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Targeted alpha therapy (TαT) represents an emerging and cutting-edge treatment option for patients dealing with highly challenging metastatic cancer diseases. Critically, the limited supply of alpha-particle-emitting radionuclides, so-called alpha in vivo nanogenerators, hampers wider utilization of TαT in clinical settings. This could effectively be circumvented by alternative production routes, including straightforward purification and reformulation strategies. Radionuclide generators offering great potential in simple and robust elution strategies can be provided that still adhere to high radioisotopic, radionuclidic, and radiochemical purity criteria. This study takes a first step towards novel separation strategies by providing additional sources of alpha in vivo nanogenerators for TαT through experiments with various metal surrogates. With different systems, 232Th/natBa was used as a radionuclide generator analogue to 227Th/223Ra, and 232Th/natBa/natLa was used as a triplet analogue to 229Th/225Ra/225Ac. Three selective resins (UTEVA, TEVA, DGA-N) were evaluated for the 232Th/natBa system. Two perturbations of the best-performing resin were further evaluated using a larger diameter column and 1 week of equilibration. For the 232Th/natBa/natLa separation system, a combined column with two selective resins (TK200, TK101) was employed and evaluated. The results thus obtained pave the way for alternative separation strategies in radioactive proof-of-concept validation in the near future.
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1 INTRODUCTION
Targeted alpha therapy (TαT) is a treatment method that systematically addresses cancer types that include advanced prostate and neuroendocrine malignancies (Kratochwil et al., 2017; Lindén et al., 2021; Yadav et al., 2022). TαT uses alpha-particle-emitting radionuclides (α-emitters), in contrast to targeted radionuclide therapy (TRNT) that commonly applies beta-minus-particle-emitting radionuclides (β–-emitters) (Kim and Brechbiel, 2012). Both TαT and TRNT selectively deliver cytotoxic radiation to cancer cells. However, TαT demonstrates overall higher treatment efficiencies due to the higher linear energy transfer (LET) and smaller tissue penetration observed for α particles (Kratochwil et al., 2018). Within this concept, the most promising α-emitters are represented by actinium-225 (225Ac), thorium-227 (227Th), and radium-223 (223Ra).
The radionuclide 225Ac decays with a half-life of 9.9 days while generating 4α + 2β–emissions with one branching ratio for 213Bi. Currently, 225Ac represents the most promising alpha in vivo nanogenerator for the clinical management of various cancer types (Królicki et al., 2020; Ma et al., 2022; Yadav et al., 2022) and can be produced:
i) via the cyclotron bombardment of 226Ra (Parker et al., 2018; Higashi et al., 2022), e.g.,
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ii) via photonuclear reaction on 226Ra within the 225Ra/225Ac generator principle (Maslov et al., 2006; Diamond and Ross, 2021), e.g.,
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iii) or in a nuclear reactor within the 229Th/225Ra/225Ac generator principle (Robertson et al., 2018), e.g.,
[image: image]
The radionuclide 227Th decays with a half-life of 18.7 days while generating 5α + 2β–emissions with one branching ratio for 211Bi. 227Th is pre-clinically tested for application in several solid as well as hematologic malignancies (Hagemann et al., 2019; Frantellizzi et al., 2020; Karlsson et al., 2023). 227Th can be produced via a neutron activation of 226Ra within the 227Ra/227Ac/227Th generator principle (Henriksen et al., 2001; Larsen et al., 2007), e.g.,:
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The radionuclide 223Ra with a half-life of 11.4 days practically shares the decay chain of its mother radionuclide 227Th. Radium is an alkaline earth metal ion and accumulates in bones through an analogical mechanism such as calcium. Based on this property, 223RaCl2 (Xofigo®, Bayer Healthcare) found its main clinical application in the treatment of bone metastases. 223Ra is usually gained within the 227Ac/227Th/223Ra generator principle (Abou et al., 2017), e.g.,:
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Based on limiting challenges of, for example, high costs, regulations, and the scarce availability of these radionuclides, the optimization, research, and broader availability of radionuclide generators are essential for prospective application in cancer therapies (Kim and Brechbiel, 2012; Elgqvist et al., 2014; Parker et al., 2018).
In general, three main principles for radionuclide generator build-up are known: i) sublimation generator, ii) extraction generator, and, most versatile, iii) column generator (Rösch and Knapp, 2011). Furthermore, a rapid and uncomplicated chemical separation should be ensured to enable seamless implementation, such as in hospitals. The desired daughter radionuclide should be eluted with high radioisotopic and radionuclidic purity, crucial for not only medical applications but also for subsequent radiolabeling of various pharmaceuticals.
The working principle of the radionuclide generator is based on a “genetic relationship” between mother and (grand)daughter radionuclide(s) and can be “milked” several times after ingrowth of the (grand)daughter radionuclide(s). In contrast to expensive cyclotron and/or nuclear reactors procedures, the radionuclide generator offers an affordable alternative that is easier to maintain and operate. Currently, the number of generator concepts is limited, however, the demand for α-emitters in the pre-clinical and clinical settings is increasing. Additionally, present political strains are critically impacting 225Ac availability for the wider application of α-emitters in cancer treatment (van Cleve et al., 2019; Causey et al., 2020). Therefore, it is essential to research, evaluate, and produce alternate radionuclides which are suitable for TαT and subsequent (pre-)clinical purposes. In this study, we systematically validated separation strategies for two thorium-based generator concepts using extraction chromatographic resins and corresponding metal surrogates. These surrogates were chosen on chemical similarity; ideally, chemically identical isotopic surrogates are chosen. In this study, this was the case for the surrogate 232Th for 227/229Th. If such surrogates are unavailable, chemically similar elements were chosen. Here, 223/225Ra was surrogated by natBa and 225Ac by natLa, although these are not ideal since there are slight differences in their documented chemical behavior. A fully developed generator system should be tested with isotopic surrogates or the desired radionuclides itself.
2 MATERIALS AND METHODS
Milli-Q water (18.2 MΩ cm; Milli-Q Plus, Merck Millipore, Darmstadt, Germany) and ultra-pure-grade acids (VWR International GmbH, Darmstadt, Germany) were used. A column (Figure 1) made from a 1 mL-syringe (Omnifix B. Braun, Melsungen, Germany) with a filter plate (TrisKem International, Bruz, France) was filled with 0.3 mL resin which approximately corresponds to 100 mg. The resins used in this work were UTEVA, TEVA, DGA-N, TK101, and TK200 (TrisKem International, Bruz, France). The resin was covered by another filter plate and connected to a 5 mL syringe (Omnifix B. Braun, Melsungen, Germany) and an outlet tube via connectors (Altmann Analytik GmbH & Co. KG, Munich Germany).
[image: Figure 1]FIGURE 1 | General elution set-up shown for examined generator systems. For the binary generator system, i.e. 227Th/223Ra, only a single resin (UTEVA, TEVA or DGA-N) was used. All columns were pre-conditioned with 3 mL 3 mol/L HNO3; the eluate was collected as ten fractions of 0.3 mL each in a screw-cap vessel (polypropylene (PP), Zinsser Analytic, Fürstenfeldbruck, Germany). 
For the 227Th/223Ra system, the columns with a single resin (UTEVA, TEVA, DGA-N) were loaded with 56 µL of 0.001 mg/mL 232Th solution (56 ng Th) and 90 µL of 0.001 mg/mL natBa solution (90 ng Ba), both solutions in 0.5 mol/L HNO3. The liquid was carefully and slowly pushed onto the resin with a 5 mL syringe and allowed to equilibrate over 2.5 h. The collected eluate was labeled “loading fraction”.
Successively for the elution of Ba, 3 mol/L HNO3 was applied and collected in five fractions of 0.5 mL in individual screw cap vessels (PE, Sarstedt Ag & Co. KG, Nümbrecht, Germany). To avoid cross-contamination in the small fractions, 7.5 mL air was flushed through the resin. Finally, the eluent was changed to 0.05 mol/L HCl for Th elution and five fractions of 0.2 mL each were collected before flushing 7.5 mL air through the resin again.
Both a “blind column” and a “spiked blind column” were prepared for each resin set-up. Blind columns were not loaded with corresponding elements, while the washing and elution procedure remained unchanged. This enabled the evaluation of contaminants potentially present in applied resins or solvents. To verify the selected analytical method, the respective amount of evaluated elements (232Th, natBa) was added after elution to each of the “spiked blind column” eluent fractions, serving as a positive control for the sensitivity and quantification of examined elements.
For the 229Th/225Ra/225Ac system, the combined column (TK200/TK101) was washed with ten times its volume (6 mL 0.5 mol/L HNO3). Subsequently, it was loaded with 90 µL 0.001 g/L natBa solution (0.66 nmol Ba) and 56 µL 0.001 g/L 232Th solution (0.24 nmol Th). In addition, 36 µL of 0.01 g/L concentrated natLa solution (2.6 nmol La) was loaded onto the column and allowed to equilibrate over 1.5 h. The first five eluted fractions were chosen to be of 0.2 mL H2O each to evaluate whether La could be eluted without acidic conditions.
In the next step, 0.05 mol/L HNO3 was chosen to enable proper elution of La. To avoid cross-contamination in the small fractions, 7.5 mL air was flushed through the resin. Ba was then eluted with 6 mol/L HNO3 (5 × 0.2 mL fractions), and, in a final step, Th was eluted with 0.1 mol/L HCl in 5 × 0.2 mL fractions. To evaluate potential retarding effects of the TK200 resin on the Ba elution profile, this procedure was first repeated with a column of the combined resins (TK200+TK101) and then with a column containing only 0.3 mL of TK101 resin afterwards.
Before ICP-MS measurements, all wash, loading, and Ba elution fractions were diluted with 4.5 mL deionized water, whereas the Th elution fractions were diluted with 4.8 mL 2% HNO3. The eluents were measured by HR-ICP-MS (ELEMENT XR by Thermo Fisher Scientific, Dreich/Bremen, Germany) and with Q-ICP-MS (Nexion-5000 by Perkin Elmer) while assessing essential limits of detection (LOD) for all three tested elements (Table 1; Supplementary Table S8).
TABLE 1 | HR-ICP-MS detection limits for eluents.
[image: Table 1]3 RESULTS
3.1 227Th/223Ra separation system surrogated by 232Th/137Ba
The first system investigated the separation of 227Th/223Ra surrogated by 232Th/natBa. Considering a prospective application of the depicted separation processes, we readily implemented the possible impact of nanogram tracer amounts into this proof-of-concept. The results of the 227Th/223Ra separation are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Eluted amount per fraction for Ba (A, C) and Th (B, D) with the following resins: (A, B) UTEVA (black), TEVA (red), and DGA-N (blue). (C, D) Comparison of the unperturbed DGA-N column results with equilibration times of 1 week and at an increased column diameter of 13 mm. Elution volume profiles are shown in mL as bars on the right y-axis. The errors were calculated by error propagation.
It is noteworthy that the wash fraction (No. 1–3) of all resins indicated Ba impurities much higher than the detection limit (Figure 2A), effectively hindering the quantification of non-retained Ba. In spite of these background values, clear differences are apparent in qualitative comparisons between resins such as TEVA and UTEVA, which show only a negligible retention of Ba in contrast to DGA-N. For TEVA and UTEVA, Ba is already washed out with the loading fraction (No. 4) and up to fraction No. 6 the elution is complete, while the DGA-N resin enables the Ba elution to be separated from the loading in fractions No. 6 to No. 12 (Figure 2A).
The elution profile of Th (Figure 2B) clearly shows low cross-contaminations of Th in Ba fractions, which is highly desirable for a system with a Th mother radionuclide. However, overall yields of Th remain low with a DGA-N resin, possibly due to the high affinity of Th to the DGA-N according to known k’ values (TrisKem International, 2015a; TrisKem International, 2015b; TrisKem International, 2015c; TrisKem International, 2023a; TrisKem International, 2023b). Furthermore, experiments at increased acidic concentrations have shown improved Th-retention on UTEVA and TEVA resins. Nevertheless, Ba target fractions should preferentially be eluted in diluted acids to ensure more efficient radiolabeling of prospective pharmaceuticals.
The DGA-N resin showed ideal separation results through high Th-retention and favorable Ba-elution behavior in the presence of less concentrated acids (Roesch, 2012; International Atomic Energy Agency, 2016). Based on these results, the DGA-N resin was chosen for further tests under variable conditions.
Several Th/Ra separation approaches have been reported, ranging from extraction-based approaches (Shishkin et al., 2011; Havelka, 2016) to methods using ion exchange resin like Dowex-1/Dowex-50 (Mokhodoeva et al., 2015; Abou et al., 2017) or Dipex-2 and AG50W-X12 for the separation of 223Ra (Henriksen et al., 2001). However, Henriksen et al. (2001) used 223Ra-stripping concentrations of 8 mol/L HNO3 which, compared to 3 mol/L HNO3 applied in this study, are unfavorable for the subsequent radiolabeling within the intended radiopharmaceutical approach. In comparison, Mastren et al. (2017) have reported on successful Ra isotope separation on a larger scale with radiochemical purities of 99.99%—very similar to the resins tested in this study.
Moreover, we chose to investigate two crucial parameters in the DGA-N experiments. Firstly, larger column diameters can result in less interaction between stationary and mobile phases, which can result in different resolution profiles of the evaluated elements. To examine this, we chose to increase the column diameter from 5 mm to 13 mm while retaining the volume of the applied resin. Secondly, equilibration times on the column can affect the durability, potential degradation, or other reactions of applied resins and nuclides. Therefore, we chose to elute a week after loading the column.
While the diameter variation revealed no difference to the elution profiles (Figures 2C, D), the equilibration time seems to impact the retrievability of Ba. Considering the background of Ba in the resin, Figure 2C shows similar amounts of eluted Ba in the wash fractions (No. 1–3). In contrast, the elution of Ba from the one-week equilibrated column was generally lower and ended five fractions earlier than in the directly eluted columns. This is clearly disadvantageous when considering that this component is applied in generator set-ups with contact times of up to a whole year. To counteract this lower retrievability, tests were performed in which the eluent was heated to 60 °C (Supplementary Figure S1; Supplementary Tables S1, S2). In general, this resulted in a higher retrievability of Ba but also in higher backgrounds in the wash fraction, making a quantitative comparability impossible. The implementation of radioisotope 133Ba could potentially circumvent this problem, as it should be possible to determine the elution profile via gamma spectroscopy.
Very strong adhesion of Th was found for all columns, with detected values being close to the ICP-MS detection limit. In general, repeated experiments verified trends and profiles (Supplementary Figure S2; Supplementary Tables S3, S4), albeit with different Ba backgrounds. As indicated by our results, the elution of Ba is strongly sensitive to temperature. It is possible that these results might have been affected by fluctuating laboratory temperatures or different ICP-MS devices.
3.2 229Th/225Ra/225Ac separation system surrogated by 232Th/137Ba/139La
The second system investigated the separation of 229Th/225Ra/225Ac surrogated by 232Th/natBa/natLa. We compared the combination of TK200 and TK101 resins to the elution profile of sole TK200 resin retaining only Th.
In this system, the elution profile of La (Figure 3A) indicates an efficient La retention on the column and no elution with the loading fraction. Additionally, we evaluated the necessity of acidic elution conditions by applying deionized water on the combined TK200/TK101 set-up. The water-eluted amount of La corresponds to 18% of the initially loaded La onto the column. In contrast, 57% ± 3% of the initially loaded La was successfully eluted from the TK200 column using 0.05 mol/L HNO3. Comparing the profiles of the TK200 (Figure 3B) and TK200/TK101 columns (Figure 3A), it is evident that an elution using water is ideally possible when only TK200 is applied. Thus, it can be hypothesized that La was partially retained on TK101 during the elution with deionized water, which is in congruence with KD values of La on the TK101 resin. The KD values are about 3 mL/g at 10−2 mol/L HNO3 and decrease for 0.1 mol/L HNO3 (TrisKem International, 2023b).
[image: Figure 3]FIGURE 3 | Eluted amount per fraction for La (A, B), Ba (C, D), and Th (E, F). (A, C, E) show separation using the combination of two resins (TK200+TK101) while (B, D, F) show the separation using only the TK200 resin. Additionally, elution volume profiles are shown in mL as bars on the right y-axis. The errors were calculated by error propagation.
Figure 3C demonstrates the high efficiency of combined resins in retaining the majority of applied Ba. However, the elution of Ba in 6 mol/L HNO3 continued into the Th target fractions and resulted in cross-contamination. Applying a larger volume of 6 mol/L HNO3 could potentially deter this problem but might lead to potential difficulties in subsequent radiolabeling procedures. In comparison to Ba, Ra is less strongly bound to TK101 at 6 mol/L HNO3 (TrisKem International, 2023a), and the feasibility of both Ra extraction and elution from environmental samples was proven with TK100, which is a direct derivative of the crown-ether-based TK101 resin (van Es et al., 2017). The elution profiles with TK200 (Figure 3D) conclude that Ba is present in all loading fractions, confirming that TOPO ligands in the applied resin offer subpar Ba-complexation properties (Ghose et al., 1975).
On a final note, Th was successfully retained on combined (TK200/TK101; Figure 3E) and single (TK200; Figure 3F) resin columns with a low recovery of only 2.9%, similar to Th on the DGA-N resin, which is congruent with conditions applied in practical radionuclide generator systems. During generator operation, Th, as the mother nuclide, should be retained and only washed from the column to protect the resin from undesired radiolytic effects in case a reloading strategy would prove feasible. These results of the previous elution profiles of the repeated experiments are nearly identical; however the total recovery of Ba is again lower.
In this study, the quantities of examined surrogates for potential generator settings were chosen in accordance with established ones to allow for comparisons with real radionuclide generator systems. For instance, 100 MBq of 229Th and 227Th respectively correspond to 13.7 mg and 87.9 ng, and 100 MBq of 225Ra and 223Ra to 69.4 ng and 52.6 ng.
A similar approach of combining two separate resins was performed by Lin et al. (2023). They chose different resins to combine, but their elution profiles strongly resemble ours. Our study thus reinforces the application of sequentially combined resins in a single column for multi-radionuclide separation purposes.
3.3 Purity and retrievable yields
For TαT purposes, the purity of the applied radionuclide is the decisive factor, and a specific purity limit must be ensured prior to application. As established in various radionuclide generators, subsequent purification steps are often attached to the radionuclide production procedure itself (Guseva and Dogadkin, 2010).
Since the 232Th/137Ba separation system is a surrogate for 227Th/223Ra, 223Ra represents the desired radionuclide. Consequently, the fraction with high radionuclidic purity is of utmost importance for the Ba fraction (cf. Table 2). While UTEVA can provide high nuclidic purities of 99.7% ± 0.1%, higher purities of 99.99% ± 0.01% are possible when using DGA-N. In the case of TEVA, a breakthrough of Th reduced the overall purities to 91% ± 6%. For all applied resins, retrievability remained impossible to quantify as Ba impurities remained present before loading (Figure 2A). Despite being a potential TαT nuclide (Frantellizzi et al., 2020; Karlsson et al., 2023), 227Th showed generally low retrievability, especially on DGA-N resin, which would prevent a dual use of the generator.
TABLE 2 | Amounts of eluted nuclide in respective target fractions (defined in Figures 2 and 3 of the specific nuclide). Additionally, nuclidic purity is listed as the ratio, expressed as an atom percentage, of the desired nuclide amount to the total amount of nuclides in the target fraction. The retrievability in the target fractions is given as the percentage of the spike added. Due to the Ba impurities detected in all resins, the values exceed 100%.
[image: Table 2]In the system 229Th/225Ra/225Ac, 225Ac is the desired radionuclide to separate for application in TαT. Therefore, it is preferable to obtain the La fraction in high nuclidic purity from the 232Th/natBa/natLa separation system. Our data indicate reasonably efficient separation strategies, with La purities of 85% ± 13% observed. Nevertheless, future research should focus on delivering not only higher nuclidic purities but also increased retrievability. In this study, only 57% ± 3% of the introduced La were recovered successfully, which is a range of 57%–71% compared to other proposed 223Ra-generator concepts (Henriksen et al., 2001; Abou et al., 2017).
4 DISCUSSION AND CONCLUSION
This study acquired preliminary data towards separation strategies of TαT-suitable radionuclides from experimental series using cold metal surrogates.
In our study, two separation systems were set-up and analyzed: i) the binary 232Th/137Ba system representing the generator pair 227Th/223Ra and ii) the tertiary 232Th/137Ba/139La system representing the generator triplet 229Th/225Ra/225Ac.
In the Th/Ba separation system, the performances of TEVA, UTEVA, and DGA-N resins were thoroughly studied using analytes in nanogram amounts. All tested analyte contents were observed to be well below the capacities of evaluated extraction chromatographic resins for the examined elements, which is in the order of 15–50 mg/g of resin. The best-performing resin (DGA-N) was further evaluated under varied parameters at both increased column diameters (13 mm), heated eluents, and equilibration time (1 week). For the Th/Ba/La separation system, a column with a successive resin combination (TK200/TK101) and a sole resin (TK200) was evaluated and compared.
The DGA-N resin was found to be the most effective in separating Th from Ba. In the case of UTEVA, the lowest percentage of Ba and Th retrieval in the target fractions were obtained. Similarly, elution yields of Th decreased to 0.4%, possibly due to high affinities of Th to DGA-N. In prolonged equilibration times of 1 week, only 0.8% of the Th could be recovered. Essentially, the nanogram amounts of Th were strongly retained in all systems. While overall elution yields remained low, the strong retention of Th on the examined resin(s) can prospectively be of advantage in (227Th/223Ra) separation systems in which Th is utilized as a mother radionuclide.
In the Th/Ba/La system using a combination of TK101/TK200 resins, La was separated sufficiently and was almost exclusively collected in the target fractions. Ba was successfully retained by TK101 and only eluted with 6 mol/L HNO3 at the onset of the target fractions. Nevertheless, Ba contaminations leaked into subsequent fractions, which could potentially be counteracted by a larger volume of the eluent. As the Dw values of Ra on the resin are lower compared to Ba, this would most probably not be relevant to the same extend for the real generator system. As with the DGA-N resin, Th was strongly retained on TK200 and could hardly be eluted with the amounts used.
These results raise new questions that call for follow-up research in the near future. To study different factors, further resins could be implemented and tested at varied parameters analogous to our studies—for example, TK200 in Th/Ba separation systems. In addition, eluents and acids of different kinds and concentrations could be applied. Potential complexing agents might be tested, especially given the low retrievability of Th found by this research.
To further understand and develop additional separation systems, more surrogates, deriving from daughter radionuclides of 229Th and 227Th two-decay series, should be implemented in experiments. Finally, if practical approaches are desired, the surrogates should be replaced with the desired radionuclides to facilitate a transfer in research and medical application. To conclude, this research sheds light on radionuclide generator development for TαT and demonstrates that many existing and new questions remain to be investigated.
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