At 20 months into the NETTER-1 study, the objective response rate (ORR) in 

the Lutathera group was 18% compared to 3% in the control group, which were only given 

octreotide, another non-radioactive somatostatin analog.19  Meanwhile in NETTER-2, the 

ORR was 43.0% in the Lutathera group compared to 9.3% in the control (octreotride) 

group, demonstrating that this RPT may act as a promising initial treatment option even 

with more aggressive tumours. Patients in the NETTER-1 trial were followed for 5 years 

post treatment and the Lutathera treatment resulted in a clinically and statistically 
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significant improvement in progression free survival (PFS) and an improvement in overall 

survival (OS) by 11.7 months compared to the control group, showing the powerful 

potential of this RPT.20,208  

Pluvicto, approved by the FDA for use in adults in 2022, uses a PSMA inhibitor 

(PSMA-617) to target PSMA, which can be highly overexpressed in mCRPC.209 The first 

study with Pluvicto was the VISION trial, completed in 2021, to evaluate the efficacy of 

Pluvicto in patients previously treated with androgen-receptor pathway inhibitors (ARPIs) 

and taxane-based chemotherapy.21 Every 6 weeks for 4 – 6 cycles, 7.4 GBq of Pluvicto 

was administered and results were compared to the control group that received standard 

care treatments.21 The median OS was 15.3 months in the Pluvicto group compared to 

11.3 months of the control group and PFS was 8.4 months over 3.4 months with the 

control.21 The PSMAfore trial was completed in 2022 and evaluated the efficacy of Pluvicto 

in patients with PSMA-positive mCRPC who had only been previously treated with ARPI 

to evaluate the efficacy of Pluvicto as a new standard treatment for this cancer.22 Similarly 

to the VISION trial, there was an improvement in PFS of 12.0 months in the Pluvicto group 

compared to 5.6 months in the control group.22  

The expansion of the use of Pluvicto and Lutathera will improve the treatment 

options for patients with mCRPC and SSTR-positive NETs, respectively, but will only be 

able to do so if there is sufficient access to 177Lu, which is dictated by the limitations of 

both production and purification methods. As previously discussed, 177Lu can be directly 

produced via a carrier added method with the neutron irradiation of 176Lu (176Lu (n,) 

177Lu)92 or indirectly with a no-carrier added method via the beta decay of 177Yb, produced 

via the neutron irradiation of 176Yb (176Yb (n,) 177Yb; 177Yb → 177Lu).86,90 For radiolabeling 

purposes, a no-carrier added method is preferable as there is less competition for 

complexation, typically resulting in higher RLYs and Am, making synthesis of the RPs 

easier. Additionally, the carrier added method co-produces 177mLu, a beta emitting isotope 

with a half-life of 160 days that decreases radionuclidic purity and creates challenges with 

waste management in clinics.210  However, in the case of 177Lu, the over 1000 times 

greater cross section and reduced cost of target material for the carrier-added method 

must be considered. To produce 50 patient doses, only 1 milligram of enriched 176Lu is 

required whereas 1 gram of enriched 176Yb is needed for the no-carrier added route.210 

Currently, Russia’s Electrokhimprebor is the principal supplier of 176Yb and can produce 

700 grams per year at a cost of $16,000 USD/gram.211 With an expected future demand 
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of 100,000 patients/year, 3 kilograms of 176Yb would be required annually and thus for the 

no-carrier added approach to be feasible, there must be other facilities built to produce the 

isotope.211 To maximize yields to keep up with increasing demand as more patients 

become eligible for treatment with new clinical trials, consistent access to high neutron 

flux reactors will be critical to the isotope supply chain. Downtime at these reactors is not 

unexpected due to their increasing age, but would risk isotope shortage and patient 

access to life-saving treatments and thus there must be continued investments into the 

construction of more reactors to ensure supply stability.  

 

161Tb is a promising radiolanthanide in the early stages of human testing with 

similar chemical and decay properties to 177Lu. Both radiometals undergo beta decay with 

half-lives of 6.95 days (161Tb) and 6.65 days (177Lu) and average - particle energies of 

154 keV and 134 keV, respectively and thus 161Tb is being explored as a therapeutic option 

for prostate cancer and NETs.217,218 Unlike 177Lu, 161Tb also emits conversion and Auger 

electrons which may make 161Tb a more effective therapeutic option than 177Lu214, although 

comparative studies have not yet been performed. Additionally, 161Tb emits two gamma 

photons with energies of 48.9 keV (Abundance = 17%) and 74.5 keV (Abundance = 

10.2%) that have recently been used to obtain SPECT images with 5.5 GBq of [161Tb]Tb-

PSMA-617 administered for RPT. However, due to the low abundance of these photons, 

more activity is needed, compared to other imaging isotopes, to visualize the in vivo 

biodistribution. 155Tb, which decays via electron capture releasing photons with SPECT-

compatible energies of 87 keV (32%) and 105 keV (25%), can be used alongside 161Tb as 

an element equivalent theranostic pair to allow for pre-treatment imaging and planning, 

making 161Tb an attractive option for TRT.215   

In 2023, a patient with mCRPC, who had disease progression after 8 treatment 

cycles of [177Lu]Lu-PSMA-617, was given a single dose of 6.5 GBq of [161Tb]Tb-PSMA-

617 that resulted in a 53.4% decline in prostate specific antigen levels and tumour burden, 

showing evidence of the power of 161Tb RPs.216 With such early success, it is important 

that the isotope supply chain remains stable in order to advance the use of this radiometal.  

The production of 161Tb occurs through the neutron irradiation of 160Gd via the 160Gd (n,) 

161Gd reaction where 161Gd undergoes beta decay to produce up to 20 GBq of no-carrier-

added 161Tb. 166,217 Efforts to increase the production yield are in place but the high cost of 

1.4.3.4. 161Tb 
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160Gd (>$750/mg) limits the number of facilities with sufficient funding to produce this 

isotope.199 However, if there is significant benefit over 177Lu, which will only be revealed 

through future publications and clinical trials, demand will increase and there will be 

increased economic incentive to produce 160Gd in a more cost effective manner. Like with 

177Lu and other reactor-produced radionuclides, any downtime or access disruption to high 

flux reactors will affect isotope supply; thus to ensure stability, investments in maintaining 

existing infrastructure while also investing in new reactors should be a priority.  

 

With a 10.6-hour half-life, single alpha emission, and short-lived (<60.6 min) 

daughters, 212Pb is an ideal isotope to introduce alpha emitters into the world of RPT as 

these decay characteristics minimize concerns about the recoil effect and subsequent 

redistribution of daughter nuclides in the body. 212Pb undergoes beta decay as per the 

decay scheme in Figure 1.22 and can act as an in vivo generator of alpha particles.  

 

Figure 1.22. Decay chain of 232Th and 232U, which decay to 212Pb. 

Although 212Bi is the first alpha emitter in the decay chain and could be isolated for 

RPT, administering a 212Pb therapeutic RP is preferable over a 212Bi RP as a longer half-

life allows for more time for the preparation and injection of the RP, making it easier to 

manage logistically in clinical settings. 212Pb has been involved in a number of clinical trials 

including the evaluation of [212Pb]Pb-DOTAMTATE (AlphaMedix), shown in Figure 1.23, 

in patients with GEP-NETs where the phase 2 trial received FDA breakthrough 

designation due to a high (80%) objective response rate in patients.29 This is a drastic 

1.4.3.5. 212Pb 
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improvement over the 13% ORR with [177Lu]Lu-DOTATATE, which itself is an 

improvement over conventional treatment with octeotride (ORR of 4%).218 Perspective 

Therapeutics has both [212Pb]Pb-VMT--NET219 and [212Pb]Pb-VMT-0128 in phase I/IIa 

clinical trials for the treatment of SSTR-positive NETs and melanocortin-1 receptor 

(MC1R)-positive melanoma, respectively.  

 

Figure 1.23. Images of [68Ga]Ga-DOTATATE PET/CT scans of 10 patients before 

and after treatment administration of 4 cycles of 2.50 MBq/kg (67.6 Ci/kg) of 
[212Pb]Pb-DOTAMTATE.29 
This figure was originally published in the Journal of Nuclear Medicine and is reproduced with 

permission. Delpassand, E. et al. Targeted -Emitter Therapy with 212Pb-DOTAMTATE for the 
Treatment of Metastatic SSTR-Expressing Neuroendocrine Tumors: First-in-Humans Dose-
Escalation Clinical Trial. J Nucl Med. 2022, 63(9):1326 – 1333. 

212Pb can also be used for SPECT imaging with the 238.6 keV (Abundance = 

43.6%) and 75-91 keV emissions (Abundance ranges from 5.75 –16.8%), as has been 

done to image mCRPC.220 Although possible, the high energy 2.6 MeV gamma photon 

emitted by daughter 208Tl can cause significant scattering and thus high levels of noise 

that make obtaining high quality images useful enough for treatment planning and 

progress evaluation difficult. Luckily, 212Pb has a diagnostic counterpart, 203Pb (t1/2 = 51.9 

h), that decays via electron capture and emits a 279 keV photon (Abundance = 81%) 

compatible with SPECT imaging. By first employing 203Pb, physicians can observe and 

quantify tumour uptake to determine if treatment with 212Pb would be beneficial for the 

patient as the biodistribution of the 203Pb RP should be nearly identical to that of its 212Pb 

counterpart as they are both the same element and thus have identical chemical 

properties. This is a distinct advantage over the use of mixed theranostic pairs (ex: 68Ga 
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and 177Lu) where the biodistribution can be drastically different between the two members 

due to the use of two different metals or even different targeting vectors. An element-

equivalent theranostic approach minimizes radiation exposure, especially if it is 

determined that this treatment would not be suitable for this patient, compared to directly 

injecting and imaging with 212Pb. With such great potential, the next few years will be 

pivotal to understand the power that alpha emitters like 212Pb hold and how revolutionary 

they could be for RPT, so long as there is sufficient supply available.  

As a generator produced isotope, the supply of 212Pb is dictated by the supply of 

its parent 228Th. There are several methods to produce 228Th for RPT, such as via 232Th 

high energy proton energy spallation156, neutron irradiation of 226Ra221,222, and extraction 

from naturally occurring 232Th ores or reactor produced 232U.223 When 228Th is produced 

via spallation of multi-gram quantities of 232Th on high energy (>100 MeV) cyclotrons, one 

of the major challenges associated with such method is the inability to isolate 228Th from 

232Th due to identical chemical behaviour. Although 224Ra could be separated from the 

228Th and 232Th to produce a 224Ra/212Pb generator, separating nanograms of 224Ra from 

10 grams of 232Th is challenging and there will very likely be breakthrough in the 224Ra 

fractions. However, this method can reliably produce preclinical 228Th/212Pb generators 

that can be used to further explore 212Pb radiochemistry before application in clinical 

studies.113,156  

228Th can also be produced through neutron irradiation of 226Ra on Oak Ridge 

National Laboratory’s High Flux Isotope Reactor.222 226Ra is irradiated to produce  227Ra 

(via 226Ra (n,)227Ra) that further undergoes beta decay to 227Ac, which further can be 

irradiated to produce 228Ac (via 227Ac (n,) 228Ac), which undergoes beta decay to produce 

228Th, as summarized in Figure 1.24.222 The feasibility of this production method is 

dependent on uncompromised access to few costly, highly complex high flux reactors and 

226Ra, which is only available in limited quantities at a high cost due to the complexity of 

extracting this isotope from uranium ores. Even with access to these facilities and 

materials, 229Th can be co-produced if 228Th further captures a neutron via the 228Th (n, ) 

229Th reaction, reducing radionuclidic purity as 229Th will decay to produce 225Ra and all of 

its subsequential daughters including 225Ac and 213Bi.222 If a purification method can be 

established to separate the produced 212Pb from 225Ac, this issue can be minimized, but 

this can make construction of generators more complicated. Reactors can also, typically 

as a by-product of nuclear processes involving the use of 232Th or 233U, produce 232U (t1/2 
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= 69 y) which undergoes alpha decay to produce 228Th. Using anion exchange 

chromatography, 228Th is separated from 232U and further processed to isolate 224Ra to 

construct 224Ra/212Pb generators.224 Using this method, a 16 mCi (592 MBq) 224Ra/212Pb 

generator is available every month.224 

 

Figure 1.24. Production pathway for therapeutic radiometals from 226Ra and 
daughter targets on a high flux reactor.222 

With 228Th being a part of the decay chain of naturally occurring 232Th, it can be 

purified from thorium ores. As shown in Figure 1.22, 232Th decays to 228Ra (t1/2 = 5.75 y) 

which can be purified from the 232Th which can then be further used to produce 228Th 

without interference from 232Th. However due to a long half-life of 14 billion years, the 

specific activity of 232Th is low at 4 MBq/kg and thus hundreds of thousands of kilograms 

of 232Th would need to be processed and purified to reach clinical requirements. As this is 

a natural ore, attaining this is possible but production facilities must have state of the art 

processes and equipment to be able to separate out micrograms to nanograms of 228Ra 

from thousands of kilograms of 232Th. Although this may be challenging, this method 

currently supplies a large percentage of the world’s 228Th, alongside reactor-produced 

228Th, to continue to provide 212Pb for clinical trials.  

 

With a half-life of 9.9 days and a yield of four alpha particles in its decay chain with 

energies between 5.8 – 8.4 MeV, as shown in Figure 1.25, 225Ac is a potent alpha-emitter 

that has attracted significant clinical interest for RPT. When multiple alpha particles are 

emitted, more dose is delivered to the tumour as more ionization events and cell damage 

occur, resulting in a higher therapeutic effect compared to decay chains with fewer 

1.4.3.6. 225Ac 
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emissions.33 However, as previously discussed, the challenge with these radiometals is 

the recoil effect which essentially, if the RP has not been internalized, makes the therapy 

no longer targeted. Ultimately there should be a balance between the increased 

therapeutic effect from multiple emissions and potential off-target effects from the recoil 

experienced upon decay.  

 

Figure 1.25. Decay chain of 233U, which decays to 225Ac. 

Unlike with lead, there are no actinium isotopes that offer imaging capabilities 

without also emitting therapeutic alpha particles, which complicates treatment planning 

with this isotope. Although not as ideal as an element-equivalent theranostic pair, 

diagnostic radiolanthanides, such as 155Tb or 133La, or even 68Ga, can be used as an 

imaging surrogate for 225Ac. Via the 440 keV (Abundance = 11.44%) and  218 keV 

(Abundance = 25.9%) gamma ray emissions from 221Fr and 213Bi, respectively, some 

studies suggest that it may be one day possible to image 225Ac directly with SPECT using 

high energy collimators.225,226 However, high noise levels and activity requirements for 

quantitative imaging pose the greatest challenge as too high of a dose may result in toxicity 

for patients and until these issues are resolved, other diagnostic isotopes will be used 

instead.227  

225Ac has shown promising pre-clinical and clinical results for RPT and as a result, 

225Ac-based RPs are involved in several clinical trials. A phase 1 dose escalation trial is 

underway with 225Ac-labelled antibody JNJ-69086420 for treatment of mCRPC by 

targeting human kallikrein 2 (hK2), which is similar to PSMA with minimal expression in 

non-prostate tissue.228 In this study, treatment was escalated from 50 Ci (1.85 MBq) to 
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400 Ci (14.8 MBq) every 8 to 12 weeks.228 Remarkably, 44% of patients in this trial had 

a PSA reduction of at least 50% in the 250 Ci cumulative dose group.229 However, 

although it was important to do this dose escalation study to determine safe levels, 

treatment emergent adverse events (TEAEs) were seen in 96% of patients with the most 

common being thrombocytopenia, a condition classified by low platelet levels, at 58.7%.229 

Two dose related deaths occurred at cumulative doses of 600 Ci (22.2 MBq) or greater, 

showing that this powerful isotope has the power to both heal and harm and thus dosimetry 

calculations and treatment planning are crucial.229 This study is one of the first that utilized 

a fully intact antibody labelled with 225Ac. It is commonly thought that using isotopes, like 

225Ac, with long half-lives may be better matched with studies with antibodies due to their 

longer circulation times in the body before they reach the tumour site. However, as shown 

from the results of this clinical trial, further studies that focus on the effects of increased 

circulation time of a powerful alpha emitter in the body are needed to learn how to negate 

them. It may be that pre-targeted approaches or the use of antibody fragments may be 

more suitable for antibody-based treatments with 225Ac. 

Nevertheless, 225Ac has also been employed in peptide-based studies and clinical 

trials and has shown revolutionary results, as shown in Figure 1.26 with [225Ac]Ac-PSMA-

617 in the first-in-human treatment with an alpha emitter-labelled PSMA RPT.39 This 

patient had disease progression after 2 cycles with [177Lu]Lu-PSMA-617 and after a total 

of three cycles with 225Ac at a dose of 100 kBq/kg (2.7 Ci/kg), PSA could not be detected 

as the patient showed a complete response.39 Other pilot studies with this RPT led to a 

>90% reduction in PSA levels in 82% (14/17) of patients with 41% (7/17) showing a 

complete response for at least 12 months after therapy.230 The most common side effect 

was xerostomia (dry mouth) which was due, in part, to the off-target expression of PSA on 

the salivary glands, causing irradiation and damage of these tissues.230 As a result of the 

remarkable responses, the AcTION study, which is a phase I trial with [225Ac]Ac-PSMA-

617 in men with PSA-positive mCRPC, is underway.  
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Figure 1.26. PET/CT scans of [68Ga]Ga-PSMA-11 in a patient (A) initially and (B) 
after 2 treatment cycles with [177Lu]Lu-PSMA-617. Subsequentially after disease 
progression, the patient was imaged again after (C) two treatment cycles and (D) 
three treatment cycle with [225Ac]Ac-PSMA-617.39 
This figure was originally published in the Journal of Nuclear Medicine and is reproduced with 

permission. Kratochwil, C. et al. 225Ac-PSMA-617 for PSMA-Targeted--Radiation Therapy of 
Metastatic Castration-Resistant Prostate Cancer. J Nucl Med. 2016, 57(12): 1941 – 1944.  

Despite the promise that 225Ac holds, its use and advancement in clinical trials is 

severely limited by its availability and thus numerous techniques have been used to 

produce this rare isotope. The largest source of 225Ac comes from 229Th (t1/2 = 7880 y) 

produced through the decay of 233U that was originally intended for use in nuclear weapons 

and reactors (Figure 1.25).231 This 229Th can be used to produce either 229Th/225Ac or 

225Ra/225Ac generators that produce 63 GBq (1.7 Ci) of high radionuclidic purity 225Ac 

anually.232 However, this quantity is not sufficient to support preclinical research, clinical 

trials, and one day approved RPs and it has been estimated that the annual demand could 

reach 1.85 TBq (50 Ci).232,233 To address this gap, 225Ac can be produced via several 

methods including from 232Th spallation157, cyclotron122 and neutron irradiation222 of 226Ra, 

and via linear accelerators with 226Ra targets.234 Although useful for producing preclinical 

quantities of 225Ac from uranium carbide targets, at the current time of writing ISOL is not 

capable of reliably providing clinical quantities of 225Ac and thus is not a focus in this 

section.97  

Through proton spallation of 232Th, 225Ac can be directly produced or the co-

produced 225Ra can be purified to serve as a generator for 225Ac.157 Theoretically, with a 

500 MeV proton beam with a current of 120 A, which can be found at TRIUMF in 

Vancouver, BC, 3 TBq (82 Ci) of 225Ac could be directly produced monthly, already 

meeting the projected demand.232 However, co-produced 227Ac (t1/2 = 21.8 y), despite only 
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accounting for 0.15% of the Ac produced157, can cause extended radiotoxicity and poses 

a challenge for waste disposal due to its long half-life. However, if 225Ra is harvested and 

used as a generator, the quantity of 227Ac can be reduced to less than 7.5x10-5%, making 

it useful for clinical trials, despite the comparatively reduced (5-fold lower) yield of 225Ra.157 

One additional challenge with this method is that it generates a significant amount of 

radioactive waste, including long-lived isotopes that can make disposal challenging. Yet it 

can also act as a source of potentially useful co-produced isotopes such as 228Th.156 

Although this method poses its own challenges, if it can provide such significant quantities 

of 225Ac, further development of the methodology to enable this should be prioritized.  

Using 226Ra targets, cyclotrons and reactors can be used to directly or indirectly 

produce 225Ac, respectively. With a large cross section of 710 mb at 16.8 MeV, the 226Ra 

(p,2n) 225Ac reaction has the potential to reach expected demand for 225Ac with a single 

irradiation of a 1 gram target with 20 MeV protons as an irradiation at a current of 500 A 

could produce up to 4 TBq (108 Ci) of 225Ac.232 Although 226Ac is also co-produced, with a 

shorter half-life of 29.4 hours, the radionuclidic purity can be increased by allowing the 

isotope to decay. However, the high cost of this target material, due to its scarcity and that 

3.9 tonnes of uranium ore are required to produce a 1 g 226Ra target232, and the special 

infrastructure required to deal with the 222Rn (t1/2 = 3.8 d) gas emitted from the target may 

limit its widespread use. Through the pathways shown in Figure 1.24, scarce 226Ra targets 

on a high flux reactor can produce 74.0  7.4 MBq/g of 229Th which, through its decay, can 

produce 225Ac, respectively.222 Although the yields are lower, by producing 229Th, the 

production of 225Ac is extended compared to cyclotron approaches due to its long half-life. 

Additionally, co-produced 227Ac, 228Ac, and 228Th can be harvested to prepare generators 

of 227Th, 228Th, and 224Ra or 212Pb, respectively.222 

One of the most promising routes to produce 225Ac is via the use of electron linear 

accelerators to produce the parent 225Ra via the 226Ra (,n) 225Ra reaction.235 While 224Ra 

can be co-produced via the (,2n) reaction, this production method does not produce any 

other actinium isotopes and so this 225Ac is considered to be no carrier added, which 

makes regulatory approval and waste management easier for implementation in clinics. 

Despite the high cost of the 226Ra target, using an IBA TT300 HE electron accelerator, 

which can produce a beam up to 245 kW, NorthStar Medical Radioisotopes has claimed 

that they will be able to produce up to 7400 MBq (200 Ci) of 225Ac per year per accelerator 



70 

employed236, surpassing the expected clinical demand to allow for even more research to 

be conducted with this powerful isotope without worry about supply. Table 1.3 summarizes 

the different production routes for 225Ac along with the respective pros and cons of each 

method.  

Table 1.3. Summary of discussed production routes for 225Ac production. 

Production Method Pros Cons 

229Th/225Ac generators 

• Free of long-lived (t1/2 = 21.8 y) 
227Ac contaminants 

 

• Long half-life of 229Th (t1/2 = 7880 
y) allows for 225Ra/225Ac generators 
to be produced reliably for decades 
to come 

 

• Established and reliable 

separation chemistry 

• Sourced from extremely limited 
233U originally produced for use in 
nuclear weapons material, raising 
concerns over handling 

 

• Only able to produce 63 GBq (1.7 
Ci) annually which is insufficient to 
meet forecasted clinical demands 

 

232Th spallation 

• 232Th target material is naturally 
occurring 

 

• 225Ac with a 7.5x10-5% 227Ac 
content can be produced via 
isolation of the 225Ra parent from 
spallation mixture 

 

• The process is scalable and can 
produce up to 3 TBq (82 Ci) 
monthly at maximum capacity 

 

• A multitude of other isotopes 
useful for nuclear medicinal 
purposes are co-produced and can 
be isolated (e.g. 228Th for 212Pb 
production 

• 232Th is a fissionable material and 
thus is safeguarded, limiting 
access to this target material 

 

• Requires access to high energy 
accelerators which are located at 
only a few sites globally 

 

• Co-production of long-lived 
radionuclidic impurities in the 
spallation process can lead to 
difficulties with waste disposal 

 

• 225Ac directly produced from the 
spallation reaction contains 227Ac, 
which may limit its clinical use due 
to radiotoxicity concerns 

 

Neutron irradiation of 226Ra 

• Production of 229Th parent 
isotope will allow for reliable 
production of 225Ra/225Ac 
generators for decades to come 

 

• Utilizes scarce and expensive 
226Ra as the target material making 
recycling required 

 

• 226Ra releases 222Rn in its decay 
which requires specialized facilities 
to prevent release of this 
radioactive gas 
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• Co-produced 227Ac, 228Ac, and 
228Th can be harvested to prepare 
generators of 227Th, 228Th and 
224Ra/212Pb, respectively, making 
the process more economically 
feasible 

• Only 74.0  7.4 MBq of 229Th is 
produced per gram of 226Ra, 
making this method unlikely to 
produce clinical quantities in the 
near future 

 

• 228Th is co-produced and 
separation of 229Th and 228Th is not 
possible 

 

• The number of suitable high flux 
reactors that can produce the 229Th 
is extremely limited 

Cyclotron production from 
226Ra 

• With a peak cross section (710 
mb) occurring at 16.8 MeV, many 
existing low energy medical 
cyclotrons could be used for 225Ac 
production, allowing for onsite 
production 

 

• No long-lived co-produced Ac 
isotopes 

 

• Minimal competing reaction 

channels 

 

• A single irradiation could produce 
up to 4 TBq (108 Ci) of 225Ac 

• Utilizes scarce and expensive 
226Ra as the target material making 
recycling required 

 

• 226Ra releases 222Rn in its decay 
which requires specialized facilities 
to prevent release of this 
radioactive gas 

 

• Potential co-production of 226Ac 

from the 226Ra (p,n) 226Ac reaction 

 

• Large target masses needed to 
reach production potential 

Production of 225Ra/225Ac 
generators on linear 
accelerators 

• Produces parent isotope 225Ra to 
allow for construction of 225Ra/225Ac 
generators to extend the availability 
of 225Ac  

 

• Does not co-produce any Ac 
impurities  

 

• It is claimed that up to 7400 MBq 
(200 Ci) of 225Ac will be produced 
annually 

• Utilizes scarce and expensive 
226Ra as the target material making 
recycling required 

 

• 226Ra releases 222Rn in its decay 
which requires specialized facilities 
to prevent release of this 
radioactive gas 

 

• High operational cost of linacs 

 

• Limited high energy linacs 
available 
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1.5. Concluding Remarks 

The success of nuclear medicine is dependent on all aspects of RP design. The 

choice of radiometal determines the diagnostic or therapeutic abilities, the chelator affects 

radiolabeling ability and in vivo stability, and the targeting vector delivers the selective 

aspect that sets RPT apart from other traditional medical approaches. However, without 

the ability to produce and separate clinical quantities of these radionuclides, research will 

never extend beyond the pre-clinical level, hindering the advancement of such a promising 

field. The continued research and development of new nuclides, purification methods, 

chelators, and targeting vectors is key to new breakthroughs and revolutions in cancer 

diagnosis and treatment.  

1.6. Thesis Overview and Aims 

Within this work, I aimed to create a foundation for the development of 203Pb/212Pb-

based radiopharmaceuticals at TRIUMF by exploring and developing nearly all aspects of 

radiopharmaceutical development including isotope production and purification, chelator 

(bifunctional and non-bifunctional) and radiopharmaceutical synthesis, and in vitro and in 

vivo evaluation of these radiopharmaceuticals in cell and murine models, respectively. 

Herein, the aims of this work were to:  

• Develop a reproducible isotope production and purification method amenable 
to both 203Pb and 212Pb to ensure a stable supply of these isotopes. 

• Synthesize, characterize, and evaluate novel chelators to identify a promising 
candidate for in vivo studies with 203Pb and 212Pb.  

o Perform radiolabeling studies and competition assays to evaluate their 
radiolabeling efficiencies and kinetic inertness in vitro. 

• Synthesize the bifunctional analogue of the most promising chelator candidate 
and conjugate to a biological targeting vector 

o Perform radiolabeling studies, serum stability studies, and cell-based 
studies to evaluate if bioconjugation has affected the coordination 
capabilities and stability of the chelator and to determine the half 
maximal inhibitory concentration values of the bioconjugates to ensure 
conjugation has not strongly affected binding affinity. 

• Evaluate the radiopharmaceuticals in vivo in tumour-bearing mouse models. 
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o Identify the most promising candidate from which future work should 
improve upon. 

Chapter 2 outlines the isotope production and purification method development for 

both 203Pb and 212Pb in order to establish a reliable supply of high purity isotopes. The 

optimized methods developed in Chapter 2 enable all further studies in this thesis and the 

broad TRIUMF community, including international and industrial collaborators.  Chapter 3 

explores the effect of macrocyclic ring size on [203Pb]Pb2+ complex stability in pyridyl-

containing chelators, and identifies a promising cyclen-based candidate, Cyclen-4Py, to 

move forward towards bifunctionalization. Chapter 4 investigates the effect of the 

bioconjugation bond type and stability on the in vivo biodistribution of fibroblast activation 

protein inhibitor (FAPI)-based and cyclic melanocyte stimulating hormone(CycMSH)-

based bioconjugates with 203Pb and 212Pb.  Lastly, Chapter 5 summarizes and concludes 

all the work presented here and suggests potential future projects to continue to expand 

the research platform for 203Pb and 212Pb explored in this thesis. 
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Chapter 2.  
 
Optimized Production, Purification, and Radiolabeling 
of the 203Pb/212Pb Theranostic Pair for Nuclear 
Medicine 

2.1. Introduction 

Within the field of nuclear medicine, theranostic radiopharmaceuticals (TRPs), 

where theranostic refers to the combination of a therapeutic and diagnostic agent, enable 

diagnostic imaging and therapy to be conducted simultaneously, or sequentially, to allow 

for the development of image-guided, personalized cancer treatment plans.237 Overall, the 

goal of theranostics is to identify the most compatible treatment option for patients to 

improve clinical outcome.237 Bifunctional-chelator (BFC)-based radiopharmaceuticals for 

theranostics are composed of a radioactive metal coordinated to a bifunctional chelator 

attached, via a linker, to a biological targeting vector.238,239 The vector selectively seeks 

out and binds to unique cell biomarkers on cancer cells to directly and selectively deliver 

a radioactive payload, compatible with either imaging techniques or therapy dependent on 

the type of radioactive decay the radiometal undergoes, to cancer cells.238,239  

Recent successes in clinical trials with therapeutic isotope lead-212 (212Pb)-labeled 

radiopharmaceuticals is sparking significant interest in the potential of the element-

equivalent 203Pb/212Pb theranostic pair as a means to develop image-guided, personalized 

cancer treatment plans for patients.29 203Pb is a diagnostic isotope that decays via electron 

capture, releasing a 279 keV photon (81%) compatible with single photon emission 

computed tomography (SPECT).240 212Pb acts as a therapeutic isotope in this pair. Despite 

212Pb being a pure - emitter, it is used for targeted alpha therapy as it acts as an in vivo 

generator of its alpha emitting daughters 212Bi (t1/2 = 60.5 min, E avg = 6.2 MeV, 36%) and 

212Po (t1/2 = 0.3 s, E avg = 8.9 MeV, Figure 2.1).239,241 Due to its longer half-life compared 

to its daughters, the use of 212Pb allows for increased radiopharmaceutical preparation 

time. 
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Figure 2.1. Decay scheme of (A) 203Pb and (B) 212Pb. 

Although all components of BFC-based radiopharmaceuticals affect the success 

of TRPs, the importance of the specific activity of the radiometal, which refers to the 

amount of measured activity per unit mass of compound, is often overlooked.242 Stable 

(non-radioactive) metal impurities in the radiometal solution can interfere with 

radiolabeling and, depending on the selectivity of the chelator, may be coordinated by the 

chelator. Competition with the radiometal can lower radiochemical yields (RCYs) and thus 

apparent molar activity (Am) of the radiopharmaceutical. A low Am can affect kinetics and 

uptake at the tumour site and can lead to poor scan quality or low therapeutic effect.243 

Therefore, improving the chemical purity of the radiometal solution, and thus increasing 

the specific activity, is critical for advancement of TRPs. For cyclotron produced isotopes, 

for example 203Pb, the greatest chemical impurity is often the target material156, mandating 

effective separation chemistry.  

In an ideal purification procedure, one should avoid the use of several columns 

and evaporation steps to help simplify automation and reduce risk of material loss, while 

utilizing a column that will remove the bulk contaminant while the isotope of interest 

remains bound until elution. The desired radiometal should then be eluted in a small 

volume of dilute acid or buffer solution to help minimize the mass of radiopharmaceutical 

precursor needed for labeling. In the case of cyclotron produced isotopes, it is also ideal 

to enable recycling of the expensive enriched target material included in the purification 

process to reduce costs.  

203Pb production, particularly on a 13 MeV cyclotron like at TRIUMF, poses many 

challenges. 203Pb is produced from the proton bombardment of Tl targets. At low proton 

energies (i.e. 13 MeV), 203Pb is produced via the 203Tl (p,n) 203Pb reaction, while at higher 
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proton energies (i.e. 24 MeV),  203Pb is produced via the 205Tl (p,3n) 203Pb reaction.244,245 

At 13 MeV the cross section of the 203Tl (p,n) 203Pb reaction is low at 37.4 mb246, limiting 

the amount of activity produced at the end of bombardment (EOB). Using natural Tl target, 

EOB yields are further limited by the lower natural abundance of 203Tl (29.5%) compared 

to 205Tl (70.5%)247. Additional complications include the low melting point of Tl (304 ºC), 

which can cause issues with thermal stability of targets at higher currents; along with 

safety and contamination risks that need to be considered when using a highly toxic 

element such as Tl.  

In our previous work on the production, purification, and radiolabeling of the 

203Pb/212Pb theranostic pair, the production of 203Pb was limited by low thermal stability of 

the Tl targets, leading to a maximum allowable current of 8 A.156 Our previously-reported 

one-column purification approach, which employed extraction chromatographic PB resin, 

was rapid, simple, compatible with both isotopes, and eluted 203/212Pb in 1 M NH4OAc (pH 

7, 3 mL), making the elute directly compatible with radiolabeling.156 However, Tl and 232Th 

were present in the 203Pb and 212Pb elutes at concentrations of 58.2 ± 35.4 ppm and 24.3 

 16.2 ppm, respectively. In the 203Pb elute, stable Pb was present at a concentration 

greater than 400 ppb.156 The high concentrations of these metal impurities directly 

interfered with radiolabeling and contributed to the low specific activity and chemical purity 

that prevented, in conjunction with limitations to 203Pb production due to thermal instability, 

in vivo pre-clinical studies.156 As a result, we focused on improving the manufacturing of 

the thallium target to allow for increased beam current to be applied during irradiation and 

on developing a novel, simple purification method that will improve the specific activity and 

chemical purity of the 203/212Pb elute that would enable (pre-)clinical use of the theranostic 

pair.  

In this work, we describe the development of a novel target manufacturing method 

modified from a literature electroplating procedure248. These silver-backed electroplated 

targets have extremely high thermal stability, allowing us to produce pre-clinical amounts 

of 203Pb for imaging studies. Additionally, we have developed a novel, high-yielding 

purification method compatible with both 203Pb and 212Pb. This method uses selective Tl 

precipitation for 203Pb, requires minimal columns, and minimal amounts of acid. It avoids 

evaporation and elutes 203/212Pb in just 2 mL of dilute HCl. This method has also resulted 

in 203/212Pb elutes with lower concentrations of stable metal impurities compared to other 

methods found in literature.131,156,249,250 This method is also directly compatible with Tl 
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recycling, a rare but desirable feature that will decrease the cost of using enriched Tl 

targets. Optimization of the chemical purity and specific activity of 203/212Pb gave improved 

radiochemical yields (RCYs) of Pb2+ chelators. We anticipate this will improve the 

outcomes of imaging and therapy studies to come.  

2.2. Materials and methods 

2.2.1. Chemicals 

All reagents used were purchased from commercial suppliers (Sigma Aldrich, 

Fisher Scientific, VWR) and were used as received, unless otherwise noted. Ultrapure 

hydrochloric acid (TraceSELECT), sodium hydroxide (99.99% trace metal grade), and 

ammonium acetate (Trace metal grade 99.99%), and Dowex-1X8 anion exchange resin 

(200-400 mesh, Cl form) were purchased from Fisher Scientific (Pittsburgh, PA). Ultrapure 

nitric acid (Environmental grade) was purchased from VWR (Radnor, PA). EDTA 

(99.995% trace metals basis), BRIJ-35, hydrazine hydrate (reagent grade 50-60%), 

thallium (I) nitrate (99.999% trace metals basis), thallium (I) sulphate (99.99% trace metals 

basis), 3-methyl-2-benzothiazolinonehydrazone    hydrochloride    (MBTH), N-(1-

naphthyl)-ethylenediaminedihydrochloride (NEDA), orthophosphoric acid (ACS grade), 

phenol, sodium bromide, and hydrogen peroxide (30% w/w)  were purchased from 

Millipore Sigma (St. Louis, MO).  Silver sheets (14 gauge, 99.999, ¼ hard) were obtained 

from RioGrande (Albuquerque, NM). PB resin (Di-t-butylcyclohexano 18-crown-6, 100–

150μm particle size) was obtained from Eichrom Technologies (Lisle, IL). 1 mL poly-

propylene cartridges and 1/8′′ polyethylene frits were purchased from United Chemical 

Technologies (Lewistown, PA). Natural Tl (99.99% metals basis) was purchased from Alfa 

Aesar (Tewksbury, MA). S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraaza-1,4,7,10-tetra(2-

carbamoylmethyl)cyclododecane (herein referred to as TCMC) was purchased from 

Macrocyclics (Plano, TX) and the cryptand (Herein referred to as Crypt-OH) was 

synthesized as previously described.251 Silicic acid impregnated instant thin layer 

chromatography paper (iTLC-SA) was purchased from Agilent Technologies (Santa Clara, 

CA). Deionized water was prepared on site using a MilliporeDirect-Q® 3UV water 

purification system. 
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2.2.2. Instrumentation 

All radioactivity measurements were performed using gamma ray spectroscopy on 

an N-type co-axial high purity germanium (HPGe) gamma spectrometer (Canberra 

Industries) that has been calibrated with a 20 mL 152Eu and 133Ba source. Aliquots (5-200 

μL) were removed from the samples and diluted to 20 mL for measurement at a minimum 

distance of 5 cm above the detector until the uncertainty of the peak area was below 5% 

with the dead time also kept below 5%. Analysis was performed with the Genie 2000 

software package (Canberra Industries) using the 279 keV and 401 keV gamma lines for 

203Pb measurement, and the 238 keV and 300 keV gamma lines for 212Pb measurement. 

Non-radioactive impurities in the 203Pb and 212Pb elutes were quantified using inductively 

coupled plasma mass spectrometry (ICP-MS) using an 8900 ICP-MS Triple Quad with a 

SPS 4 autosampler (Agilent Technologies, Santa Clara, CA) calibrated with calibration 

standards (10 ppt to 1 ppm) prepared from multi-element calibration standard 1 and 2A 

(Agilent Technologies, Santa Clara, CA). RadioTLC was performed using an AR-2000 

TLC Scanner (Eckert and Ziegler, Valencia, CA) and radiochemical yields quantified using 

WinScan V3 software (Academic Software Inc.). The electroplating apparatus was 

obtained from ARTMS Inc. (Burnaby, BC). The set-up of the plating cell used has been 

previously described.119 Spectrophotometric studies were performed using a Cary 100 

UV-Visible spectrophotometer. For electroplating, the power supply used was BK 

Precision 9174B (B&K Precision, Yorba Linda, CA).  

2.2.3. Thallium targetry and cyclotron irradiation 

The target disc was manufactured from a sheet of fine silver with a diameter of 28 

mm and thickness of 1.5 mm and included a recess diameter of 10 mm and depth of 0.55 

mm. The silver discs were polished using diamond paste (Ted Pella, Redding, CA) until a 

mirror finished was achieved and cleaned with water and acetone prior to plating.  

The constant current electroplating method used to produce the silver backed 

thallium targets was based on a literature method with minor deviations.248 The plating 

bath was an alkaline (pH >12.5) EDTA (0.5 M) bath with 1% hydrazine hydrate and 0.2% 

BRIJ-35.248 To prepare a 100 mL plating bath, in the first beaker, 21 g of ethylenediamine 

tetraacetic acid (EDTA) and 5 g of sodium hydroxide were dissolved in 90 mL of deionized 

water and stirred until completely dissolved. Once dissolved, 2.53 mL of hydrazine hydrate 
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and 250 L of BRIJ-35 were added. To a second beaker, 8.475 g of natural Tl2SO4 or 

8.949 g of TlNO3 was added and the contents of beaker 1 were transferred at a rate of 10 

mL/min; once the transfer was complete, an additional 250 L of hydrazine hydrate was 

added. To the plating chamber, approximately 6 mL of the plating solution was added, and 

electroplating occurred at a current density of 2.3 mA·cm-2 in constant current mode for 

24 hours. The target was rinsed with deionized water, dried, weighed, and vacuum sealed 

until installation.  

The Tl target was installed into a quick release solid target holder252 on TRIUMF’s 

TR13 (13 MeV) cyclotron253 where the 13 MeV protons are degraded to approximately 

12.8 MeV by an aluminum foil (25 m thick) used to separate the targetry system from the 

vacuum. Targets were irradiated at 20 A for 2-4 hours and after EOB, the target remained 

in the target holder for a minimum of 18 hours to allow for the decay of co-produced 202mPb 

(t1/2 = 3.6 h).  

2.2.4. Radiochemical separation of 203Pb 

Irradiated targets were dissolved in 4 mL of 2 M HNO3 on a hot plate at 150 ºC. As 

soon as the dissolution of the thallium was complete, the solution was removed to reduce 

the dissolution of the silver target backing. The solution was then placed in a beaker of ice 

to precipitate Tl as TlNO3 by taking advantage of the difference in the solubility of TlNO3 

in water at 100 ºC (414 g/100 mL)254, 25 ºC (9.55 g/100 mL)254, and 0 ºC (3.90 g/100 mL)254. 

A PB resin column, composed of 60 mg of PB resin packed into a 1 mL polypropylene 

cartridge, was conditioned with 5 mL of deionized water followed by 5 mL of 2 M HNO3. 

The supernatant was loaded onto the PB resin column by gravity and washed with 10 mL 

of 2 M HNO3 at a flow rate of 1 mL/minute to remove residual Tl and other metal impurities. 

The 203Pb was eluted from the column with 2 mL of 8 M HCl into 4, 0.5 mL fractions at a 

flow rate of 1.5 mL/min. The first 1 mL of eluate was diluted to 2 M HCl with 3 mL of 

deionized water before loading onto a second column. The diluted elute was then loaded 

onto a second column composed of 500 mg of Dowex-1X8 anion exchange resin (200 – 

400 mesh, Cl form), preconditioned with 10 mL of MilliQ water followed by 10 mL of 2 M 

HCl. The column was washed with 0.5 mL of 1 M HCl by gravity before eluting with 0.01 

M HCl at a flow rate of 1.5 mL/min into 4, 0.5 mL fractions (See Figure 2.2). The yield and 

radionuclidic purity of the 203Pb in the load, wash, and elute fractions for each column were 
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assessed via gamma spectroscopy. The chemical purity of the 203Pb elutes was assessed 

via ICP-MS to quantify the concentration of stable metal impurities.  

 

Figure 2.2. A novel 203Pb purification method employing selective precipitation of 
thallium nitrate prior to extraction via anion exchange 
chromatography.   

2.2.5. Recycling of Tl targets 

To recycle the Tl target material, the load and wash fractions from the PB resin 

column of the 203Pb purification step were evaporated to dryness and combined with the 

dried thallium (I) nitrate precipitate of the thallium precipitation step. The recovered Tl (I) 

nitrate was then added to a plating bath solution and was used for target plating. The 

oxidation state and yield of the recovered thallium was determined via colorimetry.255 

Briefly, this method is based on the in-situ generation of a diazonium cation of MBTH by 

Tl3+, which reacts with NEDA to produce a blue-coloured product, whose absorbance at 

590 nm is dependent on the concentration of Tl3+. Samples with Tl+ will not produce the 

blue product, but the Tl in these samples can still be quantified when oxidized with bromine 

water to oxidize the Tl+ to Tl3+. 

2.2.6. Preparation of 228Th/212Pb generator stock solution and 
radiochemical separation of 212Pb 

A 228Th/212Pb generator stock solution was prepared as previously described.156 

Briefly, thorium peroxide, precipitated out from irradiated thorium targets, was dissolved 

in 200 mL of 10 M HCl before loading onto a 10 mL Dowex-1X8 column.156 The column 
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was subsequently washed with 60 mL of 10 M HCl and then the load and wash fractions 

were collected and evaporated to dryness and exchanged three times with 10 M HNO3 

before redissolving in 30 mL of 2 M HNO3.156 The radiochemical separation of 212Pb from 

the 228Th/212Pb generator and the characterization of the elute product was identical to that 

of 203Pb with minor exceptions: 1) The exclusion of the thallium precipitation step and 2) 

that the generator stock solution was loaded onto the PB resin column at a flow rate of 1 

mL/minute instead of by gravity (See Figure 2.3).  

 

Figure 2.3. 212Pb purification method employing extraction and anion exchange 
chromatography.   

2.2.7. Radiolabeling  

Chelators TCMC and Crypt-OH were dissolved in deionized water to give stock 

solutions (10-2 M), from which serial dilutions were made to prepare chelator solutions at 

concentrations from 10-3 to 10-8 M. The radiolabeling reactions consisted of 10 L of the 

respective chelator solution, 10 L of 1 M NH4OAc (pH 7), 2 L (for 203Pb, 85 kBq) to 5 L 

(for 212Pb, 100 kBq) of the elute solution, and 78-75 L of deionized water for a final 

reaction volume of 100 L. These differences in required activity volume reflect the lower 

kBq/L concentration of 212Pb over 203Pb. These reactions were all performed at ambient 

temperature in triplicate. Radiochemical conversion was established using iTLC-SA plates 

developed using EDTA (50 mM, pH 5.0). Under these conditions, the Pb2+ complexes 

remain at the baseline (Rf = 0) and “free”/non-complexed Pb2+ migrates with the solvent 

line (Rf  1). At 60 minutes, 10 L aliquots were removed from each reaction mixture and 
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analyzed. To allow for the decay of 212Bi (t1/2 = 60.6 minutes), plates containing 212Pb were 

measured a minimum of 10 hours after development. 203Pb plates were measured 

immediately.  

2.2.8. ICP-MS Analysis 

For determination of the concentration of the stable metal impurities that may 

interfere with radiolabeling in the 212Pb and 203Pb elutes after the PB resin and Dowex-1X8 

columns, 50 L and 2 mL aliquots were removed, respectively, and diluted to 10 mL using 

2% w/w HNO3.  

2.3. Results  

2.3.1. Targetry and cyclotron irradiation 

347.6  11.7 mg (n = 7) of Tl was plated onto the silver backings after 24 hours at 

a current density of 2.3 mA·cm-2. In an attempt to demonstrate the utility of recycled TlNO3, 

346.1  8.7 mg (n = 4) of Tl was plated under identical conditions. The deposits were 

occlusion- and dendrite-free mitigating the need for mechanical pressing post plating. Prior 

to irradiation with higher currents, test irradiations were first performed with natTl targets 

using beam currents between 5 and 20 A, for 2 to 4 hours to investigate thermal stability 

of the target. No signs of melting were observed over this range. 

2.3.2. 203Pb Isotope Production and Radiochemical Separation  

On average (n = 4), 4-hour 12.8 MeV proton irradiations of natTl targets at 20 A 

produced 131.8  4.6 MBq of 203Pb at the EOB. Under the same conditions, recycled natTl 

targets produced 138.7  5.1 MBq (n = 3), as determined by gamma spectroscopy. The 

thallium metal of the target was completely dissolved after approximately 1 minute, and 

after cooling to 0 ºC, 81.0  4.5% (n = 4) of the Tl metal precipitated out as solid thallium 

(I) nitrate; with negligible 203Pb in the precipitate. The load (0-4 mL) and wash (4-14 mL) 

fractions of the PB resin column contained 1.5   0.3% and 2.7   0.5% of the initial 203Pb 

activity (n = 4), respectively. These fractions were evaporated to dryness and, in 

combination with the mass of the TlNO3 precipitate, 94.8  1.0% (n = 4) of the initial Tl 
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was recovered as TlNO3 to be reused in the plating baths for target manufacturing. With 

the first PB resin column, 95.4  3.0% (n = 4) of the initial 203Pb activity was recovered in 

the elute with 2 mL of 8 M HCl (14-16 mL). The elution profile of 203Pb on the PB resin 

column is shown in Figure 2.4a. The first 1 mL of 8 M HCl (Vol 14-15mL), which contained 

90.0  2.4% (n = 4) of the initial 203Pb, was collected and diluted to 2 M HCl and loaded 

onto the Dowex-1X8 anion exchange resin where 94.8  2.7% (n = 4) was eluted in 4x0.5 

mL of 0.01 M HCl (Vol 4.5-6.5 mL), with minimal losses in the load (2.1  1.3%, vol 0-4 

mL) and wash (4.3  0.5%, vol 4-4.5 mL), as shown in Figure 2.4b. 83.3  4.1% (n = 4) 

of the initial activity was found in the second 0.5 mL fraction (Vol 5.5 mL).  

 

Figure 2.4. Representative elution profile of 203Pb purification on (a) PB resin 
(extraction chromatography) and (b) Dowex-1X8 resin (anion exchange 
chromatography) (n = 4). 

 

The 203Pb was determined to be radionuclidically pure via gamma spectroscopy 

(Figure A.1). The chemical purity was assessed via ICP-MS, as shown in Table 2.1, with 

the concentrations (ppb) and masses (ng) of metal impurities in the Dowex-1X8 elute. 

Select metal concentrations and masses from the PB resin elute in parentheses, obtained 

via this method are compared to values from our previously reported one-column 

method.156 
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Table 2.1.  Metal content of 203Pb elute fractions in ppb (μg/L) and ng as determined by ICP-MS (n=3).  

Metal Al Ag Ca Fe Cu Zn Pb Tl 

ppb (μg/L) 

One-column 
method 156 

168 ± 
152 

N.S. 568 
± 

263 

18 ± 
11 

2.7 ± 
1.8 

21 ± 
4 

495 ± 
218 

58,220 ± 35,392  

This work  100 ± 
51 

1.4 ± 0.3 (In 
8 M HCl 

elute: 3,353 
± 287) 

N.S. 29 ± 
9 

N.S. 14 ± 
4 

34 ± 6 26 ± 3 

 (In 8 M HCl 

elute: 2,236  
483) 

This work – 
Recycled natTl 

N.S. 1.8 ± 0.2 N.S. 18 ± 
1 

N.S. 26 ± 
5 

25 ± 8 28 ± 14  

ng 

One-column 
method 156 

504 ± 
456 

N.S. 1,704 
± 

789 

54 ± 
33 

8.1 ± 
5.4 

63 ± 
12 

1,485 
± 654 

174,660 ± 
106,176  

This work  200 ± 
102 

2.8 ± 0.6 (In 
8 M HCl 

elute: 6,706 
± 574) 

N.S. 58 ± 
18 

N.S. 28 ± 
8 

68 ± 
12 

52 ± 6  

(In 8 M HCl 

elute: 4,472  

966) 

This work - 
Recycled natTl 

N.S. 3.6 ± 0.4 N.S. 36 ± 
2 

N.S. 52 ± 
10 

50 ± 
16 

56 ± 28 

     N.S. = not significant 

 



85 

2.3.3. 212Pb Radiochemical Separation  

The 228Th/212Pb generator stock solution, prepared from a 12,500 Ah irradiation 

of 8 g of 232Th, initially contained 22.80  0.03 MBq of 228Th when it was processed ten 

months post EOB. A 30 mL generator stock solution was first passed through the PB resin 

column (Figure 2.3) and the load (0-30 mL) is recovered to serve as a source of 212Pb 

after equilibrium is established after approximately two days. Washing the PB resin with 

10 mL of 2 M HNO3 (Vol 30-40 mL) resulted in the loss of 3.2  0.5% (n = 4) of the initial 

212Pb activity, while 94.9  0.8% was eluted in 2 mL of 8 M HCl (40-42 mL, see Figure 

2.5a). The first 1 mL (40-41 mL) of the PB resin elute contained 89.0  1.6% (n = 4) of the 

initial 212Pb activity and was loaded onto the Dowex-1X8 resin (Figure 2.5b) where a 

minimal amount (0.4  0.1%, n = 4) of the activity was lost in the load (Vol 0-4 mL), along 

with 0.8  0.4% (n = 4) in the 1 M HCl wash (4-4.5 mL). The entire 2 mL 0.01 M HCl elute 

(4.5-6.5 mL) contained 96.8  2.9% (n = 4) of the initial activity, with 81.9  2.0% found in 

the second, 0.5 mL fraction (5-5.5 mL).  

 

Figure 2.5. Representative elution profile of 212Pb purification on (a) PB resin 
(extraction chromatography) and (b) Dowex-1X8 resin (anion 
exchange chromatography) (n = 4) 

Similarly to 203Pb, 212Pb was determined to be radionuclidically pure (>99.9%) via 

gamma spectroscopy (Figure A.2). The chemical purity was assessed via ICP-MS, as 
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shown in Table 2.2, and compared to the metal concentrations and masses found in the 

elute of the previous one-column 212Pb purification method.156  
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Table 2.2. Metal contents in 212Pb elute fractions in ppb (μg/L) and ng as determined by ICP-MS (n=3). 

Metal Al Mg Ca Ti Fe Co Ni Cu Zn Pb Th 

ppb (μg/L) 

One-
column 
method 

156 

22  
9 

612  
226 

N.S. 354  
168 

N.S. 26  
11 

N.S. 3  
2 

N.S. 2  
2 

24,352  16,227 

This 
work  

2  
3 

15  7 15  
5 

N.S. N.S. 0.3  
0.2 

N.S. 4  
2 

N.S. 4  
2 

291  56 

(In 8 M HCl elute: 

37,650  3,195) 

ng 

One-
column 
method 

156 

66  
27 

1,836 

 678 

N.S. 1,062 

 504 

N.S. 78  
33 

N.S. 9  
6 

N.S. 6  
6 

73,056  48,681 

This 
work  

4  
6 

30  
14 

30  
10 

N.S. N.S. 0.6  
0.4 

N.S. 8  
4 

N.S. 8  
4 

582  112 

(In 8 M HCl elute: 

112,950  9,585) 

       N.S. = not significant 
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2.3.4. Radiolabeling   

Comparative radiolabeling studies were performed to determine if there were any 

differences in the RCYs of chelators TCMC and Crypt-OH (See chemical structures in 

Figure 2.6a and Figure 2.6b, respectively) when labeled with 203Pb or 212Pb purified using 

the two different methods: the previous one-column procedure156 and the novel procedure 

described above. For 203Pb radiolabeling, the reactions were performed in triplicate at pH 

7 and room temperature and the RCY (%) was determined by radio-iTLC at one hour. 

Using 203Pb isolated via the one-column method156, the RCYs (n = 3) of the TCMC at 

chelator concentrations of 10-4 to 10-5 M were quantitative and at concentrations of 10-6 to 

10-8 M were 51.5  8.8%, 8.5  5.3%, and 0%, respectively. With the 203Pb isolated via the 

novel two-column method, quantitative RCYs were obtained at TCMC concentrations of 

10-4 to 10-6 M, and were 86.7  2.4% and 22.8  6.9% at 10-7 and 10-8 M, respectively. By 

using the novel, two-column procedure, the results suggest that the Am of 

[203Pb][Pb(TCMC)]2+ increased from 437.9  38.0 MBq/mol to 7.4  0.2 GBq/mol. For 

Crypt-OH, with the one-column 203Pb156, quantitative RCYs (n = 3) were achieved at 

concentrations of 10-4 and 10-5 M and then from 10-6 to 10-8 M, the RCYs decreased to 

88.6  6.0%, 13.6  3.0%, and 0%, respectively. However, with the 203Pb obtained via the 

two-column method, quantitative RCYs were obtained at concentrations from 10-4 to 10-6 

M and at 10-7 and 10-8 M, RCYs of 82.7  1.6% and 0%, respectively, were obtained. The 

improvements in RCYs, as shown in Figure 2.6c, suggest the Am of [203Pb][Pb(Crypt-

OH)]2+ increased from 753.1  45.2 MBq/mol to 7.0  0.1 GBq/mol.  
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Figure 2.6. Chemical structures of (a) TCMC and (b) Crypt-OH and (c) 
radiochemical yields (%) for 203Pb (85 kBq) labeling reactions at pH 7 
(0.1 M NH4OAc), room temperature, and 1 h at chelator concentrations 
of 10-4 to 10-8 M using 203Pb produced via the previous one-column 
(A)156 and new (B) method. (n = 3) 

With 212Pb, at ambient temperature RCYs for Crypt-OH were not quantitative at 

any concentration for either Pb-purification method. However, 212Pb isolated via the 

previously-reported one-column method saw improved RCYs (n = 3) at 80 oC between 

chelate concentrations of 10-4 to 10-8 M, with yields of 64.9  10.7%, 36.2  5.7,% 8.7  

1.7%, 0 %, and 0%, respectively. With 212Pb isolated using the two-column method 

reported here, the RCYs increased to 100  0%, 94.8  4.6,% 84.3  3.0,% 35.7  3.8%, 

and 3.0  0.7%, respectively. This resulted in the Am of [212Pb][Pb(Crypt-OH)]2+ increasing 

from 13.2  1.3 MBq/mol to 1.7  0.05 GBq/mol.  

With TCMC, radiolabeling was observed at both ambient temperature and 80 oC 

for both methods. At ambient temperature, with the one-column method, quantitative 212Pb 

RCYs were obtained for chelator concentrations of 10-4 and 10-5 M, dropping to 90.0  

1.6%, 48.7  10.0%, and 0% between 10-6 to 10-8 M, respectively. With the two-column 

method, quantitative RCYs were obtained for concentrations from 10-4
 to 10-6 M and yields 

of 50.7  7.2% and 0% at chelator concentrations of 10-7 and 10-8 M, respectively, as 

shown in Figure A.8. At ambient temperature, the apparent molar activities of 

[212Pb][Pb(TCMC)]2+ were 9.7  1.0 GBq/mol and 10.1  0.7 GBq/mol when 212Pb was 

purified using the previous one- and novel two-column purification methods, respectively. 
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At 80oC, with 212Pb from both methods, quantitative RCYs were obtained at chelator 

concentrations of 10-4 to 10-6 M. At concentrations of 10-7
 and 10-8 M, the RCYs with the 

one-column 212Pb decreased to 88.8  5.5% and 9.8  1.5%, while with the 
 two-column 

212Pb, the RCYs decreased to 82.6  6.7% and 1.7  1.5%, respectively, as shown in 

Figure 2.7. At 80 oC, the Am of [212Pb][Pb(TCMC)]2+ was 16.5  1.1 GBq/mol and 17.8  

1.0 GBq/mol when using 212Pb purified via the previous one- and novel two-column 

methods, respectively.  

 

Figure 2.7. Radiochemical yields (%) for 212Pb (100 kBq) labeling reactions at pH 
7 (0.1 M NH4OAc), 80 ºC, and 1 h at chelator concentrations of 10-4 to 
10-8 M using 212Pb produced via the previous one-column156 (A) and 
new (B) method. (n = 3) 

2.4. Discussion 

In our previous work, thallium targets prepared by mechanically pressing metallic 

Tl into aluminum backings were only able to withstand currents up to 8 A and 203Pb elutes 

were found to contain a stable Pb concentration greater than 400 ppb.156 Together, these 

factors contributed to the low specific activity of the 203Pb product, which could only be 

overcome by modifying the target manufacturing procedure to increase thermal stability 

and produce more 203Pb at EOB. In the previous one-column purification procedure, the 

irradiated Tl targets were dissolved in 20 mL of 2 M HNO3 at 125 oC and after cooling, the 

target solution was loaded onto a single extraction chromatographic resin (PB resin), 

followed by washing with 2 M HNO3 (5 mL), and eluting with 1 M NH4OAc (pH 7, 3 mL).156 
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This method was attractive as it was rapid, simple, and also compatible with 212Pb 

purification from a 228Th/212Pb generator; the 228Th was purified from the Th waste of a 

232Th proton spallation process on TRIUMF’s 500 MeV cyclotron used to produce 

225Ac.156,157 Although this purification process was rapid and simple, Tl and 232Th were 

present in the 203Pb and 212Pb elutes at high concentrations of 58.2 ± 35.4 ppm and 24.3 

 16.2 ppm, respectively156, and thus there was a great need for the development of a new 

purification procedure that would reduce metal impurities in the 203/212Pb eluate(s).  

To improve the thermal contact conductance of the thallium with the backing 

material, targets were manufactured via electroplating onto silver backings. Previous 

reports employed copper as the backing material 248; however, given its higher thermal 

conductivity, silver was chosen for this work. Furthermore, the electroplating method 

selectively deposits Tl, which minimizes the amount of stable Pb incorporated into the 

deposit. This is in contrast to the pressing of Tl metal, where existing impurities are 

incorporated into the target, posing greater challenges during target processing and 

purification. Using constant current electrolysis, a maximum current density of 2.3 mA·cm-

2 was employed to minimize dendrite formation. The silver-backed electroplated targets 

have been successfully irradiated at currents up to 20 A, 2.5 times greater than the 

previous maximum current, and will be tested with higher currents and enriched 203Tl 

targets in future studies.  

Despite the capacity factor (k’) of Pb2+ on PB resin being nearly 100 times greater 

than the k’ of Tl+ in 2 M nitric acid149, with approximately 350 mg of Tl in each target, 

extraction chromatographic resins, including PB resin, can be overloaded beyond their 

capacity, which can result in variability and breakthrough. In our previous method, 320-

330 mg of thallium metal was dissolved in 2 M HNO3 and passed through 60 mg of resin, 

yielding a thallium concentration of 58.2 ± 35.4 ppm in the eluate.156 This high Tl burden 

resulted in variable Tl concentrations between batches, ultimately affecting the 

reproducibility of radiolabeling yields, particularly for chelators sensitive to competing non-

radioactive metal impurities. In order to reduce the Tl concentration of the elute, we 

exploited differences in the solubility of TlNO3 at different temperatures to precipitate the 

majority (81.0  4.5%, n = 4) of the thallium by cooling the target solution to 0 ºC prior to 

loading on the first PB resin column. As a result, in combination with an additional 5 mL of 

2 M HNO3 in the PB resin wash, the Tl concentration in the 8 M HCl elute was reduced to 

2.2 ± 0.5 ppm (n = 3), which correlates to over a  twenty six-fold decrease in concentration. 
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In addition to reducing Tl burden, the precipitated TlNO3 can be collected, and the Tl 

recycled, which is of great importance when using costly enriched materials. To further 

improve recycling yield, the load and wash of the PB resin can be evaporated which results 

in a Tl recovery of 94.8  1.0% (n = 4). The recovered Tl was confirmed to be in the +1 

oxidation state as TlNO3 by using a colorimetric method.255 The recovered TlNO3 was 

successfully electroplated, with the resulting targets showing no statistical difference in 

final target mass, or 203Pb produced at EOB, compared to non-recycled TlNO3 or Tl2SO4.  

Ideal radiochemical separations involve the use of a minimal number of columns 

and no evaporation which would complicate automation and minimize potential losses. 

Additionally, it can be most beneficial when testing a wide range of chelators for the activity 

to be eluted in an easily neutralized medium, so that optimization can be performed for 

each chelator. For the first (PB) column, it was still most ideal to use a nitric acid medium 

to separate the 203Pb or 212Pb from Tl and Th, respectively, as Pb2+ has high k’
Pb at all nitric 

acid concentrations. Initially studies utilized an eluate composed of 0.01 M HNO3, 149. 

However, this resulted in a large elution volume and thus was not further investigated. 8 

M hydrochloric acid can be an effective desorption agent from PB resin as the k’
Pb is less 

than 10 at higher acid concentrations.149 This resulted in 94.8  2.7% and 94.9  0.8% (n 

= 4) of the 203Pb and 212Pb to be eluted from this resin in 2 mL of 8 M HCl, respectively. 

However, 8 M HCl is not easily compatible with radiolabeling and there were still high 

concentrations of Tl (2.2  0.5 ppm, 203Pb), Ag (3.3 ± 0.3 ppm, 203Pb), and Th (37.7  3.2 

ppm, 212Pb) present, and as such, the use of a second column to improve chemical purity 

and reduce acid concentration was required.  

To eliminate the need for acid exchange (e.g. HNO3) and evaporation of the 8 M 

HCl eluate before loading the second column, we searched for distribution coefficients (D) 

of Pb2+ with HCl on strong base type I anion exchange resins169,171,174. Through method 

development studies (see Supporting Information), Dowex-1X8 resin was chosen as the 

resin for the second column. The adsorption of Pb2+ is low in dilute HCl (D = 1 in 0.05 M 

HCl), reaches a maximum at 1.5 M HCl (D = 25), and decreases such that there is minimal 

adsorption (D < 1) at concentrations greater than 8 M HCl.169,171,174 As a result, 203/212Pb 

can be loaded and washed in 1-2 M HCl and eluted in 0.01 M HCl. Additionally, there is 

little to no adsorption of Th4+ and Tl+ under these conditions and a higher adsorption of 

Ag+ over Pb2+, which should result in decreases of these main contaminants.174 Despite 

the difference in D at varying HCl concentrations, these values are still relatively low and 
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thus it was critical to optimize the loading and wash volumes to reduce the breakthrough 

of 203Pb and 212Pb. As a result, only the first 1 mL of the 8 M HCl elute, which contained 

90.0  2.4% and 89.0  1.6% of the initial 203Pb and 212Pb, respectively, was taken and 

diluted to 2 M HCl rather than to 1.25 M, at which the D is the highest, to minimize the 

loading volume while still maintaining sufficient adsorption to the resin. The resin was then 

washed in 1 M HCl to further remove metal impurities and reduce the acid concentration 

in the final elute as the 203Pb/212Pb is eluted with 0.01 M HCl to allow for easier 

neutralization by radiolabeling buffers. The flow rate was also found to be critical to the 

successful use of the Dowex-1X8 resin, as high flow rates (>0.5 mL/min) would cause 

activity breakthrough. To minimize losses, the column was loaded and washed by gravity. 

Despite this limitation, the low volume of the load and wash allows for the entire purification 

procedure, for either 203Pb or 212Pb, to be completed in two hours.  

The most important benefit of this novel method over the previous one-column 

method is the reduction in the mass and concentrations of Tl and Th contaminants in the 

203Pb and 212Pb elutes, respectively. With the previous method, the Tl separation factor 

was 1.86x103, whereas with the novel method, a separation efficiency of 6.68x106 was 

achieved, leading to a Tl:203Pb ratio of 122:1. Therefore, compared to the previous method, 

the optimized method reduced the Tl mass content 3.59x103-fold and the Tl concentration 

by 2.24x103-fold. To the best of our knowledge, this is the lowest Tl concentration in 203Pb 

reported in the literature131,156,250. Additionally, given the selectivity of the electroplating 

procedure towards Tl, reduced stable Pb concentrations of 34  6 ppb were detected in 

the 203Pb elute, compared to 495  218 ppb from our previously reported method. For a 

two hour irradiation of a natural Tl target at maximum current (8 A156 vs 20 A), the 203Pb 

specific activity increased from 18.3  8.6 MBq/g156 to 969.1  173.9 MBq/g (n = 3) for 

the previous one- and novel two-column method, respectively. This resulted in an average 

stable Pb:203Pb ratio of 6:1 which can be further reduced as (i) irradiation currents 

increase, (ii) enriched targets are employed, and (iii) the 205Tl (p, 3n) 203Pb reaction is 

utilized at higher proton energies.  

For 212Pb, the greatest benefit of the novel two-column method over the previously 

employed one-column method was a one hundred and twenty six-fold greater reduction 

in Th content. Previously with one column, the Th separation factor was 1.10x105
, which 

resulted in a final elute concentration of 24.3  16.2 ppm (n =3).156  With the two-column 
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method, a separation factor of 1.37x107 was achieved to give a final Th4+ concentration of 

291  56 ppb (n = 3), which is nearly an eighty four-fold decrease in 232Th concentration 

in the final elute. Concentrations of previous contaminants Mg, Al, Co, and Ti, decreased 

even further to 15  7 ppb, 2  3 ppb, 0.3  0.2 ppb, and 0 ppb (N.S.), respectively, thus 

improving the chemical purity of the 212Pb product. The stable Pb2+ concentration did not 

significantly differ. This has led to a 232Th:212Pb ratio of 1203:1 in the Dowex elute 

compared to the initial ratio of 1.65x1010:1 in the generator stock solution. This reduction 

in 232Th in the elute may explain the dramatic improvement in the 212Pb RCYs of Crypt-

OH.  

The significance and impact of the optimizations achieved through the novel 

method are demonstrated by the corresponding improvements in the RCYs of Pb2+ 

chelators TCMC and Crypt-OH. With a lower Tl and stable Pb content, the Am of 

[203Pb][Pb(TCMC)]2+ and [203Pb][Pb(Crypt-OH)]2+ increased by a factor of seventeen and 

nine at ambient temperature, respectively, showing that improvements in 203Pb specific 

activity and chemical purity translated directly into improved RCYs. For 212Pb, there were 

no substantial changes to the RCYs of TCMC at room temperature or at 80 oC. This is 

most likely because the stable Pb concentration did not significantly change and TCMC is 

more selective towards Pb2+and not affected drastically by Th4+. With the previous one-

column method, the average Th concentration was 24.3  16.2 ppm, which led to a 

232Th:212Pb of 1.5x105:1, which decreased to 1203:1 with the novel, two-column method. 

Interestingly, in the case of Crypt-OH, no radiolabeling was observed with 212Pb from either 

method at room temperature, despite the successful quantitative radiolabeling with 203Pb. 

This suggests that the cryptand is highly sensitive to the concentration of Th4+. However, 

moderate radiolabeling yields were observed at 80 
oC with the novel, two-column method, 

suggesting that the 212Pb radiolabeling may be kinetically driven, but this is beyond the 

scope of this paper and will be a focus of later studies. With a one hundred and twenty 

six-fold decrease in the 232Th:212Pb ratio, a one hundred and twenty nine-fold improvement 

in the Am of [212Pb][Pb(Crypt-OH)]2+ was observed at 80 oC, demonstrating the importance 

of the chemical purity of 212Pb for this chelator.  
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2.5. Conclusions 

We have developed a target manufacturing method that involves electroplating 

thallium onto silver. This resulted in a target with high thermal stability, one capable of 

withstanding higher irradiation currents, and leading to a significant increase in 203Pb 

production when irradiated with a 13 MeV cyclotron. These improvements to the target 

manufacturing procedure, due to higher allowable current and lower stable Pb content, 

have resulted in a nearly fifty three-fold increase in the specific activity of 203Pb. 

Additionally, we have developed a novel purification procedure that, to the best of our 

knowledge, has produced 203Pb/212Pb of the highest chemical purity reported to date from 

an academic laboratory. The specific activity and 203Pb: stable Pb ratio are expected to 

improve in future studies as enriched targets are manufactured and irradiated with high 

proton energies and currents towards a maximum of 26.5 MeV; this will allow production 

of 203Pb at a level suitable for clinical use. Further, as 232Th irradiations are conducted at 

higher currents and for longer durations, this purification procedure will allow researchers 

to easily produce high specific activity 212Pb for pre-clinical purposes to meet the growing 

demand and interest in this theranostic pair that is seeing increasing clinical use.  
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Chapter 3.  
 
Evaluation of the Effect of Macrocyclic Ring Size on 
[203Pb]Pb(II) Complex Stability in Pyridyl-Containing 
Chelators 

3.1. Introduction 

The bifunctional chelator (BFC) approach is a common strategy employed in the 

development of novel radiopharmaceuticals.256 More specifically, the BFC approach in the 

field of radiopharmaceutical development involves tissue-specific delivery of a radioactive 

payload through the use of a chelator coordinating a radioactive metal (radiometal) which 

is attached via a linker to a biological targeting vector. This vector-chelate-isotope complex 

is then injected to selectively seek out and bind its cancer biomarker. In the context of 

radionuclide therapy, this highly selective and direct delivery of radiation allows for 

reduced side effects on healthy cells compared to existing methods.257 This technique is 

also intriguing as it enables a personalized approach to healthcare by pairing both photon- 

and particle-emitting isotopes, which in turn allow clinicians to assess radiopharmaceutical 

uptake via imaging prior to therapy. Use of radiometals that emit cytotoxic alpha (α) 

particles, beta (β-) particles, or Meitner-Auger electrons (MAEs) are compatible with 

therapy, while those that emit photons, through decay processes such as electron capture 

(EC) or positron emission (β+ decay), are compatible with imaging techniques single-

photon emission computed tomography (SPECT) and positron emission tomography 

(PET), respectively. The combination of both therapeutic and diagnostic forms of a 

radiopharmaceutical is referred to as theranostics.  

In order to realize the full potential of theranostic radiopharmaceuticals, the 

biodistribution and chemical properties of the isotope pair being used must be very similar, 

if not identical. If the biodistribution of the imaging radiopharmaceutical differs greatly from 

the therapeutic, an inappropriate treatment method may be chosen with which there can 

be adverse effects.258 Chemically matched, or element-equivalent, theranostic isotope 

pairs, which are composed of isotopes of the same element, are ideal as the chemical 

properties of the isotopes are essentially identical and thus should have identical 

biodistribution.259,260 In this regard, lead-203 (203Pb, t1/2 = 51.9 h) and lead-212 (212Pb, t1/2 



97 

= 10.6 h) are a promising element-equivalent theranostic pair that is currently being 

explored for clinical use.261 203Pb decays via electron capture and releases a 279 keV 

photon with an abundance of 81%, making it compatible with SPECT imaging. 212Pb emits 

both beta- and alpha particles (via its daughter 212Bi), making it compatible with therapy.  

Diagnostic and therapeutic radiopharmaceuticals utilizing matched theranostic 

pairs can have nearly identical biodistribution as they are able to utilize identical chelators. 

This results in the same molecular properties such as overall charge, hydrophilicity, and 

same chemical properties for both imaging and therapeutic drug forms. In addition, the 

thermodynamic stability of the complex and its kinetic inertness are critical to the success 

of the BFC approach. Chelates can have a significant effect on the pharmacokinetic 

properties of a radiopharmaceutical, and in order for one to be effective at coordinating 

and containing the radiometal, its design must be tailored to the metal’s chemical 

properties.40,262 In general, there are two broad chelator categories: acyclic and 

macrocyclic, both of which have two main components: i) a backbone which serves as an 

anchor to connect ii) pendant functional arms containing electron donor moieties for metal 

coordination. Macrocyclic chelators have constricted geometries as their rigid backbones 

form a pre-organized metal ion binding site resulting in a decreased entropic penalty and 

thus an increased thermodynamic favourability towards complexation when compared to 

their acyclic counterparts.263 This phenomenon is commonly referred to as the macrocycle 

effect.263 However, macrocycles tend to have slower reaction kinetics requiring elevated 

temperatures to induce complexation, which can be detrimental when handling a heat or 

pH-sensitive targeting vector and thus the choice of chelator type can depend on the 

reaction environment.40 

The choice of chelating moieties is often based on the hard-soft acid-base (HSAB) 

theory, which matches harder (non-polarizable) acids with harder bases and softer (more-

polarizable) acids with softer bases to result in the most stable coordination complexes.264–

266 Pb2+ is considered an intermediate Lewis acid and thus should form the most stable 

complexes with intermediate Lewis bases, including pyridine and amides. For example, 

the structure of the current commercial standard for lead chelation, TCMC, also known as 

DOTAM, (1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane) employs 

four pendant amides where the carbonyl oxygen acts as an electron donor.265,267  
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In addition to choice of donor moieties, the macrocyclic ring size can greatly affect 

complex stability and metal selectivity.263 Crown- and aza-crown ethers are attractive 

backbones for the design of macrocyclic chelators for radiopharmaceuticals due to their 

ease of functionalization and wide variety of potential ring-sizes. With a judicious choice 

of donor atoms and ring size, one can design macrocyclic chelates with enhanced 

selectivity toward specific metals. Despite this, the understanding of the relationship 

between structure, metal selectivity, and complex stability is often limited to the idea of 

size-match selectivity, although this has been contested.263 However, these trends often 

do not translate when donor arms are introduced and can be unpredictable, especially 

with bulky donor groups, like pyridine, where steric strain can have a large role in complex 

formation263; thus these relationships should be studied on a case-by-case basis. A further 

understanding of this relationship can advance not only metal-based radiopharmaceutical 

development but also the design of antibiotics268, ion exchange resins269, and metal 

intoxication treatments270, among others.  

The focus of this study is to investigate the effect of macrocyclic backbone size in 

pyridyl-containing chelators to identify optimal chelators for [203/212Pb]Pb2+ 

radiopharmaceuticals. The optimal chelator will complex 203Pb at a low chelator:metal ratio 

with fast kinetics, and be thermodynamically stable and kinetically inert to prevent 

transchelation with endogenous metal-seeking biomolecules in vivo. We hypothesized 

pyridyl, an intermediate Lewis base, will form stable complexes with Pb2+, an intermediate 

Lewis acid. The outcome of this study provides insights into the ideal backbone size 

required for minimal steric strain, which should increase the thermodynamic favourability 

of complexation, and be reflected by higher radio-lead incorporation yields. Results of 

concentration-dependent 203Pb radiolabeling, kinetic inertness, and serum stability studies 

with a panel of pyridyl-containing chelators have been rationalized based on the solid state 

Pb-complex structures (elucidated via X-ray diffraction), solution structures (via 1H nuclear 

magnetic resonance (NMR) spectroscopy), and thermodynamic stability constants 

(determined via potentiometric titrations). The pyridyl-containing chelators and 

commercial standards investigated in this study are shown in Figure 3.1. The 18-

membered macrocycles, NOON-2Py (7,16-bis(pyridin-2-ylmethyl)-1,4,10,13-tetraoxa-

7,16-diazacyclooctadecane) and crown-4Py (4,7,13,16-tetrakis(pyridin-2-ylmethyl)-1,10-

dioxa-4,7,13,16-tetraazacyclooctadecane) have been investigated previously for use as a 

lead detoxifying agent271, and as a biomimetic model of the methane monooxygenase 
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enzyme for alkane functionalization when complexed to manganese,272 respectively. The 

12-membered macrocycle cyclen-4Py (1,4,7,10-tetrakis(pyridin-2-ylmethyl)-1,4,7,10-

tetraazacyclododecane) was synthesized previously to investigate its coordination of 

copper, bismuth, and lanthanum273–276. These pyridyl-containing macrocycles were 

compared to commercial standard chelators TCMC and DOTA (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid).  

 

Figure 3.1. Core macrocyclic structures (top row), macrocyclic pyridyl-
containing chelators (middle row), and commercially available chelators of interest 
(bottom row) investigated in this study.  
DA = donor atoms 

3.2. Experimental 

3.2.1. General 

All chemicals were purchased from commercial suppliers and used without further 

purification. The eighteen membered backbone, 1,10-dioxa-4,7,13,16-

tetraazacyclooctadecane (N4O2, (1)) was synthesized as previously described with no 

deviations.277 The eighteen membered backbone, 1,4,10,13-tetraoxa-7,16-
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diazacyclooctadecane (N2O4, (2)) was purchased from VWR (Radnor, PA). The backbone 

1,4,7,10-tetraazacyclododecane (Cyclen,(3)), was purchased from TCI. Commercial 

chelators DOTA (1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid) and TCMC 

(1,4,7,10-Tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane) were purchased 

from Macrocyclics Inc. (Plano, TX). Anhydrous solvents were obtained following storage 

over 3 Å molecular sieves activated under heat. Water was purified using a MilliQ 

purification system. NMR spectra were obtained using a Bruker 400 (400 MHz), Bruker 

500 (500 MHz), or a Bruker 600 (600 MHz) (Billerica, MA) with signals measured relative 

to the signal of the solvent. Mass spectrometry was performed using either an Agilent 

(Santa Clara, CA) 6210 TOF LC/MS or Advion expression LC-MS (Ithaca, NY) equipped 

with an electrospray source. The 203Pb utilized for radiolabeling studies was produced as 

previously described and received as [203Pb]Pb(OAc)2 in 1 M ammonium acetate 

(NH4OAc).156 Quantification of 203Pb activity per reaction was quantified using gamma ray 

spectroscopy on an N-type co-axial high purity germanium (HPGe) gamma spectrometer 

from Canberra Industries (Meridan, CT). The gamma spectrometer was calibrated with a 

20 mL 152Eu and 133Ba source. 

3.2.2. Chelator Synthesis  

The synthetic scheme can be found in the supporting information (Scheme B.1).  

General procedure 

To a stirred suspension of the respective macrocyclic backbone (1 equiv.) and 

K2CO3 (5 equiv.) in 10 mL of anhydrous acetonitrile, a 10 mL solution of 2-

(bromomethyl)pyridine hydrobromide (4.5 equiv.) was added dropwise at room 

temperature over the course of 10 minutes and left to react for 48 hours. After 48 hours, 

the K2CO3 was filtered off and the solvent removed by rotary evaporation. The crude red 

oil was redissolved in dichloromethane and washed at least three times, or until the 

aqueous phase was no longer pink, with equal volumes of saturated sodium bicarbonate. 

The organic layers were combined and the solvent removed by rotary evaporation. Further 

purification, if necessary, as determined by quality of the 1H NMR spectrum, is described 

below. 
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4,7,13,16-tetrakis(pyridin-2-ylmethyl)-1,10-dioxa-4,7,13,16-

tetraazacyclooctadecane (Crown-4Py,(4)): The recovered oil was further purified by 

reverse phase semi-preparative high performance liquid chromatography using a 

Phenomenex Luna C18 (250 mm× 100 mm) column at 3 mL/min with the following 

method: A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN) with 0.1% TFA; 0-5 min 10% B; 

5-20 min 10-100% B, 20-25 min 100% B. The fraction at 11.8 minutes was collected and 

lyophilized to yield crown-4Py as a yellow powder (56.9 mg, 48%). 1H NMR (500 MHz, 

CD2Cl2) δ 8.44 (d, J = 4.76 Hz, 4H), 7.58 (td, J = 7.7, 1.8 Hz, 4 H), 7.46 (d, J = 7.83 Hz, 4 

H), 7.11 (m, 4H), 3.72 (s, 8 H), 3.53 (t, J = 5.6 Hz, 8 H), 2.79 (s, 8 H), 2.77 (t, J = 5.8 Hz, 

8 H). 13C NMR (125 MHz, CD2Cl2) δ 160.6, 148.7, 136.1, 122.7, 121.6, 69.92, 61.49, 53.2. 

HR-MS calculated for [C36H48N8O2 + H]+: 625.3978; found 625.3979.  

7,16-bis(pyridin-2-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane 

(NOON-2Py, (5)): Further purification by HPLC was not required and so a light-yellow 

powder was yielded (103.0 mg, 61% yield). 1H NMR (400 MHz, CD2Cl2) δ 8.47 (d, J = 5.0 

Hz, 2 H), 7.64 (dd, J = 7.8, 1.8 Hz, 2 H), 7.53 (d, J = 7.7 Hz, 2 H), 7.13 (dd, J = 7.1, 5.1 

Hz, 2 H), 3.80 (s, 4 H), 3.59 (t, J = 5.8 Hz, 8 H), 3.56 (s, 8 H), 2.82 (t, J = 5.8 Hz, 8 H). 13C 

NMR (100 MHz, DMSO-d6) δ 159.9, 148.8, 136.6, 122.8, 122.1, 69.8, 69.0, 60.9, 53.9. 

HR-MS calculated for [C24H36N4O4 + H]+: 445.2815; found 445.2824.  

1,4,7,10-tetrakis(pyridin-2-ylmethyl)-1,4,7,10-tetraazacyclododecane 

(Cyclen-4Py, (6)): The recovered oil was further purified by reverse phase semi 

preparative high performance liquid chromatography using a Phenomenex Luna C18 (250 

mm × 100 mm) column at 3 mL/min with the following method: A: H2O with 0.1% TFA, B: 

Acetonitrile (CH3CN) with 0.1% TFA; 0-5 min 10% B; 5-20 min 10-100% B, 20-25 min 

100% B. The fraction at 12.6 minutes was collected and lyophilized to yield cyclen-4Py as 

a light-yellow powder (322.5 mg, 69%). 1H NMR (400 MHz, CD3CN) δ 8.35 (d, J = 5.1 Hz, 

4H), 7.87 (td, J = 7.8, 1.8 Hz, 4H), 7.47 (d, J = 1.2 Hz, 4H), 7.41 (m, 4H), 4.30 (s, 8H), 

3.33 (s, 16H). 13C NMR (100 MHz, CD3CN) δ 151.63, 147.81, 139.47, 125.07, 124.43, 

56.20, 49.47. HR-MS calculated for [C32H40N8 + H]+: 537.3454; found 537.3450.  

3.2.3. Synthesis of Pb Complexes 

**Caution: Perchlorate salts are considered potentially explosive and should be handled 

with care.  
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[Pb(Cyclen-4Py)]2+  

To a solution of cyclen-4Py in methanol (1 mL, 22.4 mg, 41.7 mol), a methanolic 

solution of Pb(ClO4)2·3H2O (19.2 mg, 41.7 mol) was added. A yellow solid immediately 

precipitated out of solution. The solid was placed in a centrifuge at 10,000 rpm for 2 

minutes and the supernatant removed. This process was repeated three times (3 x 500 

μL) with methanol, followed by washing with diethyl ether (3 x 500 μL) before drying under 

vacuum (18.3 mg, 59.0%). An aliquot was taken for NMR studies and dissolved in 

deuterated acetonitrile. The complex was redissolved in dimethylformamide (1 mL) and 

via vapour diffusion of tetrahydrofuran, single crystals suitable for X-ray diffraction 

analyses were obtained. 1H NMR (500 MHz, CD3CN) δ 7.90 (s, 4H), 7.65 (s, 4H), 7.42 (d, 

J = 7.7 Hz, 4H), 7.25 (s, 4H), 4.19 (d, J = 15.9 Hz, 4H), 4.01 (d, J = 15.5 Hz, 4H), 3.55 (t, 

J = 14.1 Hz, 4H), 3.09 (t, J = 13.8 Hz, 4 H), 2.80 (m, 8 H). NMR spectrum found in 

supplementary information (Figures B.7-B.10) HR-MS calculated for [C32H40N8 + Pb]2+: 

372.1571; found 372.1578.  

[Pb(Crown-4Py)]2+ 

To a solution of crown-4Py in methanol (1 mL, 15.2 mg, 24.3 mol) a methanolic 

solution of Pb(ClO4)2·3 H2O (11.2 mg 24.3 mol) was added. Immediately, a yellow solid 

precipitated out of solution. The washing procedure for this solid was identical to that 

described for [Pb(Cyclen-4Py)]2+ and the solid was dried under vacuum (20.2 mg, 99.0 

%). An aliquot was taken for NMR studies and dissolved in deuterated acetonitrile. The 

complex was redissolved in acetonitrile (1 mL) and via vapour diffusion of diethyl ether, 

single crystals suitable for X-ray diffraction analyses were obtained. Multiple isomers were 

found in solution. NMR spectrum found in supplementary information (Figures B.11-

B.14). HR-MS calculated for [C36H48N8O2 + Pb]2+: 416.1834; found 416.1834. 

[Pb(NOON-2Py)]2+ 

To a solution of NOON-2Py in methanol (1 mL, 24.4 mg, 54.39 mol) a methanolic 

solution of Pb(ClO4)2·3 H2O (27.5 mg  59.8 mol) was added. Unlike the previous two 

complexes, a solid did not precipitate. To this, a solution of NH4PF6 (21.1 mg, 129.5 mol) 

in deionized water was added to exchange the perchlorate counterions for 

hexafluorophosphate as numerous attempts to form crystals with the perchlorate 
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counterion failed. The solvent was removed under a steady stream of nitrogen to give a 

pale yellow solid which was washed three times with diethyl ether and then dried under 

vacuum (17.8 mg, 50.2%). An aliquot was taken for NMR studies and dissolved in 

deuterated DMSO. The complex was redissolved in dimethylformamide (1 mL) and via 

vapour diffusion of tetrahydrofuran, single crystals suitable for X-ray diffraction analyses 

were obtained. Multiple isomers were found in solution. NMR spectrum found in 

supplementary information (Figures B.15-B.18). HR-MS calculated for [C24H36N4O4 + 

acetate (C2H3O2) + Pb]+: 711.2641; found 711.2638. 

3.2.4. X-ray crystallography 

All crystals were mounted on a 150 mm MiTeGen Dual-Thickness MicroMount 

using Paratone oil and measurements were made on a Bruker Photon II diffractometer 

with TRIUMPH-monochromated Mo Kα radiation (sealed tube) or Cu Kα radiation (Cu-

micro source). The data were collected at a temperature of 298 K in a series of scans in 

0.50o oscillations. Data were collected and integrated using the Bruker SAINT software 

package (Version 7.46A) and were corrected for absorption effects using the multi-scan 

technique (SADABS) or (TWINABS). All structures were solved by direct methods.278,279 

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were placed in 

calculated positions but not refined. All refinements were performed using the SHELXTL 

crystallographic software package of Bruker-AXS (Version 5.1). The molecular drawings 

were generated by the use of POV.280 Additional crystallographic information can be found 

in Appendix B.  

3.2.5. pH Potentiometry 

Potentiometric titrations were carried out using a Metrohm Titrando 888 titrator 

controlled by Tiamo 2.5 software and equipped with a Ross Orion combination electrode 

(8103BN, ThermoFisher Scientific) and a Metrohm 806 exchange unit with an automatic 

burette (10 mL). The titration vessel was fitted into a removable glass cell (≈ 70 mL) 

maintained at 25 °C (pKw = 13.78)281 using a Thermomix 1442D circulating water bath. 

CO2 was excluded from the setup using a positive pressure of argon, which was passed 

through an aqueous 30 wt% KOH solution. Aqueous KOH (0.1 M, BDH Chemicals, 

Radnor, PA) and aqueous HCl (0.1 M, J.T. Baker, Phillipsburg, NJ) commercially obtained 

were standardized by potentiometric titration against potassium hydrogen phthalate or 
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TRIS base, respectively. The glass electrode was calibrated before each titration by 

titrating a solution of standardized HCl (5 or 10 mM) with standardized KOH. The data 

were analyzed using the program Glee282 (version 3.0.21) to obtain the standard electrode 

potential, slope, and slope factor. The ionic strength of the titration solutions was 

maintained at 0.1 M using KCl (>99.5%, BioUltra, Sigma-Aldrich), and the titration 

solutions were allowed to equilibrate for 15 min prior to addition of titrant. Chelator stock 

solutions were prepared by dissolving HCl salts of the chelators in pure water and their 

exact concentrations were determined based on the end points of the potentiometric 

titration curves obtained during the protonation constant measurements. Inductively 

coupled plasma (ICP) standard solutions (VWR BDH Aristar) of lead (10,000 μg/mL) in 

nitric acid (0.5% v/v) were employed as the source of metal ions in the titrations. 

Protonation constant measurements were carried out by titrating an aqueous 

solution (~ 15 mL) of free chelator (~ 1 mM) and HCl (~ 10 mM) with standardized KOH 

(0.1 M). The ionic strength of the solution was maintained at 0.1 M using KCl. The titration 

method employed a 0.1 mV/min drift limit with a minimum and maximum wait time of 0 s 

and 180 s respectively between addition of KOH aliquots (0.020 mL volume increments). 

The titration data within the pH range of 2.2-11.3 were analyzed using Hyperquad2013 

software.283 The protonation constants were calculated from the average of three 

independent titrations. Stability constant measurements were carried out by titrating an 

aqueous solution (~ 15 mL) of chelator (~ 1 mM), metal (~1 mM), and HCl (~ 10 mM) with 

standardized KOH (0.1 M). The ionic strength of the solution was maintained at 0.1 M 

using KCl. The titration method employed a 0.1 mV/min drift limit with a minimum and 

maximum wait time of 0 s and 300 s respectively between addition of KOH aliquots (0.015 

mL volume increments). No metal hydroxide precipitation was observed within the pH 

range and concentration employed. The titration data within the pH range of 2.2-11.3 were 

analyzed using Hyperquad2013 software. The stability constants were calculated from the 

average of three independent titrations. 

3.2.6. Radiolabeling  

**Caution: 203Pb emits ionizing radiation and should only be used in a facility designed in 

accordance with appropriate safety controls. 
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The chelators DOTA, TCMC, crown-4Py, NOON-2Py, and cyclen-4Py were 

dissolved in deionized water to give 10-3 M stock solutions from which serial dilution was 

used to prepare chelator solutions from 10-4 M – 10-6 M. A 10 L aliquot of the respective 

chelator, or deionized water as a negative control, was further diluted with 80 L of 

deionized water and for 203Pb labeling studies, [203Pb]Pb(OAc)2 (85 kBq, 10 L, 1 M NH-

4OAc, pH 7) was added and mixed at ambient temperature to begin the reaction. The 

instant thin layer chromatography (iTLC) plate system used to separate the 

“free/uncomplexed” 203Pb from the complexed 203Pb was iTLC-SA (iTLC paper 

impregnated with silicic acid) plates (1.5 x 10 cm, baseline at 1.5 cm; Agilent 

Technologies) developed with 50 mM EDTA (pH 5.0). With this system, the complexed 

203Pb2+ remained at the baseline (Rf = 0) and the free 203Pb2+ migrated with the solvent 

front (Rf ~ 1). At 60 minutes, 10 L aliquots were spotted onto the plates and developed. 

Once dried, radiochemical yields (RCYs) were measured using a BioScan System 200 

Scanner (Washington, DC) and quantified with WinScan software.  

3.2.7. Human Serum Stability  

The serum stability of the [203Pb2+][Pb(DOTA)]2- and [203Pb2+][Pb(TCMC)]2+ 

complexes were previously evaluated.156 To perform serum stability studies with the 

cyclen-4Py complex, a 10 L aliquot of the 10-4 M chelator solution was added to 80 L of 

deionized water and 10 L of [203Pb]Pb(OAc)2 (85 kBq,1 M NH4OAc, pH 7). To ensure 

prior to the start of the study that the RCY was 100%, a 10 L aliquot was removed at 60 

minutes. Once a quantitative yield was confirmed as previously described, human serum 

(90 L) was added and incubated at 37oC. At 24-, 48-, and 72-hour time points, an aliquot 

(10 L) of the mixture was removed and spotted onto the iTLC-SA plates, developed, and 

measured as previously described to determine the amount of complex intact.  

3.2.8. EDTA and Pb Challenge Studies 

A stock solution of 20 mM EDTA) was prepared in H2O and the pH was adjusted 

to 7.0 using aqueous sodium hydroxide. A stock solution of 20 mM lead (II) acetate was 

prepared in H2O. Preformed [203Pb]Pb2+ complexes, prepared as described above at a 

chelator concentration of 10-4 M and RCY >99% after 1 hour post 203Pb addition at ambient 

temperature, were challenged with 20-fold excess EDTA and non-radioactive Pb. To the 
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complex solution, an aliquot (10 L) of the EDTA or Pb solution was added. At 0.5-, 24-, 

48-, and 72-hour time points, an aliquot (10 L) of the mixture was removed and spotted 

onto the iTLC-SA plates, developed, and measured as previously described to evaluate 

the kinetic inertness of the complex.  

3.3. Results and Discussion 

Depending on the radius of the metal cation and macrocycle cavity, three main 

types of complexes are formed.284 If the metal cation is of an appropriate size to fit within 

the cavity, encapsulating meridional complexes typically result.284 If the metal cation is too 

large to be encapsulated, the metal will sit above the cavity and form either a facial or 

sandwich complex; with facial complexes forming when the metal is coordinated above 

the cavity of a single chelator, while sandwich complexes occur when a single metal atom 

is complexed between two individual chelators.284 The radii of the cavity of relevant crown 

ethers in this study and Pb2+ ionic radii as a function of coordination number (CN), are 

listed in Table 3.1.  

Table 3.1.  Relevant crown ether cavity and Pb2+ ionic radii. 

 

Although the structures shown in Table 3.1 are of the oxygen-rich crown ethers, 

the radii of the aza-derivatives of interest to this study should be nearly equivalent as the 

covalent radii of oxygen and nitrogen are 0.66 Å and 0.70 Å, respectively.287 From this 

table, one can observe that with a CN of 8, the maximum potential CN found in cyclen-

Crown ether Cavity size285 Pb2+ CN Pb2+ ionic radius286 

( 

 
12-crown-4 

r = 0.6 – 0.75 Å 

d = 1.2 – 1.5 Å 

4 0.98 

6 1.19 

7 1.23 

 
18-crown-6 

r = 1.3 – 1.6 Å 

d = 2.6 – 3.2 Å 

8 1.29 

9 1.35 

10 1.40 
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4Py, with an ionic radius of 1.29 Å, Pb2+ is too large to form meridional complexes with the 

chelator and thus should form a facial complex where the Pb2+ sits above the cavity. With 

crown-4Py and a possible maximum CN of 10, with an ionic radius of 1.40 Å, the Pb2+ 

should be fully encapsulated in a meridional complex. 

With these two pyridyl-containing chelators expected to form two different types of 

complexes with Pb2+ due to their backbone size, the effect of the size difference of these 

macrocycles on their radiolabeling ability was investigated. The 203Pb radiolabeling was 

performed in 0.1 M NH4OAc at pH 7 and at ambient temperatures, as these mild conditions 

are ideal when working with heat-sensitive biomolecules, including antibodies. The RCYs 

were compared to that of DOTA and TCMC, both commercially available standards, with 

TCMC being widely regarded as the gold standard for lead chelation. Our initial hypothesis 

was that crown-4Py would have superior selectivity and metal incorporation ability, and 

therefore greater RCYs, over cyclen-4Py due to the larger and more similar cavity size of 

the former when compared to the ionic radius of Pb2+. 

A summary of RCYs is illustrated in Figure 3.2. The RCYs for crown-4Py at 

concentrations between 10-4 and 10-7 M were 85.5 ± 5.0%, 45.3 ± 1.4%, 2.0 ± 3.5%, and 

0%, respectively. RCYs for cyclen-4Py at the same concentrations were 99.7 ± 0.2 %, 

92.8 ± 2.5%, 40.8 ± 2.0%, and 8.0 ± 2.3%, respectively. For DOTA, the RCYs were 99.4 

± 0.4%, 98.6 ± 0.3%, 10.8 ± 1.8%, and 2.5 ± 0.3%, respectively. For the commercial 

standard TCMC, RCYs of 99.7 ± 0.2%, 99.5 ± 0.4%, 51.5 ± 8.8%, and 18.5 ± 0.1% were 

observed. Although it was unsurprising that TCMC demonstrated the highest RCYs, what 

was surprising was the overall low yields for crown-4Py based on our initial hypothesis. At 

no concentration tested was the yield quantitative, making it difficult to justify pursuing this 

chelator in a clinical setting for either 203Pb or 212Pb. Serum stability, EDTA challenge, and 

Pb challenge studies with cyclen-4Py showed that after 72 hours, 97.0 ± 2.8%, 98.1 + 

0.5%, 98.0 + 0.4 % of the complex remained intact, respectively, indicating that 

[203Pb][Pb(Cyclen-4Py)]2+ is a highly inert complex compatible with radiopharmaceutical 

applications (Tables B.1-B.3).  
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Figure 3.2. Radiochemical yields (RCY, %) for 203Pb radiolabeling reactions.  
(Conditions = 1 hr, ambient temperature, and chelator concentrations between 10-4 and 10-7 M) (n 
= 3 each data point). 

Aiming to rationalize the RCYs and understand the structure-radiolabeling ability  

relationship of Pb2+-chelators with bulky pyridyl donor groups, the complexes were also 

studied by 1H NMR, X-ray diffraction, and potentiometry to determine the thermodynamic 

stability and protonation constants. The ability to study Pb complexes with these 

techniques is another benefit of this theranostic pair as, unlike an emerging alpha-emitter, 

actinium-225 (225Ac), stable isotopes of this element exist, including 207Pb, which is NMR 

active. 

The solid-state structures of the Pb2+ complexes of cyclen-4Py and crown-4Py, 

shown in Figure 3.3, as well as the Pb2+ complexes of their respective cyclen and N4O2 

backbones (Figure B.23), were determined by X-ray diffraction. Select interatomic 

distances and angles of the metal coordination environment are given in Table 3.2 and 

3.3, respectively.  
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Figure 3.3. X-ray crystal structures of [Pb(Crown-4Py)]2+ (top) and [Pb(Cyclen-
4Py)]2+ (bottom) complexes with labeled atoms. 
Hydrogen atoms and counter anions were omitted for clarity. Ellipsoids drawn at 50% probability 
level. 

Table 3.2. Select Interatomic Distances (Å) in the Metal Coordination 
Environment in [Pb(Cyclen-4Py)]2+ and [Pb(Crown-4Py)]2+ Complexes 

 [Pb(Cyclen-4Py)]2+ [Pb(Crown-4Py)]2+ 

Pb(1) – N(1) 2.630(2) 2.806(3) 

Pb(1) – N(2) 2.652(2) 2.769(3) 

Pb(1) – O(1) n/a 2.613(3) 

Pb(1) – O(2) n/a 2.604(3) 

Pb(1) – N(5) 2.712(3) 3.113 

Pb(1) – N(6) 2.776(3) 2.995 

Pb(1) – N(7) 2.781(2) 2.924 

Pb(1) – N(8) 2.823(2) 3.026 

As shown in the crystal structure, the crown-4Py complex presents a staggered 

conformation with adjacent pyridyl groups nearly 180o to each other while with the Pb2+ 

complex of cyclen-4Py presents a syn conformation with all four of the pyridyl arms on the 

same side of the complex. As expected, crown-4Py formed a meridional complex with 
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Pb2+ coordinated within the ring and cyclen-4Py formed a facial complex with the Pb2+ 

situated above the ring. 

The maximum interatomic distance for a Pb-N interaction to be considered 

coordinating is approximately 2.9 Å.286 In each of the complexes, both the Pb-O and Pb-

N bonds in the macrocyclic backbone meet this requirement. The shorter average Pb-O 

interatomic distance (2.609(3) Å) in the crown-4Py N4O2 backbone, is reflective of the 

harder nature of the oxygen donor compared to its nitrogen counterpart, with an average 

backbone Pb-N interatomic distance of 2.770(3) Å. Interestingly, the Pb-N bonds in the 

cyclen-4Py backbone exhibited an average distance of 2.641(2) Å, while the average Pb-

Npyr
 (pyridine group nitrogen) distance was 2.773(3) Å; both substantially shorter than the 

same associations observed in the crown-4Py complex, which maintained an average 

interatomic distance of 3.015 Å. With Pb2+ sitting deeper in the macrocyclic cavity of crown-

4Py, this likely negatively affects the accessibility of the lead ion by the pyridine nitrogen 

atoms, resulting in longer associations that make coordination less favourable by these 

bulky donor groups, and potentially explaining the lower radiochemical yields. With Pb2+ 

coordinated to cyclen-4Py in an exocyclic manner, the Pb2+ sits above the cyclen 

backbone, making it more accessible to the bulkier pyridyl groups. 

The thermodynamic favourability of cyclen-4Py over crown-4Py Pb-complex 

formation is further evinced by the bond angles observed in the five membered ring which 

form between the backbone nitrogen atoms, lead, and pyridine nitrogens (N-Pb-Npyr). 

These angles are summarized in Table 3.3. To reduce steric strain and consequently 

increase thermodynamic favourability, the ideal bond angle of these five membered rings 

should be ~69o, of which any deviation suggests an increase in steric strain.288 The 

average N-Pb-Npyr bond angles for [Pb(Crown-4Py)]2+ and [Pb(Cyclen-4Py)]2+ are 56.91o 

and 62.90o, respectively. The larger deviation from the ideal bond angle in the crown-4Py 

complex (~12°) compared to the cyclen-4Py complex (~7°) indicates a larger strain energy 

in the former compared to the latter, reducing the Pb-complex thermodynamic favourability 

and potentially explaining crown-4Py’s poor metal incorporation ability.  
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Table 3.3. Select N-Pb-N Bond Angles (o) in the Metal Coordination Environment 
in [Pb(Cyclen-4Py)]2+ and [Pb(Crown-4Py)]2+ Complexes 

 [Pb(Cyclen-4Py)]2+ [Pb(Crown-4Py)]2+ 

N(1) – Pb(1) – N(5) 63.14(8) 55.8(1) 

N(2) – Pb(1) – N(6) 64.10(8) 56.72(9) 

N(3) – Pb(1) – N(7) 60.90(7) 58.0(1) 

N(4) – Pb(1) – N(8) 63.41(7) 57.10(9) 

N(1) – Pb(1) – N(4) 68.95(7) n/a 

N(2) – Pb(1) – N(3) 69.55(7) n/a 

N(1) – Pb(1) – N(2) 68.87(7) 66.8(1) 

N(3) – Pb(1) – N(4) 67.74(7) 67.05(9) 

Given the inability of the four pyridyl groups to coordinate Pb in the crown-4Py 

complex, it was hypothesized that reducing the number of pyridyl groups from four to two 

would reduce both steric strain and the loss of entropy the chelator experiences during 

complex formation. As such, the 18-membered N2O4 backbone chelator NOON-2Py 

(Figure 3.1) was studied. This backbone cavity still possesses approximately the same 

diameter as Pb2+ at a coordination number of 8, presumably conserving size selectivity. 

Surprisingly, macrocyclic NOON-2Py was not able to incorporate the radio-lead under any 

condition tested. Investigation into the coordination chemistry was also performed with X-

ray diffraction studies, with the crystal structure shown in Figure 3.4.  

 

Figure 3.4. X-ray crystal structure of [Pb(NOON-2Py)]2+ complex with labeled 
atoms. 
Hydrogens and counter anions were omitted for clarity.  Ellipsoids drawn at 50% probability level. 

In literature, steric strain is minimized when the lone pairs of nitrogen atoms in a 

five-membered coordination ring are situated so as to produce a M-N association distance 

of 2.5 Å.288 For [Pb(NOON-2Py)]2+, it was found that the average Pb-Npyr interatomic 

distance was 2.587(4) Å and average N-Pb-Npyr angle of 65.0(1)o, the closest of all the 
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macrocyclic pyridyl chelators investigated to the ideal literature values, which should 

suggest that there is minimal steric strain energy involved in complexation. On this basis 

alone, one would have expected NOON-2Py to give rise to the highest 203Pb incorporation 

yields, however, no incorporation was observed. Given these results, other aspects of the 

structure, as well as the difference between experiments performed at the tracer level 

versus the macroscopic scale must be considered to provide insight into these results.  

Due to its electron configuration of [Xe]4f145d106s2, Pb2+ exhibits an inert-pair effect 

as the outermost electrons of Pb2+ are not involved in bond formation.289 This inert lone 

pair of electrons can thus cause a non-spherical distribution of the donating electrons 

around the Pb2+ and, depending on the chelator, can form a distinct void in the coordination 

sphere.289 In this situation, the lone pair is designated as stereochemically active with this 

type of geometry referred to as hemidirected.289 When the donating arms are located 

evenly throughout the coordination sphere, it is referred to as holodirected coordination.289 

The nature of the coordination is determined heavily by the coordination number and 

geometry of the chelator itself. With CNs from 2-5, all complex geometries are 

hemidirected and from 9-10, all are holodirected, but from 6-8, both geometries are 

possible.  

With a possible CN of 8 for NOON-2Py, holo- or hemidirected coordination is 

possible for [Pb(NOON-2Py)]2+. With both pyridyl groups located on the same side of the 

complex, it takes on a syn-like conformation. This syn-like conformation may be due to the 

presence of a stereochemically active lone pair that results in hemidirected geometry, 

causing a large void in the coordination sphere. A large void in a coordination complex 

can be an issue for radiopharmaceuticals as it can allow for coordination by a competing, 

metal-seeking endogenous protein or biomolecule in vivo.290 However, the thermodynamic 

favourability of complexation in the solution state cannot be determined from the crystal 

structure and although mass spectrometry has been utilized and can provide information 

on the composition of the coordination complex, it cannot provide any information on 

stability or how the complex acts in solution. Therefore, investigation by solution state 

NMR and potentiometry was necessary.  

Literature precedence suggests that in solution, macrocyclic complexes, 

particularly polyether complexes, can exhibit dynamic and fluxional behaviour that can 

make analysis of NMR spectroscopic data difficult, limiting its utility.284 This fluxional nature 
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was apparent in the spectrum of the Pb2+ complexes of crown-4Py and NOON-2Py, as 

shown in Figure 3.5 and 3.6, respectively. In the 1H NMR spectrum of [Pb(Crown-4Py)]2+, 

the broadening of the peaks correlating to both the backbone and pyridine groups 

indicates that complexes form multiple isomers in solution, suggesting fluxional 

coordination which can cause incompatibility in vivo. However with [Pb(NOON-2Py)]2+, 

this behaviour is only evident for the hydrogen atoms belonging to the backbone (Hf, Hg, 

Hh), suggesting that the macrocycle undergoes dynamic changes at the NMR timescale 

while the coordinating pyridine moieties do not. For the cyclen-4Py complex, one highly 

symmetric isomer is observed in solution. All methylene hydrogens (He and Hf), shown in 

Figure 3.7, are no longer equivalent and are diastereotopic as they exist in different 

chemical environments due to the formation of this complex. A single isomer in solution is 

advantageous as these complexes tend to be more stable in vivo, although this is not a 

reliable measure of absolute stability. A single isomer will lower the entropic penalty that 

the chelators face upon complexation as reorganization is not continually occurring. 

Although these NMR studies give insight into what is occurring in the solution state, the 

thermodynamic stability in solution can be quantitatively determined by potentiometry. 

 

Figure 3.5. 1H NMR spectra at 25°C of Crown-4Py showing changes upon 
Pb2+complexation.  
Top: Crown-4Py (500 MHz, CD2Cl2-d2). Bottom: [Pb(Crown-4Py)]2+ (600 MHz, CD3CN-d3). 
*Residual solvent peak. 
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Figure 3.6. 1H NMR spectra at 25°C of NOON-2Py showing changes upon 
Pb2+complexation.  
Top: NOON-2Py (400 MHz, DMSO-d6). Bottom: [Pb(NOON-2Py)]2+ (500 MHz, DMSO-d6). 
*Residual solvent peak. 

 

Figure 3.7. 1H NMR spectra at 25°C of Cyclen-4Py showing changes upon 
Pb2+complexation.  
Top: Cyclen-4Py (400 MHz, CD3CN-d3). Bottom: [Pb(Cyclen-4Py)]2+ (500 MHz, CD3CN-d3). 
*Residual solvent peak and water. 
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The protonation constants (log Ka) of the pyridyl chelators and the thermodynamic 

stability constants (log KML) of the Pb2+ complexes were determined by potentiometric 

titration in 0.1 M KCl, as shown in Table 3.4 and in Figures B.20-B.23. However, 

thermodynamic stability constants alone are not adequate to predict and compare the 

stability of the complexes under physiological conditions, and so the more representative 

conditional stability constant (log K’Pb) and pM values were determined at pH 7.4 and 25oC. 

The pM values were calculated at a metal concentration of 1 M and chelator 

concentration of 10 M.  

Of the pyridyl chelators tested, cyclen-4Py has the largest log KML and pM value of 

19.95(3) and 17.88, respectively. Both the NMR spectrum, that showed one highly 

symmetric isomer in solution, and the solid-state structure, that showed Pb2+ was easily 

accessed by the pyridyl donor groups, can explain the high 203Pb RCY with cyclen-4Py, 

suggesting that the smaller cyclen backbone is ideal when incorporating bulky donor 

groups into the design of a tailored lead(II) chelator. These constants and speciation 

diagrams can be of great use to predict the ideal pH for radiolabeling and the suitability of 

a chelator for a given metal; however, it is important to note that differences can arise at 

the tracer level used for radiopharmaceuticals, which may explain why TCMC had a 

greater RCY than cyclen-4Py, but DOTA did not. At the tracer level, the chelator is in 

excess by orders of magnitude compared to the radiometal whereas in these studies, the 

metal:chelator ratio is either 1:1 or 1:10, a ratio unlikely to be reached with radiolabeling. 
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Table 3.4. Chelator Protonation Constants and Thermodynamic Stability 
Constants of Pb2+ Complexes. 

 DOTA38 NOON-2Py271 Crown-4Py Cyclen-4Py TCMC291 

log K1 12.09 7.44 7.91(4) 10.05(4) 7.70(1) 

log K2 9.76 6.26 7.33(4) 7.53(2) 6.21(1) 

log K3 4.559 1.38 4.64(1) 3.54(7) - 

log K4 4.09 - 4.00(6) 2.23(6) - 

log KPbL 25.3(1)292 11.67 13.29(5) 19.95(3) >19 

log KPbHL - - 5.22(1) 2.06(9) - 

log KPbH2L - - 3.50(8) - - 

log K’Pb* 15.64 11.33 12.45 16.93 - 

pPb** 20292 12.29 13.40 17.88 - 

I = 0.1 M KCl for NOON-2Py, Crown-4Py, and Cyclen-4Py; I = 0.1 M NaNO3 for TCMC, 0.1 M 
Me4NNO3

293 or 0.1 M NaCl292 for DOTA. *Conditional stability constants (log K’Pb) at pH 7.4, 25 
°C, and I = 0.1 M. **pPb values calculated from −log [Pb]free ([Pb]tot = 10−6 M, [L]tot = 10−5 M, pH 
7.4, 25 °C, and I = 0.1 M) 

Given that this structure-activity relationship study was meant to advance the use 

of 203Pb/212Pb radiopharmaceuticals, it would be of great interest to explore if this trend 

extends to bismuth (Bi3+) as 212Bi (t1/2 = 60.55 min) is the alpha-emitting daughter of 212Pb. 

Additionally, non-radioactive Bi3+ complexes of cyclen-4Py have been shown to possess 

anti-cancer activity in vitro294; Bi3+ complexation274,276 and [213Bi]Bi3+ radiolabeling 

studies276 have been previously conducted with this chelator and results indicate that 

further investigation with this element is justified. Most of all, Bi3+, like Pb2+, has the 

potential to possess a stereochemically active lone pair. Additionally, future studies to 

observe if these findings can be extrapolated to intermediate Lewis bases with a smaller 

ionic radius, like Cu2+, could provide insight on how to optimize chelator design in 

radiopharmaceuticals to improve metal selectivity and complex stability.  

3.4. Conclusion 

In summary, this study has demonstrated that when incorporating sterically 

hindered donor groups, pyridines in this study, the presence and size of the macrocyclic 

backbone has a significant effect on complex stability and feasibility for use in lead(II) 
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radiopharmaceuticals. Through XRD, NMR spectroscopy, and potentiometric titration 

studies, it was found that, at room temperature, Pb-complexation with smaller backbones 

(i.e. cyclen) cause the formation of facial-complexes which are more favourable allowing 

the metal to be more available for exocyclic coordination by the bulky donor groups, 

reducing conformational flexibility and increasing the thermodynamic favourability of 

complexation compared to larger backbones with endocyclic coordination. With larger 

backbones (i.e. N2O4), reducing the number of bulky donor groups can improve 

accessibility to the metal, but the 6s2 lone pair belonging to lead, if stereochemically active, 

can cause a void in the coordination sphere which can make the chelator incompatible 

with radiopharmaceutical applications. This work demonstrates the challenges associated 

with designing chelators for Pb-based radiopharmaceuticals and that cyclen-4Py holds the 

most promise of these pyridyl-containing chelators for future studies.  
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Chapter 4.  
 
Is Thiourea the Weak Link? An Investigation of the In 
Vitro and In Vivo Destabilization of [203Pb]- and 
[212Pb]Pb2+ Thiourea-Based Bioconjugates 

4.1. Introduction 

With the incidence of cancer continuing to increase, more research than ever is 

needed to develop safe, personalized, and effective diagnostic and therapeutic agents 

with minimal side effects. Bifunctional chelator-based radiopharmaceuticals (BFC-RPs) 

have gained significant attention over the past few years with the approval of both 

diagnostic190,191 and therapeutic295,296 agents composed of four main components. This 

includes 1) a radioactive metal (radiometal) coordinated by 2) a chelator attached via 3) a 

linker to 4) a biological targeting vector, as shown in Figure 4.1.297,298 This targeting vector 

seeks out and binds to biomolecules overexpressed on cancer cell surfaces allowing for 

direct delivery of a radioactive payload specifically to these cells. This spares healthy 

surrounding tissues to reduce side-effects compared to many traditional 

chemotherapeutic approaches. Increasingly, these radiopharmaceuticals are being used 

in theranostic applications—an approach that guides decisions on therapeutic approaches 

using the results of preliminary diagnostic imaging using these BFC-RPs.299–301  

 

Figure 4.1. Structure of a bifunctional chelator-based radiopharmaceutical. 

The success and selectivity of BFC-RPs hinges on the careful optimization of each 

component to ensure clinical safety and efficacy. The choice of radiometal is key as its 

mode of radioactive decay determines its application as radiometals emitting gamma rays 

of select energies can be used for imaging, while those releasing alpha particles, beta 

particles, or Auger electrons may be suitable for therapeutic purposes.302–305 Increasingly, 
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BFC-RPs are designed as theranostic pairs and thus the choice of radiometal(s) 

incorporated in the drug design is such that one radiometal, the diagnostic agent, will allow 

for imaging while the other, the therapeutic agent, will allow for therapy. If the same 

element, such as with the lead-203 (203Pb, t1/2 = 51.9 h) / lead-212 (212Pb, t1/2 = 10.6 h) 

theranostic pair, is employed for each agent, the biodistribution of the imaging counterpart 

should match that of the therapeutic counterpart allowing for visualization of projected 

therapeutic uptake and thus identification of an ideal treatment regimen.306,307 Even with 

an exceptional radiometal, if it is not bound stably by an optimized chelator, the radiometal 

may release in vivo, which can result in off-target accumulation and undesirable side 

effects.308,309 The targeting vector, responsible for recognizing and binding to cancer-

specific molecules, heavily influences the selectivity, binding affinity, and efficacy of the 

radiopharmaceutical.298 Common targeting vectors include antibodies, peptides, and small 

molecules. Often underappreciated, however, is the linker that connects the radiometal-

chelator complex to the targeting vector. Linker structures can range from an existent 

donor arm on a chelator to elaborate structures with the addition of various chemical 

modifications and additions designed to moderate the in vivo biodistribution of the 

radiopharmaceutical.297,310,311  

Bioconjugation is the process of linking the chelator-linker to the targeting vector. 

The bioconjugation method chosen dictates the type of covalent bond formed between 

these two groups which directly impacts the stability, pharmacokinetics, and efficacy of 

the radiopharmaceutical.312–314 Bioconjugation occurs via a reaction between a functional 

group on the linker and a complementary group on the targeting vector. A wide variety of 

bioconjugation methods exist and common bioconjugation methods include, but are not 

limited to, amide coupling, thiourea linkage, thiosuccinimide linkages, and click chemistry. 

Each method offers distinct advantages and disadvantages depending on its application 

as the bonds formed have different chemical stabilities and resistance to biological 

degradation. For example, thiosuccinimide linkages, which are formed between 

maleimides and the sulfhydryl groups of cysteines of protein-based biomolecules, allow 

for site-selective addition but are prone to retro-Michael additions and other thiol exchange 

reactions in vivo which can cause cleavage of the thiosuccinimide group which can lead 

to an untargeted delivery of radiation to tissues in the body if used in BFC-RPs, making 

these groups clinically undesirable.315  
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Amide and thiourea-based conjugations are two of the most widely used 

bioconjugation methods to develop BFC-RPs. Amide coupling involves a reaction between 

a carboxylic acid and an amine to form a stable amide bond. To facilitate this reaction, 

carboxylic acids are often activated with groups like N-hydroxysuccinimide (NHS) esters 

(as shown in Figure 4.2A), to increase their reactivity towards a nucleophilic attack from 

an amine, resulting in amide-coupled BFC-RPs.316 Amide bonds are highly stable in vivo, 

except in the presence of peptidases, proteases, and related enzymes, making them a 

highly attractive option for bioconjugation. On the other hand, thiourea-based conjugation 

is achieved through a reaction between an isothiocyanate and an amine, as shown in 

Figure 4.2B. This reaction occurs under mild conditions and is highly selective, reducing 

possible side reactions and side products. Additionally, there are a wide variety of 

commercially available isothiocyanate-functionalized chelators and modifiable backbones 

available, making the synthesis of thiourea-based bioconjugates readily accessible. 

However, recent studies in literature have suggested that the thiourea bond may not be 

as stable in vivo as previously thought potentially due to increased susceptibility to 

radiolysis317 or enzymatic degradation318,319, which was further investigated in this study. 

  

Figure 4.2. General reaction schemes for and (A) amide coupling using a N-
hydroxysuccinimide activated carboxylic acid-functionalized 
chelator and (B) thiourea coupling using isothiocyanate-
functionalized chelators to an amine on a biological targeting vector. 

When this study was initially conceptualized, the purpose was to evaluate the 

effect of different chelators on the biodistribution of 203Pb/212Pb-labeled fibroblast activation 
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protein inhibitor (FAPI)-based bioconjugates, which targets fibroblast activation protein 

(FAP) overexpressed in over 90% of epithelial carcinomas.320 Similar to many other small 

molecule-based bioconjugates, FAPI BFC-RPs rapidly accumulate in tumors but exhibit 

low tumour retention times and fast renal clearance, which limits their effectiveness for 

therapeutic applications.321–325 Peptide-based bioconjugates, such as cyclic melanocyte 

stimulating hormone (CycMSH) targeting the melanocortin-1 receptor (MC1R) 

overexpressed on melanoma cells, also suffer from these limitations, although to a lesser 

extent.326–330 It was hypothesized that a change in chelator structure, which often affects 

hydrophilicity of the RP, may improve tumour retention.331–334  

The commercially available bifunctional chelator TCMC-NCS, also commonly 

referred to as DOTAM, was compared against cryptand-NCS, a bifunctional chelator 

previously developed in-house251, and newly synthesized Cyclen-4Py-NCS, conjugated to 

FAPI via a thiourea bond, as shown in Figure 4.3. Initial in vitro stability studies with 

human serum suggested that these 203Pb/212Pb-labeled bioconjugates were stable when 

analyzed via instant thin layer chromatography (iTLC). However, suboptimal in vivo 

biodistribution results suggested that these thiourea-based bioconjugates may be subject 

to extensive degradation and aggregation in vivo. To study this potential phenomenon, a 

side-by-side comparison of the thiourea- and amide-based 203Pb/212Pb FAPI and CycMSH 

bioconjugates using TCMC was conducted in vitro and in vivo. This study investigates 

how the chelator and type of bioconjugation affects the in vitro and in vivo stability of 

203Pb/212Pb-based BFC-RPs, aiming to highlight potential limitations of thiourea-based 

bioconjugation in small molecule and peptide-based models with this theranostic pair in 

future applications.  
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Figure 4.3. The structures of all targeting vectors, bifunctional chelators, and 
bioconjugates investigated in this study. 

4.2. Materials and Methods 

4.2.1. General 

All solvents and reagents used in this study were purchased from commercial 

suppliers and used directly without further purification. Anhydrous solvents were obtained 

via storage over 3 Å molecular sieves that were activated with heat. Water was purified 

using a MilliQ purification system to give what is further referred to in this text as MQ H2O. 

Ultrapure water, OptimaTM hydrochloric acid, and OptimaTM nitric acid were purchased 

from Fisher Scientific (Waltham, MA). Ammonium acetate (NH4OAc; 99.99% trace metals 

basis), sodium hydroxide (99.99% trace metals basis), ethylenediaminetetraacetic acid 

(EDTA) disodium salt (ACS grade), human serum (Male AB plasma), mouse serum, 

saline, phosphate buffered saline (PBS), and PBS 0.05% Tween-20 were purchased from 

Millipore Sigma (Burlington, MA). Instant thin layer chromatography paper impregnated 

with silicic acid (iTLC-SA) was purchased from Agilent Technologies (Santa Clara, CA). 

S-2-(4-Nitrobenzyl)-1,4,7,10-tetraazacyclododecane (p-NO2-Bn-Cyclen), S-2-(4-

Isothiocyanatobenzyl)-1,4,7,10-tetraaza-1,4,7,10-tetra(2-
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carbamoylmethyl)cyclododecane (TCMC-NCS), and 1-acetic acid mono(N-

hydroxysuccinimidyl ester)-4,7,10-Tris(acetamido)-1,4,7,10-tetraazacyclododecane 

(TCMC-NHS) were purchased from Macrocyclics Inc. (Plano, TX). Pb resin was 

purchased from Eichrom Technologies (Lisle, IL). Human FAP was purchased from 

Biolegend (San Diego, CA) and Suc-Gly-Pro-AMC substrate from Bachem (Torrance, 

CA).  

Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker 400 

(400 MHz) or a Bruker500 (500 MHz) (Billerica, MA) with signals measured relative to the 

signal of the solvent. Mass spectrometry was performed using either an Agilent (Santa 

Clara, CA) 6210 TOF LC/MS, Bruker Maxis Impact Q-TOF LC/MS/MS or Advion 

expression LC-MS (Ithaca, NY) equipped with an electrospray source. Synthetic 

purification was performed using a reverse phase HPLC system consisting of an Agilent 

1100 series HPLC module using a semipreparative Phenomenex Luna C18 (250 mm × 

100 mm) column. All RadioHPLC experiments were performed using a system consisting 

of an Agilent 1260 Infinity II Quaternary Pump, Agilent 1260 autosampler, Raytest Gabi 

Star NaI (Tl) radiation detector, Agilent 1260 variable wavelength detector with a 

Phenomenex Luna 5 μm C18 100 Å liquid chromatography analytical column (250 × 

4.6mm).  Unless otherwise stated, the gradient used was 100% A to 100% B over 20 

minutes at 1 mL/min where A = 0.1% TFA in water and B = 0.1% TFA in acetonitrile. 

Radiolabeling or radiochemical yields were determined by iTLC and analyzed on an AR-

200 TLC Scanner (Eckert and Ziegler, Valencia, California) with WinScan software V3 

software (Academic Software Inc.). SPECT/CT studies were performed using a calibrated 

multimodal VECTor/CT system (MILabs, Netherlands) with an ultra-high sensitivity 2-mm 

pinhole collimator. Image analysis was performed using AMIDE software (V. 1.0.5).  

4.2.2. Production of 203Pb and 212Pb 

212Pb was produced as previously described156 with a deviation. Instead of 

constructing the 228Th/212Pb from the thorium waste of one target, the generator used in 

this study was produced from the pooled thorium waste of two targets, giving rise to 

approximately 16 g of 232Th material in the generator stock solution (30 mL, 2 M HNO3). 

Despite this, the activity was purified as previously described with a singular Pb resin 

column.156  203Pb was either sourced from TRIUMF’s TR13 (13 MeV) cyclotron via a 203Tl 

(p,n) 203Pb reaction or from the University of Alberta’s TR24 (24 MeV) cyclotron via a 205Tl 
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(p,3n) 203Pb reaction. When 203Pb was produced at TRIUMF, the 203Pb was purified by 

extraction chromatography (EXC) followed by anion exchange chromatography (AEX), as 

described in literature.113 When produced at the University of Alberta, the 203Pb was 

purified using EXC, as described by Nelson et al.131 and shipped to TRIUMF as 

[203Pb]PbCl2 in 8 M HCl. Upon receipt at TRIUMF, the solution was diluted with ultrapure 

water to 2 M HCl and then purified via AEX as per literature methods.113 Measurements 

of 203Pb radioactivity were performed with a Capintec-55tR or CRC-15 Dose Calibrator on 

setting #344 or with gamma ray spectroscopy with a co-axial high purity germanium 

(HPGe) gamma spectrometer (N-type, Canberra Industries, Meriden, CT). This gamma 

spectrometer was calibrated with a 20 mL 152Eu and 133Ba source and samples were 

measured at a minimum distance of 5 cm above the detector with a dead time kept below 

5%. Samples were counted until the uncertainty in measurement was below 5%. 212Pb 

was quantified only via the use of gamma spectroscopy.  

4.2.3. Synthesis  

The synthesis of (S)-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetrakis(pyridin-2-

ylmethyl)-1,4,7,10-tetraazacyclododecane (Cyclen-4Py-NCS) from S-2-(4-Nitrobenzyl)-

1,4,7,10-tetraazacyclododecane (p-NO2-Bn-Cyclen), is described in detail in the 

Supplementary Information and summarized in Scheme C.1. The cyclic melanocyte 

stimulating hormone derivative, “CycMSH”, was synthesized and purified as previously 

described.327 The FAPI-04 pharmacophore, “FAPI”, was synthesized and purified as 

described in the literature.335,336 The synthetic scheme for the production of all CycMSH 

and FAPI bioconjugates is shown in Scheme 4.1 and Scheme 4.2, respectively. Details 

on the synthetic and purification procedures are described in the Supplementary 

Information. As all of these bioconjugates were purified using HPLC systems employing 

water with 0.1% trifluoroacetic acid (TFA) and acetonitrile with 0.1% TFA as the mobile 

phases, in order to accurately prepare a stock solution, the concentration, or mass 

percentage, of TFA in each isolate bioconjugate had to be determined. The TFA content 

was measured using 19F NMR spectroscopy as described in literature with a deviation that 

instead of using DMSO-d6 to prepare calibration standards and samples, D2O was used.337 

Briefly, 600 L TFA calibration standards at concentrations from 0.48 mM to 9.8 mM were 

prepared in D2O and with these standards, 19F NMR spectra were obtained to form a 

calibration curve. This calibration curve was used to determine the TFA content in 0.5 – 1 
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mg samples of the purified bioconjugate to allow for a more accurate determination of the 

bioconjugate mass and yield post-HPLC purification.  

 

 

Scheme 4.1. Synthesis of CycMSH-based bioconjugates TCMC-NHS-CycMSH and 
TCMC-NCS-CycMSH used in this study. 

 

Scheme 4.2. Synthesis of FAPI-based bioconjugates TCMC-NCS-FAPI, TCMC-
NHS-FAPI, Crypt-FAPI, and Cyclen-4Py-FAPI used in this study. 
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4.2.4. Radiolabeling  

For concentration dependent radiolabeling studies, [203Pb]PbCl2 (200 kBq, 2 L) in 

 0.05 M HCl was added to 5 L of 1 M NH4OAc (pH 7), 38 L of MQ H2O, and 5 L of a 

bioconjugate solution (10-3 to 10-6 M). With 212Pb, [212Pb]Pb(OAc)2 (200 kBq, 5 L) in 1 M 

NH4OAc (pH 7) was added to 40 L of MQ H2O and 5 L of a bioconjugate solution (10-3 

– 10-6 M). For the negative controls, the bioconjugate solutions were replaced with MQ 

H2O. The reactions were incubated at either room temperature or 80 oC and 2-5 L 

aliquots were removed from each solution at 30 minutes and 60 minutes and spotted onto 

an iTLC-SA plate and developed with 50 mM EDTA (pH 5). Using this mobile system, any 

free/non-complexed radiolead is complexed by EDTA and this EDTA complex moves with 

the solvent front (Rf = 1) while activity complexed by the bioconjugates remains at the 

baseline (Rf = 0). Plates containing 203Pb were measured immediately whereas for 212Pb 

were measured after at least 5 hours to allow for the decay of free short-lived daughter 

products. All experiments were performed in triplicate.  

4.2.5. LogD7.4 

To a microcentrifuge tube containing quantitively labeled 203Pb radiolabeling 

solutions (~50 μL), prepared and quantified as described in the previous section, 550 L 

of PBS and 600 L of n-octanol was added and the mixture was vortexed for 3 minutes. 

The mixture was then centrifuged at 1000 rpm for 30 seconds to improve the separation 

between the organic and aqueous layer. Aliquots (200 L) of each phase were collected, 

in triplicate, and measured using a Hidex AMG gamma counter (Hidex, Mainz, Germany). 

LogD7.4 was defined as:  

𝑙𝑜𝑔𝐷7.4 = 𝑙𝑜𝑔
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝ℎ𝑎𝑠𝑒

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒
                       Equation 4.1 

4.2.6. Serum and Saline Stability Studies 

To prepare [203Pb]Pb2+ complexes for serum stability studies, 5 L of the 10-3 M 

bioconjugate solution was added to 5 L of 1 M NH4OAc (pH 7), 35 L of deionized water, 

and 3 L of [203Pb]PbCl2 (1 MBq). For the negative control, water was added in place of 

the bioconjugate solution. The reactions were incubated at room temperature for 1 hour 
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and the RCY confirmed to be quantitative by iTLC prior to dilution with serum. After 

confirmation, 100 L of human serum or 1 mL of saline was added, and the reaction was 

incubated at 37 oC over a course of 72 hours. Aliquots were removed at 0 h, 24 h, 48 h, 

and 72 h and the stability of the complex was evaluated using iTLC and radioHPLC using 

a Phenomenex Luna 5 μm C18 100 Å analytical (250 × 4.6mm) column. For HPLC 

analysis, a 20 L aliquot was removed and 60 L of acetonitrile was added to precipitate 

the serum proteins. The tubes were centrifuged at 14,000 rpm for 20 minutes. The 

supernatant was removed and diluted with 420 L of water and the species present were 

analyzed using radioHPLC where the gradient used was 100% A to 100% B over 20 

minutes at 1 mL/min where A = 0.1% TFA in water and B = 0.1% TFA in acetonitrile.  For 

saline studies, the samples were directly injected. 203Pb complexes were used for this 

study instead of 212Pb to simplify the radioHPLC trace obtained.  

4.2.7. Cell Culture 

The B16F10 murine melanoma cell line used in the tumour model and in vitro 

assays for CycMSH studies was obtained commercially from ATTC (CRL-6475). The cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 g/mL) in a humidified 

incubator containing 5% CO2 at 37 oC. The HEK293T:hFAP cells, generated as described 

in literature336, used in the tumour model for FAPI studies, were cultured in DMEM 

GlutaMAXTM medium that was supplemented with 10% FBS, penicillin (100 U/mL), and 

streptomycin (100 g/mL) in a humidified incubator containing 5% CO2 at 37 oC. For both 

cell lines, cells were grown until approximately 90% confluence and washed with sterile 

1X PBS (pH 7.4) followed by trypsinization. The cell concentration was counted using an 

Invitrogen Countess 3 FL automated cell counter (Invitrogen, Carlsbad, CA). 

4.2.8. In vitro FAP Fluorescence Assay 

The half maximal inhibitory concentration (IC50) values of the bioconjugates for 

FAP were measured using an in vitro enzymatic assay based on literature methods.338 

The recombinant human FAP (0.22 ng/L, 50 L) was added to a 96-well plate. 

Afterwards, 100 L of the tested nonradioactive Pb-complexed bioconjugates (0.1 M to 

1 pM in PBS) were added to each well (n = 3) and then incubated for 30 minutes at 37 oC. 
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After incubation, 50 L of the Suc-Gly-Pro-AMC (2 mM in PBS) was added to each well 

and incubation continued at 37 oC. The fluorescent signals (Excitation wavelength = 380 

nm, emission wavelength= 460 nm) were acquired at 30 minutes using a Varioskan LUX 

multimode reader (Thermo Scientific, Waltham, MA) with Thermo Scientific SkanIt 

Software. IC50 values were calculated using the non-linear fit model on GraphPad Prism 

10.2.3 software.  

4.2.9. Competitive Receptor Binding Assays – CycMSH Bioconjugates 

The in vitro competitive binding assays were performed using B16F10 cells. 

150,000 cells were suspended in 300 L of reaction buffer (20 mM HEPES with 2 mg/mL 

BSA) and incubated at 37 oC for 1 hour. After incubation, non-radioactive Pb-labeled 

TCMC-NCS-CycMSH or TCMC-NHS-CycMSH bioconjugates, at concentrations from 0.5 

pM to 5 M, were added along with 50,000 cpm of 125I-[Nle4, D-Phe7]-alpha-MSH (Revvity, 

Boston, MA). The binding of the radioiodine-labeled peptide was competed with by 

increasing concentrations of the complexed TCMC-NHS- or NCS- bioconjugates (n = 3). 

The tubes were incubated at 25 oC with gentle agitation at 40 rpm for 1 hour. After 

incubation, the cells were centrifuged at 1300 rpm for 6 minutes and then the supernatant 

was removed. The cells were then washed with ice-cold PBS and centrifuged again 

followed by removal of the wash. The cells were then lysed with 1 M NaOH for 5 minutes 

and then the 125I radioactivity in each fraction was measured on a Hidex AMG gamma 

counter (Hidex, Mainz, Germany). The IC50 of each bioconjugate was calculated using a 

non-linear fit model on GraphPad Prism 10.2.3 software.  

4.2.10. Ex Vivo Biodistribution and SPECT/CT Imaging Studies 

For FAPI bioconjugate studies, male NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ 

(NRG) mice were used whereas for the CycMSH bioconjugate or free activity studies, 

male C57BL/6J mice were used. The experiments were conducted according to guidelines 

established by the Canadian Council on Animal Care and these studies were approved 

by the Animal Ethics Committee of the University of British Columbia. For tumour 

inoculation, the mice were briefly sedated via inhalation of 2.5% isoflurane in oxygen and 

then HEK293T:hFAP (10 x 106 cells) or B16F10 (5 x 106 cells) were inoculated 

subcutaneously behind the left shoulder. B16F10 tumours grew to 8-10 mm in diameter in 
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10 days whereas the HEK293T:hFAP tumours grew to 6-9 mm in diameter over 4-5 weeks 

and once these diameters were reached, the mice were used for SPECT/CT imaging and 

biodistribution studies.  

Both 203Pb and 212Pb bioconjugate complexes, FAPI and CycMSH-based, were 

prepared by adding the [203Pb]PbCl2 or [212Pb]Pb(OAc)2 to a solution of 1 M NH4OAc pH 7 

with the respective bioconjugate. TCMC-NXS-CycMSH (X = H or C) radiolabeling 

reactions were prepared such that each subject, whether for imaging or biocondistribution 

studies, would be administered with 20 pmol of tracer. The FAPI bioconjugate reactions 

were prepared so that each subject, again either for imaging or biodistribution studies, 

would be administered with 100 pmol of tracer. For blocking studies with [203Pb][Pb(TCMC-

NHS-FAPI)]2+, 50 nmol of tracer was administered. The choice of quantity of tracer 

administered was based on results in literature that suggest that these values do not 

oversaturate the target sites on the cell surface.327,336,338 All reactions were carried out at 

80 oC for 30 minutes and the reaction was monitored by iTLC.  

If quantitative (>99% RCY) radiolabeling was not achieved, the reaction was 

diluted to 1 mL with saline and loaded onto a C18 SepPak (C18 SepPak Plus Light, 

Waters, Mississauga, ON) cartridge preconditioned with 5 mL of anhydrous ethanol 

followed by 5 mL of saline. On this cartridge, the tracer is retained during the load and 

wash (2 mL of saline) while free activity is removed. The tracer was eluted with a total of 

1 mL of anhydrous ethanol, collected into 4, 250 L aliquots. iTLC was used to determine 

the radiochemical purity of each fraction and only the aliquots with >99% RCYs were 

combined and the ethanol was blown off using nitrogen. Once all of the ethanol was 

removed, 1X PBS Tween-20 (0.05%) with 50 mM sodium ascorbate was added for 

CycMSH-based bioconjugates and saline with 50 mM sodium ascorbate for FAPI-based 

bioconjugates so that each mouse would receive a 110-125 L injection. If SepPak 

purification was not required, reactions were diluted using their respective solutions to 

obtain this same injection volume. The apparent molar activities achieved for each tracer 

in each study are listed in Table C.3. For 203Pb imaging studies, injected activity ranged 

from 2.55 MBq up to 6.01 MBq. For biodistribution studies, on average 100 – 240 kBq of 

203Pb-labeled tracers and 60 – 280 kBq of 212Pb-labeled tracers were administered. For 

the free 203Pb imaging and biodistribution study, 8.98 MBq of 203Pb in 1X PBS Tween-20 

was used for imaging and 147-234 kBq for biodistribution.  
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The tracers were administered via the tail vein of the mice. After administration, 

the mice used for biodistribution studies were allowed to move freely in their cages with 

unlimited access to food and water. Mice used for imaging were kept under isoflurane for 

the duration of the study. At either the 1 hour (FAPI bioconjugates) or 2 hours (CycMSH 

bioconjugates or free 203Pb) post injection, the mice were euthanized by CO2 asphyxiation 

under isoflurane anesthesia. Blood was collected by a cardiac puncture and the organs 

were removed, cleaned from blood, and weighed before the activity was measured using 

a calibrated Packard Cobra II auto-gamma counter (Perkin Elmer, Waltham, MA). The two 

energy windows used for 203Pb were 50 – 110 keV and 240 – 320 keV while for 212Pb they 

were 55 – 110 keV and 200 – 270 keV. The full biodistribution results can be found in the 

supplementary information in Tables C.4 – C.6. To analyze images, AMIDE software (v. 

1.0.5) was used. Standardized uptake values (SUV) were extracted from the regions of 

interest in the SPECT scans and were used to construct decay-corrected time-activity 

curves over the course of the scan. The SUV values obtained from the quantitative SPECT 

studies were consistent with the values obtained in the biodistribution studies. 

4.2.11. Urine analysis  

To determine urine metabolites, urine was collected directly from the bladder of 

mice post euthanasia and diluted 10-fold with MQ water before injection. The metabolites 

were analyzed using a linear gradient of 100% A to 100% B over 20 minutes at 1 mL/min, 

where A = 0.1% TFA in water and B = 0.1% TFA in acetonitrile, using a Phenomenex Luna 

5 μm C18 100 Å analytical (250 × 4.6mm) column. 

4.2.12. Statistical Analysis 

The data was analyzed using GraphPad Prism (Version 10.2.3). Unpaired two-

tailed t tests were performed for IC50 values and all organs in the biodistribution studies. 

A difference was considered statistically significant when the p value was less than 0.05. 
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4.3. Results and Discussion 

4.3.1. Chelator and Bioconjugate Synthesis 

DOTA (1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid), is the most 

commonly used chelator in the design of BFC-RPs. DOTA is composed of a 12-membered 

macrocycle backbone (1,4,7,10-tetraazacyclododecane), commonly referred to as cyclen, 

and utilizes four carboxylic acid groups as electron donor arms to form coordination 

complexes. Carboxylic acids are typically categorized as hard Lewis bases and as per the 

hard-soft acid-base theory, which states that highly-charged, hard Lewis acids (metals) 

form the most stable complexes with highly-charged hard Lewis bases, DOTA is heavily 

employed for chelation of the lanthanides, actinides, and early transition metals. However, 

as an intermediate Lewis acid, Pb2+ is most stably complexed by intermediate Lewis bases 

which include amides, amines, pyridines, and many more functional groups containing 

nitrogen, oxygen, and sulphur as electron donors. TCMC, also commonly known as 

DOTAM, utilizes amides in place of carboxylic acids and is currently recognized as the 

gold standard for lead chelation as it forms thermodynamically stable and kinetically inert 

complexes with 203Pb and 212Pb. TCMC is readily commercially available in its bifunctional 

form with an isothiocyanate handle (TCMC-NCS) or N-hydroxysuccinimide ester (TCMC-

NHS). As a result of these factors, in this study TCMC was used as a benchmark to 

compare the other bioconjugates to.  

When designing a bifunctional chelator based on a non-bifunctional version, it is 

preferable to introduce minimal structural changes to maintain the same coordination 

number and environment about the metal centre. Bifunctional handles are often attached 

in one of three ways: 1) Via replacement of a donor arm, 2) off of the backbone for a 

macrocyclic chelator, or 3) off of a donor arm. By attaching the handle to the backbone, in 

most cases, the coordination environment is minimally affected and thus this route is ideal 

and was desired for this study. Cyclen-based macrocyclic chelators can be made 

bifunctional by synthesizing the chelator using commercially available (S)-2-(4-

nitrobenzyl)-1,4,7,10-tetraazacyclododecane (Cyclen-NO2) as the backbone, making this 

a synthetically attractive bifunctionalization route. 

Cyclen-4Py, a cyclen-based macrocyclic chelator bearing four pyridine donor arms 

previously synthesized and studied with 203Pb in our lab339, was an ideal chelator to 
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integrate into a BFC-RP as its 203Pb complex was shown to be kinetically inert and stable 

in human serum. To synthesize the bifunctional version of this chelator, which is described 

further in the supplementary information, the secondary amines of the cyclen-NO2 

backbone were directly alkylated using 2-(bromomethyl)pyridine under mildly basic 

conditions, as shown in Scheme 4.3, to yield (S)-2-(4-nitrobenzyl)-1,4,7,10-

tetrakis(pyridin-2-ylmethyl)-1,4,7,10-tetraazacyclododecane (Cyclen-4Py-NO2
 (1), 97%). 

Cyclen-4Py-NO2 was hydrogenated using palladium on carbon as a catalyst to produce 

(S)-4-((1,4,7,10-tetrakis(pyridin-2-ylmethyl)-1,4,7,10-tetraazacyclododecan-2-

yl)methyl)aniline (Cyclen-4Py-NH2, (2), 69%). The last step of the synthesis used 

thiophosgene to convert the primary amine to an isothiocyanate, (S)-2-(4-

isothiocyanatobenzyl)-1,4,7,10-tetrakis(pyridin-2-ylmethyl)-1,4,7,10-

tetraazacyclododecane (Cyclen-4Py-NCS, (3), 77%).  

 

 

Scheme 4.3. Synthesis of Cyclen-4Py-NCS from Cyclen-4Py-NO2. 

With four pyridine groups, it was hypothesized that Cyclen-4Py-NCS 

bioconjugates would form more lipophilic radiolead complexes than those produced with 

TCMC-NCS. This increased hydrophobicity could slow the clearance of the FAPI 

bioconjugate, making it more ideal for therapeutic studies. Crypt-NCS, a bifunctional 

[2.2.2]-cryptand previously synthesized in our lab, showed high selectivity towards 

203Pb.251 Unlike TCMC-NCS and Cyclen-4Py-NCS, which both employ a benzyl 

isothiocyanate handle, Crypt-NCS utilizes an isothiocyanate handle incorporating both an 

aromatic and alkyl component. It was hypothesized that the inclusion of both elements 

may further increase the hydrophobicity of the bioconjugate complexes, making Crypt-

NCS an excellent addition to this comparative study. As shown in Scheme 4.2, the 

isothiocyanate chelators were incorporated into thiourea-based FAPI bioconjugates under 

basic conditions at room temperature over 24 hours. In contrast, TCMC-NHS is a 

bifunctional chelator that uses an N-hydroxysuccinimide ester group to form an amide 

bond in its bioconjugate rather than a thiourea bond. The decision to include this 
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bifunctional chelator in the study was made when initial results with the thiourea-based 

bioconjugates, as described in later sections, called the stability of the thiourea bond into 

question. The use of this chelator permitted a comparison of differences in both in vitro 

and in vivo stability, as well as in vivo biodistribution, arising from the bioconjugation 

method. Although these chelators are not perfectly comparable as they have slightly 

different coordination environments as a donor arm of TCMC-NHS also acts as a 

bifunctional handle, their similarity is sufficient for a proof-of-principle comparison.  

After initial studies with FAPI bioconjugates suggested instability of the thiourea 

bond both in vitro and in vivo, as discussed in later sections, attention turned to a peptide 

model, specifically CycMSH bioconjugates, to observe if this phenomenon occurred in 

peptide-based BFC-RPs as well. These CycMSH bioconjugates were synthesized using 

TCMC-NCS and TCMC-NHS, the same chelators used for FAPI studies, allowing a 

simpler comparison to be made. It was decided to use TCMC as the base chelator for the 

CycMSH bioconjugates over the other chelators in this study because of the low 

expression levels of the melanocortin-1 receptor (MC1R), which CycMSH binds to, on 

melanoma cells. Some human melanoma cell lines express only about 400–1,600 MC1R 

receptors per cell326 while the B16F10 murine melanoma cell line expresses roughly 3,000 

receptors per cell340. This is significantly reduced expression than with other cancer cell 

lines such as LNCaP (Human prostate cancer), which have approximately 190,000 

prostate specific membrane antigen (PSMA) receptors per cell.341 With such low receptor 

density, it is necessary to inject only a small amount of tracer to avoid oversaturating the 

limited binding sites. At the same time, to achieve reliable tumor imaging, the tracer must 

have a high molar activity, where molar activity refers to the amount of activity per mole of 

tracer. Achieving high molar activity requires a chelator capable of high radiolabeling 

yields at low concentrations. Since TCMC is considered the gold standard for lead 

chelation, it was employed in CycMSH studies where maximizing molar activity was 

critical. As shown in Scheme 4.1, the chelators were added to a solution the CycMSH 

peptide in basic conditions to yield TCMC-NCS-CycMSH and TCMC-NHS-CycMSH.  

4.3.2. Radiolabeling  

To compare radiolabeling abilities between chelators, concentration dependent 

radiolabeling studies were performed at both room temperature and 80 oC. Figure 4.4 

shows the results of 203Pb radiolabeling comparing the CycMSH (A) and FAPI 
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bioconjugates (B and C) at both room temperature or 80 oC at 30 minutes. Other 

temperatures, time points, and results of 212Pb radiolabeling studies are given in the 

supplementary information (Figures C.20 – C.25). 

 

Figure 4.4. Radiochemical yields (RCY, %) for 203Pb (200 kBq) radiolabeling 
reactions with (A) CycMSH bioconjugates at room temperature and 
80 oC and FAPI bioconjugates at (B) room temperature and (C) 80 oC 
(n = 3 for each data point) at 30 minutes in 0.1 M NH4OAc (pH 7). 

Initially, it was hypothesized that TCMC-NCS bioconjugates would have superior 

radiolabeling capabilities compared to TCMC-NHS bioconjugates based on the reduced 

disruption to the Pb2+ coordination environment. Surprisingly, with CycMSH bioconjugates 

labeled with both 203Pb and 212Pb, TCMC-NHS-CycMSH outperformed its NCS 

counterpart at both temperatures tested. At 80 oC and a concentration of 10-7 M, TCMC-

NHS-CycMSH achieved a 203Pb RCY of 38.8  5.2%, whereas TCMC-NCS-CycMSH only 

reached 7.8  2.9% (n = 3). At room temperature, the difference was even more 

pronounced as at a concentration of 10-6 M, TCMC-NHS-CycMSH was able to be labeled 

quantitatively (>99%) compared to 8.5  2.0% for TCMC-NCS-CycMSH (n = 3). It is 

hypothesized that the amide bond may still contribute to coordination, which may explain 

why the RCYs were not drastically diminished. However, the reverse trend was observed 

with the FAPI bioconjugates where TCMC-NCS-FAPI generally achieved higher RCYs at 

lower concentrations, with the exception of room temperature at 30 minutes. As a result, 
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the effect of the bifunctional handle on the coordination behaviour of TCMC must be 

evaluated on a case-by-case basis. A table of all the radiolabeling data generated in this 

study can be found in the supplementary information in Tables C.1 and C.2.  

Cyclen-4Py-FAPI, tested with both 203Pb and 212Pb, exhibited superior 

radiolabeling capabilities compared to TCMC-NHS at both temperatures. However, it was 

either inferior (at 80 oC) or on par with TCMC-NCS-FAPI (at room temperature), depending 

on the conditions. For Crypt-FAPI, quantitative complexation at 10-4 and 10-5 M could not 

be reached at room temperature and required heating to 80 °C. Under heated conditions 

(80 °C, 10-6 M) at 30 minutes, Crypt-FAPI reached a RCY of 45.7 ± 6.5%, whereas TCMC-

NHS-FAPI reached 31.6 ± 3.1% (n = 3). After 60 minutes at 80 °C, TCMC-NHS-FAPI 

improved to 51.0 ± 3.5%, while Crypt-FAPI remained at 45.4 ± 6.3%. This suggests that 

the complexation kinetics of Crypt-FAPI are more rapid than that of TCMC-NHS-FAPI, but 

ultimately it does not surpass this chelator in terms in complexation yield. Crypt-FAPI was 

not evaluated with 212Pb under these conditions because reproducible data could not be 

obtained due to high thorium contamination in the 212Pb produced by the newly employed 

228Th/212Pb generator. This newer generator contained two 232Th targets (16 g total) 

compared to the previous system’s single target (8 g), which had previously afforded 

reproducible radiolabeling with the Crypt chelator.113 

4.3.3. In Vitro Binding Affinity Studies 

To ensure that the inclusion of the bifunctional chelator did not disrupt the targeting 

ability of the biological targeting vectors, the binding affinities of the stable lead complexes 

of the bioconjugates were measured using a competitive receptor binding assay and 

enzyme inhibition assay for CycMSH and FAPI bioconjugates, respectively. As per Table 

4.1 and Figure 4.5, all bioconjugates tested showed IC50 values in the nanomolar range, 

as expected for these pharmacophores327,336, and the response was dose-dependent. The 

IC50 values of [natPb(TCMC-NCS-CycMSH)]2+ and [natPb(TCMC-NHS-CycMSH)]2+ were 

not significantly different (p = 0.0596), suggesting with the peptide, a larger targeting 

vector, the chelator had no significant effect on binding. However, with the FAPI 

bioconjugates, where the targeting vector is a small molecule, the choice of bifunctional 

chelator had a greater impact on the targeting vectors inhibitive properties.  
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Figure 4.5. IC50 determination of (A) FAPI bioconjugates using an in vitro FAP 
enzymatic activity assay and (B) CycMSH bioconjugates using an in 
vitro competitive binding assay using natural lead-labeled tracers. All 
values were obtained in triplicate. 

While all tested FAPI bioconjugates displayed nanomolar-range IC50 values, 

confirming strong target binding, significant differences were observed. Among the TCMC-

based compounds, [natPb(TCMC-NCS-FAPI)]2+ was significantly less potent (p = 0.0008) 

with an IC50 of 11.9  0.20 nM compared to its amide analogue (IC50 = 6.81  0.96 nM), 

suggesting that the bulky benzyl thiourea group may hinder FAP inhibition. However, 

[natPb(Cyclen-4Py-FAPI)]2+, which features an even more sterically hindered coordination 

environment with four additional pyridyl groups in addition to the benzyl thiourea, achieved 

the lowest IC50 value (2.29  0.48 nM) of all bioconjugates tested. This suggested that the 

reduced inhibitory effect observed with [natPb(TCMC-NCS-FAPI)]2+ was likely not solely 

due to the benzyl thiourea moiety. [natPb(Crypt-FAPI)]2+ contained an alkyl thiourea handle 

and while this did not compromise potency (IC50 = 4.53  0.49 nM), it was still a less potent 

inhibitor than [natPb(Cyclen-4Py-FAPI)]2+. Overall, all bioconjugates synthesized showed 

sufficient inhibitory potency to proceed with further studies. 

Table 4.1. Summary of in vitro study results for tested bioconjugates. 

Bioconjugate IC50 (nM) LogD7.4 
In vitro human 

serum stability at 
72 h (iTLC) 

In vitro mouse serum 
stability at 72 h (iTLC) 

TCMC-NCS-FAPI 11.9  0.20 -2.42  0.17 100% 100% 

TCMC-NHS-FAPI 6.81  0.96 -2.95  0.10 100% 100% 

Cyclen-4Py-FAPI 2.29  0.48 -0.76  0.03 100% 100% 

Crypt-FAPI 4.53  0.49 0.072  0.011 83.8  4.0% 86.2  1.6% 
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TCMC-NCS-CycMSH 1.76  0.59 -2.16  0.11 100% 100% 

TCMC-NHS-CycMSH 2.77  0.32 -2.43  0.26 100% 100% 

For all data points, n = 3. For logD7.4 and serum stability studies, 203Pb-labeled bioconjugates 
were used whereas for IC50 studies, natural lead-labeled bioconjugates were used.   

4.3.4. LogD7.4 

The lipophilicity of the 203Pb complexes of the bioconjugates were estimated by 

measuring logD7.4 values using the shake flask method with phosphate buffered saline 

(pH 7.4) and n-octanol (Table 4.1).  In the case of the CycMSH bioconjugates, 

[203Pb][Pb(TCMC-NCS-CycMSH)]2+ (logD7.4 = -2.16  0.11) and [203Pb][Pb(TCMC-NHS-

CycMSH)]2 (logD7.4 = -2.43  0.26) were similarly hydrophilic, with no statistically 

significant difference observed between them (p = 0.2064). Although the incorporation of 

the benzyl moiety was expected to increase hydrophobicity, this was not observed for 

these bioconjugates, likely because the peptide scaffold exerts a stronger influence over 

the overall complex lipophilicity than the chelator modifications.  

In contrast, the FAPI bioconjugates showed a clearer correlation between chelator 

structure and lipophilicity. Compared to [203Pb][Pb(TCMC-NHS-FAPI)]2+ (logD7.4 = -2.95  

0.10), [203Pb][Pb(TCMC-NCS-FAPI)]2+ (logD7.4 = -2.42  0.17) was significantly more 

hydrophobic (p = 0.016), consistent with the aromatic group increasing lipophilicity. 

However, these were not the most lipophilic species tested. Both [203Pb][Pb(Cyclen-4Py-

FAPI)]2+ (logD7.4 = -0.76  0.03) and [203Pb][Pb(Crypt-FAPI)]2+ (logD7.4 = 0.072  0.011) 

exhibited greater lipophilicity than either TCMC-based derivative. Despite having fewer 

aromatic groups, the Crypt-based complex was moderately lipophilic, suggesting that the 

propyl ether bifunctional handle likely strongly contributed to its increased hydrophobicity.  

[68Ga][Ga-FAPI-04], a clinically utilized imaging agent, has a reported logD7.4 value 

of -1.02 ± 0.35.336 This complex clears rapidly from circulation, providing high tumour-to-

background contrast. Given that more hydrophilic complexes typically clear even faster, it 

was predicted, based on the results of the logD7.4 values alone, that [203Pb]Pb(TCMC-

NHS-FAPI)]2+ and [203Pb]Pb(TCMC-NCS-FAPI)]2+ would yield excellent image contrast 

results. However, their rapid clearance could limit tumour retention, reducing their 

therapeutic utility. In comparison, [203Pb][Pb(Cyclen-4Py-FAPI)]2+, with a logD7.4 value not 

significantly different than that of [68Ga][Ga-FAPI-04] (p = 0.3268), may behave more 
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similarly to the clinical agent. However, the pyridyl groups of the chelator may change the 

in vivo metabolic routing of the complex. The more lipophilic [203Pb][Pb(Crypt-FAPI)]2+ may 

clear more slowly and exhibit prolonged circulation and tumour retention. However, logD7.4 

values alone do not provide insight into a compound’s in vivo stability or metabolic activity. 

These factors are more accurately assessed using in vitro serum stability assays in 

addition to biodistribution and imaging studies in vivo.  

4.3.5. Serum Stability Studies – iTLC Measurement 

Serum stability studies are performed to quantitatively evaluate how well 

radiometal-labeled bioconjugates retain their metal ions under physiological conditions. 

The radiometal complexes are incubated in serum where abundant proteins, such as 

transferrin and albumin, may compete with the chelator for the radiometal ion. This can 

result in transchelation and loss of the radiometal from the bioconjugate complex which 

can reduce imaging and/or therapeutic efficacy and deliver an off-target dose of radiation 

to healthy tissues. Serum stability assays measure the percentage of intact radiometal 

complex versus free radiometal at various time points. The extent of this release can be 

measured using instant thin layer chromatography (iTLC) where an aliquot is spotted onto 

chromatography paper and the intact bioconjugate is separated, often using a chelating 

mobile phase, from the free radiometal released into serum and the activity measured.  

The results of this assay are shown in Table 4.1 where it can be observed that all 

bioconjugate complexes were resistant to transchelation over 72 hours as all complexes, 

with the exception of [203Pb][Pb(Crypt-FAPI)]2+ (83.8  4.0% intact in human serum and 

86.2  1.6% in mouse serum), remained completely (>99%) intact and no free radiometal 

was lost in either mouse or human serum. As these results were promising, these 

bioconjugates were tested in vivo in tumour-bearing mice models.  

4.3.6. In Vivo Biodistribution and Imaging Studies – Thiourea Group 

Quantitative SPECT/CT scans were performed in male B16F10 tumour-bearing 

C57BL/6J mice over 2 hours for the CycMSH and free activity group and in male 

HEK293T:hFAP tumour-bearing NRG mice over 1 hour for the FAPI group using 203Pb 

labeled bioconjugates. When the study first commenced, only thiourea FAPI 
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bioconjugates had been prepared due to the commercial availability of the Cyclen-NO2 

backbone allowing for a direct bifunctionalization of the Cyclen-4Py chelator.  

When evaluated at one hour, [203Pb][Pb(Crypt-FAPI)]2+ showed significant uptake 

in the kidneys, liver, and bones, suggesting that the radiometal-chelate complex was not 

stable in vivo, releasing free 203Pb (Figure 4.6). To provide a benchmark for comparison, 

a study with free, unchelated [203Pb]PbCl2 was performed over 2 hours (Figure 4.6). This 

study was performed in C57BL/6J mice rather than with NRG mice used for FAPI studies 

due to the reduced cost and increased availability of this mouse strain at the facility. The 

two-hour timeframe also allowed for imaging data to be obtained that could be directly 

compared if the CycMSH studies were to reveal potential instability. 

 

Figure 4.6. Coronal SPECT images of [203Pb][Pb(Crypt-FAPI)]2+ (left) at 50 
minutes and free, unchelated 203Pb at 47 minutes post injection (right) 
in HEK293T:hFAP (NRG) and B16F10 (C57BL/6J) tumour-bearing 
mice, respectively. 

Like with [203Pb][Pb(Crypt-FAPI)]2+, in the free 203Pb group, significant 

accumulation in the kidneys, liver, and bones was observed. The decay-corrected time-

activity curves in Figure 4.7 show similar trends in kidney, liver, and tumor uptake between 

the two subjects, but notable differences in bladder and bone uptake. Specifically, the 

[203Pb][Pb(Crypt-FAPI)]2+ group exhibited higher bladder uptake (SUV = 15.90 g/mL vs. 

4.85 g/mL), while the free 203Pb group showed greater bone uptake (SUV = 10.58 g/mL 

vs. 4.24 g/mL). These differences may be attributed to the different mouse strains used in 

the study as strain-specific variations in physiology and metabolism can influence how 
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free 203Pb is distributed throughout the body, or possibly not all of the complex was 

unstable and there may be residual intact [203Pb][Pb(Crypt-FAPI)]2+ circulating in vivo at 

early time points. To test this, future investigations should include free 203Pb studies in 

NRG mice to determine if the change in mouse strain is the cause of this difference.  

 

Figure 4.7. Representative standardized-uptake time-activity curves of (A) 
[203Pb][Pb(Crypt-FAPI)]2+ over 1 hour and (B) free, unchelated 203Pb 
over 2 hours in HEK293T:hFAP (NRG) and B16F10 (C57BL/6J) 
tumour-bearing mice, respectively. (n = 1)  

To further confirm that the [203Pb][Pb(Crypt-FAPI)]2+ was unstable in vivo, as shown in 

Figure 4.8, the urine of the imaging mouse was collected and analyzed via reverse phase, 

radioHPLC and compared to the trace of the [203Pb][Pb(Crypt-FAPI)]2+ prior to injection 

and free 203Pb. The similarity in retention times between the urine metabolites and free 

203Pb indicate that this radiometal complex is unstable in vivo and thus further investigation 

with this chelator and theranostic pair should not continue.  
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Figure 4.8. RadioHPLC traces of (A) [203Pb][Pb(Crypt-FAPI)]2+ prior to animal 
injection, (B) free, unchelated 203Pb (negative control), and (C) the urine metabolites 
collected from the imaging mouse from the [203Pb][Pb(Crypt-FAPI)]2+ study 50 
minutes post injection.  
The HPLC method was A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 – 
100 % B over 20 minutes at 1 mL/min.  

[203Pb][Pb(TCMC-NCS-FAPI)]2+, the most hydrophilic of the thiourea-based 

bioconjugates, was also evaluated over one hour. As shown in Figure 4.9, this tracer 

underwent rapid renal clearance and was almost entirely found in the urine. Initially, it was 

hypothesized that this tracer may be too hydrophilic, resulting in rapid clearance without 

any significant tumour uptake, as shown in the time-activity curve in Figure 4.9B.  

 

Figure 4.9. (A) Coronal SPECT/CT image and (B) standardized-uptake time-
activity curve of [203Pb][Pb(TCMC-NCS-FAPI)]2+ at and over the course 
of 1 hour, respectively, in a HEK293T:hFAP (NRG) tumour-bearing 
mouse. 
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When tracers are injected into the tail vein of a mouse, they directly enter the 

bloodstream, allowing for rapid distribution throughout the body, bypassing potential 

absorption barriers and the first-pass effect of the liver that can occur with other 

administration methods.342 Hydrophilic tracers generally remain in the blood plasma before 

filtration by the kidneys where they are excreted into the urine with minimal metabolic 

modification. If this was the case for [203Pb][Pb(TCMC-NCS-FAPI)]2+, one would expect 

the HPLC trace of the urine metabolites to show minimal metabolic activity. The 

radioHPLC trace of [203Pb][Pb(TCMC-NCS-FAPI)]2+ prior to injection, its urine metabolites, 

and a trace of a mixture of [203Pb][Pb(TCMC-NCS)]2+ and [203Pb][Pb(TCMC-NH2)]2+ for 

comparison purposes are shown in Figure 4.10.  

  

Figure 4.10.  RadioHPLC traces of [203Pb][Pb(TCMC-NCS-FAPI)]2+ (A) prior to 
animal injection and its (B) urine metabolites collected at one hour post-injection 
compared to (C) a chromatogram of [203Pb][Pb(TCMC-NCS)]2+ and [203Pb][Pb(TCMC-
NH2)]2+.  
The HPLC method used was 0 – 100% B over 20 minutes at 1 mL/min. A: H2O (0.1% TFA), B: 
ACN (0.1% TFA). 

Based on the urine metabolite radioHPLC trace, [203Pb][Pb(TCMC-NCS-FAPI)]2+ 

appeared to have completely degraded, as indicated by a shift in retention time from 10.1 

minutes to 9.0 minutes, which is suggestive of the formation of a more polar species. The 

retention time of the metabolite also matched that of [203Pb][Pb(TCMC-NH2)]2+, suggesting 

that the observed metabolite could either be [203Pb][Pb(TCMC-NH2)]2+ itself or a similarly 

polar derivative. If the FAPI targeting vector was cleaved from the bifunctional chelator in 

the bloodstream, as indicated by the radioHPLC trace, there would be no targeted delivery 
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to the tumour, explaining the very low tumour uptake observed in this study. Although 

thiourea-containing compounds are often metabolized in the liver by flavin-containing 

monooxygenases and cytochrome P450s, previous reports also indicate instability in 

serum, suggesting serum components may also contribute to this degradation.318,319,343,344  

With [203Pb][Pb(TCMC-NCS-FAPI)]2+ having completely degraded in vivo, it was of 

interest to observe if a similar phenomenon would occur with [203Pb][Pb(Cyclen-4Py-

FAPI)]2+ as it also employs the thiourea bond. With a logD7.4 of -0.76  0.03, compared to 

-2.42  0.17 of [203Pb][Pb(TCMC-NCS-FAPI)]2+, this complex is more hydrophobic and 

should exhibit a different pharmacokinetic profile. As shown in Figure 4.11, rapid liver 

uptake with very minimal tumour accumulation was observed.  

 

Figure 4.11. (A) Coronal SPECT/CT images and (B) standardized-uptake time-
activity curves of [203Pb][Pb(Cyclen-4Py-FAPI)]2+ at and over the 
course of 1 hour, respectively, in a HEK293T:hFAP (NRG) tumour-
bearing mouse. 

Interestingly, the liver uptake remained relatively stable throughout the one-hour 

study whereas bladder uptake increased. This suggests that the complex may undergo 

both renal and hepatic clearance. Pyridine itself is largely metabolized in the liver via 

oxidative metabolism by cytochrome P450 enzymes to produce more polar metabolites 

that can then be excreted in the urine.345 To determine whether the degradation observed 

in the urine metabolites of [203Pb][Pb(TCMC-NCS-FAPI)]2+ also occurred with 

[203Pb][Pb(Cyclen-4Py-FAPI)]2+, the urine was collected and analyzed via radioHPLC. The 

results are shown in Figure 4.12 with comparison to [203Pb][Pb(Cyclen-4Py-NH2)]2+. 
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Figure 4.12. RadioHPLC traces of [203Pb][Pb(Cyclen-4Py-FAPI)]2+ (A) prior to 
animal injection and its (B) urine metabolites collected at one hour post-injection 
compared to (C) a chromatogram of [203Pb][Pb(Cyclen-4Py-NH2)]2+.  
The HPLC method used was 0 – 100% B over 20 minutes at 1 mL/min. A: H2O (0.1% TFA), B: 
ACN (0.1% TFA). 

The radioHPLC trace of the urine metabolites indicates that only a small portion of 

[203Pb][Pb(Cyclen-4Py-FAPI)]2+ underwent a degradation pathway similar to that of 

[203Pb][Pb(TCMC-NCS-FAPI)]2+ where the retention time of the urine metabolite (tr = 12.2 

min) matched the retention time of the amine-functionalized bifunctional chelate (tr = 12.3 

min). Notably, the main peak’s retention time shifted from 13.5 minutes before injection to 

13.9 minutes in the urine sample. If this peak is the intact complex, the shift may be due 

to the urine matrix or it may be a different metabolite. A potential cause for the reduced 

degradation is the substantial steric hindrance provided by the four bulky pyridyl groups 

as the chelator’s donor arms. In the non-bifunctional form, a facial complex is formed 

where the Pb2+ is positioned above the macrocycle in a syn conformation, with all four 

pyridyl arms on the same side of the complex.339 This configuration may shield the thiourea 

group from degradation enzymes, thereby minimizing cleavage. If so, the same steric 

protection could make the thiourea bioconjugation approach still suitable for attaching 

chelators to sterically hindered antibodies or sterically hindered chelators to targeting 

vectors. However this would have to be balanced with the potential for increased liver 

uptake with increased hydrophobicity as observed with [203Pb][Pb(Cyclen-4Py-FAPI)]2+.  
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The biodistribution studies were repeated with [212Pb][Pb(TCMC-NCS-FAPI)]2+ to 

observe if the low tumour accumulation occurs with the 212Pb-labeled bioconjugate as well.  

The biodistribution (% IA/g) of select organs/tissues with the thiourea-based FAPI 

bioconjugates is shown in Figure 4.13. The biodistribution in all organs/tissues is given in 

the supplementary information in Tables C.5 and C.6.   
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Figure 4.13. Biodistribution of the 203Pb and 212Pb-labeled thiourea-based FAPI 
bioconjugates at 1 hour-post injection in male, HEK293T:hFAP (NRG) tumour-
bearing mice (n = 4) in select organs and tissues. 
Statistical significance was calculated using unpaired two-tailed t-test with the Holm–Sidak method. 
* p < 0.05, ** p < 0.01. 

Overall, the [212Pb][Pb(TCMC-NCS-FAPI)]2+ followed the same general trend as 

[203Pb][Pb(TCMC-NCS-FAPI)]2+ with the majority found in the urine at values of 312.52  

164.27% IA/g versus 231.10  99.49% IA/g for the 203Pb and 212Pb labeled bioconjugates, 

respectively. The large standard deviation is likely due to differences in urination time 

between the mice used in this study. Some significant differences were observed between 

uptake in the 203Pb and 212Pb-labeled counterparts in the blood (1.74  0.36 vs 3.51  

1.03% IA/g , p = 0.035), liver (1.21  0.36 vs 2.51  0.59% IA/g, p = 0.013) and kidneys 

(3.79  0.85 vs 10.61  2.61% IA/g, p = 0.0098). With the exception of the kidneys, all of 

the other differences between organs, although significant, were small showing that in 

general 203Pb is able to predict the biodistribution of its 212Pb-labeled counterpart. The 

difference in kidney uptake may be due to increased radiolysis that the tracer solution may 

have encountered between its final quality control and injection into the mouse as the time 
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between these two events was approximately one hour due to logistics of the facility. 

Future studies should shorten this time frame or add a higher concentration of radiolytic 

protectant to the formulation solution.  

To observe if this degradation that limits tumour accumulation with the thiourea 

bioconjugation occurs with peptide-based BFC-RPs as well, [203Pb][Pb(TCMC-NCS-

CycMSH)]2+ was evaluated in B16F10 tumour-bearing C57BL/6J mice over 2 hours, as 

shown in Figure 4.14. 

 

Figure 4.14. A) Coronal SPECT/CT images and (B) standardized-uptake time-
activity curves of [203Pb][Pb(TCMC-NCS-CycMSH)]2+ at and over the 
course of 2 hours, respectively, in a C57BL/J6 B16F10 tumour-bearing 
mouse. 

It can be observed that significant liver uptake occurs almost immediately while 

simultaneous renal clearance leads to accumulation in the bladder. This suggests that the 

complex undergoes both hepatic and renal clearance. Although the logD7.4 of 

[203Pb][Pb(TCMC-NCS-CycMSH)]2+ (-2.16  0.11) is not significantly different (p = 0.102) 

from that of [203Pb][Pb(TCMC-NCS-FAPI)]2+ (-2.42  0.17), the larger, cyclic peptide may 

cause routing to the liver that the small-molecule was not subjected to. The high retention 

of the complex in the liver over 2 hours may be due to aggregation or the thiourea 

metabolism by flavin-containing monooxygenases and cytochrome P450s contained in 

the liver. Thioureas can be metabolized to sulfenic, sulfinic, or sulfonic acids that can 

alkylate other liver macromolecules, including other metabolism enzymes such as 

glutathione-S-transferase and cytochrome P450 1A1.318,319 This alkylation contributes to 
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the pulmonary and hepatoxicity in other thiourea-containing drugs and may be the cause 

for retention observed in this study.318,319 As with [203Pb][Pb(TCMC-NCS-FAPI)]2+, no 

substantial accumulation was observed in the tumour, suggesting again that the complex 

may degrade in the bloodstream before reaching it. Urine was collected and analyzed via 

radioHPLC, as shown in Figure 4.15.  

 

Figure 4.15. RadioHPLC traces of [203Pb][Pb(TCMC-NCS-CycMSH)]2+ (A) prior to 
animal injection and its (B) urine metabolites collected at two hours post-injection 
compared to (C) the urine [203Pb][Pb(TCMC-NCS-FAPI)]2+.  
The HPLC method used was 0 – 100% B over 20 minutes at 1 mL/min. A: H2O (0.1% TFA), B: 
ACN (0.1% TFA). 

Like with [203Pb][Pb(TCMC-NCS-FAPI)]2+, it was observed that [203Pb][Pb(TCMC-

NCS-CycMSH)]2+ undergoes the same complete degradation to produce a urine 

metabolite with the same retention time of its amine-functionalized bifunctional chelate, 

demonstrating that this phenomenon can occur with both a small molecule and peptide-

based BFC-RPs. With the thiourea bond suspected to be the cause of the instability, the 

amide versions of the bioconjugates, TCMC-NHS-CycMSH and TCMC-NHS-FAPI, were 

synthesized and tested in vivo with both 203Pb and 212Pb.  
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Figure 4.16. (A) Coronal and saggital SPECT/CT images  of unblocked and (B)  
blocked uptake of [203Pb][Pb(TCMC-NHS-FAPI)]2+ at one hour post-
injection with a (C) standardized-uptake time-activity curves of 
unblocked [203Pb][Pb(TCMC-NHS-FAPI)]2+ over the course of 1 hour, 
respectively, in a HEK293T:hFAP (NRG) tumour-bearing mouse. 

As demonstrated in Figure 4.16, with the substitution of the thiourea bond with an 

amide bond, there was significant accumulation of the tracer in the tumour with a high 

tumour-to-background contrast, likely due to a logD7.4 of -2.95  0.10 that resulted in rapid 

clearance from the blood. The tracer underwent renal clearance, indicated by an average 

bladder uptake of 291.34  114.41 % IA/g (n = 4). The decrease in tumour uptake from 

8.62  1.32% IA/g to 1.22  0.22 % IA/g (n = 4) in the non-blocking to the blocking study, 

which employed 100 pmol and 50 nmol of radiolabeled tracer, respectively, confirms that 

the tumour uptake of this tracer is FAP mediated. The non-blocking study was repeated 

with 212Pb and the biodistribution of select organs and tissues, in comparison to the 

unblocked and blocked 203Pb study, are shown in Figure 4.17. A complete list of all 

measured organs and tissues for these tracers is given in the supplementary information 

in Table C.5.  
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Figure 4.17. Biodistribution of the 203Pb and 212Pb-labeled amide-based FAPI 
bioconjugates at 1 hour-post injection in male, HEK293T:hFAP (NRG) tumour-
bearing mice (n = 4) in select organs and tissues.  
Statistical significance was calculated using unpaired two-tailed t-test with the Holm–Sidak method. 
* p < 0.05, ** p < 0.01, *** p < 0.001. 

For the majority of organs and tissues, the biodistribution of [203Pb][Pb(TCMC-

NHS-FAPI)]2+ did not significantly differ from that of [212Pb][Pb(TCMC-NHS-FAPI)]2+ with 

the exception of blood (1.59  0.16 versus 0.97  0.10% IA/g, p = 0.0012) and the liver 

(1.02  0.11 versus 0.47  0.16% IA/g, p = 0.00097). However, the uptake in these 

organs/tissues are low and thus differences are not of concern and thus 203Pb can 

accurately predict the biodistribution of its 212Pb counterpart. To test if the amide bond 

offered superior stability in vivo, the urine was collected and the metabolites were 

analyzed via radioHPLC, as shown in Figure 4.18 below.  
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Figure 4.18. RadioHPLC traces of [203Pb][Pb(TCMC-NHS-FAPI)]2+ (A) prior to 
injection and its (B) urine metabolites collected at one hour post-injection.  
The HPLC method used was 0 – 100% B over 20 minutes at 1 mL/min. A: H2O (0.1% TFA), B: 
ACN (0.1% TFA). 

The identical retention times of the urine metabolite and the tracer prior to injection 

show that the tracer remained intact in vivo, suggesting that the amide bond effectively 

shields the tracer from the same degradation pathway observed with the thiourea bond. It 

is unlikely that this effect is merely due to an increase in the hydrophilicity of this tracer 

over its thiourea counterpart as previous studies with [68Ga]Ga-FAPI-04, which employs 

the DOTA chelator with the same pharmacophore and amide bond as the bioconjugates 

in this study, found this tracer to have a logD7.4 of -1.02 ± 0.35 and it still exhibits a high 

tumour-to-background ratio with minimal liver uptake.336 To observe if the amide bond 

improves tumour uptake and in vivo stability in a peptide model, imaging (Figure 4.19) 

and biodistribution studies (Figure 4.21) were conducted with [203Pb][Pb(TCMC-NHS-

CycMSH)]2+ and [212Pb][Pb(TCMC-NHS-CycMSH)]2+ (biodistribution only) in comparison 

to their thiourea counterparts. 
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Figure 4.19. (A) Coronal SPECT/CT images and (B) standardized-uptake time-
activity curves of [203Pb][Pb(TCMC-NHS-CycMSH)]2+ at and over the 
course of 2 hours, respectively, in a C57BL/J6 B16F10 tumour-bearing 
mouse. 

By replacing the thiourea bond with an amide bond in this peptide model, the tumor 

uptake (SUVmean value) at 2 hours increased substantially from 0.60 to 2.35 g/mL, 

respectively, representing a 3.9-fold improvement. This enhanced tumor accumulation 

appears to stem, at least in part, from a 3.7-fold reduction in liver uptake as the SUVmean 

decreased from 7.51 to 2.02 g/mL, which allows more tracer to localize in the tumor. 

Although the amide tracer still shows some liver accumulation, potentially due to 

aggregation, its logD7.4 value (−2.43  0.26) does not differ significantly (p = 0.2064) from 

that of the thiourea analogue (−2.16  0.11), indicating that increased hydrophilicity is not 

the main cause of the improved biodistribution. Instead, the amide bond appears to 

provide greater overall stability in vivo in both of these peptide and small molecule models. 

This conclusion is further supported by the urine metabolite radioHPLC analysis shown in 

Figure 4.20. 
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Figure 4.20. RadioHPLC traces of [203Pb][Pb(TCMC-NHS-CycMSH)]2+ (A) prior to 
animal injection and its (B) urine metabolites collected at two hours post-injection.  
The HPLC method used was 0 – 100% B over 20 minutes at 1 mL/min. A: H2O (0.1% TFA), B: 
ACN (0.1% TFA). 

The radioHPLC analysis of urine metabolites showed partial tracer degradation, 

which is not unexpected given the known in vivo instability of melanocyte stimulating 

hormone (MSH) peptides.346,347 The peaks at 11.2 and 10.5 minutes may reflect proteolytic 

fragments. While native MSH is prone to rapid breakdown, the unnatural amino acid 

substitutions, truncation, and cyclization used in the peptide employed in this study 

increase its stability. Still, these modifications do not fully prevent degradation as a study 

by Zhang et al. using this same peptide, with the difference of using DOTA instead of 

TCMC and 68Ga instead of 203Pb/212Pb, only 34.0 ± 10.4% of the tracer remained intact in 

urine after 1 hour and thus these additional peaks are not unexpected.346 It is hypothesized 

that the 11.8-minute peak corresponds to intact tracer, whereas the 3.0-minute peak likely 

represents free radioactivity, although the urine matrix may have shifted retention times.  

Importantly, this radioHPLC trace contrasts sharply with the thiourea-based 

analogue, which underwent complete degradation to a single peak, which we hypothesize 

is likely the unconjugated chelator radiometal complex due to the instability of the thiourea 

bond in vivo. To further investigate, biodistribution studies were repeated for both 

bioconjugates using 212Pb. This allowed for assessment of both the suitability of 203Pb as 

a diagnostic match for 212Pb and for confirmation that these findings could be reproduced 

with another isotope. Select results are shown in Figure 4.21 and a detailed table of the 

biodistribution (% IA/g) of all measured organs and tissues are given in the supplementary 
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information in Table C.4. For clarity, statistical significance is shown only for comparisons 

between the thiourea and amide groups of the same isotope. 
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Figure 4.21. Biodistribution of the 203Pb and 212Pb-labeled CycMSH bioconjugates 
at 2 hours-post injection in male, B16F10 tumour-bearing C57BLJ/6 mice (n = 4) in 
select organs and tissues.  
Statistical significance was calculated using unpaired two-tailed t-test with the Holm–Sidak method. 
* p < 0.05, ** p < 0.01, *** p < 0.001. 

Overall, similar trends were observed within the thiourea and amide groups with 

both 203Pb and 212Pb and the ex vivo biodistribution results were in agreement with the 

SPECT/CT studies. With both isotopes, TCMC-NHS-CycMSH complexes showed lower 

liver uptake (p = 0.0029 for 203Pb and p = 0.0006 for 212Pb) and higher tumour uptake (p = 

0.0014 for 203Pb and p = 0.00012 for 212Pb) than the TCMC-NCS-CycMSH complexes. 

Some differences were observed between the tracers in kidney uptake as 

[203Pb][Pb(TCMC-NHS-CycMSH)]2+ showed higher kidney uptake than [203Pb][Pb(TCMC-

NCS-CycMSH)]2+ (p = 0.012) while [212Pb][Pb(TCMC-NCS-CycMSH)]2+ showed higher 

bone (p = 0.0002) and muscle (p = 0.049) uptake than [212Pb][Pb(TCMC-NHS-

CycMSH)]2+.  

Within the thiourea and amide groups themselves, comparisons could also be 

made between the uptakes of the 203Pb and 212Pb labeled bioconjugates to evaluate how 

well 203Pb can predict the biodistribution of its 212Pb counterpart in this peptide model. 

Within the thiourea group, the only significant difference between the 203Pb and 212Pb 

groups was in muscle uptake (p = 0.036) and even then, both uptake values were very 
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low at 0.07  0.06 and 0.18  0.03 % IA/g, respectively, and thus these differences would 

be unlikely to have a significant impact. However, TCMC-NHS-CycMSH displayed more 

isotope-dependent differences with statistically significant differences in the blood (p = 

0.0068), kidneys (p = 0.0097), and bone (p = 0.012). Although the blood uptake remained 

under 1% IA/g for both isotopes and therefore may not be highly consequential, the 203Pb-

labeled version had roughly twice the uptake in both the kidneys (13.89   2.84% IA/g) 

and bone (1.54  0.30% IA/g) compared with its 212Pb-labeled counterpart (7.11  1.96% 

IA/g for kidneys and 0.79  0.05 % IA/g for bone). These isotope-dependent differences 

may be due to radiolysis as the powerful emissions of 212Pb and its daughters may produce 

radiolytic products that can be excreted through the kidneys at different rates than the 

metabolites of the intact tracer. Nevertheless, this study suggests that amide-based 

bioconjugation methods are more favourable for 203Pb/212Pb BFC-RPs, based on the 

results with these peptide and small molecule models.  

4.3.7. Serum Stability Studies – radioHPLC Measurement 

Prior to conducting in vivo studies, the serum stability of each bioconjugate was 

assessed using radio-instant thin-layer chromatography (iTLC). This method quantifies 

the extent of the release of the radiometal from its chelator in the presence of serum 

proteins. This is accomplished by utilizing chromatography paper and a chelating mobile 

solution to separate unchelated and chelated activity, which are then further quantified 

using a TLC scanner that determines the amount of activity in the given area on the 

chromatography paper.305 However, one limitation of this technique, as observed herein, 

is that this study only reveals whether the radiometal-chelate complex remains intact. If 

the radiometal remains bound to its chelate, the analysis may indicate that the 

bioconjugate complex is stable, even if the rest of the bioconjugate undergoes degradation 

in the serum. 

To determine the stability of a bioconjugate complex in serum, radioHPLC is a 

superior technique as it can use reverse-phase chromatography, or size exclusion 

chromatography depending on the application, to separate and identify different 

radiolabeled species that may be produced after incubation in serum over time. Reverse 

phase radioHPLC, employed in this study, separates compounds based on differences in 

hydrophobicity. As we saw in the urine metabolites, the thiourea compounds mainly 
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produce a singular metabolite with a retention time around 8.8 – 9.0 minutes. With the 

retention time of free 203Pb being approximately 3.5 minutes, it is evident that the 203Pb is 

still chelated in this metabolite, explaining why it appeared that the bioconjugates were 

stable in serum in vitro via iTLC prior to the studies in vivo. To determine if the degradation 

observed in vivo was at least to some extent caused by serum proteins, the radiolabeled 

bioconjugates were incubated in serum, both human and mouse, over 72 hours and then 

analyzed via radioHPLC. To ensure that any observed degradation was not due merely to 

radiolysis, the complexes were also incubated in saline.  Only 203Pb was used to allow for 

simpler interpretation of the radioHPLC chromatograms and the longer half-life allowed 

(51.9 hours versus 10.6 hours for 212Pb) for a longer study period. Table 4.2 and Table 

4.3 show the radioHPLC traces of the tested FAPI and CycMSH bioconjugates, 

respectively, over the course of 72 hours after incubation in serum and saline.  

Table 4.2. Serum (mouse and human) and saline stability of tested 203Pb-labeled 
FAPI bioconjugate complexes as measured via radioHPLC. 

Bioconjugate Time  Saline Mouse Serum Human Serum 

TCMC-NCS-
FAPI 

0 h 

   

24 h 

   

48 h 

   

72 h 

   

TCMC-NHS-
FAPI 

0 h 

   

24 h 

   

48 h 
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72 h 

   

Cyclen-4Py-
FAPI 

0 h 

   

24 h 

   

48 h 

   

72 h 

   

The HPLC method used was 0 – 100% B over 20 minutes at 1 mL/min. A: H2O (0.1% TFA), B: 
ACN (0.1% TFA). 

As expected due to its exceptional stability in vivo, [203Pb][Pb(TCMC-NHS-FAPI)]2+ 

remained nearly completely intact over 72 hours with only a small peak at 8.9 minutes 

growing in starting at 48 hours in serum. No significant radiolysis was observed for any of 

the FAPI-based bioconjugates, suggesting that the degradation observed in serum was 

not due to radiolysis. With [203Pb][Pb(TCMC-NCS-FAPI)]2+, two additional peaks 

developed over time at approximately 4.9 and 9.0 minutes. The 9.0 minute peak matches 

the retention time of the metabolite found in the urine of mice injected with this tracer, 

suggesting that the serum could be responsible for the degradation observed in vivo. The 

identity of the peak at 4.9 minutes is unknown but as the retention time is greater than 3.5 

minutes, the retention time of unchelated 203Pb, the radiolead is still chelated. In vivo, after 

one hour the entire tracer was degraded to a single species. In this serum study, the 

majority of the tracer was still intact. For this study, an equal volume of serum was added 

to the reaction buffer to initiate the study. To make the reaction conditions more similar to 

in vivo, future studies should repeat this experiment with a greater serum to buffer ratio to 

observe if more of these products are produced.  

With [203Pb][Pb(Cyclen-4Py-FAPI)]2+, by 24 hours in both human and mouse 

serum, a second peak at 12.8 minutes was present. Initially, the retention time of the tracer 

was 13.5 minutes but individual variance of the run, and potentially a matrix effect, may 
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have resulted in the shift observed at 48 hours to 13.8 minutes. In the urine metabolites 

(Figure 4.12), the main product had a retention time of 13.8 minutes while there was a 

minor peak at 12.2 minutes that matched the retention time of [203Pb][Pb(Cyclen-4Py-

NH2)]2+. This suggested that the majority of the complex may have remained intact due to 

the steric hindrance of the four pyridyl groups, which contradicts the result obtained from 

this serum stability study experiment. However, in vivo and in vitro conditions vary 

drastically, and the in vitro assay does not account for the significant liver uptake of this 

tracer (31.42  1.02% IA/g) observed in Figures 4.11 and 4.13 that may have subjected 

it to less serum degradation compared to the in vitro study.  

Table 4.3. Serum (mouse and human) and saline stability of tested 203Pb-labeled 
CycMSH bioconjugate complexes as measured via radioHPLC. 

Bioconjugate Time  Saline Mouse Serum Human Serum 

TCMC-NCS-
CycMSH 

0 h 

   

24 h 

   

48 h 

   

72 h 

   

TCMC-NHS-
CycMSH 

0 h 

   

24 h 

   

48 h 

   

72 h 

   

The HPLC method used was 0 – 100% B over 20 minutes at 1 mL/min. A: H2O (0.1% TFA), B: 
ACN (0.1% TFA). 



158 

As with [203Pb][Pb(TCMC-NHS-FAPI)]2+, [203Pb][Pb(TCMC-NHS-CycMSH)]2+ was 

highly resistant to radiolysis and degradation in both types of serum. The urine metabolites 

(Figure 4.20) showed more degradation than what was observed in the in vitro serum 

study, but this may be because the serum used lacks the proteases found in vivo that are 

likely the cause of the degradation of this tracer.  

However, with [203Pb][Pb(TCMC-NCS-CycMSH)]2+, significant degradation was 

observed as the singular peak at 10.9 minutes became three peaks at 4.9, 8.6, and 10.9 

minutes in both human and mouse serum, similar to what was observed with 

[203Pb][Pb(TCMC-NCS-FAPI]2+ in Table 4.2. This is not unexpected as both of these 

tracers use the same chelator and if degradation was occurring at the bioconjugation point, 

it would be expected to obtain similar radiolabeled products. The extent of degradation is 

greater with [203Pb][Pb(TCMC-NCS-CycMSH)]2+ over [203Pb][Pb(TCMC-NCS-FAPI]2+ and 

this may be because the CycMSH version contains a secondary amine in its structure 

compared to a tertiary amine in the FAPI version at the bioconjugation point which can 

affect enzyme activity. However, both of these compounds degrade completely to the 

same metabolite in vivo, suggesting that this is not of significant practical importance. The 

8.6-minute peak is likely the same product obtained in the urine metabolites (Figure 4.15, 

retention time = 9.0 minutes). If this product is the radiometal-chelator complex no longer 

conjugated to its targeting vector due to degradation by a protein in the serum at the 

thiourea bond site, this may explain the poor tumour uptake in vivo.  

Attempts to repeat this serum study with stable lead in place of radiolead to identify 

the products produced via mass spectrometry were unsuccessful as we wanted to keep 

the tracers at the same scale used for radiochemistry experiments to be representative of 

what could occur in vivo, but this was below the limit of detection of the mass spectrometer 

after protein precipitation and sample filtration. Future studies that incubate these 

complexes separately with specific serum proteins or metabolic enzymes may help to 

identify the cause of this degradation so that in the future, bioconjugates can be designed 

to be resistant to its degradation.  

4.4. Conclusion 

In conclusion, three thiourea-based FAPI- and one CycMSH bioconjugates were 

synthesized and evaluated with 212Pb and/or 203Pb and were found to be unstable in vivo. 
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Amide derivatives of these bioconjugates were synthesized and found to improve in vivo 

stability and tumour uptake. This study emphasized the importance of using radioHPLC 

instead of radioTLC for evaluation of serum stability of radiolabeled bioconjugate 

complexes as radioTLC can fail to detect partial or complete degradation of the 

bioconjugate if the radiometal-chelate complex still remains intact. Additionally, our 

findings suggest that thiourea-based bioconjugation is not suitable for the FAPI small 

molecule or CycMSH peptide models and potentially other models, although further 

research is required to determine exactly what causes the instability of this bond and how 

it can be prevented.  
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Chapter 5.  
 
Conclusion and Future Work  

5.1. Thesis Conclusions 

The work presented in this thesis focuses on laying a foundation for the 

development and expansion of radiopharmaceuticals based on 203Pb and 212Pb. At the 

beginning of my Ph.D., my primary goal was to improve the production of both 203Pb and 

212Pb and to improve their chemical purity and specific activity. To achieve this, I 

developed a novel purification method compatible with both isotopes, as detailed in 

Chapter 2. Establishing a reliable supply of high-purity isotopes was essential for 

conducting reproducible, large-scale experiments, which formed the basis for the research 

explored in Chapters 3 and 4 that were focused on the development and evaluation of 

203Pb/212Pb chelators and bioconjugates, respectively. Overall, I have synthesized, 

characterized, and evaluated three pyridyl-based chelators and six bioconjugates for 

which coordination chemistry, radiolabeling, stability, in vitro, and in vivo studies were 

performed. The findings of these studies had important implications for the future design 

of 203Pb/212Pb-based radiopharmaceuticals.  

Chapter 2 focused on improving the production and purification methods for 203Pb 

and 212Pb with the ultimate goal of being able to produce enough high purity radioactivity 

to perform in vivo imaging and biodistribution studies with lead-based 

radiopharmaceuticals. By optimizing an electroplating method to allow thallium to be 

electroplated onto silver, the thermal stability improved, increasing the maximal allowable 

proton current from 8 A to 20 A, resulting in a nearly three-fold increase in 203Pb 

produced. A novel purification method that combined precipitation (203Pb only), extraction 

chromatography, and anion exchange chromatography was developed, resulting in a 2.24 

x 103-fold and 84-fold decrease in the concentration of Tl and Th in 203Pb and 212Pb, 

respectively. With fewer impurities, the apparent molar activities of both TCMC and Crypt-

OH significantly improved, demonstrating the importance of a reproducible, effective 

purification procedure on preparing high molar activity radiopharmaceuticals. The work I 

undertook to establish 203Pb and 212Pb production at TRIUMF has proven to be highly 

significant and impactful for our research community. Beyond advancing my own research 
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efforts, this foundational work enabled me to contribute to over a dozen collaborations 

within my group and other local and international collaborators. 

Chapter 3 investigated the effect of macrocyclic ring size on the stability of 

[203Pb]Pb2+ complexes in pyridyl-containing chelators, including Cyclen-4Py, Crown-4Py, 

and NOON-2Py. The stability of the metal complexes were investigated with 203Pb 

radiolabeling studies,1H NMR spectroscopy, X-ray crystallography, and potentiometry. 

With the shortest average Pb-N pyridine interatomic distances, the highest radiolabeling 

yields, and the formation of one highly symmetric isomer in solution, Cyclen-4Py was 

shown to be the most promising chelator due to the cyclen backbone producing a facial 

complex with Pb2+, allowing for effective coordination by the bulky electron donor groups. 

This study emphasized the importance of macrocyclic backbone size in the design of Pb2+ 

chelators and suggested future studies should employ the N4 cyclen group over the N4O2 

and N2O4 rings also investigated in this study. 

In Chapter 4, Cyclen-4Py was made bifunctional by introducing an isothiocyanate 

handle off of the cyclen backbone. With this chelator, alongside TCMC-NCS and Crypt-

NCS, thiourea-based FAPI bioconjugates were synthesized to investigate the effect of the 

chelator on tumour retention with FAPI bioconjugates. Initial in vivo studies and urine 

analysis indicated in vivo instability that was further replicated in a peptide model using 

thiourea-based TCMC-NCS-CycMSH. Amide bond coupled bioconjugates TCMC-NHS-

FAPI and TCMC-NHS-CycMSH were synthesized using TCMC-NHS, which utilizes an N-

hydroxysuccinimide group for coupling. The amide-based bioconjugates showed superior 

stability in vivo and further HPLC analysis of serum stability studies suggested the 

instability of the thiourea bond was due to a serum component. The observation that the 

thiourea bond was unstable in vivo in these small molecule and peptide-based 203Pb/212Pb 

radiopharmaceuticals has important implications for the future design of Pb-based 

radiopharmaceuticals as isothiocyanate-functionalized chelators should be avoided for 

these types of bioconjugates. 
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5.2. Thesis Outlook and Future Directions 

 

Figure 5.1. Structures of proposed chelators for future studies with 203Pb and 
212Pb. 

With in vivo instability observed with thiourea-based bioconjugates, it is 

recommended that small molecule and peptide-based 203Pb/212Pb bioconjugates be 

synthesized with an amide bond using bifunctional chelators containing carboxylic acids 

or activated esters as their bifunctional handles. To achieve this, a donor arm of the 

chelator can be sacrificed. If bifunctionalization through the macrocyclic backbone is 

desired to maintain the coordination environment, the commercially available Cyclen-NO2 

backbone, used in Chapter 4 for the synthesis of Cyclen-4Py-NCS to produce Cyclen-

4Py-FAPI, can be derivatized via many possible routes, as shown in Figure 5.2.  
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Figure 5.2. Possible bifunctionalization routes starting with the Cyclen-NO2 
backbone. 

As shown in Figure 1.5, peptide coupling reactions occur between a carboxylic 

acid or activated ester with an amine. Figure 5.3 shows two possible ways in which a 

carboxylic acid could be obtained. However, the researcher should evaluate if the donor 

arms should be first added onto the backbone before or after these steps and what choice 

of protecting groups is required to maintain the structural integrity of the chelator 

throughout the synthesis. It should also be noted that small changes in the linker structure 

may have a large effect on the pharmacokinetics of the tracer327 and as so, the design of 

the bifunctional handle must be chosen carefully. 

 

Figure 5.3. Addition of a carboxylic acid group using (A) methyl malonyl chloride 
and (B) succinic anhydride. 
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As this work did not investigate the effect of the thiourea bond in antibody-based 

bioconjugates, the instability of the thiourea bond in these BFC-RPs is unknown and 

should be investigated. Additionally, the studies should be repeated in the CycMSH and 

FAPI models with another non-Pb isotope to observe if this effect may be in part caused 

by the lead ion. However, the chelator may need to be changed from TCMC to DOTA or 

another chelator to be compatible with the chemical preference of the studied radiometal. 

111In or 155Tb/161Tb may be of interest to investigate as they are imageable and have 

abundant gamma emissions with simple decay schemes that can make radioHPLC 

analysis more straightforward.103,348,349 To maintain the TCMC chelator, 213Bi could be 

used, though a short half-life of 45.6 minutes would make studies challenging to execute. 

In order to further reduce the number of candidates prior to in vivo studies and to 

better understand structure-stability relationships with BFC-RPs, metabolic studies can be 

conducted. Understanding the metabolic fate of BFC-RPs is essential in order to correctly 

interpret PET/SPECT images. The inability of these imaging techniques to directly 

differentiate between the intact radiolabeled compound and its metabolites can lead to 

incorrect conclusions about a BFC-RP’s utility. As cytochrome P450 (CYP) enzymes, 

found primarily in the liver, play a significant role in mammalian drug metabolism, analysis 

of this enzyme’s activity towards a radiolabeled BFC-RP can provide insight on any 

metabolic weak spots that may cause uptake of the tracer metabolites in undesirable 

locations.350  

Although it would be more desirable to use human hepatocytes for these studies 

from a translatability perspective, the restricted availability of liver tissue, in combination 

with the difficulty of culturing and maintaining these cells in vitro, limits their use.350 Liver 

microsomes are derived from the smooth endoplasmic reticulum of cells from liver tissue 

using differential ultracentrifugation.351 Liver microsomes derived from numerous species, 

including humans, can be purchased commercially and stored at -80 oC for years with little 

to no loss of activity.350 Liver microsomes contain primarily phase 1 and drug metabolizing 

enzymes, including CYPs and glucoronosyltransferase.350 To perform these assays, the 

co-factor nicotinamide adenine dinucleotide phosphate (NADPH) is added to a solution of 

liver microsomes with the test compound at 37 oC and at set time points, the reaction is 

quenched with an organic solvent, followed by centrifugation to precipitate out the 

microsomes so that the supernatant can be analyzed by radioHPLC, as shown in Figure 

5.4.352 Changes to the percentage of intact tracer and metabolic half-life can be quantified 
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and determined. Identification of metabolites using radioHPLC can be performed via the 

co-injection of radiolabeled standards. Heavily metabolized compounds may be less 

stable in vivo; however, this is an in vitro assay and not necessarily representative of in 

vivo conditions.  

 

Figure 5.4. Overview of a liver microsome metabolic assay using BFC-RPs. 

In addition to metabolic assays, if the targeting vector of choice can undergo 

internalization, cellular internalization assays can help determine if changes in chelator, 

linker, or targeting vector structure affects cell uptake, which can further effect tumour 

uptake and retention.353 These assays are generally performed by incubating the cells with 

the radiolabeled tracer in reaction buffer and at given time points, the buffer is removed 

and the cells are washed with an acidic solution to quantify surface bound activity, followed 

by lysis with trypsin or sodium hydroxide to quantify internalized activity using a gamma 

counter.327,353–355 Conducting internalization assays prior to in vivo evaluation allows for 

the identification of structural issues within the BFC-RP that may hinder efficient 

internalization into tumour cells. By eliminating candidates early with in vitro assays, only 

the most promising candidates are selected for further evaluation. This approach improves 

the likelihood of success in subsequent in vivo studies and increases the likelihood of 

advancing the safety and development of radiopharmaceuticals for the diagnosis and 

treatment of cancer.  
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Appendix A. 
 
Supplementary Information for Chapter 2 

Gamma-ray spectra 

 

Figure A.1. Gamma-ray spectrum of the 203Pb Dowex-1x8 elute.  

 

Figure A.2. Gamma-ray spectrum of the 212Pb Dowex-1x8 elute.  
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Dowex-1X8 Resin - Method Development 

When anion exchange resins were being considered for use as a second column 

in our two-column purification procedure, we evaluated both Dowex-1X8 (200-400 mesh, 

Cl form, Pittsburgh, PA) and AG-1X8 (50-100 mesh, Cl form, Biorad, Mississauga, ON) 

resins. AG-1X8 and Dowex-1X8 resins share the same structure (type I, strong base anion 

exchangers with quaternary amine functional groups on styrene divinyl benzene polymeric 

beads), but AG-1X8 is an analytical grade resin, whereas Dowex-1X8 is not. Analytical 

grade resins typically contain less metal contaminants and have a more narrow particle 

size distribution that can lead to superior resolution, which could result in smaller elute 

volumes, ideal for radiochemical separation. However, this resin is nearly twice the price 

of Dowex-1X8. 

In order to determine which resin was more useful for our applications, and what 

column volume should be used for a loading volume of at least 4 mL, 100 mg of each resin 

(column volume of 100 L) was first used. The resin was packed as a slurry in deionized 

water into a 1 mL polypropylene cartridge and preconditioned with 5 mL of deionized water 

and 5 mL of 2 M HCl. The loading solution containing the diluted PbTM resin elute (in 2 M 

HCl) was loaded onto the column by gravity before eluting with 0.01 M HCl at 1.5 mL/min. 

Gamma spectroscopy was used to quantify the 203Pb in the load and elute fractions as at 

this point in the investigative process, the 1 M HCl wash was not yet employed, as shown 

in Figure A.3.  
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Figure A.3. Average elution profile of 203Pb (4 mL in 2 M HCl) purification on (A) 100 
mg of Dowex-1X8 resin and (B) 100 mg of AG-1X8 resin (n=1).  

Despite this only being one replicate, it was clear that this column volume was too 

small and thus had to be increased. For the next set of experiments, 500 mg of resin 

(column volume 530 L) was packed as a slurry into a 1 mL polypropylene cartridge and 

preconditioned with 10 mL of deionized water and 10 mL of 2 M HCl. The columns were 

loaded by gravity and eluted with 0.01 M HCl at 1.5 mL/min, with the elution profiles shown 

in Figure A.4.  
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Figure A.4. Average elution profile of 203Pb (4 mL in 2 M HCl) purification on (A) 500 
mg of Dowex-1X8 resin and (B) 500 mg of AG-1X8 resin (n=1).  

Initially, it was expected that the elution profiles would be opposite as AG-1X8 

should offer greater resolution. However, due to the drastic, unexpected difference in the 

elution profiles in Figure A.4, and the lower cost, it was decided to proceed with Dowex-

1X8 as the resin of choice. To further determine if the 203Pb lost in the load could be further 

reduced, 1000 mg of Dowex-1X8 resin was prepared as previously described and identical 

loading and elution conditions were used.  
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Figure A.5. Average elution profile of 203Pb (4 mL in 2 M HCl) purification on 1000 
mg of Dowex-1X8 resin. (n=1) 

With a 1000 mg column, the 203Pb in the load did not decrease and the elution 

volume and profile began to broaden as more 0.01 M HCl was required to elute the 203Pb 

from the larger column, as expected. Since it is desirable for the elute volume to be as low 

as possible, 500 mg was the finalized column volume used in this novel purification 

procedure.  
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Representative iTLCs 

 

Figure A.6. Representative iTLC radio-chromatograms for 212Pb radiolabelling. [A] 
10-6

 M TCMC labelled with 100 kBq 212Pb at room temperature (0.1 M 
NH4OAc, pH 7, 1 h), [B] 10-7 M TCMC labelled with 100 kBq 212Pb at 
room temperature (0.1 M NH4OAc, pH 7, 1 h), and [C] unlabelled 203Pb 
(negative control) 1 h aliquot spotted onto SA iTLC plates, developed 
using EDTA (50 mM, pH 5.0) as the mobile phase. 
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Figure A.7. Representative iTLC radio-chromatograms for 203Pb radiolabelling. [A] 
10-6

 M TCMC labelled with 85 kBq 203Pb at room temperature (0.1 M 
NH4OAc, pH 7, 1 h), [B] 10-8 M TCMC labelled with 85 kBq 203Pb at room 
temperature (0.1 M NH4OAc, pH 7, 1 h), and [C] unlabelled 203Pb 
(negative control) 1 h aliquot spotted onto SA iTLC plates, developed 
using EDTA (50 mM, pH 5.0) as the mobile phase. 
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212Pb Radiolabeling 

 

Figure A.8. Radiochemical yields (%) for 212Pb (100 kBq) labeling reactions at pH 7 
(0.1 M NH4OAc),  room tempeature, and 1 h at chelator concentrations 
of 10-4 to 10-8 M using 212Pb produced via the one-column156 (A) and 
two-column (B) method. (n = 3) 
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Photograph of Average Electroplated Tl Target 

 

Figure A.9. Photograph of a representative silver-backed, electroplated natTl target. 
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Appendix B.  
 
Supplementary Information for Chapter 3 

Synthesis and Characterization of Chelators and Pb2+ 
Complexes 

 

Scheme B.1. Synthesis of pyridyl-containing chelators in this study. 
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Figure B.1. 1H NMR spectrum of Crown-4Py (500 MHz, CD2Cl2, 25 oC) 
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Figure B.2. 13C NMR spectrum of Crown-4Py (125 MHz, CD2Cl2, 25 oC) 
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Figure B.3. 1H NMR spectrum of Cyclen-4Py (400 MHz, CD3CN, 25 oC) 
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Figure B.4. 13C NMR spectrum of Cyclen-4Py (100 MHz, CD3CN, 25 oC) 
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Figure B.5. 1H NMR spectrum of NOON-2Py (400 MHz, DMSO-d6, 25oC) 
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Figure B.6. 13C NMR spectrum of NOON-2Py (100 MHz, DMSO-d6, 25 oC) 
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Figure B.7. 1H NMR spectrum of [Pb(Cyclen-4Py)]2+ (500 MHz, CD3CN, 25 oC) 
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Figure B.8. 1H-1H COSY NMR spectrum of [Pb(Cyclen-4Py)]2+ (500 MHz, CD3CN, 25 
oC) 
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Figure B.9. 1H NMR spectrum of [Pb(Cyclen-4Py)]2+ (500 MHz, CD3CN, 25 oC) 
showing 1H-1H correlations obtained from 2D COSY. 
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Figure B.10. HSQC NMR spectrum of [Pb(Cyclen-4Py)]2+ (500 MHz, CD3CN, 25 oC) 
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Figure B.11. 1H NMR spectrum of [Pb(Crown-4Py)]2+ (600 MHz, CD3CN, 25 oC) 
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Figure B.12. 1H-1H COSY NMR spectrum of [Pb(Crown-4Py)]2+ (600 MHz, CD3CN, 25 
oC) 
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Figure B.13. 1H NMR spectrum of [Pb(Crown-4Py)]2+ (600 MHz, CD3CN, 25 oC) 
showing 1H-1H correlations obtained from 2D COSY. 
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Figure B.14. HSQC NMR spectrum of [Pb(Crown-4Py)]2+ (600 MHz, CD3CN, 25 oC) 
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Figure B.15. 1H NMR spectrum of [Pb(NOON-2Py)]2+ (400 MHz, DMSO-d6, 25 oC) 
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Figure B.16. 1H-1H COSY NMR spectrum of [Pb(NOON-2Py)]2+ (400 MHz, DMSO-d6, 
25 oC) 
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Figure B.17. HSQC NMR spectrum of [Pb(NOON-2Py)]2+ (400 MHz, DMSO-d6, 25 oC) 
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Figure B.18. 1H NMR spectrum of [Pb(NOON-2Py)]2+ (400 MHz, DMSO-d6, 25 oC) 
showing 1H-1H correlations obtained from 2D COSY. 
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Kinetic Inertness Studies  

Table B.1.  In vitro stability of 203Pb-labeled chelators at 37 oC in human serum (n = 
3) 

203Pb complex % intact 
Time Point 

24 h 48 h 72h 

[203Pb][Pb(TCMC)]2+  98.1 + 0.2% 98.2 + 0.3% 97.2 + 0.7% 

[203Pb][Pb(DOTA)]2-  97.3 + 0.6% 98.1 + 0.2% 97.4 + 0.5% 

[203Pb][Pb(Cyclen-4Py)]2+ 96.3 + 5.5% 99.0 + 1.1% 97.0 + 2.8 

The data from DOTA and TCMC were reproduced from reference 156. 

Table B.2. Stability of 203Pb-labeled chelators in a 20-fold excess EDTA (n = 3) 

203Pb complex % intact 
Time Point 

0.5 h 24 h 48 h 72h 

[203Pb][Pb(TCMC)]2+  99.5 + 0.1% 98.1 + 1.6% 98.1 + 1.3% 97.5 + 2.8% 

[203Pb][Pb(DOTA)]2-  99.0 + 0.3% 99.3 + 0.4% 99.4 + 0.1% 98.9 + 0.4% 

[203Pb][Pb(Cyclen-4Py)]2+ 98.8 + 0.8% 97.7 + 1.7% 97.5 + 1.2% 98.1 + 0.5% 

 

Table B.3. Stability of 203Pb-labeled chelators in a 20-fold excess Pb2+ (n = 3) 

203Pb complex % intact 
Time Point 

0.5 h 24 h 48 h 72h 

[203Pb][Pb(TCMC)]2+  99.4 + 0.1% 97.9 + 2.1% 99.4 + 0.1% 97.8 + 2.0% 

[203Pb][Pb(DOTA)]2-  99.2 + 0.3% 99.2 + 0.3% 99.1 + 0.2% 98.7 + 0.5% 

[203Pb][Pb(Cyclen-4Py)]2+ 98.6 + 0.3% 98.5 + 0.6% 97.5 + 0.3% 98.0 + 0.4% 

 

Synthesis of Macrocyclic Backbone Pb Complexes  

[Pb(Cyclen)]2+ 

To a solution of cyclen in methanol (1 mL, 24.6 mg, 142.8 mol) a methanolic 

solution of Pb(ClO4)2 · 3 H2O (65.7 mg, 142.8 mol) was added. A white precipitate 

crashed out of solution. The washing procedure for this solid was identical to that 

described for [Pb(Cyclen-4Py)]2+ and the solid was dried under vacuum. The complex was 

redissolved in acetonitrile and via vapour diffusion of diethyl ether, single colourless 

crystals suitable for X-ray diffraction analyses were obtained.  
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[Pb(N2O4)]2+ 

To a solution of N2O4 in methanol (1 mL, 13.7 mg, 52.2 mol a methanolic solution 

of Pb(ClO4)2 · 3 H2O (26.4 mg, 57.4 mol) was added. No precipitate crashed out of 

solution and via vapour diffusion of diethyl ether into the methanol solution was used to 

obtain white, single crystals suitable for X-ray diffraction analyses.  

[Pb(N4O2)]2+  

To a solution of N4O2 in methanol (1 mL, 11.0 mg , 42.2 mol) a methanolic solution 

of Pb(ClO4)2 · 3 H2O (21.4 mg, 46.5 mol) was added. Immediately, a white solid crashed 

out of solution. The washing procedure for this solid was identical to that described for 

[Pb(Cyclen-4Py)]2+ and the solid was dried under vacuum. The complex was redissolved 

in acetonitrile (1 mL) and via vapour diffusion of diethyl ether, single crystals suitable for 

X-ray diffraction analyses were obtained.  
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Figure B.19.  X-ray crystal structures of [Pb(Cyclen)]2+ (top), [Pb(N2O4)]2+ (middle), 
and [Pb(N4O2)]2+ (bottom) complexes with labeled atoms; hydrogens 
and counter anions were omitted for clarity. Ellipsoids drawn at 50% 
probability level. 
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X-ray Crystallography  

Complexes [Pb(NOON-2Py)]2+ and [Pb(N4O2)]2+ crystallize with one independent 

molecule in the asymmetric unit. Complex [Pb(Cyclen)]2+ crystallizes with one molecule in 

the asymmetric unit; in addition, the nitrogen groups are disordered and were modeled in 

two orientations. All the crystal structures containing ClO4
- anions are disordered and were 

modeled in two orientations. Complex [Pb(N2O4)]2+ crystallizes with half of the molecule 

residing on the inversion center.  

Crystal data and structure refinement for Crystal structure [Pb(Crown-
4Py)]2+ 

Identification code Crystal Structure [Pb(Crown-4Py)]2+ 

Empirical formula C38H51N9PbCl2O10 

Formula weight 1071.96 

Temperature/K 296(2) 

Crystal system monoclinic 

Space group P21/n 

a/Å 14.8512(16) 

b/Å 15.4178(15) 

c/Å 19.2200(19) 

α/° 90 

β/° 100.990(4) 

γ/° 90 

Volume/Å3 4320.1(8) 

Z 4 

ρcalcg/cm3 1.648 

μ/mm-1 4.095 

F(000) 2152.0 

Crystal size/mm3 0.612 × 0.378 × 0.34 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.412 to 58.312 

Index ranges -20 ≤ h ≤ 20, -20 ≤ k ≤ 21, -25 ≤ l ≤ 26 

Reflections collected 129718 

Independent reflections 11646 [Rint = 0.0428, Rsigma = 0.0236] 

Data/restraints/parameters 11646/986/542 

Goodness-of-fit on F2 1.032 
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Final R indexes [I>=2σ (I)] R1 = 0.0316, wR2 = 0.0806 

Final R indexes [all data] R1 = 0.0454, wR2 = 0.0882 

Largest diff. peak/hole / e Å-3 0.91/-0.66 
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Bond Lengths for Crystal Structure of [Pb(Crown-4Py)]2+ 

Atom Atom Length/Å 

 

Atom Atom Length/Å 

Pb1 O1 2.613(3) N4 C27 1.488(5) 

Pb1 O2 2.604(3) C4 C5 1.408(9) 

Pb1 N2 2.769(3) N5 C5 1.327(7) 

Pb1 N3 2.742(3) N6 C10 1.322(5) 

Pb1 N4 2.764(3) N6 C14 1.328(6) 

Cl1 O7 1.329(6) C6 C32 1.503(6) 

Cl1 O8 1.378(7) N7 C32 1.339(5) 

Cl1 O9 1.254(6) N7 C36 1.340(6) 

Cl1 O10 1.250(8) C7 C8 1.470(7) 

O1 C16 1.426(6) N8 C22 1.333(5) 

O1 C17 1.434(6) N8 C26 1.337(5) 

N1 C7 1.501(6) N9 C37 1.111(9) 

N1 C30 1.473(6) C9 C10 1.497(6) 

N1 C31 1.463(6) C10 C11 1.370(6) 

C1 C2 1.392(7) C11 C12 1.371(8) 

C1 N5 1.344(7) C12 C13 1.341(8) 

C1 C31 1.504(8) C13 C14 1.361(7) 

Cl2 O3 1.388(5) C15 C16 1.491(8) 

Cl2 O4 1.422(4) C17 C18 1.523(8) 

Cl2 O5 1.353(5) C19 C20 1.510(7) 

Cl2 O6 1.393(6) C21 C22 1.510(5) 

O2 C28 1.417(5) C22 C23 1.375(5) 

O2 C29 1.428(5) C23 C24 1.373(7) 

N2 C8 1.480(6) C24 C25 1.369(7) 

N2 C9 1.467(5) C25 C26 1.362(7) 

N2 C15 1.488(6) C27 C28 1.505(7) 

C2 C3 1.357(10) C29 C30 1.507(7) 

N3 C6 1.471(5) C32 C33 1.381(6) 

N3 C18 1.479(6) C33 C34 1.361(8) 

N3 C19 1.478(6) C34 C35 1.353(8) 

C3 C4 1.341(11) C35 C36 1.381(7) 

N4 C20 1.473(5) C37 C38 1.445(11) 

N4 C21 1.473(5)    
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Bond Angles for Crystal Structure of [Pb(Crown-4Py)]2+ 

Atom Atom Atom Angle/˚ 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Atom Atom Atom Angle/˚ 

O1 Pb1 N2 63.11(11) C20 N4 C27 111.6(3) 

O1 Pb1 N3 63.24(10) C21 N4 Pb1 111.5(2) 

O1 Pb1 N4 115.86(10) C21 N4 C20 108.9(3) 

O2 Pb1 O1 178.39(9) C21 N4 C27 109.6(3) 

O2 Pb1 N2 116.65(10) C27 N4 Pb1 104.8(2) 

O2 Pb1 N3 117.02(10) C3 C4 C5 118.6(7) 

O2 Pb1 N4 63.27(9) C5 N5 C1 116.8(5) 

N3 Pb1 N2 126.33(11) N5 C5 C4 123.2(7) 

N3 Pb1 N4 67.05(10) C10 N6 C14 117.5(4) 

N4 Pb1 N2 142.97(9) N3 C6 C32 113.7(3) 

O7 Cl1 O8 106.5(6) C32 N7 C36 117.2(4) 

O9 Cl1 O7 106.4(6) C8 C7 N1 116.0(4) 

O9 Cl1 O8 115.2(7) C22 N8 C26 117.1(4) 

O10 Cl1 O7 102.9(8) C7 C8 N2 115.9(4) 

O10 Cl1 O8 109.0(6) N2 C9 C10 113.7(4) 

O10 Cl1 O9 115.6(8) N6 C10 C9 117.9(3) 

C16 O1 Pb1 122.7(3) N6 C10 C11 122.4(5) 

C16 O1 C17 114.5(4) C11 C10 C9 119.7(4) 

C17 O1 Pb1 122.8(3) C10 C11 C12 118.8(5) 

C30 N1 C7 112.9(4) C13 C12 C11 119.2(5) 

C31 N1 C7 107.0(4) C12 C13 C14 118.9(5) 

C31 N1 C30 111.6(4) N6 C14 C13 123.2(5) 

C2 C1 C31 120.6(5) N2 C15 C16 114.4(4) 

N5 C1 C2 122.3(6) O1 C16 C15 109.5(4) 

N5 C1 C31 117.1(4) O1 C17 C18 109.3(3) 

O3 Cl2 O4 114.0(3) N3 C18 C17 113.8(4) 

O3 Cl2 O6 104.6(5) N3 C19 C20 114.7(3) 

O5 Cl2 O3 112.9(5) N4 C20 C19 114.7(3) 

O5 Cl2 O4 112.5(4) N4 C21 C22 113.1(3) 

O5 Cl2 O6 104.6(6) N8 C22 C21 117.9(3) 

O6 Cl2 O4 107.2(4) N8 C22 C23 122.5(4) 

C28 O2 Pb1 123.4(2) C23 C22 C21 119.5(4) 

C28 O2 C29 113.8(3) C24 C23 C22 119.0(5) 

C29 O2 Pb1 122.7(3) C25 C24 C23 119.0(4) 

C8 N2 Pb1 110.2(2) C26 C25 C24 118.4(4) 

C8 N2 C15 113.0(4) N8 C26 C25 123.8(5) 

C9 N2 Pb1 111.3(2) N4 C27 C28 114.4(3) 
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C9 N2 C8 107.7(4)   

  

  

  

  

  

  

  

  

O2 C28 C27 109.2(3) 

C9 N2 C15 110.5(3) O2 C29 C30 109.3(4) 

C15 N2 Pb1 104.2(2) N1 C30 C29 115.4(4) 

C3 C2 C1 119.5(7) N1 C31 C1 114.8(4) 

C6 N3 Pb1 109.8(3) N7 C32 C6 118.2(4) 

C6 N3 C18 111.5(3) N7 C32 C33 122.0(5) 

C6 N3 C19 108.4(4) C33 C32 C6 119.8(4) 

C18 N3 Pb1 106.1(2) C34 C33 C32 119.4(5) 

C19 N3 Pb1 110.2(2) C35 C34 C33 119.6(5) 

C19 N3 C18 110.8(4) C34 C35 C36 118.5(5) 

C4 C3 C2 119.6(6) N7 C36 C35 123.2(5) 

C20 N4 Pb1 110.4(2) N9 C37 C38 173.7(12) 

 

Crystal data and structure refinement for Crystal structure 
[Pb(Cyclen-4Py)]2+ 

Identification code Crystal structure [Pb(Cyclen-4Py)]2+ 

Empirical formula C32H40N8PbCl2O8 

Formula weight 942.81 

Temperature/K 296(2) 

Crystal system triclinic 

Space group P-1 

a/Å 8.9974(13) 

b/Å 10.9577(18) 

c/Å 19.929(3) 

α/° 81.901(6) 

β/° 77.037(5) 

γ/° 72.741(6) 

Volume/Å3 1822.7(5) 

Z 2 

ρcalcg/cm3 1.718 

μ/mm-1 4.835 

F(000) 936.0 

Crystal size/mm3 0.356 × 0.234 × 0.212 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.904 to 61.002 

Index ranges -12 ≤ h ≤ 12, -15 ≤ k ≤ 15, -28 ≤ l ≤ 27 

Reflections collected 36513 
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Independent reflections 11077 [Rint = 0.0450, Rsigma = 0.0403] 

Data/restraints/parameters 11077/554/497 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ (I)] R1 = 0.0262, wR2 = 0.0605 

Final R indexes [all data] R1 = 0.0355, wR2 = 0.0638 

Largest diff. peak/hole / e Å-3 0.76/-0.69 
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Bond Lengths for Crystal structure [Pb(Cyclen-4Py)]2+ 

Atom Atom Length/Å 

 

Atom Atom Length/Å 

Pb1 N1 2.630(2) N4 C27 1.481(3) 

Pb1 N2 2.652(2) O6 O7 1.75(5) 

Pb1 N3 2.695(2) N5 C10 1.333(4) 

Pb1 N4 2.710(2) N5 C14 1.346(4) 

Pb1 N5 2.712(3) C5 C6 1.527(4) 

Pb1 N6 2.776(3) N6 C16 1.324(4) 

Pb1 N7 2.781(2) N6 C20 1.347(5) 

Cl1 O1 1.407(4) N7 C22 1.332(3) 

Cl1 O2 1.414(3) N7 C26 1.344(4) 

Cl1 O3 1.378(3) C7 C8 1.507(4) 

Cl1 O4 1.400(3) N8 C28 1.336(4) 

N1 C1 1.480(4) N8 C32 1.333(4) 

N1 C8 1.490(4) C9 C10 1.514(4) 

N1 C9 1.477(4) C10 C11 1.366(4) 

C1 C2 1.517(4) C11 C12 1.375(5) 

Cl2 O5 1.34(2) C12 C13 1.354(5) 

Cl2 O6 1.39(2) C13 C14 1.366(5) 

Cl2 O7 1.524(18) C15 C16 1.511(4) 

Cl2 O8 1.283(14) C16 C17 1.371(4) 

Cl2 O9 1.426(8) C17 C18 1.377(5) 

Cl2 O10 1.392(8) C18 C19 1.353(6) 

Cl2 O11 1.383(4) C19 C20 1.369(5) 

Cl2 O12 1.409(5) C21 C22 1.519(4) 

N2 C2 1.486(4) C22 C23 1.379(4) 

N2 C3 1.486(4) C23 C24 1.371(5) 

N2 C15 1.485(4) C24 C25 1.356(5) 

N3 C4 1.486(3) C25 C26 1.376(5) 

N3 C5 1.477(3) C27 C28 1.496(4) 

N3 C21 1.468(4) C28 C29 1.371(4) 

C3 C4 1.504(4) C29 C30 1.368(5) 

N4 C6 1.475(4) C30 C31 1.361(6) 

N4 C7 1.481(3) C31 C32 1.355(6) 
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Bond Angles for Crystal structure [Pb(Cyclen-4Py)]2+ 

Atom Atom Atom Angle/˚ 

 

Atom Atom Atom Angle/˚ 

N1 Pb1 N2 68.87(7) C21 N3 C5 109.8(2) 

N1 Pb1 N3 106.07(7) N2 C3 C4 114.1(2) 

N1 Pb1 N4 68.95(7) C6 N4 Pb1 110.50(15) 

N1 Pb1 N5 63.14(8) C6 N4 C7 110.1(2) 

N1 Pb1 N6 87.38(8) C6 N4 C27 109.7(2) 

N1 Pb1 N7 157.30(8) C7 N4 Pb1 109.10(15) 

N2 Pb1 N3 69.55(7) C7 N4 C27 110.3(2) 

N2 Pb1 N4 105.97(7) C27 N4 Pb1 107.02(16) 

N2 Pb1 N5 119.95(7) N3 C4 C3 114.0(2) 

N2 Pb1 N6 64.10(8) Cl2 O6 O7 56.5(16) 

N2 Pb1 N7 88.66(8) Cl2 O7 O6 49.6(11) 

N3 Pb1 N4 67.74(7) C10 N5 Pb1 114.87(19) 

N3 Pb1 N5 156.39(9) C10 N5 C14 117.8(3) 

N3 Pb1 N6 122.48(7) C14 N5 Pb1 125.4(2) 

N3 Pb1 N7 60.90(7) N3 C5 C6 112.6(2) 

N4 Pb1 N5 88.65(8) C16 N6 Pb1 114.43(19) 

N4 Pb1 N6 156.31(8) C16 N6 C20 118.0(3) 

N4 Pb1 N7 116.75(7) C20 N6 Pb1 126.5(2) 

N5 Pb1 N6 79.48(9) N4 C6 C5 113.0(2) 

N5 Pb1 N7 135.92(8) C22 N7 Pb1 113.10(18) 

N6 Pb1 N7 85.46(8) C22 N7 C26 117.6(3) 

O1 Cl1 O2 108.0(3) C26 N7 Pb1 119.34(19) 

O3 Cl1 O1 107.1(3) N4 C7 C8 113.6(2) 

O3 Cl1 O2 108.4(2) C32 N8 C28 118.3(3) 

O3 Cl1 O4 114.2(3) N1 C8 C7 113.2(2) 

O4 Cl1 O1 107.6(2) N1 C9 C10 113.7(2) 

O4 Cl1 O2 111.2(2) N5 C10 C9 117.7(3) 

C1 N1 Pb1 110.17(16) N5 C10 C11 121.7(3) 

C1 N1 C8 110.1(2) C11 C10 C9 120.6(3) 

C8 N1 Pb1 109.09(15) C10 C11 C12 119.5(3) 

C9 N1 Pb1 107.74(17) C13 C12 C11 119.6(3) 

C9 N1 C1 110.1(2) C12 C13 C14 118.2(3) 

C9 N1 C8 109.6(2) N5 C14 C13 123.1(3) 

N1 C1 C2 113.2(2) N2 C15 C16 112.6(2) 

O5 Cl2 O6 92(2) N6 C16 C15 115.9(2) 

O5 Cl2 O7 88.9(18) N6 C16 C17 122.4(3) 
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O6 Cl2 O7 74(2) C17 C16 C15 121.6(3) 

O8 Cl2 O5 130.5(17) C16 C17 C18 118.9(3) 

O8 Cl2 O6 137.7(14) C19 C18 C17 119.2(3) 

O8 Cl2 O7 104.3(14) C18 C19 C20 119.2(4) 

O10 Cl2 O9 117.6(7) N6 C20 C19 122.2(4) 

O10 Cl2 O12 95.5(8) N3 C21 C22 115.2(2) 

O11 Cl2 O9 113.5(5) N7 C22 C21 117.8(2) 

O11 Cl2 O10 116.1(5) N7 C22 C23 122.7(3) 

O11 Cl2 O12 108.1(4) C23 C22 C21 119.4(3) 

O12 Cl2 O9 103.0(6) C24 C23 C22 118.3(3) 

C2 N2 Pb1 110.62(16) C25 C24 C23 120.1(3) 

C3 N2 Pb1 110.08(16) C24 C25 C26 118.6(3) 

C3 N2 C2 109.9(2) N7 C26 C25 122.6(3) 

C15 N2 Pb1 105.74(17) N4 C27 C28 113.7(2) 

C15 N2 C2 110.2(2) N8 C28 C27 116.3(2) 

C15 N2 C3 110.2(2) N8 C28 C29 121.9(3) 

N2 C2 C1 112.1(2) C29 C28 C27 121.8(3) 

C4 N3 Pb1 106.22(15) C30 C29 C28 118.8(3) 

C5 N3 Pb1 109.70(16) C31 C30 C29 119.3(3) 

C5 N3 C4 110.8(2) C32 C31 C30 119.1(4) 

C21 N3 Pb1 110.29(16) N8 C32 C31 122.5(4) 

C21 N3 C4 109.9(2)     
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Crystal data and structure refinement for Crystal structure [Pb(NOON-
2Py)]2+ 

Identification code Crystal structure [Pb(NOON-2Py)]2+ 

Empirical formula C48H72ClN8O9Pb2P4F24 

Formula weight 1899.39 

Temperature/K 299(2) 

Crystal system triclinic 

Space group P-1 

a/Å 10.8986(12) 

b/Å 17.928(2) 

c/Å 19.422(2) 

α/° 65.923(4) 

β/° 86.744(4) 

γ/° 75.221(4) 

Volume/Å3 3345.2(6) 

Z 2 

ρcalcg/cm3 1.886 

μ/mm-1 5.245 

F(000) 1856.0 

Crystal size/mm3 0.523 × 0.368 × 0.18 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.87 to 56.624 

Index ranges -14 ≤ h ≤ 14, -23 ≤ k ≤ 23, -25 ≤ l ≤ 25 

Reflections collected 54204 

Independent reflections 16637 [Rint = 0.0342, Rsigma = 0.0403] 

Data/restraints/parameters 16637/0/875 

Goodness-of-fit on F2 1.047 

Final R indexes [I>=2σ (I)] R1 = 0.0334, wR2 = 0.0811 

Final R indexes [all data] R1 = 0.0485, wR2 = 0.0875 

Largest diff. peak/hole / e Å-3 1.25/-1.03 
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Bond Lengths for Crystal structure [Pb(NOON-2Py)]2+ 

Atom Atom Length/Å 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Atom Atom Length/Å 

Pb1 N1 2.776(3) P4 F26 1.547(4) 

Pb1 O2 2.718(3) N4 C20 1.345(5) 

Pb1 N2 2.716(3) N4 C24 1.331(6) 

Pb1 O3 2.717(3) O5 C34 1.403(7) 

Pb1 N3 2.598(3) O5 C35 1.416(7) 

Pb1 O4 2.754(3) N5 C30 1.485(8) 

Pb1 N4 2.575(3) N5 C31 1.484(7) 

P1 F1 1.590(4) N5 C43 1.475(7) 

P1 F2 1.584(3) C5 C6 1.485(7) 

P1 F3 1.598(3) O6 C32 1.406(7) 

P1 F4 1.582(4) O6 C33 1.424(8) 

P1 F5 1.587(3) N6 C25 1.514(7) 

P1 F6 1.561(3) N6 C36 1.474(7) 

O1 C10 1.431(6) N6 C37 1.481(7) 

O1 C11 1.429(6) O7 C28 1.427(7) 

N1 C1 1.486(6) O7 C29 1.422(7) 

N1 C12 1.490(6) N7 C38 1.317(7) 

N1 C13 1.477(6) N7 C42 1.348(7) 

C1 C2 1.500(7) C7 C8 1.496(7) 

Pb2 O5 2.741(4) O8 C26 1.414(7) 

Pb2 N6 2.686(4) O8 C27 1.430(7) 

Pb2 N7 2.550(4) N8 C44 1.333(6) 

Pb2 O8 2.670(3) N8 C48 1.345(6) 

Pb2 N8 2.537(4) C9 C10 1.477(8) 

P2 F7 1.521(5) C11 C12 1.495(7) 

P2 F8 1.589(4) F13 F14 1.608(14) 

P2 F9 1.527(5) C13 C14 1.501(6) 

P2 F10 1.541(5) C14 C15 1.382(6) 

P2 F11 1.542(4) C15 C16 1.366(7) 

P2 F12 1.526(5) F16 F17 1.610(15) 

O2 C8 1.429(6) C16 C17 1.370(7) 

O2 C9 1.439(6) F17 F20 1.766(12) 

N2 C6 1.493(6) C17 C18 1.376(7) 

N2 C7 1.481(6) F15 F20 1.714(15) 

N2 C19 1.476(5) C19 C20 1.498(6) 

C2 O4 1.433(5) C20 C21 1.388(6) 
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P3 F13 1.484(7)   

  

  

  

  

  

  

  

  

  

  

  

  

  

C21 C22 1.362(8) 

P3 F16 1.488(7) C22 C23 1.381(7) 

P3 F14 1.546(7) C23 C24 1.369(6) 

P3 F17 1.481(7) C25 C26 1.471(9) 

P3 F18 1.544(9) C27 C28 1.485(9) 

P3 F15 1.577(9) C29 C30 1.491(9) 

P3 F19 1.539(6) C31 C32 1.495(9) 

P3 F20 1.485(6) C33 C34 1.486(9) 

O3 C4 1.418(6) C35 C36 1.490(9) 

O3 C5 1.429(5) C37 C38 1.497(8) 

N3 C14 1.343(5) C38 C39 1.382(8) 

N3 C18 1.340(6) C39 C40 1.363(11) 

C3 O4 1.426(6) C40 C41 1.363(11) 

C3 C4 1.480(7) C41 C42 1.359(8) 

P4 F21 1.555(4) C43 C44 1.496(8) 

P4 F22 1.575(3) C44 C45 1.380(8) 

P4 F23 1.545(5) C45 C46 1.377(9) 

P4 F24 1.567(4) C46 C47 1.327(9) 

P4 F25 1.591(3) C47 C48 1.354(7) 

Pb1 N1 2.776(3) P4 F26 1.547(4) 

Pb1 O2 2.718(3) N4 C20 1.345(5) 

Pb1 N2 2.716(3) N4 C24 1.331(6) 
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Bond Angles for Crystal Structure [Pb(NOON-2Py)]2+ 

Atom Atom Atom Angle/˚ 

 

Atom Atom Atom Angle/˚ 

O2 Pb1 N1 120.50(10) C18 N3 C14 117.6(4) 

O2 Pb1 O4 156.35(10) O4 C3 C4 108.5(4) 

N2 Pb1 N1 155.12(10) F21 P4 F22 90.8(2) 

N2 Pb1 O2 64.73(11) F21 P4 F24 179.6(4) 

N2 Pb1 O3 65.76(10) F21 P4 F25 90.6(2) 

N2 Pb1 O4 121.90(10) F22 P4 F25 178.0(3) 

O3 Pb1 N1 124.23(10) F23 P4 F21 88.8(4) 

O3 Pb1 O2 112.03(10) F23 P4 F22 89.2(3) 

O3 Pb1 O4 60.01(9) F23 P4 F24 90.7(4) 

N3 Pb1 N1 64.69(11) F23 P4 F25 89.4(2) 

N3 Pb1 O2 78.85(11) F23 P4 F26 174.8(4) 

N3 Pb1 N2 94.84(11) F24 P4 F22 89.2(2) 

N3 Pb1 O3 147.48(10) F24 P4 F25 89.5(2) 

N3 Pb1 O4 120.45(10) F26 P4 F21 96.4(4) 

O4 Pb1 N1 64.36(10) F26 P4 F22 90.9(2) 

N4 Pb1 N1 95.03(10) F26 P4 F24 84.1(3) 

N4 Pb1 O2 121.55(11) F26 P4 F25 90.4(2) 

N4 Pb1 N2 65.28(10) C2 O4 Pb1 107.4(3) 

N4 Pb1 O3 71.13(10) C3 O4 Pb1 112.7(3) 

N4 Pb1 N3 77.12(11) C3 O4 C2 113.6(4) 

N4 Pb1 O4 78.68(10) C20 N4 Pb1 120.3(3) 

F1 P1 F3 89.6(2) C24 N4 Pb1 120.7(3) 

F2 P1 F1 90.4(2) C24 N4 C20 118.6(4) 

F2 P1 F3 88.19(19) O3 C4 C3 108.8(4) 

F2 P1 F5 177.7(2) C34 O5 Pb2 121.4(4) 

F4 P1 F1 179.0(2) C34 O5 C35 114.7(5) 

F4 P1 F2 90.0(2) C35 O5 Pb2 114.7(3) 

F4 P1 F3 89.5(2) C31 N5 C30 108.3(5) 

F4 P1 F5 90.3(2) C43 N5 C30 111.9(5) 

F5 P1 F1 89.3(2) C43 N5 C31 110.5(5) 

F5 P1 F3 89.5(2) O3 C5 C6 108.8(4) 

F6 P1 F1 90.9(2) C32 O6 C33 113.6(5) 

F6 P1 F2 91.7(2) C25 N6 Pb2 110.9(3) 

F6 P1 F3 179.4(2) C36 N6 Pb2 105.1(3) 
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F6 P1 F4 89.9(2) C36 N6 C25 110.0(5) 

F6 P1 F5 90.7(2) C36 N6 C37 110.6(5) 

C11 O1 C10 112.9(4) C37 N6 Pb2 112.3(3) 

C1 N1 Pb1 110.1(3) C37 N6 C25 108.0(4) 

C1 N1 C12 107.6(4) C5 C6 N2 116.0(4) 

C12 N1 Pb1 110.4(3) C29 O7 C28 112.1(4) 

C13 N1 Pb1 107.1(2) C38 N7 Pb2 122.1(3) 

C13 N1 C1 109.7(4) C38 N7 C42 118.3(5) 

C13 N1 C12 112.0(4) C42 N7 Pb2 119.1(4) 

N1 C1 C2 112.7(4) N2 C7 C8 113.4(4) 

N6 Pb2 O5 65.55(13) C26 O8 Pb2 114.6(3) 

N7 Pb2 O5 70.86(12) C26 O8 C27 111.7(4) 

N7 Pb2 N6 65.44(13) C27 O8 Pb2 118.3(3) 

N7 Pb2 O8 118.74(13) C44 N8 Pb2 124.2(3) 

O8 Pb2 O5 115.56(12) C44 N8 C48 116.9(4) 

O8 Pb2 N6 64.71(13) C48 N8 Pb2 118.1(3) 

N8 Pb2 O5 147.57(12) O2 C8 C7 107.0(4) 

N8 Pb2 N6 99.98(12) O2 C9 C10 108.0(4) 

N8 Pb2 N7 76.73(12) O1 C10 C9 109.5(4) 

N8 Pb2 O8 79.15(12) O1 C11 C12 108.6(4) 

F7 P2 F8 90.0(3) N1 C12 C11 115.4(4) 

F7 P2 F9 92.5(4) P3 F13 F14 59.9(4) 

F7 P2 F10 176.6(4) N1 C13 C14 114.7(4) 

F7 P2 F11 88.7(3) N3 C14 C13 118.2(4) 

F7 P2 F12 86.9(4) N3 C14 C15 121.4(4) 

F9 P2 F8 86.4(3) C15 C14 C13 120.2(4) 

F9 P2 F10 88.6(4) C16 C15 C14 120.1(5) 

F9 P2 F11 96.8(4) P3 F16 F17 56.9(5) 

F10 P2 F8 86.8(3) C15 C16 C17 119.1(5) 

F10 P2 F11 94.4(3) P3 F14 F13 56.1(4) 

F11 P2 F8 176.5(3) P3 F17 F16 57.4(4) 

F12 P2 F8 90.6(3) P3 F17 F20 53.6(3) 

F12 P2 F9 176.9(4) F16 F17 F20 92.1(7) 

F12 P2 F10 91.9(4) C16 C17 C18 118.2(5) 

F12 P2 F11 86.2(3) P3 F15 F20 53.4(4) 

C8 O2 Pb1 108.9(3) N3 C18 C17 123.6(4) 
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C8 O2 C9 113.5(4) N2 C19 C20 114.8(4) 

C9 O2 Pb1 112.2(3) P3 F20 F17 53.4(4) 

C6 N2 Pb1 107.8(2) P3 F20 F15 58.6(5) 

C7 N2 Pb1 111.1(3) N4 C20 C19 118.3(4) 

C7 N2 C6 108.6(3) N4 C20 C21 121.1(4) 

C19 N2 Pb1 108.7(2) C21 C20 C19 120.6(4) 

C19 N2 C6 111.3(4) C22 C21 C20 119.4(5) 

C19 N2 C7 109.5(4) C21 C22 C23 119.5(4) 

O4 C2 C1 107.2(4) C24 C23 C22 118.2(5) 

F13 P3 F16 165.1(7) N4 C24 C23 123.2(4) 

F13 P3 F14 64.1(6) C26 C25 N6 114.2(5) 

F13 P3 F18 78.8(8) O8 C26 C25 107.5(5) 

F13 P3 F15 103.1(6) O8 C27 C28 108.3(5) 

F13 P3 F19 89.6(4) O7 C28 C27 107.9(5) 

F13 P3 F20 82.4(5) O7 C29 C30 107.0(5) 

F16 P3 F14 103.7(8) N5 C30 C29 115.4(5) 

F16 P3 F18 107.4(7) N5 C31 C32 113.1(5) 

F16 P3 F15 75.0(5) O6 C32 C31 109.5(5) 

F16 P3 F19 80.0(5) O6 C33 C34 108.9(5) 

F17 P3 F13 127.7(9) O5 C34 C33 108.5(5) 

F17 P3 F16 65.7(7) O5 C35 C36 109.4(5) 

F17 P3 F14 166.4(9) N6 C36 C35 115.4(5) 

F17 P3 F19 103.7(6) N6 C37 C38 115.1(5) 

F17 P3 F20 73.1(5) N7 C38 C37 119.1(5) 

F18 P3 F15 163.0(8) N7 C38 C39 121.7(6) 

F19 P3 F14 81.7(5) C39 C38 C37 119.0(6) 

F19 P3 F18 71.5(6) C40 C39 C38 118.9(7) 

F19 P3 F15 125.1(8) C41 C40 C39 120.0(6) 

F20 P3 F16 109.8(6) C42 C41 C40 118.0(7) 

F20 P3 F14 104.5(5) N7 C42 C41 123.0(7) 

F20 P3 F18 95.8(7) N5 C43 C44 116.4(4) 

F20 P3 F15 68.0(7) N8 C44 C43 117.7(5) 

F20 P3 F19 166.2(7) N8 C44 C45 121.8(5) 

C4 O3 Pb1 120.0(3) C45 C44 C43 120.4(5) 

C4 O3 C5 113.3(4) C46 C45 C44 118.0(6) 

C5 O3 Pb1 114.5(2) C47 C46 C45 121.3(6) 
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C14 N3 Pb1 120.5(3) C46 C47 C48 117.5(6) 

C18 N3 Pb1 121.6(3) N8 C48 C47 124.4(5) 

 

Crystal data and structure refinement for Crystal structure 
[Pb(Cyclen)]2+ 

Identification code Crystal structure Pb-Cyclen 

Empirical formula C50H101Cl12O49Pb6N25 

Formula weight 3505.09 

Temperature/K 296(2) 

Crystal system monoclinic 

Space group P21/n 

a/Å 14.708(2) 

b/Å 25.675(3) 

c/Å 28.280(4) 

α/° 90 

β/° 100.767(5) 

γ/° 90 

Volume/Å3 10491(2) 

Z 4 

ρcalcg/cm3 2.219 

μ/mm-1 9.999 

F(000) 6656.0 

Crystal size/mm3 0.511 × 0.352 × 0.321 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.924 to 56.624 

Index ranges -19 ≤ h ≤ 19, -34 ≤ k ≤ 34, -37 ≤ l ≤ 37 

Reflections collected 185054 

Independent reflections 26100 [Rint = 0.0721, Rsigma = 0.0549] 

Data/restraints/parameters 26100/3230/1329 

Goodness-of-fit on F2 1.024 

Final R indexes [I>=2σ (I)] R1 = 0.0532, wR2 = 0.1439 

Final R indexes [all data] R1 = 0.0796, wR2 = 0.1638 

Largest diff. peak/hole / e Å-3 1.99/-2.59 
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Bond Lengths for Crystal structure [Pb(Cyclen)]2+ 

Atom Atom Length/Å 

 

Atom Atom Length/Å 

N101 C25 1.78(5) N8 C11 1.523(15) 

N101 C26 1.17(5) Cl9 O33 1.385(9) 

N101 C27 1.49(5) Cl9 O34 1.386(9) 

N17 Pb4 2.471(10) Cl9 O35 1.376(11) 

N17 C26 1.75(2) Cl9 O36 1.375(11) 

N17 C27 1.294(18) N9 C9 1.498(13) 

Pb1 N2 2.497(9) N9 C16 1.416(12) 

Pb1 N3 2.509(8) C9 C10 1.488(17) 

Pb1 N4 2.502(8) Cl10 O37 1.442(12) 

Pb1 N5 2.531(9) Cl10 O38 1.391(9) 

Cl1 O1 1.433(9) Cl10 O39 1.388(8) 

Cl1 O2 1.400(10) Cl10 O40 1.347(14) 

Cl1 O3 1.439(9) Cl10 O101 1.44(3) 

Cl1 O4 1.404(9) N10 C22 1.366(17) 

N1 C50 1.16(3) N10 C23 1.556(19) 

C1 N2 1.46(2) C101 N11 1.879(15) 

C1 C2 1.42(2) C101 N12 1.443(13) 

Pb2 N6 2.507(8) C101 C20 1.222(12) 

Pb2 N7 2.530(8) Cl11 O41 1.361(10) 

Pb2 N8 2.535(8) Cl11 O42 1.413(16) 

Pb2 N9 2.499(7) Cl11 O43 1.345(10) 

Cl2 O5 1.385(14) Cl11 O44 1.353(11) 

Cl2 O6 1.362(16) N11 C20 1.423(16) 

Cl2 O7 1.286(15) N11 C21 1.552(16) 

Cl2 O8 1.41(2) C11 C12 1.485(19) 

N2 C8 1.39(2) Cl12 O45 1.393(9) 

C2 N3 1.389(16) Cl12 O46 1.329(9) 

Pb3 N10 2.538(10) Cl12 O47 1.437(13) 

Pb3 C101 2.805(11) Cl12 O48 1.391(11) 

Pb3 N11 2.471(8) N12 C18 1.413(15) 

Pb3 N12 2.492(9) N13 C17 1.566(19) 

Pb3 N13 2.511(10) N13 C24 1.387(18) 

Cl3 O9 1.397(11) C13 C14 1.430(18) 

Cl3 O10 1.341(13) N14 C28 1.579(15) 

Cl3 O11 1.356(10) N14 C29 1.39(2) 

Cl3 O12 1.343(11) N15 C30 1.63(2) 
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N3 C3 1.457(16) N15 C31 1.38(2) 

C3 C4 1.351(19) C15 C16 1.486(15) 

Pb4 N14 2.527(11) N16 C25 1.356(19) 

Pb4 N15 2.515(10) N16 C32 1.519(19) 

Pb4 N16 2.461(9) C17 C18 1.466(19) 

Cl4 O13 1.404(12) N18 C42 1.410(16) 

Cl4 O14 1.236(15) N18 C43 1.605(17) 

Cl4 O15 1.440(15) N19 C44 1.427(16) 

Cl4 O16 1.416(15) N19 C45 1.514(18) 

N4 C4 1.439(15) N20 C46 1.442(17) 

N4 C5 1.477(16) N20 C47 1.54(2) 

Pb5 N22 2.499(10) N21 C41 1.578(17) 

Pb5 N23 2.516(9) N21 C48 1.378(19) 

Pb5 N24 2.450(9) C21 C22 1.44(2) 

Pb5 N25 2.475(9) N22 C34 1.66(2) 

Cl5 O17 1.421(7) N22 C35 1.27(2) 

Cl5 O18 1.417(9) N23 C33 1.392(18) 

Cl5 O19 1.369(9) N23 C40 1.618(18) 

Cl5 O20 1.412(9) C23 C24 1.49(2) 

N5 C6 1.379(19) N24 C38 1.699(18) 

N5 C7 1.511(19) N24 C39 1.368(17) 

C5 C6 1.39(2) N25 C36 1.80(2) 

Pb6 N18 2.522(8) N25 C37 1.305(17) 

Pb6 N19 2.526(9) C25 C26 1.23(2) 

Pb6 N20 2.505(9) N26 C28 1.16(6) 

Pb6 N21 2.511(9) N26 C29 1.47(6) 

Cl6 O21 1.302(12) N27 C36 1.18(6) 

Cl6 O22 1.373(9) N27 C37 1.47(6) 

Cl6 O23 1.344(14) C27 C28 1.37(2) 

Cl6 O24 1.378(9) C29 C30 1.33(2) 

N6 C13 1.439(14) C31 C32 1.283(16) 

N6 C15 1.497(13) C33 C34 1.36(2) 

Cl7 O25 1.380(12) C33 N38 1.76(7) 

Cl7 O26 1.302(12) C34 N38 1.24(7) 

Cl7 O27 1.310(16) C35 C36 1.33(2) 

Cl7 O28 1.284(13) C35 N38 1.54(7) 

N7 C12 1.425(16) O37 O40 1.79(3) 

N7 C14 1.532(17) C37 C38 1.38(2) 
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C7 C8 1.41(2) C39 C40 1.45(2) 

Cl8 O29 1.401(10) C41 C42 1.41(2) 

Cl8 O30 1.423(11) C43 C44 1.373(19) 

Cl8 O31 1.409(10) C45 C46 1.38(2) 

Cl8 O32 1.406(10) C47 C48 1.41(2) 

N8 C10 1.451(14) C49 C50 1.42(3) 
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Bond Angles for Crystal structure [Pb(Cyclen)]2+ 

Atom Atom Atom Angle/˚ 

 

Atom Atom Atom Angle/˚ 

C26 N101 C25 44(2) O38 Cl10 O37 106.8(8) 

C26 N101 C27 145(4) O38 Cl10 O101 100.5(16) 

C27 N101 C25 142(2) O39 Cl10 O37 104.1(8) 

C26 N17 Pb4 101.4(7) O39 Cl10 O38 114.9(6) 

C27 N17 Pb4 118.3(10) O39 Cl10 O101 92.7(17) 

C27 N17 C26 112.5(11) O40 Cl10 O37 80.0(12) 

N2 Pb1 N3 70.2(3) O40 Cl10 O38 117.7(8) 

N2 Pb1 N4 107.9(3) O40 Cl10 O39 123.2(8) 

N2 Pb1 N5 70.4(4) O101 Cl10 O37 137(2) 

N3 Pb1 N5 109.1(3) C22 N10 Pb3 112.8(8) 

N4 Pb1 N3 70.4(3) C22 N10 C23 115.0(12) 

N4 Pb1 N5 69.2(3) C23 N10 Pb3 104.1(8) 

O1 Cl1 O3 109.4(7) N8 C10 C9 109.4(10) 

O2 Cl1 O1 107.6(7) N11 C101 Pb3 59.9(4) 

O2 Cl1 O3 111.7(7) N12 C101 Pb3 62.5(5) 

O2 Cl1 O4 111.2(7) N12 C101 N11 119.9(9) 

O4 Cl1 O1 106.3(7) C20 C101 Pb3 104.8(10) 

O4 Cl1 O3 110.4(7) C20 C101 N11 49.2(8) 

C2 C1 N2 117.1(12) C20 C101 N12 141.9(11) 

N6 Pb2 N7 70.3(3) O41 Cl11 O42 104.5(11) 

N6 Pb2 N8 108.4(3) O43 Cl11 O41 115.6(9) 

N7 Pb2 N8 69.5(3) O43 Cl11 O42 98.8(13) 

N9 Pb2 N6 70.0(3) O43 Cl11 O44 113.4(9) 

N9 Pb2 N7 108.0(3) O44 Cl11 O41 114.5(8) 

N9 Pb2 N8 69.8(3) O44 Cl11 O42 108.0(13) 

O5 Cl2 O8 99.8(15) C101 N11 Pb3 79.0(4) 

O6 Cl2 O5 107.5(13) C20 N11 Pb3 115.1(7) 

O6 Cl2 O8 100.4(13) C20 N11 C101 40.6(6) 

O7 Cl2 O5 103.7(11) C20 N11 C21 110.2(9) 

O7 Cl2 O6 124.5(17) C21 N11 Pb3 109.7(7) 

O7 Cl2 O8 118.2(18) C21 N11 C101 144.3(8) 

C1 N2 Pb1 110.5(8) C12 C11 N8 112.8(9) 

C8 N2 Pb1 114.7(10) O45 Cl12 O47 99.4(8) 

C8 N2 C1 112.5(13) O46 Cl12 O45 119.1(7) 

N3 C2 C1 119.3(12) O46 Cl12 O47 99.2(10) 

N10 Pb3 C101 97.5(3) O46 Cl12 O48 114.7(8) 
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N11 Pb3 N10 69.8(3) O48 Cl12 O45 116.7(7) 

N11 Pb3 C101 41.1(3) O48 Cl12 O47 102.5(10) 

N11 Pb3 N12 71.0(3) C101 N12 Pb3 86.6(6) 

N11 Pb3 N13 109.0(3) C18 N12 Pb3 115.4(8) 

N12 Pb3 N10 109.1(3) C18 N12 C101 119.6(9) 

N12 Pb3 C101 30.9(3) N7 C12 C11 110.2(11) 

N12 Pb3 N13 70.2(4) C17 N13 Pb3 107.8(7) 

N13 Pb3 N10 70.3(4) C24 N13 Pb3 115.3(10) 

N13 Pb3 C101 91.7(3) C24 N13 C17 109.5(11) 

O10 Cl3 O9 101.5(12) C14 C13 N6 113.1(11) 

O10 Cl3 O11 103.3(9) C28 N14 Pb4 103.5(8) 

O10 Cl3 O12 101.7(12) C29 N14 Pb4 112.8(11) 

O11 Cl3 O9 116.5(8) C29 N14 C28 118.6(15) 

O12 Cl3 O9 108.4(9) C13 C14 N7 114.0(9) 

O12 Cl3 O11 121.9(9) C30 N15 Pb4 102.8(9) 

C2 N3 Pb1 113.0(8) C31 N15 Pb4 113.7(9) 

C2 N3 C3 114.6(12) C31 N15 C30 121.6(15) 

C3 N3 Pb1 109.4(7) C16 C15 N6 110.3(8) 

C4 C3 N3 120.0(11) C25 N16 Pb4 115.6(9) 

N17 Pb4 N14 67.6(5) C25 N16 C32 110.7(14) 

N17 Pb4 N15 108.6(3) C32 N16 Pb4 107.7(9) 

N15 Pb4 N14 70.9(4) N9 C16 C15 111.6(9) 

N16 Pb4 N17 70.6(4) C18 C17 N13 112.0(10) 

N16 Pb4 N14 107.4(4) C42 N18 Pb6 113.8(8) 

N16 Pb4 N15 70.1(4) C42 N18 C43 113.0(11) 

O13 Cl4 O15 102.6(10) C43 N18 Pb6 105.2(7) 

O13 Cl4 O16 110.3(10) N12 C18 C17 111.1(12) 

O14 Cl4 O13 112.5(12) C44 N19 Pb6 111.4(8) 

O14 Cl4 O15 106.2(15) C44 N19 C45 114.1(11) 

O14 Cl4 O16 121.6(15) C45 N19 Pb6 107.2(8) 

O16 Cl4 O15 101.2(10) C46 N20 Pb6 113.2(9) 

C4 N4 Pb1 112.0(7) C46 N20 C47 110.6(12) 

C4 N4 C5 110.7(12) C47 N20 Pb6 107.9(8) 

C5 N4 Pb1 112.9(8) C101 C20 N11 90.2(10) 

C3 C4 N4 118.6(13) C41 N21 Pb6 104.1(7) 

N22 Pb5 N23 70.5(4) C48 N21 Pb6 111.2(9) 

N24 Pb5 N22 109.7(3) C48 N21 C41 117.2(13) 

N24 Pb5 N23 69.6(4) C22 C21 N11 111.9(11) 
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N24 Pb5 N25 70.1(4) C34 N22 Pb5 102.1(8) 

N25 Pb5 N22 71.6(4) C35 N22 Pb5 116.9(11) 

N25 Pb5 N23 108.9(3) C35 N22 C34 118.8(13) 

O18 Cl5 O17 110.3(5) N10 C22 C21 114.6(13) 

O19 Cl5 O17 111.1(6) C33 N23 Pb5 112.5(9) 

O19 Cl5 O18 109.0(8) C33 N23 C40 117.0(13) 

O19 Cl5 O20 110.3(9) C40 N23 Pb5 104.4(8) 

O20 Cl5 O17 109.3(6) C24 C23 N10 114.2(11) 

O20 Cl5 O18 106.6(7) C38 N24 Pb5 104.3(7) 

C6 N5 Pb1 113.9(8) C39 N24 Pb5 120.1(9) 

C6 N5 C7 113.7(13) C39 N24 C38 107.4(12) 

C7 N5 Pb1 107.9(9) N13 C24 C23 106.5(12) 

C6 C5 N4 117.4(12) C36 N25 Pb5 101.5(7) 

N18 Pb6 N19 70.8(3) C37 N25 Pb5 117.4(9) 

N20 Pb6 N18 109.2(3) C37 N25 C36 109.1(12) 

N20 Pb6 N19 68.7(4) N16 C25 N101 118.0(16) 

N20 Pb6 N21 70.9(4) C26 C25 N101 40.9(13) 

N21 Pb6 N18 70.5(3) C26 C25 N16 113.6(15) 

N21 Pb6 N19 108.4(3) C28 N26 C29 153(4) 

O21 Cl6 O22 113.6(10) N101 C26 C25 96(2) 

O21 Cl6 O23 105.1(15) C25 C26 N17 112.5(13) 

O21 Cl6 O24 110.0(9) C36 N27 C37 147(4) 

O22 Cl6 O24 113.0(7) N17 C27 C28 108.4(15) 

O23 Cl6 O22 105.3(10) C28 C27 N101 155(2) 

O23 Cl6 O24 109.4(12) N26 C28 C27 102(2) 

C13 N6 Pb2 113.9(7) C27 C28 N14 112.5(11) 

C13 N6 C15 116.6(9) C30 C29 N14 112.8(18) 

C15 N6 Pb2 108.5(6) C30 C29 N26 154(2) 

N5 C6 C5 121.1(14) C29 C30 N15 115.5(13) 

O26 Cl7 O25 118.6(11) C32 C31 N15 118.7(15) 

O26 Cl7 O27 107.0(13) C31 C32 N16 123.2(14) 

O27 Cl7 O25 109.9(12) N23 C33 N38 122(2) 

O28 Cl7 O25 108.2(10) C34 C33 N23 109.7(14) 

O28 Cl7 O26 118.6(14) C34 C33 N38 45(2) 

O28 Cl7 O27 90.8(14) C33 C34 N22 109.8(13) 

C12 N7 Pb2 114.5(7) N38 C34 C33 85(3) 

C12 N7 C14 112.7(11) N22 C35 C36 115.7(16) 

C14 N7 Pb2 107.2(7) C36 C35 N38 157(2) 
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C8 C7 N5 118.1(13) N27 C36 C35 104(3) 

O29 Cl8 O30 106.6(8) C35 C36 N25 111.8(11) 

O29 Cl8 O31 107.9(8) Cl10 O37 O40 47.7(7) 

O29 Cl8 O32 111.6(7) N25 C37 C38 108.4(15) 

O31 Cl8 O30 108.3(8) C38 C37 N27 161(2) 

O32 Cl8 O30 113.2(8) C34 N38 C33 51(3) 

O32 Cl8 O31 109.0(7) C34 N38 C35 132(5) 

C10 N8 Pb2 113.2(6) C35 N38 C33 141(3) 

C10 N8 C11 112.1(10) C37 C38 N24 112.0(11) 

C11 N8 Pb2 108.7(7) N24 C39 C40 106.4(13) 

N2 C8 C7 116.5(14) C39 C40 N23 114.1(12) 

O33 Cl9 O34 112.9(7) Cl10 O40 O37 52.3(8) 

O35 Cl9 O33 107.6(8) C42 C41 N21 114.2(11) 

O35 Cl9 O34 111.1(8) C41 C42 N18 109.9(13) 

O36 Cl9 O33 111.9(8) C44 C43 N18 113.0(11) 

O36 Cl9 O34 113.3(8) C43 C44 N19 111.9(12) 

O36 Cl9 O35 99.1(10) C46 C45 N19 112.5(11) 

C9 N9 Pb2 109.0(6) C45 C46 N20 110.4(13) 

C16 N9 Pb2 112.7(6) C48 C47 N20 113.1(12) 

C16 N9 C9 114.3(9) N21 C48 C47 116.9(16) 

C10 C9 N9 112.5(9) N1 C50 C49 177(3) 
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Crystal data and structure refinement for Crystal structure 
[Pb(N4O2)]2+ 

Identification code Crystal structure Pb-N4O2 done 

Empirical formula C24H48.59N8O20ICl4Pb2 

Formula weight 1325.47 

Temperature/K 298(2) 

Crystal system monoclinic 

Space group P21 

a/Å 9.896(2) 

b/Å 14.168(3) 

c/Å 15.939(3) 

α/° 90 

β/° 103.823(7) 

γ/° 90 

Volume/Å3 2170.0(8) 

Z 2 

ρcalcg/cm3 2.029 

μ/mm-1 8.076 

F(000) 1281.0 

Crystal size/mm3 0.677 × 0.637 × 0.276 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.898 to 60.998 

Index ranges -14 ≤ h ≤ 14, -20 ≤ k ≤ 20, -22 ≤ l ≤ 22 

Reflections collected 25158 

Independent reflections 13203 [Rint = 0.0297, Rsigma = 0.0488] 

Data/restraints/parameters 13203/617/589 

Goodness-of-fit on F2 1.073 

Final R indexes [I>=2σ (I)] R1 = 0.0407, wR2 = 0.1075 

Final R indexes [all data] R1 = 0.0528, wR2 = 0.1143 

Largest diff. peak/hole / e Å-3 0.66/-1.01 

Flack parameter 0.484(3) 
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Bond Lengths for Crystal structure [Pb(N4O2)]2+ 

Atom Atom Length/Å 

 

Atom Atom Length/Å 

Pb1 N1 2.578(12) Cl4 O7 1.414(14) 

Pb1 N2 2.635(12) Cl4 O8 1.35(3) 

Pb1 N3 2.632(14) Cl4 O9 1.37(2) 

Pb1 N4 2.551(11) Cl4 O16 1.42(2) 

Cl1 O4 1.386(14) Cl4 O22 1.43(4) 

Cl1 O6 1.31(4) Cl4 O21 1.39(3) 

Cl1 O5 1.23(3) Cl4 O23 1.36(3) 

Cl1 O15 1.46(3) N4 C10 1.466(18) 

Cl1 O25 1.48(3) N4 C11 1.477(17) 

Cl1 O26 1.41(4) N5 C22 1.38(2) 

Cl1 O24 1.41(3) N5 C24 1.400(19) 

O1 Cl2 1.37(2) C5 C6 1.28(4) 

N1 C4 1.51(5) N6 C13 1.469(18) 

N1 C5 1.47(3) N6 C23 1.484(17) 

N1 C25 1.48(3) C6 O18 1.37(3) 

C1 C2 1.53(2) N7 C16 1.409(18) 

C1 O17 1.433(19) N7 C17 1.420(17) 

Pb2 N5 2.606(11) C7 C8 1.36(3) 

Pb2 N6 2.565(10) C7 O18 1.42(2) 

Pb2 N7 2.634(9) N8 C18 1.479(18) 

Pb2 N8 2.561(11) N8 C19 1.45(2) 

Pb2 O19 2.739(10) C9 C10 1.52(2) 

Cl2 O2 1.346(16) C11 C12 1.50(2) 

Cl2 O10 1.381(19) C12 O17 1.441(17) 

Cl2 O11 1.402(15) C13 C14 1.51(2) 

N2 C2 1.443(19) C14 O19 1.463(18) 

N2 C3 1.51(2) C15 C16 1.51(2) 

Cl3 O3 1.404(13) C15 O19 1.488(18) 

Cl3 O12 1.347(16) C17 C18 1.51(2) 

Cl3 O13 1.435(16) C19 C20 1.50(2) 

Cl3 O14 1.393(19) O20 C20 1.47(2) 

N3 C8 1.36(2) O20 C21 1.49(2) 

N3 C9 1.47(2) C21 C22 1.39(3) 

C3 C4 1.27(4) C23 C24 1.44(2) 

C3 C25 1.43(4)    

 



257 

Bond Angles for Crystal structure [Pb(N4O2)]2+ 

Atom Atom Atom Angle/˚ 

 

Atom Atom Atom Angle/˚ 

N1 Pb1 N2 67.6(4) O7 Cl4 O16 110.4(16) 

N1 Pb1 N3 80.8(6) O7 Cl4 O22 110(2) 

N3 Pb1 N2 140.3(6) O8 Cl4 O7 106.9(16) 

N4 Pb1 N1 93.3(4) O8 Cl4 O9 112(2) 

N4 Pb1 N2 90.2(4) O8 Cl4 O16 111(2) 

N4 Pb1 N3 67.6(4) O9 Cl4 O7 112.6(16) 

O4 Cl1 O15 101.9(19) O9 Cl4 O16 104(2) 

O4 Cl1 O25 109.3(14) O21 Cl4 O7 109(2) 

O4 Cl1 O26 123(3) O21 Cl4 O22 99(3) 

O4 Cl1 O24 113.4(18) O23 Cl4 O7 115.9(18) 

O6 Cl1 O4 101(2) O23 Cl4 O22 108(3) 

O6 Cl1 O15 113(3) O23 Cl4 O21 113(3) 

O5 Cl1 O4 111(3) C10 N4 Pb1 112.3(8) 

O5 Cl1 O6 112(4) C10 N4 C11 114.9(12) 

O5 Cl1 O15 117(4) C11 N4 Pb1 106.2(8) 

O26 Cl1 O25 97(3) C3 C4 N1 123(3) 

O24 Cl1 O25 107(3) C22 N5 Pb2 117.4(12) 

O24 Cl1 O26 105(3) C22 N5 C24 120.6(12) 

C4 N1 Pb1 105.4(17) C24 N5 Pb2 116.1(9) 

C5 N1 Pb1 111.1(13) C6 C5 N1 126(2) 

C5 N1 C4 138(2) C13 N6 Pb2 108.4(7) 

C5 N1 C25 104.9(19) C13 N6 C23 111.3(13) 

C25 N1 Pb1 110.8(11) C23 N6 Pb2 114.9(8) 

O17 C1 C2 111.2(11) C5 C6 O18 121(2) 

N5 Pb2 N7 142.6(4) C16 N7 Pb2 123.4(8) 

N5 Pb2 O19 122.3(4) C16 N7 C17 114.0(11) 

N6 Pb2 N5 64.5(4) C17 N7 Pb2 118.0(8) 

N6 Pb2 N7 89.6(3) C8 C7 O18 112.8(14) 

N6 Pb2 O19 66.9(3) C18 N8 Pb2 108.5(8) 

N7 Pb2 O19 62.5(3) C19 N8 Pb2 112.9(9) 

N8 Pb2 N5 86.1(5) C19 N8 C18 112.0(13) 

N8 Pb2 N6 85.1(4) C7 C8 N3 122.9(19) 

N8 Pb2 N7 64.0(4) N3 C9 C10 105.4(14) 

N8 Pb2 O19 118.6(3) N4 C10 C9 111.4(12) 

O1 Cl2 O10 105.4(13) N4 C11 C12 112.1(13) 

O1 Cl2 O11 112.1(14) O17 C12 C11 108.2(12) 
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O2 Cl2 O1 111.4(17) N6 C13 C14 110.2(12) 

O2 Cl2 O10 108.6(19) O19 C14 C13 111.2(12) 

O2 Cl2 O11 111.9(12) O19 C15 C16 111.6(11) 

O10 Cl2 O11 107.1(14) N7 C16 C15 109.0(11) 

C2 N2 Pb1 118.1(9) C1 O17 C12 114.9(12) 

C2 N2 C3 111.6(14) N7 C17 C18 109.0(11) 

C3 N2 Pb1 111.5(9) C6 O18 C7 117.8(18) 

N2 C2 C1 109.0(13) N8 C18 C17 109.0(11) 

O3 Cl3 O13 108.5(12) C14 O19 Pb2 110.2(8) 

O12 Cl3 O3 110.6(12) C14 O19 C15 114.0(12) 

O12 Cl3 O13 110.2(14) C15 O19 Pb2 110.4(8) 

O12 Cl3 O14 111.4(17) N8 C19 C20 112.5(14) 

O14 Cl3 O3 111.2(16) C20 O20 C21 112.7(17) 

O14 Cl3 O13 104.8(15) O20 C20 C19 113.2(13) 

C8 N3 Pb1 112.5(13) C22 C21 O20 117.2(16) 

C8 N3 C9 123.4(17) N5 C22 C21 114.1(16) 

C9 N3 Pb1 108.3(10) C24 C23 N6 113.5(12) 

C4 C3 N2 116(2) N5 C24 C23 108.8(13) 

C25 C3 N2 109.7(18) C3 C25 N1 114(2) 
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Crystal data and structure refinement for Crystal structure 
[Pb(N2O4)]2+ 

Identification code [Pb(N2O4)]2+ 

Empirical formula C12H26Cl2N2O12Pb 

Formula weight 668.44 

Temperature/K 296(2) 

Crystal system monoclinic 

Space group P21/c 

a/Å 8.4156(12) 

b/Å 12.799(2) 

c/Å 10.8318(16) 

α/° 90 

β/° 110.135(5) 

γ/° 90 

Volume/Å3 1095.4(3) 

Z 2 

ρcalcg/cm3 2.027 

μ/mm-1 8.004 

F(000) 648.0 

Crystal size/mm3 0.921 × 0.279 × 0.068 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.116 to 60.972 

Index ranges -11 ≤ h ≤ 12, -18 ≤ k ≤ 18, -15 ≤ l ≤ 15 

Reflections collected 12994 

Independent reflections 3327 [Rint = 0.0300, Rsigma = 0.0274] 

Data/restraints/parameters 3327/48/174 

Goodness-of-fit on F2 1.056 

Final R indexes [I>=2σ (I)] R1 = 0.0211, wR2 = 0.0516 

Final R indexes [all data] R1 = 0.0341, wR2 = 0.0572 

Largest diff. peak/hole / e Å-3 0.45/-0.75 
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Bond Lengths for Crystal structure [Pb(N2O4)]2+ 

Atom Atom Length/Å 

  

  

  

  

  

  

  

  

  

  

Atom Atom Length/Å 

N1 Pb1 2.743(3) Pb1 O4 2.719(6) 

N1 C3 1.484(6) Pb1 O41 2.719(6) 

N1 C4 1.456(5) Pb1 O12 2.575(14) 

Cl1 O4 1.414(5) Pb1 O121 2.575(14) 

Cl1 O5 1.397(6) O1 C1 1.433(4) 

Cl1 O6 1.414(11) O1 C2 1.421(5) 

Cl1 O7 1.366(5) O3 C5 1.423(4) 

Cl1 O9 1.414(13) O3 C6 1.415(5) 

Cl1 O10 1.325(8) C1 C61 1.481(6) 

Cl1 O12 1.426(11) C2 C3 1.474(6) 
11-X,1-Y,1-Z 

Bond Angles for Crystal structure [Pb(N2O4)]2+ 

Atom Atom Atom Angle/˚ 

 

Atom Atom Atom Angle/˚ 

C3 N1 Pb1 113.1(2) O41 Pb1 N1 91.6(2) 

C4 N1 Pb1 112.9(2) O41 Pb1 N11 88.4(2) 

C4 N1 C3 111.6(3) O4 Pb1 N1 88.4(2) 

O5 Cl1 O4 107.4(7) O41 Pb1 O4 180.0 

O5 Cl1 O6 109.8(6) O121 Pb1 N1 98.2(3) 

O6 Cl1 O4 110.4(7) O12 Pb1 N1 81.8(3) 

O7 Cl1 O4 105.8(4) C2 O1 C1 113.5(3) 

O7 Cl1 O5 109.5(5) C6 O3 C5 111.6(3) 

O7 Cl1 O6 113.6(6) Cl1 O4 Pb1 106.3(3) 

O9 Cl1 O12 100.8(10) Cl1 O12 Pb1 113.1(7) 

O10 Cl1 O9 113.6(10) O1 C1 C61 108.0(3) 

O10 Cl1 O12 103.2(10) O1 C2 C3 108.4(3) 

O11 Cl1 O9 105.5(13) C2 C3 N1 110.3(3) 

O11 Cl1 O10 115.3(13) N1 C4 C5 111.0(3) 

O11 Cl1 O12 117.8(14) O3 C5 C4 107.8(3) 

N1 Pb1 N11 180.00(13) O3 C6 C11 107.0(3) 

O4 Pb1 N11 91.6(2)     

11-X,1-Y,1-Z 
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Potentiometric Titrations 

 

Figure B.20. Representative pH-potentiometric titration plot for protonation 
constant determination of Crown-4Py ([L] = 0.9 mM; I = 0.1 M KCl). 

 

Figure B.21. Representative pH-potentiometric titration plot for stability constant 
determination of Pb(II)-Crown-4Py system ([M]= 0.8 mM, [L] = 0.9 mM; 
I = 0.1 M KCl). 
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Figure B.22. Representative pH-potentiometric titration plot for protonation 
constant determination of Cyclen-4Py ([L] = 0.9 mM; I = 0.1 M KCl). 

 

Figure B.23. Representative pH-potentiometric titration plot for stability constant 
determination of Pb(II)-Cyclen-4Py system ([M]= 0.8 mM, [L] = 0.9 mM; 
I = 0.1 M KCl). 
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Appendix C. 
 
Supplementary Information for Chapter 4 

Synthesis 

  

Scheme C.1. Synthesis of Cyclen-4Py-NO2. 

(S)-2-(4-nitrobenzyl)-1,4,7,10-tetrakis(pyridin-2-ylmethyl)-1,4,7,10-

tetraazacyclododecane (1) (S)-2-(4-nitrobenzyl)-1,4,7,10-tetraazacyclododecane (15.0 

mg, 48.8 mol, 1 equiv.) was dissolved in 3 mL of anhydrous DMF. To this solution, K2CO3 

(168.2 mg, 1.22 mmol, 25 equiv.) was added and stirred before the addition of a solution 

of 2-(bromomethyl) pyridine hydrobromide (61.6 mg, 243.5 mol, 5 equiv.) dissolved in 2 

mL of anhydrous DMF. The reaction was stirred at room temperature for 48 hours. Upon 

completion, the K2CO3 was filtered off and the filtrate was collected and the solvent 

removed by rotary evaporation. The crude product was redissolved in dichloromethane 

(15 mL) and washed with saturated NaHCO3 (3 x 15 mL) until the aqueous phase was no 

longer pink in colour. The organic layers were combined, dried with anhydrous sodium 

sulphate, and the solvent removed by rotary evaporation to yield the product as a yellow 

oil (31.72 mg, 47.2 mol, 97%). The purity of the product was confirmed using reverse-

phase semipreparative high-performance liquid chromatography (HPLC) using a 

Phenomenex Luna C18 (250 x 100 mm) column at 3 mL/min with the following method: 

A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 - 90 % B over 18 

minutes. The retention time of the product was 10.2 minutes.  1H NMR (400 MHz, 

methanol-d4):  8.48 (d, J = 4.8 Hz, 1H),  8.45 (d, J = 4.6 Hz, 1 H),  8.33 (br. s, 1 H),  

8.20 (s, 1H),  (8.18 (s, 1H),  7.99 (br. s, 1H), 7.89 – 7.66 (m, 4 H),  7.69 – 7.16 (m, 10 
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H),  4.70 – 3.99 (m, 9 H),  3.99 – 3.74 (m, 5 H),  3.72 – 3.31 (m, 6 H),  3.22 – 2.72 (m, 

5 H). 13C NMR (101 MHz, methanol-d4) shift, shift, shift. HR-ESI-MS: Calculated for 

C39H46N9O2 ([M + H]+) = 672.3769, found = 672.3772. 

 

Figure C.1. 1H NMR spectrum of Cyclen-4Py-NO2 (400 MHz, MeOD, 25 oC) 

 

Figure C.2. Mass spectrum of Cyclen-4Py-NO2. 
(m/z calculated [M+H]+ = 672.3769, found [M+H]+ =672.3772). 
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Figure C.3. UV (220 nm absorbance) HPLC chromatogram of Cyclen-4Py-NO2.  
A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 - 90 % B over 18 minutes. 
The retention time of the product was 10.2 minutes.  

  

Scheme C.2. Synthesis of Cyclen-4Py-NH2. 

(S)-4-((1,4,7,10-tetrakis(pyridin-2-ylmethyl)-1,4,7,10-tetraazacyclododecan-2-

yl)methyl)aniline (2). Cyclen-4Py-NO2 (15.1 mg, 22.4 mol, 1 equiv.) was dissolved in 1 

mL of anhydrous methanol. Pd/C (10% wt, 1.1 mg, 0.05 equiv.) was added to the solution 

alongside 7 L of 6 M HCl, which helped increase the rate of the reaction. The reaction 

was stirred at room temperature under a hydrogen atmosphere for 1.5 hours. The reaction 

mixture was filtered and washed with methanol. The filtrate was concentrated by rotary 

evaporation and the crude product was further purified using reverse-phase 

semipreparative high-performance liquid chromatography (HPLC) using a Phenomenex 

Luna C18 (250 x 100 mm) column at 3 mL/min with the following method: A: H2O with 

0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 - 13 min 0 to 45.5% B, 13 – 16 

min 45.5 - 0 % B. The retention time of the product was 9.7 minutes. These fractions were 
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collected and lyophilized to yield a yellow oil (9.9 mg, 15.4 mol, 69%).  1H NMR (500 

MHz, D2O):   8.59 (d, J = 5.5 Hz, 1H), 8.52 (d, J = 5.3 Hz, 1H),  8.46 – 8.15 (m, 2H),  

8.08 – 7.99 (m, 2H),  7.99 – 7.81 (m, 3H),  7.76 (d, J = 7.9 Hz, 1 H),  7.70 – 7.49 (m, 

5H),  7.37 (s, 5H),  4.62 (d, J = 15.7 Hz, 1 H),  4.55 – 3.91 (m, 7H),  3.90 – 3.52 (m, 8 

H),  3.46 (d, J = 13.6 Hz, 1H),  3.40 – 2.66 (m, 8H). HR-ESI-MS: Calculated for C39H48N9 

([M + H]+) = 642.4027, found = 642.4026. 

 
Figure S4. 1H NMR spectrum of Cyclen-4Py-NH2 (500 MHz, D2O, 25 oC) 

Figure C.5. Mass spectrum of Cyclen-4Py-NH2. 
(m/z calculated [M+H]+ = 642.4027, found [M+H]+ = 642.4026). 
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Figure C.6. UV (220 nm absorbance) HPLC chromatogram of Cyclen-4Py-NH2.  
A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 - 13 min 0 to 45.5% B, 13 – 
16 min 45.5 - 0 % B. The retention time of the product was 9.7 minutes. 

  

Scheme C.3. Synthesis of Cyclen-4Py-NCS. 

(S)-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetrakis(pyridin-2-ylmethyl)-1,4,7,10-

tetraazacyclododecane (3). Cyclen-4Py-NH2 (2) (31.8 mg, 49.5 mol, 1 equiv.) was 

dissolved in 0.8 mL of deionized water. Thiophosgene (5.2 L, 68.1 mol, 1.4 equiv.) in 

CHCl3 (95 L) was added to the solution and stirred at room temperature for 2 hours. The 

aqueous layer was removed and the product was extracted from the CHCl3 layer with 

water (1 mL x 3). The combined aqueous layers were lyophilized, and the crude was used 

without further purification due to concerns over its stability (26.0 mg, 77%). HR-ESI-MS: 

Calculated for C40H46N9S ([M + H]+) = 684.3591, found = 684.3586. 
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Figure C.7. Mass spectrum of Cyclen-4Py-NCS. 
(m/z calculted [M+H]+ = 684.3591, found = [M+H]+ = 684.3586). 

 

Scheme C.4. Synthesis of TCMC-NCS-FAPI. 

FAPI-04 (9.57 mg, 19.7 mol, 1 equiv.), which was synthesized and purified as 

previously described335,336, was dissolved in 1.5 mL of anhydrous DMF. TEA (137 L, 0.98 

mmol, 50 equiv.) and TCMC-NCS (13.6 mg, 19.7 mol, 1 equiv.) were added and the 

reaction was stirred at room temperature for 24 hours. The solvent was removed by 

evaporation and the crude product was purified by reverse phase HPLC with a 

Phenomenex Luna C18 (250 x 100 mm) column at 3 mL/min with the following method: 

A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 –100 % B over 20 

minutes. The retention time of the product was 10.3 minutes. These fractions were 

collected and lyophilized to yield a white solid (13.1 mg, 64%). The TFA content was found 

to be 46.7  2.1% by mass (n = 3). HR-ESI-MS: Calculated for C48H66F2N15O7S ([M + H]+) 

= 1034.4953, found = 1034.4923. 
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Figure C.8. Mass spectrum of TCMC-NCS-FAPI. 
(m/z calculated [M+H]+ = 1034.4953, found [M+H]+ = 1034.4923) 

 

Figure C.9. UV (220 nm absorbance) HPLC chromatogram of TCMC-NCS-FAPI.  
A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 –100 % B over 20 minutes. 
The retention time of the product was 10.3 minutes. 

 

Scheme C.5. Synthesis of Cyclen-4Py-FAPI. 

FAPI-04 (2.1 mg, 4.3 mol, 1 equiv.) was dissolved in 600 mL of anhydrous DMF. 

TEA (89 L, 0.64 mmol, 150 equiv.) and Cyclen-4Py-NCS (2.5 mg, 4.3 mol, 1 equiv.) 

were added and the reaction was stirred at room temperature for 24 hours. The solvent 

was removed by evaporation and the crude product was purified by reverse phase HPLC 
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with a Phenomenex Luna C18 (250 x 100 mm) column at 3 mL/min with the following 

method: A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 – 70 % B 

over 20 minutes. The retention time of the product was 11.3 minutes. These fractions were 

collected and lyophilized to yield a pale yellow solid (4.1 mg, 46%). The TFA content was 

found to be 57.0  3.7% by mass (n = 3). HR-ESI-MS: Calculated for C64H74F2N15O3S ([M 

+ H]+) = 1170.5782, found = 1170.5647. 

 

Figure C.10. Mass spectrum of Cyclen-4Py-FAPI.  
(m/z calculated [M+H]+ = 1170.5782, found [M+H]+ = 1170.5647) 

 

Figure C.11. UV (220 nm absorbance) HPLC chromatogram of Cyclen-4Py-FAPI.  
A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 – 70 % B over 20 minutes. 
The retention time of the product was 11.3 minutes. 

 

Scheme C.6. Synthesis of Crypt-FAPI. 
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FAPI-04 (6.6 mg, 13.6 mol, 1.1 equiv.) was dissolved in 600 mL of anhydrous 

DMF. TEA (250 L, 1.8 mmol, 142 equiv.) and Crypt-NCS (7.0 mg, 12.6 mol, 1 equiv.), 

whose synthesis and purification have been described elsewhere251, were added and the 

reaction was stirred at room temperature for 24 hours. The solvent was removed by 

evaporation and the crude product was purified by reverse phase HPLC with a 

Phenomenex Luna C18 (250 x 100 mm) column at 3 mL/min with the following method: 

A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 – 70 % B over 20 

minutes. The retention time of the product was 11.8 minutes. These fractions were 

collected and lyophilized to yield a white solid (3.7 mg, 28%). The TFA content was found 

to be 39.3  1.0% by mass (n = 3). HR-ESI-MS: Calculated for C51H72F2N9O10S ([M + H]+) 

= 1040.5085, found = 1040.4955. 

 

Figure C.12. Mass spectrum of Crypt-FAPI. 
(m/z calculated [M+H]+ = 1040.5085, found [M+H]+ = 1040.4955) 

 

Figure C.13. UV (220 nm absorbance) HPLC chromatogram of Crypt-FAPI.  
A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 – 70 % B over 20 minutes 
at 3 mL/min. The retention time of the product was 11.8 minutes. 
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Scheme C.7. Synthesis of TCMC-NHS-FAPI. 

FAPI-04 (5.39 mg, 11.7 mol, 1 equiv.) was dissolved in 0.6 mL of anhydrous DMF. 

TEA (250 L, 1.8 mmol, 162 equiv.) and TCMC-NHS (6.1 mg, 12.2 mol, 1.1 equiv.) were 

added. Due to the insolubility of TCMC-NHS in solvent, 100 L of water was added so that 

the reaction mixture became clear and was then stirred at room temperature for 24 hours. 

The solvent was removed by evaporation and the crude product was purified by reverse 

phase HPLC with a Phenomenex Luna C18 (250 x 100 mm) column at 3 mL/min with the 

following method: A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 

–100 % B over 20 minutes. The retention time of the product was 9.5 minutes. These 

fractions were collected and lyophilized to yield a white solid (5.8 mg, 55%). The TFA 

content was found to be 41.3  3.6 % (n = 3) by mass. HR-ESI-MS: Calculated for 

C40H58F2N13O7 ([M + H]+) = 870.4545, found = 870.4570. 

 

Figure C.14. Mass spectrum of TCMC-NHS-FAPI. 
(m/z calculated [M+H]+ = 870.4545, [M+Na]+ = 892.4364, found [M+H]+ = 870.4570, [M+Na]+ = 
892.4383). 
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Figure C.15. UV (220 nm absorbance) HPLC chromatogram of TCMC-NHS-FAPI.  
A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0 –100 % B over 20 minutes 
at 3 mL/min. The retention time of the product was 9.5 minutes. 

 

Scheme C.8. Synthesis of TCMC-NCS-CycMSH. 

CycMSH (8.0 mg, 7.1 mol, 1 equiv.), which was synthesized and purified as 

previously described327, was dissolved in 0.5 mL of anhydrous DMF. DIPEA (50 L, 0.28 

mmol, 40 equiv.) and TCMC-NCS (4.9 mg, 7.1 mol, 1 equiv.) were added and the 

reaction stirred at room temperature for 48 hours. The solvent was removed by 

evaporation and the crude product was purified by reverse phase HPLC with a 

Phenomenex Luna C18 (250 x 100 mm) column at 3 mL/min with the following method: 

A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0−5 min 10% B; 5−16 

min 10−40% B, 16−20 min 10% B. The fraction at 12.8 minutes was collected and 

lyophilized to yield TCMC-NCS-CycMSH as a white solid (3.1 mg, 26%). The TFA content 

was found to be 44.8  0.9 % (n = 3) by mass. HR-ESI-MS: Calculated for C79H118N26O13S 

([M + 2H]+) = 835.9580, found = 835.9800. 
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Figure C.16. Mass spectrum of TCMC-NCS-CycMSH. 
(m/z calculated [M+2H]2+ =835.9580, found [M+2H]2+ =835.9800) 

 

Figure C.17. UV (220 nm absorbance) HPLC chromatogram of TCMC-NCS-CycMSH.  
A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA;  0−5 min 10% B; 5−16 min 
10−40% B, 16−20 min 10% B at 3 mL/min. The retention time of the product was 12.8 minutes. 

 

Scheme C.9. Synthesis of TCMC-NHS-CycMSH. 

CycMSH (3.0 mg, 2.7 mol, 1 equiv.), which was synthesized and purified as 

previously described327, was dissolved in 0.5 mL of anhydrous DMF. DIPEA (14 L, 8.0  

mol, 30 equiv.) and TCMC-NHS (2.0 mg, 4.0 mol, 1.5 equiv.) were added and the 

reaction stirred at room temperature for 48 hours. The solvent was removed by 
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evaporation and the crude product was purified by reverse phase HPLC with a 

Phenomenex Luna C18 (250 x 100 mm) column at 3 mL/min with the following method: 

A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0-100% B over 20 

min. The fraction at 9.0 minutes was collected and lyophilized to yield TCMC-NHS-

CycMSH as a white solid (4.0 mg, 42%). The TFA content was found to be 42.0  1.9 % 

(n = 3) by mass. HR-ESI-MS: Calculated for C71H109N24O13 ([M + 2H]2+) = 753.4337, found 

= 753.4339. 

 

Figure C.18. Mass spectrum of TCMC-NHS-CycMSH  
(m/z calculated [M+2H]2+ = 753.4337, found [M+2H]2+ = 753.4339) 

 

Figure C.19. UV (220 nm absorbance) HPLC chromatogram of TCMC-NHS-CycMSH.  
A: H2O with 0.1% TFA, B: Acetonitrile (CH3CN/ACN) with 0.1% TFA; 0-100% B over 20 min at 3 
mL/min. The retention time of the product was 9.0 minutes. 
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Radiolabeling 

  

Figure C.20. 203Pb (200 kBq, 0.1 M NH4OAc, pH 7) radiolabeling results of CycMSH 
bioconjugates at 60 minutes. 

 

Figure C.21. 212Pb (200 kBq, 0.1 M NH4OAc, pH 7) radiolabeling results of CycMSH 
bioconjugates at (A) 30 and (B) 60 minutes. 

  

Figure C.22. 203Pb (200 kBq, 0.1 M NH4OAc, pH 7) radiolabeling results of FAPI 
bioconjugates at room temperature at 60 minutes. 
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Figure C.23. 203Pb (200 kBq, 0.1 M NH4OAc, pH 7) radiolabeling results at 80 oC at 60 
minutes. 

 

Figure C.24. 212Pb (200 kBq, 0.1 M NH4OAc, pH 7) radiolabeling results of FAPI 
bioconjugates at room temperature at (A) 30 minutes and (B) 60 
minutes. 

 

Figure C.25. 212Pb (200 kBq, 0.1 M NH4OAc, pH 7) radiolabeling results of FAPI 
bioconjugates at 80 oC at (A) 30 minutes and (B) 60 minutes. 
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Table C.1. Summary of 203Pb Radiolabeling Results  

Bioconjugate Concentration 
(M) 

Temperature Average RCY at 
30 min (%) 

Average RCY at 60 
min (%) 

TCMC-NCS-
CycMSH 

10-4 RT 100  0 100  0 

80 oC 100  0 100  0 

10-5 RT 100  0 100  0 

80 oC 100  0 100  0 

10-6 RT 4.3  0.6 2.6  1.5 

80 oC 100  0 100  0 

10-7 RT 0  0 0  0 

80 oC 7.8  2.9 16.4  3.2 

TCMC-NHS-
CycMSH 

10-4 RT 100  0 100  0 

80 oC 100  0 100  0 

10-5 RT 100  0 100  0 

80 oC 100  0 100  0 

10-6 RT 100  0 100  0 

80 oC 100  0 100  0 

10-7 RT 8.5  2.0 12.0  5.8 

80 oC 38.8  5.2 39.6  9.6 

TCMC-NCS-FAPI 

10-4 RT 100  0 100  0 

80 oC 100  0 100  0 

10-5 RT 100  0 100  0 

80 oC 100  0 100  0 

10-6 RT 65.8  10.2 71.6  12.9 

80 oC 91.8  3.1 93.5  3.2 

10-7 RT 8.2  2.4 9.5  1.4 

80 oC 41.8  2.1 50.6  5.3 

TCMC-NHS-FAPI 

10-4 RT 100  0 100  0 

80 oC 100  0 100  0 

10-5 RT 100  0 100  0 

80 oC 100  0 100  0 

10-6 RT 33.9  1.3 39.9  4.0 

80 oC 31.6  3.1 51.0  3.5 

10-7 RT 3.3  1.0 1.4  1.2 

80 oC 5.4  1.8 2.0  1.3 

Cyclen-4Py-FAPI 

10-4 RT 100  0 100  0 

80 oC 100  0 100  0 

10-5 RT 100  0 100  0 

80 oC 100  0 100  0 

10-6 RT 74.8  10.5 86.2  5.7 
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80 oC 96.0  3.3 97.7  2.4 

10-7 RT 0  0 0  0 

80 oC 15.7  3.2 15.4  4.2 

Crypt-FAPI 

10-4 RT 86.9  1.9 86.9  3.1 

80 oC 100  0 100  0 

10-5 RT 83.0  1.5 85.0  3.2 

80 oC 100  0 100  0 

10-6 RT 39.3  7.0 41.3  8.1 

80 oC 45.7  6.5 45.4  6.3 

10-7 RT 0  0 1.0  0.1 

80 oC 6.5  4.4 11.9  7.1 

 

Table C.2. Summary of 212Pb Radiolabeling Results.  

Bioconjugate 
Concentration 

(M) 
Temperature 

Average RCY at 
30 min (%) 

Average RCY at 60 
min (%) 

TCMC-NCS-
CycMSH 

10-4 
RT 95.8  1.8 93.9  2.2 

80 oC 100  0 100  0 

10-5 
RT 79.9  7.8 87.1  2.4 

80 oC 100  0 100  0 

10-6 
RT 4.8  0.2 5.6  0.4 

80 oC 82.9  10.9 89.8  7.4 

10-7 
RT 0  0 0  0 

80 oC 5.9  3.8 8.0  4.1 

TCMC-NHS-
CycMSH 

10-4 
RT 95.6  1.6 93.5  4.6 

80 oC 100  0 100  0 

10-5 
RT 86.5  5.3 91.3  2.9 

80 oC 100  0 100  0 

10-6 
RT 81.1  3.2 86.8  6.7 

80 oC 100  0 100  0 

10-7 
RT 2.9  2.6 4.5  3.9 

80 oC 31.6  5.3 38.1  8.4 

TCMC-NCS-FAPI 

10-4 
RT 100  0 100  0 

80 oC 100  0 100  0 

10-5 
RT 100  0 100  0 

80 oC 100  0 100  0 

10-6 
RT 85.8  7.5 89.4  10.2 

80 oC 100  0 100  0 

10-7 
RT 27.0  11.8 45.1  7.8 

80 oC 90.4  12.0 94.0  10.3 
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TCMC-NHS-FAPI 

10-4 
RT 100  0 100  0 

80 oC 100  0 100  0 

10-5 
RT 100  0 100  0 

80 oC 100  0 100  0 

10-6 
RT 62.1  5.1 68.9  15.0 

80 oC 100  0 100  0 

10-7 
RT 5.7  0.4 8.6  2.3 

80 oC 51.8  3.0 58.1  7.4 

Cyclen-4Py-FAPI 

10-4 
RT 100  0 100  0 

80 oC 100  0 100  0 

10-5 
RT 100  0 100  0 

80 oC 100  0 100  0 

10-6 
RT 96.7  1.6 95.0  4.5 

80 oC 81.6  10.8 88.1  11.2 

10-7 
RT 10.0  5.7 14.4  5.6 

80 oC 37.3  12.5 51.2  2.7 

 

In Vivo Studies 

Table C.3. Apparent molar activities achieved for each bioconjugate complex used 
in this study. 

Tracer Isotope 
Imaging Apparent 

Molar Activity 
(MBq/nmol) 

Biodistribution 
Apparent Molar 

Activity (MBq/nmol) 

TCMC-NCS-CycMSH 
203Pb 
212Pb 

163.9 

N/A 

15.0 

16.5 

TCMC-NHS-CycMSH 
203Pb 
212Pb 

232.5 

N/A 

11.3 

6.09 

TCMC-NCS-FAPI 
203Pb 
212Pb 

60.1 

N/A 

3.51 

1.73 

TCMC-NHS-FAPI 

203Pb 
203Pb-blocking 

212Pb 

42.7 

0.2 

N/A 

1.90 

0.05 

2.15 

Crypt-FAPI 203Pb 38.5 1.30 

Cyc-4Py-FAPI 203Pb 56.3 0.91 
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Table C.4. Full biodistribution results (% IA/g) of CycMSH bioconjugates or free, 
unchelated 203Pb in B16F10 tumour-bearing male C57BLJ/6 mice at 2 
hours post injection (n = 4).  

Organ 
[203Pb][Pb(TCMC-
NCS-CycMSH)]2+ 

[212Pb][Pb(TCMC-
NCS-CycMSH)]2+ 

[203Pb][Pb(TCMC-
NHS-CycMSH)]2+ 

[212Pb][Pb(TCMC-
NHS-CycMSH)]2+ 

Free 203Pb 

Blood 

 
0.35  0.23 0.45  0.08 0.73  0.17 0.23  0.06 3.54  1.29 

Urine 

 
107.83  72.25 191.65  35.15 33.69  5.78 22.72  8.66 63.85  37.82 

Feces 

 
0.54  0.24 0.53  0.18 0.60  0.61 0.40  0.28 0.61  0.23 

Brain 

 
0.04 0.02 0.07  0.03 0.08  0.05 0.06  0.04 0.16  0.03 

Tumour 

 
1.93  1.28 1.10  0.60 9.75  2.09 11.33  1.34 2.26  0.78 

Tail 

 
1.43  0.64 2.34  0.66 2.35  0.58 1.55  0.07 3.67  0.43 

Bladder 

 
5.51  4.94 21.40  17.89 5.96  2.43 1.38  0.30 12.72  8.38 

Muscle 

 
0.07  0.06 0.18  0.03 0.13  0.03 0.14  0.02 0.11  0.01 

Bone 

 
1.32  0.80 2.36  0.17 1.54  0.29 0.79  0.05 8.36  1.23 

Pancreas 

 
0.42  0.29 0.33  0.06 0.44  0.15 0.15  0.05 2.37  0.55 

Spleen 

 
3.66  2.65 8.87  2.11 1.90  0.25 2.29  1.01 2.90  1.41 

Kidneys 

 
5.58  3.56 9.93  1.97 13.89  2.84 7.11  1.96 39.91  8.14 

Liver 

 
22.78  3.76 28.06  3.48 7.48  0.85 7.85  1.17 8.07  1.52 

Heart 

 
0.43  0.21 0.71  0.29 0.31  0.08 0.27  0.04 0.62  0.20 

Lungs 

 
2.09  0.68 7.14  2.74 1.03  0.07 0.65  0.15 2.14  1.67 
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Stomach 

 
0.45  0.23 0.73  0.28 1.60  0.43 1.18  0.25 1.31  0.27 

Large 
intestine 

 

0.95  0.87 0.70  0.10 0.76  0.15 0.59  0.16 1.91  0.35 

Small 
intestine 

 

1.04  0.58 1.14  0.26 0.86  0.17 0.64  0.12 1.62   0.43 

 

Table C.5. Full biodistribution results (% IA/g  SD) of TCMC-NCS/NHS-FAPI 
bioconjugates in HEK293t:hFAP tumour-bearing NRG male mice at 1 
hour post injection (n = 4).  

Organ 
[203Pb][Pb(TCMC-

NCS-FAPI)] 2+ 
[212Pb][Pb(TCMC-

NCS-FAPI)]2+ 
[203Pb][Pb(TCMC-

NHS-FAPI)]2+ 
[212Pb][Pb(TCMC-

NHS-FAPI)]2+ 

[203Pb][Pb(TCMC-
NHS-FAPI)]2+ 

Blocked 

Blood 

 
2.42  0.71 1.74  0.36 1.56  0.16 0.97  0.10 0.49  0.21 

Urine 

 
312.52  164.27 231.10  99.49 291.34  114.41 254.27  41.92 662.82  485.91 

Feces 

 
0.35  0.26 0.16  0.07 0.31  0.26 0.10  0.03 0.19  0.15 

Brain 

 
0.08  0.03 0.07  0.02 0.07  0.02 0.06  0.01 0.02  0.02 

Tumour 

 
1.68  0.26 2.09  0.59 8.62  1.32 7.63  0.35 1.22  0.22 

Tail 

 
2.78  0.79 1.77  0.42 3.64  1.11 2.68  0.40 1.76  1.32 

Bladder 

 
8.11  7.22 7.59  5.34 16.48  14.49 1.58  0.43 3.57  3.30 

Muscle 

 
1.05  0.23 0.92  0.19 0.86  0.26 0.59  0.04 0.13  0.02 

Bone 

 
2.13  0.69 1.88  0.29 2.54  0.57 2.37  0.32 0.41  0.10 

Pancreas 

 
1.32  0.33 1.44  0.50 0.97  0.23 0.53  0.15 0.17  0.04 
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Spleen 

 
1.00  0.42 0.80  0.26 1.07  0.47 0.81  0.15 0.29  0.11 

Kidneys 

 
7.31  1.80 3.79  0.85 4.46  0.32 5.33  1.12 2.79  0.61 

Liver 

 
1.73  0.41 1.21  0.36 1.02  0.11 0.57  0.06 0.47  0.16 

Heart 

 
1.15  0.25 0.92  0.25 0.96  0.49 0.47  0.06 0.23  0.07 

Lungs 

 
1.79  0.59 1.22  0.40 1.32  0.22 0.90  0.06 0.61  0.30 

Stomach 

 
0.87  0.44 0.98  0.31 0.93  0.22 0.64  0.06 0.35  0.17 

Large 
intestine 

 

2.16  0.77 2.24  0.82 1.89  0.60 1.17  0.13 0.57  0.21 

Small 
intestine 

 

2.43  0.65 1.99  0.31 1.49  0.28 0.88  0.06 0.35  0.17 

 

Table C.6. Full biodistribution results (% IA/g  SD) of Crypt-FAPI and Cyclen-4Py-
FAPI bioconjugates in HEK293t:hFAP tumour-bearing NRG male mice 
at 1 hour post injection (n = 4).  

Organ [203Pb][Pb(Crypt-FAPI)] 2+ [212Pb][Pb(Cyclen-4Py-FAPI)]2+ 

Blood 

 
4.23  1.15 2.36  1.66 

Urine 

 
36.52  12.21 84.13  41.62 

Feces 

 
0.41  0.25 0.18  0.18 

Brain 

 
0.12  0.04 0.95  0.74 

Tumour 

 
1.69  0.70 1.61  0.93 

Tail 3.19  0.82 5.30  2.70 
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Bladder 

 
1.32  0.85 4.33  2.34 

Muscle 

 
0.25  0.03 0.59  0.28 

Bone 

 
5.04  0.76 1.90  0.88 

Pancreas 

 
2.13  1.01 0.36  0.18 

Spleen 

 
3.26  1.92 3.26  0.73 

Kidneys 

 
43.75  5.86 8.44  4.27 

Liver 

 
14.46  3.27 31.42  1.02 

Heart 

 
0.49  0.35 0.95  0.74 

Lungs 

 
3.82  1.30 2.64  1.05 

Stomach 

 
1.01  0.42 1.18  0.70 

Large 
intestine 

 

1.58  0.17 1.73  0.92 

Small 
intestine 

 

1.59  0.39 2.71  1.95 

 


