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Abstract

Background The highly potent Auger electron emitter antimony-119 (''*Sb) and
the SPECT-isotope antimony-117 (''7Sb) comprise a true theranostic pair particularly
suitable for cancer theranostics. Harnessing this potential requires development of

a chelator that can rapidly form a stable complex with radioactive antimony ions at
the low concentrations typical of radiopharmaceutical preparations. Stable Sb(lll)
complexes of hydrotris(methimazolyl)borate (TMe) are known, prompting our
investigation of this chelator. Additionally, the production of radioantimony was
optimized and the SPECT imaging properties of ''/Sb was investigated, in an attempt
to move towards biomedical implementation of the theranostic isotope pair of
antimony.

Results A method for rapid and effective labelling of TMe using ''"/Sb was developed,
yielding high radiochemical purities of 98.5 +2.7% and high radionuclidic purities
exceeding 99%. Radiolabelling yielded an Sb(lll) complex directly from the acidic
Sh(V) solution. ["**Sb]Sb-TMe in aqueous acidic solution showed high stability in the
presence of cysteine, however, the stability of the radiocomplex at increased pH was
significantly decreased. The production method of ''/Sb was optimized, enabling a
production yield of up to 19.6 MBg/pAh and the production of up to 564 MBq at end
of bombardment, following irradiation of a thin "7Sn-enriched solid target. Preclinical
SPECT/CT scanning of a mouse phantom containing purified ''’Sb demonstrated
excellent SPECT imaging properties of ''/Sb with high spatial resolution comparable to
that of technetium-99m.

Conclusion We have explored the TMe chelator for complexation of radioantimony
and devised a rapid chelation protocol suitable for the short half-life of ''’Sb (T, , =
2.8 h). ["SbISb-TMe ("**Sb = "/Sp, 118MSp, 120MS} and 22Sh) demonstrated a high
stability in presence of cysteine, although low stability was observed at pH > 4. We
have achieved a production yield of ''/Sb high enough for clinical applications and
demonstrated the excellent SPECT-imaging properties of ''/Sb. The results contribute
valuable information for the development of suitable chelators for radioantimony
and is a step further towards implementation of the antimony theranostic pair in
biomedical applications.
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Background

The radioisotopes of antimony (Sb), antimony-119 (}!°Sb) and antimony-117 (}!7Sb),
have an unexploited potential as a theranostic pair for Auger electron therapy and
single photon emission computed tomography (SPECT) imaging, respectively [1, 2].
As an Auger electron emitter (AEE) 1?Sb exhibits ideal characteristics for targeted
therapy of small metastases and disseminated cancer cells. Theoretical dosimetry
calculations comparing various radionuclides at a subcellular scale have identified
119Gh as an isotope which should attain some of the highest calculated tumour-to-
normal-tissue dose ratios, when activity is uniformly distributed in the nucleus,
cytoplasm or on the cell membrane [2, 3]. It emits on average 23.7 Auger electrons
(AEs) per decay [4] and has a half-life of 38.19 h, thereby offering a suitable time
window for therapy. Additionally, it emits a low energy gamma ray (23.87 keV) with
low intensity (16.1%), minimising the unwanted dose to healthy tissues [1]. Its sister
isotope !'”Sb has suitable properties for SPECT imaging and can be used for diag-
nostics. It decays predominantly by electron capture, primarily emitting a gamma
ray of 158.56 keV (86%), similar to the widely used SPECT isotope '**I which emits a
gamma ray of 158.97 keV (83%). Lastly, both '**Sb and '”Sb can be produced using
a low-energy cyclotron with a solid target system. Together, they constitute a true
theranostic pair possessing identical chemical properties that will result in identi-
cal kinetics, both in vitro and in vivo. Table 1 lists the physical decay characteristics
of Sb radionuclides that are produced from proton bombardment of natural tin or
enriched ''”Sn or '**Sn using a low energy cyclotron.

To date, no suitable biocompatible chelating ligand system has been developed
for delivering antimony. The nearly universal chelator currently implemented for
metallic radionuclides, DOTA, unfortunately, does not form stable complexes with
antimony [6] rendering it unsuitable for this relatively soft metal ion, the same pre-
sumably applies to the chemically related multidentate amino-carboxylato chelators
based on NOTA and DPTA scaffolds. Further, we expect that the chemistry of the
metalloid antimony to be intrinsically more complicated than many other metal ions
used in nuclear medicine. Complexes of antimony in oxidation states+1, +3 and +5
have been characterised, however, it is unclear which type of compound will be suf-
ficiently stable for medicinal use. Known complexes with antimony include the tar-
trate complex of Sb(III), Fig. 1(A), which is a known emetic that has previously been
used to treat the tropical parasitic disease Leishmaniasis before being phased out by
the pentavalent antimonial compounds sodium stibogluconate and meglumine anti-
moniate [7-9]. Thakur et al. have previously labelled tartrate with 7Sb [10]. The
low stability of this complex in vivo [11] and the lack of chemical handles for mod-
ification to enable targeting have meant that this system is unsuitable for further
development as a chelator for radioantimony.

Sulfur-containing ligands are obvious choices for an exploration into the chemis-
try needed for application of radioantimony in nuclear medicine. Olson et al. have
investigated the trithiolato ligand shown in Fig. 1(B), successfully labelling it with
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Table 1 Nuclear data of selected antimony radioisotopes

Isotope Half-life (h) Primary decay Major y-ray lines in keV Production route®
mode (abundance) (abundance)
1165 0.26 € (48%) 129356  (84.8%) Sn(p,2n)'1%Sh
Bt (53%) 93181  (24.8%) 185N (p, n)'"%Sh
222533 (14.6%)
sp 28 e (983%) 15856  (86%) "Sn(p, n)'’sh
Bt (1.7%) 86135  (0.31%)
10045  (0.21%)
118mgy 50 € (99%) 122968  (100%) 185N (p, n)'"8MSh
Bt (0.2%) 25368  (99%)
105065  (97%)
119%p 382 e (100%) 23.87 (16.1%) 119N (p, n)'"%Sh
120mg}, 138 e (100%) 11713 (100%) 1205n(p, n)'29sh
1023.1 (99.4%)
1973 (87%)
1225h 654 B~ (97.6%) 56412 (71%) 1225n(p, n)'?2Sh
e (24%) 69279 (3.85%)
Bt (0.006%) 12569  (0.81%)

?Applicable for medical cyclotron production.

Physical decay characteristics of produced radionuclides [5] from proton bombardment of natural tin or enriched '7Sn or
195N, &: electron capture
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Fig. 1 Diagrams of the structures found in the single crystal X-ray structures of the antimony(lll) complexes of
(A) tartrate in Ca[Sb,(p-tartrato,].3H,0 [14], (B) an isophthalic acid appended trithiolato ligand [12] and (C) TMe in
[Sb(TMe),](TMe) [13]
1196h [12] albeit in low radiochemical yields. However, the reported dissolution
and labelling methods are time consuming (>3.5 h) making it unsuitable for label-
ling with 17Sb, due to its short 2.8 h half-life. In a new approach, we have explored
the antimony chemistry and feasibility for radiolabelling of the tristhione scorpio-
nate ligand hydrotris(methimazolyl)borate (TMe) which has been reported to form
Sb(III) complexes [13], including the unsymmetrical [Sb(k*>-TMe)(k*-TMe)]* cation
crystallised as its TMe salt (Fig. 1(C)). Antimony chemistry is fraught by hydrolysis
reactions in both the +3 and +5 state. It was therefore of some concern that [Sb(i3-
TMe)(k*>-TMe)]* was synthesized under non-aqueous conditions when dilute aque-
ous conditions at close to pH 7 will be needed for application to nuclear medicine.
In this study, we have investigated the suitability of the TMe chelator for the ther-
anostic pair '*?Sb and '7Sb for nuclear medicine applications. Although the use of a
single multidentate chelate is typically seen as the most favourable for this applica-
tion, we observe an extremely high propensity for the formation of bis homoleptic
complexes and have achieved an unprecedented rapid *'”Sb radiolabelling.

Page 3 of 16
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Methods
Materials
All chemicals and solvents used were reagent grade and were used without any further
purification unless otherwise stated. Chemicals used for isotope production, radio-
chemical separation and the radiolabeling process were all of suprapur grade or 99.99%
trace metal grade, unless otherwise stated. For high performance liquid chromatogra-
phy (HPLC) analysis, HPLC grade solvents were used. For Liquid chromatography-mass
spectrometry (LCMS), LCMS grade solvents were used.

All water used in the radioisotope production, radiochemical separation and the
radiolabelling experiments was obtained from a Milli-Q Direct-Q 3 UV system (Merck
Millipore) with a resistivity of 18.2 MOhm*cm, hereafter referred to as MQ water.

Synthesis and characterisation

NaTMe

The hydrotris(3-methyl-2-thiooxoimidazolyl)borate ligand was prepared as the sodium
salt (NaTMe), according to literature procedure [15].

SbCl,(TMe)

NaTMe (69 mg, 0.18 mmol) was added to a MeOH (50 mL) solution of Bu,NCI (998 mg,
3.59 mmol) which resulted in a turbid solution. This was clarified by filtration then
boiled while SbCl; (42 mg, 0.18 mmol) was added slowly. An initial orange colour rapidly
changed to yellow during the addition. The solution (pH="7-8) was allowed to cool over-
night resulting in the deposition of yellow crystals. These were recovered and washed
with diethyl ether. Yield=72%. *C{!H}-NMR (100 MHz, DMSO) § (ppm)=48.64,
13.54. ESI-MS (MeCN, pos. mode): m/z 239.0605 (28%, [CgH;;BN,S,+H]" calc.
239.1420), 269.0179 (8%, [C,H,CIN,SSb]* calc. 269.3600), 351.0718 (26%, [TMe]" calc.
351.2920,), 508.9352 (6.17%, [Sb(TMe)Cl]*, 508.94), 825.0553 (100%, C,,H3,B,N;,S4Sb
= [Sb(TMe),]" calc. 825.3520). ESI-MS (MeCN, neg. mode): found (calc.) m/z=351.0678
(351.2920, 100%, [TMe]"), 578.8899 (5.59%, [Sb(TMe)Cl;]™ calc. 578.88). IR (FT-ATR
diamond anvil) cm™! = 3050 (Csp>-H, str, s), 1550 (C=C, str, s). Elemental analysis (%):
C: 26.71; H: 3.33; N: 13.89 calc. for C,,H,BCL,NS,Sb: C: 26.5; H: 2.96; N: 15.45.

[Sb(TMe),](TMe)

K[Sb(OH)] (20 mg, 0.076 mmol) was heated in distilled water (10 mL) with stirring until
dissolved. The solution was allowed to cool to approx. 50 °C before acidifying to with
trifluoroacetic acid (3 drops). A solution of NaTMe (142.4 mg, 0.380 mmol) in water (3
mL) was added to the antimony solution. An orange solid precipitated during the addi-
tion and the mixture was stirred for one hour at room temperature, during which the
colour of the solid changed to yellow. The yellow solid was collected by centrifugation
and washed with water (3 x 8 mL), then dried under vacuum. Yield 62.2 mg, 0.53 mmol,
70.0%. ESI-MS (MeCN, pos. mode) m/z 351.06 (34%, [C,,H;;BNS;]+calc. 351.069),
825.05 (100%, C,,H,,B,N,S,Sb = [Sb(TMe),]", calc. 825.04).
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'H NMR spectroscopy
Samples for were prepared in deuterated solvents and spectra were recorded on a Bruker
Advance III 400 MHz spectrometer or a Jeol JNM-ECZR 500 MHz spectrometer. Data
were processed with MestReNova software.

ESI Mass spectra were recorded with Electrospray ionisation (ESI) on a Bruker
micrOTOF-Q II spectrometer (nanospray, capillary temperature=180 °C, spray volt-
age=3.7 kV), using acetonitrile as solvent.

UV-visible pH titration

UV-vis spectra of a solution of 0.03 mM [Sb(TMe),](TMe) in 0.1 M HCI were recorded
on an Agilent 8453 spectrophotometer in 1 ¢cm quartz cuvettes across 200—500 nm.
The solution was titrated with NaOH (10 M) increasing the pH from 1.2 to 10.5 (with a
MeterLab pHM240 pH meter from Radiometer Copenhagen, equipped with a Metrohm
Solitrode pH-electrode).

Liquid chromatography-mass spectrometry

Liquid chromatography-mass spectrometry was performed on a Bruker Impact II UHR-
TOF MS system with an Elute UHPLC system. An Intensity solo2 C18 column (100 x
2.1 mm X 2 pm) was used. A Gradient method was used (A: B, MQ water with 0.1%
trifluoroacetic acid (TFA)(Sigma-Aldrich, DE): MeCN (VWR Chemicals, FR): 0-2 min:
5% B; 2—10 min: 5-95% B gradient; 10-12 min: 95% B; 12—14 min: 95-5% B gradient.
Samples of NaTMe, SbCl,(TMe) and [Sb(TMe),](TMe) were dissolved in MQ water
with 0.1% TFA: MeCN (95:5) resulting in 0.1 mg/mL solutions.

Radioantimony production
Target preparation
17Sb was produced via the 7Sn(p, n)''”Sb nuclear reaction using highly enriched (97%)
7S (Campro Scientific GmbH, Berlin, DE). The targets were prepared by electroplat-
ing enriched '*"Sn on a rhodium backing (diameter of 28 mm and thickness of 1 mm)
or silver backing (diameter of 30 mm and thickness of 5 mm) as described previously
[2]. Briefly, the enriched ''Sn (4-6 mg) was dissolved in 30% HCI (Merck, Darmstadt,
DE) containing 30% H,O, (Merck, Darmstadt, DE) followed by addition of 10 M KOH
(Sigma-aldrich, St. Louis, MO, USA). The solution was diluted with MQ water to 0.25 M
KOH. The solution was heated and added to an electroplating cell. Electroplating was
carried out with a plating current density of 7-11 mA/cm? for 4-5 h at a bath tempera-
ture of 70—80 °C with a platinum wire as anode.

For natural tin ("*Sn) targets, 8—16 mg "*'Sn (99.99% trace metals, Sigma-Aldrich, St.
Louis, MO, USA) was electroplated on a rhodium backing as described above.

Target Irradiation

Electroplated tin targets were mounted in an irradiation capsule and pneumatically
transferred to the cyclotron using the ARTMS QUANTM Irradiation System® (“QIS,
ARTMS, Vancouver, CA) mounted on a GE PETtrace Cyclotron at the Department
of Nuclear Medicine at Odense University Hospital. The GE PETtrace cyclotron was
mounted with a GE aluminium energy degrader of 0.8 or 0.5 mm, reducing the pro-
ton beam energy to either ~ 10.8 MeV or ~ 13.1 MeV, respectively. This energy range
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is within the maximum of the excitation function for the nuclear reaction Sn(p,
n)'7Sb [16]. ™'Sn targets (12.2—18.8 mg/cm?) were irradiated with a 10.8 MeV proton
beam with beam currents of 35-40 pA for 2 h. A mixture of several long-lived radioanti-
mony isotopes primarily comprising !'®™Sb, 129"Sh and '*’Sb as well as '*"Sb (combined
denoted *Sb in the following) were produced by proton bombardment of "'Sn and
used for subsequent radiolabelling experiments. Enriched '’Sn targets (3.73-8.03 mg/
cm?) were irradiated with either 10.8 or 13.1 MeV proton beams with a beam current of
40 pA for 45-60 min.

Beam current ramping

A beam current ramping experiment with 13.1 MeV protons was performed to inves-
tigate the cooling properties of a 20.3 mg/cm®"™'Sn target. Proton beam currents of up
to 55 pA were tested. Visual inspection of the target was performed between each beam
current increment, to determine whether melting of the target was occurring.

Radiochemical separation

Dissolution of irradiated tin targets and radiochemical separation of 17Sb or *XSb
from the target material was performed as described previously [17]. Briefly, tin targets
were dissolved in 700 uL warm (~40°C) 30% HCI containing 50-100 pL 30% H,O,.
After 10 min, 50 pL 30% H,O, was added to ensure complete oxidation followed by
an increase in temperature to ~ 60°C (in the solution) to ensure decomposition of the
remaining H,O,. When bubbles stopped forming, the solution was transferred to a col-
umn (1.0 x 15 cm) packed with AG 4-X4 anion exchange resin (100—200 mesh, free base
form, BIO-RAD, USA) preconditioned with 0.8 M HCI. Radioantimony was eluted with
0.8 M HCI (flowrate of 0.8 mL/min) and collected in plastic vials. The radiochemical
separation was monitored using a shielded Nal detector to measure the count rate in the
eluate in the exit tube as a function of eluant volume. To evaluate the separation yield
and radionuclidic purity (RNP) of the radioantimony fraction, collected samples were
measured using a calibrated broad-energy Ge detector (BEGE2020-7600SL; Canberra)
with detector software Genie 2000 (version 3.2.1; Canberra). Radioantimony isotopes
were identified and quantified according to the y-lines listed in Table S1.

Radiolabelling and quality control

A sample of the purified radioantimony fraction was mixed with 2.8 mM NaTMe (dis-
solved in MQ water) in a 1:5 ratio (V/V), the solution was left for 45—-60 min at room
temperature. The radiochemical purity (RCP) of the radioantimony labelled TMe com-
plex ([!'Sb]Sb-TMe and [***Sb]Sb-TMe), was determined by analytical reverse-phase
(RP) HPLC on a Hitachi LaChrom Elite system with diode array detection in series with
radio-detection and a Phenomenex Gemini C18 column (150 X 4.6 mm, 5 pm, 0.7 mL/
min). The same gradient program used for LCMS was used with MQ water with 0.1%
TFA (Sigma-Aldrich, FR) and acetonitrile (VWR Chemicals, FR) as eluent. Non-radio-
active SbCl,(TMe) dissolved in MQ water (0.9 mM) was added to all samples containing
radiolabelled complex (1:1 V/V) before they were run on HPLC, to limit adsorption of
the radiocomplex on the HPLC column. Nevertheless, small but detectable amounts of
radioantimony remained on the HPLC column after elution and the resulting RCP val-
ues are thereby guiding and not quantitative.
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Stability experiments

Cysteine challenge

[*XSb]Sb-TMe was prepared as described above. 100 pL of the radiolabelling solution
(0.22£0.01 MBq, 4.0 MBq/umol, n=3) was diluted in 500 pL of 25 mM cysteine (pH
5, Sigma-Aldrich, St. Louis, MO, USA) dissolved in MQ water. The pH was 0-1 after
mixing with cysteine. The solutions were incubated at 37 °C for up to 48 h. Samples
were drawn after 0, 24 and 48 h. The samples were analysed by RP-HPLC, as previously
described, to determine the RCP. The RCP was also determined prior to mixing with
cysteine, 45—-60 min after the addition of TMe.

pH-dependent stability

[*XXSb]Sb-TMe was prepared as previously described. The RCP was assessed 45—60 min
after the addition of TMe to radioantimony, by performing RP-HPLC analysis as previ-
ously described. Subsequently, the pH of the radiolabelling solution was increased with
NaOH (Sigma-Aldrich, UK) until reaching pH 6-7. RP-HPLC analysis was then imme-
diately performed to assess the RCP. It should be noted that HPLC-analysis was per-
formed under acidic conditions, hence the pH of the sample was likely reduced when the
sample was analysed.

SPECT/CT imaging with ""7Sb

The NEMA NU 4-2008 Phantom (NU4IQ) comprising one main phantom body with
two cold inserts and 5 fillable rods with inner diameters of 1, 2, 3, 4 and 5 mm [18], was
used to investigate the suitability of '*”Sb as a SPECT isotope in a preclinical setting.
Purified '7Sb was thoroughly mixed with MQ water and was added to the phantom.
SPECT/CT scanning of the phantom was performed on a Siemens INVEON multimo-
dality pre-clinical scanner (Siemens pre-clinical solutions, Knoxville, TN, USA). The
phantom contained 74.4 MBq ''”Sb at the beginning of the SPECT/CT scan.

The SPECT/CT protocol included first a 2-bed CT scan obtained for attenuation cor-
rection and structural orientation. The CT was obtained with the following settings: half
rotation, 180 projections, 4 x 4 bin, and low magnification covering the entire phantom.
The exposure settings were 80 kV and 500 pA at 250ms. The CT scan was reconstructed
using the Feldkamp algorithm, with a Sheep-Logan filter, slight noise reduction, and
Hounsfield calibration.

The SPECT scan was performed using two synchronized detectors with general-pur-
pose mouse collimators (MGP-1.0). The acquisition parameters included a 35 mm radius
of rotation, 60 projections/revolution, 1.0 revolution, 6° angle, and 300 s/step resulting
in a total scan time of 5 h 48 min. The energy window was 143-175 kV with a photopeak
at 159 kV. CT and SPECT images were co-registered using a transformation matrix, and
the SPECT data was reconstructed using an MAP3D algorithm (matrix 128 x 128, 8
iterations, and 6 subsets) with a requested resolution of 1.4 mm. Attenuations correc-
tion and scatter correction was applied and the SPECT/CT data were analyzed using
the dedicated imaging analysis software Inveon Research Workplace (Siemens Medical
Solutions Malvern, PA, USA).

For comparison, SPECT/CT scans of the known SPECT isotope, technetium-99m
(**™Tc) were also performed under the same conditions, with few alterations. For acqui-
sition 228 s/projection was applied to comply with the longer half-life of *™Tc (T, =
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Fig. 2 Natural tin target before (A) and after (B) irradiation with 13.1 MeV protons and a beam current of 45 pA

Table 2 Irradiation of "'Sn targets

Beam current Total Target thickness Measured Calculated production yield
(HA) charge (mg/ cm?) production yield (MBg/ for 97% enriched '7Sn
(nAh) uHAh) target
(MBqg/pAh)
40 79.6 17.9 4.7 593
40 79.6 122 23 29.6
35 69.1 18.8 34 427

Production details including beam current, total charge, target thicknesses of natural tin targets, "'’Sb production yields at
end of bombardment after irradiation with a 10.8 MeV proton beam and production yields calculated for a corresponding
target with 97% tin-117 enrichment

6.01 h), resulting in a total scan time of 3 h and 48 min. The phantom contained 72.3
MBq *™Tc at the beginning of the SPECT/CT scan.

Statistics
Results are presented as mean+standard deviation (SD) when n>3.

Results

Radioantimony production

Beam current ramping

The beam current ramping experiment showed that the electroplated "'Sn target
(20.3 mg/cm?) could withstand beam currents of up to at least 45 pA of 13.1 MeV pro-
tons with no sign of visual damage (Fig. 2) of the tin layer. At 55 pA protons, however,
some melting of the tin was observed. Hence, the target could withstand an average
power density of more than 0.75 kW/cm?,

1XXsb production

Following the beam ramping experiment, "Sn targets (12.2—18.8 mg/cm?) were irradi-
ated for 2 hours with a 10.8 MeV proton beam and a beam current of 40 pA. The longer
irradiation time of 2 hours was tested to see if the targets could withstand it. Production
yields of '7Sb at end of bombardment of "Sn targets are listed in Table 2 (with pro-
duced activities listed in Table S2). "™Sn targets withstood irradiations of up to 2 hours
without showing any sign of melting and resulted in **”Sb production yields of up to 4.7
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MBq/pAh. This would correspond to a production yield of up to 59.3 MBq/pAh if an
enriched (97%) '1Sn target of the same thickness had been irradiated.

17Sh production

Irradiation of enriched '7Sn targets with beam currents of 10.8 (#=3) and 13.1 MeV
(n=1) resulted in production yields of 12.4-19.6 and 14.3 MBq/uAh, respectively. All
productions of '*’Sb at both 10.8 MeV and 13.1 MeV resulted in similar radionuclidic
purities of 92.4-94.8%. The remaining 7.6-5.2% corresponded to the short-lived anti-
mony-116 (1*Sh, T, , = 15.8 min). The biggest ''”Sb production resulted in 564 MBq of
17Sh with a radionuclidic purity of 94.8% at end of bombardment. The separation was
performed in 120 min (including 45 min of cooling time to allow decay of '1°Sb) and
resulted in the collection of 205 MBq ''Sb. At end of separation (EOS), no radionuclidic
impurities were detected (RNP=100%), for any ''Sb production. An overview of the
117Sh production details is shown in Table 3. The table includes production yields calcu-
lated from cross sections found in literature [16, 19-21] for the listed target thicknesses
and the beam energy used. It is evident from Table 3 that the measured production yield
constitute 56—67% of the theoretical production yield.

Based on experimental and theoretical cross sections published in literature [16, 19—
21] (extracted from graphical plots), a thick target yield for the *”Sn(p, n)'’Sb nuclear
reaction in the 15— 8 MeV range was calculated to be 1.48 GBq/pAh. In practice, this
would correspond to 0.83-0.99 GBq/pAh for the production conditions used above, as
indicated by the difference between the measured and theoretical production yields pre-
sented in Table 3.

Synthesis and characterisation of cold Sb complexes of TMe

The methods section contains the preparations and spectroscopic data for the isolated
non-radioactive solid state Sb compounds SbCl,(TMe) and [Sb(TMe),](TMe). ESI MS
(Fig. S1) and LCMS data (Fig. S2 and S3) suggest that, in solution, the predominant anti-
mony species present is [Sb(TMe),]|* regardless of whether SbCl,(TMe) or [Sb(TMe),]
(TMe) was dissolved. The crystal structure of [Sb(TMe),](TMe) has been reported pre-
viously [13] (CCDC 274857). Further studies of the solid state and rich solution chemis-
try of these and related Sb(III) complexes with TMe will be reported in due course.

TMe radiolabelling and quality control
TMe was successfully radiolabelled with radioactive antimony. RP-HPLC analysis of

[*XXSb]Sb-TMe, after 60 min of incubation at room temperature, showed one clear peak

Table 3 Irradiation of enriched ''/Sn targets

Beam energy Beam Total charge Target thickness Measured Theoretical
(MeV) current (nAh) (mg/ cm?) production yield produc-
(HA) (MBg/pAh) tion yield

(MBq/uAh)

10.8 30 222 50 124 22.1

10.8 30 221 8.0 19.6 329

10.8 40 29.7 54 125 22.1

13.1 40 396 3.7 143 21.2

Production details including beam energy, beam current, total charge, target thickness, production yield of '’Sb and
theoretical production yields based on experimental cross sections found in literature [16, 19-21] following irradiation of
enriched '7Sn targets with a proton beam of 10.8 or 13.1 MeV
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in the radio chromatogram with a retention time of 10.9 min (Fig. S4.A). The corre-
sponding peak also dominates the UV chromatogram at 10.9 min (Fig. S4.B), which has
the same elution time as the peak observed when performing RP-HPLC analysis of non-
radioactive SbCl,(TMe) (Fig. S5). The absence of non-chelated '**Sb, which elutes after
2.75 min (Fig. S6), suggested complete radiolabelling of TMe. Radiolabelling of TMe
with 1**Sb yielded a RCP of 99.5+1.0% (n=4) following incubation for 1 h at room tem-
perature. Radiolabelling of TMe with ''7Sb resulted in the formation of [*}”Sb]Sb-TMe
with a high RCP of 98.5£2.7% (8.8—-33.0 MBq/pumol, n=3), 45 min after the addition of
radioantimony (Fig. 3).

Stability experiments

The stability of the [***Sb]Sb-TMe complex was examined in presence of cysteine for
48 h at pH 1. The stability was assessed by determining the RCP by RP-HPLC analy-
sis, which was measured to be >99% throughout 48 h (Fig. 4.A). No degradation of the
complex or dissociation of radioantimony was observed by HPLC. The stability of the
1XXSb-radiolabelled complex was investigated at a higher pH by increasing the pH of
the radiolabelling solution to 6-7 and then performing radio HPLC-analysis (Fig. 4.B). A
decrease of >95% of the RCP was observed after increasing the pH of the radiolabelling
solution.

Ultraviolet-visible light pH titration of [Sb(TMe),](TMe)

The stability of the non-radioactive [Sb(TMe),](TMe) complex in an aqueous solu-
tion was investigated by ultraviolet-visible light (UV-vis) pH titration. Solutions of
[Sb(TMe),](TMe) were yellow below approximately pH 3 indicating coordination by thi-
one sulfur atoms and that the complex cation was intact. This is supported by LCMS
showing the dominant 823 m/z ion for [Sb(TMe),]* (Fig. S2). Titration of a solution of
[Sb(TMe),](TMe) at pH 1 with NaOH (Fig. 5) revealed that bleaching was complete at
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Fig.3 (A) radio chromatogram and (B) UV chromatogram obtained from analytical RP-HPLC of a sample of ['7Sh]
Sb-TMe (13.3 MBg/pmol) mixed (1:1 V/V) with 0.9 mM non-radioactive Sb(TMe)Cl, dissolved in MQ water
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Fig.4 (A): Stability of the [**Sb]Sb-TMe complex in 21 mM cysteine for up to 48 h (n=3). pH after mixing was 0-1.
Radiochemical purity was determined by radio HPLC analysis. (B): Radiochemical purity of TMe labelled with **Sp
at pH 1 (black) and immediately after increasing the pH of the radiolabelling solution to 6-7 (grey stripes), (n=3).
All samples were mixed (1:1 V/V) with 0.9 mM non-radioactive SbCl,(TMe) dissolved in MQ water (pH 5) prior to
RP-HPLC analysis. Data is presented as mean +SD
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Fig. 5 UV-VIS spectrum of a solution of [Sb(TMe)(TMe)](TMe) (0.03 mM) dissolved in 0.1 M HCl and titrated with
NaOH. Insert: decrease in the intensity of the shoulder at 300 nm with increasing pH

pH 4 (Fig. 5). The final UV-vis spectrum is identical to that of an aqueous solution of the
free ligand, showing absorption maxima at 250 nm and no absorption above 300 nm.

SPECT/CT imaging

In order to verify the suitability of '7Sb as a SPECT isotope, its imaging abilities were
assessed by performing a SPECT/CT scan of the NU4IQ phantom containing puri-
fied ''’Sb using a preclinical SPECT/CT scanner. Scans and depictions of the phantom
are shown in Fig. 6. All rods could be located on the scans (Fig. 6.A.1 and D), but the
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SPECT SPECT + CT Drawing

Fig. 6 (1) SPECT and (2) SPECT/CT of the NU4IQ Phantom containing ''’Sb. (3) drawings of the NU4IQ Phantom.
(A): axial slice of the five radioactive rods of 1, 2, 3, 4 and 5 mm in diameter. (B): axial slice of the two chambers
containing water (8 mm). (C): coronal slice. (D): SPECT images of the five rods (axial) with a higher intensity scale
for the scan performed with ''7Sb and a scan performed with **™Tc for comparison, at the same intensity scale
smallest rod (1 mm) was only just discernible. The two non-radioactive inserts were vis-
ible as well (Fig. 6.B).

SPECT/CT scans of the NU4IQ Phantom with the clinically used *™Tc was per-
formed, as depicted in Fig. 6.D, using the same intensity scale as for the '*’Sb SPECT
image for comparison. All rods were distinguishable, similarly to the ''’Sb SPECT-scan,
however, the smallest rod was less discernible than for 'Sb.

Discussion

The potentially highly potent Auger electron emitter '?Sb and the SPECT-isotope ''’Sb
form an isotope pair particularly suitable for cancer theranostics. The great potential
of this true theranostic pair and the lack of suitable chelators for antimony highlights a
need for chelators that form stable complexes with antimony using a simple and rapid
labelling method, compatible with the short half-life of !'Sb. In this study, we introduce

TMe as a potential chelator for complexing **Sb and !’Sb.

Radioantimony production

High beam current irradiation of electroplated tin metal is challenged by the low melt-
ing point of tin (232 °C). To our knowledge, we successfully conducted the highest beam
current irradiations of tin metal on a commercially available, fully automated solid target
system, without melting of the target material. This optimization of the radioantimony
production method enabled the achievement of a production yield of up to 19.6 MBq/
pAh using a biomedical cyclotron. Following irradiation of a thin solid target (3.7 mg/



Gé et al. EEINMMI Radiopharmacy and Chemistry (2024) 9:75 Page 13 of 16

cm?) for 1 h with a 13.1 MeV proton beam at a beam current of 40 pA, 564 MBq of 1’Sb
was produced at end of bombardment (EOB). Using a target thickness of 20 mg/cm? as
performed in the beam current ramping experiment and extending the irradiation time
to 2 hours, would lead to the production of approx. 6 GBq of '’Sb at EOB. Taking into
account the radiochemical yield of the Sn/Sb separation, almost 3.5 GBq would be avail-
able for labelling at EOS. Should an appropriate chelator with fast complexation kinet-
ics<1 h, be used, then the resulting activity levels should be adequate for several clinical
examinations. Even higher activities (>50 GBq) can be obtained by increasing the target
thickness. The activity yield was calculated from published cross sections, while con-
sidering the 33-47% lower practical yield observed in this work. After radiochemical
separation, radiolabelling, and quality control, the amount of ''”Sb produced would be
enough activity for tens of patients at several hospitals, if a dose of 200 MBq per patients
was estimated, which is more than adequate for clinical applications. It should be noted
that, although the thin targets used in this work could withstand a beam current of up
to 45 pA, a thicker target might not be able to withstand such a high beam current due
to the low thermal conductivity of tin and thus, poorer cooling. This limitation could
potentially be avoided by using an inclined target/beam geometry with a larger surface
area irradiated and lower physical thickness of the tin layer, thereby ensuring an effective
cooling of the target. It has previously been reported that the use of an inclined beam
enabled irradiation of a 10 mg/cm?™Sn target with a 150 pA proton beam current for
up to 76 min [22]. The described production and separation method underlines the fea-
sibility of readily producing '*’Sb via solid target irradiation with biomedical cyclotrons
found in hospitals, resulting in activity yields of 1*”Sb adequate for clinical applications.

SPECT/CT imaging with '"7Sb

Establishing the suitability of !'’Sb as a SPECT isotope is essential if it is to be used with
9G] as a true theranostic pair. Using a theranostic pair consisting of the same element
offers advantages in terms of displaying identical pharmacokinetics, biodistribution and
the same affinity towards a given molecular target. Changing the radioisotope-chelator
complex, as for theranostic pairs from different elements, has been reported to change
the pharmacokinetics of the radiopharmaceuticals, limiting their use as a theranos-
tic pair [23-25]. Although theranostic pairs of different elements are used in the clinic,
e.g. gallium-68 and lutetium-177 used for patient selection and treatment, respectively,
for patients with metastatic castration-resistant prostate cancer [26], using a theranos-
tic pair of the same element is far more advantageous as it enhances the imaging and
therapy compatibility. The purified ''’Sb was used for SPECT/CT scans of a NU4IQ
phantom, to determine its suitability as a SPECT isotope. The images shown in Fig. 6
are, to our knowledge, the first reported SPECT/CT images with '”Sb performed on
a preclinical scanner. The SPECT/CT scan of the phantom demonstrated excellent
spatial resolution, all radioactive rods could be identified, and the visibility of the non-
radioactive inserts was retained. The spatial resolution of the 17Sb images was slightly
better than the images obtained with the clinically used *™Tc, as the lowest diameter
rod (1 mm) was barely distinguishable when a higher intensity scale was applied for the
9mTe SPECT scan, demonstrating the great SPECT-imaging properties of ''7Sb. The
remarkable SPECT imaging properties of '’Sb combined with the simple and highly
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implementable production method that enables the isolation of several GB(’s of purified
1178, locally at the hospital, underline its potential as a future clinical SPECT isotope.

TMe radiolabelling

HPLC-analysis of ['!”Sb]Sb-TMe combined with the LCMS studies of aqueous solutions
of Sb-TMe complexes, suggests that TMe was successfully radiolabelled with '7Sb form-
ing the bis-complex [['”Sb]Sb(TMe),]* observed in aqueous solution. TMe was read-
ily labelled through simple mixing under acidic conditions at room temperature and
yielded high RCPs of 98.5+2.7% within 45 min post ''”Sb addition. The radioantimony
is reduced from its +5to +3 oxidation state during the reaction. The most likely reducing
agent in this reaction is the ligand itself, known to readily undergo oxidative degrada-
tion, forming several decomposition products [27, 28]. Although resulting in oxidative
degradation of some of the excess TMe present, this did not affect the RCP, as evi-
denced by the absence of other radio-signals in the HPLC radio chromatograms and the
achievement of a high RCP. This stresses the remarkable properties of TMe as a chelator

for radioantimony.

Cysteine challenge and stability tests

The successful radiolabelling of TMe prompted an investigation of the stability of [\*XSb]
Sb-TMe. [***Sb]Sb-TMe showed high stability in cysteine for 48 h, with no observable
decrease in the RCP, suggesting no release of radioantimony from TMe was occurring
under acidic conditions. However, raising the pH of the radiolabelling solution led to
substantial instability instantaneously, with a pronounced release of radioantimony
exceeding 95%, despite the sample being analysed by HPLC under acidic conditions, as
the eluent used has a pH of about 1. Nevertheless, the instability was reversible, as low-
ering the pH to 1 resulted in an increase in RCP if left for a few hours. Reported ther-
modynamic equilibrium predictions of antimony in water matrices showed reversible
hydrolysis of Sb(III) occurring at pH 1 (~20%), forming Sb(OH), and reaching almost
100% above pH 4 [29]. This suggests that the instability of ["**Sb]Sb-TMe at a higher pH
originated from hydrolysis of radioantimony upon increasing the pH. This is consistent
with the instability observed when performing UV-vis pH titration of a solution of non-
radioactive [Sb(TMe),](TMe) at pH 1 with NaOH. The UV-spectra revealed decoordina-
tion of antimony from the TMe ligands due to hydrolysis and formation of colourless
Sb(OH); was complete at pH 4. Given the current absence of suitable chelators for radio-
antimony, these findings provide crucial insights into the host design for radioantimony
advancing efforts to establish the antimony theranostic pair for medical applications.

Conclusions

Through optimization of the production method for '"Sb, we successfully attained
a high production yield, facilitating the generation of a sufficient quantity of ''’Sb for
clinical applications. Notably, we report the first SPECT/CT scanning of a mouse phan-
tom containing purified ''’Sb performed by a preclinical scanner. This demonstrates the
excellent SPECT imaging properties of 17Sb with high spatial resolution comparable to
that of *™Tc. The soft anionic scorpionate ligand hydrotris(3-methyl-2-thiooxoimidazo-
lyl)borate, TMe, is able to complex YSb(V) rapidly in acidic solution to yield a radiola-
belled Sh(III) complex in one synthetic step. The radiocomplex, proposed to be [''7Sb]
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Sb(TMe),]*, showed high stability in the presence of high concentrations of cysteine for
48 h. The stability of the radiocomplex at physiological pH was low, presumably due to
extensive hydrolysis of the complexed radioantimony. Despite stability challenges of the
radiocomplex at neutral pH, this work contributes to advancing the establishment of the
antimony theranostic pair for biomedical applications.

Abbreviations

AE Auger electron

AEE Auger electron emitter
EOB End of bombardment

EOS End of separation

ESI Electrospray ionisation

HPLC High performance liquid chromatography
LCMS Liquid chromatography-mass spectrometry
MeCN  Acetonitrile

MS Mass spectrometry

NU4IQ ~ NEMA NU 4-2008 Phantom

RCP Radiochemical purity

RNP Radionuclidic purity

RP Reverse-phase

SD Standard deviation

SPECT  Single-photon emission computed tomography
TFA Trifluoroacetic acid

TMe hydrotris(methimazolyl)borate
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