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Abstract: Auger electron therapy is an attractive modality for targeting microscopic tumors. Rhodium-103m 28 

(103mRh, T½ = 56.1 min) is a promising Auger electron emitter that can be obtained as the decay product of 29 

palladium-103 (103Pd, T½ = 16.99 days). 103Pd was chelated in a lipophilic derivative of the 16aneS4 30 

macrocycle and trapped the complex on a C18 cartridge. Elution with dilute hydrochloric acid gave 31 

radiochemically pure 103mRh. We hypothesize this to be through a combination of the Szilard-Chalmers 32 

effect and transient ionization. 33 

 34 
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 39 

Metastasis is one of the major reasons for recurrence and consequent mortality in cancer (Steeg, 2016). 40 

Metastases may contain very few cells and be disseminated throughout the organism. This makes early 41 

stage diagnosis difficult and treatment by surgery or external radiotherapy impossible. Systemic 42 

chemotherapy may be used, but at the risk of powerful side effects that can be detrimental to continued 43 

treatment. Accordingly, there is an unmet need for treatments that can specifically target and cure 44 

micrometastatic disease (Grudzinski et al., 2018). 45 

 46 

Targeted internal radiotherapy holds the promise of treating such disseminated cancers by employing 47 

radiolabeled compounds that specifically target tumor cells. While beta and alpha emissions are current 48 

choices for such therapy, the unique properties of Auger/Coster-Kronig electrons makes them an attractive 49 

choice for pin-point accuracy in internal radiotherapy. Auger electrons have, due to their very short range 50 

and high multiplicity, high linear energy transfer (LET)-like qualities. This makes them capable of inducing 51 

double-stranded DNA breaks (Reissig et al., 2016). Further, the short ranges of Auger electrons of less than 52 

a cell diameter makes it theoretically possible to effectively irradiate targeted cells, while largely sparing 53 

surrounding healthy tissue. For these reasons, Auger radiotherapy is considered a promising emerging field 54 

in nuclear medicine, especially for targeting very small tumor masses such as metastases (Tavares and 55 

Tavares, 2010; Thisgaard et al., 2016; Grudzinski et al., 2018). 56 

 57 

The utility of Auger radionuclides in therapy is believed to hinge on their photon-to-electron energy yield, 58 

or “p/e ratio” (Bernhardt et al., 2001). Since photons deposit most of their energy in healthy tissues away 59 

from small targets, their dose contribution is typically unwanted in Auger therapy. Therefore, a p/e ratio as 60 

low as possible is generally considered desirable. Rhodium-103m (103mRh, T½ = 56.11 min) decays via 61 

isomeric transition to stable 103Rh, giving rise to the emission of Auger electrons (figure 1). The decay of 62 

103mRh distinguishes itself by having a high Auger electron yield compared to its emissions of photons (X-63 

rays). 103mRh emits about 29 times as many low energy (<40 keV) electrons as photons (2-40 keV) per decay, 64 

including a 150% intensity emission of a 0.39 keV Auger electron (Bernhardt et al., 2001; NuDat2). Adjusted 65 

for the energies of the emissions, this gives a p/e ratio of 0.04, making 103mRh one of the most promising 66 

radionuclides for Auger radiotherapy, as was suggested by Bernhardt et al. (Bernhardt et al., 2001).  67 

 68 

Rh(III) can be chelated by sulfur-based macrocycles (Lyczko et al., 2017) and 103mRh is thus potentially 69 

relevant in radiopharmaceutical applications. 103mRh can be obtained as the daughter radionuclide from 70 

both the decay of 103Ru and 103Pd. 103Ru (T½ = 39.25 days) can be produced by the fission of uranium 71 
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followed by separation through distillation or solvent extraction (Bernhardt et al., 2001), as well as by 72 

neutron irradiation of enriched 102Ru. A solution-based generator system for supplying 103mRh from 103Ru 73 

was described by Skarnemark and co-workers (Bartoś et al., 2009; Skarnemark et al., 2009). Using a series 74 

of extractions, oxidations and evaporations, they reported being able to obtain 103mRh in high radiochemical 75 

purity. 103Ru has the drawbacks of being a beta (Emean = 64.1 keV, 92%) and gamma (E = 497 keV, 91%) 76 

emitter. These decay properties mean that the presence of small amounts of 103Ru in the eluted 103mRh 77 

would limit the advantageous dosimetry of Auger radiotherapy significantly and also make efficient 78 

shielding of the generator necessary, both during preparation and storage, as was pointed out by 79 

Skarnemark et al. (Skarnemark et al., 2009). 103Pd decays to 103mRh through electron capture with a half-life 80 

of 17 days (figure 1). Besides abundant Auger electrons, 103Pd emits only X-ray photons in the 20-23 keV 81 

range (77%). This allows for fairly non-problematic shielding, handling, storage and elution of a 103Pd based 82 

generator. Further, 103Pd already enjoys widespread medical use by virtue of its X-ray emissions, utilized in 83 

brachytherapy (Ferro et al., 2018). This makes a potential generator of 103mRh from 103Pd desirable. 84 

Skarnemark and co-workers also reported a solution-phase generator of 103mRh from neutron irradiated 85 

natPdCl2 or natPd(NO)3 (Skarnemark et al., 2009). The group mentioned that the system was in the early 86 

stages of development with limited detail provided, but unfortunately no further reports have emerged in 87 

the literature. 88 

 89 

Production of 103Pd from stable 103Rh using a cyclotron has been reported, mainly through the 90 

103gRh(p,n)103Pd reaction (Sudar, 2002, IAEA, 2009). However, this approach requires the dissolution of 91 

highly inert solid Rh targets, which can be challenging in research laboratories. A simpler and less laborious 92 

way of obtaining 103Pd is via neutron irradiation of 102Pd enriched Pd targets. This allows the facile 93 

dissolution of the target in aqua regia, eventually furnishing a solution of [103Pd]PdCl2. In order to obtain 94 

high quantities of 103Pd, it is also possible to irradiate silver targets with high energy and high intensity 95 

proton beams (Fassbender, 1999).  The multiple methods for production of 103Pd on both research scale 96 

and industrial scale make the 103mRh/103Pd generator a promising system for Auger-based radiotherapy. In 97 

this report we demonstrate the feasibility of a generator system for 103mRh based on chelated low specific 98 

activity 103Pd trapped on a solid phase support contained within a plastic cartridge. The expulsion of 103mRh 99 

that we observed was hypothesized to derive from a combination of the Szilard-Chalmers effect and 100 

ionization from the decay. This allowed the elution of 103mRh in dilute aqueous hydrochloric acid in very 101 

high radiochemical purity. The reported generator allows the direct use of neutron irradiated 102Pd 102 

enriched foils, which is arguably the simplest way of preparing 103Pd. Further, being a cartridge contained 103 

generator, the use of toxic organic solvents was avoided and the handling was simple and practical.  104 
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 105 

 106 

2 EXPERIMENTAL 107 

 108 

2.1 Materials 109 

 110 

Unless otherwise stated, chemicals (including 5) were purchased from Sigma-Aldrich and used without 111 

further purification. Solvents were purchased from VWR in ACS reagent/Ph. Eur. Analytical Reagent grade 112 

(AnalaR NORMAPUR®), unless otherwise noted. Ultrapure water was used in all cases (Milli-Q water 113 

purification system, Millipore, USA). Sep-Pak Plus C18 (short, 360 mg) cartridges were purchased from 114 

Waters (USA). Ultima Gold scintillation liquid was from Perkin Elmer (USA). LSC analyses were performed 115 

on a Hidex 300 SL liquid scintillator in normal double coincidence mode from Hidex, (Finland). 116 

Radioactivities were measured on an LGC-5 high purity germanium (HPGe) detector from Princeton 117 

Gamma-Tech (USA). Radio-TLCs were run on Merck aluminum-backed silica plates and analyzed on a 118 

Cyclone Plus Storage Phosphor System from Perkin Elmer (USA). X-ray spectra were measured on a 119 

Canberra HPGe X-ray detector from Mirion Technologies/Canberra (USA). NMR spectra were recorded on a 120 

Varian/Agilent 400 MR operating at 400.445 MHz (1H) from Agilent Technologies (USA). 121 

 122 

2.2 Neutron irradiation of 
102

Pd enriched Pd foils  123 

 124 

Transmutation of 102Pd to 103Pd was carried out in a high thermal neutron flux. 102Pd enriched (77.9%) 125 

palladium foils (Oak Ridge National Labs, batch 191001) were sealed in high purity quartz ampoules 126 

(Heraeus Suprasil). The ampoules were irradiated in the high-flux irradiation position V4 of the European 127 

high-flux reactor operated by Institut Laue-Langevin in Grenoble, France. One Pd foil (A, 0.30 mg Pd) was 128 

irradiated for 7.73 days in a thermal neutron flux of ≈1.2·1015 n.cm-2s-1. A second Pd foil (B, 0.48 mg Pd) was 129 

irradiated over two periods with an intermittent break of 2.8 days. First irradiation: 4.44 days in a thermal 130 

neutron flux of ≈1.2·1015 n.cm-2s-1, second irradiation: 2.74 days in a thermal neutron flux of 131 

≈1.4·1015 n.cm-2s-1.  132 

 133 

2.3 Quantification of 
103

Pd by gamma spectroscopy  134 

 135 

The activity of 103Pd was determined using a Ge(Li) detector (Princeton Gammatech) with 10% efficiency. 136 

Samples were measured in aqueous media in volumes up to about 1 mL in glass vials or Eppendorf tubes. 137 
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Samples were placed at a distance of 20 cm from the detector. The detector had been energy and 138 

efficiency calibrated using traceable AEA gamma reference sources of 133Ba and 152Eu (AEA Technology QSA 139 

GmbH, Germany). Spectra were analyzed using the Genie-2000 software package (Version 3.2.1., Canberra 140 

Industries). Gamma peak areas were efficiency corrected and the 103Pd activity of the samples was 141 

determined as a counting-statistics weighted average of the radioactivities determined from the following 142 

well-known low yield gamma lines of 103Pd: 294.98 keV (0.0028 %), 357.45 keV   (0.0221 %), 497.08 keV 143 

(0.0040 %), energies and yields from NuDat 2.7 (NuDat2).  144 

 145 

2.4 Preparation of [
103

Pd]PdCl2 solution in HCl from irradiated [
102

Pd]Pd 146 

 147 

To the irradiated Pd foils (A: 0.30 mg, B: 0.48 mg) was added aqua regia (1.0 mL), freshly prepared by 148 

mixing conc. HCl (37%, 3 parts) with conc. HNO3 (65%, 1 part). After about 1 hour, the metal was dissolved 149 

and the mixture was evaporated to dryness at 130 oC under a stream of nitrogen for 10 minutes. The dry 150 

residue was dissolved in conc. HCl (500 µL) and evaporated to dryness at 130 oC under a stream of nitrogen 151 

for 5-10 minutes. Dissolution in conc. HCl and evaporation to dryness was repeated two more times to 152 

furnish dry [103Pd]PdCl2. This was dissolved in aq. HCl (500 µL, 10 mM) and filtered through a syringe 153 

mounted frit. The frit was washed with a further aliquot of aq. HCl (500 µL, 10 mM). This yielded a total 154 

volume of 1.0 mL containing [103Pd]PdCl2 (A: 276 ± 5 MBq, B: 539 ± 6.9 MBq).      155 

 156 

2.5 Synthesis of 16aneS4-O-octyl (3), scheme 1 157 

 158 

Under an argon atmosphere, methanesulfonyl chloride (724 µL, 9.53 mmol) was added to a solution of 159 

octanol (1.0 mL, 6.4 mmol) and triethylamine (2.7 mL, 19 mmol) in anhydrous dichloromethane (20 mL) and 160 

the mixture was stirred at room temperature for 3.5 hours. When TLC (hexane-ethyl acetate, 8:2) indicated 161 

a complete consumption of the starting material, the reaction mixture was added to a separations funnel 162 

containing aq. HCl (100 mL, 1.0 M) and hexane-ethyl acetate (3:1, 100 mL). The aqueous phase was 163 

removed and the organic phase was washed twice with water (2 x 100 mL), dried over NaSO4, filtered and 164 

evaporated to dryness, yielding compound 1 as a colorless oil, pure by 1H-NMR (1.32 g, 99%), Rf = 0.54. 1H-165 

NMR (400 MHz, CDCl3): δ 4.23 (t, J = 6.7 Hz, 2H), 3.01 (s, 3H), 1.75 (m, 2H), 1.39 (m, 2H), 1.31 (m, 8H), 0.89 166 

(t, J = 10.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 70.18, 37.35, 31.69, 29.11, 29.05, 28.96, 25.40, 22.59, 167 

14.05 (see S.I. for NMR spectra). 168 

 169 
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Compound 2 was prepared according to previously published procedures, using the Ziegler influxtion 170 

technique (Li et al., 1997, Copper et al. 1996). In brief, 4,8-dithiaundecane-1,11-dithiol was mixed with 1,3-171 

dichloro-2-propanol in DMF, and added slowly to a mixture of DMF and cesium carbonate in excess, heated 172 

to 80 oC. We obtained the final product in excellent purity and 43% yield. 1H NMR (400 MHz, CDCl3) δ 3.91 – 173 

3.83 (m, 1H), 2.90 – 2.62 (m, 16H), 1.98 – 1.86 (m, 6H). 13C-NMR (100 MHz, CDCl3): δ 68.90, 38.28, 31.04, 174 

30.94, 30.88, 29.78, 29.49. MS (MALDI-TOF, DHB NaCl): M+Na+H found 335.32 (Calculated C12H23NaOS4 175 

exact mass: 335.05) (see S.I. for NMR spectra). 176 

 177 

Under an argon atmosphere, a flame-dried flask was charged with sodium hydride in mineral oil (60%, 11 178 

mg, 0.28 mmol), 2 (52 mg, 0.17 mmol), toluene (2.0 mL) and anhydrous DMF (1.0 DMF). A solution of 1 (67 179 

mg, 0.32 mmol) in toluene (1.0 mL) was added and the resulting mixture was stirred under argon at 70 oC 180 

for 6 hours, then transferred to a separation funnel containing EtOAc (50 mL) and water (50 mL). The 181 

aqueous phase was discarded and the organic phase was washed once with water (50 mL), then dried over 182 

NaSO4 and rotary evaporated to dryness. The crude mixture was purified by flash chromatography in 183 

Hexane-EtOAc (95:5) furnishing the desired compound 3 as a colorless amorphous solid (28 mg, 40%). Rf = 184 

0.24 (hexane/ethyl acetate, 95:5). 1H-NMR (400 MHz, CDCl3): δ 4.23 (t, J = 6.7 Hz, 2H), 3.01 (s, 3H), 1.75 (m, 185 

2H), 1.39 (m, 2H), 1.31 (m, 8H), 0.89 (t, J = 10.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 70.18, 37.35, 31.69, 186 

29.11, 29.05, 28.96, 25.40, 22.59, 14.05. MS (MALDI-TOF, DHB NaCl): M+Na found 447.49 (Calculated 187 

C20H40NaOS4 exact mass: 447.19) (see S.I. for NMR spectra). 188 

 189 

2.6 Preparation and elution of generator  190 

 191 

To a glass HPLC vial (1.5 mL, VWR) was added acetonitrile (305 µL), [103Pd]PdCl2 in aq. HCl (10 mM, 90 µL, 192 

10.1 MBq, 27 µg Pd, 0.25 µmol Pd) and a solution of 3 in acetonitrile (54 µL, 10 mg/mL, 0.54 mg, 1.26 193 

µmol). The mixture was heated at 80 oC for 125 minutes, then cooled to room temperature. The faintly 194 

yellow solution was analyzed by radio-TLC (5% (w/v) NH4OAc in H2O−MeOH, 1:1) with UV-VIS and KMnO4 195 

staining, and the quantitative formation of the desired radioactive compound (4) was confirmed as a single 196 

peak at Rf 0.1. To the mixture was then added water (750 µL), which caused slight precipitation of very fine 197 

particles. The mixture was aspirated into a syringe and applied to a C18 Sep Pak Plus, which had been 198 

pretreated with water (10 mL), with the immediately passing liquid collected as Fraction 0. The generator 199 

was then washed through with water (2 x 5.0 mL) as Fractions 1 and 2. The prepared generator was 200 

subsequently eluted by passing through 1.0 mL of either aq. HCl (1.0 M or 0.01 M) or aq. HCl (1.0 M) mixed 201 
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with 5% acetonitrile (v/v). After elution of the generator with aq. HCl (1.0 mL, 1.0 M), an aliquot of the 202 

eluate (0.10 mL) was removed for counting on a liquid scintillation counter.  203 

 204 

2.7 Analysis of eluates by liquid scintillation (LSC)   205 

 206 

An aliquot of the “undiluted eluate” (UE, 50 µL) was mixed with aq. HCl (1.0 M, 950 µL) for a 1:20 dilution 207 

(“diluted eluate”, DE). To five scintillation vials containing Ultima Gold scintillation cocktail (10 mL) was 208 

then added either of the DE: 2 µL (#1), 20 µL (#2), 200 µL (#3) or of the UE: 20 µL (#4), 200 µL (#5). The vials 209 

were manually stirred until a clear solution was obtained. The vials were counted for 10 minutes without 210 

energy discrimination. A blank sample was co-counted in all cases to establish the background, which was 211 

subtracted from the measurements. All 103Pd quantifications lay within the linear area of a prepared 212 

standard curve (see supplementary information S1).     213 

 214 

2.8 Analysis of eluates by X-ray detection 215 

 216 

On each sample, X-ray spectrometry measurements were performed within four hours after elution on 100 217 

µL of the eluate. A final measurement was performed 2 to 5 days later, after decay of the initial 103mRh 218 

activity, to determine the amount of 103Pd breakthrough. The detector efficiency at 20.1 keV was 219 

determined by linear interpolation of the measured efficiencies of the 13.9 keV and 26.3 keV lines of a 220 

certified 241Am calibration source measured in the same geometry as the subsequent samples. 221 

Measurements were done in flat-bottomed thin-walled plastic vials. By first establishing the breakthrough 222 

using the measurement performed after 2 to 5 days, the counts stemming from 103Pd breakthrough could 223 

be subtracted from the measurements at other time-points, to enable correct calculation of 103mRh activity. 224 

The initial activity present at the time of elution could then be calculated from equation 1. 225 

 226 

No	of	counts = 	� 	A	eff	I�����	e
���	dt

��
��

=	A	eff	I�����	(
�����������

��
)                  (1) 227 

 228 

where A is the 103mRh activity at the time of elution, t  and t! are the time of measurement start and end, 229 

respectively, eff is the detector efficiency at 20.1 keV, I����� is the combined intensity of the 20.074 keV 230 

and 20.216 keV 103mRh x-rays and λ is the 103mRh decay constant. 231 

 232 

 233 
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 234 

3 RESULTS 235 

 236 

[103Pd]PdCl2 was obtained as radioactive metal foils by neutron irradiation. The foils were easily dissolved in 237 

fresh aqua regia, which was subsequently removed by evaporation. This was followed by three cycles of aq. 238 

HCl additions and evaporations to dryness to remove the nitric acid and furnish [103Pd]PdCl2 as a solution in 239 

aq. HCl (10 mM). A final filtration step was necessary to remove a small amount of visible, undissolved 240 

black particles. The total processing led to only limited loss of activity of about 5%. [103Pd]PdCl2 solutions 241 

were obtained with molar radioactivities in the range of 98-120 MBq/µmol. In order to prepare the 242 

generator, 16aneS4 chelator derivatives were purchased (16aneS4, compound 5) or synthesized 243 

(compounds 2, 3 and 5, for NMR spectra, see supplementary information S2). This macrocyclic ring is 244 

known to chelate Pd as well as Rh. In order to chelate all the Pd present, the chelators were added to the 245 

[103Pd]PdCl2  in a 5-fold excess. Initially, the un-modified 16aneS4 (5) was used, but the resulting Pd-16aneS4 246 

chelate was not retained on the C18 cartridge. Therefore, a 16aneS4 derivative modified with a strongly 247 

lipophilic n-octyl chain (3) was synthesized. The chelation of the [103Pd]Pd by 3 to form 4 was carried out in 248 

a mixture of 10 mM HCl and acetonitrile (1:4), in order for the chelator to stay in solution. After heating to 249 

80 oC for 90 minutes, the activity was seen on radio-TLC (5% aq. NH4OAc:MeOH, 1:1) to shift from a broad 250 

smear at Rf 0.0-0.35 to a well-defined peak at Rf = 0.08-0.09 (RCP: 98.5%). This radioactive peak was also 251 

visible on both UV-VIS and KMnO4 stain, indicating the formation of a metal complex. To increase the 252 

polarity of the mixture, water was added to an acetonitrile concentration of 30% (v/v). This led to a slight, 253 

almost opalescent precipitation in the mixture, upon which the entire volume was led through a C18 plus 254 

Sep-Pak cartridge, catching about 71% of the total activity on the support. The remaining activity eluted 255 

through in Fraction 0 (13%) and Fraction 1 (20%). Fraction 2 did not contain enough 103Pd to be detectable 256 

on the HPGe detector. The initial breakthrough of about 30% of the activity in fraction 0 and fraction 1 257 

suggests that the polarity of the water-acetonitrile reaction mixture and the lipophilicity of 3 were not 258 

balanced for full retention.  259 

 260 

The prepared generator, containing the retained [103Pd]4 was eluted with dilute hydrochloric acid. We 261 

found no noticeable difference between using 1.0 M and 0.1 M HCl. The eluates (1.0 mL) were analyzed by 262 

liquid scintillation in order to assess elution yield and 103Pd breakthrough (figure 2). The liquid scintillation 263 

counting efficiencies for 103Pd was determined by preparing a 103Pd standard curve and comparing 264 

scintillation counts with gamma spectroscopy (see supplementary information S1). Because of 103mRh in-265 

growth, LSC counting to obtain 103Pd activities was performed only after the two nuclides reached secular 266 
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equilibrium in any sample (typically 10 hours after any separation procedure). Therefore, LSC count rates 267 

for 103Pd samples were a factor of 1.1 higher than the decay rates determined by gamma spectroscopy, 268 

owing to co-detection of 103mRh decay.  269 

 270 

To establish the counting efficiency for 103mRh on the LSC, eluate samples were also analyzed by X-ray 271 

detection. In an example measurement, the total eluted 103mRh activity was calculated by X-ray detection to 272 

be 146 ± 4 kBq with a breakthrough of 1.04 ± 0.02 kBq of 103Pd corresponding to 0.71 ± 0.02% of the total 273 

eluted activity. The same eluate was also analyzed in triplicate by LSC, where 103Pd breakthrough deducted 274 

counts of 85.2 ± 0.6 kcps were obtained. Through a range of such measurements, the LSC was observed to 275 

detect 103mRh at an efficiency of 51 ± 4% (n = 9), and LSC counts in cps were corrected with a factor of 1.98 276 

to obtain 103mRh radioactivities.       277 

 278 

Eluates from the generator were analyzed by LSC, in order to assess 103mRh elution yields and 103Pd 279 

breakthrough. Eluates were diluted to 5 different concentrations and analyzed by counting 20 times, each 280 

an hour apart. After about 10 hours of counting, a stable plateau was reached (figure 2). This plateau was 281 

caused by the presence of slowly decaying 103Pd, as had been demonstrated by X-ray spectrometry. The 282 

plateau cps, as well as the background counts, were subtracted from the remaining counts and the data 283 

was fitted by chi-square minimization to an exponential decay, with the initial count rate and the half-life as 284 

floating parameters. The counts were then converted to radioactivities using the factors given above. The 285 

obtained data are presented in table 1. It was found that after subtraction of background and 103Pd plateau 286 

activity, the decay of the remaining activity corresponded well with literature values for the half-life of 287 

103mRh of 56.11 min (NuDat2). That these counts were indeed stemming from the detection of 103mRh 288 

decays was further supported by the observed X-ray spectrum (figure 3).  289 

 290 

Initially, the generator was eluted with dilute aq. HCl (1.0 M). This resulted in a decay-corrected 103mRh yield 291 

of 5.81 ± 0.14% (n = 3). This yield was calculated as the eluted 103mRh activity as a percentage of the 103Pd 292 

activity retained on the generator before elution (the theoretical maximum). The co-elution of 103Pd was 293 

found to be relatively modest, with about 0.4% of the eluted activity stemming from 103Pd. This made up 294 

0.02% of the total 103Pd retained on the cartridge, amounting to very limited 103Pd breakthrough. 295 

Accordingly, the radiochemical purity (RCP) of the eluted 103mRh was excellent at around 99.6%. It should be 296 

noted that this is an estimated RCP. No other radioactive species were observed in the eluates by gamma 297 

spectroscopy, X-ray spectroscopy or LSC, but long-term, high sensitivity measurements were not done. The 298 

eluted breakthrough of [103Pd]Pd* was observed by radio-TLC to be from multiple species, and not solely 299 
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from co-eluted 4 (see supplementary information S3). To underscore this fact, eluted palladium is written 300 

with an asterisk, as [103Pd]Pd*. Elution of the generator with 0.1 M aq. HCl was also tested. This resulted in 301 

a similar 103mRh yield (5.8%) but a slightly higher co-elution of [103Pd]Pd* resulting in a lower effective molar 302 

activity. It was hypothesized that the relatively modest 103mRh yield eluted from the generator could be 303 

because of insufficient wetting of the C18 support by the purely aqueous eluents, causing a significant 304 

amount of released 103mRh to stay behind. To remedy this, the generator was eluted with a mixture of 1.0 M 305 

aq. HCl and acetonitrile (95:5). Indeed, the result was a slightly higher 103mRh yield (7.60 ± 0.12%) but the 306 

co-eluted [103Pd]Pd* was also significantly higher, with a breakthrough of 0.07%. This caused the effective 307 

molar activity of the obtained 103mRh to be more than halved when compared to using 1.0 M HCl only.  308 

   309 

4 DISCUSSION 310 

 311 

With this report, we demonstrate the feasibility of a solid-phase generator system for 103mRh from chelated 312 

103Pd. The desirability of such a generator system, although in their example based on 103Ru, was recently 313 

stated by Fassbender and co-workers (Mastren et al., 2017). The tendency of a decaying radionuclide to 314 

break free from the molecule of which it forms part is known as the Szilard-Chalmers effect. This occurs due 315 

to the recoil resulting from the decay emissions. The phenomenon is especially interesting in the 316 

radiopharmaceutical use of radiometal chelates with radioactive daughters. Here, the decay of the parent 317 

may expel the daughter from the chelator, resulting in a free radioactive species with its own 318 

pharmacokinetics (Edem et al., 2016; Severin et al., 2017; Kozempel, 2018). The effect has also been 319 

utilized for the preparation of radionuclide generators. By taking advantage of the different chemical 320 

properties of the chelated parent and the free daughter, separation is possible. In this case, the parent is 321 

rendered lipophilic through confinement by an organic molecule, and can then be trapped on a solid C18 322 

support. Upon decay and expulsion from the chelate, the now free hydrophilic daughter radionuclide can 323 

be eluted with an appropriate aqueous solution. This makes separation possible, even when the chemical 324 

separation of the two corresponding free metal ions is very difficult. In this report, we employed the 325 

Szilard-Chalmers generator principle to release 103mRh from chelated 103Pd that was trapped on a solid 326 

support. Using a lipophilic derivative of the 16aneS4 chelator, [103Pd]Pd was retained on a C18 solid 327 

support, and 103mRh could be eluted in dilute hydrochloric acid. Zeevaart and co-workers reported 328 

calculations that the expulsion of 103mRh by recoil from a [103Pd]Pd-chelate was highly unlikely, due to the 329 

low energy released in the decay (Rooyen, Szucs and Rijn, 2008; Zeevaart et al., 2012). As the authors 330 

pointed out, chemical differences between parent and daughter cannot be relied on for expulsion, since Rh 331 

is also chelated by 16aneS4. However, we hypothesized that the strong ionization of the atom that occurs 332 
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through the emission of the Auger electrons provides a temporary, profound change in the electronic 333 

structure which may lead to expulsion. In this report, we have provided evidence that the expulsion of 334 

103mRh from a [103Pd]Pd-16aneS4 chelate is indeed possible, which may be attributed to this transitory 335 

ionization of the daughter. We observed an elution yield on the order of 6%. Although a slightly less polar 336 

eluent was shown to increase the yield, it did not change to any significant degree. This may be an 337 

indication that the expulsion reaction is not entirely efficient and that some amount of the generated 338 

103mRh stays associated with the chelator. This lends support to the calculations by Zeevaart & co-workers, 339 

while at the same time demonstrating that some degree of expulsion does take place. Since we routinely 340 

used a chelator-to-Pd ratio of 5, expelled 103mRh could also enter empty chelators present in the generator. 341 

However, chelation of Rh(III) by 16aneS4 is typically done at elevated temperature, with optimal conditions 342 

for quantitative incorporation reported by Venkatesh et al. (Venkatesh 1996) to be 1 hour at 80 oC and pH 343 

4, with an ethanol presence over 10%. These conditions are very different from the ones present in the 344 

generator, and the produced 103mRh is only present for a short time, given its decay half-life. Further, the 345 

16aneS4 chelator is in any case present in a very large excess (> 107) relative to the sub-nanomolar 103mRh, 346 

so that even a 10-fold decrease in the amount of the 16aneS4 is expected to have a negligible effect on the 347 

complexation equilibrium. Finally, increasing the wetting of the C18 support by using a higher amount of 348 

organic co-solvent during elution may also increase the yield. A requirement for such a strategy would be a 349 

thorough optimization of the lipophilic chelator derivate that would allow it to be fully retained on the 350 

support. A strategy for this could be increasing the size of the lipophilic substituent. 351 

 352 

The co-elution of [103Pd]Pd* was limited but still significant. The relatively low dose deposition from the X-353 

rays and gammas from very small amounts of 103Pd does not represent an issue in regards to Auger 354 

therapy, as was pointed out by Bernhardt et al. (Bernhardt et al., 2001). However, it does have an effect of 355 

the specific activity of the generated 103mRh. Depending on elution medium, we obtained apparent molar 356 

activities of 103mRh in the range of around 10-30 MBq/nmol Pd, decay-corrected to the time of dissolution 357 

of the [103Pd]Pd foil. Note the fact that this molar activity was calculated in relation to Pd, not Rh, since the 358 

Pd content will be the factor interfering with radiolabeling. Of high relevance for the final specific activity of 359 

the 103mRh product, is the initial 103Pd specific activity of the irradiated foil. We irradiated 77.9% Pd-102 360 

enriched foils (Oak Ridge National Labs, batch 191001) for 7-8 days, but obtained only about 43% of the 361 

expected theoretical yield at irradiation. With transport from ILL (Grenoble, France) to reception and 362 

treatment at DTU Nutech (Roskilde, Denmark), lasting 17 days, the available activity was only 21% of the 363 

theoretical maximum. Accordingly, with an irradiation resulting in a higher transmutation yield in the 364 

vicinity of the theoretical maximum, and processing closer to the end of irradiation, apparent molar 365 
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activities of about a factor 5 higher can be obtained. This would give a maximum apparent molar activity of 366 

more than 100 MBq/nmol Pd, which is well-suited for radiolabeling receptor-specific tracers. Higher specific 367 

activity may be obtained by using targets with higher 102Pd enrichment (> 96%) and longer irradiation times. 368 

 369 

At the moment, 103Pd is not easily available for research needs. BWXT ITG (formerly Nordion) supplies 103Pd 370 

in the form of [103Pd]PdCl2, but primarily in high activities of several GBq destined for the production of 371 

brachytherapy seeds, in relatively low specific activity of >60 Ci/g, and in a different chemical form 372 

(ammonium hydroxide solution)  (www.bwxt.com). We are currently working on securing a continued 373 

supply of 103Pd to further the investigations reported here.  374 

 375 

With this report, we hope to contribute to the increasing interest in and availability of 103Pd for research in 376 

non-brachytherapy applications. With the 103Pd supply we had available, we were able to demonstrate that 377 

the preparation of a reliable 103mRh generator is possible and that this can be done from [103Pd]Pd of poor 378 

specific activity in any reasonably equipped radiochemistry laboratory. This makes research in 103mRh as an 379 

Auger emitter feasible, provided that a supply of 103Pd can be obtained. The generator was not tested at 380 

high 103Pd radioactivities where radiolysis may degrade the chelator and cause higher breakthrough levels. 381 

At elution yields of 6%, it would be relevant to apply several GBq to the generator, for elution yields on the 382 

order of 100-200 MBq 103mRh, which would be sufficient for investigating the radiotherapeutic efficacy of 383 

this radionuclide. For in vitro and preclinical studies on 103mRh as an Auger radiotherapeutic, the reported 384 

generator system may be sufficient. Indeed, such studies would elucidate the necessary 103mRh activities 385 

needed for such studies, since the cytotoxicity of 103mRh remains to be investigated. Reported in vitro 386 

studies on Auger radiotherapy generally employ just a few MBqs, which would be possible to obtain using 387 

the reported generator. For in vivo use, it is our opinion that the short decay half-life of 103mRh only allows 388 

for local administration, such as intratumoral or intracavitary. In such scenarios, less activity is 389 

administered, since systemic loss is less of a concern, and it would be reasonable to suggest a preclinical 390 

dose of around 5-10 MBq. Including an estimated preparation time of 1 hour, this would require a yield of 391 

minimum 20 MBq 103mRh per elution. With a 5-6% yield, this would in turn require loading the generator 392 

with about 400 MBq of chelated 103Pd. Using the neutron irradiation technique that we have used here, this 393 

is an attainable activity, meaning that in our view, preclinical studies would be feasible. Clinical studies 394 

however, even with local administration, would likely require several GBq of administered activity, meaning 395 

that the reported generator would be too inefficient, especially given the radiolysis that can be expected 396 

from the up to 40 GBq of contained 103Pd that would be needed. Accordingly, while this generator may 397 
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hopefully further the investigation of 103mRh in Auger radiotherapy, additional research is needed before 398 

clinical translation. 399 

 400 

 401 

5 CONCLUSION 402 

 403 

We report the development of a cartridge-based, solid phase generator of high specific activity 103mRh from 404 

103Pd obtained in poor specific activity from neutron-activated [102Pd]Pd foils. The generator was based on 405 

103Pd chelated by a 16aneS4 macrocyclic chelator, demonstrating that 103Rh can leave this structure post-406 

decay in a freely elutable form. Elution yields were around 6% with low 103Pd breakthrough at less than 1% 407 

of the total eluted activity. Further studies will focus on improving elution yields and investigating the 408 

radiolabeling chemistry of the eluted 103mRh. 409 

 410 
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 517 

FIGURE CAPTIONS 518 

 519 

 520 

Figure 1. Simplified decay scheme from 103Pd and 103Ru to 103Rh through 103mRh. 521 

 522 

Scheme 1. Organic and radiochemical synthesis 523 

 524 

Figure 2. Example graph of LSC counting of eluate from the 
103m

Rh generator. Plotted as cps on a 525 

logarithmic scale against time. Each point represents an LSC measurement done over 10 minutes. After 526 

about 10 hours, the counts are seen to stabilize at a plateau attributed to 103Pd breakthrough. The decay 527 

half-life of the counts with the 103Pd plateau deducted was in this particular case found to be 58 minutes. 528 



17 

 

 529 

Figure 3. Recorded X-ray spectrum of produced 
103m

Rh. Two main compound peaks were observed at 20.2 530 

and 22.7 keV. This corresponded with literature values: 20.1 keV (2.2%), 20.2 keV (4.1%), 22.7 (1.0%), 23.1 531 

(0.16%), obtained from NuDat 2.7.   532 

 533 

 534 

 535 

TABLES 536 

 537 

 538 

Table 1. Properties of generator elutions using dilute HCl (1.0 M or 0.1 M) or dilute HCl (1.0 M) mixed with 539 

acetonitrile (95:5). 103mRh half-life denotes the observed half-life of activity ascribed to 103mRh in the initial 10 540 

h of LSC counting (litt. value: 56.114 ± 20 min, De Frenne 2009). 103mRh yield is the percentage of eluted 541 
103mRh activity of the entire 103Pd activity retained on the generator (theoretical max). 103Pd breakthrough is 542 

the percentage of eluted 103Pd activity of the entire 103Pd activity retained on the generator. 103Pd (%) is the 543 

amount of 103Pd activity of the total eluted activity. The radiochemical purity (RCP) of 103mRh is estimated as 544 

the eluted activity ascribed to 103mRh as a percentage of the entire eluted activity. The apparent molar activity 545 

is the eluted activity of 103mRh decay-corrected to when the [103Pd]Pd was initially dissolved divided by the 546 

eluted Pd. All data were done in triplicate (n = 3) on different dilutions of the same elution, error is shown as 547 

standard deviation. 548 

Elution medium Aq. HCl (1.0 M, 1.0 mL) Aq. HCl (0.1 M, 1.0 mL) 0.1 M HCl : ACN (95:5) 

103mRh half-life measured 56.9 ± 1.1 min 57.6 ± 3.0 min 59.3 ± 3.0 min 

103mRh yield 5.81 ± 0.14% 5.84 ± 0.03% 7.60 ± 0.12% 

103Pd breakthrough 0.0221 ± 0.0055%  0.0424 ± 0.0005%   0.0692 ± 0.0039%   

103Pd (%) of eluted activity 0.38 ± 0.09% 0.72 ± 0.007% 0.90  ± 0.05%  

RCP of eluted 103mRh (est.) 99.62 ± 0.09% 99.28 ± 0.01% 99.10 ± 0.05% 

Apparent mol. act. of 103mRh 
(dc) 

26.6 ± 5.5 MBq/nmol  13.8 ± 0.2 MBq/nmol 10.5 ± 0.9 MBq/nmol 

 549 

 550 

 551 

 552 
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Highlights: 

- [
103

Pd]PdCl2 was obtained by dissolving neutron irradiated 
102

Pd-enriched targets 

- [
103

Pd]Pd was chelated by a 16aneS4-octyl derivative and trapped on a C18 support 

- Elution of this generator provided 
103m

Rh in excellent radiochemical purity 

- The demonstrated generator will allow investigating 
103m

Rh for Auger radiotherapy 
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