1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Radiopharm. Author manuscript; available in PMC 2021 November 18.

-, HHS Public Access
«

Published in final edited form as:
Curr Radiopharm. 2021 ; 14(4): 394-419. d0i:10.2174/1874471014999210111201630.

Meitner-Auger Electron Emitters for Targeted Radionuclide
Therapy: Mercury-197m/g and Antimony-119

Parmissa Randhawal, Aeli P. Olson2, Shaohuang Chenl:3, Kaley Lexi Gower-Fry!, Cornelia
Hoehr3", Jonathan W. Engle2", Caterina F. Ramogidal-3, Valery Radchenko34"

1Chemistry, Simon Fraser University, Burnaby, BC, Canada
’Medical Physics and Radiology, University of Wisconsin, Madison, WI, USA
3Life Sciences, TRIUMF, Vancouver, BC, Canada

4Chemistry, Science, University of British Columbia, BC, Canada

Abstract

Targeted Radionuclide Therapies (TRTs) based on Auger emitting radionuclides have the potential
to deliver extremely selective therapeutic payloads on the cellular level. However, to fully exploit
this potential, suitable radionuclides need to be applied in combination with appropriate delivery
systems. In this review, we summarize the state-of-the-art production, purification, chelation and
applications of two promising candidates for Targeted Auger Therapy, namely antimony-119
(1193h) and mercury-197 (1¥7Hg). Both radionuclides have great potential to become efficient
tools for TRT. We also highlight our current progress on the production of both radionuclides at
TRIUMF and the University of Wisconsin.
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1. INTRODUCTION

1.1. Nuclear Medicine

Radiopharmaceuticals exploit the intrinsic properties of radionuclides, harnessing their
radioactive emissions for medical applications. Direct injection of a radiopharmaceutical
into the bloodstream and subsequent localized accumulation in the region of interest has
proven to be a targeted, non-invasive method to image and treat cancerous and diseased
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cells [1]. The injected radionuclide is often conjugated to a biological targeting vector viaa
chelating ligand to accomplish delivery of the radiometal payloads that would not normally
form covalent bonds with pharmacological targeting vectors with avidity for the tumour
tissue (typically through biomolecule/receptor interactions) [2]. Diagnostic radionuclides
include positron (B*) and gamma-ray (y) emitters for positron emission tomography

(PET) imaging or single-photon emission computed tomography (SPECT), respectively [3].
Emitted cytotoxic alphas (a.), beta particles (f7), and Meitner-Auger electrons can each be
employed in targeted radionuclide therapy (TRT) [2].

Some radionuclides or selected radionuclide pairs (of the same or different elements)
have both diagnostic and therapeutic emissions; a property colloquially referred to as
“theranostic.” Alpha or beta-emitting theranostic radionuclides have recently generated a
significant interest (see. e.g.,[4-11]). This review focuses on two Meitner-Auger electron-
emitting radionuclides as radiolabels in TRT, mercury-197 (2¥"™9Hg) and antimony-119
(119Sb)_

1.2. Meitner-Auger Electrons

The Auger effect and Auger electron discovery were believed to be contributed to science
by Pierre Auger, a French physicist, in 1923 [12]. Historians have found that the effect
was also observed and reported in the literature by the Austrian-Swedish nuclear physicist,
Lise Meitner in 1922 [13, 14]. The Noble Prize for this discovery was awarded to Auger,
although Meitner had an equal part in the discovery. Consequently, this paper will refer to
the Auger electron as the Meitner-Auger electron (MAE).

MAE’s are atomic electrons emitted during electron capture (EC) and/or internal conversion
(IC) decay processes [15]. Multiple MAEs (5 to 50) can be emitted per decay as a result

of an electron cascade, which occurs until all inner electron shell vacancies are filled.

In addition to MAEs, EC and IC decay can produce conversion electrons (CE), X-ray
emissions and Coster-Kronig (CK) and super-Coster-Kronig (sCK) transitions, all of which
have therapeutic effects. The probability of DNA damage depends on electron energy [16];
the general energy trend follows CE>SMAE>CK~sCK [16-18].

MAEs are low energy electrons (1-10 keV) with short path lengths (I-20um, less than one
cell diameter), resulting in a high linear energy transfer (LET, 4-26 keV/um) (Fig. 1) [2],
and thus a highly selective therapeutic radiation dose at the cellular level. However, the
radioactive nuclide needs to be internalized within the cell or nucleus to have a maximum
effect [19]. Studies have shown that when the MAE emitter is placed inside the nucleus,
the MAEs induce a dose to the nucleus and DNA 30-times higher compared to if the
radionuclide were located on the cellular membrane [16, 20-22]. However, therapeutic
effects are still seen without nuclear internalization [23], suggesting that the relationship
between radionuclide localization and cytotoxicity is incompletely understood.

Almost half of all medical radionuclides are MAE emitters. The most common radionuclides
under investigation for MAE therapy are 1251, 111|n, 67Ga, 99mT¢ and 1231, with 123]

being the most extensively studied (Table 1) [16]. However, most of these radionuclides

are not necessary practically suitable for Auger Therapy, due to other accompanying
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emissions (e.g., photons for 111In) or have half-lives incompatible for radiopharmaceutical
use (e.g., 1251). The less explored nuclides antimony-119 (119Sb) and mercury-197m/g
(197m/3Hg) show promising characteristics of an excellent MAE therapeutic agent due to
their high MAE yields, high MAE energies, and reasonable half-lives [16, 17]. Though these
radioisotopes have yet to make it into a wide-spread application, this review serves as a
resource for radiopharmaceutical scientists to gain insight into how one might exploit these
promising nuclides in their radiopharmaceutical research. Throughout this paper, we will
discuss the applications and potential of these radionuclides as therapeutic and diagnostic
agents, the production, purification, and chelation of 119Sb and 197M/9Hg.

2. DOSIMETRY AND IMAGING OF 197mgHg AND 119Sb

As stated in Section 1.2, the therapeutic effectiveness of an MAE-based radiopharmaceutical
is heavily dependent on its subcellular distribution and localization, along with other factors
such as high MAE yields, high MAE energies, and half-lives. CE and MAE emissions

have therapeutic potential as they possess cytotoxic amounts of ionizing radiation, which
can cause irreversible damage to nuclear DNA (through double-strand or single-strand
breakage), subsequently resulting in programmed cell death by apoptosis [15, 24-26]. MAE
emitters are proven to give the highest cytotoxic effect when incorporated into the cellular
DNA vianucleosides (/.e., deoxyuridine and deoxycytidine) [27-30]. Increasing distance
between the cellular DNA and the emitter decreases the cytotoxicity [30-32] due to their
short pathlength, whilst the CEs contain a longer path length (0.05-12.00 mm) and do not
require internalization into the cell to yield a therapeutic effect [25]. MAES not located
within the nucleus can cause damage via a secondary ionization mechanism by delivering
oxidative stress to DNA (or other parts of the cell) through oxygen species (ROS), allowing
for indirect damage outside the range of the emitter [16, 33]. The practical application of
these MAE emitters requires the knowledge of potential dose amounts. A study by Humm et
al. states to accurately calculate MAE dose, the half-life, emitted radiation, and interaction
properties with the matter of the radionuclide are all critical, along with the radiochemical
uptake and clearance data [17].

2.1. Dosimetry of Mercury-197m/g

2.1.1. The Decay Emissions of197M™9Hg—The decay emissions of 197M9Hg are
useful for applications in both therapeutics (MAES) and diagnostics (gamma rays), giving
rise to a “theranostic” radionuclide. A theranostic pair of the same chemical element

is favoured as biodistribution is expected to be equivalent in diagnostic and therapeutic
applications, giving 197™9Hg a benefit over other theranostic pairs. However, attention needs
must be paid to the decay of metastable to ground state mercury-197, which requires careful
planning for the application of both forms for imaging and therapy, respectively. Moreover,
this enables more individualized treatments, catered to a specific patient, through the ability
to visualize the expected biodistribution of the treatment dose through imaging of tracer
quantities of the radiopharmaceutical [18].

The available literature on the decay processes of 2¥/MHg and 1979Hg provides data on the
gamma rays, branching ratios and MAE and CE emissions [34]. Studies recently published
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in 2020 by Lebeda et al. have shown discrepancies in the gamma emissions and branching
ratios in comparison to past studies [35, 36]. To address this, the discussion will reference
the branching ratio and gamma-ray emissions determined by Lebeda ef a/. [35, 36], while
the MAE and CE values discussed are produced by Walther et a/. [34].

The two different energy states of mercury-197 (19’MHg and 1979Hg) differ by 299 keV;

the two states lead to two distinct decay paths (Fig. 2) [18]. While 1979Hg decays to stable
197Au, 197MHg decays to either 1979Hg by the isomeric transition (IT) or 197 Au* by electron
capture with branching ratios of 94.68% and 5.32%, respectively [35, 36].

The more predominant decay, from 197MHg to 197Hg, occurs by IT and results in a high
energy gamma emission ([E,, 164.84 keV, 1, = 0.2816%] and [E, 133.79 keV, |, = 34.8%)]),
and a monoenergetic conversion electron (CE) (150 keV, 50%), as well as low energy MAEs
with an average energy of 7.1 keV and L and K, X-rays with average energies of 10 and 70
keV, respectively [18, 34-38].

Additionally, the ground state 197Hg decays to an excited state 197 Au* through EC (523 keV,
100%). Further decay of the excited state 197 Au* to ground state 197Au through IT results

in a lower energy gamma-ray emission ([E, 77.31 keV, 1, = 0.0143%],[ E, 268.78 keV, I,
=0.0393%] and [E,, 191.4371 keV, 1, = 0.632%]), a CE (63 keV, 60%), low energy MAEs
with an average energy of 7.4 keV and L and K, X-rays with average energies of 10 and 68
keV, respectively [18, 34-38].

197mHg can also decay directly to excited state 197 Au* through electron capture (EC) (499
keV, 5.32%). Further decay to ground state 197Au by IT results in the emission of a high
energy gamma-ray ([E, 130.00 keV, I,, = 0.1713%]. [E, 408.7 keV, I,, = 0.0057%]. [E,
278.65 keV, |, = 3.79%] and [E, 201.39 keV, I,, = 0.0540%)]) and a CE (116 keV, 6%) as
well as low energy MAEs with an average energy of 7.6 keV and predominantly L and K
X-rays with average energies of 10 and 70 keV, respectively [18, 34-38].

2.1.2. 197MGHg as a Therapeutic Radionuclide—The decay of 19’MHg and 1979Hg
emits 19.4 and 23.2 MAEs per decay with average energies of 13.5 keV and 16.1 keV,
respectively. The ground state (179Hg) is more suitable for MAE therapy as both the energy
and number of MAEs emitted are greater than that of the metastable state and importantly
ground state does not have a significant gamma emission component, which will affect

the dosimetry. The average CE emitted per decay for 197MHg and 1979Hg is 1.6 and 0.8,
attaining energies of 203.5 keV and 54.1 keV, respectively [39].

Equivalent dose model calculations of 19’MHg and 1979Hg MAESs have been determined in
the units mean absorbed doses per unit cumulated activity (Gray (Gy) per Becquerel (Bq))
for the ovaries, testes and liver for other emissions produce by 19/™9Hg and for the MAEs,
utilizing a weighting factor of 20. These values can be seen in Table 2 [20]. This method of
calculation takes into account the subcellular distribution of the radionuclides based on the
organ, resulting in the mean equivalent dose increase when the organ activity localizes close
to the DNA [20].
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Mean absorbed dose values serve as a benchmark to predict the biological response for
potential dose calculations of 197™9Hg-radiopharmaceuticals. Although, when calculating
dose amounts, the bystander effect must also be taken into consideration. Bystander effects
result in the inhibition or enhancement of tumour cell growth in non-radio targeted cells,
induced by a signal from labeled cells. The assessment of the bystander effect is essential to
calculate an accurate dose as the actual radiobiological response will be greater/less than that
predicted by dosimetric estimates alone [19].

The dose amounts of 197M9Hg for therapy have not yet been determined to our knowledge
as there have been no reported treatments utilizing 19’™9Hg; although, comparisons can be
made with the FDA approved 111In MAE emitter, which has a 2-fold lower MAE energy
and 8-fold lower CE energy than 197M9Hg [39]. 111In labeled modular nanotransporter,
radiopharmaceutical has been reported to successfully treat EJ xenograft tumours in mice
when dose amounts of 9.2 MBgq, 4.6 and 2.3 MBq were administered. The 4.6 and 2.3 MBq
doses led to a decrease in the initial tumor size whereas, 9.2 MBq dose led to non-detectable
amounts of initial tumor at the end of treatment (33 days) [40].

Based on potential therapeutic doses, only trace amounts (ng - pug) of 197M9Hg will be
required to induce a radiotherapeutic effect. This administered amount is far below the safe
concentration limit of mercury in the blood set by Health Canada (0.1 pg/g for the average
human; 4.5-9 mg)2 [41, 42], the U.S. and Netherlands (0.7 pg/kg body weight), Japan

(2.0 pg/kg), and Europe (1.6 pg/kg) [42-45]. Further, studies suggest clinical aid is needed
for mercury blood concertation levels exceeding 25 pg/kgb (1,125-2,250 mg)© [46, 47] -
several orders of magnitude above the amount needed for a therapeutic effect from 197M/9Hg
radiopharmaceuticals, implying there is no risk of mercury poisoning by this treatment
method.

2.1.3. 197MOHg as a Diagnostic Radionuclide—Recent studies utilizing a Philips
BrightView SPECT camera yielded measurements that were verified by Monte Carlo
simulations to prove the capabilities of 19’MHg as a SPECT imaging radionuclide (Fig.

3) [18]. The emission photons with energies of 134 keV and 77 keV lie in the appropriate
range (100-250 keV) for the SPECT low-energy high-resolution (LEHR) collimations and
provide sufficient images with a resolution of 6 mm [18, 48, 49]. The imaging properties of
197migHg offer diagnostic applications as well as aids in the determination of an appropriate
therapeutic dose of the radiopharmaceutical by its biodistribution properties /in vivo.

2.1.4. 197M9 Hg vs 177 Lu FDA approved theranostic radionuclide—The
diagnostic and therapeutic properties of 197™9Hg have previously been compared to

the commercial theranostic radionuclide Lutetium-177 (177Lu) [34]. 197™9Hg produces 8
times more photons with energies of >50 keV than 177Lu, resulting in a gamma dose

6 times higher than 177Lu [50]. The therapeutic dose per decay is 10 times higher for
197m/9Hg in a small radius of 1 um, as a result of the large number of MAEs emitted

acCalculated by utilizing the average mass of a human to be 45-90 kg.
bThe mercury blood concertation levels in pg/kg were calculated from 25 pg/L assuming the density of blood is 1002 g/I.[222]
Ccalculated by utilizing the average mass of a human to be 45-90 kg.
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by 197M/9Hg. This further indicates the potential of 197M9Hg as a theranostic agent, as its
decay delivers appropriate emissions for nuclear medicine /in vivo treatment and imaging of
micrometastases and small tumors.

2.2. Dosimetry of Antimony-119

2.2.1. The Decay Emissions of!19Sb—A MAE emitting radionuclide with highest
energy photon emission of 29.1 keV, 119Sp (t;/» = 38.19 h, EC = 100%) provides high LET
deposition and clean dose profiles (Fig. 4) [51, 52]. Decaying by electron capture, 119Sh
emits an average of 24 internal conversion and MAEs per decay [53].

2.2.2. 1195p as a Therapeutic Radionuclide—A mathematical model evaluating
the relationship between tumor-to-normal-tissue mean absorbed dose-rate ratio (TND) and
electron energy was created by [54] to survey 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 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 reaction, and (6) exclusion of Nobel gases due to unsuitable labelling chemistries.
From this criteria, five nuclides, including 119Sh (103mRh, 161Hg, 58MCo, and 189mQyg)

were determined suitable for small tumor radiotherapy application, contingent on the
development of selective targeting vectors for cellular internalization [54]. The additional
analysis estimated 100 GBq 119Sb activity would be required for 2 Gy whole-body dose,
requiring high molar activities to avoid target saturation [54].

Having yet to be introduced into living systems, dosimetric calculations have been used

to assess the targeted radiotherapeutic capacity of 119Sh. In 2008 [55], calculated MIRD
S-values and theoretical dose distributions for 119Sb in various intercellular locations. Dose
distributions from various radionuclides in a spherical 8 um radius cell with 6 pm nuclear
radius were compared against one another, and 119Sb delivered the highest dose to the
nucleus (Fig. 5) of compared nuclides when activity was uniformly distributed along the cell
surface [55].

Using the Monte Carlo PENELOPE code and a Monte Carlo damage simulation code [56],
calculated cellular S-values for 119Sh and compared them against other promising MAE
emitting radionuclides to calculate biological effectiveness. More than 75% of single and
double-strand breaks occurred in regions within 2.5 pm of the center of the nucleus, with
119gh providing the second-highest number of single and double-strand DNA breaks of the
nuclides tested (see Table 3) [56].

In living systems, cellular geometry is irregular, so the study [57] explored the impact of
off-centered nuclei on subsequent cellular S-value calculations for 12 relevant radionuclides.
For 1195h, eccentricity had an extremely large effect on subsequent S-value calculation as
seen by an increase in S-value (N<—CS) of the off-centered nucleus is closer to the cell
surface and lower energy electrons can reach the nucleus and add dose [57]. Reasonably,

the study [57] also shows a decrease in cellular S-value (N<—Cy) as the nucleus becomes
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more off-centered as cytoplasm is displaced and activity subsequently further from the
nucleus. For radionuclides such as 119Sb, it is imperative to use Monte Carlo code with
event-by-event simulation in order to have an adequate spatial resolution or else suffer

an underestimation of secondary electrons, which greatly underestimates energy deposition
[57]. Table 4 compares 119Sh nucleus-to-nucleus S--value as reported within the literature
for various cell and nuclear radius.

2.2.3. 1195p as a diagnostic agent—Having few low energy x-ray and gamma
emissions (E, 23.9 keV, I,, = 16.0%) [53], 119Sb is well suited for therapeutic application
as seen by photon/electron ratio 0.9 [55]. Antimony-117 (2.8 h, E, 158.6 keV, I, = 85.9%)
has been proposed as a radioisotopic imaging analogue, and shown [55] to provide adequate
imaging capabilities. Using a Jazczak phantom depicted in Fig. 6, planar scintigraphy (left)
and SPECT images (right) distinguishing all cold rods in the scintigraphy image, the three
largest cold spheres (838 mm, 831.8 mm, and 25.4 mm) in SPECT image, and a modelled
hot tumor over background signal [55].

3. PRODUCTION OF 197mgHg AND 119Sb

3.1. Production of 197m/gHg

Mercury-197,197Hg (t1/, 64.14 h, Eayger 7.4 keV) [58], is a well-known gamma-ray
radiation standard [59]. The metastable state of this isotope, 197MHg, has a shorter half-life
of 23.8 hours and its decay results in the emission of 134 keV gamma-rays [58]. 1°’Hg has
been applied to brain scans as early as the late 1960s [60], but medical use ceased not long
after due to the high toxicity and long biological half-life of mercury compounds /in vivo
(vide infra). One key requirement for the implementation of 197™9Hg radiopharmaceuticals
is the availability of radioisotope with high radionuclidic and chemical purity. Below we
discuss the viable production methods for 197M/9Hg.

3.1.1. Production of19’M0Hg via Cyclotron—The production of 19"M9Hg via
cyclotron can be achieved by proton or deuteron irradiation of natural gold. In nature, gold
is comprised of only one stable isotope, 17Au, which is a great advantage for producing
197m/gHg as the target does not need to be isotopically enriched. The maximum total
cross-section for the 197 Au(p,n)19’M9Hg reaction is 93 mb at 11.3 MeV [61]. Cyclotron
production of 197Hg has a few advantages over other methods. The most prominent asset is
the high specific activity achievable of the product nuclide [34]. Secondly, with sufficient
production cross-section with low to medium energy protons, mercury ~1%7 can be made
available in many research centres. For production with protons, the ratio at the end of
bombardment for metastable and ground states of mercury=197 is 50/50.

3.1.2. Production of 197™9Hg via Neutron Generator and other Methods—
There are other production routes for this radioisotope. For example, irradiation of enriched
196Hg with thermal neutrons can also be used to generate 19’Hg via neutron capture

[62]. However, this production route requires enriched mercury material, making it less
cost-effective, and during the irradiation, long-lived 293Hg contaminants according to the
enrichment level [34]. Additionally, 1%"Hg may be formed by another costly method with
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limited access — fragmentation of heavier elements such as lead (Pb) with energetic protons
(>100 MeV) [63].

3.1.3. Production ofl97M0Hg at TRIUMF—At TRIUMF, 1¥7M9Hg is produced on the
TR13 (13 MeV) cyclotron via the 197 Au(p,n)19M9Hg reaction on solid gold targets. The
targets are manufactured by sintering on tantalum backings of 28 mm diameter. Tantalum

is chosen for its high melting point (> 3000°C), machinability, and relatively low cost.

To make the target, 200-270 mg of metallic gold is placed in the 0.25 mm deep, 10 mm

OD indent (see Fig. 7 and pressed under ~7 MPa, giving an 0.13 mm thickness assuming
metal-bulk density. According to SRIM-2013 simulations, 0.265 mm of gold is needed to
fully stop 13 MeV protons [64]. Then, the gold is sintered onto the tantalum in a furnace
(Rd-G — RD Webb Company — Natick MA, USA) at 1150°C for about an hour and cooled
for eight hours.

After preparation, the target is loaded into the TRIUMF TR13 cyclotron solid target station
[65]. An aluminum foil separates the gold target from the cyclotron vacuum and allows
helium cooling on the front face. The tantalum rear side is cooled with cooling water.

The target is irradiated with 12.8 MeV protons at a beam current of 20 uA for up to

four hours. Target removal is performed the next day after a cool-down period to lower

the radiation exposure to cyclotron operators. Typically, the activity of the irradiated gold
target is measured about one day after the end of the beam by a dose calibrator (Capintec®-
55tR) with a built-in calibration for 197Hg. We are currently working to employ gamma-
spectroscopy for the accurate characterization of produced quantities of 19/MHg and 1979Hg.
There is also potential to increase the production yield by extending irradiation time and
current. Additionally, larger gold deposition on the target can be applied [58].

3.1.4. Production of 197™9Hg at TRIUMF via Gold Nanoparticles—An
alternative to the irradiation of a solid gold target is the irradiation of gold nanoparticles
(AuNP) suspended in a liquid. The radiometal production in a solution target is especially
attractive for sites without a solid target station, and has been applied to the production of
radiometals like 88Ga, 86Y, 897r, 94MTc or 44Sc, see e.g[66-75]. In addition, the produced
197m/gHg js embedded in the AUNP and can then be used for radiotherapy applications
directly.

As proof of principle at TRIUMF, a solution of 5 x 101 np/ml (equivalent of 0.063 mg/ml
of gold) of 5 nm AuNP immersed in deionized water was prepared. The solution was loaded
into a liquid target [76] and irradiated with 12.0 MeV protons with a beam current of 20 pA
for 30—40 min. The target was then flushed with deionized water into a 20 ml vial. Gamma
spectroscopy validated the presence of 197Hg in the solution, see Fig. 8. However, when

a low AuNP concentration is used as in tins example, yields are only 10.2 + 0.4 kBq and
10.4 + 0.9 kBq for a 40 min irradiation for 1979Hg and 197™Hg decay corrected to end of
bombardment, respectively.

3.2. Production ofl19Sh

Production of 119Sb for medical application has been explored through two main routes:
directly viacharged particle bombardment of tin or indirectly viathe production of 119Te
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and subsequent development of 119Te/119Sh generator. Possible nuclear reactions, reaction
Q values [77], and location of subsequent cross-section measurements are summarized in
Table 5. Direct production of 119Sp is a no carrier added method, innately providing higher
apparent molar activity than indirect production as residual trace "3'Sp target material will be
loaded onto the generator system.

3.2.1. Production of 119Sb by Direct Production—The feasibility of each nuclear
reaction for 119Sh production depends upon many things, including reaction cross-sections,
target design, co-produced radionuclidic impurities, and the availability of suitable
accelerators. The broad availability of cyclotrons capable of accelerating protons 7-16 MeV,
lack of radionuclidic impurities, and high relative yield favor the 119Sn(p,n)119Sb reaction,
allowing no carrier added production. Direct production for medical application was first
developed at the Hevesy Laboratory [55, 78, 79], who reported thin target (5.5 mg/cm?2)
1195} end of bombardment (EOB) yields from electroplated 97.4% enriched 119Sn of 1.85
+ 0.12 MBg/pPAH. Tin targets were made from 0.25 M KOH based electrolytic solutions

at 65-70 °C and current density 4-6 mA/cm? for 6-8 h [55]. Slanted target geometries

were employed to further increase yields, spreading beam current power over a larger
water-cooled surface area. They report a maximum beam current target tolerance of 180 pA,
thermal power density 1.02 kW/cm?, a heroic feat considering the low melting temperature
(231.93 °C) of tin, and extrapolate measured "3Sn bombardment yields to a hypothetical 46
GBq of 119Sh from a 30 mg/cm? slant target with 97.4% 119Sn enrichment, irradiated with
150 pA 16 MeV protons for 3 h [78].

Prior work in Sn target fabrication is built upon by [80] optimizing electroplating variables
and developing an Sn sedimentation process. Resultant mean target thickness (39.3 pm) is
reported for targets created by sedimentation, though thermal shock testing caused losses in
target integrity prior to irradiation experiments. Again, potassium hydroxide alkaline-based
electrolytic solutions out-perform acidic electrolytic solutions; the most favorable deposition
conditions of 40 g/L Sn, 75 °C, and 50 mA/cm? current density resulted in targets with
unreported thickness. To increase yields without increasing target thickness [80], also
designed inclined targets (6°). The target withstood 160 WA beam current intensities for

10 min with no observed degradation, but 119Sb yields were not reported. The anticipated
radionuclidic impurities 122Sh, 120mgpy 118mgh and 117Sh were observed with production
yields of 2.19 MBg/yAh, 807 kBag/pAh, 46.1 MBg/uAh, and 430 MBg/uAh, respectively
[80]. The group catalogs their process and many attempted trials as well as provide

detailed quality control analysis, including homogeneity, morphology measured v/a scanning
electron microscopy, and stability to thermal shock tests. Target fabrication methods were
not applied to enriched material, perhaps because of the high cost of this material (6 USD/

mQ).

3.2.2. Production of 119Sp by Indirect Production—Tellurium-119m/g (ty, = 4.7
d/16.0 h) are the radioactive parents of Sh-119 (t1/» = 38.5 h) and therefore a potential
feedstock in a transient equilibrium generator system allowing 119Sb access to clinics
without cyclotron production capabilities [81]. Production of 11°Te begins with proton
irradiation of "3'Sh via (p,3n) and (p,5n) reactions on the two naturally occurring stable
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isotopes of antimony (121Sh and 1233b) [82-86]. In 1992 [83], developed a precipitation
method for separated 119Te from NaSp target material, involving two solution matrix
changes to co-precipitate Te and final distillation. Purified Te solution was used for
further generator development. They measured 82% retention of tellurium and estimated
radionuclide purity at >99%; radioantimony activity was below detection limits [82].

A remotely handled radiochemical separation of 119Te from medium energy proton
irradiated "Sh targets was developed at Los Alamos National Laboratory [84]. The fourstep
separation process sequentially used CL resin (99% 119Te efficiency), Rare Earth resin
(97% 119Te efficiency), AG 1-X8 anion (97% 119Te efficiency), and a Pre-Filter Resin
(100% 119Te efficiency) to remove excess sulphur and phosphor) to separate 1016 atoms
(100 nmol) of 119MTe from grams (200 mmol) of "Sh. Throughout chemical separation
development, X-ray absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) measurements characterized Te and Sbh 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 "3Sh in 14 mL final volume), a separation factor of 103
[84].

In generator development studies, a combination ionexchange column comprised of 1 cm
neutral grade alumina and 4 cm SnO,[H*] was found to elute a maximum 118Sb-tartrate
yield of 12.5% at pH 3.5 with a corresponding 0.12% 118Te breakthrough [87]. Activated
carbon as an adsorbent for generator creation has been studied [82]. Activated carbon was
pulverized and sorted with 120-180 mesh sieve, slurried with deionized water, and packed
into a 2.5 mL plastic pipette tip between two plugs of fine glass wool. Previously separated
radiotellurium HCI based solution was adjusted to various pHs using NaOH and passed
through the tip. Distribution was tracked with 118Te and 118Sb tracers. Optimal Te(1V)
loading occurred at pH=7-8 with no adsorption of Sb(V) in pH 4-10. 5 mL boluses of
various mobile phases were tested for 118Sh elution and 118Te breakthrough over 9 days.
Borate (0.2 M) mobile phases had the highest 118Sb yields (35-48%) and lowest 118Te
breakthrough (0.3-1.7%) [82].

Activated carbon-based systems were also optimized as 118Te/118Sh generators. After
anion-exchange based separation of radiotellurium from dissolved "Sh, the target
solution was diluted to 9M HCI and 18 mg/mL Sh. The column was washed with 2

M HCI and radiotellurium (118Te, 119Te, 121MTe) was eluted in deionized water. This

new anionexchange separation recovered 87-89% of the tellurium radioisotopes with no
detectable antimony-118. 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 Sh(ll1) were shown to have different column affinities. Monitoring the oxidation state
of eluted Sb provides information about the oxidation state distribution of Sb post-Te
decay. Comparing the ratio of antimony eluted with and without the use of oxidizing agent
provided oxidation state ratio of antimony post tellurium decay of 61% 118Sh(l11) and 39%
118gp (V). Maximum recovery of 118Sh was 85-88% in 0.12M boric acid / 0.020 M borax /
3.5 mM NaOClI, with 118Te breakthrough of 0.01-0.07% by activity [85].
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Production via Te/Sh generator confronts difficulties on three fronts. Firstly, because Te is
separated from natural antimony target, residual macroscopic stable Sh is difficult to fully
separate and thus will be loaded onto the generator system. The presence of stable Sb

poses a problem to chelation and will decrease the apparent molar activity of subsequent
radiopharmaceuticals. Secondly, a generator needs to be developed with low tellurium
breakthrough, lest tellurium contaminates eluent, and the solution gains a radioimpurity with
dosimetric and chelation competition implications. Thirdly, being produced from proton
bombardment of natural antimony, multiple radiotellurium isotopic impurities are produced,
which decay to multiple radioantimony isotopic impurities, specifically 117Sb and 118sb,
Though (p,3n) reaction upon 121 Sb produces the desirable 119Te, when using natural
isotopic enrichment, 121Te is also created, which decays to stable 121Sb. This radiotellurium
contamination would decrease molar activity by introducing more stable antimony into the
system.

The aforementioned production routes have differing dosimetric implications. Tellurium-121
(ti2=119.2d, E, 573 keV, 1, = 80.4%) is a significant radioimpurity in the generator
systems produced vig"3Sh irradiation that, though it decays to stable 121Sh, provides a
radiation safety challenge. Shielding generator operators from 573 keV photon emission
would be required. The (p,pn) side reaction induced upon "@Sh produces 120Sb (t;/,=5.76 d,
E, 1171.7 keV, 1, = 100%) and 122Sb (t1/,=2.72 d, E, 564.2 keV, 1, = 70.7%) [51]. These
radionuclidic impurities loaded onto the generator will provide radioantimony impurities
that increase radiation dose administered into the patient, especially considering a chelator
would chelate the radioantimony and introduce it into the system. The (p,4n) and (p,5n)
reactions upon 123sh produce 118Te and 117Te, respectively. These two radiotellurium
impurities will feed 117Sb (ty, = 2.8 h, E, 158.6 keV, |, = 85.9%) and 118Sb (t, =5 h, E,
1229.6 keV, 1, = 100%) into the system [51]. Though 117Sh is an imaging analogue, these
two radioantimony impurities have high yield emissions of high energy photons, delivering
extra dose to patients and those handling/preparing radiopharmaceutical injections.

4. PURIFICATION OF 197magHg AND 11°Sb

4.1. Radiochemical Separation of 197M/gHg

4.1.1. Radiochemical Separation of 197™9Hg via a Dowex 50 Resin—Macnevin
and Lee separated 8 g of mercury from 400 g of gold [88]. In their experiments, gold and
mercury were loaded into a large column containing 800 grams of Dowex 50 resin by 2 M
hydrochloric acid. Gold was eluted with water, and mercury was eluted with 2 M HCI. In
this study, it is also stated that a preliminary study with small amounts of gold and mercury
was carried out, but their exact amount remains unclear.

4.1.2. Radiochemical Separation of!9’M9Hg via a Amberlite IR-120/400 Resin
—In 1972, Gupta and Tandon also performed a series of studies aiming at the separation

of mercury from several other metal ions [89]. Instead of Dowex 50, they experimented
with the strong cation exchanger Amberlite IR-120 and a strong anion exchanger Amberlite
IR-400. They revealed that mercury and gold can be loaded onto the strong anion exchanger
at 0.6 M HCI. Gold can be selectively eluted from the resin by 0.6 M HCI — 90%
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tetrahydrofuran, before the elution of mercury with nitric acid of high concentration.
Meanwhile, they also determined that mercury shows a very little affinity towards
Amberlite-120, even at low acid concentrations. This result seems to contradict the findings
of Macnevin and Lee as in both cases, a strong cation exchanger was applied, although the
exact type of strong cation exchanger in the two studies differs [88].

4.1.3. Radiochemical Separation of 197™9Hg via a Chelex 100 Resin—Chelex
100 resin is a styrene-divinylbenzene copolymer containing paired iminodiacetate ions,
which act as chelating groups in binding polyvalent metal ions. Meanwhile, the carboxylic
acid groups of this resin classify it as a weak cation exchanger. Samczynski studied the

ion exchange behaviour of a few elements covering mercury and gold and discovered that
mercury taken up by Chelex 100 can be eluted with 10 M HCI, whereas gold is extremely
strongly held in the whole range of HCI concentrations [90]. Removal of gold was attained
by means of a solution of ammonia containing ammonium chloride. Unfortunately, the
amounts of mercury and gold used were not stated.

4.1.4. Radiochemical Separation of19’M9Hg via a Dithizone Resin—Chelating
resins can also be applied to separate mercury from the gold. For example, dithizone

is a sulphur-containing organic compound and forms complexes with many metals such

as mercury. Grote and Kettrup reported a method synthesising a resin with dithizone as
functional groups [91]. Shah and Devi adopted this synthesis method and studied the
separation of several binary mixtures, which included gold-mercury with this chelating resin
[92]. Mercury was eluted with a 1:1 mixture of 0.2 mol.L™1 HNO3 and 2.0% ammonium
nitrate. Then elution of gold was performed with a 1:1 mixture of 0.1 mol-L~1 HCI and 1.0%
thiourea solution. The main drawback of this method is that gold and mercury were loaded
onto the resin in a pH 5 acetate buffer solution. Cyclotron production of 197Hg often requires
gold targets, which hardly dissolve under mild conditions. In order to leverage this method,
dissolved targets must be treated to the suitable condition, which adds up processing time,
leading to higher losses of the product nuclide due to decay.

4.1.5. Radiochemical Separation of19’M9Hg via a Hexylthioglycolate Resin
—Another sulphur-containing chelating resin was synthesised by Moyers and Fritz [93].
In their study, a highly cross-linked, microporous resin containing the hexylthioglycolate
functional group was yielded. Mercury and gold can be readily retained by the resin in 0.1
M HCI. Subsequently, mercury can be eluted with 6 M HCI while gold remains adsorbed.
The latter is not eluted by hydrochloric acid but is eluted with 0.001 M thiourea in pH 3.0
HCI without difficulty.

4.1.6. Radiochemical Separation of 197™9Hg via Liquid-liquid Extraction—
Liquid-liquid extraction (LLE) is another separation technique that can be adopted for
gold-mercury separation. With a wide range of selections of organic solvents, by carefully
choosing extracting agents, the selective separation of mercury from gold can be reached.
Singh and Tandon studied the separation of mercury as chloride from four other metal
elements, including gold [94]. However, in this study, gold was only partially taken up
by the organic phase in one step with minor mercury co-extraction. It was argued that

Curr Radiopharm. Author manuscript; available in PMC 2021 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Randhawa et al.

Page 13

mercury was extracted in practically negligible amount, but with regard to the radiochemical
separation of 197Hg where the mass of mercury is at the level of nanograms or even less, this
“negligible amount” would be unacceptable.

Nayak and Lahiri reported co-extraction of gold and mercury using methyl isobutyl
ketone (MIBK) from HCI solutions [95]. Alternatively, they adopted the extraction system
comprising 0.1% Aliquat 336 and 6 M HNOs. As a result, 92% of gold along with

54% TI were extracted into the organic phase, leaving a handful of radionuclides in the
aqueous phase, including 197Hg. In the absence of other radioisotopes, this method can

be implemented for 197Hg/Au separation. It’s noteworthy that the Au/Hg separation factor
of 613 applying this procedure can be far too insufficient for the separation of cyclotron
produced 197Hg.

In 2015, Walther et a/. outlined the extraction of gold with four times of 500 uL. MIBK
while the main part of mercury radionuclide (60 — 80%) remains in the 2 M HCI [63]. They
also pointed out that in order to investigate the possible reduction of gold contents in 197Hg
solution, one probe was extracted six times instead of four times with MIBK. However, this
comes at the price of more than 50% of the product being lost.

4.1.7. Radiochemical Separation of19’M9Hg via a LN Resin—Walther er a/. came
up with a resin-based method, which uses solid extraction as separation principles [96].

The LN resin, which is composed of di(2-ethylhexyl)orthophosphoric acid impregnated onto
inert support, was applied. A comparably narrow product 197(MHg peak versus the broad
peak for the elution of the gold target material was obtained. It is also stated that there

are several advantages in using LN resin as compared to the previous MIBK LLE method:
1) higher separation factor, 2) better handling and possible automation, which significantly
improves radiation protection, 3) significantly lower product losses during the separation,
and 4) convenient recycling of the gold target material is possible.

4.1.8. Radiochemical Separation of!9’M9Hg via a LN Resin at TRIUMF—AL
TRIUMF, a separation scheme based on extraction chromatography with the use of LN

resin has been practised. The irradiated target unloaded from the TR13 cyclotron after the
cool-down period was placed in a dose calibrator (Capintec®-55tR) to measure the 197Hg
activity. Then it is dissolved in aqua regia with electric heating at 90°C. This solution is then
transferred into a column packed with LN resin (Triskem International SAS, Bruz, France)
preconditioned with 6 M HCI. Gold is retained under these conditions while mercury is
quickly eluted. With the help of the dose calibrator, the first volumes of eluate with tiny
activities are collected in a 20 mL glass vial. Then another 20 mL glass vial is used to collect
the majority of 197Hg, indicated by its activity. This mercury fraction is then evaporated on
a hot plate with the heating temperature initially set at 60°C which is eventually raised to
160°C. When the volume decreases to the level of near dryness, heating is removed and
about 1 mL 0.1 M HCl is added. This step is repeated twice. After the evaporation, the
remaining solution in the vial is transferred into a smaller container. The former vial is then
washed with 1-2 drops of 0.01 M HCI and the washing solution combined into a 2 mL
HPLC vial to ensure that the majority of 197Hg is recovered. The activity of the recovered
197Hg is measured using the same dose calibrator setup.
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The yield of 197Hg is impacted by a few factors. In order to facilitate the subsequent
evaporation process, reduction of initial product volume is of the essence. For this purpose,
eluate containing minor 197Hg activities is disposed of as radioactive waste, inducing a loss
of this radioisotope. Moreover, every time the 197Hg solution is transferred from one vessel
to another, loss occurs due to its adsorption to vessel walls.

During evaporation, the 197Hg solution cannot be evaporated to dryness because of the
volatility of mercury compounds in HCI (pH<2). In order to maximise the specific activity
of the final product, the volume to be left in the 20 mL glass vial must be closely monitored.
If the evaporation is overdone, not only a majority of 197Hg activity is lost, but the working
surface and even personnel nearby can also be heavily contaminated by radioactive mercury.

In the last step of the experiment, the dissolved 197Hg is transferred from the 20 mL glass
vial to a 2 mL HPLC vial. If the former vial is not washed, there might be a significant loss
of mercury activity.

4.2. Radiochemical Separation of 1195p

4.2.1. Radiochemical Separation of 119Sb via Solvent Extraction—Solvent
extraction method for the separation of antimony and other elements, especially tin and
tellurium, has been extensively studied. White and Rose employed several extracting
solvents: methyl acetate, ethyl acetate, butyl acetate, acetoacetic ester, acetylacetone, ethyl
acrylate, chloroform, and carbon tetrachloride [97]. They determined that ethyl acetate
was the best of the extracting liquids for the citrate-oxalate complex. Optimal extraction
was in 1 to 2 M HCI. Over 99% of antimony(V) could be recovered in three extractions.
Rhodamine-B determination indicated that tellurium and tin were not extracted.

Hagebg et al. reported the separation of antimony from tellurium and the isolation of
fission-product tin [98]. After dissolving the irradiated tellurium target, tin(ll) in excess
was used to precipitate tellurium from the cold solution. Antimony(V) was then extracted
from 9 M HCI into isopropyl ether. As for tin-antimony separation, less than one percent

of antimony(V) was extracted by ethyl ether from 7 M ammonium thiocyanate solution in
0.5 M HCI. According to Bock, tin(IV) will be extracted completely (more than 99 percent)
under these conditions [99].

4.2.2. Radiochemical Separation of 119Sb via metal Complexation Followed
by Solvent Extraction—A sequential separation of arsenic, antimony, bismuth and tin
using a crown ether was introduced by Vibhute and Khopkar [100]. Bismuth was first
extracted by 0.05 M 18-crown-6 in methylene chloride from 0.1 M sulphuric acid containing
0.075 M potassium iodide. Secondly, tin was removed from the aqueous phase with 0.04 M
18-crown-6 in methylene chloride from 0.75 M sulphuric acid containing 0.15 M potassium
iodide. Finally, the aqueous phase, adjusted to 1 M sulphuric acid and 0.25 M potassium
iodide concentration, was equilibrated with 0.02 M 18-crown-6 in methylene chloride to
extract antimony. Arsenic remained in the aqueous phase in the entire procedure.

Solvent extraction separation of antimony(l11) and bismuth(l11) with Cyanex 302 was
investigated by Sarkar and Dhadke [101]. Although the main focus of this study is the
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separation of antimony and bismuth, ternary systems including Sb-Sn-Cd and Sb-Sn-Tl are
also covered. For both ternary mixtures, antimony(I11) was extracted by 1.0 x1072 M Cyanex
302 in toluene from 0.25 M H,SO4, while tin(1V) remains unextracted in the aqueous phase.

4.2.3. Radiochemical Separation of 119Sb via Precipitation—Precipitation
methods may also be considered to separate antimony from tellurium or tin. Abecasis
presented a fast separation method for antimony from tellurium, in which the total separation
time was about 15 minutes [102]. After dissolving the target, the solution was conditioned

to 3 M HCI. Tellurium was precipitated by hydrazine hydrochloride with heat and filtered.
Antimony in the filtrate was precipitated by H,S with heat being applied.

Precipitation can also be combined with other chemical processes to achieve a higher degree
of purification. Menon et a/. separated tin and antimony by an initial phosphate precipitation
step, using the difference in the precipitation behaviour of tin and antimony phosphates
[103]. The irradiated target was dissolved in 3 M HCI with the addition of Bry-H,0 to
oxidise tin and antimony to their corresponding highest oxidation state. Tin was precipitated
as Sn(1V) phosphate from the hot solution by adding (NH4),HPO4 at pH ~1, while antimony
was not precipitated as phosphate. Antimony was precipitated as sulphide form in later steps
and this precipitate was further purified by the stibine method. However, in both studies
presented above, carriers of antimony, tin and tellurium were used. As mentioned above,

no carrier added radioisotopes are strongly desired in radiopharmaceuticals because they
present high specific activity. For this reason, precipitation methods with added carriers may
not be preferred for this intrinsic drawback.

4.2.4. Radiochemical Separation of 119Sb via a Dowex 50 Resin—lon-exchange
processes are commonly used to separate and purify metals. The study conducted by Kraus
et al. found that in 12 M HCI, Sb(V) was adsorbed on Dowex 50, a strong cation exchanger,
while In(111) and Sn(IV) were eluted [104]. Interestingly, Minami et a/. found that Sb(V)
went through a cation-exchange column in 0.2 M HCI whereas Te(IV) and Sn(IV) were
adsorbed and later eluted with 0.5-1 M HCI [105].

4.2.5. Radiochemical Separation of 119Sb via a Dowex 1 Resin—With the help
of a strong anion exchanger, Dowex 1, Smith and Reynolds were able to separate antimony,
tin and tellurium from each other [106]. Sn, Sb and Te tracers in ~3 M HCI mixed with 0.1
M oxalic acid were loaded on columns of Dowex 1 (oxalate form). Tellurium was eluted
with 0.1 M oxalic acid and antimony(V) with 0.1 M oxalic acid neutralised to pH 4.5.
Tin(1V) was last eluted with 1 M sulphuric acid. Despite using a relatively long column (30
cm), cross contamination to the extent of about 1% was noted for both tin and antimony.

4.2.6. Radiochemical Separation of 119Sb via an Amberlite IRA-400 Resin—
Many studies after Smith and Reynold’s focused on the separation of Sb-Sn or Sh-Te binary
mixtures. Dawson and Magee worked with another strong anion exchange resin, Amberlite
IRA-400, attempting to separate tin and antimony [107]. The solution containing these two
elements, ~2—-3 M malonic acid and neutralised with 9 M ammonium hydroxide to pH 4.8,
was transferred to the resin column. Antimony(V) was first eluted with 3% malonic acid
adjusted to pH 4.8, followed by tin with 9 M sulphuric acid.
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4.2.7. Radiochemical Separation of 119Sb via an AN-31 and an AG 4-X4 Resin
—NMaruyama and Yamaashi developed a simple method for the separation of carrier-free
125gh from neutron-irradiated tin [108]. The irradiated target was dissolved in concentrated
HCl and diluted to 1 M HCI with water. Bromine was added into the solution to oxidise
Sn(I1) to Sn(IV) and Sb(ll1) to Sh(V), yielding a solution of 1 M HCI -1 M HBr.

Under such conditions, tin was strongly adsorbed by the strong anion exchange resin while
antimony was not. In the final solution with a volume of 170 mL, a yield of 125Sb of 90%
and radiochemical purity of more than 99.99% were achieved.

Adopting the method presented by Maruyama and Yamaashi, Baluev et al. were able

to reproduce the results using Dowex 1 [109]. Furthermore, in the latter study it was
demonstrated that tin(1V) was eluted by 0.8 M HCI from an AN-31 anion exchange column
while antimony(V) was afterwards washed out with 1 M HNO3. The method with the use

of a weak anion exchange resin for the separation of tin and antimony was also examined

by Thisgaard and Jensen with radioactive material [55]. However, the results obtained by the
latter researchers exhibit a reversed trend: antimony(V) was first eluted with 0.8 M HCI from
the column containing the weakly basic anion exchange resin AG 4-X4. Such phenomena
cause confusion as the two resins have similar functional groups. AN-31 is a weakly acidic
anion exchanger which contains secondary and tertiary aliphatic amino groups serving as an
active functional group [110], whereas AG 4-X4 resin has a tertiary amino functional group.

4.2.8. Radiochemical Separation of 119Sb and 119Te via a Dowex 1 Resin
—As 1195h may also be obtained by the decay of 119Te, which can be produced by
natgh(p,X)119Te reactions [111, 112], it is necessary to introduce the separation of antimony-
tellurium binary mixtures. Guin et al. reported a carrier-free separation of antimony from
tellurium using a strong anion exchanger [113]. Antimony was oxidised to +5 oxidation
state and taken up in 4 M HCI medium for loading onto the anion exchange resin, Dowex

1. The column was eluted with 3 M HCI and antimony activities were found to be eluted
quantitatively. No tellurium activities were found in the eluted solution by examining its
gamma-spectrum, indicating a separation of carrier-free antimony.

4.2.9. Radiochemical Separation of 119Sb and 119Te via a CL Resin, RE
Resin, AG 1-X8 resin and Prefilter Resin—Bennet ef a/. conducted a very detailed
research aiming at enabling large-scale production of 11°™Te and 119Sh for Auger
radionuclide therapy [84]. The irradiated "aSh target was dissolved in a mixture of 15.7

M HNO3 and 28 M HF. To initiate the separation on CL resin, the solution matrix was
converted to pure HF because presence of HNO3 would lead to the leaching through of
1197, This solution was first passed through a column loaded with CL resin and 11°™MTe was
retained with the elution of "Sh, To recover 119MTe 10 M HNO3 was used. After the initial
separation, the eluate matrix was changed to 11.7 M HCI for a second Te/Sb separation.
Loading this solution onto RE resin resulted into the retention of 11MTe and partial elution
of "atSh, The former was eluted from the resin with water without the interference of
antimony contents as this was confirmed by the use of 124Sp tracer. In order to separate
119mTe from the "3tSh target completely, the eluate comprising 119MTe from the RE resin
column was acidified to 2 M HCI, treated with H,O,, and transferred into an AG 1-X8 resin
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column. Under these conditions "a'Sh passed through the column; 119MTe was retained, and
subsequently eluted with H,O. As a final step with the aim of removing organic impurities
possibly introduced by the CL resin, the eluate obtained from the anion-exchange column
was loaded directly onto Prefilter resin and 119™Te eluted. The sulphur and phosphorous
concentrations were below ~100 ppb for both elements examined by ICP-AES. Aside from
the high purity of the final product, this method also features a relatively rapid separation
(~36 h from target dissolution to final product suspension) compared to the half-lives of
119mTe (4.7 d) [58] and 119Sb (38.5 h) [58]. Moreover, this method is compatible with
performing routine, large-scale production of 119MTe and 119Sh, which have the potential
to meet the stringent Food and Drag Administration requirements for a 119MTe/1195h active
pharmaceutical ingredient.

4.2.10. Radiochemical Separation of 119Sb via Solvent Extraction at TRIUMF
and University of Wisconsin-Madison—At TRIUMF, the recovery of 119Sb is
achieved by solvent extraction, which initially was developed in collaboration with the Joint
Institute for Nuclear Research (JINR) and further was adopted and optimized at TRIUMF
and the University of Wisconsin. The irradiated natural tin target is dissolved in concentrated
HCI. Presumably, all Sb(Ill) contents are oxidised to Sb(V) with the addition of 30% H,0,
for half an hour. Then an equal volume of dibutyl ether is added to the aqueous solution

to extract antimony into the organic phase. The extract is washed with 10 M HCI twice
while each washing step lasts for 30 minutes. Afterwards, Sb content is back-extracted to the
aqueous phase by 0.1 M sodium citrate solution (pH 5.5). In each step of the separation, an
aliquot is taken and later examined by gamma-spectrometry.

Using 120Sh as the radioactive indicator and decay corrected, it is revealed that 84% of
antimony contents are recovered in the final solution. Meanwhile, the activity of the tin
isotope 117Sn is not detected, from which it can be derived that Sb/Sn separation factor for
this procedure is greater than 1000. Major losses of antimony contents occur during the
back-extraction step. Minor losses are attributed to extraction and the two washing steps.
Detailed separation procedures are currently in preparation in a separate manuscript.

5. COORDINATION CHEMISTRY OF 197"MIGHg AND 119Sh

Due to residence in the organometallic family of the periodic table both mercury and
antimony are capable of covalent bonding organic molecules. Though organometallics
provide a unique opportunity in radiolabeling, especially when considering retention of
small molecule geometries and binding properties, radiometal chelation is generally a
choice route in radiometal radiopharmaceutical development, due to single step addition of
radionuclide as a final step in radiopharmaceutical synthesis. For this purpose, a bifunctional
chelator (BFC) is employed. Ideally, a BFC should be selective to the radiometal of choice
at trace levels (pmol concentrations) while competing against mmol concentrations of
other non-radioactive impurities. The radiometal-complex must be highly stable and inert,
surviving /in vivo competition against endogenous complexation agents such as various
amino acids and glutathione. Furthermore, the BFC should exhibit fast complexation,
incorporate an organic linker capable of functionalization to disease targeting moieities,
have favorable biodistribution and be relatively inexpensive and straightforward to make
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[1, 2]. Exploring the coordination chemistry of metal ions is essential for the proposal

of an ideal chelator. We have included below a discussion of relevant literature for the non-
radioactive metals, which may serve as a basis for BFC design in the radiopharmaceutical
sciences. Significant room for scientific exploration exists in the field of radioantimony and
radiomercury chelation for radiopharmaceutical application.

5.1. Chemistry of Mercury

5.1.1. In vivo Chemistry of Mercury—Mercury toxicity in humans leads to health
effects on the central nervous, reproductive and cardiovascular system [114]; these effects
are due to Hg’s ability to form strong covalent bonds in biological systems and compete
with essential metals in proteins. Metallothionein, a cysteine (sulfur) rich enzyme, is
responsible for Hg2* scavenging in vivo [115], and is believed to have a trigonal planer
binding site that shows high affinity and selectivity for Hg2* (stability constant of 4x10°)
[116-118]. Glutathione is a low weight non-protein sulfhydryl-containing compound found
in mammalian cells, which functions to trap and eliminate mercury from the body
[119-121]. The formation constants (logp) of these Hg?* glutathione complexes have
previously been reported in the literature to be 26.04 (0.95)9 and 33.40 (1.03) ©-41.58 for the
[ML] and [M(L)2] complexes, respectively [122, 123].

5.1.2. Complexation Chemistry of Mercury—Mercury (Hg) is a group 12 metal,
which exists in two oxidation states Hg(l) and Hg(lIl) or in the elemental form of Hg, with
Hg(l1) (Hg?*) being the most common in aqueous solution. In aqueous solutions, OH- and
Cl- ligands are commonly found complexed with Hg2*, when hydrosulfide (SH-) or thiolate
(SR-) ligands are absent [124]. Hg?* is classified as a soft metal, according to Pearson’s
hard-soft acid-base (HSAB) theory [125, 126]. An intrinsic property of soft acids, such as
Hg?*, is that they are highly polarizable and will preferentially bind to ligands with soft
bases such as sulphur (S-), phosphorous (P-), tellurium (Te-) and selenium (Se-) through
covalent interactions [127-134]. Nitrogen (N-) has also been seen to bind to Hg2* regardless
of its hard acid-like character [135-138]. Hg2* forms stronger bonds with S-, P- and N-
compared to any other divalent metal [134].

With a spherical d10 electron configuration, Hg?* is associated with a flexible coordination
environment and the geometries of formed complexes can vary greatly, with significant
distortions being common [134, 139]. Interestingly, due to the lack of preferential binding,
large coordination diameter (CN 6: 102 pm, CN 4: 96 pm, CN 8:114 pm) and rapid ligand
exchange, Hg?* exhibits several different coordination numbers and geometries when bound
to the same ligands [140]. Monodentate ligands generally form a linear geometry with atoms
that have more ionic character (/.e.. oxygen), whereas a tetrahedral geometry is favoured
with covalent character bonding atoms (/.e., sulfur and iodine); however, multidentate
ligands open up a broad range of possible geometries [124, 141]. Reported Hg2* complexes
that have a coordination number of six or higher are less common compared to other metals,
but their discovery is becoming more frequent [134, 142-147].

Studies of polythioether crown Hg?* exhibit rare geometries of the Hg2* ion (/.e. square
planar, square pyramidal and octahedral) due to the high binding affinity of the sulfur donor
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atoms [134]. Octahedral complexes, when observed, usually form a distorted complex with
two relatively short bonds and four longer bonds [124, 134]. Due to the lack of preference
for a specific coordination number or geometry, it is critical to determine the structural
characteristics of a Hg2* complex through X-ray crystallography [124]. Past studies have
focused on the structural and crystallography data of mercury to determine the association
between the coordination number, ligand donor atoms, bond length and bond angles to the
specific isomer of the complex [141].

Both cyclic and acyclic sulfur-rich ligands have been studied to determine the binding
properties of Hg2*. However, studies indicate that the macrocyclic effect of the thiocrown
ethers only show effects when the ring size is large and flexible enough to contain the

Hg?* atom [148]. As such, Hg2* has shown a higher affinity for sulfur-rich acyclic ligands
compared to smaller cyclic macrocycles (Fig. 9) [148, 149]. When polythioethers are large
enough to display the macrocyclic effect there is a reduction of the exchange process, which
occurs with the labile Hg?* metal ion, leading to an increase in the kinetic inertness of the
complex [134].

5.2. Mercury Chelating Ligands

Previous development of bifunctional chelators (BFCs) for 197M9Hg radiopharmaceuticals
is limited. To our knowledge, from the time of writing, one account utilizing a BFC

for 197/MHg radiolabeling has been reported (Fig. 10) [150]. The trithiamacrocycle was
conjugated to a covalent linker for the use of antibody attachment by the activated ester. This
bifunctional chelator labeled with 17M9Hg was conjugated to immunoglobulin (rabbit IgG)
by ammonolysis. The bioconjugate was stable in buffered saline for a minimum of 24 hours,
while the stability during the incubation in serum exhibited some loss of radiolabelling. The
authors suggested the chelator to be a viable approach to radiolabel antibodies with soft
radiometals.

5.2.1. . Mercury Environmental Sensing Ligands—As a result of Hg?* compounds
threatening human life, a series of water-soluble extraction ligands have been synthesized
for selective and sensitive HgZ* detection [151]. Thiocrowns have been studied to selectively
recover HgZ* for extraction from a polar to non-polar phase. Macrocycles containing
thiocarbonyls have been used to successfully achieve recovery where the thiocarbonyls are
responsible for the strong complexation of the Hg?* ions, allowing for selective binding of
Hg2* over other metals such as copper [152]. Further, a pendant crown thioether developed
by Baumann and Reynolds was used for extraction of >99% of Hg2* in acidic aqueous
solutions [153].

Many fluorescent probes have been synthesized and studied as a tool to determine the Hg2*
content of different water supplies/sources as well as visualizing the Hg2* content in living
cells [114]. These fluorescent probes are conjugated to a chelator that has high sensitivity
and selectivity for Hg2* in solution, proving detection of low concentrations and resulting

in a 1:1 stoichiometry with Hg2* [154]. These Hg2* chelators contain a wide range of

donor atoms, for example, Se-, N-, O- and/or S- atoms along with alkene and/or alkyne
moieties [155-158]. These binding atoms have been introduced into the probes as derivatized
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dithia-dioxa-aza macrocycles, thia-aza crown, thioether crowns, oxa-aza crowns, porphyrin
rings, calixarene, aza-oxa cryptands and acyclic arms or small molecules (Fig. 11) [154, 156,
157, 159-166].

Gold nanoparticles have been used for mercury sensing probes in the environment as a
cheap and easy detection method exhibiting a high affinity for Hg2* at low concentrations
[167-171]. These particles are either functionalized with moieties, which possess an affinity
for Hg2* (/.e., sulfur) or non-functionalized, as mercury’s unique chemical and physical
properties enable it to amalgamate, forming strong metallic bonds with metals such as gold,
silver, copper, indium, tin and zinc [172].

5.2.2. . Chelating Ligands for Mercury Poisoning—Chelators for the treatment

of Hg2* poisoning possess a high affinity to the metal compared to endogenous ligands.
These ligands tend to have a high-water solubility to increase excretion through the kidneys.
Current ligands used for Hg2* poisoning are dimercaprol (2,3-Dimercaptopropanol/British
Anti Lewisite, BAL), 2,3-Dimercaptosuccinic acid (DMSA), D-penicillamine (DPEN) and
2,3-Dimercapto-1-propanesulfonic acid (DMPS), the associated stability constants (logp) of
the Hg2* complexes [HgL] can be found in Table 6 [173-178]. More recently, DMPS has
increased in popularity as it is found to have higher sensitivity for lower levels of Hg2* and
is found to be less toxic as it does not cross the blood-brain barrier [179].

5.3. Mercury-197’s Previous Applications

In the early 1960s, 203Hg (ty/, = 46.6 days, B— (100%), y (E, 279 keV, 1, = 82%)) was the
main isotope incorporated into chlormerodrin (3-chloromercury-2-methoxyprop-1-yl) (Fig.
12), a water-soluble SPECT imaging agent [180]. Though advantages of using 197™8Hg
over 203Hg include having a shorter half-life, a greater number of useful gamma-ray
emissions and a lower renal dose allowing for the ability to administer a higher dose to

a patient, at the time 197™9Hg could not be produced in a high specific activity which

leads to mercury poisoning and precluded the use of this isotope. In 1966, once isotope
production issues were mitigated, 197M9Hg-labeled chlormerodrin increased in popularity
[181], and the use of 197™8Hg for brain, kidney and spleen imaging increased [181-184].
Nonetheless, this radiopharmaceutical was only in use until the 1970s, before it was
replaced with Techicium-99m (9MTc) imaging agents [181]. In the 1970s, 197™9Hg-labeled
human lymphocytes were synthesised to study their migration pattern. Lymphocyte labeling
was done in various physicochemical conditions, additionally, the subcellular distribution
of 197M/9HgCI, within the cell was established, which showed 60% of the tracer was
localized within the nucleus and cellular membrane while the remaining was found in

the mitochondria and microsomes [185]. 197M9Hg had shown to possess useful radiation
characteristics and favorable chemical properties for radiolabeling compared to previously
studied radiometals. Due to the limited exploration of 197™9Hg in radiopharmaceuticals,
there lies room for improvement and development for this theranostic metal.

5.4. Chemistry of Antimony

Being a group 15 organometallic element with ground-state electron configuration
[Kr]4d105s25p3, antimony has two main oxidation states, Sb(111) and Sb(1V) [186], but some
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antimony ores, such as breithauptite NiSh, have a negative oxidation state [187]. The most
common coordination numbers are 3, 4, 5, and 6 [187, 188] and frequently encountered
geometries are shown within Fig. 13. With ionic atomic radii of 76 pm for Sh(lll), 60

pm Sh(V) [186, 187] and electric polarizability reported to be 42.61-44.57 (depending on
computational method) [189, 190], Sh is a large, soft metal.

5.5. Organometallic Compounds of Antimony

An emergent interest in organoantimony molecules has led to a recent increase in

the publication of stilbene molecules and chemical synthesis. Though unstable and
susceptible to hydrolysis, antimony(I11)-nitrogen species are known, an example being
[(PNR)2(NR),Sb]Cl, a polycyclic cage complex with antimony bonded to one chlorine

and three nitrogen atoms [187]. Anionic compounds with antimony-phosphorus bonds have
been reported, such as the diphospha-substituted antimonide CgH4P,Sh™ (Fig. 14 upper left)
[187]. Many examples of Sb-C bonded molecules exist within the literature [191]. The
acyclic system 2-stiba-1,3--dionato ligand (Fig. 14 upper right) has been reported to contain
delocalized Sb=C, with length 2.15 A, a bond length within the normal single-bonded range
[191]. In rare instances, Sb=C bonded molecules have been reported, one example being
2,3-distibabutadiene (Fig. 14 bottom left), and have been found to be thermally stable to
temperatures above 200 °C, an impressive feature [191]. Antimony can form catenated
complexes, such as [(Bu®P)3Sb-Sb(PBu’)s], (Fig. 14 bottom right), however, with Sb-Sb
single-bond energy of 128 kJ/mol, antimony compounds are rather weak [192].

5.6. In vivo Cchemistry of Antimony

Antimony-based complexes are used in the treatment of multiple parasitic infections as
pentavalent Sb (e.g. sodium stibogluconate and meglumine antimoniate shown in Fig. 15)

is used clinically in the treatment of leishmaniasis [193]. After reduction of Sh(V) to

Sh(l1) inside of the parasite, Sb(lll) interferes with the parasite’s thiol redox metabolism,
effluxing trypanothione and glutathione from the cell and inhibiting trypanothione reductase
enzymatic activity [194].

Interaction of antimony with biological molecules provides supporting evidence toward
the strong interaction of Sh with thiol donor atoms. Due to this proposed mechanism

of action, anti-tumor properties of Sb(l1l) and Sb(V) compounds (studied in DTPA and
thiol coordinated systems) have drawn interest [195, 196] toward the development of new
monodentate thiol complexes [197].

Though a choice chelator for Sh has yet to be developed and publicized, help can be

drawn from work chelating similar elements, such as fellow pnicogen arsenic [186]. 2,3-
dimercaptopropane-1-sulfonic acid (DMPS) and meso-2,3-dimercaptosuccinic acid (DMSA)
are chelators used clinically in the removal of arsenic and antimony from individuals being
treated for heavy metal poisoning [198]. Additionally, antimony has proven itself thiophilic,
forming many complexes with thiol ligands containing sulfur donor atoms [197, 199-202].
Recent developments in thiol chelation of radioarsenic and antimony’s proven history of
thiophilicity provide promise in future antimony bifunctional chelation [203-205].
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5.7. Antimony Chelation

Potassium antimonyl tartrate (Fig. 15) historically was used in treatment for the parasitic
infection Schistosoma [206]. The first and only reported chelation of radioantimony was
Thakur’s report of 117Sh Potassium Antimonyl Tartrate (PAT) in 1969. The authors prepare
PAT samples free from contamination and suitable for injection [207]. However, no mention
of specific activity or radio complex stability is included. Within this bidentate ligand
complex, two Sh(lll) atoms are buried within eight oxygen atoms, each metal ion forming
four coordination bonds. Though insightful into the coordination environment, which can
stabilize Sh, a chelator suitable for organic linking to targeting vector is required to provide
radiopharmaceutical selectivity.

6. DISCUSSION

MAE emitters are attractive for application in cancer therapy as their emissions are

highly cytotoxic when deposited close to the cellular DNA. There has been an increased
interest in these emitters for therapeutic uses, specifically for micrometastatic and

small undetectable tumours, as the short path-length and high LET of MAEs result

in minimal toxicity to surrounding healthy tissue and strong tumour growth inhibition.
Although these radionuclides show promising therapeutic applications for incorporation into
radiopharmaceuticals, very few clinical applications have been presented to date.

For the success of Targeted Auger Therapy, it is necessary to establish the production

of radionuclides, which are practically suitable for Auger therapy. The impact of other
emissions (e.g., photons or betas) should be accounted for in dosimetry considerations
(e.g., 111In); moreover, the proposed nuclide should have a suitable half-life compatible
with the biological half-lives of common delivery systems used in radiopharmaceuticals.
Another important criterion for the suitability of Auger emitters for Targeted Therapy is the
possibility of producing isotope with high specific (and molar) activity and radionuclidic
purity; this is necessary to enable incorporation of sufficient therapeutic doses into delivery
systems (ée.g., peptides or nanotransporters).

Many research candidates for Auger therapy are metals that are rarely used in nuclear
medicine, therefore developing stable chelation strategies is another key component for

the development of Auger-emitting radiopharmaceuticals. In addition, testing available
delivery systems /n vitro and in vivois key for determining a combination of isotopes

and biomolecules, as some Auger emitters may be efficient at causing cytotoxic effects when
located outside of the cell nucleus.

In the present review, two promising candidates for Auger therapy are discussed, namely
1195h and 197Hg. By their decay characteristics, antimony 11950 is superior to 197Hg and
possibly one of the most suitable candidates for Auger therapy when delivered near DNA.
However, the absence of well-established delivery systems (chelator+ targeting vector) and
challenges with production of high specific activity and radionuclidic pure antimony~119s0
have precluded demonstrated potential thus far. On the other hand, 1°"Hg can be relatively
easy to produce with satisfactory yields and purity for applications and can allow dosimetry
studies. Notably, mercury~197H9 possesses a metastable and ground state; the ground state
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emits decays suitable for Auger therapy, while the metastable form emits gamma rays
well suited for SPECT imaging. For Auger therapy applications the amount of metastable
mercury should be minimized through decay or viable production routes.

From isotope production and radiochemistry aspects at TRIUMF, we were able to establish
routine production of pre-clinical quantities of 197M8Hg (100’s MBq/per production) by
adopting a previously reported separation technique based on LN resin to separate no
carrier added (nca) mercury from mg’s of gold target material. Currently, several potential
chelators synthesized in the Ramogida lab are being tested. Additionally, in collaboration
with the Reilly lab at University of Toronto (Canada), the /i vitro toxicity of 1979Hg is
being investigated. For the future development, our team is planning to establish a better
strategy for characterizing produced mercury isotopes and ratios between metastable and
ground states through gamma spectroscopy. We are also looking into alternative strategies
for separation of mercury from gold by finding sorbents which will retain Hg over Au and
by adding additional column-based separation steps to avoid a final evaporation step for
mercury radiolabelling preconditioning.

For production of 119Sb, irradiation of natural tin is performed at TRIUMF to obtain
radiotracers of Sb and Sn for chemistry development and chelation, while the University of
Wisconsin-Madison is implementing enriched tin-119 to produce isotopically pure 119Sb. In
collaboration with the radiochemistry group at Joint Institute for Nuclear Research (JINR) in
Dubna, we developed a liquid-liquid extraction procedure for radiochemical isolation of nca
antimony from mg’s of tin using ethers or ketones; further method optimization is ongoing
in collaboration with TRIUMF and the University of Wisconsin-Madison. Continued
production optimization includes irradiation of enriched tin-119, transferring radiochemical
separation into synthesized ether/ketone resins for column-based chromatography, and
pursuing indirect production via the p,3n reaction on Sb for production of 119Te/1195h
generator.

CONCLUSION

Both 197M/9Hg and 119Sb are two such radionuclides that have high potential in MAE
targeted therapy. Further developments in their production, radiochemical purification, and
chelation are required to leverage these isotopes successfully in radiopharmaceutical design.
In particular, the development of a specific, selective chelator with properties suitable for
radiopharmaceutical elaboration will allow for /n vivo exploration of the therapeutic efficacy
of these unique radionuclides.
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Fig. (1).
LET of electrons as function of their energy. Arrows indicate the range of electrons at

each specified energy. Image Modified and reproduced Kassis, A. I. Molecular and Cellular
Radiobiological Effects of Auger Emitting Radionuclides. Radiat. Prot. Dosimetry 2011,
143 (2—4), 241-247. by permission of Oxford University Press [19].
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Fig. (2).
Decay scheme of 197M9Hg depicting the useful photon emissions and MAE and CE

emissions. [34-36]. (A higher resolution / colour version of this figure is available in the
electronic copy of the article).
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Fig. (3).
The phantom images of the measurements by the Philips BrightView SPECT camera and

by Monte Carlo simulation. The planer decomposition of the three gamma ray energies
produced in the decay of 197™9Hg is shown as well as their combination. Image reporduce
from [18]. (A higher resolution / colour version of this figure is available in the electronic
copy of the article).
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Fig. (4).
Decay scheme of 119Sb [52]. (A higher resolution / colour version of this figure is available
in the electronic copy of the article).
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Fig. (5).

Dose deposited to various parts of a cell per cumulated decay as a function of radius for a
uniform activity distribution on the cell surface, depicting 119Sb providing the greatest dose
to the nucleus from compared radionuclides. Figure taken from [55]. (A higher resolution /

colour version of this figure is available in the electronic copy of the article).
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Fig. (6).
(Left) planar scintography image of 117Sb homogenously distributed in Jazczak phantom

with cold rod inserts. (right) SPECT image of 117Sb uniform background, cold sphere
inserts, and hot insert. Image reprinted from [55]. (A higher resolution / colour version of
this figure is available in the electronic copy of the article).
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Fig. (7).
An example of gold targets sintered onto the tantalum backing before irradiation. (A higher

resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (8).

Example of a gamma spectrum of irradiated AuNP solution for 5 min at 20 pA. 1979Hg was
identified based on the 77.35 keV gamma line (18.70% branching ratio) and 197mHg was
identified based on the 133.99 keV gamma line (33.50% branching ratio).
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Cyclic and acyclic sulfur-rich ligands used to determine the effects of the macrocyclic effect
within complexes [148,149].
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Fig. (10).

The trithiamacrocycle covalently conjugated to a linker for antibody attachment [150].
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Fig. (11).

Acyclic arm

Dithia-dioxa-aza
crown

Oxa-aza
crown

Examples of the derivatives of dithia-dioxa-aza macrocycles, thioether crowns, thia-aza
crowns, oxa-aza crowns, porphyrin rings, calixarene, aza-oxa cryptands and acyclic arms
or small molecules which have been incorporated into mercury sensing fluorescent probes
[165,167,168,171-177].
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Fig. (12).

Structure of chlormerodrin (3-chloromercury-2-methoxyprop-1-yl), an imaging agent using
197m/9Hg in the 1960s.
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Example geometries commonly encountered in Sh coordination numbers and modes.

Adapted from [187].
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Fig. (14).

Stibine containing organometallic structures [191].
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/
Sb esb 3H,0

potassium antimony tartrate

Stibonate compounds used historically in medicine, though precise structures uncertain
proposed structures have been reported [195].
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Table 3.

Comparison of single-strand break (SSB) and double-strand break (DSB) yields in per gigabase pair (GBp) per
decay simulated within [56].
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- 125| llQSb 123| 111 In 99mTc
Total SSB (Gbptdecay) | 46 | 36 | 25 | 23 | 14
Total DSB (Gbp' decay™) | 0.38 | 0.31 | 0.21 | 0.20 | 0.013
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