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Abstract 

This dissertation investigates production, chemical isolation, and radiopharmaceutical 

incorporation of the therapeutic radionuclide 119Sb (119Sb, t1/2 = 38.19 22 h, EC=100%) and its 

radioisotopic imaging analogue 117Sb (t1/2 = 2.80 1 h, EC = 100%, Eg = 158.562 15 keV, Ig = 85.9%, 

Eb+ = 262.4 4 keV, Ib+ = 1.81 11 %). For decades, researchers have predicted 119Sb to be one of the 

most promising Auger electron-emitting radionuclides for therapeutic application because of its 

high electron yield (~24 electrons per decay), optimal emitted internal conversion electron energies 

(20 – 30 keV), and low co-emission of photons (Emax = 29.1 keV, Ig = 2.18 7 %).  Barriers in 119Sb 

production, chemical isolation from target material, and stable radiometal complexation with a 

bifunctional chelator have limited exploration of 119Sb’s therapeutic potential to in silico studies. 

This work begins by developing production and chemical isolation techniques, electroplating tin 

targets suitable for low energy proton and deuteron irradiation and separating Sb from Sn using 

column chromatography and liquid extraction. We discovered target recycling techniques 

compatible with our column-based Sn(II)/Sb(III) separation, allowing us to sustainably irradiate 

96.3% isotopically enriched 119Sn to make radionuclidically pure 119Sb. With collaborators in 

inorganic chemistry, we found two chelators capable of bifunctionalization for complexing 

radioantimony—a trithiol chelator for complexing Sb(III) and a tris-catechol chelator (TREN-

CAM) for Sb(V). Using spectroscopy, in vitro, in vivo, and ex vivo techniques, we characterized 

[nat/1XXSb]Sb-trithiol-diacid and [nat/1XXSb]Sb-TREN-CAM complexes, reported X-ray crystal 

structures, and analyzed complex stability. [nat/1XXSb]Sb-trithiol-diacid was stable in serum, but 

upon conjugation to a targeting moiety, the complexes decomposed in PBS. We collected the first 

in vivo PET and SPECT images of a chelator complexed radioactive antimony to prove 

[nat/1XXSb]Sb-TREN-CAM complex’s stability. 
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Chapter 1: Introduction 

1. Overview of Radiopharmaceutical Therapy (RPT) in Cancer Applications 

In 2024 within the United States, an estimated 600,000 individuals will die of cancer, and 

two million new cancer cases will be diagnosed. Among men and women, prostate and breast 

cancer include the greatest diagnosis of new cases, 29% and 32%, respectively. Treatment of both 

cancers achieve incredible five-year survival rates, >99% prostate and 99% breast, with therapeutic 

intervention upon localized disease. However, survival rates decrease significantly for metastatic 

disease, to 34% and 31%, respectively [1]. Primary treatments for non-metastatic breast and 

prostate cancer include surgery and radiation therapy (external beam and brachytherapy) [2,3], and 

though successful in controlling early-stage, local disease, these treatment options are generally 

ineffective for metastatic disease. 

RPT uses biological targeting vectors (e.g., hormones, signaling molecules, antibodies, 

peptides, antigens) tuned to cellular disease markers (e.g., receptors and proteins overexpressed in 

cancers) to deliver radionuclides that emit short range, highly damaging radioactivity inside 

diseased cells [4], offering radiation therapy cancer treatment options in pathologies that are 

inoperable or refractory to other forms of radiotherapy [5]. RPT can treat metastatic disease [5], 

reduce dose to healthy tissue, and be applied in combination with other cancer therapy options [6]. 

RPT agent efficacy depends on delivering sufficient therapeutic dose to diseased cells—a 

combination of the physiological targeting method and radionuclide decay properties. 

Radionuclides effective in RPT application cause complex and varied cellular responses, and to 

choose radionuclides that maximize therapeutic response, researchers must understand radiation 

biology. 
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1.1. Radiation Biology 

Linear energy transfer (LET) is the measure of energy absorbed by matter per unit 

pathlength the radiation traverses. With high LET (>1 keV/µm) radiation (alpha particles and low 

energy electrons), energy is being absorbed in a short range around the decay site. In contrast, low 

LET (<1 keV/µm) radiation travels longer distances and includes gamma emissions, X-ray 

photons, and high energy electrons. Because of the extensive application of low LET particle 

radiation on clinical cancer treatments, biological responses to low LET, external beam radiation 

form the basis of radiation biology. Knowledge regarding low LET radiation response is generally 

considered transferrable to high LET RPT. Increased focus on high LET and RPT-specific 

radiation biology is motivated by differences between low and high LET radiation and external 

beam versus RPT-induced biological response [7]. RPT causes both targeted and non-targeted 

radiation effects. Targeted effects include radiation damage to cellular structures that in turn cause 

decreased cell function. Non-target effects involve cellular response to radiation through activation 

of complex stress signaling pathways, which can lead to cell death for both irradiated cells and 

their surrounding non-irradiated counterparts (bystander effect) [7–9]. Both effects are dependent 

upon dose, dose rate, and LET. Cell killing efficacy from both targeted and non-targeted effects 

increases with increased LET, motivating high LET RPT agent development. 

 

1.1.1. Targeted Radiation Biology Effects 

Particles emitted during decay can deposit energy to DNA or cellular structures via two 

main mechanisms—direct and indirect. Direct mechanisms involve energy deposition from 

radiation to cellular structures, causing ejection of single electrons from atoms within those 

structures. Subsequent ionizations caused by these electrons can disrupt critical structures and 

important cellular functions. Indirect mechanisms involve energy deposition from radiation to 
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radicalizeable species (commonly water), creating a chemically reactive intermediary. The 

ionization of water forms hydroxy free radicals, hydrogen peroxide (H2O2), reactive oxygen 

species (ROS), and reactive nitrogen species (RNS), which react with sensitive cellular structures. 

These radiation-generated free radicals, RNS, and ROS are chemically indistinguishable from 

species generated endogenously through cellular metabolism and oxidative stress. Indirect 

mechanisms act at longer distances within the cell than direct mechanism, but indirect mechanisms 

are more susceptible to electron recombination or neutralization through endogenous ROS cellular 

protection and antioxidant mechanisms [4,7,9]. DNA within the cell nucleus is the most radiation 

sensitive subcellular structure, and generally, effective cell killing is achieved when maximizing 

dose to the cell nucleus [4,10] with lipid and protein oxidation offering additional routes to cell 

death [7]. 

Double strand DNA breaks (DSB), single strand breaks (SSB), base modification, deletion, 

crosslinking, and multiple damage sites (MDS) are all forms of DNA damage observed after 

exposure to radiation. The extent of DNA damage is dependent upon dose, dose rate, and LET of 

radiation administered.  MDS, sometimes referred to as clustered DNA lesions, occur when at least 

two DNA lesions (e.g., SSB, base modification) caused by the same radiation decay event are 

located within two DNA helix turns. With low endogenous production, MDS are indicative of 

ionizing radiation and increased in quantity and complexity when caused by higher LET radiation. 

DSB are the lowest form of MDS complexity [11,12]. High LET-induced MDS are repaired 

primarily through homologous recombination pathways [11], and their increased toxicity is 

attributed to an increased repair difficulty [7]. Additionally, reduced ability to repair MDS 

increases the lesion lifetime and, depending upon cell replication phase, increases mutation rate. 

Increased mutation rates, translocations, chromosomal aberrations, and sister chromatid exchanges 
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result from the increased MDS complexity caused by high LET radiation exposure [11]. 

High LET radiation causes significant DNA damage through both direct and indirect 

mechanisms, whereas low LET is limited to primarily indirect mechanisms, generating lower 

complexity DNA damage. Contribution of direct versus indirect damage to DNA, measured by 

culturing cells with the antioxidant dimethyl sulfoxide (DMSO), established that low LET 

radiation primarily causes SSB [13] via indirect mechanisms (70%) [7,11]. The proportion of 

direct versus indirect contribution increases with LET [7,11]. High LET radiation acts with 

significant direct contribution upon DNA to cause greater DSB and MDS [13]. Complex DNA 

damage results in more efficient cell death, which prioritizes applying high LET radiation over 

low LET radiation in RPT. 

Lipid peroxides and protein hydroperoxides formed through chemical reactions with free 

radicals and cell membrane lipids or cytoplasmic proteins can both initiate oxidative chain 

reactions, multiplying the destructive effects of the initial radical [7,9]. Direct interactions with 

lipids and resultant lipid peroxidation increase membrane permeability, which in turn disrupts 

transmembrane processes and ion gradients, changes membrane fluidity, and damages 

transmembrane protein function [9]. Mitochondrial DNA is also affected by radiation; however, 

the effect of the damage caused is not well understood [9]. Carbon-ion and alpha particle micro-

beams cause mitochondrial depolarization and fracture, affecting mitochondrial function and 

initiating pro-apoptosis signaling through cytochrome C release [14]. 

 

1.1.2. Non-targeted Radiation Biology Effects 

Non-targeted radiation biology effects encompass observed cytotoxic cellular response not 

caused by radiation damage to cellular structures, which also results in DNA damage, cell death, 

apoptosis, chromosomal aberrations, and mutations [7,9]. These effects, dependent upon dose, 
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dose rate, and LET [9], are attributed to activation of oxidative stress and pro-apoptotic cell 

signaling pathways. They transmit to neighboring cells through secondary molecular messengers 

including ROS, RNS, ATP, cytokines, and Ca2+ ions [7–9,14], leading to ROS production in non-

irradiated cells [9]. Many experiments have illustrated these curious bystander effects by dosing 

cells with RPT agents, removing and washing RPT media, incubating irradiated cells in fresh 

media, and transferring media to un-irradiated cells. Researchers have observed significant 

cytotoxicity in non-irradiated cells [8,15–25], including the induction of DNA lesions 

[8,16,20,23,25] following initial RPT localization to either nuclei or cellular membranes [8]. 

Irradiation of cell membranes with high LET particles triggers ceramide production, a 

secondary messenger of cellular apoptosis, and promotes cell death through lipid raft-formation, 

changing membrane structure and fluidity [9]. In addition to adjusted membrane fluidity, lipid-

rafts activate MAPK, AKT, ERK1/2, p38 kinase, and JNK pathways, contributing to nuclear DNA 

damage and compensating for less effective non-nuclear targeting [8]. Cytoplasmic irradiation 

alters mitochondrial oxidative phosphorylation and protein synthesis, promoting oxidative stress 

[9]. When targeting the cell membrane, cytoplasm, and nucleus with high LET Auger electrons 

from 125I labeled compounds, targeted effects accounted for 13.2%, 12.8%, and 50.7% of cell death 

for each respective location. Researchers measured comparable non-targeted cell death between 

nuclear and cell membrane targeting [8], illustrating the significant contribution of non-targeted 

effects to cell death independent upon nuclear targeting. This observation promotes the 

consideration of non-targeted strategies in RPT agent development. Ex vivo studies showed 

peripheral tumor accumulation of an 125I RPT agent yet uniform, homogenous distribution of DNA 

DSB due to bystander effects from high LET radiation [8]. 

To account for observed differences in efficacy from differing LET radiation, relative 



 6 

biological effectiveness (RBE) is determined for each particle type emitted. Traditionally, 

experimental RBE measurement occurs by irradiating a cell line with various radiation dosages 

and normalizing the measured radiation dose (commonly that which achieves 37 percent cell 

survival) to that of a photon emitter (e.g., cesium-137) [4,10,26,27]. High RBE is desired to deliver 

high radiation dose to the tumor. Pharmacokinetically-targeted, high LET, high RBE radionuclides 

for RPT have immense potential to eliminate micrometastases [27–29], as short-range high LET 

radiation provides specificity in cell killing, sparing nearby, adjacent cells and decreasing radiation 

therapy side effects. When designing RPT agents, special attention needs to be given to 

radionuclide choice. 

 

1.2. Therapeutic Radionuclides 

Three radioactive decay processes are studied for their RPT potential: b- emission, a 

emission, and Internal Conversion and Electron Capture (IC/EC). IC/EC decay frequently 

stimulates a cascade of low energy conversion electrons (CE) and Auger electrons (AE). Emitted 

particle energies, ranges, LET, and approximate RBE are summarized in Table 1.  

 

Table 1: Decay properties and energy deposition in tissue for common RPT radionuclides. 

Adapted from [13] with RBE values from [10,30–32]. 

Emission Particles Multiplicity E(min)-E(max) Range LET RBE 

a particle Helium nuclei 1 5 – 9 MeV 40 – 100 µm ~80 keV/µm ~20 

b- particle Energetic electron 1 50 – 2,300 keV 0.05 – 12 mm ~0.2 keV/µm ~1 

IC/EC & AE Low energy electrons 5-30 eV – 400 keV 2 nm – 1 mm ~2–26 keV/µm ~5-20 

Clinically approved b--emitting radionuclides (e.g., 177Lu, 90Y) with low LET, low RBE, 

and pathlengths as long as 4.4 mm in tissue [33] suffer from dose range effects and deposit lower 

dose than high LET particles [34]. Despite these dose rate limitations, b--emitting radionuclides 
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are front runners in RPT agent construction and application due to convenient and scalable 

production via reactor neutron bombardments [35]. Alpha (a) particles achieve the highest RBE 

of any decay radiation but often decay to unstable daughter radionuclides, providing uncertain 

dose distributions as decay recoil energy decouples daughters from molecular constructs [36]. A 

majority of a-emitter productions require the use of high intensity, heavy ion beams, extremely 

high energy particle accelerators, or generators constructed from rare, controlled reactor products 

or feedstock target materials. Currently, these barriers limit global production capacity and inhibit 

availability [6,37–40]. 

Within IC/EC decay, an inner atomic orbital electron is removed, creating an inner shell 

electron hole and subsequent excited state. In internal conversion, dynamic electromagnetic 

multipoles in the excited nucleus interact with an inner-shell orbital electron, transferring energy 

that ejects it from the atom [41]. The resultant internal conversion electron (CE) will have the 

highest energy of any electron emitted by IC/EC. In electron capture, an inner-shell orbital electron 

is absorbed by the nucleus. After the electron hole is created by either decay method, higher energy 

shell electrons will de-excite, and the energy difference is either emitted as a characteristic X-ray 

or reinvested to kick out an electron from the atom. In the latter instance, more electron holes are 

created, resulting in more electron emissions, and a cascade of emitted low energy electrons results 

[42]. Secondary and higher-level electrons in the electron cascade are commonly referred to as 

Coster-Kronig or super Coster-Kronig electrons [43]. Low energy electrons emitted in a cascade 

effect after IC/CE decay are referred to as AEs, after the French physicist Pierre Auger whose 

1923 PhD dissertation work focused on describing and explaining the observation, resulting in a 

Nobel Prize [44]. The effect was additionally predicted and published by the Austrian-Swedish 

nuclear physicist Lise Meitner in 1922 [45]. Evidence suggests the data Meitner used to support 
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the radiative emission from electron transmission model were CEs sourced from the nucleus and 

not originating from electron shells [46]. AEs and some CEs have high LET, high RBE, and short 

path lengths, providing high radiation dose deposition in small, localized volumes, shredding DNA 

with demonstrated therapeutic effect [47,48] and resulting in apoptotic cell death [49–52]. 

Theoretically, AEs allow effective dose delivery and disease management in metastatic disease 

with significant mitigation of side effects, an advantage over b--emitters. Production of AE-

emitters’ is scalable on small cyclotrons already distributed across the world [53], and AE-emitters 

primarily decay to stable daughters [27,54]. 

 

1.3. Auger Electron Specific Radiation Biology 

The therapeutic effectiveness of AE-based radiopharmaceuticals is heavily dependent on 

the emitted electron spectra and subcellular distribution and localization [4,10,26,27,42]. Desirable 

factors include high AE yields, high AE energies, and half-lives (t1/2) on the order of hours or days. 

An ideal therapeutic radionuclide has low emission of high energy photons, which would increase 

off target radiation dose and decrease tumor-to-normal tissue mean absorbed dose rate ratio 

(TND). 

Researchers created a mathematical model to evaluate the relationship between TND and 

electron energy and surveyed low energy electron emitters suitable for small tumor radionuclide 

therapy. Based on this model, they determined that a radionuclide ideal for small tumor 

radionuclide therapy, as seen by high TND, would have the following qualities: (1) emitted 

electron energy less than 40 keV, (2) a photon-to-electron energy ratio below 2, (3) half-life 

between 30 min and 10 days, (4) stable daughter nuclide or half-life no longer than 60 days, (5) 

production via neutron capture or proton-, deuteron-, alpha particle-induced reactions, and (6) 

exclusion of nobel gases due to unsuitable labelling chemistries. From this criteria, five nuclides 



 9 

(119Sb, 103mRh, 161Ho, 58mCo, and 189mOs) were determined suitable for small tumor radiotherapy 

application, contingent on the development of selective targeting vectors for cellular 

internalization [28]. Additional analysis estimated 100 GBq 119Sb activity would be necessary for 

2 Gy whole-body dose, requiring high molar activities to avoid target saturation [28]. 

AE-emitters’ greatest cytotoxic effect occurs when they are incorporated into cellular DNA 

(e.g., via nucleosides like deoxyuridine and deoxycytidine) [10,55–57]. Increasing the distance 

between cellular DNA and the AE-emitter decreases cytotoxicity [57–60] due to AEs’ short 

pathlength. When localized at the cell membrane, selenium-75’s (75Se, t1/2 = 119.78 5 d, EC = 

100%) [61] emitted CE and AEs have RBE equivalent to b--emitters [62]. CEs emitted by most 

AE-emitters have longer path lengths (0.05-12.00 mm) and do not require internalization into the 

cell to yield a therapeutic effect [50]. For small cell clusters, electrons of 20-30 keV provide 

optimal self-absorbed dose from the targeted cell, maintaining localized energy deposition [29]. 

AEs not located within the nucleus can cause damage via indirect mechanism or non-targeted 

effects, creating damage outside the range of the emitter [63]. Using DMSO to supress indirect 

mechanisms, researchers have observed that up to 90% of dose deposited from select AE-emitters 

results from indirect mechanisms [64], suggesting that nuclear targeting may not be unequivocally 

necessary. 

Almost half of all medical radionuclides are AE-emitters. Historically, the most common 

radionuclides investigated for AE RPT are 125I, 75Se, 51Cr, 77Br, 201Tl, 111In, 67Ga, 99mTc, and 123I 

[43,55,62,65]. Influential studies have used 125I, 111In, and 99mTc despite being unideal for AE RPT. 

Illustrated in Figure 1, these radionuclides emit electrons with unsuitable energies (greatest 

proportion CE/AE outside 20-40 keV), provide additional accompanying emissions (e.g., photons 

for 111In and 99mTc), and/or have half-lives incompatible for radiopharmaceutical production and 
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administration (e.g., 125I). Practical issues of production accessibility and easy chemical 

incorporation motivated choice of these unideal AE-emitters for RPT research. Their induced 

radiation responses contributed to a belief that effective AE RPT radiotoxicity is achieved 

exclusively through nuclear targeting. Aforementioned, researchers have observed cell toxicity 

when targeting CE and AE-emitting radionuclides to cellular locations besides the nucleus, 

including targeting iodine-125 (125I, t1/2 = 59.4 d, EC = 100%) to the cell membrane [66,67] and 

indium-111 (111In, t1/2 = 2.80 d, EC = 100%) to the cytoplasm [68]. These bystander and non-

targeted effects illustrate complex AE radiobiological systems, which, though incompletely 

understood, can be leveraged to increase therapeutic efficacy [4,15,27,64]. 

 

 

Figure 1: Comparison of total average energy (MeV) emitted from each radionuclide per decay 

stratified by emission type and AE and CE range with annotated half-life. Nuclear 

decay properties are from [69,70]. 
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1.4. Antimony-119 

Antimony-119 (119Sb, t1/2 = 38.19 22 h, EC = 100%) [71] decays with CE and AE emission 

of multiple electrons with energies up to 25 keV, providing high RBE and densely ionizing 

pathlengths up to 15 µm length in tissue [70], long enough to provide nuclear dose when targeted 

from the cell surface [48]. With a radiological half-life of 38.19 22 h and low energy electron 

decay emissions [69], 119Sb is well suited for RPT. It forms a theranostic pair with 117Sb (t1/2 = 2.80 

1 h, Eg = 158.562 15 keV, Ig = 85.9%, Eb+ = 262.4 39 keV, Ib+ = 1.81 11 %) [72], which emits a 

158.6 keV photon ideal for single photon emission computed tomography (SPECT) imaging 

[48,69] and positrons. The identical chemical properties of isotopes result in identical 

pharmacokinetic behavior. Two stable isotopes of antimony (121Sb, 123Sb) exist, with many 

radioisotopes being identified. Table 2 summarizes half-lives, decay modes, and primary or 

medically relevant emissions for radioisotopes of antimony produced via proton or deuteron 

bombardment of tin with half-lives greater than 1 h.  

 

Table 2: Radioantimony isotopes produced via proton and deuteron bombardment of natural tin 

with primary or medically useful emissions and relevant half-lives [71–76]. 

Radioantimony  Half-live (h) Decay Emission (IB) 
117Sb 2.80 1 EC/β+ = 100% ɣ = 158.561 15 keV (85.9 4 %) 

β+ = 262.4 39 keV (1.81 11 %) 
118mSb 5.00 2 EC/β+ = 100% ɣ = 253.678 10 keV (99 6 %) 

β+ = 146.8 14 keV (0.160 7 %) 
119Sb 38.19 22 EC = 100% ɣ = 23.870 8 keV (16.5 2 %) 
120mSb 138.24 48 EC = 100% ɣ = 197.3 3 keV (87.0 11 %) 

ɣ = 1171.7 3 keV (100 %) 
122Sb 65.37 48 β- = 97.59% 

EC/β+ = 2.41% 
β- = 523.6 8 keV (66.73 22 %) 
ɣ = 564.24 4 keV (70.68 18 %) 
β+ = 290.0 13 keV (0.0061 5 %) 

124Sb 1444.8 72 β- = 100% 
  

β- = 193.8 6 keV (51.24 19 %) 
ɣ = 602.7260 23 keV (97.8 3 %) 
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The AE-emitting radioisotope 119Sb provides high LET deposition and a clean dose profile 

because its highest energy photon emission is 29.1 keV [69,71], and it emits an average of 24 CEs 

and AEs per decay [70]. 

 

1.4.1. In silico Cellular Dosimetry Applications of Antimony-119 

Yet to be introduced into living systems, 119Sb dosimetry has exclusively been studied via 

computational modeling. In 2008, [48] calculated MIRD S-values and theoretical dose 

distributions for 119Sb in various intercellular locations. Dose distributions from various 

radionuclides (67Ga, 193mPt, 111In, 165Er, 123I, 125I, 119Sb, and 201Tl) in a spherical 8 µm radius cell 

with 6 µm nuclear radius were compared against one another. Of the compared AE-emitters, 119Sb 

delivered the highest dose to the nucleus when activity was uniformly distributed along the cell 

surface [48]. Other researchers used the Monte Carlo PENELOPE code and Monte Carlo damage 

simulation [77] to calculate cellular S-values and biological effectiveness for AE-emitting 

radionuclides (119Sb, 67Ga, 80mBr, 89Zr, 90Nb, 99mTc, 111In, 117mSn, 123I, 125I, 195mPt, and 201Tl). More 

than 75% of DNA SSB and DSB occurred in regions within 2.5 µm of the center of the nucleus 

with 119Sb providing the second highest number DNA DSB and SSB of the radionuclides tested 

(Table 3) [47]. 

 

Table 3: Comparison of simulated DNA SSB and DSB yields generated from select AE-emitting 

radionuclides [77]. 

 125I 119Sb 123I 111In 99mTc 

Total SSB (Gbp-1 decay-1) 4.6 3.6 2.5 2.3 1.4 

Total DSB (Gbp-1 decay-1) 0.38 0.31 0.21 0.20 0.013 

In living systems, cellular geometry is irregular, so [47] explored the impact of off-centered 
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nuclei on subsequent cellular S-value calculations for 12 relevant radionuclides. For 119Sb, 

eccentricity had an extremely large effect on subsequent S-value calculation as seen by an increase 

in S-value (N®CS) when the off-centered nucleus is closer to the cell surface and lower energy 

electrons can reach the nucleus to add dose. Reasonably, [47] also shows a decrease in cellular S-

value (N®Cy) when the nucleus is off-centered as cytoplasm is displaced and activity located 

further from the nucleus. For IC/AE radionuclides such as 119Sb, it is imperative to use Monte 

Carlo methods with event-by-event simulation to have adequate spatial resolution or else suffer an 

underestimation of secondary electrons created by higher energy CEs, which greatly 

underestimates energy deposition [47]. Table 4 compares 119Sb nucleus-to-nucleus S-value 

reported within literature for various cell and nuclear radius. The lack of high energy gamma 

emissions from 119Sb makes it difficult to quantify in vivo distribution and dosimetry using common 

lab instrumentation.  Theranostics (therapy/diagnostics) helps solve this problem. 

 

Table 4: Comparison of 119Sb S-value calculations (Gy/Bqs) reported within literature. 

rc rN S(N®N) [48] S(N®N) [77] S(N®N) [47] 

5 2 0.0372 0.0309 0.0394 

5 3 0.0128 0.00953 0.0142 

5 4 0.00616 0.00418 0.00716 

8 6 0.00234 0.00132 0.00272 

9 7 0.00162 0.000853 0.00186 

10 9 0.000874 0.000415 0.00097 
 

1.5. Theranostics and RPT Imaging Congeners 

Theranostics entails pairing therapeutic radionuclides with diagnostic congeners, enabling 

imaging and therapeutic treatment capabilities. Matched chemical families or properties can be 
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exploited when radioisotopic imaging analogues are not available. Theranostic pairs allow 

measurement and quantification of in vivo biological distributions of therapeutic analogues for 

radiopharmaceutical development and dosimetry [78]. Positron emission tomography (PET) or 

SPECT techniques perform physiological imaging and need to be registered to additional 

modalities (CT, MR) for anatomical identification [79]. 

 

1.5.1. PET 

Proton rich nuclei decay by either IC, EC, or positron (b+) emission. Following emission, 

the b+ will travel through surrounding matter, losing energy through collisions until annihilating 

with its antimatter counterpart—the electron. Annihilation results in the conversion of rest mass 

into two antiparallel photons each with energy 511 keV [79,80]. In PET imaging, rings of detectors 

windowed for energy (350-650 keV) and time (3-6 ns) identify coincidental annihilation photons 

[80], indicating (b+) annihilation events along a line of response (LOR) drawn between the two 

detectors. Filtered back projection or statistical reconstruction of the coincidence data provides the 

PET image [80]. Time-of-flight (TOF) PET measures the timing difference between the detection 

of the two annihilation photons to determine annihilation event location more precisely along the 

LOR [80]. A PET image is the distribution of annihilation events (not b+ decay sites) measured by 

the scanner, considering noise from scatter (coincidence detection post Compton scattering of at 

least one annihilation photon) and random (simultaneous detection of two 350 – 650 keV photons 

not associated with the same annihilation) events [80]. The b+-emitter decays at the 

radiopharmaceutical site, and the distance the b+ travels before annihilation is a fundamental limit 

to spatial resolution achievable through PET imaging. Higher energy b+ emission results in poorer 

spatial resolution on the order of millimeters. To maintain conservation of momentum, annihilation 
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photons are not emitted perfectly antiparallel, resulting in angles slightly smaller than 180°. LOR 

are assumed by scanners to be perfectly antiparallel, resulting in additional uncertainty in 

placement of annihilation events with greater non-collinearity impacts on larger diameter ring 

detector sizes. Non-collinearity and innate detector spatial resolution limit PET image resolution 

[79]. With proper characterization and calibration, PET is a quantitative molecular imaging 

technique with sensitivity 2-10% (0.02-0.1 CPS/Bq) [81], providing valuable information 

regarding subject physiology [80]. 

 

1.5.2. SPECT 

In SPECT imaging, a multihole collimator mounted to the gamma detector provides 2D 

spatial correlation of detected photons for emission location. The collection of projections of these 

superimposed data sets allows 3D differentiation [82]. Preclinical SPECT scanners can provide 

sub-millimeter spatial resolution [83] with the choice of SPECT collimator significantly impacting 

scanner capabilities. Images collected with pinhole collimators achieve greater resolution at the 

cost of decreased detector efficiency [83]. Problems associated with pinhole collimation have 

largely been solved using iterative reconstruction techniques, correcting for scatter, attenuation, 

and response function [82,83]. Most SPECT scanner components are tuned to maximize accurate 

detection of technetium-99m’s 142 keV emission [82] and have sensitivity 1/200th that of PET 

systems [81]. 

 

2. Motivation 

As shown, development of effective RPT agents for cancer radiation therapy require 

implementation of high LET radionuclides. AE-emitters provide high LET emissions, scalable 

production routes, and stable daughters. Additionally, an ideal AE-emitter includes the following 



 16 

features: high AE yield, high AE energy, half-life between hours to days, low photon co-emission, 

and 20-30 keV internal CE energy for optimal self-absorbed dose. 

Shown in Figure 1, many AE-emitters historically used in Auger radiation biology have 

high photon dose burden, lack optimal 20-30 keV (9-17 µm in water) range CE/AE-emissions, and 

have extremely short, emitted AE ranges. Many ideal AE-emitters exist with underdeveloped 

production, separation, and chelation chemistry technologies. This work aims to develop and study 

RPT capabilities of one of the most promising AE-emitters, 119Sb, which has previously been 

limited to in silico computational investigation due to underdeveloped production, chemical 

separation, and chelation strategies. Because of high disease incidences, breast and prostate 

cancers have multiple well understood molecular targeting strategies (RM2 for gastrin-releasing 

peptide receptors, Olaparib for PARP inhibition, DUPA for PSMA targeting) which, when 

conjugated to radioantimony chelators, will be tested as first proof of concept 119Sb RPT agent 

constructs. 

 

3. Dissertation Organization 

Chapter 2 surveys available literature regarding 119Sb production and chemical separation, 

specifically focusing on the 119Sn(p,n)119Sb nuclear reaction. New methods for tin target fabrication 

are reported with beam tolerance and physical production yield characterization for natSn and 

isotopically enriched 119Sn targets irradiated with low energy protons or deuterons. A novel two 

column chromatography separation is described which retains radioantimony, provides high Sn 

separation factor, contains low trace metal contamination, and pairs with high efficiency tin target 

recovery and recycling techniques. We developed low energy detection techniques of 119Sb’s 

unique 23.87 keV gamma emission. 

Chapter 3 explores radioantimony(III) labeling using a trithiol chelator, which selectively 
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binds radioantimony in the presence of macroscopic tin target material. We studied Sb-trithiol-

diacid complex formation from purified and unpurified solutions and monitored stability in serum. 

Trithiol-Olaparib and trithiol-RM2 conjugated compounds were radiolabeled, purified, and tested 

for stability in PBS. 

Chapter 4 describes extensive work characterizing the complexation of 1XXSb(V) with the 

tris-catechol chelator, TREN-CAM. Fast partial complexation of radioantimony with TREN-CAM 

in a hydroxy species was found to convert to fully complexed [nat/1XXSb]Sb-TREN-CAM. Complex 

stability was explored in vitro in human serum, in vivo through 117Sb SPECT and PET imaging in 

healthy mice, and ex vivo through biodistribution measurements. We characterized and compared 

117Sb SPECT and PET imaging using contrast and resolution metrics measured from Derenzo 

phantom imaging. 

Appendix A is a collection of additional data relevant to Chapter 3, including nuclear 

magnetic resonance (NMR) spectra, high resolution mass spectrometry (HRMS), and X-ray 

crystallography parameters. Appendix B includes methods, results, and data analysis for X-ray 

absorption spectroscopy (XAS) and X-ray crystallography experiments conducted by 

collaborators relevant to Sb-TREN-CAM characterization from Chapter 4. Additional NMR data 

supporting Chapter 4 conclusions are included. 
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Chapter 2: Production and Isolation of Radioantimony from Tin 

1. Introduction  

1.1. Contributors 

Most of the content in this chapter was published in EJNMMI Radiopharmacy and 

Chemistry. Section 1.2 is modified from [Randhawa, P.; Olson, A. P.; et. al. Curr Radiopharm 

2021, 14 (4), 394–419.] Section 2.7 and 3.6 are reprinted in part from a co-first authored 

manuscript with collaborators from TRIUMF, University of British Columbia (UBC), and Simon 

Fraser University (SFU), specifically Dr. Valery Radchenko, Dr. Thomas Kostlenik, and Aivija 

Grundmane. [Kostelnik, T. I.; Olson, A. P.; et. al. Nucl Med Biol 2023, 108352, 122–123.] 

 

1.2. Literature Review 

1.2.1. Production of 119Sb 

Researchers have explored production of 119Sb for medical application through two main 

routes: directly via (p,n) and (d,n) nuclear reactions on tin or indirectly via production of 119Sb’s 

parent radionuclide 119Te and subsequent 119Te/119Sb generator development. Possible nuclear 

reactions, reaction Q values [84], and location of cross section measurements are summarized in 

Table 5. 

 

1.2.1.1. Direct Production of 119Sb via Proton or Deuteron Bombardment of Tin 

The feasibility of each nuclear reaction for 119Sb production depends on reaction cross 

sections, target design, co-produced radionuclidic impurities, and suitable accelerator access. The 

broad distribution of cyclotrons capable of accelerating 7-16 MeV protons, lack of radionuclidic 

impurities, and high relative yield favor the 119Sn(p,n)119Sb reaction, which is no-carrier-added 

(n.c.a.) upon 119Sb separation from bulk target material. 
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Table 5: Summary of literature-reported 119Sb production methods and radionuclidic impurities. 

Side reactions with energy thresholds below that of the desired reaction and half-lives 

< 1 h are excluded [72–75,85,86]. 

Incident 
Particle 

Nuclear Reaction Q (MeV) Side Reactions / Residual t1/2 Ref. 

D
ir

ec
t p 119Sn(p,n)119Sb -1.37  [87–90] 

120Sn(p,2n)119Sb -10.48 120Sn(p,n)120mSb / 5.76 2 d  
 

 

d 118Sn(d,n)119Sb 2.89   

119Sn(d,2n)119Sb -3.60 119Sn(d,n)120mSb / 5.76 2 d [91,92] 

In
di

re
ct

 p 121Sb(p,3n)119Te -19.34 121Sb(p,n)121m,gTe / 164.2 8 d, 19.17 4 d 
121Sb(p,pn)120mSb / 5.76 2 d 

[93–100] 

123Sb(p,5n)119Te -35.11 123Sb(p,3n)121m,gTe / 164.2 8 d, 19.17 4 d 
123Sb(p,n)123mTe / 119.2 3 d 
123Sb(p,pn)122Sb / 2.72 2 d 

- 

natSb(p,x)119Te 121Sb(p,5n)117Te / 62 2 m, 17Sb, 2.80 1 h  
121Sb(p,4n)118Te / 6.00 2 d, 118mSb, 5.00 2 h  
121Sb(p,n)121m,gTe / 164.2 8 d, 19.17 4 d 
123Sb(p,3n)121m,gTe / 164.2 8 d, 19.17 4 d 
123Sb(p,n)123Te / 119.2 3 d 
121Sb(p,pn)120mSb / 5.76 2 d 
123Sb(p,pn)122Sb / 2.72 2 d 

- 

d 
 
 
a 

121Sb(d,4n)119Te -21.57 121Sb(d,2n)121m,gTe / 164.2 8 d, 19.17 4 d [101] 
123Sb(d,x)119Te 

 
123Sb(d,4n)121m,gTe / 164.2 8 d, 19.17 4 d 
123Sb(d,2n)123Te / 119.2 3 d 

- 

116Sn(a,n)119Te -9.99  [98,102–
104] 

 

117Sn(a,2n)119Te -16.93  [102] 

natSn(a,x)119Te see footnote [105] 

Alpha-induced reactions involving knockout of more than two neutrons are not included because 

of the unavoidable creation of 121m,gTe. The number of reactions initiated by irradiation of natSn, which has 

10 stable isotopes, is so large as to make this material impractical for production of radioisotopically pure 

119Sb. 
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The Danish Technical University Hevesy Laboratory first reported thin target (5.5 mg/cm2) 

119Sb end of bombardment (EOB) yields from electroplated, 97.4% enriched 119Sn of 1.85 ± 0.12 

MBq/µAh [48,53,90]. Tin targets were electroplated from 0.25 M potassium hydroxide (KOH) 

solutions at 65-70 °C with current densities of 4-6 mA/cm2 for 6-8 h [48] and recycled at 75% 

efficiency [90]. Slanted target geometries increased yields, spreading beam current power over a 

larger water-cooled surface area as compared to perpendicular target geometries. For slanted Sn 

targets, they report a maximum 16 MeV proton beam current tolerance of 180 µA, giving a thermal 

power density 1.02 kW/cm2 on a 15 mg/cm2 natSn target, and they extrapolate measured natSn 

bombardment yields to a hypothetical 46 GBq of 119Sb from a 30 mg/cm2 6° slant, enriched 119Sn 

target irradiated with 150 µA 16 MeV protons for 3 h [53]. 

Sadeghi et. al. focused on Sn target development, optimizing electroplating variables and 

developing a Sn sedimentation process. Sedimentation created 39.3 µm thick targets though 

thermal shock testing caused losses in target integrity prior to irradiation experiments. Again, KOH 

alkaline based electrolytic solutions out-perform acidic electrolytic solutions. Authors report best 

adhesion upon copper target backings at an electrolyte concentration of 40 g/L Sn, 75 °C, and 50 

mA/cm2 current density, resulting in targets with unreported thickness. To increase physical 

production yields without increasing target thickness, researchers employed inclined targets (6°), 

and a natSn target of unreported thickness withstood 160 µA 16 MeV beam current intensities for 

10 min with no observed degradation. 119Sb yields were not reported; however, some of the 

anticipated radionuclidic impurities 122Sb, 120mSb, 118mSb, and 117Sb were observed. All reported 

measured EOB corrected physical yields are equal to or greater than thick target (>580 mg/cm2) 

physical yield predictions using the IAEA medical isotope browser [106] and TENDL database 

cross sections [107]. These researchers report EOB corrected physical yields (without 
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uncertainties) for the following radioantimony isotopes with our predicted radioisotopic purity in 

parenthesis: 2.19 MBq/µAh 122Sb (0.4%), 807 kBq/µAh 120mSb (0.2%), 46.1 MBq/µAh 118mSb 

(8.8%), and 430 MBq/µAh 117Sb (82.5%) [108]. A thick, natSn target irradiated with 16 MeV 

protons would theoretically provide an 119Sb physical yield of 42.4 MBq/µAh at 8.1% expected 

radioisotopic purity. Isotopically enriched targets were not tested, perhaps because of the high cost 

of this material.  

 

1.2.1.2. Indirect Production of 119Sb via 119Te/119Sb Generator    

The two isomers of 119Te (119mTe, t1/2 = 4.7 4 d, EC = 100%, Eg = 153.59 3 keV, Ig = 66 3 

%, Eg = 1212.73 7 keV, Ig = 66.1%, 119gTe, t1/2 = 16.0 5 h, EC = 100%, Eg = 644.01 4 keV, Ig = 

84.1%) [71] are the radioactive parents of 119Sb—a potential feedstock in a transient equilibrium 

generator system, allowing 119Sb access to clinics without cyclotron production capabilities [109]. 

Production of 119Te begins with proton irradiation of natSb via (p,3n) and (p,5n) reactions on the 

two naturally occurring stable isotopes of antimony (121Sb and 123Sb) [95,110–112]. Proton 

bombardment of natural antimony produces multiple radiotellurium isotopic impurities, which 

decay to radioantimony isotopic impurities, specifically the 121Sb(p,4n)118Te and 121Sb(p,5n)117Te 

reactions. These two radiotellurium impurities will feed 117Sb (t1/2 = 2.80 1 h, EC = 100%, Eg 

158.562 15 keV, Ig = 85.9%) [72] and 118mSb (t1/2 = 5.00 2 h, EC = 100%, Eg 253.678 10 keV, Ig = 

99 6 %, Eg 1050.69 3 keV, Ig = 97 5 %, Eg 1229.6 keV, Ig = 100%) [73] into the system. Though 

117Sb is a radioantimony imaging analogue to 119Sb, these two radioantimony impurities have high 

yield emissions of high energy photons, delivering extra dose to patients and those 

handling/preparing radiopharmaceutical injections.  

Because the overlap between (p,3n), (p,4n), and (p,5n) nuclear reactions creates 
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unavoidable radioisotopic side products, optimal 119Te radioisotopic purity requires irradiation of 

enriched 121Sb with protons at or below 30 MeV [94]. Experimentally measured and predicted 

cross sections for various proton induced nuclear reactions upon enriched 121Sb are plotted in 

Figure 2 with 121Sb(p,3n)119m,gTe traces (black and gray) reaching their peak (~400 mb) at 30 MeV. 

Incident proton energies on 121Sb below 30 MeV avoid the (p,4n) nuclear reaction and result 

primarily in (p,3n), (p,2n), (p,n), and (p,pn) nuclear reactions. 121Sb(p,2n)120Te gives stable 120Te. 

Tellurium-121m,g (121mTe, t1/2 = 164.2 8 d, IT = 88.6 11 %, Eg 212.189 27 keV, Ig = 81.5 %, 121gTe, 

t1/2 = 19.17 4  d, Eg 573.139 11 keV, Ig = 80.4 22 %) [86] are significant long-lived, high-energy 

gamma-emitting impurities in the system generated by the (p,n) nuclear reaction. Though they 

decay to stable 121Sb, 121m,gTe create a radiation safety challenge, requiring shielding of generator 

operators from the 212 and 573 keV photon emissions. The continual formation of stable Sb 

decreases achievable molar activity. 

The (p,pn) side channel reaction induced on 121Sb produces 120mSb (t1/2 = 5.76 2  d, EC = 

100 %, Eg = 89.8 3 keV, Ig = 79.5 16 %, Eg = 197.3 3 keV, Ig = 87.0 11 %, Eg = 1023.3 4 keV, Ig = 

99.4 3 %, Eg = 1171.7 3 keV, Ig = 100%) [74]. This radioisotopic impurity will decrease 119Sb 

generator radioisotopic purity. Because Te is produced and separated from an antimony target, 

residual macroscopic stable Sb is difficult to fully separate and will be loaded onto the generator. 

The presence of stable Sb creates chelation problems and will decrease molar activity of 

subsequent radiopharmaceuticals. In creation of each new generator, the first elutions will contain 

significant natSb and 120mSb, resulting in lower radioisotopic purity and molar activity 119Sb than 

later elutions. With a 121Sb(p,3n)119Te reaction threshold of 19.34 MeV, production of 119Te requires 

cyclotrons capable of accelerating 20-30 MeV protons of which the International Atomic Energy 

Association (IAEA) cataloged 72 globally in 2020 [113]. Many of these cyclotrons accelerate 
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protons at a much higher energy (>60 MeV) than desired, requiring beam tuning or energy 

degradation. This count does not include linear accelerators capable of accelerating 30 MeV 

protons. 

 

 

Figure 2: Experimentally measured and predicted values for proton induced nuclear reaction 

cross sections upon enriched 121Sb targets [96,99,100,107]. 

 

Historically, most work in Te/Sb generator development has focused on 118Te for the 

creation of the PET imaging agent, 118Sb (t1/2 = 3.6 1 m, EC = 100 %, Eb+mean = 1188.6 14 keV, Ib+ 
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= 73.2 3 %) [73]. The following experimental summaries in Te/Sb generator development include 

application of the tellurium and antimony parent/daughter radiotracer pairs 118Te/118Sb, 119Te/119Sb, 

and 125Sb/125Te. 

Regarding isolation of radiotellurium from proton irradiated antimony targets, [110] 

developed a precipitation method that separated 118Te from natSb target material, involving two 

solution matrix changes to co-precipitate Te and a final purification by distillation, resulting in 

82% 118Te radiochemical yield (RCY) and >99% radionuclide purity. At Los Alamos National 

Laboratory, a remotely handled radiochemical separation of 119Te from medium energy proton 

irradiated natSb targets was developed [112]. The four-step separation process sequentially used 

CL resin (99% 119Te RCY), Rare Earth resin (97% 119Te RCY), AG 1-X8 anion resin (97% 119Te 

RCY), and a Pre-Filter Resin (100% 119Te RCY to remove excess sulfur and phosphor) to separate 

2.7 Ci (5.9 x 1016 atoms, 100 nmol) of 119m,gTe from grams (200 mmol) of natSb. Throughout 

chemical separation development, X-ray absorption near edge structure (XANES) and extended 

X-ray absorption fine structure (EXAFS) measurements characterized Te and Sb oxidation and 

speciation in various aqueous matrices and on solid-state chromatographic supports. This 

innovative analytical approach helped develop a system which reduced antimony target mass from 

25 g to approximately 28 mg (2 ppm natSb in 14 mL final volume), a separation factor of 1000 

[112]. 

An anion-exchange based separation of radiotellurium from dissolved natSb began with the 

concentrated hydrochloric acid (c.HCl) dissolved target solution diluted to 9 M HCl and 18 mg/mL 

Sb. 2 M HCl washed the column, and deionized water eluted radiotellurium (118Te, 119Te, 121mTe). 

This new anion-exchange separation recovered 87-89% of tellurium radioisotopes with no 

detectable 118mSb [111]. After isolation and purification of radiotellurium from antimony targets, a 
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generator could be synthesized. The purified tellurium elution was adjusted to pH 8 using NaOH 

and loaded onto activated charcoal columns sifted to mesh size either 120 – 180 or 180 – 300. 

Various mobile phases and mild oxidizers were monitored for generator optimization, as Sb(V) 

and Sb(III) have differing column affinities. Maximum recovery of 118Sb was 85 – 88% in a 0.12 

M boric acid / 0.020 M borax / 3.5 mM NaOCl solution, with 118Te breakthrough of 0.01 – 0.07% 

by activity [111]. 

Around the same time, Miller and Sun reported optimized elution parameters for their 

aforementioned activated carbon based 118Te/118Sb generator [114]. They created the generator 

substrate by first pulverizing the carbon, sorting it with a 120 – 180 mesh sieve, slurring it with 

deionized water, packing the carbon into a 2.5 mL plastic pipette tip between two plugs of fine 

glass wool, and loading the generator substrate with previously purified 118Te. Optimal 118Te(IV) 

loading occurred in HCl at pH = 7 – 8 with no adsorption of 118Sb(V) in pH 4-10. Five mL boluses 

of various mobile phases were tested for 118Sb elution and 118Te breakthrough over nine days. 

Borate (0.2 M) mobile phases had the highest 118Sb yields (35 – 48%) and lowest 118Te 

breakthrough (0.3 – 1.7%) [114]. In one Te/Sb generator study, a combination ion exchange 

column (1 cm neutral grade alumina and 4 cm SnO2[H+]) eluted a maximum [118Sb]Sb-tartrate 

yield (12.5%) at pH 3.5 with 0.12% 118Te breakthrough [115]. Recent reporting of a 125Sb/125Te 

generator for 125Te source production describes a sulfuric acid (H2SO4) based distillation for 

purification of 125Sb from natSn and the application of a zirconium-silico-tungstate gel matrix for 

125Sb retention (<0.01% 125Sb breakthrough) and 88.7% 125Te elution  [116]. 

The greatest barrier facing 119Sb production through a 119Te/119Sb generator is in the 

generator development. A generator needs to be developed with low retention of antimony, high 

retention of tellurium, and sufficient shielding. These features are necessary to provide safe 
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operator handling, high 119Sb elution in a chemical form suitable for chelation, and low 119m,gTe 

breakthrough lest eluted 119Sb gain a radioimpurity with dosimetric and chelation competition 

implications. 

 

1.2.2. Purification of Antimony from Tin 

Chemical separation of radioantimony from bulk tin targets has employed three main 

techniques: solvent extraction, precipitation, and ion-exchange chromatography. Many separation 

strategies require oxidation of tin and antimony to +4 and +5 oxidation states, respectively. 

Oxidation and subsequent speciation changes impact chelation strategies and target material 

recycling. Additionally, solvent extraction separation methods are difficult to automate, and final 

radionuclidic solutions include organic solvent contamination. [117] tested several extracting 

solvents, finding ethyl acetate best extracted macroscopic natSb as a citrate-oxalate-Sb complex 

from 1-2 M HCl. [118] studied sequential extraction separations of arsenic, antimony, bismuth and 

tin. Though successful in separating the four elements, their technique required multiple 

adjustments of H2SO4 and potassium iodide concentration in the aqueous solution. [119] 

investigated solvent extraction separation of Sb(III) and Bi(III) with Cyanex 302, and although the 

focus is the separation of antimony and bismuth, the study includes the ternary systems Sb-Sn-Cd 

and Sb-Sn-Tl. Though the 1.0 ×10-2 M Cyanex 302 in toluene solvent extracted Sb(III) from 0.25 

M H2SO4 with Sn(IV) remaining in the aqueous phase [119], tin is a strong reducing agent, making 

a Sb(III)/Sn(IV) separation improbable. 

Precipitation methods reach higher degrees of purification when combined with additional 

chemical techniques and processes. [120] separated tin and antimony phosphates. Three molar HCl 

dissolved the irradiated target, and added Br2-H2O oxidised the metals. Then, (NH4)2HPO4 addition 

and pH 1 adjustment precipitated Sn(IV) phosphate, leaving antimony suspended in solution. In 
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later steps, antimony precipitated as a sulfide. In both precipitation steps, stable metal impurities 

were added into the solution, which could impede future radiometal chelation. 

Commonly, ion-exchange chromatography is applied to radiometal chemical separations. 

In 12 M HCl, Sb(V) adsorbs onto the strong cation exchanger Dowex 50 while In(III) and Sn(IV) 

elute [121]. In 0.2 M HCl, Sb(V) passes through a cation exchange column whereas Te(IV) and 

Sn(IV) adsorbed and were later eluted with 0.5–1 M HCl [122]. Three molar HCl loaded antimony, 

tin, and tellurium onto the strong cation exchanger Dowex 1. One hundred millimolar oxalic acid 

eluted Te, 100 mM oxalic acid pH 4.5 eluted Sb(V), and H2SO4 eluted Sn(IV). Despite using a 

long column (30 cm), tin and antimony cross contaminated 1% [123]. Two-to-three molar malonic 

acid pH adjusted to 4.8 using 9 M ammonium hydroxide (NH4OH) loaded tin and antimony tracers 

onto the strong anion exchange resin Amberlite IRA-400. Three percent malonic acid pH 4.8 

eluted Sb(V), and 9 M sulfuric acid eluted tin [124]. [125] developed a simple method for the 

separation of carrier-free 125Sb from neutron-irradiated tin. c.HCl dissolved irradiated targets, and 

bromine addition to the dilute target solution oxidized the metals, yielding a solution of 1 M HCl 

/ 1 M HBr. Under such conditions, Sn(IV) adsorbed to a strong anion-exchange resin, and Sb(V) 

passed through the column with a final 170 mL elution yielding 90 percent 125Sb and >99.99% 

radiochemical purity. The large eluent volume would require evaporation and subsequent 

radioantimony concentration. 

Also employing a strong anion exchange resin, [126] reproduced previously mentioned 

elution trends using Dowex 1, showing Sn(IV) eluted in 0.8 M HCl while Sb(V) eluted with 1 M 

HNO3. The Heversy laboratory studied a weak anion exchange resin for the separation of tin and 

antimony [48]; however, their results exhibit a reversed trend as previously observed with Sb(V) 

eluting first from the weakly basic anion exchange resin AG 4-X4 at 0.8 M HCl [127]. 
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1.3. Motivation 

Clinical production of radionuclidically pure 119Sb is scalable via 119Sn(p,n)119Sb or 

118Sn(d,n)119Sb nuclear reactions, which require recycling of enriched 118/119Sn. Barriers in 

production and chemical coordination have limited 119Sb dosimetry to in silico study. Limitations 

in the thickness of achievable tin electrodeposits have motivated implementation of slant target 

geometries, which are not as broadly employed as perpendicular geometries, to compensate for 

limited production capacity. Development of a target fabrication method, which electroplates a tin 

target energetically thick to a 16 MeV proton beam (>580 mg/cm2) would eliminate this production 

barrier. 

Various chemical separation techniques to remove bulk tin target material and isolate 

radioantimony have been reported [128], but bifunctional chelation of purified radioantimony has 

not been reported. Most research into the separation of antimony and tin has employed Sb(V) and 

Sn(IV), large elution volumes, or harsh, high acidity solvents. Little development has focused on 

Sb(III)/Sn(II) separation schemes. The thiophilic quality of pnictogens motivated exploration of a 

thiol functionalized resin for radioantimony purification reported within, and Sb(V)’s ability to 

extract from c.HCl solutions into ethers motivated development of a liquid-liquid solvent 

extraction method. No reporting of isotopically enriched 119Sn target material recycling exists. 

 

2. Materials and Methods 

2.1. Chemicals 

All reagents and starting materials were purchased from commercial vendors without 

further purification. All solutions were prepared with 18 MΩ*cm deionized water (MilliQ water). 

c.HCl, sodium hydroxide (NaOH), and ethanol (EtOH) were sourced from Fisher Chemicals 

(Hampton, NH, USA). VWR Life Sciences (Radnor, PA, USA) supplied DMSO. 
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2.2. Electroplating Tin Cyclotron Targets 

A stannous sulfate (SnSO4) electrolytic solution electroplated metallic tin targets (8 mm ⌀, 

80-760 mg/cm2, see Table 6 and 7) onto gold and silver target backings. Briefly, SnSO4 (90 mg; 

Strem Chemicals, Newburyport, MA) was dissolved in 100 µL of concentrated H2SO4. After 

addition of phenol sulfonic acid (45 µL; Sigma-Aldrich), gelatin (2 mg; Dot scientific, Burton, 

MI), 2-naftol (1 mg; Chem CruzTM, Dallas, TX) and 100 µL MilliQ water, the solution was gently 

heated (50 °C) and vortexed. MilliQ water was added to bring the total volume to 1 mL. After 

transferring the solution to the electrodeposition chamber, a constant 3.0V voltage controlled bias 

(382200 DC Power Supply, Extech Instruments, Long Branch, NJ, USA) applied between a 

platinum wire anode and gold disk cathode resulted in ~50 mg of tin deposited onto the target 

backing surface over 48 hours. Bath constituents and electroplating conditions are reported in 

Table 6. These parameters plate ~50 mg metallic Sn per mL electrolyte, and for larger mass targets, 

larger electrolyte volumes were employed. Before electroplating the 96.3% isotopically enriched 

119Sn targets (Table 7, Isoflex, San Francisco, CA, USA), metal foil purchased in 2018 for 6 

USD/mg was dissolved in c.HCl at room temperature and reclaimed using recycling techniques 

described below. 

Table 6: Electroplating bath composition. 

Component Value Source 

Stannous sulfate 90 g/L Strem Chemicals 

Sulfuric acid 180 g/L Fisher Chemical  
(trace metals grade)  

Phenol sulfonic acid 60 g/L Sigma-Aldrich 

Gelatin 2 g/L Dot Scientific 

2-Naftol 1 g/L Chem CruzTM 

Current Density 6 mA/cm2  
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2.3. Target Irradiation and Activity Characterization 

We irradiated Sn targets with up to 16 MeV protons and 8 MeV deuterons using a GE 

PETtrace cyclotron. A 500 µm thick aluminum degrader reduced an incident 16 MeV beam energy 

down to 12.5 MeV. To minimize unnecessary dose to radiation workers, proton irradiated targets 

were decayed overnight before use. Deuteron irradiated targets were decayed a minimum of 45 

min before retrieval. 

 

Table 7: Composition of natSn and 119Sn targets irradiated within the following productions. 

Stable Tin Isotopes Natural Enrichment Isotopically Enriched 
Sn-112 0.97 < 0.001 
Sn-114 0.66 < 0.001 
Sn-115 0.34 0.006 ± 0.002 
Sn-116 14.54 0.014 ± 0.001 
Sn-117 7.68 0.019 ± 0.001 
Sn-118 24.22 2.57 ± 0.02 
Sn-119 8.59 96.30 ± 0.04 
Sn-120 32.58 1.056 ± 0.006 
Sn-122 4.67 0.019 ± 0.010 
Sn-124 5.79 0.016 ± 0.010 

 

End of bombardment (EOB)-corrected physical yields [129] for 117Sb, 118mSb, 120mSb, 122Sb, 

124Sb, and 125Sb were quantified via gamma spectroscopy with an aluminum-windowed high purity 

germanium (HPGe) detector (AMETEK ORTEC, Knoxville, Tennessee) coupled to a Canberra 

(Concord, Ontario) Model 2025 research amplifier and multichannel analyzer calibrated with 

241Am, 133Ba, 152Eu, 137Cs, and 60Co sources (Amersham PLC, Little Chalfont, U.K.) for energy and 

efficiency. The system has a full width at half maximum (FWHM) resolution of 1.8 keV at 1333 

keV. Antimony-117 (t1/2 = 2.80 1 h) and 117mSn (t1/2 = 14.00 5 d) share a 158.56 keV photon 

emission [72]. After 117Sb decayed (>30 h post EOB), 117mSn activities were quantified and 117Sb 



 31 

yields corrected for 117mSn signal contribution. Measured EOB corrected physical yields were 

compared against theoretically predicted yields from the IAEA medical isotope browser and 

TENDL sourced cross sections [106]. When radioantimony isotopes were not detected, yields are 

reported from limit of detection (LOD) measurements. Radioisotopic purity is reported as the 

percent activity of choice radioisotope within the sum of all radioactive isotopes. 

Antimony-119 yields were measured using a Be-windowed cadmium telluride (CdTe, 

Amptek X-123) X-ray spectrometer calibrated for energy and efficiency using 241Am, 133Ba, and 

152Eu check sources. Quantifying 119Sb activity in solution or solid, undissolved targets is 

challenging because of high susceptibility to attenuation and scatter of its sole, low-energy gamma 

(Eg = 23.870 8 keV, Ig = 16.5 2 %). To obviate the need for attenuation correction, massless sources 

were made for spectrometry (Figure 3) and mounted perpendicular to the benchtop and in line 

with the CdTe detector face (Figure 3 upper right), preventing the walls of the plastic 

microcentrifuge tubes from impeding detected photons. After target dissolution and radioantimony 

purification, 10 µL of radioantimony was reserved in a microcentrifuge vial and dried overnight 

to form a massless source. These dried, uncovered aliquots of purified radioantimony were 

mounted in line with the CdTe detector face (Figure 3). In the low energy photon spectrum, 119Sb’s 

sole gamma (23.87 keV) overlaps X-ray emissions (~25 keV) from multiple radioantimony 

isotopes. We deconvolved the 23.87 keV peak area by fitting two overlapping gaussian 

distributions. To accurately quantify 119Sb yields, the same massless sources were assayed on both 

the HPGe and CdTe detectors. The total target 119Sb activity (𝑇!!"#$) was calculated using 120mSb 

as a tracer, measuring the fraction of 120mSb from the total target activity (𝑇!%&'#$) in the massless 

source (𝑆!%&'#$) to correct the 119Sb massless source  activity (𝑆!!"#$)  (Equation 1). 

Eq 1) 𝑇!!"#$ 	= (𝑆!!"#$)	(
(!"#$%&
#!"#$%&	

) 
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Figure 3: Illustration of 119Sb massless source creation, spectra collection, and irradiated target 

yield correction workflow. Created with BioRender.com. 

 

2.4. Radiochemical Isolation of Radioantimony from Target Material using Column 

Chromatography 

We dissolved irradiated targets in 6 mL c.HCl at 90 °C for 1-2 h in a glass tube under N2. 

The dissolved target solution was then removed from the heated glass chamber, and the inside of 

the chamber was washed with 2 mL c.HCl, creating a combined volume of 8 mL. Antimony was 

chemically separated from natSn or 119Sn target material using two sequential chromatographic 

columns. A 100 mg mercaptopropyl functionalized silica gel resin (Sigma-Aldrich, 200-400 mesh) 

packed in an 8.8 mm inner diameter (ID) column (Sigma-Aldrich, 20 µm top and bottom frits) was 

preconditioned with 10 mL 1M HCl, 10 mL 0.1M HCl, and 10 mL MilliQ water. We packed a 

second column (5.5 mm ID, Sigma-Aldrich, 20 µm top and bottom frits) with 100 mg of a 

hydrophilic microporous acrylic ester polymeric resin (Prefilter resin, Eichrom, 100-150 mesh) 

and preconditioned it with 10 mL EtOH then 10 mL MilliQ water. We diluted the dissolved target 

solution 10x with MilliQ water and loaded it onto the mercaptopropyl resin. The loaded resin was 
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washed with 5 mL 0.1 M HCl/99% EtOH prepared by combining 0.1 mL 10.5 M HCl with 10.4 

mL EtOH. Antimony was eluted from the resin using 1.5 mL 5 M HCl in 48% EtOH, prepared by 

combining 5 mL 10.5M HCl with 5.5 mL EtOH, fractionated into two 750 µL volumes. The first 

750 µL fraction was loaded onto the second column comprised of Prefilter resin. Argon was passed 

through the loaded Prefilter resin to evaporate acidic EtOH from the column. After 40 minutes of 

column drying, 5 mL of EtOH eluted the radioantimony from the column and was used for 

radiolabeling experiments. 

 

2.5. Chemical Analysis of Column Chromatography Separation 

Trace metal contamination was measured using an Agilent (Santa Clara, CA, USA) 5800 

inductively coupled plasma optical emission spectrometer (ICP-OES). For samples in organic 

matrices, a 0.8 mm ID torch replaced the standard 1.2 mm ID torch. Calibration curves were 

generated by diluting commercially available standards of Sn, Zn, Cu, Ni, Fe, Co purchased from 

Sigma-Aldrich (St. Louis, MO, USA) and Sb (SPEX CertiPrep, Metuchen, NJ, USA) to the 

following concentrations: 50 ppm, 10 ppm, 5 ppm, 1 ppm, 0.5 ppm, and 0.1 ppm with sample 

matching solvent matrices. For transition metals, LODs are typically in the part per billion (ppb) 

range and part per million (ppm) range for metalloid elements. 

To investigate high molarity HCl decomposition of the mercaptopropyl resin, eluent 

fraction thiol concentrations were quantified using Ellman’s reagent [130,131]—a UV-Vis active 

disulfide bond-containing compound that loses UV activity when reacted with thiols. Ellman’s 

reagent (Sigma-Aldrich) reacts 1:1 with free thiols, therefore its 412 nm absorbance measurement 

is linearly related to solution thiol concentration.  Using an Ocean Optics UV-Vis spectrometer 

(USB-LS-450, Ocean Insight, Orlando, FL, USA) and OceanView software, a calibration curve 

was constructed by reacting solutions of known cysteine concentration (0.1 µM, 1 µM, 10 µM, 50 
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µM, 100 µM, 250 µM, and 500 µM) with 0.01M Ellman’s reagent in 0.1M sodium phosphate 

buffer pH 7.5. Thiol resin elution fractions were neutralized with 1 M NaOH (highly acidic 

environments reduce Ellman’s reagent), combined with equal volume Ellman’s reagent solution, 

monitored for 412 nm absorbance, and compared against the calibration curve for thiol 

concentration determination.  

 

2.6. Recycling Target Material 

Sn target material was recycled by combining first column thiol resin load and wash 

fractions and neutralizing with NaOH, precipitating tin hydroxide (Sn(OH)2). The solution was 

centrifuged to concentrate the Sn(OH)2 precipitate into a pellet. The supernatant was twice 

discarded after Sn(OH)2 was washed with MilliQ water. Afterwards, we added concentrated H2SO4 

to the precipitated pellet, dissolving the Sn(OH)2 and forming SnSO4. We then added additional 

electroplating constituents according to ratios in Table 8 and diluted it to a final volume with 

MilliQ water. The electrolyte was biased to 3V for 48 h with a platinum anode and target backing. 

 

Table 8: Ratios of electroplating constituents used to recycle target material. 

Component Value 
Dissolved Metallic Tin 250 mg 
Conc. Sulfuric acid 500 µL 
Phenol sulfonic acid 448 µL 
Gelatin 10 mg 
2-naftol 5 mg 
Total Volume 5 mL 

 

2.7. Radiochemical Isolation of Radioantimony from Target Material using Liquid-Liquid 

Extraction 

Development of a liquid-liquid extraction (LLE) chemical separation scheme occurred in 
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collaboration with researchers from TRIUMF, and radioantimony was created through proton 

irradiation of natSn foils. Natural tin foil targets (3.0 cm diameter, 0.127 mm thick, acquired from 

Sigma-Aldrich) were irradiated with protons (entrance energy 16 MeV for GE PETtrace and 12.8 

MeV for TRIUMF’s TR13) for 1 h with a current of 5 μA. At UW-Madison, the foil was water 

cooled. Irradiated targets were left in the cyclotron vault for 2 – 16 h following irradiation. We 

trimmed foils to remove non-irradiated portions and reduce tin mass. 

Trimmed tin target foils (400 – 480 mg) were dissolved in 6 – 12 mL c.HCl in either a 

covered (not sealed) 16 mL borosilicate KIMAX tube (25 °C, overnight) or sealed glass tube under 

N2 (90 °C, 2 h). The target solution was transferred into a 50 mL Falcon centrifuge tube. A small 

volume of c.HCl (800 μL) rinsed the dissolution tubes before being combined with the dissolved 

target, and heated solutions were cooled for 15 min using ice water. Added H2O2 (30 % w/w, 150 

μL) oxidized Sb(III) and Sn(II) to Sb(V) and Sn(IV) over ~15 min. Equal volume dibutyl ether 

(DBE) was added to the oxidized target solution before vortexing for 5 min. After the solution 

settled, phases were separated by pipetting the organic phase from the Falcon centrifuge tube into 

a new 50 mL tube. At TRIUMF, DBE and dissolved target phases were not fully separated. A 

sacrificial 1 mL DBE volume remained to prevent contamination of the DBE phase with bulk tin. 

At UW-Madison, no DBE phase was sacrificed. Two washing steps (equal volume c.HCl) were 

combined, vortexed, and separated from the extracted DBE phase. Finally, we back extracted Sb 

from the organic phase into equal volume sodium citrate solution (0.1 M, pH 5.5) by vortexing for 

5 min and separating as described above. We employed gamma spectroscopy to analyze the target 

solution, extracted target solution, HCl wash #1, HCl wash #2, extracted DBE solution, and final 

back extracted solution, tracking radioantimony retention and radionuclidic impurities. 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis was conducted using an 
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Agilent 8900 Triple Quadrupole ICP-MS. All measurements were acquired in helium mode. 

Collaborators at TRIUMF performed ICP-MS analysis on samples collected throughout LLE 

processing of 6 non-irradiated targets. Starting with 12 mL of the target solution, 1 mL of each 

fraction was reserved for analysis. The samples were dried overnight and converted to a 2% nitric 

acid matrix for analysis. Because H2O2 oxidizes Sn(II) to Sn(IV) and Sn(IV) does not electroplate 

from acidic electrolytic solutions, Sn target material processed by LLE was not recycled. 

 

3. Results and Discussion 

3.1. Electroplating Tin Targets for Cyclotron Targetry 

Dense, thermally conductive natSn targets for proton/deuteron irradiation were created using 

an electrodeposition technique with strong adherence observed when electroplating onto either 

silver or gold target backings. Two such targets are shown in Figure 4. The technique achieves 

good visual uniformity and Sn thicknesses > 400 mg in 0.5 cm2 (8 mm diameter, ~800 mg/cm2), 

resulting in thick targets, which completely absorb the 16 MeV proton or 8 MeV deuteron beam 

energy. Figure 4 right shows accumulated, electrodeposited mass over time in this electroplating 

system. More than 80% of Sn(II) (SnSO4) is electroplated within the first 24 hours. Although Sn 

electrodeposits onto either silver or gold, gold target backings were employed due to improved 

radiolabeling of isolated radioantimony. 
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Figure 4: Two unirradiated, 150 mg (300 mg/cm2) natSn cyclotron targets plated from non-

recycled SnSO4 stock onto silver (top left) and gold (bottom left) target backings with 

surface images shown to the right of their corresponding target image. (right) Sn 

electrodeposition vs time. 

 

3.2. Target Irradiation and Activity Characterization 

Charged particle beam tolerance primarily depends on the rates of beam energy deposition 

and removal from the target. Particle type, particle energy, target composition (electrical and 

thermal conductance of materials, melting temperature of material) and heat removal strategy bear 

on these parameters. We employ direct water cooling to the back of gold target disks. Electroplated 

Sn targets on gold backings with areal density ~300 mg/cm2 withstood 16 MeV, 40 μA proton 

irradiation with physical deformations depicted in Figure 5. No physical deformations were 

observed over the dozens of 16 MeV, 35 μA proton irradiations for targets with areal density up 

to 500 mg/cm2 (> 2 h). Targets with > 600 mg/cm2 natSn electroplated onto gold have experienced 

small deformations at 35 μA of 16 MeV. One hundred mg (200 mg/cm2) natSn targets withstood 40 

μA of 8 MeV deuterons with no physical deformations. 
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Figure 5: A representative 290 mg/cm2 Sn target before (left) and after (right) proton irradiation 

with 40 µA 16 MeV protons for 6 min. 

 

Proton irradiation of tin’s ten naturally occurring isotopes with 12-16 MeV protons makes 

a cocktail of antimony, tin, and indium radioisotopes. The measured yields of these residuals are 

presented in Figure 6 with EOB physical yields of relevant radioantimony isotopes and varied 

production parameters. Tabulated presentation of measured EOB physical yields is reported within 

Table 9 and Table 10. In most cases, measured physical yields for 117Sb, 118mSb, 119Sb, and 120mSb 

were comparable to IAEA TENDL predicted values with measured 16 MeV proton yields ranging 

from 0.5-1.6x IAEA TENDL predicted values and 8 MeV deuteron yields ranging 0.3-2.3x 

predicted values. 
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Table 9: EOB-corrected measured physical yields (MBq/µAh) for irradiations. Uncertainty is 

reported as standard deviation of N = 3 measurement replicates. 

 

16 MeV p+ Thick 
(>600 mg/cm2) 

natSn 

16 MeV p+ 
512-522 mg/cm2 

natSn 

8 MeV d+ Thick 
(164-205 mg/cm2) 

natSn 

16 MeV p+ 
134-162 mg/cm2 

96.3% 119Sn 
117Sb (4.9E+02) ± (2E+01) (4.5E+02) ± (4E+01) (2.4E+01) ± (3E+00) (2.1E+01) ± (2E+00) 

118mSb (1.90E+01) ± (3E-01) (1.6E+01) ± (2E+00) (2E-01) ± (1E-01) (2.5E+01) ± (2E+00) 
119Sb (3.0E+01) ± (3E+00) (4E+01) ± (1E+01) (1.6E+00) ± (7E-01) (1.2E+01) ± (1E+00) 

120mSb (4.8E-01) ± (2E-02) (4.2E-01) ± (4E-02) (2E-02) ± (1E-02) (6E-03) ± (8E-04) 
122Sb (7E-01) ± (1E-01) (4.6E-01) ± (1E-02) (1.2E-01) ± (7E-02) (8.9E-06)* 
124Sb (3E-02) ± (1E-02) (2.3E-02) ± (8E-03) (1.7E-02) ± (5E-03) (6.4E-06)* 
125Sb (3.6E-06)* (8.6E-06)* (3.7E-06)* (1.3E-05)* 

* LODs are reported when radioisotopes are undetected within production. 

 

Observed differences between measured and predicted values could be due to the beam 

spot being larger than the target face [132] or TENDL over/underestimating cross section values. 

Thisgaard measured a 119Sn(p,n)119Sb cross section peak of  1.08 barns ± 0.07 barns at a proton 

energy of 11.0 MeV ± 0.15 MeV [133] while the TALYS model presented in the TENDL database 

predicts a cross section of 0.691 barns at 11 MeV [107]. Antimony-125 was never observed, and 

when using isotopically enriched 119Sn targets, 124Sb was also not observed. Our thick 16 MeV 

proton target yields for 117Sb and 120mSb match those previously reported, and our 118mSb and 122Sb 

yields equal less than half of those previously measured [108]. 
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Figure 6: Comparison of EOB corrected measured physical and theoretical yields with LOD 

represented as cross-hatched yield bars for each experiment. Theoretical yields were 

calculated using the IAEA Medical Isotope Browser [106]. All data are N = 3 

replicates. 

 

Because of the impact of cross section on radionuclide production, particle type, particle 

energy, target isotopic composition, and target thickness are all variables that can be changed and 

leveraged to modify the resulting radioantimony production profile to desired application needs. 

Bombarding natSn with 16 MeV protons produces the greatest quantity of radioisotopic impurities 

when considering the radionuclidic purity of the two antimony radioisotopes with greatest medical 

interest (Figure 7) – 119Sb and 117Sb. The highest purity of 117Sb (92.36% ± 2.00% at EOB) with 

the lowest contribution from higher dose, longer lived radioisotopic impurities (0.06% ± 0.04% 
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120mSb, 0.48% ± 0.26% 122Sb, and 0.07% ± 0.01% 124Sb at EOB) is produced via deuteron 

bombardment of natSn. Isotopically enriched 116Sn or 117Sn was not available for this work. Deuteron 

bombardment of natSn produces less longer-lived contaminants when compared to proton 

irradiation (~10-fold less 122Sb and ~100-fold less 120mSb), facilitating pre-clinical imaging in vivo 

applications. 

 

Figure 7: EOB corrected radionuclidic purity of 117Sb and 119Sb for various characterized 

production routes and 0.5 – 2 h irradiations. All data are N = 3 replicates. 

 

The short half-life of 117Sb (2.80 1 h) requires timely handling and restricts workflows to 

<1 d. Also, the low energy photon emissions of 119Sb (<30 keV) require specialized low energy 

detection techniques. Radioisotopes such as 120mSb and 122Sb have half-lives on the order of days 
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and emit high energy photons that (though easily shielded for radiation worker protection) can be 

detected with standard gamma detection equipment. For multi-day, small-scale radiochemical or 

targetry development with tracers, proton bombardment of natSn produces the greatest proportion 

of these antimony radioisotopes.  

Figure 8 includes representative HPGe spectra from undissolved targets irradiated with 

protons and deuterons at varied energies. In some of the HPGe spectra, two peaks (133.98 keV, 

77.35 keV) are observed from 197m,gHg produced within the gold target backings. We did not 

observe 197m,gHg in the radiochemically purified product, and the apparent 511 keV annihilation 

photons indicate positron emitters, including 117Sb’s 1.81% b+ branching ratio. 

 

Figure 8: HPGe gamma spectra of representative irradiated targets depicting significant 

differences in radioantimony profiles produced via differing production routes. 8 

MeV deuteron irradiated target spectrum was collected 1 h post EOB. Proton 

irradiated target spectra were collected 16 h post EOB. 
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Antimony-119 yields were measured directly in a massless source configuration. A 

representative low energy 119Sb spectrum from the CdTe detector is presented within Figure 9. 

The characteristic 23.870 8 keV gamma emission of 119Sb can be clearly seen as a shoulder upon 

the convolved ~25 keV X-ray emissions from many radioantimony contributors. The two 

overlapping peaks were easily deconvolved into gaussians using Fityk version 1.3.1 [134] to 

separate out the distinct 119Sb photon contribution. 

 

Figure 9: Low energy X-ray spectrum of purified 119Sb (ɣ = 23.870 8 keV, Iɣ = 16.5 2 %) via 

CdTe detector. Multiple radioantimony isotopes emit X-rays with energies of 

approximately 25 keV and 28 keV. 

 

Using 96.3% isotopically enriched 119Sn and 35 μA of 12.5 MeV proton energy for 1 h, 

three targets with areal density 80-114 mg/cm2 produced measured physical yields reported in 

Table 10 at a radioisotopic purity of 98.9%, decay-corrected to EOB. Target thicknesses were 

chosen to minimize use of expensive, enriched material. The largest radioantimony impurities, 

117Sb and 118mSb, have half-lives significantly shorter than that of 119Sb, and, after the 6 h isolation 
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and radiolabeling, the 119Sb radioisotopic purity increased to >99.5% by activity. This is illustrated 

in Figure 10. A radioisotopic purity of >99% is maintained for 336 h post EOB. An average 

measured physical production yield of 27 MeV/µAh ± 9 MeV/µAh is greater than 10x those 

previously reported in literature for an enriched 119Sn target irradiation (1.85 ± 0.12 MBq/µAh) 

[48]. 

 
Table 10: Measured EOB corrected physical yields for 119Sb and radioisotopic impurities using 

96.3% isotopically enriched 119Sn targets and 12.5 MeV protons. 

Target 
Mass 
(mg/cm2) 

119Sb Yield 
(MBq/µAh) 

117Sb Yield 
(kBq/µAh) 

118Sb Yield 
(kBq/µAh) 

120mSb 
Yield 
(kBq/µAh) 

122Sb Yield 
(kBq/µAh) 

124Sb Yield 
(kBq/µAh) 

80.1 17.5 95.1 210.8 2.5 0.5 < 0.1* 
93.8 27.5 110.1 226.1 4.2 2.4 < 0.1* 
114.1 34.4 144.8 235.1 3.7 2.4 < 0.1* 

* below detection limit of 3 kBq 124Sb 

 

Figure 10: Radionuclidic purity vs. time for 12.5 MeV proton irradiation of 96.3% 119Sn targets. 
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3.3. Radiochemical Isolation of Radioantimony from Target Material using Column 

Chromatography 

Using HPGe quantification of 122Sb and 117mSn, elution profiles for both the mercaptopropyl 

functionalized silica gel and Prefilter resin columns are depicted in Figure 11. In the separation 

chemistry, the first column yields 87.1% ± 3.4% (N = 3) of loaded radioantimony in 0.75 mL 

eluted acidic ethanol solution. The second column yields 83.7% ± 4.9% (N = 3) of loaded 

radioantimony in 1.39 mL ± 0.05 mL (N = 3) EtOH, for a combined RCY of 73.1% ± 6.9% (N = 

3) 122Sb. In the prefilter resin column step, 117mSn activities were below LODs and are plotted 

accordingly. 

 

Figure 11: (left) scheme showing column chromatography separation to purify 1XXSb from Sn 
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target material. Activity elution profile for A) mercaptopropyl functionalized resin 

column and B) prefilter resin tracking percent 122Sb and 117mSn activity. Both elution 

profiles represent N = 3 separations with uncertainty presented as the standard 

deviation of measurements. Created with BioRender.com 

 

3.4. Chemical Analysis of Column Chromatography Separation 

First column eluted fractions contained 55 ± 7 μM thiol functional groups, suggesting resin 

degradation from contact with 5 M HCl in 48% EtOH. Final eluted fractions from the prefilter 

resin show sub-μg trace metal content per half mL volume. ICP-OES measurements (Figure 12) 

of dissolved target solution before and after target loading of column 1 showed Sn mass loss of 

6.3 ± 4.2 mg (N = 3). Comparing Sn mass loaded onto the column versus eluted from the column, 

a separation factor of (6.4 ± 3.7) x 103 (N = 3) for the first column and (1.7 ± 1.8) x 102 (N = 3) for 

the second column providing a combined separation factor of (6.8 ± 5.5) x 105 (N = 3). Being 

metalloids, Sn and Sb have ICP-OES LODs on the order of ppm (μg/mL) compared to the ppb 

LODs for transition metals Fe, Cu, Ni, and Co. Measurements of Sb within columns 1 and 2 are 

below a measured LOD of 0.1 ppm. 
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Figure 12: ICP-OES measured trace metal content in column elution fractions (N = 3). 

 

3.5. Recycling Target Material 

Iterative recycling of non-irradiated targets was conducted, monitoring the fraction of Sn 

reclaimed from previously dissolved targets. Comparisons of the time that the dissolved Sn 

remained in solution before recycling was found to have a significant impact on recycling 

efficiency, as shown in Figure 13. Targets with Sn dissolved 8 – 16 h were recycled with a 

cumulative efficiency of 91.3% ± 8.8% (N = 12) while targets dissolved >24 h had a cumulative 

recycling efficiency of 66% ± 11% (N = 12). Plotting via iteration of the same target (Figure 13) 
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shows that recycling efficiency decreases significantly when targets are allowed to sit in the dilute 

dissolution solution for >24h before reclamation with final electrolytic solutions turning a dark 

brown color. We hypothesize loss of tin to oxidation of Sn(II) forming Sn(IV), which 

electrodeposits from alkaline as opposed to acidic solutions [135,136]. 

 

Figure 13: Non-irradiated target recycling, monitoring the amount of time that the dissolved 

target was in solution before recycling. 
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Iterative recycling of irradiated targets (N = 3) subjected to first column loading and 

recycling within 16 h of dissolution provided a cumulative recycling efficiency of 86.9% ± 7.8% 

(N = 12) (Figure 14) with representative images of recycled targets showing the capacity to retain 

metallic Sn quality of electroplates with no observed impact on production yield or beam tolerance. 

Additionally, irradiated, isotopically enriched 119Sn targets were recycled at an efficiency of 80.2% 

± 5.5% (N = 6) with 11.6 mg ± 0.8 mg (N = 6) lost, potentially to resin loading or oxidation during 

electroplating process. 

 

Figure 14: Iterative recycling of irradiated natSn targets (N = 3) processed through 

chromatographic chemical separation. 
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3.6. Radiochemical Isolation of Radioantimony from Target Material using Liquid-Liquid 

Extraction 

Figure 15 illustrates the technique employed to separate radioantimony from bulk tin target 

material. It is crucial that H2O2 is added to the target solution shortly before performing the 

separation (as opposed to during target dissolution) otherwise the yield will be drastically reduced. 

We hypothesize this is necessary to ensure all antimony is oxidized to the pentavalent oxidation 

state. Once this has occurred, [120mSb]Sb(V) can be selectively extracted from the aqueous solution 

with DBE. Based on literature, Sn and Sb are present in strong HCl as [SnCl6]2−	and [SbCl6]−	. 

Selective extraction of [SbCl6]− into DBE is likely the result of a more diffuse charge distribution, 

resulting in a more hydrophobic species that prefers organic solvation [137]. Following separation 

of phases, two washing steps with c.HCl (not shown in diagram) help remove trace amounts of 

Sn(IV) that may have partitioned into the organic phase. Lastly, the Sb(V) is back extracted into a 

0.1 M sodium citrate solution pH 5.5. The citrate mitigates Sb(V) hydrolysis [138]. All low 

molarity aqueous buffer and acid systems (0.1 M HCl, ammonium acetate (NH4oAc) pH 2-6, 

phosphate buffered saline (PBS) pH 7.5) tested have facilitated radioantimony back extraction, 

and low pH (< pH 2) also prevents hydrolysis [139]. We report LLE RCY in Table 11 and Figure 

16 depicts HPGe gamma spectra of the target solution, extracted target solution, and back extracted 

solution. The target solution most notably shows 120mSb (Eγ = 89.8 3 keV, 197.3 3 keV) [74], 111In 

(Eγ = 171.28 3 keV, 245.35 4 keV) [140], and 117mSn (Eγ = 158.56 2 keV) [72]. Indium-111 can be 

made from decay of 111Sn produced via the 112Sn(p,pn)111Sn nuclear reaction. The ether extracted 

target solution retains a majority of 120mSb with minor 117mSn and 111In contaminants. Finally, the 

back extracted solution contains no observable 117mSn or 111In. Gamma emissions from 117mSn and 

111In in the dissolved target solution fraction decrease upon extraction into DBE and are not 
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detected within aqueous back extraction solution. 

 

Figure 15: Visual representation of radioantimony purification. *Wash ether with equal volume 

c.HCl (x2) prior to back extraction. Created with BioRender.com. 

 

Table 11: Activities of 120mSb and 117mSn collected at TRIUMF expressed as a fraction of total 

target solution activity.a 

Solution 
%120mSb Activity 

(100/initial activity) 
% 117mSn Activity 

(100/initial activity) 
Extracted Target Solution 2.4% ± 0.4% 98% ± 4% 
HCl Wash #1 0.38% ± 0.07 N.D 
HCl Wash #2 0.28 ± 0.05 N.D 
Extracted Ether 0.07%b N.D 
Final Citrate Solution (net total)c 69% ± 2% N.D 
Final Citrate Solution (corrected)d  95% ± 2% N.D 

aValues calculated using activity concentration (Bq/mL) and volume, without 

correcting for sacrificed volume unless otherwise specified. Activity then divided by initial 

activity of purified target solution. Reported error is standard deviation (n = 3). N.D. = not 

detected; 
bDue to N.D. in two trials, n = 1. 
cPercent isolated activity over starting activity; 
dPercent activity corrected for sacrificed volume over starting activity. 
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Figure 16: HPGe gamma spectra of a) target solution b) ether extraction solution c) back 

extracted solution. Red lines highlight radionuclidic impurities removed from solution 

and absent in final purified radioantimony. 

 

Collaborators measured < 18 ppm (<170 μg in total) stable tin in the final solution, showing 

that >99.95 % of the bulk tin target is removed in the separation process. The amount of stable 
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antimony present in the final solution was <40 μg. Without sacrificing DBE extraction volume, 

UW-Madison chemical separations provided a RCY of 94.6% ±	4.0% (N =	3) and 117mSn activity 

below a LOD 480 Bq. Using 117mSn LOD, <0.1 % original target Sn mass remained in the final 

solution. 

 

4. Conclusions 

We have reported physical yields for radioantimony isotopes produced with proton and 

deuteron beams on a small commercial cyclotron. Using low energy photon spectrometry of 

massless sources, 119Sb activity and physical yields were quantified. Electroplated, sustainably 

recycled 119Sn targets were irradiated to produce 119Sb in a form and purity suitable for preclinical 

therapy studies. Gigabecquerel quantities of 119Sb were produced with >99.5% radioisotopic purity 

using readily achievable cyclotron irradiation parameters (35 µA, 1 h). Our thiol resin separation 

strategy produced a radiochemical yield of 73.1% ± 6.9% (N = 3) without observable 117mSn 

contaminant, providing a Sn separation factor of (6.8 ± 5.5) x 105 (N = 3). Our LLE method isolated 

radioantimony from tin using with >90 % RCY and a separation factor >1700. 

Low energy proton and deuteron induced nuclear reactions on natural and isotopically 

enriched 119Sn produce a wide range of radioisotopic purity for 117Sb and 119Sb focused productions. 

When decay correcting to EOB, proton bombardment (16 MeV) of thick natSn targets produced the 

greatest 117Sb activities, yet highest purity 117Sb was achieved through deuteron bombardment (8 

MeV) of thick natSn. Energetically thin (80-114 mg/cm2) 96.3% isotopically enriched 119Sn targets 

achieved the highest purity 119Sb at proton energies of 12.5 MeV, with radioisotopic purity 

increasing for two weeks post EOB as shorter-lived radioisotopes (117Sb and 118mSb) decay and 

greatest reported EOB yields. 
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Chapter 3: Radioantimony(III) Chelation Strategies 

1. Introduction 

1.1. Contributors 

Section 1.2 is modified from [Randhawa, P.; Olson, A. P.; et. al. Curr Radiopharm 2021, 

14 (4), 394–419.] Most of the chapter is reprinted from [Aeli P. Olson, et al. Inorganic Chemistry 

2021 60 (20), 15223-15232]. Copyright [2021] American Chemical Society. The following work 

was done in collaboration Dr. Steven Kelley and Dr. Silvia Jurisson’s Radiochemistry group at the 

University of Missouri. Prof. Dr. Silvia Jurisson, Prof. Dr. Heather Hennkens, Dr. Yutian Feng 

(Duke), Dr. Li Ma, and Chathurya Munindradasa from the University of Missouri in Columbia 

provided the trithiol chelator and the synthesis is described in [141]. 

 

1.2. Literature Review 

1.2.1. Overview 

Antimony is a metalloid capable of forming organometallic bonds [142–144]. Due to a 

final single step addition of a radionuclide in radiopharmaceutical synthesis, radiometal 

complexation via bifunctional chelator (BFC) is the preferred route to incorporate a radiometal 

into the pharmaceutical construct. Ideally, a BFC should be selective to the radiometal of choice, 

complexing trace radiometals (pmol) against non-radioactive impurities (mmol). The radiometal-

complex must be stable and inert, surviving in vivo competition against endogenous complexation 

agents such as glutathione (GSH) and various amino acids. Furthermore, the BFC should complex 

the radiometal rapidly with high kinetic stability and incorporate an organic linker capable of 

functionalization to disease targeting moieties [145,146]. 

Lewis acidity is useful in exploring possible complexation environments as metal ions 

function as Lewis acids [147]. In hard-soft acid-base (HSAB) theory, highly polarizable atoms are 
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described as being ‘soft’ and non-polarizable elements are referred to as ‘hard.’ Generally, 

elements become harder with increased electronegativity and softer with increased atomic size 

[148]. Metal ions with small size and high charge are generally considered hard Lewis acids and 

bond well with hard electron donors. Conversely, metals with low charge and large size generally 

bond well and form stable complexes with soft electron donor ligands [147]. 

 

1.2.2. Chemistry of Antimony(III) 

A group 15 element with ground-state electron configuration [Kr]4d105s25p3 [143], 

antimony is classified as a pnictogen and shares many similarities (and differences) to other group 

15 congeners. Within the literature, a general understanding of pnictogen chemistry and bonding 

is growing, with much interest driven by their emerging applications as catalysts [149–152]. 

Similar to arsenic and bismuth, antimony has two main oxidation states, Sb(III) and Sb(V) [143], 

but some antimony ores, such as breithauptite NiSb, have a negative oxidation state [142]. 

Antimony is uniquely susceptible to hydrolysis [153,154]. In ionic form, Sb(III) is only stable in 

aqueous solution at very high acidity [155], and conversion between Sb(III) and Sb(V) in highly 

acidic environments is slow [137]. Oxidation of Sb(III) to Sb(V) by hydrogen peroxide occurs in 

the presence of chlorine with chlorine free environments experiencing no H2O2 induced oxidation 

[156]. 

The most common coordination numbers (CN) are 3, 4, 5, and 6 [142,157] and subsequent 

frequently encountered geometries are trigonal pyramidal and trigonal planar (CN = 3), tetrahedral 

and disphoenoidal (CN = 4), trigonal bipyramidal, square planar, and square pyramidal (CN = 5), 

and octahedral (CN = 6) [142]. The unique pnictogen bonds formed with group 15 elements are 

non-covalent defined by their electrophilic interactions with an acceptor atom with bond strength 

typically decreasing as pnictogen electronegativity increases or polarizability decreases 
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[152,158,159]. Descending elements in group 15 (From N to Bi) results in decreased 

electronegativity and increased atomic size, resulting in higher energy of valence orbitals and 

poorer overlap with acceptor atoms [160], which explains aforementioned trends in pnictogen 

bond strength. With ionic atomic radii of 76 pm for Sb(III) [142,157], 60 pm for Sb(V) [142,143], 

and electric polarizability reported to be 42.61-44.57 (depending on computational method) [161–

163], Sb(III) is a large, soft metal likely to bond well with other soft donor groups like sulfur, 

explaining antimony’s observed thiophilicity [164–168].  

 

1.2.3. Antimony Chelation 

Treatment for the parasitic infection Schistosoma has historically employed potassium 

antimonyl tartrate (Figure 17) [169]. In 1969, Thakur reported the first and only complexation of 

radioantimony using tartrate, forming 117Sb potassium antimonyl tartrate (PAT). The authors 

prepare PAT samples free from contamination and suitable for injection [170]. However, no 

mention of specific activity or radio-complex stability are included. Within this bidentate ligand 

complex, two Sb(III) atoms are buried in eight oxygen atoms, each metal ion forming four 

coordination bonds. Although insightful into Sb coordination environments, this chelation strategy 

is not suitable for organic linking to targeting vectors, which is required to provide 

radiopharmaceutical selectivity. 2,3-dimercaptopropane-1-sulfonic acid (DMPS) and meso-2,3-

dimercaptosuccinic acid (DMSA) are chelators used clinically in the removal of antimony and its 

lighter congener arsenic from individuals being treated for heavy metal poisoning [171]. 
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Figure 17: Chelators used in or explored for antimony complexation. 

 

On the macroscopic scale, the macrocyclic chelator 3,6,9,15-

tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid (PCTA) stably bound 

Sb(III) after heating at 70 °C for 5-7 days. Measurements of complex stability found 

decomposition at physiological pH, which will inhibit translation. However, hydrolysis of Sb(III) 

is prevented until pH 9 [172]. By using EtOH as a solvent, antimony hydrolysis was circumvented, 

and a macroscopic Sb-DOTA complex was formed. Recrystallization by diluting the reaction 

mixture in water proved that Sb-DOTA was hydrolysis resistant; however, Sb-DOTA had low 

complex stability at biologically relevant pH, and competition reactions showed fast 

transmetalation with biologically relevant metals, proving Sb-DOTA would not be useful in 

radiopharmaceutical application [173]. 
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1.3. Motivation 

Exploration of 119Sb’s cell killing potential is limited to in silico studies due to a lack of stable 

complexing agents capable of functionalization to a targeting moiety. In vitro exploration of 119Sb 

dosimetry requires a targeting vector to pull 119Sb into cells, and stable complexation and chelation 

represent the first step to achieving this goal. No literature reports of stable radioantimony 

complexation by a BFC exist [128]. 

This work explores stable, selective chelation of radioantimony by a trithiol BFC originally 

developed for the complexation of arsenic [174–177]. Stable complexation would promote 

development of targeted radioantimony complexes, which would allow biological analysis and 

exploration of 119Sb dosimetry. The trithiol chelator design includes three thiol functional groups 

to complex radioantimony and two carboxylic acid arms for linker incorporation, with 

collaborators having conjugated the trithiol chelator to a bombesin targeting peptide (RM2) and 

the poly(ADP-ribose) polymerase (PARP) inhibitor (Olaparib). 

 

2. Materials and Methods 

2.1. Chemicals and General Methods 

All solutions were prepared with MilliQ water and optima grade HCl, EtOH, and 

acetonitrile (MeCN) from Fisher Chemical (Hampton, NH). Dimethyl 5-hydroxyisophthalate, 

pentaerythritol tetrabromide, tris(2-carboxyethyl)phosphine hydrochloride (TCEP), silica gel 60 

Å, potassium thiocyanate, antimony trichloride (SbCl3), methanol (MeOH), and potassium 

carbonate were purchased from Fisher Scientific (Waltham, MA) or Sigma-Aldrich (St. Louis, 

MO). Silica gel w/UV 254 thin layer chromatography (TLC) plates were purchased from Sorbtech 

Technologies (Norcross, GA). All solvents and reagent grade acids and bases were purchased from 

Fisher Scientific or Sigma-Aldrich and used without further purification. 
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Collaborators at the University of Missouri performed stable, macroscopic compound 

characterization. 1H and 13C NMR spectra were obtained in CDCl3 or d6-DMSO on a Bruker ARX-

500 or 600 MHz spectrometer and calibrated with the respective residual solvent. Infrared spectra 

were obtained on a Thermo Nicolet Nexus 670 Fourier transform infrared spectrophotometer. 

Elemental analyses were performed by Atlantic Microlabs, Inc. (Norcross, GA). HRMS analyses 

were performed at the University of Missouri Charles W Gehrke Proteomics Center; briefly, 

collaborators loaded samples by an EASY-nLC system with MeOH and analyzed by 

nanoelectrospray ionization in positive-ion/negative-ion mode on a ThermoScientific LTQ 

Orbitrap XL mass spectrometer. MeOH solvent flowed at 600 nL/min. HRMS data were acquired 

for 5 min per sample (30,000 resolving power, 120−1000 m/z, 1 microscan, maximum inject time 

of 500 ms, automatic gain control = 5 × 105). Additionally, reversed phase high performance liquid 

chromatography (RP-HPLC) assessment of complexation implemented four RP-HPLC methods. 

RP-HPLC Method A: Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec 

(AMETEK ORTEC, Oak Ridge, TN) detector. Column: Phenomenex (Torrance, CA) 

Jupiter C18 column (300 Å, 5 μm, 150 mm × 4.6 mm). Flow rate: 1 mL/min. Solvents: A = 

0.1 M ammonium citrate (pH 4.5), B = 0.1% TFA in MilliQ water, C = 0.1% TFA in 

MeCN. Method: t = 0–5 min: A; 5–10 min: 95% B and 5% C; 10–30 min: linear ramp from 

5 to 95% C; 30–35 min: 95% C and 5% B; 35–36 min: linear ramp from 95 to 5% C; 36–

40 min: A. 

RP-HPLC Method B: Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec 

(AMETEK ORTEC, Oak Ridge, TN) detector. Column:  DIONEX (Sunnyvale, CA) 

Acclaim C18 column (120 Å, 5 μm, 250 mm x 4.6 mm). Flow rate: 1 mL/min. Solvents: A 

= 0.1% TFA in MilliQ water, B = MeCN. Method: t = 0−3.5 min: 25% B; 3.5−23.5 min: 
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linear ramp 25−50% B; 23.5−24 min: 50−90% B; 24−29 min: 90% B; 29−30 min: 90−25% 

B; 30−35 min: 25% B. 

RP-HPLC Method C: Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec 

(AMETEK ORTEC, Oak Ridge, TN) detector. Column:  DIONEX (Sunnyvale, CA) 

Acclaim C18 column (120 Å, 5 μm, 250 mm x 4.6 mm). Flow rate: 1 mL/min. Solvents: A 

= 0.1% TFA in MilliQ water, B = MeCN. Method: t = 0−20 min: 20−60% B; 20–21 min: 

60−90% B;21−26 min: 90% B; 26−27 min: 90−20% B; 27-30 min: 20% B. 

RP-HPLC Method D: Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec 

(AMETEK ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 Jupiter column 

(Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium 

citrate (pH 4.5), B = 0.1% FA/H2O, C = MeOH. Method: 0–5 min: 100% A; 5–10 min: 

100% B; 10–30 min: linear ramp to 0% B / 100% C; 30–32 min: 100% B; 32–37 min, 

100% A. 

 

2.2. Preparation of Non-radioactive Sb-trithiol-diacid Complex 

 

Figure 18: Reaction scheme for creation of 3, Sb-trithiol-diacid 
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Collaborators at the University of Missouri (Dr. Li Ma, Dr. Silvia Jurisson) synthesized 5-

(3-Thiocyanate-2,2-bis(thiocyanatomethyl)-propoxy)isophthalic Acid, compound 1, as reported 

[141]. They grew X-ray quality crystals by dissolving 1 in a 70/30 (v/v) MeCN/H2O at 70 °C and 

cooling to room temperature. Additionally, they synthesized the non-radioactive standard 5-

((2,6,7-Trithia-1-stibabicyclo[2.2.2]octan-4-yl)-methoxy)isothalic Acid, [natSb]Sb-trithiol-diacid, 

3. Compound 3 was synthesized (Figure 18) by two methods. Synthesis A: Compound 1 (15 mg, 

0.0354 mmol) and TCEP (101.4 mg, 0.3538 mmol) were dissolved in 5 mL of 70% EtOH in water 

and stirred on a hot plate at 55 °C for 2 h. After the reductive deprotection reaction completed, 

collaborators added 1 mL SbCl3 (11.81 mg, 0.0425 mmol) in EtOH, and the reaction mixture was 

kept at 55 °C for another 45 min. During this time, a white precipitate formed. The reaction mixture 

was cooled, and the white precipitate was collected by filtration, the sample was washed with water 

and diethyl ether, and the precipitant was dried in vacuo. Yield: 14.08 mg; 85%. X-ray quality 

crystals were grown by dissolving 3 (5 mg) in DMSO (2 mL) containing H2O (200 μL) at 70 °C 

and allowing the mixture to sit at room temperature for 2 weeks. 1H NMR (DMSO; 600 MHz) δ 

ppm: 3.193 (s, 6H, CH2S), 3.828 (s, 2H, OCH2), 7.649 (d, 2H, CH), 8.093 (t, 1H, CH). 13C NMR 

(DMSO; 150 MHz) δ ppm: 28.66 (CH2S), 56.02 (C(CH2)3), 76.46 (OCH2), 119.28 (CH), 122.56 

(CH), 132.60 (CCO), 158.58 (COCH2), 166.32 (COOH). HRMS (m/z): 464.88606 (464.88795 

calculated for [M − H]− of [C13H13O5S3Sb]). Elemental Analysis Calculated (found) for 

C13H13O5S3Sb: C, 33.42 (30.49); H, 2.80 (2.74); S, 20.59 (17.32). FT-IR (cm−1): 1711 (C=O), 1197 

(C−O). Note, 1H NMR shows excess residual water at 3.30 ppm. Elemental Analysis Calculated 

(found) for C13H13O5S3Sb·2.5H2O: C, 30.48(30.49); H, 3.54 (2.74); S, 18.78 (17.32). (See 

Appendix A Figures A1-A4). 

Synthesis B: Compound 1 (15 mg, 0.0354 mmol) and TCEP (101.4 mg, 0.3538 mmol) 
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were dissolved in 2 mL of 70% EtOH in water in a 10 mL microwave vessel. Collaborators 

performed microwave reactions using a CEM Discover SP microwave reactor (CEM Corp., 

Matthews, NC). The vial was capped and placed into the microwave unit and set at a fixed power 

of 15 kW and a temperature of 70 °C for 5 min to generate 2. Following the reduction reaction, 

collaborators dissolved SbCl3 (11.81 mg, 0.0425 mmol) in 1 mL of EtOH before transferring into 

the reaction vessel and microwaving the vessel at a fixed power of 15 kW and a control temperature 

of 70 °C for 5 min. After cooling, the reaction mixture was centrifuged, the white precipitate was 

filtered, and the sample washed three times with water and ether. Yield: 14.88 mg; 90%.  

 

2.3. X-ray Crystallography 

Collaborators at the University of Missouri (Dr. Steven Kelley) collected and analyzed 

single-crystal X-ray diffraction data using a Bruker X8 Prospector diffractometer (Bruker-AXS, 

Inc., Madison, WI, USA) with Cu Kα radiation (l = 1.54178 Å) from a microfocus source. The 

crystals were cooled to 100 K during collection using a Cryostream 700 cryostat (Oxford 

Cryosystems, Oxford, UK). Hemispheres of data were collected out to resolutions of at least 0.81 

Å using strategies of scans about the phi and omega axes. Unit cell determinations, data reduction, 

absorption corrections, and scaling were performed using the Bruker Apex3 software suite [178]. 

The crystal structure of trithiol-diacid precursor was solved by direct methods [179,180]. Both 

structures were refined by full-matrix least-squares refinement using SHELXL [181] implemented 

via Olex2 [182]. Non-hydrogen atoms were located from the difference maps and refined 

anisotropically. Hydrogen atoms were placed in calculated positions, and their coordinates and 

thermal parameters were constrained to ride on the carrier atoms. The crystal structure of 1 was 

found to contain regions of disordered solvent that could not be accurately modeled. These were 

treated by applying a solvent mask as implemented in PLATON SQUEEZE [183]. Six hundred 
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thirty-seven electrons were removed from a total void volume of 2014 Å3 per unit cell, equivalent 

to 1.5 acetonitrile molecules per formula unit. Crystal data, structure refinements, and bond 

distances and angles are reported in Appendix A Table A1-A4. 

 

2.4. Trithiol-diacid Radiolabeling from Unseparated Target Solutions 

The thiocyanate protected trithiol chelator (1, 10 mM in MeCN) was deprotected in 1:1 

MeCN:H2O using TCEP (100 mM in MilliQ water) to yield deprotected trithiol-diacid, compound 

2. After irradiation, 3 mL c.HCl dissolved the tin/radioantimony target (∼50 mg) at 90 °C for 1 h, 

and without purification, the 1XXSb reacted in situ (30 min, 25 °C) with 0.01−1 mM 2. A C8 Sep-

Pak cartridge (400 mg resin, 55−105 μm particle size, 125 Å pore size; Waters Corporation, 

Milford, MA) was preconditioned with 5 mL of EtOH (Fisher Chemical) and 5 mL of MilliQ 

water. We diluted the labeled target solution (1:20) with MilliQ water and passed it through the 

preconditioned C8 cartridge. Passing 5 mL of MilliQ water through the cartridge removed 

unchelated tin target material, and 3 mL MeCN eluted [1XXSb]Sb-trithiol-diacid, which was dried 

under N2. Next, 20 sequential 30 min HPGe activity assays quantified 118mSb, 120mSb, 122Sb, and 124Sb, 

and, by fitting the time activity curve for 159 keV emissions, determined 117Sb and 117mSn activities 

in the final purified fraction.  

 

2.5. Radiolabeling from Purified Solutions and Apparent Molar Activity Quantification 

Deprotection of the thiocyanate protected trithiol chelator 1 occurred in 97% EtOH (2 mM, 

0.6 mg, 580 µL EtOH) with TCEP (20 mM, 3.5 mg, 20 µL H2O) heated at 55 °C for 2 h to yield 

deprotected trithiol-diacid, compound 2. Column chromatography purified (Chapter 2) 1XXSb 

reacted (1 h, 55 °C) with 2 at final reaction concentrations of 0, 0.01, 0.1, and 1 mM, forming 

[1XXSb]Sb-trithiol-diacid. 
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TLC assessed complexation, spotting aliquots of radiolabeling solutions onto Al-backed Si 

TLC plates pre-spotted with MeOH, and developing the plates with MeOH mobile phase separated 

[1XXSb]Sb-trithiol-diacid (Rf = 0.815 ± 0.015 (N = 3)) from free 1XXSb (Rf = 0.019 ± 0.009 (N = 3)) 

where uncertainties are expressed as the standard deviation of measurement replicates. We 

employed autoradiography (Packard Cyclone Storage Phosphor) to quantify complexation. Using 

the MatLab cftool function, sigmoidal curve fitting of % 1XXSb activity complexation allowed 

calculation of 50% labeling and subsequent apparent molar activity (AMA) determination. 

 

2.6. Serum Stability, Cysteine Challenges, and LogD7.4 Measurement 

The stability of the [1XXSb]Sb-trithiol-diacid complex was determined by challenging it with 

various chelating agents endogenous to biological systems. A C8 cartridge allowed purification of 

quantitative radiolabeling solutions (assessed via radio-TLC) as described above. After drying C8 

eluent, the purified [1XXSb]Sb-trithiol-diacid was resuspended in either PBS (Thermo Scientific), 

25 mM cysteine (Thermo Scientific) in PBS, or fetal bovine serum (FBS; ATCC, Manassas, VA) 

and allowed to sit at room temperature. At various time points (0, 24, 48, 72 h), aliquots were 

analyzed by RP-HPLC using RP-HPLC Method B. For the FBS challenge solutions, an equal 

volume of MeCN was added to the aliquot to precipitate large serum proteins, which were removed 

by centrifugation (12,000 rpm, 5 min; Beckman Coulter Microfuge 22R Centrifuge, Brea, CA) 

prior to RP-HPLC analysis. 

For logD7.4 determination, 10 µL of purified [1XXSb]Sb–trithiol-diacid in PBS was added to 

990 µL PBS and 1 mL n-octanol (in triplicate) before vortexing samples for 15 min, allowing 

[1XXSb]Sb–trithiol-diacid to partition between the organic and aqueous phases. After vortexing, 

extraction solutions were allowed to settle, and we collected 0.5 mL aliquots from each phase to 

analyze samples for 120mSb activity via HPGe gamma spectroscopy. LogD7.4 was calculated 
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according to Equation 2. 

Eq 2)  𝑙𝑜𝑔𝐷*., = 𝑙𝑜𝑔!&(
-./010/2	03	4./5367
-./010/2	03	89#

) 

 

2.7. Radiolabeling Conjugated Trithiol Compounds 

2.7.1. Trithiol-RM2 

Collaborators at the University of Missouri (Prof. Dr. Silvia Jurisson, Prof. Dr. Heather 

Hennkens, Dr. Li Ma, and Chathurya Munindradasa) synthesized conjugated trithiol compounds 

with a RM2 peptide for targeting bombesin receptors and characterized radioarsenic complexes  

[174,184]. Thiocyanate protective groups (Figure 18) required similar deprotection strategies 

employed for trithiol-diacid labeling (Figure 18). The trithiol-RM2 compound studied for 

antimony radiolabeling and stability had a glutathione and serine amino acid linker (Figure 19). 

We deprotected the thiocyanate protected trithiol-RM2 molecule 4 (MW = 1735 g/mol) in 

97% EtOH (0.5 mM, 0.2 mg, 188 µL EtOH) with 12 µL TCEP solution (0.6 mM, 10 mg, 57.1 µL 

MilliQ water) by heating it at 55 °C for 2 h, yielding deprotected trithiol-RM2 (compound 5). 

Column chromatography purified (Chapter 2), equal volume 120mSb (0.65 MBq, 17 µCi) and 122Sb 

(57 MBq, 15 µCi) in EtOH reacted (1 h, 55 °C) with 4 (final concentration 0.25 mM), forming 

[1XXSb]Sb-trithiol-RM2 (compound 6). After formation, semi-preparative RP-HPLC Method C 

allowed select purification of [1XXSb]Sb-trithiol-RM2. The collected [1XXSb]Sb-trithiol-RM2 peak  

(Rt = 16.5 min) was diluted 10x with MilliQ water, and loaded onto preconditioned C8 cartridge 

(5 mL EtOH, 5 mL MilliQ water). The cartridge was washed with 1 mL MilliQ water, and 

[1XXSb]Sb-trithiol-RM2 compound eluted with 2 mL EtOH. 
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Figure 19: (top) structure of thiocyanate protected trithiol-RM2 peptide. (bottom) reaction 

scheme for synthesis of 6, Sb-trithiol-RM2. 

 

 We created a non-radioactive Sb-trithiol-RM2 complex by first combining 4 (0.2 mg, 116 

µL EtOH) with 10 µL 100 mM TCEP at final concentrations of 0.9 mM and 85 mM, respectively. 

This solution was heated at 55 °C for 2 h. Addition of equal volume SbCl3 stock (7.4 mg SbCl3, 

740 µL EtOH) induced a cloudy precipitant, which was re-dissolved by adding 200 µL EtOH. The 

reaction was heated for 2 h at 55 °C before RP-HPLC characterization. Collaborators at the 

University of Missouri verified the creation of a [natSb]Sb-trithiol-RM2 complex via liquid 

chromatography mass spectrometry (LCMS) to use for RP-HPLC retention time determination. 

After reception of the purified complex at UW-Madison, the sample was resuspended in MeCN, 

filtered using 20 µm filter needle, and immediately analyzed via RP-HPLC Method C. 
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2.7.2. Trithiol-Olaparib 

Collaborators at Duke University Medical Center (Prof. Dr. Yutian Feng) synthesized a 

conjugated trithiol compound to the poly(ADP-ribose) polymerase (PARP) inhibitor Olaparib 

(Figure 20). Trithiol-Olaparib, compound 8 (MW = 695 g/mol) was synthesized using trityl 

protecting groups [175], which were deprotected using TFA prior to the compound being sent to 

UW-Madison. Thiol groups readily oxidize [185], resulting in compound 7. The identity of 7 was 

verified by LCMS prior to being sent to UW-Madison. 

 

Figure 20: reaction scheme for synthesis of 9, Sb-trithiol-Olaparib. 

 

Reduction of oxidized thiols, forming 8, occurred through heating 50 µL trithiol-Olaparib 

(0.1 mg, MeOH), 100 µL EtOH, and 2.5 µL 10 mM TCEP in MilliQ water (final concentration 1 

mM 7, 0.16 mM TCEP) at 55 °C for 2 h. Addition of 175 µL column chromatography purified 

(Chapter 2) 120mSb (1.3 MBq, 34 µCi) and 122Sb (1.1 MBq, 30 µCi) reacted (1 h, 55 °C) to form 

[1XXSb]Sb-trithiol-Olaparib (final concentration 0.5 mM), compound 9. After formation, we diluted 

the radiolabeling solution 10x with MilliQ water, loaded it onto a preconditioned C8 cartridge (5 

mL EtOH, 5 mL MilliQ water), washed the cartridge with 1 mL MilliQ water, and eluted the 

[1XXSb]Sb-trithiol-Olaparib compound with 2 mL EtOH. 

Creation of a non-radioactive Sb-trithiol-Olaparib complex began by first combining 7 (0.1 
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mg, 161 µL EtOH) with 3 µL 100 mM TCEP in MilliQ water at final concentrations of 0.9 mM 

and 1.8 mM, respectively. We heated the solution at 55 °C for 20 min. Addition of equal volume 

SbCl3 stock (7.4 mg SbCl3, 740 µL EtOH) labeled 8 by heating the solution for 2 h at 55 °C. RP-

HPLC Method C characterized crude reaction product. 

 

2.7.3. PBS Stability and LogD7.4 Measurement 

For both radioantimony complexed, trithiol conjugated molecules, LogD7.4 values were 

measured as described above in section 2.6. We added 400 µL PBS to C8 elution fractions of 

[1XXSb]Sb-trithiol-RM2 or [1XXSb]Sb-Olaparib, and a stream of N2 (25 °C) evaporated off EtOH. 

Complete conversion from EtOH into PBS was monitored via mass (~1 h). Radio-RP-HPLC 

monitoring of complex stability began (t = 0) at first addition of PBS to EtOH elution fraction. At 

select time intervals, RP-HPLC Method D chromatograms of injected aliquots of radioantimony 

compounds showed uncomplexed 1XXSb eluting with the solvent front, and comparison of peak 

integrations allowed determination of complex stability through calculation of % intact activity.  

 

3. Results and Discussion 

3.1. Preparation of Non-radioactive Sb-trithiol-diacid Complex 

Antimony-trithiol-diacid was successfully synthesized according to reactions in Figure 18. 

Collaborators evaluated [natSb]Sb-trithiol-diacid synthesis for both conventional and microwave 

heating methods. Both reaction methods provided high yields (>85% product); however, using 

microwave, the reactions formed faster (10 min vs 45 min). 1H NMR and 13C NMR spectroscopy, 

Fourier-transform infrared spectroscopy, HRMS, and elemental analysis characterized and 

confirmed creation the [natSb]Sb-trithiol-diacid complex. X-ray quality crystals were obtained from 

a DMSO/H2O mix (Figure 22; Appendix A Figures A7 & A8). The 1H NMR spectrum shows 
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expected disappearance of the −SH protons and a downfield shift of the −CH2S protons of trithiol-

diacid on coordination to Sb. The FT-IR shows the expected stretches from the −COOH groups at 

1711 cm−1 (C−O) and 1197 cm−1 (C−O). 

 

3.2. X-ray Crystallography 

Collaborators at the University of Missouri found compound 1 crystallized from MeCN 

and water in the rhombohedral R3̅ space group. It packed forming hydrogen bonded rings 

containing six molecules, all interacting through the carboxylic acid groups. The six-molecule 

rings stacked above and below each other and interfaced through the thiocyanate groups, which 

interacted with each other through electric dipole interactions and with the phenyl π system. Bond 

lengths and angles are very similar to other previously characterized trithiocyanate protected 

trithiol ligands [177]. Selected bond distances and angles are listed in Table 12.  

 

Figure 21: X-Seed representation of 1 (CCDC #2071806) showing 50% ellipsoids. 
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University of Missouri collaborators discovered that compound 3 crystallized from DMSO 

and water over 2 weeks. The crystal structure of compound 3 (Figure 22) confirms the expected 

molecular structure and is consistent with its solution structure as determined through NMR and 

HRMS characterization. The molecule crystallized with 2 molar equivalent of DMSO in the 

monoclinic space group P21/c. Both acid groups are protonated, and the three thiols are coordinated 

trigonally to the Sb(III), making a discrete, neutral molecule. The geometry about the Sb atom is 

trigonal pyramidal, but the S−Sb−S bond angles are all closer to 90° (an octahedron missing 3 

vertices) than they are to 109.5° (a tetrahedron missing one vertex). The S−Sb−S bond angles in 

the structure agree with those previously reported [186–188]. Previously characterized arsenic-

trithiol complexes have bond angles about arsenic close to 97° [177]. The average Sb−S bond 

length is 2.440(8) Å, which agrees with the previously reported average Sb−S (2.447(7) Å) bond 

distance [186–188]. Selected bond distances and angles are listed in Table 12. 

Several different interactions influence the crystal packing of this compound. An important 

interaction appears to be between the Sb atom and the S atoms of adjacent molecules, which 

organize the molecules into chains along the a axis (Appendix A Figure A8). Each Sb atom 

interacts with 2 S atoms from one neighboring molecule (Sb·····S2 = 3.6987(6) Å, Sb·····S3 = 

3.5370(6) Å) and a third S atom from a second neighboring molecule (Sb·····S1 = 3.2529(5) Å), 

although they are not octahedrally arranged about the Sb. This interaction between the Lewis acidic 

Sb and the Lewis basic nonbonding S lone pair has been previously observed [186–188]. 

Collaborators observed two short S·····S distances between neighboring molecules (S1·····S2 = 

3.3212(7) Å, S2·····S3 = 3.3829(7) Å) which polymerize the structure into an infinite chain parallel 

to the a axis (Appendix A Figure A8). Additionally, the carboxylic acid groups each donate a 

hydrogen bond to the oxygen of a DMSO molecule (Table 12) and accept a hydrogen bond from 
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the methyl group of a different DMSO molecule. These hydrogen bonds cross-link the chains into 

a network. 

 

Figure 22: X-Seed representation of 3 (CCDC #2071807) 
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Table 12: Selected Bond Distances (Å) and Angles (deg) for 1 and 3. 

Trithiol-diacid (1) (CCDC #2071806) Sb-trithiol-diacid (3) (CCDC# 2071807) 

Bond distances (Å) 

S1-C9 1.836(5) Sb-S1 2.4416(5) 

S1-C14 1.681(6) Sb-S2 2.4314(5) 

S2-C10 1.858(5) Sb-S3 2.4465(5) 

S2-C15 1.658(5) S1-C9 1.832(2) 

S3-C11 1.806(5) S2-C10 1.832(2) 

S3-C16 1.672(5) S3-C11 1.832(2) 

N1-C14 1.172(7)   

N2-C15 1.198(12) O2(acid) ····O1S(DMSO) 2.602(2) 

N3-C16 1.171(6) O4(acid) ····O1S(DMSO) 2.562(2) 

Bond angles (deg) 

N1-C14-S1 177.6(6) S1-Sb-S2 92.25(2) 

N2-C15-S2 173.9(8) S1-Sb-S3 91.965(16) 

N3-C16-S3 176.1(5) S2-Sb-S3 90.62(2) 
 
 

3.3. Trithiol-diacid Radiolabeling from Unseparated Target Solutions 

Trithiol-diacid rapidly complexes n.c.a. pmol quantities of antimony in 30 min at room 

temperature in the presence of mmol quantities of tin target material (108-fold excess) at ligand 

concentrations down to 0.01 mM. At low radiolabeling concentrations of 10 μM, 30 nmol of ligand 

was used to complex 5.8 pmol of various antimony isotopes. RP-HPLC traces of radioantimony 

unbound and bound by trithiol-diacid are shown (Figure 23a and 23b). The non-radioactive 

[natSb]Sb-trithiol-diacid standard coelutes with radioactive [1XXSb]Sb-trithiol-diacid with a 

retention time of 23.7 min (Figure 23). The trithiol chelator 4 has a strong selectivity for antimony 

over tin as seen by the full chelation of radioantimony (< nM) in the presence of macroscopic 

quantities of tin and harsh (∼6 M HCl) solvent conditions. The ability to directly radiolabel 
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radioantimony quantitatively from unseparated target material greatly simplifies 

radiopharmaceutical production. Greater than 99% of [1XXSb]Sb-trithiol-diacid activity was 

trapped onto the C8 cartridge and eluted with a RCY of 65% ± 20% (N = 3). 

Unchelated compound 2 has a retention time of 24.5 min (Figure 23a), which is 

approximately 0.5 min longer than [1XXSb]Sb-trithiol-diacid, and the two peaks would be 

distinguishable and separable. The molar activity of the final solution can be increased by 

removing non-radiolabeled chelator from [1XXSb]Sb-trithiol-diacid. The reaction of trithiol 

chelator 2 with antimony is the first reported complexation of radioantimony with a BFC capable 

of both stably retaining the radiometal and providing a linker group that can be conjugated to 

disease targeting moieties. 

Fractions isolated from the RP-HPLC [1XXSb]Sb-trithiol-diacid peak, Rt = 24.0 min, were 

assayed by HPGe, and the spectra are shown in Figure 24 left. To determine the degree to which 

trithiol-diacid complexes solely antimony and not tin target material, 117mSn activity within a RP-

HPLC purified fraction was measured. Antimony-117 decays to ground state 117Sn [72]. The fitted, 

logged decay of the sample enabled a half-life measurement that distinguishes 117Sb (2.80 1 h) 

from 117mSn (13.76 4 d) [72]. Fitting the 158.562 15 keV photopeak over a 30-h span constructed 

the decay curve (Figure 24 right) and measured a half-life of 2.86 ± 0.02 h, 2.3% larger than the 

true 117Sb half-life, 2.80 1 h [72]. A measured half-life larger than the true half-life indicates the 

presence of a longer-lived radionuclide, in this case, 117mSn. 

Double exponential decay equations describe and quantify relative activities of mixed 

radionuclide samples in time; using this fit, the 117mSn activity coeluting with [1XXSb]Sb-trithiol-

diacid at HPLC separation was calculated to be 11.29 ± 0.12 Bq, and comparing initial reaction to 

final purified 117mSn activity provides a tin decontamination factor of 1.41 × 103. This 
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decontamination factor, describing the high level at which tin target material was removed from 

the radiopharmaceutical, is impressive for a nontraditional radiochemical production and resulted 

in a final formulation of tin mass that is orders of magnitude below the estimated daily intake of 

4.003 mg inorganic tin for an adult in the United States [189]. For a target with lineal mass density 

of 120 mg/cm2, the final sample holds an estimated 45 μg of tin. The Agency for Toxic Substances 

and Disease Registry reports no evidence that inorganic tin is a neurotoxin, mutagen, carcinogen, 

or immunotoxin or affects reproduction or development in humans [189]. No radionuclidic 

impurities were observed besides the various radioantimony isotopes useful for radioantimony 

activity quantification and 117mSn (Figure 24 left). 
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Figure 23: RP-HPLC of [nat/1XXSb]Sb-trithiol-diacid. a) 280 nm UV-Vis chromatogram of 

trithiol-diacid Rt = 24.5 min, b) 280 nm UV-Vis spectrum of [natSb]Sb-trithiol-diacid 

3 standard Rt = 23.8 min, c) 280 nm UV-Vis spectrum of co-injection containing both 

[11XSb]Sb-trithiol-diacid and [natSb]Sb-trithiol-diacid standard Rt = 23.7 min, c) Radio-

trace of matching co-injected [nat/11XSb]5 Rt = 23.7 min. RP-HPLC Method B: 

Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK 
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ORTEC, Oak Ridge, TN) detector. Column:  DIONEX (Sunnyvale, CA) Acclaim C18 

column (120 Å, 5 μm, 250 mm x 4.6 mm). Flow rate: 1 mL/min. Solvents: A = 0.1% 

TFA in MilliQ water, B = MeCN. Method: t = 0−3.5 min: 25% B; 3.5−23.5 min: 

linear ramp 25−50% B; 23.5−24 min: 50−90% B; 24−29 min: 90% B; 29−30 min: 

90−25% B; 30−35 min: 25% B. 

 

Figure 24: HPGe gamma spectrum and produced activity curves (left), HPGe gamma spectrum 

labelled with characteristic emissions, displaying radionuclidic purity (right), 

Bateman equation fitting of time activity curve. 

 

3.4. Radiolabeling from Purified Solutions and Apparent Molar Activity Quantification 

Reacting 1 (Figure 25a) with 10x TCEP at 55°C for 2 h resulted in full deprotection of 

thiocyanate protected functional groups, resulting in 2 (Figure 25b). Addition of 1XXSb in EtOH 

for an additional 45 min at 55°C resulted in the formation of [1XXSb]Sb-trithiol-diacid (Figure 25c 

and 25d). Using a titration method, we measured the AMA of radioantimony produced using natSn 

targets (510 – 757 mg/cm2) irradiated with 28.3 – 75 µAh 16 MeV protons at 550 ± 80 MBq 
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118mSb/µmol trithiol-diacid (15 ± 2 mCi 118mSb/µmol), 20.4 ± 2.8 MBq 120mSb/µmol (0.55 ± 0.08 

mCi 120mSb/µmol), 32 ± 11 MBq 122Sb/µmol (0.87 ± 0.32 mCi 122Sb/µmol), and 1 ± 0.4 MBq 

124Sb/µmol (0.03 ± 0.01 mCi 124Sb/µmol). 

 

Figure 25: RP-HPLC of trithiol-diacid deprotection and radiolabeling. a) thiocyanate protected 

trithiol-diacid, b) TCEP deprotected trithiol-diacid, c) radio-HPLC chromatogram of 

trithiol-diacid complexed 1XXSb, d) corresponding 254 nm UV-Vis chromatogram of 

radiolabeling solution. RP-HPLC Method A: Instrument: Agilent 1260 II system 

a

) 

b 

c

 

d 
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(Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. Column: 

Phenomenex (Torrance, CA) Jupiter C18 column (300 Å, 5 μm, 150 mm × 4.6 mm). 

Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% 

TFA in MilliQ water, C = 0.1% TFA in MeCN. Method: t = 0–5 min: A; 5–10 min: 

95% B and 5% C; 10–30 min: linear ramp from 5 to 95% C; 30–35 min: 95% C and 

5% B; 35–36 min: linear ramp from 95 to 5% C; 36–40 min: A. 

 

3.5. Serum Stability, Cysteine Challenges, and LogD7.4 Measurement 

[1XXSb]Sb-trithiol-diacid was stable over 72 h when challenged with biologically relevant 

complexing agents. Radio-RP-HPLC traces of [1XXSb]Sb-trithiol-diacid challenged with 25 mM 

cysteine and FBS at 24 h are reported in Figure 26. After 72 h, HPLC analyses showed [1XXSb]Sb-

trithiol-diacid to be 91% ± 9% (N = 3) intact in 25 mM cysteine (Figure 27c) and 97.5% ± 1.6% 

(N = 3) intact in FBS (Figure 27d), and we expect [1XXSb]Sb-trithiol-diacid to be stable in vivo. A 

logD7.4 of -1.6 ± 0.1 (N = 3) indicates [1XXSb]Sb-trithiol-diacid preferentially associates with PBS 

phase and is hydrophilic, which is expected due to the two carboxylic acid arms available for 

conjugation. Radioarsenic-trithiol-diacid logD7.4 values have not been reported; however, the RM2 

peptide bioconjugated forms are reported as -0.21 ± 0.02 for [77As]As-trithiol-serine-serine-RM2 

and -1.26 ± 0.05 for [77As]As-trithiol-glutamine-serine-RM2 [184]. 
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Figure 26: HPLC radiation detector traces showing [1XXSb]Sb-trithiol-diacid stability. a) 24 h 25 

mM cysteine challenge Rt = 24.0 min, b) 24 h FBS challenge Rt = 23.9 min. RP-

HPLC Method B: Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec 

(AMETEK ORTEC, Oak Ridge, TN) detector. Column:  DIONEX (Sunnyvale, CA) 

Acclaim C18 column (120 Å, 5 μm, 250 mm x 4.6 mm). Flow rate: 1 mL/min. 

Solvents: A = 0.1% TFA in MilliQ water, B = MeCN. Method: t = 0−3.5 min: 25% 

B; 3.5−23.5 min: linear ramp 25−50% B; 23.5−24 min: 50−90% B; 24−29 min: 90% 

B; 29−30 min: 90−25% B; 30−35 min: 25% B. 
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Figure 27: RP-HPLC traces showing chelation of radioantimony using trithiol chelator 2. a) 

unchelated radioantimony Rf = 1.5 min, b) direct radiolabeling of radioantimony from 

unseparated solution using 2 Rf = 24.0, c) 72 h 25 mM cysteine challenge Rf = 24.0 d) 

72 h FBS challenge Rf = 23.6. RP-HPLC Method B: Instrument: Agilent 1260 II 
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system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. 

Column:  DIONEX (Sunnyvale, CA) Acclaim C18 column (120 Å, 5 μm, 250 mm x 

4.6 mm). Flow rate: 1 mL/min. Solvents: A = 0.1% TFA in MilliQ water, B = MeCN. 

Method: t = 0−3.5 min: 25% B; 3.5−23.5 min: linear ramp 25−50% B; 23.5−24 min: 

50−90% B; 24−29 min: 90% B; 29−30 min: 90−25% B; 30−35 min: 25% B. 

 

3.6. Radiolabeling Conjugated Trithiol Compounds 

3.6.1. Trithiol-RM2 

The thiocyanate protected compound 4 (Figure 28a, Rt = 14.3 min) reacts with TCEP to 

cleave thiocyanate groups and produce the deprotected trithiol-RM2 compound 5 (Figure 28b, Rt 

= 16.9 min). After heating 5 with [nat/1XXSb]SbCl3 for 1 h at 55 °C, four peaks are formed (Figure 

28c and 28d, Rt = 16.5, 18.0, 19.2, and 23.2 min), with a radioactive antimony labeling primary 

species at Rt = 19.2 min. LCMS conducted by collaborators confirmed formation of [natSb]Sb-

trithiol-RM2, and RP-HPLC sample injection confirmed identity of [1XXSb]Sb-trithiol-RM2 as Rt 

= 16.5 min (Figure 28e). Semi-preparative RP-HPLC allowed isolation of Rt = 16.5 min prior to 

solvent conversion to PBS and further stability tests. 
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Figure 28: RP-HPLC traces showing a) 254 nm UV-Vis chromatogram of protected compound 

4, b) 254 nm UV-Vis chromatogram of deprotection of 4 to form 5, c) 254 nm UV-

Vis chromatogram of crude labeling of 5 with natSb forming [natSb]Sb6, d) 

radiolabeling reaction of 5 forming [1XXSb]Sb6, e) non-radioactive standard 

[natSb]Sb6. RP-HPLC Method C: Instrument: Agilent 1260 II system (Santa Clara, 

CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. Column:  DIONEX 

(Sunnyvale, CA) Acclaim C18 column (120 Å, 5 μm, 250 mm x 4.6 mm). Flow rate: 1 

mL/min. Solvents: A = 0.1% TFA in MilliQ water, B = MeCN. Method: t = 0−20 

a
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b
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c
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min: 20−60% B; 20–21 min: 60−90% B;21−26 min: 90% B; 26−27 min: 90−20% B; 

27-30 min: 20% B. 

 

3.6.2. Trithiol-Olaparib 

Both non-radioactive and radioactive antimony labeling of trithiol-Olaparib formed a 

singular, uniform species with Rt = 14.6 min (Figure 29b and 29c), which differs from the reduced 

trithiol-Olaparib compound 8 (Figure 29a, Rt = 15.4 min). The complex remains stable through 

C8 purification in EtOH (Figure 29d). 

 

Figure 29: RP-HPLC traces showing a) 254 nm UV-Vis chromatogram of reduced compound 8, 

b) 254 nm UV-Vis chromatogram of crude labeling of 8 with natSbCl3 forming 

a

) 

b 

c

) 

d

) 
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[natSb]Sb9, c) 1XXSb radiolabeling reaction of 8 forming [1XXSb]Sb9, d) C8 cartridge 

purified [1XXSb]Sb9. RP-HPLC Method C: Instrument: Agilent 1260 II system 

(Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. Column:  

DIONEX (Sunnyvale, CA) Acclaim C18 column (120 Å, 5 μm, 250 mm x 4.6 mm). 

Flow rate: 1 mL/min. Solvents: A = 0.1% TFA in MilliQ water, B = MeCN. Method: 

t = 0−20 min: 20−60% B; 20–21 min: 60−90% B;21−26 min: 90% B; 26−27 min: 

90−20% B; 27-30 min: 20% B. 

 

3.6.3. PBS Stability and LogD7.4 Measurement 

We purified both [1XXSb]Sb-trithiol-RM2 and [1XXSb]Sb-trithiol-Olaparib complexes using 

C8 cartridges, eluting in EtOH with stability intact before converting the solvent matrix to PBS. 

Upon addition of PBS, complex solutions were monitored for stability via RP-HPLC. Figure 30 

shows example chromatograms of [1XXSb]Sb-trithiol-Olaparib at t = 0, 2, 15, and 48 h. Comparison 

of activity eluting at the solvent front and intact complex at Rt allowed calculation of intact 

complex, with [1XXSb]Sb-trithiol-Olaparib and [1XXSb]Sb-trithiol-RM2 stability time courses 

presented in Figure 31. After 16 h in PBS, 3.0% of the [1XXSb]Sb-trithiol-RM2 complex remains 

intact, and after 24 h, 5.5 % of [1XXSb]Sb-trithiol-Olaparib is intact (Figure 31). 
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Figure 30: radio-RP-HPLC traces analyzing [1XXSb]Sb9 complex stability in EtOH and PBS. a) 

purified in EtOH b) 2 h in PBS, c) 15 h in PBS, d) 48 h in PBS. RP-HPLC Method 

D: Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK 

ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 Jupiter column 

(Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium 

citrate (pH 4.5), B = 0.1% FA/H2O, C = MeOH. Method: 0–5 min: 100% A; 5–10 

min: 100% B; 10–30 min: linear ramp to 0% B / 100% C; 30–32 min: 100% B; 32–37 

min, 100% A. 
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Although [1XXSb]Sb-trithiol-Olaparib quickly decomposes in PBS, the compound remains 

stable 24 h in EtOH (Figure 32). We hypothesize that complex decomposition is driven by 

hydrolysis or interactions between Sb and the phosphates within PBS. [1XXSb]Sb-trithiol-RM2 and 

[1XXSb]Sb-trithiol-Olaparib have measured LogD7.4 values of -0.51 ± 0.09 (N = 3) and -1.80 ± 0.05 

(N = 3), respectively. The [1XXSb]Sb-trithiol-Olaparib complex has a more negative logD7.4 value 

than [1XXSb]Sb-trithiol-diacid, meaning greater portion associates with the aqueous phase. With 

more positive logD7.4, the [1XXSb]Sb-trithiol-RM2 molecule is more lipophilic than both the 

[1XXSb]Sb-trithiol-diacid and [1XXSb]Sb-trithiol-Olaparib compounds. This is corroborated by RP-

HPLC retention times where [1XXSb]Sb-trithiol-Olaparib (Rt = 14.6 min) elutes almost 2 min earlier 

than [1XXSb]Sb-trithiol-RM2 (Rt = 16.5 min). Aforementioned, [77As]As-trithiol-glutamine-serine-

RM2 (the radioarsenic labeled analogue) has a reported LogD7.4 of -1.26 ± 0.05 [184]. Labeling 

the trithiol-RM2 compound with antimony as opposed to arsenic increased compound 

lipophilicity. 
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Figure 31: Fraction of intact complex for [1XXSb]Sb6 and [1XXSb]Sb9 calculated via comparing 

integrated peaks of radio-RP-HPLC chromatograms, assessing stability in PBS. 

 

Figure 32: radio-RP-HPLC traces analyzing [1XXSb]Sb9 complex stability in EtOH and PBS. a) 

[1XXSb]Sb9 in PBS 24 h, b) [1XXSb]Sb9 in EtOH 24 h. RP-HPLC Method D: 
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Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK 

ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 Jupiter column 

(Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium 

citrate (pH 4.5), B = 0.1% FA/H2O, C = MeOH. Method: 0–5 min: 100% A; 5–10 

min: 100% B; 10–30 min: linear ramp to 0% B / 100% C; 30–32 min: 100% B; 32–37 

min, 100% A. 

 

4. Conclusions 

We have described development of radioantimony chelation, using a novel, 

functionalizable trithiol ligand capable of direct labeling from unseparated target solution, 

circumventing usual radionuclide isolation from dissolved accelerator targets. This is the first 

report of radioantimony complexation with a BFC—an essential step towards exploration of 117Sb 

and 119Sb in theranostic, targeted radionuclide therapeutic contexts. We report complexation of 

radioantimony with the trithiol-diacid chelator in conditions (EtOH, 55 °C) compatible with many 

targeting vector strategies, particularly small molecules and short peptide chains. The [1XXSb]Sb-

trithiol-diacid complex remains intact when challenged with either 25 mM cysteine or FBS for 

over 72 h. 

Antimony radiolabeling of trithiol-RM2 formed radioactive species with Rt matching a 

[natSb]Sb-trithiol-RM2 standard. Unique Rt and formation of primary radioactive species speaks to 

likely formation of radioantimony labeled trithiol-Olaparib complex. These complexes withstood 

purification, retaining complex integrity in EtOH. However, both complexes experienced 

instability in PBS. [1XXSb]Sb-trithiol-RM2 degraded within 16 h of exposure to PBS and 

[1XXSb]Sb-trithiol-Olaparib degraded within approximately 24 h of PBS addition. Non-radioactive 

complexes with matching Rt were formed in crude, EtOH-based conditions, but high instability 
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hindered characterization of purified product, inhibiting confirmation of species via additional 

spectral techniques. This work represents a first labeling of targeted molecular construct with 

radioantimony. 
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Chapter 4: Radioantimony(V) Chelation Strategies 

1. Introduction 

1.1. Contributors 

The content from this chapter can be found within the review article [Randhawa, P.; Olson, 

A. P.; et. al. Curr Radiopharm 2021, 14 (4), 394–419.] published by Bentham Science and a 

manuscript under review at Angewandte Chemie – International Edition with collaborators from 

Oak Ridge National Laboratory (ORNL) (Dr. Nikki Thiele, Dr. Alexander Ivanov, Dr. Briana 

Schrage, Dr. Faizul Islam, Dr. Lesta Fletcher, Dr. Darren Driscoll, Dr. Vilmos Kertesz, Dr. Frankie 

White, Megan Simms) and UW-Madison Chemistry (Morgan Dierolf, Owen Glaser, and Prof. Dr. 

Eszter Boros). Francesca Verich assisted with all mouse imaging and ex vivo experiments. Justin 

Jeffery conducted tail vain injections, helped operate scanners, and guided 117Sb phantom image 

characterization and scanner calibration. 

 

1.2. Literature Review 

1.2.1. Chemistry of Antimony(V)  

Upon oxidation, Sb(V) increases in Lewis acidity [150,152] where it is expected to best 

interact with hard donor groups and strong Lewis bases. The increased Lewis acidity of Sb(V) is 

uniquely strong and warrants classification as a super acid [190]. The aqueous chelation chemistry 

of Sb(V) has scarcely been explored beyond a few studies evaluating interaction with low 

molecular weight ligands [26,36,37]. In comparison to Sb(III), Sb(V) has higher charge density 

and lacks a hemidirecting lone pair, properties which may promote complex stability. In oxic 

conditions at low pH, Sb-di-carboxylic acid complexes form with greatest proportion. At higher 

pH, Sb(V) readily forms complexes as hydroxyl-carboxylic, aliphatic-hydroxyl, and aromatic-

hydroxyl forms [191]. Studies indicate stable complexes with Sb(V) require low molecular weight 
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organic ligands with oxygen atoms on two adjacent functional groups to form bidentate structures, 

as seen by stable complexes formed with citric, salicylic, oxalic acids, catechol, mannitol, and 

xylitol [139]. 

 

1.2.2. Biological Applications of Antimony 

Current and historic clinical treatment for the parasitic infections Schistosomiasis and 

Leishmaniasis employ pentavalent Sb-based complexes (sodium stibogluconate and meglumine 

antimoniate, Figure 33) [192]. After reduction of Sb(V) to Sb(III) inside of the parasite, Sb(III) 

interferes with the parasite’s thiol redox metabolism, effluxing trypanothione and glutathione 

(GSH) from the cell and inhibiting trypanothione reductase enzymatic activity [193]. The 

interaction of antimony with biological molecules provides supporting evidence toward the strong 

interaction of Sb with thiol donor atoms. Due to this proposed mechanism of action, anti-tumor 

properties of Sb(III) and Sb(V) compounds (studied in DTPA and thiol coordinated systems) have 

drawn interest [194,195] toward development of new monodentate thiol complexes [166]. As 

mentioned in Chapter 3, DMPS (2,3-dimercaptopropane-1-sulfonic acid) and DMSA (meso-2,3-

dimercaptosuccinic acid) are used for clinical treatment of antimony heavy metal poisoning [171]. 

 

Figure 33: chemical structures of antimony-based pharmaceuticals used for treatment of parasitic 

infections. 
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1.2.3. Biodistribution of Radioantimony 

Studies motivated by environmental contamination concerns have primarily measured 

organ distribution and biological impact of inorganic Sb speciation. The biological distributions 

of nuclear reactor produced carrier added (c.a.) 124SbCl3 were measured for tumor bearing male 

mice [196] and rats [197]. Although non-tumor targeting, researchers reported highest 124SbCl3 

uptake within the liver, kidney, and bone at 3 and 4 h post injection (p.i.) for both mice and rats. 

Within piglets, an exponential non-radioactive KSb(OH)6 dose dependent response curve 

measured kidney uptake >2x liver uptake, and linear response curves depicted hair and metacarpal 

bone uptake >3x that of the spleen with no blood accumulation [198]. After inhalation of c.a. 

[122/124Sb]SbH3 gas, guinea pigs had greatest organ accumulation of Sb within the liver, spleen, and 

kidney [199]. 

Antimony administered to male rats as Sb(III) (Sb2O3) accumulated primarily within Red 

Blood Cells (RBC) through association with hemoglobin. Additionally, the spleen and lung 

accumulated elevated amounts of Sb, possibly through RBC uptake. Urinary excretion of inorganic 

Sb in the 5+ oxidation state suggests oxidation, as opposed to methylation, as the primary 

metabolic processing mechanism [200]. Within human whole blood samples, Sb(V) is reduced by 

GSH to Sb(III), which is unstable under oxic conditions and readily oxidized back to Sb(V). This 

redox cycling increased superoxide dismutase activity for protection against free radicals [201]. 

Optical absorbance measurements of Sb(III) resulting from reduction of administered Sb(V) with 

GSH as a function of time, temperature, pH, and GSH concentration found ready reduction of 

Sb(V) to Sb(III) at a stoichiometry of 5:1 GSH:Sb(V) at pH 3.5 – 5, forming Sb(GSH)3. Little 

reduction of Sb(V) was observed at biologically relevant conditions (pH 7.2, 37 °C). Samples were 

flushed with argon prior to reaction incubation and kept in oxygen free environments to prevent 
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re-oxidation of Sb(III) to Sb(V); however, the deconvolution of these possible redox cycling 

processes were not experimentally confirmed [202]. 

Ion chromatograms of plasma samples from Rhesus monkeys receiving meglumine 

antimoniate treatment for Leishmaniasis infection showed slow release of Sb(V) from drug 

construct and subsequent conversion from Sb(V) to Sb(III). Ex vivo biodistribution measurements 

of organs, tissues, and other biological samples found greatest Sb uptake within the urine (20.9 

µg/g tissue), thyroid (10.4 µg/g tissue), nails (5.7 µg/g tissue), liver (3.3 µg/g tissue), gallbladder 

(2.2 µg/g tissue), and spleen (1.6 µg/g tissue) [203]. Female BALB/c mice infected with 

Leishmaniasis were treated with c.a. [122/124Sb]Sb-meglumine, and ex vivo biodistributions were 

collected up to 72 h p.i.. Antimony did not accumulate within the brain, heart, lungs, or uterus. 

Within the spleen, 122/124Sb uptake quickly (< 3min p.i.) peaked before slowly excreting, and a 

maximum liver uptake at 15 min p.i. (~50 %IA/g) was observed [204]. 

Another study using female BALB/c mice measured higher antimony levels within parasite 

infected footpads as compared to uninfected controls and a 50 h p.i. liver uptake of ~10 %IA/g. 

For meglumine antimonate, similar scale %IA/g clearance time courses were measured within the 

kidney and small intestine [205]. Twenty-one days p.i. with meglumine antimony, male rats had 

highest Sb uptake within the spleen (81.9 µg/g tissue), femur (18.3 µg/g tissue), thyroid (18.0 µg/g 

tissue), lungs (7.7 µg/g tissue), adrenal glands (5.9 µg/g tissue), and kidney (5.4 µg/g tissue) [206]. 

In human patients receiving clinical treatment for Leishmaniasis infection, meglumine antimoniate 

modulated immune gene expression—at various timepoints upregulating genes related to TH1, 

neutrophil recruitment, and membrane receptor expression [207]. 

In summary, Sb is non-tumor targeting, and, due to environmental contamination concerns, 

Sb biological distribution has primarily been studied with inorganic species. In oxic conditions, 
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Sb(III) readily oxidizes to Sb(V) and is subsequently reduced via GSH complexation, providing 

redox cycling which explains observed biological toxicities.  Antimony is cleared from the body 

through the urinary system as Sb(V), meaning oxidation is the primary metabolic processing route. 

Finally, Sb accumulates in the liver, kidney, bone, thyroid, spleen, and lung, with accumulation in 

the latter two organs likely due to RBC association. 

 

1.2.4. Imaging Applications of Radioantimony 

Having few low energy X-ray and gamma emissions, 119Sb is well suited for therapeutic 

applications. Researchers have proposed 117Sb (t1/2 = 2.80 1 h, EC = 100%, Eg = 158.562 15 keV, 

Ig = 85.9%, Eb+ = 261.9 39 keV, Ib+ = 1.81 11 %) [72] as a radioisotopic SPECT imaging analogue 

and shown adequate imaging capabilities using a Jazczak phantom. Antimony-117 planar 

scintigraphy and SPECT images distinguish all cold rods in the scintigraphy image, the three 

largest cold spheres (Æ38 mm, Æ31.8 mm, and Æ25.4 mm), and a modelled hot tumor over 

background signal [48]. With a 3.6 min half-life, generator produced, untargeted 118Sb was used 

for PET imaging with significant limitations in resolution and time course imaging beyond 5 min 

p.i. [115]. PET imaging of 118mSb and 117Sb have not been reported. 

 

1.3. Motivation 

Densely charged, hydrolysis-prone metal ions such as Zr4+, Nb5+, Ga3+, and Ti4+ are stably 

complexed by the tris-catechol chelator TREN-CAM (Figure 34) [39–42]. Because Sb(V) forms 

stable complexes with three catechols [139], and TREN-CAM has complexed metals prone to 

hydrolysis, we hypothesized its ability to stably complex Sb(V). In addition to emitting photons 

suitable for SPECT imaging, 117Sb emits a b+ with branching ratio 1.81 11 %, which should allow 

PET imaging. To ascertain in vivo complex stability, we propose production of 117Sb via deuteron 
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bombardment of natSn targets and imaging via SPECT and PET modalities. 

 

Figure 34: Structure of tris(2-aminoethyl)amine (TREN) catecholamide (CAM). 

 

2. Materials and Methods 

2.1. Chemicals and General Methods 

All reagents were purchased from commercial vendors and used without further 

purification. All solutions were prepared with MilliQ water. Fisher Chemicals (Pittsburg, PA, 

USA) supplied c.HCl, 30% H2O2, and EtOH. DBE, MeOH, MeCN, n-octanol, SbCl3, and NH4OH 

were purchased from Sigma-Aldrich (Burlington, MA, USA). We purchased DMSO from VWR 

Life Sciences (Radnor, PA, USA), NH4OAc from EMD Chemicals (Gibbstown, NJ, USA), citric 

acid from Avantor Sciences (Radnor, PA, USA), and PBS from Lonza (Walkersville, MA, USA). 

Collaborators prepared stock solutions of TREN-CAM in 20% DMSO/80% H2O for 

radiolabeling reactions in HCl or NH4OAc. We prepared NH4OAc buffers (0.5 M, pH 4, 6, 7, and 

7.4) using NH4OAc (Sigma-Aldrich) and glacial HOAc (Sigma-Aldrich). For radiolabeling 
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ORNL collaborators recorded NMR spectra on a Bruker Avance III-400 MHz NMR 

spectrometer equipped with a BBO probe. Chemical shifts are reported in ppm. NMR spectra were 

acquired in either deuterated MeOH (CD3OD) or deuterated DMSO ((CD3)2SO) and referenced to 

the residual solvent signal (3.31 ppm) or the tetramethylsilane internal standard (0 ppm), 

respectively. The splitting of proton resonances in the reported 1H NMR spectra is defined as: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and br = broad. HRMS were obtained 

on either a Bruker MaXis ultra-high resolution quadrupole TOF mass spectrometer or a Q Exactive 

HF Orbitrap mass spectrometer (Thermo Scientific) in positive electrospray ionization mode. 

Samples were introduced into the Q Exactive HF Orbitrap using an Open Port Sampling Interface 

on the instrument. Elemental analysis was performed by Atlantic Microlab, Inc. (Norcross, GA).  

Four different analytical HPLC methods allowed visualization of Sb-TREN-CAM complexation 

and speciation and are referenced as follows.  

ORNL cold HPLC: 14.8 min (Peak 1), 21.3 min (Peak 2) Instrument: Shimadzu. Column: Restek 

Ultra Aqueous C18 column (100 Å, 5 μm, 250 mm × 21.2 mm). Flow rate: 1 mL/min. 

Solvents: A = 0.1% Formic Acid (FA)/H2O, B = 0.1% FA/MeCN. Method: 0–5 min: 10% 

B; 5–25 min: linear ramp 10–100% B; 25–30 min: 100% B. 

ORNL radio-HPLC: 22.8 min (Peak 1), 35.7 min (Peak 2) Instrument: Shimadzu coupled to a 

LabLogic Flow-Ram detector equipped with Laura software. Column: Restek Ultra 

Aqueous C18 column (100 Å, 5 μm, 250 mm × 21.2 mm). Flow rate: 1 mL/min. Solvents: 

A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% FA/H2O, C = 0.1% FA/MeCN. Method: 

0–5 min: 100% A; 5–10 min: 100% B; 10–35 min: linear ramp to 0% B / 100% C; 35–40 

min: 100% C; 40–46 min, 100% A. 

UW-Madison radio-HPLC method A: 23.7 min (Peak 1), 30.0 min (Peak 2) Instrument: Agilent 
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1260 II system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) 

detector. Column: 150 mm C18 Jupiter column (Phenomenex, Torrance, CA). Flow rate: 1 

mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% FA/H2O, C = MeOH. 

Method: 0–5 min: 100% A; 5–10 min: 100% B; 10–30 min: linear ramp to 0% B / 100% 

C; 30–32 min: 100% B; 32–37 min, 100% A. 

UW-Madison radio-HPLC method B:  17.6 min (Peak 1), 22.8 min (Peak 2) Instrument: Agilent 

1260 II system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) 

detector. Column: 150 mm C18 Jupiter column (Phenomenex, Torrance, CA). Flow rate: 1 

mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% TFA/H2O, C = 0.1% 

TFA/MeCN. Method: 0–5 min: 100% A; 5–10 min: 95% B / 5% C; 10–30 min: linear ramp 

to 5% B / 95% C; 30–35 min: 5% B / 95% C; 35–36 min: linear ramp to 95% B / 5% C; 

36–40 min, 100% A. 

 

2.2. Oxidation State Verification 

After shipment to ORNL, 1XXSb produced and purified at UW-Madison, as described in 

Chapter 2 via column chromatography, existed in a mixture of oxidation states. Under a variety 

of experimental conditions, collaborators analyzed the oxidation state of 1XXSb by anion-exchange 

radio-HPLC (Shimadzu instrument; LabLogic Flow-Ram detector; Hamilton PRP-X100 column, 

150 × 4.1 mm; 5 µm) using a method established in the literature for non-radioactive Sb [208]. 

Using an isocratic 0.1 M ammonium citrate (pH 4.5, 1 mL/min, 35 min) mobile phase, radio-HPLC 

with an anion-exchange column separated 1XXSb(V) and 1XXSb(III) from injected samples of mixed 

oxidation state. Gamma counting (Perkin Wizard2 gamma counter, open window) of collected 

fractions confirmed total 1XXSb activity recovery regardless of whether samples were mixed with 

mobile phase prior to injection. To study the impact of temperature on oxidation state, samples 
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were heated at 25 °C or 80 °C for 1 h before anion exchange radio-HPLC analysis. Collaborators 

verified Sb(III) and Sb(V) anion-exchange retention times by reacting 1XXSb with oxidizing or 

reducing agents. After 24 h at 25 °C, the following oxidation/reduction reactions were diluted with 

ammonium citrate before anion exchange radio-HPLC analysis. 

Sb(V) through H2O2 oxidation: 20 µL of 1XXSb (570 nCi), 90 µL of 0.5 M NH4OAc (pH 4), 40 

µL of H2O2 (50 wt%) 

Sb(V) through iodobead oxidation: 20 µL of 1XXSb (570 nCi), 130 µL of 0.5 M NH4OAc (pH 4), 

1 iodobead functionalized with N-chloro-benzenesulfonamide (Pierce iodination bead, 

Thermo Scientific) 

Sb(III) through mercaptoacetic acid reduction: 20 µL of 1XXSb (570 nCi), 130 µL of 0.5 M 

NH4OAc (pH 4), mercaptoacetic acid (10 µL in H2O, 7.5 µmol) 

 

2.3. Preparation of Non-radioactive Sb-TREN-CAM Complex 

 Collaborators at ORNL synthesized TREN-CAM as previously described [209] and 

modified a natSb-TREN-CAM synthetic scheme developed at UW-Madison for further 

macroscopic characterization. Two methods were explored to synthesize natSb–TREN-CAM, 

starting from either Sb(III) or Sb(V). Both procedures yielded the same final product, as 

determined by spectral characterization. In Method A developed at UW-Madison, SbCl3 (72.9 mg, 

0.337 mmol) dissolved in CD3OD (~100 µL) before addition of 50% H2O2 (31 µL, 0.54 mmol), 

oxidizing Sb(III) to Sb(V) and forming a white precipitate. Diluting the mixture to 3.5 mL with 

CD3OD redissolved the precipitate, yielding a 95.5 mM stock solution of Sb(V). In Method B 

modified at ORNL, CD3OD diluted anhydrous SbCl5 (26 µL, 0.203 mmol) to a final volume of 5 

mL, yielding a 40 mM stock solution of Sb(V). Separately, TREN-CAM (137.2 mg, 0.2 mmol) 
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dissolved in 5 mL of d6-DMSO resulted in a stock solution of TREN-CAM (40 mM). 

To form the Sb TREN-CAM complex, an aliquot of concentrated deuterated ammonium 

hydroxide (ND4OD) (55 µL, 0.8 mmol) deprotonated TREN-CAM (1.5 mL, 0.06 mmol) catechol 

groups before addition of Sb(V) from either method A or method B. Each reaction solution was 

heated at 80°C for 24 – 48 h before HPLC (Figure 38) and NMR (Figures 44 & 45 and Appendix 

B Figures B5-B13) characterization. No significant spectral differences between reaction mixtures 

were observed when using non-deuterated solvents. When analyzed by HPLC, two peaks (14.8 

min, minor; 21.3 min, major) were apparent in the reaction mixture. Collaborators isolated unique 

species from the crude reaction mixture by semi-preparative RP-HPLC using a Shimadzu 

instrument equipped with a Restek Ultra Aqueous C18, (100 Å, 5 μm, 250 mm × 4.6 mm) column. 

At a flow rate of 1 mL/min, the following 0.1% FA/H2O and 0.1% FA/MeCN gradient was 

employed: 0–5 min: 10% 0.1% FA/MeCN; 5–35 min: 10–100% 0.1% FA/MeCN; 35–45 min: 

100% 0.1% FA/MeCN. Appropriate fractions were combined and lyophilized overnight to obtain 

the pure complexes corresponding to Peaks 1 and 2. Peak 1: HRMS: m/z 669.0592; calculated for 

[C27H24N4O9Sb]–: 669.0587. m/z 705.0802; calculated for [C27H24N4O9Sb + 2H2O]–: 705.0798. 

Peak 2: 1H NMR (400 MHz, DMSO-d6) δ 8.61 (t, J = 4.9 Hz, 3H), 7.28 (d, J = 8.3 Hz, 3H), 7.06 

(d, J = 7.9 Hz, 3H), 6.80 (t, J = 8.1 Hz, 3H), 6.54 (s, 2H), 3.50 (br s, 6H), 2.50 (br s, 6H, overlapped 

with residual DMSO peak). 13C{1H} NMR (101 MHz, DMSO-d6) δ 163.8, 145.9, 144.8, 120.5, 

119.0, 118.8, 116.0, 34.6. HRMS: m/z 669.0592; calculated for [C27H24N4O9Sb]–: 669.0587. 

Because retention times often vary between labs, instruments, columns, and methods, we 

reinjected a fraction corresponding to each peak onto all our HPLC instruments to ascertain the 

retention times for each system. This analysis allowed us to compare results across ORNL and 

UW-Madison labs (Appendix B Figure B4).  
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2.4. X-ray Absorption Spectroscopy (XAS) and Crystallography 

Collaborators from ORNL prepared samples for X-ray absorption spectroscopy (XAS) (Dr. 

Briana Schrage) and X-ray crystallography (Dr. Md Faizul Islam). For XAS, Dr. Schrage prepared 

Sb(V) samples of Sb2O3 (solid), Sb2O5 (solid), and KSb(OH)6 in MilliQ water. KSb(OH)6 samples 

with catechols and TREN-CAM were prepared in water at various pHs. Using RP-HPLC, Dr. 

Islam isolated [natSb(TREN-CAM)]- and grew a crystal suitable for X-ray diffraction. Dr. 

Alexander Ivanov and Dr. Darren Driscoll collected and analyzed XAS data. Dr. Frankie White 

collected and analyzed crystallography data. Appendix B includes detailed descriptions of 

collaborators’ methods. 

 

2.5. Radiolabeling from Liquid-Liquid Extraction Purified Solutions 

In all situations, radioantimony was produced at UW-Madison. Radiolabeling experiments 

were conducted at both ORNL and UW-Madison. 

 

2.5.1. Radiolabeling in NH4OAc Buffers 

Radio-TLC. Collaborators at ORNL performed radiolabeling experiments in triplicate at 

each TREN-CAM concentration by addition of chelator sub-stock (10 µL) and radioantimony (21 

kBq, 0.57 µCi total activity from 120mSb, 122Sb, and 124Sb in 30 µL of 0.1 M HCl) to polypropylene 

screw-capped tubes containing 110 µL of either HCl (10 mM, pH ~2) or NH4OAc buffer (pH 4 or 

pH 6). Final chelator concentrations ranged from 10–8 to 10–3 M. MilliQ water substituted chelator 

solutions in control samples. After heating to 80 °C for 60 min, 10 µL of 0.3 M oxalic acid was 

added to each sample. Heating at 80 °C was resumed for 10 min, after which aliquots (5 µL) were 

spotted onto a TLC strip (aluminum-backed silica gel 60 RP-18, F254, Merck). TLC strips were 

developed using an oxalic acid mobile phase (0.25 M) allowing complexed radionuclide to remain 
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at the baseline and the free radionuclide to migrate with the solvent front. TLC imaging using an 

AR-2000 scanner system equipped with P-10 gas and WinScan 3 imaging software (Eckert & 

Ziegler Radiopharma Inc) characterized activity distribution. Dividing the counts associated with 

complexed radionuclide by the total counts integrated along the length of the TLC plate provided 

RCYs. Indicator strips confirmed sample pH. Collaborators studied the effects of time (10, 30, 60, 

120 min) and temperature (25, 37, 60, 80 °C) on TREN-CAM radiolabeling at a single 

concentration (1 × 10–3 M) and pH 4. One sample was prepared for each timepoint/temperature 

pair. At designated timepoints, 10 µL of 0.3 M oxalic acid was added, and each sample was heated 

at 80 °C for 10 min before spotting on a TLC strip for analysis. 

Radio-HPLC. Dozens of TREN-CAM radiolabeling experiments were performed in a 

manner like that described above for radio-TLC experiments. Generally, these studies included 0.5 

M NH4OAc buffer at pH 2 – 7.5, 0.001-1mM final TREN-CAM concentrations, and heating 

solutions 37 – 80 °C for 1 h. Below, select reactions are highlighted to illustrate innate variability 

of final Sb-TREN-CAM speciation when radiolabeling from aqueous solutions with LLE produced 

radioantimony. To clarify which experiments were conducted with specific unique productions, 

productions are labeled A-C but do not represent chronological productions. 

At ORNL, pH-dependent radiolabeling from production A (N = 1 per pH), TREN-CAM 

sub-stock (10 µL, 6.5 × 10–4 M final concentration) and radionuclide (21 kBq, 0.57 µCi total 

activity from 120mSb, 122Sb, and 124Sb, 20 µL, in 0.1 M HCl) were added to polypropylene screw-

capped tubes containing 110 µL of either HCl (10 mM, pH ~2) or NH4OAc buffer (pH 4, 6, 7, or 

7.4). After heating samples at 80 °C for 1 h, collaborators analyzed samples by radio-HPLC 

(ORNL radio-HPLC). Radiolabeling reactions were performed in 0.5 M NH4OAc (pH 4) using 

6.5 × 10–4–6.5 × 10–6 M TREN-CAM and analyzed by ORNL radio-HPLC. Using the same batch 
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of radioantimony from production A, labeling was performed in parallel at UW-Madison using 

UW-Madison radio-HPLC method A. 100 µL 120mSb (178 kBq, 4.8 µCi) and 122Sb (137 kBq, 3.7 

µCi) back extracted into either 0.1 M HCl or NH4OAc pH 4 radiolabeled 1.5 µL TREN-CAM in 

EtOH (final concentration 0.1mM) with 48.5 µL NH4OAc buffer at pH 4 and 80 °C for 1 h. 

Smaller scale concentration and pH dependent radiolabeling experiments from production 

B were performed at UW-Madison by combining 30 µL 120mSb (125 kBq, 3.4 µCi) and 122Sb (122 

kBq, 3.3 µCi) in 0.1M HCl with 10 µL TREN-CAM in 20% DMSO (final concentrations 0.1 and 

1 mM) and 60 µL 0.5 M NH4OAc buffer pH 4 or 6. With production C, 1XXSb was back extracted 

into NH4OAc at pH 6. Then, we combined 240 µL 120mSb (707 kBq, 19 µCi) and 122Sb (656 kBq, 

18 µCi) with 60 µL TREN-CAM in 20% DMSO (final concentration 2 mM) and heated the 

radiolabeling solution for 1 h at 80 °C. 

 

2.5.2. Radiolabeling in MeOH/DMSO 

For these experiments, 1XXSb was taken to dryness under N2 from the DBE phase in a glass 

vial (without back extraction) and reconstituted in MeOH, yielding a solution containing 4.3 MBq 

(120 µCi) 120mSb and 3.8 MBq (100 µCi) 122Sb in a final volume of 500 µL. We compared species 

formation due to base addition. First, 10 µL 1XXSb in MeOH, 1.2 µL 10 mM TREN-CAM in EtOH, 

38.8 µL MeOH, and 70 µL DMSO were heated at 80 °C for 60 min. A second solution with base 

was prepared by combining 10 µL 1XXSb in MeOH, 1.2 µL 10 mM TREN-CAM in EtOH, 38.8 µL 

MeOH, and 61.3 µL DMSO, and 8.7 µL of a 1:1000 dilution of concentrated NH4OH in DMSO. 

We analyzed samples by radio-HPLC (UW-Madison radio-HPLC method B). Time and 

temperature dependance were explored by preparing three radiolabeling reactions of 90 µL 1XXSb 

in MeOH, 3.6 µL 10 mM TREN-CAM in EtOH, 59.4 µL MeOH, and 210 µL DMSO and heating 
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them at 37 °C, 60 °C, and 80 °C. Radio-HPLC chromatograms (UW-Madison radio-HPLC 

method B) of sample aliquots at t = 1 h, 2 h, 3 h, 4 h (60 °C only), and 3 d (37 °C only) 

characterized RCY and species distribution. 

 

2.6. Radiolabeling from Column Chromatography Purified Solutions 

Radioantimony produced via column chromatography purification (Chapter 2) and 

allowed to oxidize overnight resulted in 1XXSb(V) in EtOH. 300 µL containing 122Sb (2.2 MBq, 60 

µCi) and 120mSb (3.7 MBq, 100 µCi) in EtOH was combined with 600 µL 0.5 M NH4OAc at pH 6 

and 100 µL TREN-CAM (final concentration 1 mM) in 20% DMSO/H2O and heated for 60 min 

at 80 °C. 

AMA was measured via titration. 10 µL TREN-CAM stock solution (20% DMSO in 

MilliQ water), 80 µL 0.5 M NH4OAc buffer pH 6, and 10 µL chemically purified 117Sb (0.7-2.5 

MBq) produced via 8 MeV deuteron bombardment of natSn were combined at final reaction 

concentrations of 0.01 mM, 0.1 mM, 0.5 mM, and 1 mM TREN-CAM and heated at 80°C for 1h. 

We assessed complexation via TLC, spotting aliquots of radiolabeling solutions onto Al-backed 

Si TLC plates and developing the plates with MeOH mobile phase separated [117Sb]Sb-TREN-

CAM (Rf = 0.755 ± 0.005 (N = 3)) from the free 117Sb (Rf = 0.019 ± 0.009 (N = 3)). Uncertainties 

are expressed as the standard deviation of measurement replicates. Autoradiography (Packard 

Cyclone Storage Phosphor) quantified complexation. 

The necessity of NH4OAc buffer in radiolabeling from 1XXSb produced in EtOH was 

studied by creating two samples, one with addition of 0.5 M NH4OAc pH 4 and the other with 

EtOH. For both, 100 µL 122Sb (3.7 MBq, 100 µCi) and 120mSb (6.3 MBq, 170 µCi) in EtOH, 1.5 µL 

of 10 mM TREN-CAM (final concentration 0.1 mM) in EtOH, and 48.5 µL of either EtOH or 0.5 
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M NH4OAc pH 4 buffer were combined and heated for 1 h at 80 °C before labeling was assessed 

via radio-HPLC UW-Madison method B. 

 

2.7. Serum Stability and LogD7.4 Measurement 

For serum stability preparation, 122Sb (2.2 MBq, 60 µCi) and 120mSb (3.7 MBq, 100 µCi) 

were back extracted into 0.5 M NH4OAc (pH 6, 0.9 mL), which resulted in a solution with a pH 

of 4. To this solution, we added TREN-CAM (100 µL of 10 mM stock) in 20% DMSO/H2O, heated 

the reaction for 60 min at 80 °C, diluted it to ~10 mL with MilliQ water, and loaded [1XXSb]Sb-

TREN-CAM onto a Waters C8 Sep-Pak cartridge pre-conditioned with 5 mL of EtOH and 5 mL 

of MilliQ water. The cartridge was dried using air, and EtOH eluted [1XXSb]Sb-TREN-CAM  from 

the cartridge. The first nine drops were discarded, and the following 12 drops were collected and 

counted to confirm elution of >60% of the original activity. After collecting the eluate, PBS (200 

µL) was added to the solution. The EtOH was removed from the solution using a stream of N2 until 

no further change in mass was detected. We analyzed the [1XXSb]Sb-TREN-CAM solution via 

radio-HPLC (UW-Madison radio-HPLC method B) to confirm speciation and purity before 

adding an equal volume of 2x human serum. For control samples, 1XXSb was back extracted directly 

into PBS, and the pH was re-adjusted to 7.5 using 1 M NaOH before combination with an equal 

volume of 2x human serum. Samples were incubated at 37 °C. At t = 1, 2, and 3 d (N = 1 per 

timepoint), aliquots of human serum [1XXSb]Sb–TREN-CAM challenge solutions were diluted 

with an equal volume of MeCN and centrifuged, precipitating and pelleting serum proteins out of 

the solution. The pellets were not washed, and therefore we expect a small fraction of activity 

arising from residual supernatant to be present within each fraction. HPGe gamma spectra of each 

fraction quantified 120mSb activity distribution within pelleted proteins. We diluted the supernatant 
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1.5-fold with citric acid (pH 4.5, 100 mM) before radio-HPLC (UW-Madison method A) 

analysis, determining the percent of intact complex. 

For logD7.4 quantification, TREN-CAM (1 mM) was quantitatively radiolabeled (assessed 

via radio-HPLC UW-Madison method A) with 450 kBq ± 0.8% (12 µCi) 120mSb (uncertainty 

expressed as counting uncertainty) after 1 h at pH 4.0 (NH4OAc buffer) and 80°C (N = 1). The 

solution was diluted 10x with MilliQ water and passed through a preconditioned (10 mL EtOH, 

10 mL MilliQ water) C8 Sep-Pak cartridge (Waters, Milford, MA), trapping [1XXSb]Sb–TREN-

CAM. We passed MilliQ water (1 mL) through the loaded C8 cartridge to remove residual salts 

and EtOH (1 mL) to elute purified [1XXSb]Sb–TREN-CAM from the cartridge. 200 µL PBS was 

added to the purified [1XXSb]Sb–TREN-CAM eluent, and a stream of N2 removed EtOH. In 

triplicate, 50 µL of purified [1XXSb]Sb–TREN-CAM in PBS was added to 950 µL PBS and 1 mL 

n-octanol. The samples were vortexed for 15 min, allowing [1XXSb]Sb–TREN-CAM to partition 

between the organic and aqueous phases. After vortexing, the extraction solution was allowed to 

settle and 0.5 mL aliquots from each phase were collected and analyzed for 120mSb activity by 

HPGe gamma spectroscopy. LogD7.4 was calculated according to Equation 2 reported within 

Chapter 3. 

 

2.8. Imaging Applications for in vivo Complex Stability Assessment 

2.8.1. Antimony-117 Preparation 

For mouse imaging, PET vs. SPECT image characterization, in vivo stability, and 

biodistribution measurements, we prepared 117Sb by three different solvent extraction methods. To 

measure biodistribution of unchelated 117Sb as a control for in vivo stability measurements, Sb was 

back extraction directly into PBS aqueous phase, likely resulting in [117Sb]Sb(OH)6
– [139,210]. For 

phantom imaging experiments, 117Sb back extracted into 0.1 M HCl, labeled as [117Sb]SbCl5. After 
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separation of the two phases, we removed residual DBE by heating to 50°C and blowing argon 

over the sample.  For preparation of [117Sb]Sb–TREN-CAM, radioantimony in the extracted DBE 

phase was evaporated under N2  (without back extraction) in a glass vial and reconstituted in 0.5 

mL MeOH. When radiolabeling, 428.4 µL of 100 MBq (2.7 mCi) 117Sb in MeOH was combined 

with 630 µL DMSO and 121.6 µL of TREN-CAM (as a 10 mM solution in EtOH) and heated to 

80°C for 1 h, reacting at a molar activity of 2.2 mCi/µmol TREN-CAM. Quantitative radiolabeling 

was confirmed via HPLC. We passed a 10x dilution of radiolabeling solution through a 

preconditioned (5 mL EtOH, 5 mL MilliQ water) C8 Sep-Pak cartridge (400 mg, Waters, Milford, 

MA, USA), trapping [117Sb]Sb–TREN-CAM. The cartridge was rinsed with 1 mL MilliQ water, 

and [117Sb]Sb–TREN-CAM was eluted with EtOH, collecting dropwise. Purified [117Sb]Sb–TREN-

CAM was diluted with PBS (800 µL), and the EtOH was evaporated from the solution using a 

gentle N2 flow. Prior to injection, HPLC confirmed product speciation. For imaging studies, 17.9 

MBq ± 0.9% (0.57 mCi) [117Sb]Sb–TREN-CAM was prepared for injection (uncertainty is 

expressed as statistical counting uncertainty). For comparison with unchelated 117Sb, the studies 

used 62.5 MBq ± 1.5% (1.7 mCi) of [117Sb]Sb(OH)6
– produced in PBS. Phantoms filled with 117Sb 

at activity concentration 3.33 MBq/mL ± 0.05 MBq/mL (90.2 µCi/mL ± 1.2 µCi/mL) allowed 

characterization. 

 

2.8.2. PET and SPECT Phantom Image Characterization 

For 117Sb PET and SPECT characterization and comparison, a linear channel Derenzo 

D271020 phantom (Figure 35 left, Phantech, Madison, WI) with rod sizes Æ 1.0, 1.2, 1.4, 1.6, 

1.8, 2.0 mm filled with ~5.5 MBq (~150 µCi) 117Sb was imaged from the center of scanner beds 

using the following imaging conditions.  Thirty-minute SPECT/CT and PET/CT images were 
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collected using a MILabs U-SPECT/CTUHR or Siemens Inveon µPET/CT. SPECT image 

reconstructions windowed 159 keV for 117Sb’s primary emission, and PET imaging timing and 

energy windows of 3.432 ns and 350-650 keV measured 511 keV coincidence photons emitted 

from positron annihilation. Previously, we calibrated the scanners by imaging three vials of 4.2 – 

10 MBq 117Sb (115 – 270 µCi) and correcting image-derived volumetric activity concentrations to 

activity measured via HPGe gamma spectroscopy. CT images collected after each SPECT or PET 

image were used to attenuation-correct and co-register datasets. 3-D ordered subset expectation 

maximization / maximum a posteriori (OSEM3D/MAP) without scatter correction was used to 

reconstruct CT attenuation-corrected PET images. SPECT images (energy window 147.1–170.9 

keV) were reconstructed with attenuation-correction and a pixel-based, accelerated similarity-

regulated ordered subsets expectation maximization (SROSEM) algorithm with 128 subsets, 5 

iterations, 0.4 mm voxel size, and 1.4 mm gaussian blurring. 
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Figure 35: phantoms used for 117Sb PET and SPECT image characterization. (left top) picture of 

filled Derenzo phantom (left bottom) CAD drawing of Derenzo phantom channels 

(middle) CAD drawing of PVE phantom (right) picture of filled PVE phantom. 

 

After image reconstruction, central axial slices were exported, and line profiles of rod 

signal intensity created using the open-source software ImageJ (NIH) to draw lines intersecting 

the center of the central most rod with the center of the outermost rod for each rod size cluster. 

The spatial resolutions of the systems were expressed as FWHM of the central most rod with 

contrasts (Crod) of the systems calculated according to Equation 3, where Rmax is the maximum 

and Rmin the minimum rod signal intensity values determined from the line profiles. 

Eq 3)  𝐶:;< = (=$'(>=$)*
=$'(?=$)*

) 

To measure and correct for partial volume effects (PVE), PET and SPECT images using 
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aforementioned parameters were collected using a linear channel spherical PVC27-GrIT PVE 

phantom (Figure 35 right, Phantech, Madison, USA). Spheres with sizes Æ 2.5, 3, 4, 5, 7.5, 10, 

and 12 mm were filled with 3.33 MBq/mL ± 0.05 MBq/mL (90.2 µCi/mL ± 1.2 µCi/mL) 117Sb. 

Using co-registered CT images, manual volume-of-interest (VOI) delineation of spherical 

phantom structures allowed activity concentration measurement using either Inveon Research 

Workstation (Siemens) for PET VOI analysis or Imalytics 3.0 (MILabs) for SPECT VOI analysis. 

Dividing the average activity concentration (Aimage) within each VOI by the known activity 

concentration (Areal) allows calculation of a recovery coefficient (RCsphere) for each sphere size 

(Equation 4):  

Eq 4) 𝑅𝐶@ABCDC =	
-)$'+,

--,'.
 

 

2.8.3. In Vivo PET and SPECT Image Characterization 

Two groups of healthy 3-month-old male BALB/c mice (N = 3) (Jackson River 

Laboratories) were administered 150 µL 117Sb solutions via tail vein injection. The control, 

unchelated Sb group received 12.51 MBq ± 0.04 MBq (338.0 µCi ± 1.0 µCi) 117Sb, and the 

[117Sb]Sb-TREN-CAM group received 4.5 MBq ± 0.1 MBq (121 µCi ± 3 µCi) injected 117Sb 

activity. Thirty-minute SPECT/CT images were collected using a MILabs U-SPECT/CTUHR at 

20, 90, and 240 min timepoints p.i. For SPECT imaging, we imaged all 3 mice simultaneously in 

the prone position under isoflurane anesthesia (3% induction, 1.5% maintenance) with the MILabs 

general purpose rat and mouse collimator (GP-RM, 1.0 mm pinhole size, 0.8 mm resolution, >700 

CPS/MBq). SPECT image reconstructions windowed both 117Sb (159 keV) and 119Sb (~25 keV) 

emissions. Twenty-minute PET/CT images (time window 3.432 ns; energy window 350–650 keV) 

of two mice in the prone position were collected 150 min p.i. using a Siemens Inveon micro-
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PET/CT under isoflurane anesthesia as noted above. In both cases, the scanner was calibrated by 

imaging vials of 117Sb activity and calibrating image-derived volumetric activity concentrations to 

activity measured via HPGe gamma spectroscopy. CT images collected after each SPECT or PET 

image were used to attenuation-correct and anatomically co-register datasets. 3-D ordered subset 

expectation maximization / maximum a posteriori (OSEM3D/MAP) without scatter correction was 

used to reconstruct CT attenuation-corrected PET images. SPECT images (energy window 147.1–

170.9 keV) were reconstructed with attenuation-correction and a pixel-based, accelerated 

similarity-regulated ordered subsets expectation maximization (SROSEM) algorithm with 128 

subsets, 5 iterations, 0.4 mm voxel size, and 1.4 mm gaussian blurring. Using co-registered CT 

images, manual VOI delineation of tissues allowed activity biodistribution measurement, as 

expressed as percent injected activity per gram of tissue (%IA/g) using either Inveon Research 

Workstation (Siemens) for PET VOI analysis or Imalytics 3.0 (MILabs) for SPECT VOI analysis. 

Calculated %IA/g within PET and SPECT VOI were corrected for measured PVE. 

 

2.8.4. Ex vivo Biodistribution and Metabolite Analysis 

Five h p.i., animals were sacrificed using CO2 asphyxiation with cardiac exsanguination as 

secondary euthanasia confirmation. For ex vivo biodistribution measurements, tissues and organs 

were harvested and weighed, and the 117Sb activity within these tissues was counted using a 

PerkinElmer Gamma Counter (Waltham, MA, USA) calibrated with known 117Sb activity 

standards quantified via HPGe gamma spectroscopy. 

In a separate study exploring metabolite analysis, three healthy 3-month-old male BALB/c 

mice (Jackson River Laboratories) were injected with 0.47 MBq ± 0.17 MBq (12.7 µCi ± 4.5 µCi) 

[117Sb]Sb–TREN-CAM in 150 mL PBS. Here, the uncertainty is expressed as the standard 

deviation of replicates. Thirty minutes p.i., animals were sacrificed, and intact gallbladders were 
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harvested. Gallbladders were lanced, and their contents washed with MeOH (50 µL). Aliquots of 

the supernatant (5 µL) were spotted on Al-backed Si TLC plates next to triplicate [117Sb]Sb–

TREN-CAM controls. The TLC plates were developed using a MeOH mobile phase. Under these 

conditions, TREN-CAM-complexed radio-Sb migrates near the solvent front, whereas unchelated 

radio-Sb remains near the baseline. Radio-TLC visualization with a Packard Cyclone phosphor 

plate reader allowed activity distribution and measurement of Rf for both metabolized [117Sb]Sb–

TREN-CAM and controls. 

 

2.9. Radiolabeling DUPA Conjugated TREN-CAM in MeOH:DMSO 

Collaborators at UW-Madison (Morgan Dierolf, Owen Glaser, Prof. Dr. Eszter Boros) 

conjugated TREN-CAM to the prostate specific membrane antigen (PSMA) targeting agent 2-[3-

(1,3-dicarboxypropyl)ureido]pentanedioic acid (DUPA), shown in Figure 36. Initial radiolabeling 

employed MeOH/DMSO methods. We produced 1XXSb via LLE, dried the DBE extractant, and 

reconstituted the 4.3 MBq (120 µCi) 120mSb and 3.8 MBq (100 µCi) 122Sb in 500 µL MeOH. 

Previously, approximately 50 nmol TREN-CAM-DUPA was portioned into an Eppendorf vial and 

dried under N2. We reconstituted the TREN-CAM-DUPA in 100 µL 1XXSb MeOH stock before 

adding 70 µL DMSO and heating the reaction at 80 °C for 1 h. Radio-HPLC of injected reaction 

provided radiolabeling quantification (UW-Madison method B). 
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Figure 36: Structure of TREN-CAM-DUPA 

 

3. Results and Discussion 

3.1. Oxidation State Verification 

Collaborators observed a single anion exchange chromatogram peak (Rt = 3 min) for the 

sample mixed with ammonium citrate mobile phase prior to injection, whereas the sample without 

pre-mixing displayed two chromatogram peaks (Rt = 1.5 min and 3 min, Figure 37). Within 

literature, the 3 min peak has been assigned to Sb(V)–citrate [208]. As such, we postulate that the 

peak at 1.5 min is an Sb(V)–acetate species from the NH4OAc buffer. 

 

Figure 37: Anion exchange chromatogram of 1XXSb in NH4OAc (pH 4) with and without pre-

mixing the samples with citrate. (left) sample mixed with an equal volume of 
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ammonium citrate (pH 4.5, 0.1 M) prior to injection. (right) sample injected without 

ammonium citrate. 

 

To determine how temperature impacts oxidation state, collaborators prepared two 1XXSb 

samples (0.0038 µCi/µL) and heated (25 and 80 °C) them for 1 h. No ammonium citrate was added 

to the samples prior to HPLC injection (Figure 38), and near identical chromatograms show 1XXSb 

remains in the same oxidation state at elevated temperature. 

 

Figure 38: Anion exchange chromatograms of 1XXSb in NH4OAc (pH 4) with and without heating. 

(left) 25 °C and (right) 80 °C for 1 h. 

 

To validate the 3 min Sb(V) retention time, collaborators explored the effects of various 

oxidizing and reducing agents on the 1XXSb anion exchange column retention time. For this 

experiment, partially oxidized 1XXSb was used as a control, which displayed peaks at both 3 min 

and 8 min (Figure 39a). Oxidizing agents (H2O2 and iodobeads) fully converted 1XXSb analytes to 

species with Rt = 3 min (Figure 39 b and c), and the reducing agent mercaptoacetic acid 

completely converted 1XXSb to an 8 min peak (Figure 39d), confirming Sb(V) elution at Rt = 3 min 

and Sb(III) elution at Rt = 8 min. An anion exchange chromatography peak elution at 3 min for 

LLE produced 1XXSb confirmed 5+ oxidation state prior to TREN-CAM radiolabeling. 
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Figure 39: Comparison of anion exchange chromatograms of 1XXSb before (a) and after treatment 

overnight at 25 °C with (b) H2O2, (c) iodobeads, or (d) mercaptoacetic acid. 

 

3.2. Preparation of Non-radioactive Sb-TREN-CAM Complex 

Crude labeling reactions produced two primary species (Figure 40). After isolation and 

lyophilization of each peak (Figure 41), HRMS assigned them mass-to-charge ratios (m/z) of 

669.0592 and 705.0802 (Figure 42 and 43). With molecular formula [C27H24N4O9Sb]–, 

[Sb(TREN-CAM)]– has a calculated m/z of 669.0587. The second mass peak and isotope patterning 

matches calculated m/z values for [C27H24N4O9Sb + 2H2O]– (705.0798), a probable hydroxy 

antimony TREN-CAM species [Sb(H2TREN-CAM)(OH)2]–. Depicted in Figure 42, both mass 

peaks are observed after reconstitution of Peak 1 isolated samples, suggesting partial conversion 

of [Sb(H2TREN-CAM)(OH)2]– (Peak 1) to [Sb(TREN-CAM)]– (Peak 2). Synthesis of natSb-TREN-

CAM using method A was verified at UW-Madison (Figure 44) through HRMS of purified Peak 

2. 
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Figure 40: Comparison of HPLC chromatograms of crude natSb–TREN-CAM reaction mixtures 

prepared using either method A (top, SbCl3 + H2O2) or method B (middle, SbCl5) in 

DMSO/MeOH. Each reaction solution was heated at 80 °C for 48 h before analysis. 

The chromatogram of TREN-CAM (bottom) is provided for reference. ORNL cold 

HPLC. Instrument: Shimadzu. Column: Restek Ultra Aqueous C18 column (100 Å, 5 

μm, 250 mm × 21.2 mm). Flow rate: 1 mL/min. Solvents: A = 0.1% FA/H2O, B = 0.1% 

FA/MeCN. Method: 0–5 min: 10% B; 5–25 min: 10–100% B; 25–30 min: 100% B. 
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Figure 41: HPLC chromatogram of (top) Peak 1 (Rt = 14.8 min) and (bottom) Peak 2 (Rt = 21.3 

min) after purification of the natSb–TREN-CAM reaction mixture. ORNL cold RP-

HPLC. Instrument: Shimadzu. Column: Restek Ultra Aqueous C18 column (100 Å, 5 

μm, 250 mm × 21.2 mm). Flow rate: 1 mL/min. Solvents: A = 0.1% FA/H2O, B = 0.1% 

FA/MeCN. Method: 0–5 min: 10% B; 5–25 min: 10–100% B; 25–30 min: 100% B. 

a

) 

b

) 
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Figure 42: HRMS of Peak 1 purified from non-radioactive natSb–TREN-CAM produced at ORNL 

with prominent mass peaks at m/z 669.0592 (669.0587 calculated for [C27H24N4O9Sb]–

) and 705.0802 (705.0798 calculated for [C27H24N4O9Sb + 2H2O]–) with natSb isotope 

patterning. These ions correspond to [Sb(TREN-CAM)]– and [Sb(H2TREN-

CAM)(OH)2]–, respectively. 
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Figure 43: HRMS of Peak 2 purified from non-radioactive natSb–TREN-CAM produced at ORNL 

with a prominent mass peak at m/z 669.0592 (669.0587 calculated for [C27H24N4O9Sb]-

) with natSb isotope patterning, corresponding to the ion [Sb(TREN-CAM)]–. 
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Figure 44: HRMS of Peak 2 purified from non-radioactive natSb–TREN-CAM produced at UW-

Madison, with prominent mass peak at m/z 671.07145 (671.073246 calculated for 

[C27H26N4O9Sb]+), confirming existence of [H2Sb(TREN-CAM)]+ with isotope 

patterning matching that expected for natSb. Spectra obtained using electron spray 

ionization in positive mode with a Bruker MaXis ultra-high resolution quadrupole TOF 

mass spectrometer. 

 

Using 1H and 13C NMR, collaborators confirmed synthesis of and further characterized the 

structural chemistry of [natSb(TREN-CAM)]–.  Due to poor D2O solubility, [natSb(TREN-CAM)]– 

was dissolved in d6-DMSO, and NMR was collected for both the crude reaction and purified 

product (Figures 45 and 46, Appendix B Figures B5-B13). Because of molecular symmetry, 

deprotonated [TREN-CAM]6– has 6 unique protons, illustrated in Figure 45. Aromatic protons 

generally have measured chemical shift values 6 – 8 ppm, and the influence of electron 

withdrawing oxygens within the catechol and amide functional groups shift signals (two doublets 

Figure X: Liquid Chromatography Mass Spectrometry (LC-MS) High Resolution Mass Spectrum of non-radioactive natSb-TREN-CAM 
complex confirming existence of [M+2H]+ (theoretical mass 671.073246) with isotope patterning matching that expected of natSb.
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(Figure 45 proton 2 and 3) and one triplet (Figure 45 proton 4)) to the 6 – 7.25 ppm range.  Upon 

coordination of catechol groups to antimony, further electron withdrawing is observed in the 

upshift of doublet (Figure 45 proton 2) and triplet (Figure 45 proton 4) peaks. The proton 

spectrum of [natSb(TREN-CAM)]– is similar to spectra obtained for TREN-CAM Ga(III) and 

Ti(IV) complexes with significant downfield shifting of Sb-TREN-CAM aromatic resonances (Ga: 

6.10–6.79 ppm [209]; Ti: 6.16–6.93 ppm [211]; Sb: 6.78–7.29 ppm (Figure 45, Appendix Figure 

B10  and B11)). 

13C NMR confirms molecular symmetry as 9 peaks (Figure 46) are identified for 9 unique 

carbons on the 27 carbon molecule. TREN-CAM deprotonation caused changes in the 13C spectra; 

however, complexation with Sb caused only a slight peak shift. Similar spectra are observed before 

and after purification (Figure 46). 
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Figure 45: 1H NMR spectra of TREN-CAM (bottom) and its Sb(V) complex (middle, crude and 

top, purified) in d6-DMSO. TREN-CAM was deprotonated using NH4OH prior to the 

addition of Sb(V). 
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Figure 46: Stacked 13C{1H} NMR spectra (400 MHz, DMSO-d6) of TREN-CAM before and after 

complexation with Sb(V). 

 

3.1. X-ray Absorption Spectroscopy (XAS) and Crystallography 

ORNL collaborators performed primary data analysis for XAS (Dr. Alexander Ivanov and 

Dr. Darren Driscoll) and X-ray crystallography (Dr. Frankie White). Their detailed analysis is 

included in Appendix B. 

Collected X-ray absorption near-edge structure (XANES) spectra show an absorption edge 

for the [natSb(TREN-CAM)]- complex similar to Sb2O5, indicating Sb is in the 5+ oxidation state 

after coordination (Appendix B Figure B2a). The shape of the [natSb(TREN-CAM)]- XANES 

spectra is similar to that of aqueous KSb(OH)6, showing a similar octahedral environment 

(Appendix B Figure B2a). Fourier transforms of measured EXAFS data provided coordination 
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numbers and bond distances between Sb, O, and C (Appendix B Table B2). Data for [natSb(TREN-

CAM)]- nicely matches that of [Sb(catechol)3]- and is similar to previously reported Sb catechol 

complexes [139,191]. From XANES analysis, Sb is coordinated by TREN-CAM’s catechols. 

ORNL collaborators obtained an X-ray diffraction crystal structure of [natSb(TREN-

CAM)]-
 (Figure 47), showing Sb(V) complexation by TREN-CAM’s three catechol arms and 

corroborating XAS results. Similarly to the reported [natTi(TREN-CAM)]2- complex structure 

[211], amide hydrogens are buried inside the cavity and form hydrogen bonds with the ortho 

catechol oxygens. 

 

Figure 47: X-ray crystal structure of Na[Sb(TREN-CAM)]∙2DMF. Ellipsoids for carbons and 

heteroatoms are drawn at the 50% probability level. Solvent molecules and hydrogen 
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atoms attached to carbon centers have been omitted for clarity. Hydrogen bonding 

interactions are indicated by red dotted lines. 

 

3.2. Radiolabeling from Liquid-Liquid Extraction Purified Solutions 

3.2.1. Radiolabeling in NH4OAc Buffers 

Seeking to establish optimal conditions for radiolabeling TREN-CAM with 1XXSb in 

NH4OAc buffered solutions, collaborators prepared samples at a single chelator concentration (1 

mM), pH 4, and activity of 21 kBq (0.57 µCi) 1XXSb. After incubation for 10, 30, 60, or 120 min 

at temperatures of 25, 37, 60, and 80 °C, samples were analyzed by radio-TLC. By aliquoting them 

onto reversed-phase C18 aluminum-backed plates and developing with a 0.25 M oxalic acid mobile 

phase. Under these conditions, [1XXSb]Sb–TREN-CAM remains at the baseline (Rf = 0) and “free” 

1XXSb migrates with the solvent front (Rf = 1). Analysis of control samples, however, revealed that 

in the absence of chelator, ~10% of the activity remained bound to the origin, which would 

confound the accurate determination of RCY, a phenomenon observed previously in 44Sc 

radiolabeling studies [212]. Collaborators found that adding a small amount of oxalic acid directly 

to the reactions and heating them at 80 °C for 10 min ensured migration of all unchelated 1XXSb in 

solution, presumably via oxalate complex formation. RCYs increased as a function of time (Figure 

48a), albeit only slightly for complexation reactions conducted at 25 °C. Similarly, elevated 

temperatures resulted in higher RCYs, with complete radiolabeling after 60 min at 80 °C or 120 

min at 60 °C. While heating at 80 °C for 60 min, radiolabeling was interrogated as a function of 

pH and chelator concentration (Figure 48b). Interestingly, RCY decreased as pH increased, likely 

due to increased hydroxide competition at higher pH, which favors the formation of unchelated 

Sb(V) as Sb(OH)6
–. Nevertheless, TREN-CAM quantitatively complexed 1XXSb at a concentration 

of 10–3 M across all pH values studied. Furthermore, nearly complete complexation was observed 
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using 10–4 M chelator concentration at both pH 2 and 4. Overall, these studies confirm the ability 

of TREN-CAM to effectively bind 1XXSb(V) in aqueous solution. 

 

Figure 48: Radiolabeling of TREN-CAM with 1XXSb. (a) Radiochemical yields as a function of 

time and temperature (N = 1). (b) Radiochemical yields as a function of ligand 

concentration and solution pH (N = 3). 

 

Using radioantimony produced from LLE into aqueous solutions, Sb-TREN-CAM 

complexes are formed in various proportions with significant inconsistencies between each 

production. At ORNL, changes in concentration and pH resulted in changes to free, uncomplexed 

1XXSb eluting with the solvent front (Figure 49) with primarily Peak 1 hydroxy-Sb-TREN-CAM 

species and little to no differences in conversion from Peak 1 to Peak 2, the fully complexed 

[1XXSb]Sb-TREN-CAM (Figure 50). For this production, formation of primarily Peak 1 was 

confirmed between institutions (Figure 51). At UW-Madison, primarily Peak 1 was formed 

(15.7% Peak 2) after labeling TREN-CAM with radioantimony at a 1XXSb molar activity of 0.57 

mCi/µmol TREN-CAM (Figure 51), which roughly corresponds to ORNL’s concentration 

dependent radiolabeling at 0.0065 mM (Figure 49 bottom, 0.63 mCi/µmol TREN-CAM), 
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resulting in significantly poorer RCY. ORNL’s radiolabeling at 0.065 mM (Figure 49 middle, 63 

µCi/µmol) had a species distribution more similar to UW-Madison production A test labeling.  

 

Figure 49: Radio-HPLC traces showing radiolabeling of TREN-CAM with 1XXSb in NH4OAc as 

a function of chelator concentration. Reaction conditions: 0.5 M NH4OAc (pH 4), 60 

min, 80 °C, 0.57 µCi of [1XXSb]Sb5+, 6.5 × 10–4 –  6.5 × 10–6 M TREN-CAM, Vtot = 150 

µL (n = 3 per concentration). The values in parentheses are one standard deviation of 
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the last significant figure. Under these conditions, [Sb(H2TREN-CAM)(OH)2]– is the 

predominant species formed (Rt = 22.8 min). ORNL radio-HPLC. Instrument: 

Shimadzu. Column: Restek Ultra Aqueous C18 column (100 Å, 5 μm, 250 mm × 21.2 

mm). Flow rate: 1 mL/min. Solvents: A = 0.1% FA/H2O, B = 0.1% FA/MeCN. Method: 

0–5 min: 10% B; 5–25 min: linear ramp 10–100% B; 25–30 min: 100% B. 

 

Figure 50: Radio-HPLC traces showing radiolabeling of TREN-CAM with 1XXSb in NH4OAc as 

a function of pH. Reaction conditions: 10 mM HCl (pH 2) or 0.5 M NH4OAc (pH 4, 6, 
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7, 7.4), 60 min, 80 °C, 0.57 µCi of [1XXSb]Sb5+, 6.5 × 10–4  M TREN-CAM, Vtot = 150 

µL (N = 1 per pH). Under these conditions, [Sb(H2TREN-CAM)(OH)2]– is the 

predominant species formed (Rt = 22.8 min). ORNL radio-HPLC. Instrument: 

Shimadzu. Column: Restek Ultra Aqueous C18 column (100 Å, 5 μm, 250 mm × 21.2 

mm). Flow rate: 1 mL/min. Solvents: A = 0.1% FA/H2O, B = 0.1% FA/MeCN. Method: 

0–5 min: 10% B; 5–25 min: linear ramp 10–100% B; 25–30 min: 100% B. 

 

Occasionally, radioantimony was produced by back extraction with 0.5 M NH4OAc pH 6 

buffer (as opposed to 0.1M HCl), resulting in a final pH of 4 due to residual HCl in the DBE phase. 

Figure 51 shows nearly identical radio-HPLC chromatograms of radiolabeling performed from 

either 0.1 M HCl or 0.5 M NH4OAc back extractions, dissuading impact of aqueous back 

extraction solution low molarity salt upon resultant Sb-TREN-CAM speciation. 

 

Figure 51: Radio-HPLC traces showing radiolabeling of TREN-CAM with 1XXSb back-extracted 

into either 0.1 M HCl or NH4OAc). [Sb(H2TREN-CAM)(OH)2]– is the predominant 
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species formed (Rt = 23.7 min). UW-Madison radio-HPLC method A. Instrument: 

Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, 

TN) detector. Column: 150 mm C18 Jupiter column (Phenomenex, Torrance, CA). 

Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% 

FA/H2O, C = MeOH. Method: 0–5 min: 100% A; 5–10 min: 100% B; 10–30 min: 

linear ramp to 0% B / 100% C; 30–32 min: 100% B; 32–37 min, 100% A.  

 

Within production B, small scale comparison of pH and concentration resulted in differing 

speciation distribution as compared to production A radiolabeling. Figure 52 shows comparisons 

of radioantimony labeled TREN-CAM at molar activities of 67 µCi/µmol (1 mM TREN-CAM) 

and 0.67 mCi/µmol (0.1 mM TREN-CAM), a similar molar activity range as previous labelings. 

At 1 mM TREN-CAM (67 µCi/µmol) 49.3% of 1XXSb activity was within the species [1XXSb]Sb-

TREN-CAM at pH 6, dropping to 41.0% [1XXSb]Sb-TREN-CAM at pH 4. ORNL observed 

increases in [1XXSb]Sb-TREN-CAM between pH 2 HCl and pH 4 NH4OAc but no significant 

change in speciation between pH 4 and pH 6 (Figure 50). Though higher pH should promote 

antimony hydrolysis, increased formation of [1XXSb]Sb-TREN-CAM at pH 6 versus pH 4 could be 

due to greater deprotonation of TREN-CAM catechols whose acid dissociation constants (pka) are 

9.25 and 13 [213]. 
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Figure 52: Radio-HPLC traces showing radiolabeling of TREN-CAM with differing pH 

NH4OAc buffer or concentration. [Sb(H2TREN-CAM)(OH)2]– is the predominant 

species formed (Rt = 23.7 min), with greater proportion Sb(TREN-CAM)]– at 1 mM 

TREN-CAM in pH 6 buffer. UW-Madison radio-HPLC method A. Instrument: 

Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, 

TN) detector. Column: 150 mm C18 Jupiter column (Phenomenex, Torrance, CA). 

Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% 

FA/H2O, C = MeOH. Method: 0–5 min: 100% A; 5–10 min: 100% B; 10–30 min: 

linear ramp to 0% B / 100% C; 30–32 min: 100% B; 32–37 min, 100% A. 

 

Antimony from production C radiolabeled TREN-CAM with complete speciation 

[1XXSb]Sb-TREN-CAM at a molar activity of 62 µCi/µmol and a pH of 6 (Figure 53). Figure 51 

previously showed no difference in species distribution when back extracting into 0.1 M HCl 
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versus 0.5 M NH4OAc pH 6.  From this, we can be assured back extraction is not the cause of the 

100% fully complexed speciation. Additionally, production A radioantimony at a molar activity 

10x less and the same pH 6, resulted in almost entirely Peak 1 hydroxy species (Figure 51), and 

production B with the same pH 6 and similar molar activity (67 µCi/µmol, Figure 52) resulted in 

complete radioantimony complexation but majority hydroxy species (Peak 1, 49.3%) and minority 

[1XXSb]Sb-TREN-CAM (Peak 2, 49.5%). 

 

Figure 53: Radio-HPLC trace showing quantitative radiolabeling of TREN-CAM from 

production C. Sb(TREN-CAM)]– is the predominant species formed. UW-Madison 

radio-HPLC method A. Instrument: Agilent 1260 II system (Santa Clara, CA) with 

Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 Jupiter 

column (Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 M 

ammonium citrate (pH 4.5), B = 0.1% FA/H2O, C = MeOH. Method: 0–5 min: 100% 

A; 5–10 min: 100% B; 10–30 min: linear ramp to 0% B / 100% C; 30–32 min: 100% 

B; 32–37 min, 100% A. 

 

Manual execution of LLE produced radioantimony includes many variables difficult to 

control, which greatly impacts oxidation state, acid concentration, and subsequent speciation 
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uncertainty. Tin is a strong reducing agent, and excess H2O2 is required during LLE separation to 

oxidize all Sn(II) into Sn(IV) before oxidation of Sb(III) can occur. Secondly, it is observed that 

high HCl concentration (>9 M) is required for Sb(V) to extract into the DBE phase. Differing mass 

tin targets, differing volumes of HCl, and differing heated dissolution times could cause variation 

in HCl concentration post dissolution and require slight modification of added H2O2 and HCl 

before successful extraction. It is believed that this inherent variation and uncertainty in the LLE 

method may cause differences in radioantimony TREN-CAM speciation. As hydrolysis of 

antimony is driven by factors including exposure to oxidants, pH, and H2O, non-aqueous 

radiolabeling conditions were explored with the hypothesis of greater formation of fully 

complexed, non-hydroxy species [1XXSb]Sb-TREN-CAM. 

 

3.2.1. Radiolabeling in MeOH/DMSO 

Inspired by unoptimized conditions for macroscopic natSb-TREN-CAM, radiolabeling from 

an organic solvent comprised of 1.4:1 MeOH:DMSO created majority complexed [1XXSb]Sb-

TREN-CAM (93.0%) when heated for 1 h at 80 °C (Figure 54 middle). To save time during 

production, the DBE extractant phase was taken to dryness and reconstituted in MeOH before 

addition of DMSO and TREN-CAM. In macroscopic labeling, addition of NH4OH at 13x the molar 

equivalent TREN-CAM deprotonated TREN-CAM’s catechols and was necessary for 

complexation; however, during radiolabeling, the addition of base inhibited formation of Peak 2 

and promoted formation of the hydroxy-Sb-TREN-CAM complex (Figure 54 top). Considering 

the susceptibility of antimony to hydrolysis in aqueous solutions [210], this observation makes 

sense. Radiolabeling 1XXSb from a MeOH/DMSO solution resulted in formation of a primary Peak 

2 complex with greater reproducibility and less variability between LLE productions. 
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Figure 54: Radio-HPLC trace showing radiolabeling of TREN-CAM from MeOH/DMSO 

solutions. With addition of 13x NH4OH, [Sb(H2TREN-CAM)(OH)2]–; however, 

without base, Sb(TREN-CAM)]– is the predominant species formed. Following 

injection of no base sample, the 22.8 min peak was collected and re-injected. UW-

Madison radio-HPLC method B. Instrument: Agilent 1260 II system (Santa Clara, 

CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 

Jupiter column (Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 

M ammonium citrate (pH 4.5), B = 0.1% TFA/H2O, C = 0.1% TFA/MeCN. Method: 

0–5 min: 100% A; 5–10 min: 95% B / 5% C; 10–30 min: linear ramp to 5% B / 95% 

C; 30–35 min: 5% B / 95% C; 35–36 min: linear ramp to 95% B / 5% C; 36–40 min, 

100% A. 

 

Acetic acid does not complex antimony in either Sb(III) or Sb(V) forms [139,191,214], 
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and Sb(V) exists primarily as Sb(OH)6
- in aqueous, oxic conditions and pH > 1.5 [139,210,215]. 

SbCl6
- readily hydrolyzes in pH >2 as an average value hydrolysis rate constant of (2.74 ± 0.12) x 

10-5 s-1 has been reported [215]. In the previously reported aqueous radiolabeling at pH >2, TREN-

CAM complexed 1XXSb in NH4OAc buffer with smaller proportion hydroxy species observed at 

pH 6 over pH 4. While measuring Sb hydrolysis rate constants, Willis and Neumann observed 

non-linearity with ammonium buffer concentration versus linearity with sodium and potassium 

buffer concentrations, attributing results to the formation of an ammonia antimony adduct [215]. 

An ammonia antimony adduct could help stabilize 1XXSb at higher pH, explaining improved 

TREN-CAM complexation due to catechol deprotonation in spite of greater hydrolysis 

susceptibility, lack of complexation from acetate, and correspondingly worsened speciation in 

MeOH/DMSO solvents. Semi-preparative HPLC collection and subsequent RP-HPLC reinjection 

of Peak 2 from the sample ‘[1XXSb]Sb-TREN-CAM No Base’  (Figure 56 bottom) shows retention 

of primarily Peak 2. We observed higher noise from lower injected activity concentration. With 

conservative peak integrations, 84.4% [1XXSb]Sb-TREN-CAM remained intact. 

Time and temperature dependent labeling showed fast (<1h) complexation of 

radioantimony with creation of primarily Peak 1, partially complexed [[1XXSb]Sb(H2TREN-

CAM)(OH)2]–, at 37 °C (71.1%) and primarily Peak 2, fully complexed [1XXSb]Sb-TREN-CAM at 

60 °C (54.5 %) and 80 °C (90.8 %). Over time, Peak 1 transitions to Peak 2 (Figure 55 and 56). 

When heating at 60 °C, significant conversion between species is seen between 1 h (37.4% Peak 

1, 54.5% Peak 2) and 2 h (15.3% Peak 1, 82.4% Peak 2). At 2 h radiolabeling, a significant increase 

in Peak 2 is shown (Figure 56) with increased Peak 2 yields observed at increased temperatures. 

The transition from Peak 1 into Peak 2 with increased time and temperature supports the identity 

of Peak 1 as a partially complexed Sb-TREN-CAM species. Improved creation of Peak 2 over 
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Peak 1 in organic versus aqueous solvents and HRMS measurements promotes Peak 1 identity as 

a hydroxy antimony TREN-CAM species. In time, RCY of >95% Peak 2 are observed for all 

temperatures tested (Table 13, Figure 57). 

 

Table 13: Radiochemical yields of time and temperature dependent labeling experiments. 

Temperature Time Peak 2 RCY 
37 3 d 97.0% 
60 4 h 96.0% 
80 3 h 98.4% 

 

 

Figure 55: Radio-HPLC trace showing radiolabeling of TREN-CAM from MeOH/DMSO 

heated at 60 °C for up to 4 h. Peak 1 (Rt = 17.6 min) is seen converting to Peak 2 (Rt 
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= 22.8 min), ultimately forming Sb(TREN-CAM)]– as the predominant species. UW-

Madison radio-HPLC method B. Instrument: Agilent 1260 II system (Santa Clara, 

CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 

Jupiter column (Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 

M ammonium citrate (pH 4.5), B = 0.1% TFA/H2O, C = 0.1% TFA/MeCN. Method: 

0–5 min: 100% A; 5–10 min: 95% B / 5% C; 10–30 min: linear ramp to 5% B / 95% 

C; 30–35 min: 5% B / 95% C; 35–36 min: linear ramp to 95% B / 5% C; 36–40 min, 

100% A. 

 

Figure 56: Radio-HPLC trace showing radiolabeling of TREN-CAM from MeOH/DMSO 

heated for 2 h at 37, 60, or 80 °C. Peak 1 (Rt = 17.6 min) is the dominant species at 
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lower temperature with Peak 2 (Rt = 22.8 min) Sb(TREN-CAM)]– forming as the 

predominant species at increased temperature. UW-Madison radio-HPLC method 

B. Instrument: Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK 

ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 Jupiter column 

(Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium 

citrate (pH 4.5), B = 0.1% TFA/H2O, C = 0.1% TFA/MeCN. Method: 0–5 min: 100% 

A; 5–10 min: 95% B / 5% C; 10–30 min: linear ramp to 5% B / 95% C; 30–35 min: 

5% B / 95% C; 35–36 min: linear ramp to 95% B / 5% C; 36–40 min, 100% A. 

 

Figure 57: Time and temperature dependance (N = 1) of Sb(TREN-CAM)]– RCYs while 

radiolabeling from MeOH/DMSO using UW-Madison radio-HPLC method B. 
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3.3. Radiolabeling from Column Chromatography Purified Solutions 

As target recycling strategies require Sn(II) (Chapter 2) and LLE results in Sn(IV), we 

adapted radiolabeling strategies to column chromatography purified radioantimony solutions. 

Successful formation of fully complexed [1XXSb]Sb-TREN-CAM occurred with RCY 98% when 

labeling with 1XXSb (60 µCi 120mSb, 100 µCi 122Sb, 160 µCi total 1XXSb) produced from column 

chromatography methods (Figure 58) at molar activity 0.16 µCi/µmol. We measured AMA for 

three productions via deuteron bombardment of natSn targets to be 42.4 ± 25 MBq 117Sb/µmol 

TREN-CAM (1.1 ± 0.7 mCi/µmol) decay corrected to EOB. Because TLC was implemented to 

ascertain complexation, we did not differentiate between partially complexed hydroxy species and 

fully complexed [1XXSb]Sb-TREN-CAM. When attempting to label TREN-CAM with 1XXSb (100 

µCi 120mSb, 170 µCi 122Sb, 270 µCi total 1XXSb) at molar activity 18 mCi/µmol (Figure 59) NH4OAc 

buffer pH 4 improved radiochemical yields, resulting in 76.1% [1XXSb]Sb-TREN-CAM compared 

to 11.8% when using exclusively EtOH as a solvent. 

 

Figure 58: Radio-HPLC showing radiolabeling of TREN-CAM from EtOH/NH4OAc pH 4 

heated at 80 °C for 1 h using 1XXSb produced from column chromatography 

production methods. Sb(TREN-CAM)]– is the predominant species. trace UW-
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Madison radio-HPLC method A. Instrument: Agilent 1260 II system (Santa Clara, 

CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 

Jupiter column (Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 

M ammonium citrate (pH 4.5), B = 0.1% FA/H2O, C = MeOH. Method: 0–5 min: 

100% A; 5–10 min: 100% B; 10–30 min: linear ramp to 0% B / 100% C; 30–32 min: 

100% B; 32–37 min, 100% A. 

 

Figure 59: Radio-HPLC trace showing radiolabeling of TREN-CAM from EtOH and 

EtOH/NH4OAc pH 4 heated at 80 °C for 1 h using 1XXSb produced from column 

chromatography production methods. Sb(TREN-CAM)]– is the predominant species 

when using NH4OAc buffer. UW-Madison radio-HPLC method B. Instrument: 

Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, 

TN) detector. Column: 150 mm C18 Jupiter column (Phenomenex, Torrance, CA). 

Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% 
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TFA/H2O, C = 0.1% TFA/MeCN. Method: 0–5 min: 100% A; 5–10 min: 95% B / 5% 

C; 10–30 min: linear ramp to 5% B / 95% C; 30–35 min: 5% B / 95% C; 35–36 min: 

linear ramp to 95% B / 5% C; 36–40 min, 100% A. 

 

3.4. Serum Stability and LogD7.4 Measurement 

Having established that TREN-CAM can bind 1XXSb(V), we next evaluated the complex’s 

stability. This property is extremely important when considering the use of a radioactive metal or 

metalloid complex for nuclear medicine applications because any release of the radioactive ion in 

vivo can give rise to off-target toxicity. Stability of [1XXSb]Sb–TREN-CAM through C8 

purification and solvent conversion into PBS was confirmed via HPLC (Appendix B: Figure 

B16). As an indicator of physiological stability, we incubated the [1XXSb]Sb–TREN-CAM complex 

in human serum at pH 7.4 and measured its stability over the course of several days via radio-

HPLC (UW-Madison method A, Figure 60). The retention time of radiolabeled [1XXSb]Sb-

TREN-CAM (Rt = 29.8 min) matched that of a natSb-TREN-CAM standard (Figure 60), 

confirming radiolabeling prior to adding serum. After 24, 48, and 72 h, human serum samples were 

aliquoted and diluted with an equal volume of MeCN to precipitate out the serum proteins prior to 

HPLC analysis. Under these conditions, >96% of [1XXSb]Sb-TREN-CAM remained intact over 72 

h in serum. Precipitated proteins were not washed, resulting in expected residual activity from 

protein pellet dead volume and adherence to vial walls. Even so, low (< 20%) 120mSb activity 

remains within protein pellet vial post MeCN crash (Figure 61). 
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Figure 60:  Radio-HPLC assessment of [1XXSb]Sb–TREN-CAM stability in human serum showing 

that the complex remains intact for up to 72 h. Chromatograms from top to bottom: UV 

chromatogram (254 nm) of TREN-CAM; UV chromatogram (254 nm) of natSb-TREN-

CAM complex; radio chromatogram of TREN-CAM radiolabeled with 1XXSb; radio 
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chromatogram of [1XXSb]Sb–TREN-CAM after 24 h in 75% human serum; radio 

chromatogram of [1XXSb]Sb–TREN-CAM after 72 h in 75% human serum; radio 

chromatogram of 1XXSb control. UW-Madison radio-HPLC method A. Instrument: 

Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, 

TN) detector. Column: 150 mm C18 Jupiter column (Phenomenex, Torrance, CA). Flow 

rate: 1 mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% FA/H2O, 

C = MeOH. Method: 0–5 min: 100% A; 5–10 min: 100% B; 10–30 min: linear ramp 

to 0% B / 100% C; 30–32 min: 100% B; 32–37 min, 100% A. 

 

Figure 61: Serum stability using protein crash method, fraction of 120mSb activity that remained 

within the protein crash fraction after supernatant transfer (N = 1). 
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Finally, log D7.4 measurements for [1XXSb]Sb-TREN-CAM were conducted to assess the 

complex’s lipophilicity, a property which influences the biodistribution of radiolabeled constructs. 

This study partitioned [1XXSb]Sb-TREN-CAM between n-octanol and PBS before HPGe gamma 

spectroscopy analysis of the activity fraction within each phase. We measured a log D7.4 value of 

0.299 ± 0.049 (N = 3), revealing that the Sb(V) complex of TREN-CAM preferentially associated 

with the n-octanol phase and is highly lipophilic. By contrast, the log D7.4 value for [45Ti]Ti-TREN-

CAM was recently reported to be –1.88 [211], which indicates that it is more hydrophilic than 

[1XXSb]Sb-TREN-CAM. This difference is quite dramatic considering the small difference in 

overall charge between the complexes (–1 versus –2), underscoring the effect that the 

metal/metalloid ion can have on complex lipophilicity. 

 

3.5. Imaging Applications for in vivo Complex Stability Assessment 

3.5.1. Antimony-117 preparation 

After separation, 117Sb was back extracted into PBS. With a hydrolysis constant of 2.72 for 

Sb(OH)5 [155], the speciation of uncomplexed Sb(V) at pH 7.4 is likely to be Sb(OH)6
–. Radio-

HPLC of injected [117Sb]Sb-TREN-CAM shows 95.5% purity as [1XXSb]Sb-TREN-CAM  (Figure 

62) with < 5% Sb(OH)6
- contamination. Collaborators working with [45Ti]Ti-TREN-CAM have 

observed stability issues when using FA gradients and exclusively apply TFA, but FA induced 

instability in [117Sb]Sb-TREN-CAM radio-RP-HPLC chromatogram was not confirmed. 
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Figure 62: Radio-HPLC of injected sample for mouse in vivo experiments showing complexed 

[117Sb]Sb-TREN-CAM. UW-Madison radio-HPLC method A. Instrument: Agilent 

1260 II system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) 

detector. Column: 150 mm C18 Jupiter column (Phenomenex, Torrance, CA). Flow 

rate: 1 mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% FA/H2O, 

C = MeOH. Method: 0–5 min: 100% A; 5–10 min: 100% B; 10–30 min: linear ramp 

to 0% B / 100% C; 30–32 min: 100% B; 32–37 min, 100% A. 

 

With activity greater than 100-1000x other radionuclides, 117Sb is the dominant 

radioisotope (Figure 63). Radioantimony isotopes produced within the injected solutions that have 

contributing positron branching ratios include 117Sb (b+ = 1.81 11 %) [72] and 118mSb (b+ = 0.160 7 

%) [73]. Over the 20 min PET scan collected 150 min p.i., injected 118mSb activities of 314 kBq ± 

1 kBq (8.49 µCi ± 0.02 µCi) [118mSb]Sb(OH)6
- and 112 kBq ± 3 kBq (3.03 µCi ± 0.08 µCi) 

[118mSb]Sb-TREN-CAM contribute approximately 0.22% of b+ emitted for both radioantimony 

species. Antimony-118m provided minimal contamination to PET images, allowing accurate 117Sb 

quantification.  
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Figure 63: HPGe gamma spectra of injected solutions depicting radionuclidic purity of 

natSn(d,n)117Sb. 

 

3.5.2. PET and SPECT Phantom Image Characterization 

When comparing Derenzo phantom contrast and resolution metrics (Figure 64), PET and 

SPECT had similar contrast with PET achieving slightly poorer resolution as defined by FWHM. 

Visually, all Æ 1.2 mm rods are delineated from the SPECT imaging system with only partial PET 

rod delineation. 

[117Sb]Sb(OH)6- 

[117Sb]Sb-TREN-CAM 
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Figure 64:  Comparison of 117Sb PET vs. SPECT imaging using contrast and resolution 

measurement from Derenzo phantom images with rod sizes Æ 1.0, 1.2, 1.4, 1.6, 1.8, 

2.0 mm. 

 

All imaging systems have finite spatial resolution in which voxels do not perfectly align 

with tissue region boundaries. Limitations of an imaging system’s finite spatial resolution and the 

distance a positron travels before annihilation in PET imaging contribute to an underestimation of 

tracer activity concentration within small structures in reconstructed PET and SPECT images—

referred to as the partial volume effect (PVE). In emission tomography techniques, PVE measures 

the intrinsic 3-dimmensional ‘blurring’ of the system, similar to line spread function [216–218]. 
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When small structures and lesions are <3x FWHM, scanner spatial resolution is the primary 

contributor to PVE [217]. With spatial resolution ~1.5 mm [216], small animal PET scanners are 

significantly impacted by PVE. Reconstructed PET and SPECT images of 117Sb filled PVE 

phantom (Figure 65) allowed quantification of image derived activity concentrations and 

subsequent calculation of PVE recovery coefficients. 

 

Figure 65: (left) 117Sb SPECT image, (right) 117Sb PET image. 
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PVE greatly impacted ability to accurately determine 117Sb activity concentration within 

both PET and SPECT imaging with both modalities having a similar dependance of volume on 

recovery coefficient (Figure 66). PVE recovery coefficient determination allowed correction of 

image derived biodistributions to match ex vivo measurements. With volumes <200 mm3, a sharp 

increase in RC is observed for both imaging systems with a significantly lower slope at volume 

>200 mm3. 

 

Figure 66:  Comparison of 117Sb PET vs. SPECT PVE recovery coefficient measurements from 

phantom images with power function fits. 

 

3.5.3. In Vivo PET and SPECT Image Characterization 

Though SPECT and PET show similar resolution and contrast in Derenzo phantom studies 

(Figure 64), 117Sb in vivo imaging benefits from PET’s greater sensitivity. As observed in both 
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imaging modalities, [117Sb]Sb(OH)6
– was primarily cleared renally through the kidneys and 

bladder, with some additional uptake in the liver and, at the early 20-min timepoint, in the 

gallbladder. However, with its greater sensitivity, PET images also clearly display uptake of 

[117Sb]Sb(OH)6
– into the bone (Figure 67). By contrast, both PET (Figure 67) and SPECT (Figure 

68) images of mice administered [117Sb]Sb–TREN-CAM show the highest uptake of activity in the 

gallbladder and intestines, indicating that the complex is predominately excreted via the 

hepatobiliary pathway. Similar liver uptake and less bladder uptake is observed in comparison to 

[117Sb]Sb(OH)6
–. Additionally, negligible activity was taken up by the bone. 
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Figure 67:  Maximum intensity projection µPET/CT fused images (top two images) and grayscale 

µPET images (bottom two images) of mice collected at 150-min p.i. of [117Sb]Sb–

TREN-CAM (left two images) or [117Sb]Sb(OH)6
– (right two images). 
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Figure 68: Maximum intensity projection µSPECT/CT fused images (top row) and grayscale 

µSPECT images (bottom row) of mice collected at 90-min p.i. of [117Sb]Sb–TREN-

CAM (left images) or [117Sb]Sb(OH)6
– (right images). 
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3.5.4. Ex vivo Biodistribution and Metabolite Analysis 

We conducted Ex vivo biodistribution analysis following euthanasia of mice 5 h p.i. with 

measurements confirming in vivo imaging observations (Figure 69) – lower bone and spleen 

uptake and higher intestinal and gallbladder uptake for mice administered [117Sb]Sb–TREN-CAM 

versus [117Sb]Sb(OH)6
–. These results match previously reported trends in inorganic antimony 

organ accumulation [199,200,203,204]. Image derived biodistributions (Figure 68) show 

[117Sb]Sb(OH)6
- clearing quickly from the gallbladder and high uptake of [117Sb]Sb-TREN-CAM 

within the intestines and gallbladder, confirming suspected hepatobiliary clearance from the 

gallbladder into intestines. 

In a separate study, the gallbladders were excised from mice 30 min p.i. of [117Sb]Sb–

TREN-CAM. Gallbladder contents were collected and analyzed by radio-TLC. Metabolized 

gallbladder contents migrated with an Rf = 0.752 ± 0.045 (N = 3, uncertainty expressed as standard 

deviation of measurements), which is similar to the Rf = 0.811 ± 0.005 (N = 3) for unmetabolized 

[117Sb]Sb-TREN-CAM (Figure 70). These results, in conjunction with the markedly different 

clearance routes of free versus complexed 117Sb revealed by the imaging studies, suggest that the 

[117Sb]Sb-TREN-CAM complex remains intact over the time course of the study. Thus, these 

findings mark the first observation of a stable radio-Sb complex in vivo. Furthermore, the success 

of SPECT and PET imaging with 117Sb highlight this radioisotope as a promising diagnostic partner 

to 119Sb. 
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Figure 69:  Comparison of organ biodistributions of [117Sb]Sb–TREN-CAM (yellow) and 

[117Sb]Sb(OH)6
–

 (blue) over time following intravenous injection in mice. µSPECT and 

µPET image-derived temporal in vivo biodistribution of [117Sb]Sb(OH)6
– (top) and 

[117Sb]Sb–TREN-CAM (middle). Ex vivo biodistribution of both radiotracers (bottom). 
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Figure 70: Representative radio-TLC of [1XXSb]Sb-TREN-CAM mouse metabolite analysis using 

Al-backed Si stationary phase and MeOH  mobile phase, where [1XXSb]Sb–TREN-

CAM moves near the solvent front. Control sample was injected fraction of [1XXSb]Sb–

TREN-CAM in PBS pH 7.5. Metabolite fraction was a MeOH wash of ex vivo excised 

gallbladder contents. 

 

3.6. Radiolabeling DUPA Conjugated TREN-CAM in MeOH/DMSO. 

A single radioactive complex with Rt = 20.5 min (Figure 71) was created, and 1XXSb fully 

labeled. This represents a unique retention time and is promising support for the creation of a 

targeted radioantimony complex. We suspect the increased baseline signal Rt = 17.5—22.5 min 

being due to radiolysis. Further non-radioactive characterization is required to confirm identity as 
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[1XXSb]Sb-TREN-CAM-DUPA before stability and targeting property retention testing. 

 

Figure 71:  HPLC of TREN-CAM and TREN-CAM-DUPA 1XXSb radiolabeling using UW-

Madison radio-HPLC method B. Instrument: Agilent 1260 II system (Santa Clara, 

CA) with Ortec (AMETEK ORTEC, Oak Ridge, TN) detector. Column: 150 mm C18 

Jupiter column (Phenomenex, Torrance, CA). Flow rate: 1 mL/min. Solvents: A = 0.1 

M ammonium citrate (pH 4.5), B = 0.1% TFA/H2O, C = 0.1% TFA/MeCN. Method: 

0–5 min: 100% A; 5–10 min: 95% B / 5% C; 10–30 min: linear ramp to 5% B / 95% 

C; 30–35 min: 5% B / 95% C; 35–36 min: linear ramp to 95% B / 5% C; 36–40 min, 

100% A. 
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4. Conclusions 

Herein, we report the complexation of n.c.a., high specific activity radioantimony (1XXSb) 

in the +5 oxidation state by the tris-catecholate ligand TREN-CAM. Our studies show that TREN-

CAM can quantitatively complex 1XXSb(V) in aqueous and organic solutions within 60 min at pH 

2–6 and 80 °C. Uniform speciation of Sb(TREN-CAM)]– is formed when using LLE produced 

1XXSb and MeOH/DMSO solvents. Spectroscopic studies support the formation of a 

hexacoordinate complex in which all 6 phenolate donor atoms of TREN-CAM interact with an 

Sb(V) center. The [1XXSb]Sb–TREN-CAM complex displays high stability over the course of 

several days when challenged with human serum. These results establish TREN-CAM as the first 

chelator capable of stabilizing radioantimony(V) in vivo. 

We achieved the first in vivo imaging of BFC complexed antimony and used it to study 

[117Sb]Sb-TREN-CAM complex stability. Despite its small 1.81 11 % b+ branching ratio, 117Sb 

produces quantifiable PET images in mice up to at least 2.5 h p.i. with injected activities as low as 

4.5 MBq ± 0.1 MBq (121 µCi ± 3 µCi) 117Sb. Dramatically different biodistribution profiles 

between mice administered [117Sb]Sb(OH)6
– and [117Sb]Sb–TREN-CAM support the conclusion of 

high in vivo [117Sb]Sb–TREN-CAM complex stability. PET and SPECT images of 117Sb provide 

similar contrast measurement with SPECT images achieving slightly higher resolution. 
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Chapter 5: Conclusions and Future Directions 

Therapeutic applications of 119Sb, a most promising CE/AE-emitting radionuclide, have 

been limited to in silico study due to barriers in production, chemical isolation, target material 

recycling, and stable complexation with chelators capable of conjugation to a targeting moiety. 

We have worked to overcome these barriers, allowing future characterization and applications of 

a targeted 119Sb radiopharmaceutical for 119Sb CE/AE dosimetry and cell killing potential. 

Chapter 2 is written as a practical guide to increase accessibility, availability, and 

exploration of 119/117Sb theranostics through reporting methods for tin target synthesis, 119/117Sb 

production via charged particle irradiation, chemical separation to purify radioantimony from tin, 

and isotopically enriched Sn target material recycling. By adapting electrodeposition methods 

from [136], metallic, thermally and electrically conductive tin targets were created with 

thicknesses >400 mg (800 mg/cm2). A 16 MeV proton (energy achieved using a GE PETtrace) 

will penetrate approximately 600 mg/cm2 (CSDA range [219]) or 825 µm into tin of theoretical 

metallic density (7.31 g/cm3 [220]). Using reported methods, we can make thick targets capable of 

absorbing the entirety of a 16 MeV proton’s energy. This represents a factor of 53x [53] and 28x 

[108] increase in electroplated tin target thickness as compared to previously reported methods. 

Because of the low melting temperature of tin (232 °C [220]), our targets had a maximum beam 

tolerance of 35 µA. Future work could re-design targets and target fabrication techniques to 

increase beam tolerance. One such strategy is electroplating a tin alloy. Tin readily co-electroplates 

with many transition metals (e.g. Cu, Ni, Zn) [221–223], and when designing accelerator targets 

with low melting temperatures, alloys improve beam tolerance [132,224]. A thoughtfully chosen 

co-deposited metal could increase melting temperature without competing with radioantimony for 

chelator complexation, which would decrease AMA. Also, chemical separation and enriched 



 158 

material recycling strategies may need to be modified to accommodate an additional metal 

contaminant. Spark plasma sintering (SPS), a technology recently available in the UW-Madison 

cyclotron group, creates ceramics and densifies intermetallic elemental combinations [225,226]. 

This technique uses heat, high pressure, and high electrical current to fabricate powders into a solid 

mass [226]. A tin oxide ceramic could be explored, particularly for Sn(IV) recycling. Being the 

only reported recycling of Sn(IV) targets in the literature, [90] recycled 75% of Sn(IV) target 

material at thicknesses of 12-15 mg/cm2. SPS target fabrication from tin(IV) oxide could recycle 

enriched Sn(IV) from separation chemistries such as LLE at greater target thicknesses than 

previously achievable. Because of the presence of oxygen atoms, tin atom density in the target will 

be lower than electroplated targets, impacting yields. With a melting point of 1127 °C [227], 

tin(IV) oxide could withstand higher beam currents, which could compensate for lower atomic 

density. 

Radionuclide production is greatly influenced by variables including particle type, particle 

energy, target thickness, target isotopic composition, and target physical and chemical properties. 

Changing these parameters will modify the resulting distribution of radionuclides produced. When 

using natSn target material, we produced remarkably different yields of radioantimony isotopes 

when bombarding targets with 16 MeV protons or 8 MeV deuterons. Bombarding thick targets 

with 16 MeV protons produced a greater proportion of longer lived, higher energy gamma-emitting 

radioisotopic impurities, which are convenient antimony radiotracers for benchtop research and 

development. 

Recently, a mouse therapy study using the AE-emitting radionuclide 58mCo observed 

complete remission in 1 of 6 mice when administering two 144 MBq (3.4 mCi) doses of [58mCo]Co-

DOTA-PSMA-617 [228]. AE-emitter specific dosimetry and therapeutic treatment activities are 
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not conclusively known, but using this recent study as a surrogate, preclinical studies will require 

gigabecquerel level 119Sb productions. Preclinical quality productions should maximize 

radionuclide purity (> 90%) while minimizing long-lived contaminants to aid in radiation waste 

handling. Clinical quality productions generally employ >99.9% radionuclidic purity, depending 

on contaminant emissions and half-life [229]. 

Production of preclinical quality (98.6% ± 0.3% radionuclidic purity at EOB) and quantity 

(27 MBq/µAh ± 9 MBq/µAh) 119Sb was achieved with thin, 80-114 mg/cm2, 96.3% isotopically 

enriched 119Sn targets irradiated at 35 µA with 12.5 MeV protons, the greatest reported measured 

physical yield of radionuclidically pure 119Sb. We measured 119Sb activities and yields through 

developing a low energy (23.87 keV) photon detection method. 

Production of preclinical quality and quantity 117Sb implemented deuteron bombardment 

of natSn targets, producing physical yields of 24 MBq/µAh ± 3 MBq/µAh at 92% ± 2% 

radionuclidic purity at EOB. Preclinical mouse imaging studies require tens of megabecquerel 

radionuclide quantities. With 16 MeV protons, the 117Sn(p,n)117Sb nuclear reaction is worth 

exploring to increase radionuclidic purity beyond 92%. Although pre-clinical quality 117Sb can be 

produced via natSn(d,n)117Sb, clinical quantity and quality 117Sb would require isotopically enriched 

targets, applying 116Sn(d,n)117Sb or 117Sn(p,n)117Sb nuclear reactions. Although the half-life of 117Sb 

is shorter than 119Sb (2.80 1 h vs 38.19 22 h) [71,72], 117Sb may be a theranostic surrogate for 119Sb 

with fast clearing antimony radiopharmaceuticals. Additionally, measured cross sections for the 

nuclear reaction 118Sn(d,n)119Sb do not exist. Future work should explore production via this route 

as isotopically enriched 118Sn is cheaper than isotopically enriched 119Sn. 

With 20 – 30 MeV protons or 15 – 25 MeV alphas, researchers could produce 119m,gTe and 

study 119m,gTe/119Sb generator development. Between these energy ranges, 121Sb(p,3n)119m,gTe and 
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116Sn(a,n)119m,gTe nuclear reactions have similar cross section intensities, with (a,n) potentially 2x 

greater [98,102–104] than (p,3n). Currently, 30 MeV proton accelerators exist with greater 

availability than 25 MeV alpha machines, many of which are multiparticle machines [113]. As an 

element with two fewer protons than tellurium, tin has a greater chemical difference from tellurium 

than antimony, which will allow development of a chemical separation strategy with a higher 

separation factor. Also, the (a,n) production route does not have as many overlapping reaction 

cross sections as compared to 20 – 30 MeV protons. Although, due to 119m,gTe’s high energy 

emissions, a 119m,gTe/119Sb generator has unavoidable shielding problems, generators increase 

radionuclide accessibility. After increasing 119m,gTe production, a Te/Sb generator could be 

developed as designs reported in literature need increased 1XXSb elution yields, increased eluted 

119Sb radionuclidic purity, and decreased 1XXTe breakthrough. 

This work reports two chemical separation strategies—a column chromatography 

technique separating Sb(III)/Sn(II) and a liquid-liquid extraction technique separating 

Sb(V)/Sn(IV). The column chromatography technique achieves RCY 73.1% ± 6.9% (N = 3), 

decontaminates Sn by a factor of (6.8 ± 5.5) x 105 (N = 3), radiolabels chelators explored in both 

chapter 3 and chapter 4, and allows recovery and recycling of enriched target material. We 

developed methods for creation and recycling of enriched 119Sn targets, having 86.9% ± 7.8% (N 

= 12) natural tin target material recycled and 11.6 mg ± 0.8 mg (N = 6) losses of 96.3% enriched 

119Sn. An extension of this work includes developing Sn(IV) recycling methods, potentially using 

reducing agents prior to Sn precipitation and conversion of Sn(II) into the sulfuric acid based 

electrolytic solution. 

Chemical separation, recycling methodology, and chelator development would all benefit 

from greater exploration and understanding of antimony speciation chemistry, specifically in 
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aqueous, oxic conditions. Variables such as time, heat, exposure to atmosphere, oxidation state, 

pH, and water confounded many Sb productions. Antimony chemistry, its delicate. More resin 

constructs should be explored for Sb/Sn separation. In the Sb(III)/Sn(II) column chromatography 

separation method reported in Chapter 2, 1XXSb is released from the thiol column through 

destroying the resin, letting thiol resin fragments contaminate eluted radioantimony. Development 

of a different thiol resin which could release Sb without resin destruction would prevent final 

product thiol fragment contamination, which could interfere with radioantimony complexation. 

Also, the manual liquid-liquid separation technique varies in quality of produced radioantimony. 

Ether inspired functionalized resin constructs are currently under development in other research 

groups, and additional work into Sb(V)/Sn(IV) column chromatography separation chemistry 

development could increase RCY, increase Sn separation factor, decrease Sb(V) elution volumes, 

and produce 1XXSb in solution matrices compatible with  radiolabeling. Both separation chemistries 

could benefit from automation by increasing reliability and decreasing user dose. 

Chapter 3 explored application of the trithiol chelator for first reported stable 

radioantimony chelation. We measured high [1XXSb]Sb-trithiol-diacid complex stability over 72 h 

in both 25 mM cysteine (91% ± 9% (N = 3)) and FBS (97.5% ± 1.6% (N = 3)). After conjugation 

of the trithiol chelator to a targeting moiety, radioantimony complex stability decreased. In PBS, 

[1XXSb]Sb-trithiol-RM2 had 3.0% of the complex intact at 16 h, and 5.5% of [1XXSb]Sb-trithiol-

Olaparib was intact after 24 h in PBS. The larger RM2-functionalized moiety degraded faster than 

smaller Olaparib-functionalized moiety. The larger conjugated group could withdraw electron 

density from thiol functional groups, leading to decreased covalent bond strength and complex 

vulnerability. Thiol based chelation of Sb(III) encourages design of different thiol chelators. The 

conjugated trithiol radioantimony complexes were stable in EtOH for 24 h, yet they fell apart after 
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24 h in PBS, possibly from hydrolysis-driven instability. In the antimony trithiol chelator structure, 

antimony was attracted to thiol functional groups but released from a protective pocket. A thiol-

based chelator with macrocyclic structure or protective arms to wrap around the metal core could 

help prevent hydrolysis. Binding the exposed lone pair might prevent it from interacting with 

external chemical moieties and increase complex stability. 

The trithiol chelator was originally designed and developed for stable complexation of 

radioarsenic. With the chemical similarities of arsenic and antimony and limited antimony 

radioisotopic imaging analogues, we hypothesize application of radioarsenic for 119Sb theranostics. 

Arsenic-72 (t1/2 = 26.0 1 h, b+ = 1117.0 19 keV, Ib+ = 64.2 14 %) [230] emits positrons and has 

half-life more similar to that of 119Sb than 117Sb. For longer circulating radiopharmaceuticals, 72As 

could be an imaging surrogate. Chapter 3 measured different logD7.4 values for [1XXSb]Sb-trithiol-

RM2 (-1.80 ± 0.05 (N = 3)) than reported for [77As]As-trhithiol-RM2 (-1.26 ± 0.05 [184]), but 

comparative biodistribution experiments are required to discern biological implications of logD7.4 

differences.  

In chapter 4, TREN-CAM stably chelated radioantimony from the 5+ oxidation state, as 

seen through serum stability and in vivo imaging studies. This labeling represents the first Sb(V) 

complexation with a BFC and subsequent conjugation. Speciation studies determined that first, a 

hydrolyzed compound formed ([1XXSb]Sb(H2TREN-CAM)(OH)2), which, with added time and 

temperature, converted to ([1XXSb]Sb-TREN-CAM) in organic solvent. As conjugation of the 

trithiol-diacid to the targeting moiety decreased radioantimony complex stability, the stability of a 

radioantimony-labeled TREN-CAM conjugated drug complex needs to be assessed. 

After verification of stability and retention of target binding of 119Sb-TREN-CAM targeted 

moieties, researchers can conduct work exploring the biological applications of 119Sb. For decades 
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at this point, 119Sb has been promised as an influential cell killing CE/AE-emitting radionuclide, 

and development of a stable radioantimony labeled targeted molecular construct will open 

exploration of dosimetry questions. Is this most promising CE/AE-emitting radionuclide capable 

of effective cell killing when targeted to locations outside the nucleus? Do all AE-emitting 

radionuclides need to be delivered to the DNA to cause a biological cell killing effect? A targeted 

119Sb radiopharmaceutical will become a tool for not only dosimetric analysis of cell killing 

potential but also for exploration of low energy electron-emitting radiopharmaceutical therapy 

specific biological response. 

Experiments with 119Sb radiopharmaceuticals can compare dosimetry and cell killing 

efficacy when 1) targeting differing regions of the cell (e.g., nucleus, cytoplasm, cell wall), 2) 

targeting the same cellular regions with radionuclides that emit differing particles (e.g., CE/AE, b-

, a), or 3) targeting the same regions with AE-emitting radionuclides with different emitted 

electron energy spectra. In all examples, researchers should record cellular response to radiation 

including monitoring DNA lesion formation, DNA gene expression and upregulation, and cell 

signaling molecule production (e.g., ATP for cell viability and cytochrome C signaling apoptosis). 

Experiments detailing AE-emitter cellular response will educate future therapeutic 

radiopharmaceutical design choices, helping create more effective therapeutic 

radiopharmaceuticals. Combination therapies administering differing activities and pairings of b-, 

a, and CE/AE-emitters is another application of a targeted 119Sb moiety. 

We produced 117Sb with suitable activity and radionuclidic purity for in vivo mouse imaging 

to assess in vivo complex stability. To our knowledge, this represents the first in vivo SPECT 

imaging of radioantimony (117Sb) and the first useful in vivo PET imaging of a radioantimony 

compound. Although previously only reported as a SPECT imaging agent, we show that PET 
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imaging of 117Sb provides similar image metrics as SPECT, and in vivo 117Sb imaging benefits from 

PET’s greater sensitivity. Future work will target a cancer disease model with an 117Sb 

radiopharmaceutical—a first ever achievement. 

TREN-CAM chelates other radiometals (68Ga [209], 45Ti [211]), and any with half-lives 

greater than that of 117Sb should be explored as a theranostic imaging analogues to 119Sb. If found 

to chelate arsenic, combination and comparative dosimetry studies between 119Sb and the b- 

emitting arsenic radioisotope 77As (t1/2 = 38.79 5 h, b- = 228.8 7 keV, Ib+ = 97.0 3 %) [231] would 

be interesting future work. The future of 119Sb radiotherapy and radiobiology application is vast 

with innumerable interesting ideas and applications to explore. 
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Appendix A: Chapter 3 Data 

 

Figure A1: 1H-NMR spectrum of 5-(3-mercapto-2,2-bis(mercaptomethyl)propoxy)isophthalic 

acid [C13H16O5S3], deprotected trithiol-diacid, in d6-DMSO. 

 

Figure A2: 1H-NMR spectrum of 5-((2,6,7-trithia-1-stibabicyclo[2.2.2]octan-4-

yl)methoxy)isothalic acid, Sb-trithiol-diacid, in d6-DMSO 
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Figure A3: 13C NMR spectrum of Sb-trithiol-diacid in d6-DMSO  

 

Figure A4: IR spectrum of Sb-trithiol-diacid 
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Figure A5: HRMS results for Sb-trithiol-diacid 

LM04

Nega)ve mode[M-H] 

[2M-H]

Theoretical mass [M-H]-: 464.88795 u
Observed mass [M-H]-: 464.88606 u
Mass error: 4ppm

LM04
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Figure A6: X-Seed representation of 1. Labeled 50% ellipsoid plot of formula/asymmetric unit 

(CCDC #2071806) 

 

Figure A7: Crystal structure for Sb-trithiol-diacid Labeled 50% probability ellipsoid plot of 

formula unit. (CCDC #2071807) 
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Figure A8: Extended crystal structure of Sb-trithiol-diacid (CCDC #2071807) showing the 

interactions between molecules in the solid state. 
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Table A1:  Crystal data and structure refinement for compound 3 (CCDC #2071806). 

Identification code  s1_sq 
Empirical formula  C19 H17.50 N4.50 O5 S3 
Formula weight  485.05 
Temperature  100.0 K 
Wavelength  1.54178 Å 
Crystal system  Trigonal 
Space group  R -3 
Unit cell dimensions a = 33.0640(15) Å �= 90°. 
 b = 33.0640(15) Å �= 90°. 
 c = 10.4339(7) Å � = 120°. 
Volume 9878.4(11) Å3 
Z 18 
Density (calculated) 1.468 Mg/m3 
Absorption coefficient 3.449 mm-1 
F(000) 4518 
Crystal size 0.21 x 0.08 x 0.06 mm3 
Theta range for data collection 2.673 to 72.542°. 
Index ranges -40<=h<=40, -40<=k<=40, -10<=l<=12 
Reflections collected 72491 
Independent reflections 4315 [R(int) = 0.0956] 
Completeness to theta = 67.679° 99.3 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7536 and 0.5495 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4315 / 11 / 252 
Goodness-of-fit on F2 1.087 
Final R indices [I>2sigma(I)] R1 = 0.0830, wR2 = 0.2436 
R indices (all data) R1 = 0.1029, wR2 = 0.2643 
Extinction coefficient n/a 
Largest diff. peak and hole 0.863 and -0.922 e.Å-3 
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Table A2:   Bond lengths [Å] and angles [°] for compound 3 (CCDC #2071806). 

S(3)-C(16)  1.672(5) 
S(3)-C(11)  1.806(5) 
S(1)-C(9)  1.836(5) 
S(1)-C(14)  1.681(6) 
O(3)-C(12)  1.280(5) 
O(3)-H(3)  0.90(2) 
O(4)-C(13)  1.269(5) 
O(1)-C(1)  1.363(5) 
O(1)-C(7)  1.426(5) 
O(2)-C(12)  1.270(5) 
O(5)-C(13)  1.268(5) 
O(5)-H(5)  0.90(2) 
C(4)-H(4)  0.9500 
C(4)-C(3)  1.377(5) 
C(4)-C(5)  1.398(5) 
N(3)-C(16)  1.171(6) 
C(3)-C(12)  1.479(5) 
C(3)-C(2)  1.393(5) 
C(5)-C(13)  1.488(5) 
C(5)-C(6)  1.375(5) 
C(6)-H(6)  0.9500 
C(6)-C(1)  1.403(6) 
C(1)-C(2)  1.400(5) 
C(2)-H(2)  0.9500 
C(8)-C(7)  1.537(5) 
C(8)-C(9)  1.535(6) 
C(8)-C(11)  1.524(6) 
C(8)-C(10)  1.532(6) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
N(1)-C(14)  1.172(7) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(11)-H(11A)  0.9900 
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C(11)-H(11B)  0.9900 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(10)-S(2)  1.858(5) 
C(15)-N(2)  1.198(12) 
C(15)-S(2)  1.538(10) 
C(16)-S(3)-C(11) 101.2(2) 
C(14)-S(1)-C(9) 100.0(2) 
C(12)-O(3)-H(3) 117(5) 
C(1)-O(1)-C(7) 116.9(3) 
C(13)-O(5)-H(5) 120(7) 
C(3)-C(4)-H(4) 120.3 
C(3)-C(4)-C(5) 119.4(3) 
C(5)-C(4)-H(4) 120.3 
C(4)-C(3)-C(12) 119.7(3) 
C(4)-C(3)-C(2) 121.1(3) 
C(2)-C(3)-C(12) 119.2(3) 
C(4)-C(5)-C(13) 119.8(3) 
C(6)-C(5)-C(4) 121.0(4) 
C(6)-C(5)-C(13) 119.2(3) 
O(4)-C(13)-C(5) 118.8(3) 
O(5)-C(13)-O(4) 123.8(4) 
O(5)-C(13)-C(5) 117.4(3) 
C(5)-C(6)-H(6) 120.4 
C(5)-C(6)-C(1) 119.1(4) 
C(1)-C(6)-H(6) 120.4 
O(3)-C(12)-C(3) 118.4(3) 
O(2)-C(12)-O(3) 122.9(4) 
O(2)-C(12)-C(3) 118.6(3) 
O(1)-C(1)-C(6) 115.1(3) 
O(1)-C(1)-C(2) 124.4(4) 
C(2)-C(1)-C(6) 120.5(3) 
C(3)-C(2)-C(1) 118.7(4) 
C(3)-C(2)-H(2) 120.6 
C(1)-C(2)-H(2) 120.6 
C(9)-C(8)-C(7) 107.8(3) 
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C(11)-C(8)-C(7) 111.4(4) 
C(11)-C(8)-C(9) 110.0(3) 
C(11)-C(8)-C(10) 107.3(4) 
C(10)-C(8)-C(7) 107.3(3) 
C(10)-C(8)-C(9) 113.1(4) 
O(1)-C(7)-C(8) 107.3(3) 
O(1)-C(7)-H(7A) 110.3 
O(1)-C(7)-H(7B) 110.3 
C(8)-C(7)-H(7A) 110.3 
C(8)-C(7)-H(7B) 110.3 
H(7A)-C(7)-H(7B) 108.5 
N(3)-C(16)-S(3) 176.1(5) 
S(1)-C(9)-H(9A) 108.5 
S(1)-C(9)-H(9B) 108.5 
C(8)-C(9)-S(1) 115.2(3) 
C(8)-C(9)-H(9A) 108.5 
C(8)-C(9)-H(9B) 108.5 
H(9A)-C(9)-H(9B) 107.5 
S(3)-C(11)-H(11A) 108.1 
S(3)-C(11)-H(11B) 108.1 
C(8)-C(11)-S(3) 116.7(3) 
C(8)-C(11)-H(11A) 108.1 
C(8)-C(11)-H(11B) 108.1 
H(11A)-C(11)-H(11B) 107.3 
C(8)-C(10)-H(10A) 108.1 
C(8)-C(10)-H(10B) 108.1 
C(8)-C(10)-S(2) 116.9(3) 
H(10A)-C(10)-H(10B) 107.3 
S(2)-C(10)-H(10A) 108.1 
S(2)-C(10)-H(10B) 108.1 
N(1)-C(14)-S(1) 177.6(6) 
N(2)-C(15)-S(2) 173.9(8) 
C(15)-S(2)-C(10) 98.8(3) 
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Table A3:  Crystal data and structure refinement for compound 5 (CCDC #2071807).  

Identification code  s1 
Empirical formula  C17 H25 O7 S5 Sb 
Formula weight  623.42 
Temperature  100.0 K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 1 21/c 1 
Unit cell dimensions a = 7.2465(2) Å �= 90°. 
 b = 20.2943(5) Å �= 95.6241(9)°. 
 c = 16.3506(4) Å � = 90°. 
Volume 2392.99(11) Å3 
Z 4 
Density (calculated) 1.730 Mg/m3 
Absorption coefficient 13.543 mm-1 
F(000) 1256 
Crystal size 0.7 x 0.11 x 0.09 mm3 
Theta range for data collection 3.481 to 74.174°. 
Index ranges -8<=h<=7, -25<=k<=25, -20<=l<=20 
Reflections collected 54840 
Independent reflections 4761 [R(int) = 0.0351] 
Completeness to theta = 67.679° 98.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4257 and 0.1420 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4761 / 2 / 281 
Goodness-of-fit on F2 1.106 
Final R indices [I>2sigma(I)] R1 = 0.0207, wR2 = 0.0537 
R indices (all data) R1 = 0.0207, wR2 = 0.0538 
Extinction coefficient n/a 
Largest diff. peak and hole 0.440 and -0.634 e.Å-3 
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Table A4:   Bond lengths [Å] and angles [°] for Sb-trithiol-diacid (CCDC #2071807).  
Sb(1)-S(3)  2.4465(5) 
Sb(1)-S(2)  2.4314(5) 
Sb(1)-S(1)  2.4416(5) 
S(3)-C(11)  1.827(2) 
S(2)-C(10)  1.8318(19) 
S(2S)-O(2S)  1.5191(16) 
S(2S)-C(3S)  1.782(2) 
S(2S)-C(4S)  1.790(2) 
S(1S)-O(1S)  1.5144(16) 
S(1S)-C(1S)  1.781(3) 
S(1S)-C(2S)  1.779(3) 
S(1)-C(9)  1.8316(19) 
O(4)-C(13)  1.329(2) 
O(2)-C(12)  1.325(2) 
O(3)-C(13)  1.211(3) 
O(1)-C(12)  1.210(2) 
O(5)-C(3)  1.367(2) 
O(5)-C(7)  1.432(2) 
C(6)-C(5)  1.390(3) 
C(6)-C(1)  1.399(3) 
C(3)-C(2)  1.394(3) 
C(3)-C(4)  1.387(3) 
C(13)-C(5)  1.494(3) 
C(11)-C(8)  1.543(3) 
C(5)-C(4)  1.400(3) 
C(7)-C(8)  1.538(2) 
C(1)-C(2)  1.386(3) 
C(1)-C(12)  1.496(3) 
C(8)-C(10)  1.546(3) 
C(8)-C(9)  1.543(3) 
S(2)-Sb(1)-S(3) 90.621(16) 
S(2)-Sb(1)-S(1) 92.254(16) 
S(1)-Sb(1)-S(3) 91.965(16) 
C(11)-S(3)-Sb(1) 101.22(7) 
C(10)-S(2)-Sb(1) 102.35(6) 
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O(2S)-S(2S)-C(3S) 105.23(12) 
O(2S)-S(2S)-C(4S) 104.07(11) 
C(3S)-S(2S)-C(4S) 98.09(12) 
O(1S)-S(1S)-C(1S) 107.47(11) 
O(1S)-S(1S)-C(2S) 106.75(11) 
C(2S)-S(1S)-C(1S) 98.32(12) 
C(9)-S(1)-Sb(1) 101.68(7) 
C(3)-O(5)-C(7) 117.43(15) 
C(5)-C(6)-C(1) 119.14(17) 
O(5)-C(3)-C(2) 115.16(17) 
O(5)-C(3)-C(4) 124.54(17) 
C(4)-C(3)-C(2) 120.30(17) 
O(4)-C(13)-C(5) 113.30(17) 
O(3)-C(13)-O(4) 123.73(18) 
O(3)-C(13)-C(5) 122.96(18) 
C(8)-C(11)-S(3) 117.07(13) 
C(6)-C(5)-C(13) 121.35(17) 
C(6)-C(5)-C(4) 120.81(17) 
C(4)-C(5)-C(13) 117.84(17) 
O(5)-C(7)-C(8) 107.30(15) 
C(6)-C(1)-C(12) 121.53(17) 
C(2)-C(1)-C(6) 120.32(17) 
C(2)-C(1)-C(12) 118.15(17) 
C(1)-C(2)-C(3) 120.09(18) 
C(3)-C(4)-C(5) 119.30(17) 
C(11)-C(8)-C(10) 112.15(16) 
C(11)-C(8)-C(9) 112.15(16) 
C(7)-C(8)-C(11) 107.06(15) 
C(7)-C(8)-C(10) 104.92(15) 
C(7)-C(8)-C(9) 107.01(15) 
C(9)-C(8)-C(10) 112.95(16) 
O(2)-C(12)-C(1) 112.61(16) 
O(1)-C(12)-O(2) 124.22(18) 
O(1)-C(12)-C(1) 123.16(17) 
C(8)-C(10)-S(2) 116.79(13) 
C(8)-C(9)-S(1) 117.06(13) 
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Appendix B: Chapter 4 Supplemental Information 

1. X-ray Crystallography 

Collaborators at Oak Ridge National Laboratory performed the following sample 

preparation (Dr. Md Faizul Islam), data collection, and analysis (Dr. Frankie White). 

 

1.1. Materials and Methods 

Using [natSb(TREN-CAM)]– isolated from RP-HPLC, collaborators obtained a single 

crystal suitable for X-ray diffraction by vapor diffusion of diethyl ether into a dimethylformamide 

(DMF) complex (~2 mg/mL) solution. The crystal was coated with Type NVH immersion oil and 

mounted to a Mitegen cryoloop. X-ray diffraction measurements were performed on a Bruker D8 

Venture diffractometer equipped with an Iμs 3.0 molybdenum X-ray source (λ = 0.71073 Å). 

APEX4 software provided data collection and unit cell determination. SHELXL software within 

the OLEX2 graphical user interface determined the structure [181,182]. Hydrogen atoms bound to 

carbon were geometrically added at calculated positions. Two of the three amide hydrogens of 

TREN-CAM were located in the Fourier electron density difference map. The third hydrogen atom 

was added at the geometrically expected position through chemical knowledge. The sodium atom 

was refined as an ammonium ion, water, chloride, and potassium. The model was best fit as a 

sodium atom as evidenced by the vastly improved structure model in comparison to the 

aforementioned. 

The structure had B-alerts that relate to the following: 

PLAT220_ALERT_2_B Nonsolvent 

PLAT242_ALERT_2_B Low ‘MainMol’ 

PLAT780_ALERT_1_B Coordinates do not form a properly connected set 

PLAT973_ALERT_2_B Check Calcd Positive Resid. Density 
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PLAT978_ALERT_1_B The Flack x is >> 0 Do a BASF/TWIN Refinement 

Misassignment of N or O atoms caused the first two alerts, but chemical knowledge of the 

ligand structure and DMF show the correct assignment of the N and O atoms. These alerts are due 

to the large thermal parameter of the carbon on one of the outer-sphere DMF molecules. The third 

alert references the sodium atom. As stated above, refinement of this atom as sodium gave the best 

model of the structure. The last two B-alerts involve possible twinning. Twining was checked and 

no twinning or twin laws were observed. The CIF file within this report was archived in the 

Cambridge Crystallographic Data Centre under CCDC deposition number 2381819. 

Crystallographic data collection and refinement parameters are collected in Table B1 below. 

 

1.2. Results and Discussion 

A single crystal of [natSb(TREN-CAM)]– was grown by vapor diffusion and analyzed in the 

solid state by X-ray diffraction. In the structure (Figure 46), TREN-CAM binds to the Sb(V) center 

via all 6 phenolate donors in a pseudo-octahedral configuration, which is consistent with the 

structural arrangement inferred by the solution-state NMR and XAS studies. As observed in 

structures reported previously for other metal complexes of TREN-CAM [211], the amide protons 

are positioned towards the interior of the cavity, engaged in hydrogen bonding with the ortho 

oxygen donors of the catechol groups. These interactions result in systematically longer Sb–Oortho 

bond distances (1.992 ± 0.002 Å) in comparison to Sb–Ometa bond distances (1.977 ± 0.003 Å). 

Nonetheless, the Sb–O distances in the crystal structure are similar to the average bond distance 

calculated from EXAFS measurements. The overall –1 charge of the complex is balanced by a Na+ 

ion, which is coordinated by two outer-sphere DMF molecules and three amide carbonyl oxygens 

from three adjacent TREN-CAM molecules. This bonding arrangement gives rise to a distorted 

square pyramidal geometry around the Na center (Figure 46). The refinement of Na in the crystal 
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structure was somewhat surprising because the Sb–TREN-CAM complex was synthesized using 

NH4OH, rather than NaOH, as the base. We speculate, however, that the NH4
+ countercation could 

have been exchanged for the ubiquitous Na+ ion during HPLC purification. Bridging Na+ ions with 

similar geometries have also been reported in the structures of DOTA and PCTA complexes of 

Sb(III) [172,173]. Additional details of the refinement and crystallographic parameters are 

provided in Table B1. 

 

Table B1: X-ray crystallographic data collection and refinement parameters. 

Compound Na[Sb(TREN-CAM)]∙2DMF 
Empirical formula C33H38N6NaO11Sb 
Formula weight 839.44 
a (Å) 9.9803(9) 
b (Å)  15.7446(12) 
c (Å) 23.032(2) 
α (°) 90 
β (°) 90 
γ (°) 90 
V (Å3) 3619.1(6) 
Z 4 
Crystal system Orthorhombic 
Space group P212121 
ρcalc (g/cm3) 1.541 
μ (mm–1) 0.842 
T (K) 100.6 
2θ range (°) 4.382 to 71.744 
Independent reflections 9978 
Rint 0.0474 
Number of parameters 481 
Max, min peaks (e·Å–3) 1.624, 1.588 
R1a/wR2b (all data) 0.0681/0.1120 
R1a/wR2b (>2σ) 0.0474/0.1019 
Goodness of fitc 0.98922 

a R1 = Σ||Fo| − |Fc||/Σ|Fo| for I > 2σ. b wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2 for I > 2σ. c 

GoF = {Σ[w(Fo
2 − Fc

2)2]/(n − p)}1/2, where n is the number of data and p is refined parameters. 
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Figure B1: The unit cell packing of Na[Sb(TREN-CAM)]∙2DMF. The Na+ cation charge 

balances the Sb–TREN-CAM complex and contributes to the packing and 
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crystallinity of the structure by creating an extended framework. Thermal ellipsoids 

and hydrogen atoms have been omitted for clarity. 

 

2. X-ray Absorption Spectroscopy (XAS) 

Collaborators at Oak Ridge National Laboratory performed the following sample 

preparation (Dr. Briana Schrage), data collection, and analysis (Dr. Alexander Ivanov, Dr. Darren 

Driscoll). 

 

2.1. Materials and Methods 

XAFS samples of Sb(V) in the absence of chelator were prepared as 0.7 mM Sb2O5 in 1 M 

HClO4 (pH 1), 7 mM KSb(OH)6 in pure water (pH 7), 4 mM KSb(OH)6 in 0.01 M NaOH + HCl 

(pH 9), and 4 mM KSb(OH)6 in 0.01 M NaOH (pH 12). Samples containing Sb(V) (7 mM) and 

catechol (300 mM) were prepared in water using KSb(OH)6, as described previously by others 

[139,191]. The pH of the samples was adjusted to 9, 4, and 3, respectively, with NH4OH. Likewise, 

a sample containing TREN-CAM (14 mM) and KSb(OH)6 (1 mM) was prepared in water and 

adjusted to pH 9 with NH4OH. 

Collaborators performed XAS measurements at the Sb K-edge at beamline 8-ID of the 

National Synchrotron Light Source II (NSLS II). Solid Sb samples (Sb2O3 and Sb2O5 standards) 

were prepared as pellets, whereas Sb solution samples were placed in Kapton capillaries (1.8 mm 

inner diameter, 0.05 mm thickness, Cole-Parmer) and sealed with epoxy. All data were acquired 

in the fluorescence geometry. The data were energy-calibrated to the first derivative maximum of 

an Sb foil defined at 30491 eV. Data normalization was performed using the Athena software 

package [232]. Ejected photoelectrons are defined by their wavenumber (k) in relation to the 

absorption edge energy (E0) through Equation B1: 
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Eq B0) 𝑘 = 	32𝑚C(𝐸 −	𝐸&)/ℏ% 

The experimental EXAFS oscillations of each sample, χ(k), are extracted from the 

normalized XAS data using subtraction of a spline and a cutoff distance (RBKG) of 1.0 Å. For 

analysis of the EXAFS region, we use the EXAFS relationship given by Equation B2: 

Eq B1) 𝜒(𝑘) = 	∑ E)(G)##"I)
G=)

" 𝑒>%G"J)
"C

/"0)
1(3) sin(2𝑘𝑅0 + 𝛿0(𝑘) −

,
K
𝑘K𝐶K,0)0  

The index, i, is considered the path index and the χ(k) is calculated as the summation over 

all paths. For fitting of the EXAFS spectra, FEFF6 within the Artemis software package [232] was 

used with data weighted by k2. In eq. S2, Fi(k), δi(k), and λ(k) represent the effective scattering 

amplitude, total phase shift, and mean-free-path of the photoelectron and each are derived from 

FEFF6. The many-body amplitude-reduction factor, S0
2, is fixed to 0.95. Therefore, the parameters 

still to be fit include, Ni, the degeneracy of the path (and therefore the coordination number for 

single scattering paths); Ri, the half-path length; σ2
i, the Debye-Waller factor; and C3,i, the 

asymmetry of the distribution. Variation of C3,i was found to provide negligible improvements on 

the single scattering paths and thus was not included in the fitting process. Additionally, a single 

non-structural parameter for all paths, ΔE0, is varied to align the k=0 point of the experimental 

data and theory. All scattering paths were generated utilizing the DFT-optimized Sb–TREN-CAM 

model structure and included the first and second scatter shells surrounding the Sb atom (O and C 

paths respectively). Multiple scattering paths (Sb – O – C – Sb & Sb – C – O – Sb) are also included 

into the fitting procedure and were found to give a slight improvement in the fitting statistics. This 

approach allowed the number of variables (7) per fit to stay below the number of independent data 

points (14).   
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2.2. Results and Discussion 

To garner insight into the coordination environment around the Sb center of the TREN-

CAM complex in aqueous solution, synchrotron XAS studies were carried out. The sample was 

prepared in water using KSb(OH)6 (1 mM) and excess TREN-CAM (14 mM), and the solution pH 

was adjusted to 9 using NH4OH. K-edge XAS spectra were acquired at room temperature in 

fluorescence mode at beamline 8-ID of the National Synchrotron Light Source II. To characterize 

the oxidation state of [natSb(TREN-CAM)]–, its X-ray absorption near-edge structure (XANES) 

spectrum was acquired and compared with those of KSb(OH)6 (pH 9), Sb2O5(s), and Sb2O3(s) 

(Figure 2a). The absorption edge of [natSb(TREN-CAM)]– (30,501 eV) is consistent with the  Sb2O5 

reference and is shifted to a higher energy relative to the Sb2O3 reference. These results confirm 

that Sb is in the +5 oxidation state and does not undergo reduction upon TREN-CAM complexation 

in aqueous solution. Additionally, the XANES spectrum of [natSb(TREN-CAM)]–  shows intensities 

of the white line and post-edge features similar to those of aqueous KSb(OH)6 in the absence of 

the ligand, indicating a comparable octahedral environment surrounding Sb(V). 

 

Figure B2: Structural characterization of the natSb–TREN-CAM complex in aqueous solution by 

X-ray spectroscopy (XAS). (a) Normalized Sb K-edge XANES spectra from aqueous 

solutions of [Sb(TREN-CAM)]– and KSb(OH)6 at pH 9 versus solid Sb2O5 and Sb2O3 

references. (b) K-edge EXAFS spectrum of [Sb(TREN-CAM)]– at pH 9. (c) Magnitude 

of the Fourier transform EXAFS (black circles) and the real component of the FT 
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(empty circles). The fit (red line) represents model scattering paths associated with the 

[Sb(TREN-CAM)]– structure. Spectra are not phase-shift corrected. 

 

Next, we investigated the local coordination of Sb(V) by examining the EXAFS spectrum 

of the natSb–TREN-CAM complex. A Fourier transform was applied to the EXAFS data in Figure 

B2, generating real-space functions that provide a tangible depiction of the atomic arrangement 

around the Sb(V) ion. The Fourier transform EXAFS (Figure B2c) revealed two intense features 

at 1.5 Å and 2.3 Å (uncorrected for phase shift), likely originating from the inner-shell Sb–O and 

nearest-neighbor Sb–C scattering correlations. This interpretation is further supported by good fits 

of the EXAFS (Figures B2b,c and Table B2), which yielded an Sb–O coordination number of 

6.7(4) with an average Sb–O bond distance of 1.992(5) Å and an Sb–C coordination number of 

4(2) with an average Sb–C distance of 2.79(2) Å. For comparison, EXAFS data of a sample 

containing catechol (300 mM) and KSb(OH)6 (7 mM) were also acquired at pH 9 and found to be 

similar to the data obtained with [Sb(TREN-CAM)]– and to EXAFS data published previously for 

the catechol complex (Figure S23, Table S1).36,37  Notably, for both [Sb(TREN-CAM)]– and 

[Sb(catechol)3]–, a distinct second shell feature associated with Sb–C scattering paths is observed 

at approximately 2.3 Å in non-phase corrected real-space FT-EXAFS (Figure B3, Table B2), 

confirming complexation of Sb(V) by these organic ligands. By contrast, sharp second-shell 

features are absent for KSb(OH)6, reflecting its inorganic coordination environment. Taken 

together, these results are consistent with hexadentate Sb(V) complexation by the catecholate 

donors of the TREN-CAM ligand. 
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Table B2: Structural parameters of Sb(V) coordination environment obtained from fitting Sb K-

edge EXAFS spectra. 

 KSb(OH)6 [Sb(TREN-CAM)]– [Sb(Catechol)3]– 

CN: Sb–O 6.3 ± 0.3 6.7 ± 0.4 6.8 ± 0.4 

R: Sb–O (Å) 1.980 ± 0.004 1.992 ± 0.005 1.993 ± 0.005 

σ2: Sb–O (Å2) 0.0022 ± 4 x 10-4 0.0043 ± 7 x 10-4 0.0040 ± 6 x 10-4 

CN: Sb–C - 4 ± 2 6 ± 3 

R: Sb–C (Å) - 2.79 ± 0.02 2.78 ± 0.02 

σ2: Sb–C (Å2) - 0.006 ± 0.005 0.007 ± 0.006 
 

 

Figure B3: Comparison of K-edge Sb EXAFS data. Top: K-edge EXAFS spectra of Sb(OH)6
–, 

[Sb(TREN-CAM)]–, and [Sb(catechol)3]– at pH 9. Bottom: Magnitude of the Fourier 

transform EXAFS and the real component of the FT. The fit (dotted lines) represents 
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model scattering paths associated with the structures. Spectra are not phase-shift 

corrected. 

3. Additional Chapter 4 Data 

Collaborators at ORNL (Dr. Nikki Thiele, Dr. Md Faizul Islam) collected NMR spectra. 

 

Figure B4: Comparison of retention times of Peak 1 and Peak 2 of nat/1XXSb–TREN-CAM on 

various HPLC systems across institutions (ORNL, left; UWM, right). For UV 

chromatograms labeled “Peak 1” and “Peak 2,” fractions were isolated at ORNL, 

analyzed on ORNL instruments, and then sent to UW-Madison for HPLC analysis. 

For radio-chromatograms labeled “1XXSb–TC,” radiolabeled samples were prepared 

independently at each institution. Peaks marked with an “x” denote background 

peaks, which were confirmed by running blanks. 
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Figure B5: 1H NMR spectrum (400 MHz, DMSO-d6) of the crude reaction for the synthesis of 

natSb–TREN-CAM using method A. δ 7.29 (d, J = 8.1 Hz, 3H), 7.04 (d, J = 7.8 Hz, 

3H), 6.78 (t, J = 7.9 Hz, 3H), 3.50 (br s, 6H), 2.46 (br s). The peak at 2.46 ppm 

integrates only to slightly greater than 3H, instead of the expected 6H. We attribute 

this difference to be due to overlap from the residual DMSO peak, preventing the full 

integration of the –CH2 peak.  
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Figure B6: 1H NMR spectrum (400 MHz, DMSO-d6) of the crude reaction for the synthesis of 

natSb–TREN-CAM using method B. δ 7.29 (d, J = 8.1 Hz, 3H), 7.05 (d, J = 7.7 Hz, 

3H), 6.78 (t, J = 7.9 Hz, 3H), 3.50 (br s, 6H), 2.42 (br s). The peak at 2.42 ppm only 

integrates to 3H, instead of the expected 6H. We attribute this difference to be due to 

overlap from the residual DMSO peak, preventing the full integration of the –CH2 

peak.   
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Figure B7: Comparison of the 1H NMR spectra (DMSO-d6, 400 MHz) of the crude reactions for 

the synthesis of natSb–TREN-CAM using either method B (top) or method A 

(bottom). These spectra show little difference between the two reaction methods, 

indicating that the same product is obtained whether using SbCl5 or [SbCl3 + H2O2] as 

the source of Sb(V). 
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Figure B8: 13C{1H} NMR spectrum (400 MHz, DMSO-d6) of the crude reaction for the synthesis 

of natSb–TREN-CAM using method A. Top: full view. Bottom: focused view. δ 

164.6, 146.5, 145.5, 121.0, 119.5, 119.1, 116.5, 54.1, 35.1. We postulate that the 

septet at 48.0 ppm is DMSO coordinated to Sb(V). 
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Figure B9: 1H NMR spectrum (DMSO-d6, 400 MHz) of Peak 1 after purification of the natSb–

TREN-CAM reaction mixture. 
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Figure B10: 1H NMR spectrum (DMSO-d6, 400 MHz) of Peak 2 after purification of the natSb–

TREN-CAM reaction mixture. δ 8.61 (t, J = 4.9 Hz, 3H), 7.28 (d, J = 8.3 Hz, 3H), 

7.06 (d, J = 7.9 Hz, 3H), 6.80 (t, J = 8.1 Hz, 3H), 3.50 (br s, 6H). The residual DMSO 

peak overlaps with the second –CH2 peak, preventing its full integration. 

Accordingly, a spectrum was obtained in CD3OD to confirm its presence (Figure 

B11) 
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Figure B11: 1H NMR spectrum (CD3OD, 400 MHz) of Peak 2 after purification of the natSb–

TREN-CAM reaction mixture. Both aliphatic –CH2 peaks are visible as broad singlets 

in this deuterated solvent. 
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Figure B12: Overlay of the 1H NMR spectra (DMSO-d6, 400 MHz) of Peak 1 (red) and Peak 2 

(black) obtained after isolation by RP-HPLC. The spectrum of Peak 1 could not be 

fully assigned. The overlay indicates some conversion of the Peak 1 product to 

[Sb(TREN-CAM)]– after isolation, lyophilization, and redissolution in the NMR 

solvent. This observation is consistent with the data obtained from HRMS. 



 195 

 

Figure B13: 13C{1H} NMR spectrum (DMSO-d6, 400 MHz) of Peak 2 after purification of the 

natSb–TREN-CAM reaction mixture. δ 163.7, 145.9, 144.8, 120.5, 119.0, 118.8, 

116.0, 34.6. The resonance at ~54.1 ppm, which was observed in the 13C{1H} NMR 

spectrum of the crude reaction mixture containing mostly Peak 2 (Figure B8), is not 

visible here due to low signal-to-noise ratio. 
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Figure B14: radio-HPLC of [1XXSb]Sb-TREN-CAM after C8 purification (top) and PBS 

conversion (bottom) showing complex stability throughout process. Instrument: 

Agilent 1260 II system (Santa Clara, CA) with Ortec (AMETEK ORTEC, Oak Ridge, 

TN) detector. Column: 150 mm C18 Jupiter column (Phenomenex, Torrance, CA). 

Flow rate: 1 mL/min. Solvents: A = 0.1 M ammonium citrate (pH 4.5), B = 0.1% 

TFA/H2O, C = 0.1% TFA/MeCN. Method: 0–5 min: 100% A; 5–10 min: 95% B / 5%  

C; 10–30 min: linear ramp to 5% B / 95% C; 30–35 min: 5% B / 95% C; 35–36 min: 

linear ramp to 95% B / 5% C; 36–40 min, 100% A. 
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