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1. Introduction

Radiopharmaceuticals incorporating alpha (o))-emitters, which hold significant promise in cancer targeted
alpha therapy (TAT), offer a captivating and promising approach for cancer therapy [1,2]. a-Radionuclides release
a-particles with extremely high linear energy transfer (LET, ~100 keV/um), depositing substantial energy within
an extremely short path length of 50~100 pum [3,4]. This property enables highly efficient induction of DNA
double-strand breaks in tumor cells, making a-radionuclides well-suited for TAT of micrometastatic lesions and
disseminated disease. In recent years, the approval of 2*RaCl, (Xofigo®) [5] has marked a decisive transition of
a-radiopharmaceuticals from laboratory research into broad clinical practice, driving a historic leap in global
demand for high-quality medical a-radionuclides [6].

In addition to 2*’Ra, a variety of a-emitting radionuclides have been proposed for TAT, including '“°Tb, ?!' At,
212pp, 213Bj, 224Ra, ?’Ac, *’Th, and 23°U (Table 1). However, not all these candidates are equally suited to current
radiopharmaceutical practice. For example, '*’Tb is too short-lived for the pharmacokinetics of most carriers [7];
20U not only has a relatively prolonged half-life but also suffers from underdeveloped radiopharmaceutical
chemistry, limiting its translation into stable radiopharmaceutical constructs [8]. Notably, neither **Tb nor 23°U
has yet advanced into clinical trials. Although 2*’Th has been investigated in several clinical trials [9], its decay
into the long-lived daughter ’Ra complicates dosimetry and radiation safety [10], which has limited its broader
adoption. In contrast, 2!'At, 21°Pb, 23Bi, ?*’Ra, ***Ra, and ?*>Ac exhibit half-lives compatible with the pharmacokinetics
of small molecules, peptides, and antibodies and have already demonstrated clinical feasibility through multiple
completed or ongoing trials, thus representing the most mature and promising candidates for TAT.
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Table 1. Characteristics and clinical trials of several a-radionuclides suitable for endoradiotherapy.

Nuclide Tin u-Radiopha.rrElaceuti.cals That Have Completed, are Ongoing, or Are Planned to
Undergo Clinical Trials *

Th 412h None

AL 7.21h 2 At-Girentuximab, 2! At-BC8-B10, 2'!At-NaAt, 2''At-PSMA-5, ZA-001
22pb-DOTAM-MAM?279, 212Pb-Pentixather, 2?Pb-NG001, 22Pb-VMT-0-NET,

212pp 10.60 h 22pb-DOTAMTATE, 22Pb-DOTAM, 2!2Pb-PSV359, 22Pb-DOTAM-GRPR1,
212Pb-VMTO1, ABOO1

23B;j 4559 min  ?PBi-HuM195

223Ra 11.43d Xofigo®

224Ra 3.63d 224Ra-labeled CaCO; microparticles (Radspherin®)

225Ac-A9-0642, 25 Ac-AKY-2519, 22’ Ac-anti-CD33, ?Ac-thPSMA-10.1,

225Ac-DOTATATE, 2%’ Ac-A9-3408, 2 Ac-ETN029, 22’ Ac-DOTA-SP, RYZ801,

225 Ac-AKY-1189, 25 Ac-PSMA-617, 22°Ac-DOTA-Anti-CD38, 2Ac-TR2205,

25Ac-LNC1011, 22 Ac-AZD2284, 2 Ac-ABD147, 2 Ac-PSMA-I&T, >’ Ac-FAPI-XT,

25Ac-PSMA-XT, 2 Ac-DOTATATE, 2»Ac-FL-020, 225Ac-FPI-2068, 2>Ac-PSMA-62,

25 Ac-PSMA-Trillium, **Ac-PSMA-R2, ?’Ac-MTI-201, *»Ac-J591

22TTh 18.70 d 227Th-Pelgifatamab, >*’Th-anetumab corixetan, >*’Th-anti-HER2, ?*’Th-anti-CD22

»oy 20.23d None

2 Retrieved from clinicaltrials.gov.

25Ac 9.92d

The production of medical a-radionuclides relies primarily on three routes: separation from natural U/Th ores,
reactor production, and accelerator production (Figure 1) [11,12]. Regardless of the production pathway employed,
the target a-radionuclide must undergo efficient separation and purification to remove the impurity radionuclides,
thereby achieving the high yield and radionuclidic purity required for downstream applications [13,14]. Taking ***Ac
as an example, commercially supplied 2*>Ac typically requires a radionuclidic purity exceeding 99%, which is
verified by gamma (y)-ray spectrometry using high-resolution HPGe detectors [15,16]. To meet this stringent
purity standard, a variety of separation strategies have been developed, encompassing ion exchange chromatography,
extraction chromatography, liquid-liquid extraction (LLE), solid-phase extraction (SPE), sublimation, and
electrochemical separation (Figure 2). Among these, ion exchange chromatography and extraction chromatography
have emerged as the most widely adopted approaches, owing to their operational simplicity, tunable selectivity,
and compatibility with automated processing [17—19]. Conventional ion exchange resins (e.g., Dowex resin, AG
resin) and extraction chromatographic resins (e.g., Diglycolamide (DGA) resin, Uranium/TEtraValent Actinide
(UTEVA) resin, Lanthanide (LN) resin) have been demonstrated to versatile in a-radionuclides separation and
remain the cornerstone of current practice. However, as separation demands become increasingly stringent, the
limitations of these conventional materials have grown more apparent, including restricted adsorption capacity,
insufficient selectivity, and diminished stability under highly acidic conditions or intense radiation fields. Lately,
a new generation of separation materials has attracted considerable attention [20], including covalent organic
frameworks (COFs), functionalized resins, functionalized inorganic materials, and nanocomposite materials, etc.
Characterized by high specific surface areas, tunable pore architectures, abundant functional sites, and flexible
structural designability, these materials enable highly selectivity and high capacity through precise molecular
engineering, offering transformative solutions to overcome the performance bottlenecks inherent in conventional
separation strategies.

In recent years, the application of advanced separation strategies to medical a-radionuclides has attracted
growing interest from the researchers, yet systematic reviews dedicated to this field remain scarce. In this review,
we provide a comprehensive summary of the latest advances in the separation and purification of medical a-
radionuclides, across a broad range of separation strategies ranging from conventional ion exchange and extraction
chromatography to emerging functionalized materials. We believe that a systematic review of separation strategies
for medical a-radionuclides will not only help clarify the current landscape of technological development, but also
provide important guidance for advancing high-performance separation materials and processes, while offering
valuable reference for the separation of radionuclides intended for other fields.
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Figure 1. Production routes of medical a-radionuclides suitable for TAT.
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Figure 2. Strategies for the separation of medical a-radionuclides.

2. 211A¢L

2At (T12 =7.21 h) is widely regarded as one of the most promising a-emitting radionuclides for TAT, owing
to its favorable nuclear properties [21-24]. As illustrated in Figure 3, 2!! At decays to stable 2’Pb via two competing
branches: through 2*’Bi (T, = 32.9 y) via orbital electron capture, and through 2!'Po (7}, = 0.516 s) via a decay.
Although the 2Bi branch produces characteristic X-rays or auger electrons through electron capture, these
emissions are of low energy and short range, rendering 2’Bi a “relatively stable” daughter radionuclide [25].
Consequently, 2''At is generally considered a short decay-chain a radionuclide. However, its short physical half-
life demands careful matching of the carrier’s biological half-life [26]. Small molecules such as amino acids,
inhibitors, and peptides clear rapidly and thus seem kinetically suited to 2! At, but after radioastatination they often
exhibit poor tumor targeting, stability, and retention. Monoclonal antibodies provide superior stability and
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prolonged tumor retention, yet their long biological half-lives are difficult to reconcile with the half-life of 2!!At.
Currently, 2!'At is produced in a cyclotron predominantly via 2®Bi(o, 2n)?!' At transmutation reaction [27]. Two
principal methods have been developed for isolating 2'' At from irradiated 2 Bi targets: dry distillation and wet-
chemical separation. These approaches are complementary, each with distinct advantages and limitations, and both
continue to undergo active development [26].

stable

Figure 3. Decay diagram of 2! At, drawn from the Laraweb website (http://www.Inhb.fr/Laraweb/ (accessed on 1
May 2026).

Dry distillation is currently the most widely employed method for 2!'At isolation [28]. The underlying
principle exploits the large difference in boiling points between At (335 °C) and Bi (1564 °C), enabling selective
volatilization of 2!'At by controlled heating. In a typical procedure, the irradiated Bi target is placed in a furnace
connected to a stable carrier gas flow and rapidly heated to 650~800 °C to sublimate 2!'At [26]. The volatilized
211At is carried by a nitrogen stream into a cold trap maintained under negative pressure, where it condenses and
accumulates. The collected >''At is subsequently dissolved using an appropriate solvent, such as chloroform,
methanol, or NaOH solution, to yield the final product. The entire process can be completed within 30 min,
producing carrier-free 2! At without requiring prior dissolution of the irradiated target. Several research groups,
including those led by Sture Lindegren [29], Michael R. Zalutsky [30], and Kotaro Nagatsu [31], have explored
and refined dry distillation protocols for 2!'At; however, the achieved recovery yields remain suboptimal and
require further improvement.

To address the drawbacks of low yield and poor process stability in conventional dry distillation, our group [32]
developed an optimized semi-automated dry distillation system for 2'' At production (Figure 4a). By employing
iodine dry distillation simulations, we identified the key parameters governing separation performance and
established a streamlined, operationally practical protocol. The optimized process achieves a product recovery rate
exceeding 98%, a radionuclidic purity greater than 99.9%, and is free from metallic contaminants such as Bi and
Cu, with the entire separation completed within 45~60 min. However, conventional dry distillation typically relies
on methanol or chloroform as the eluting solvent, both of which carry biological toxicity concerns. To overcome
this limitation, Ooe et al. [33] developed a method in which distilled 2''At is dissolved directly in pure water,
enabling the preparation of [2!!At]NaAt (Figure 4b). In this approach, volatilized 2!!At is transported through a
mixed N»/O; carrier gas containing trace moisture into an ice-water-cooled Teflon tube, then dissolved in 100 puL
of pure water. Approximately 80% of 2!'At is captured within the Teflon tube; however, the recovery of the
aqueous dissolution step exhibits considerable variability (35~70%), attributable to fluctuations in the moisture
content of the carrier gas. By repeating the dissolution step 2~6 times, a cumulative separation yield of 65~80%
can be achieved.

4 of 24



Qiu et al. Mod. Nucl. Radiochem. 2026, 1(1), 2

(a) Micro flowmeter
hiah N Connect to product
Igh-purity N, @ collection unit
| [ .
Drying tube+Filter+Ball valve+Pressure gauge Reducing adapter

Furnace body with temperature

control

Gas control unit Vaporization and separation unit
(with radiation shielding)

Peristaltic pump Peristaltic pump

Connect to Vaporizal_ion
and separation unit Centrifuge tube . Centrifuge tube o ®

4 —>
- One-way tee One-way tee Check Connect to
valve M vacuum pump
Vv

Methanol Activated

Cold trap Cold trap garhan
Product collection unit Off-gas treatment unit
(with radiation shielding)
(b) Mixed N, and O,
gas flow with Dewpoint L | £ 1ot

trace moisture . transmitter
Electric tubular

furnace (850°C)  Heater

ma

120°C
) —
— Syringe pump
\% / s B (air)
Quartz /
on Cu boat colUmMN ‘ Syringe pump

\ (pure water 100 pL)
Tefidn lcewater  211At

trap tube solution

Figure 4. (a) Flow chart of >!'At dry distillation process [32]. (b) Preparation of an ?''At aqueous solution by dry
distillation and dissolution in pure water. Reprinted with permission from Ref. [33]. Copyright 2021, SNMML

In recent years, wet-chemical separation strategies for 2!'At have attracted renewed research interest.
Conventional wet methods, based on LLE or SPE, involve initial dissolution of the irradiated target in an acid
solution followed by sequential purification. For example, Burns et al. [34] demonstrated that 3-octanone and
methyl isobutyl ketone effectively extract 2!!At from HNOj; solution while retaining Bi predominantly in the
aqueous phase. Furthermore, by loading 3-octanone onto Amberchrom® CG300M resin to prepare an impregnated
resin, high-performance 2''At separation was achieved with a recovery exceeding 90% and a product volume
below 1 mL. Woen et al. [35] reported a method using commercial pre-filter resin for 2!' At recovery, in which Bi
impurities were removed by washing with HCl and NH>OH-HCI solutions of varying concentrations, followed by
elution with 2 mol/L (M) NaOH, affording a recovery of 51%. Watanabe et al. [36] investigated anion exchange
resin separation of 2!'At, finding that 2!' At is retained on the resin when the column is washed with 8 M HCI and
HNO3, with 75.3~79.1% of the activity subsequently elutable using NaOH or NaOH-ethanol solutions of varying
concentrations. The separation times for these wet-chemical approaches range from 20 to 90 min, broadly
comparable to dry distillation [36].

Nevertheless, conventional wet-chemical methods are associated with several limitations. First, certain SPE
strategies require conversion of the target dissolution medium from HNO3 to HCI prior to separation, introducing
additional processing steps that are particularly disadvantageous for short-lived radionuclides. Second, the use of
NaOH as the 2!'At eluent in most SPE protocols complicates downstream concentration to achieve the high
radioactivity concentrations required for radiopharmaceutical applications. Third, for impregnated resins, leaching
of the extractant from the support may contaminate the target radionuclide product. To address these challenges,
our group [37] proposed a SPE strategy based on chemically functionalized resins for the mild and rapid recovery
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of 2!'At from irradiated Bi targets (Figure 5). A series of resins containing acyl-, thioether-, sulfonate- and
phosphonate-groups were synthesized. Among them, the thioether-, sulfonate- and phosphonate-resins were prepared
by reacting chloromethyl resin with dodecyl mercaptan, thiourea, and triethyl phosphite, respectively, thereby
introducing —CH,SC,H,s, -CH>SOsH, and —CH,PO(OEt), groups. The acyl-resin was obtained by reacting
polystyrene-divinylbenzene resin (PDVB resin) with acetyl chloride via Friedel-Crafts acylation, introducing —
COCH; groups onto the resin surface, and demonstrated superior 2'!'At separation performance. An SPE column
packed with Acyl-resin enabled direct separation of 2! At from the target solution within 20 min, achieving a total
recovery of 60.03~79.05%. The resulting 2!'At product exhibited high radionuclidic and radiochemical purity,
suitable for radiopharmaceutical labeling. By modulating the chemical speciation of 2''At in HNO; medium, this
approach enables rapid and efficient isolation, offering a novel SPE platform for 2! At separation.
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Figure 5. (a) Synthesis scheme of functionalized resins; (b) Flow chart of the Acyl-resin SPE column for separation
of 211At; (¢) Column chromatogram of 2! At separation from an irradiated Bi target using the Acyl-resin column.
Reprinted with permission from Ref. [37]. Copyright 2024, Elsevier.

In summary, wet-chemical separation avoids the use of high-temperature equipment, eliminating concerns
over uncontrolled volatilization of 2!'At, and is more readily amenable to automation and scale-up production.
However, it requires time-consuming dissolution of the target material, and residual Bi or co-produced impurities
may compromise product quality. Dry distillation and wet-chemical separation are complementary rather than
competing approaches, and both continue to evolve, particularly with the emergence of automated separation
systems [38,39]. Ultimately, improving the separation efficiency of 2! At will be a pivotal factor in advancing
either its fundamental radiochemistry or the broader clinical development of 2! At-related radiopharmaceuticals.

3.212pp

212Pp (T2 = 10.6 h) is a daughter radionuclide of >*Ra. Although 2!2Pb undergoes B~ decay, it generates two
high-energy a-emitting progeny, 2'?Bi and 2'?Po (Figure 6), and is therefore considered a highly promising
radionuclide for TAT [40—42]. To maximize tumor dose and minimize off-target irradiation, the biological half-
life of the vector should be matched to the 10.6 h half-life of 2'?Pb, favoring vectors with intermediate-to-fast
pharmacokinetics such as antibody fragments, peptides, and small molecules [43]. Current strategies for the
separation of 2!2Pb fall into three principal categories: (1) direct separation from natural 2*2Th; (2) isolation from
a 28Th/?*Ra/*'?Pb generator; and (3) isolation from a 2**Ra/?'?Pb generator.
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Figure 6. Decay diagram of 2'?Pb, drawn from the Laraweb website (http://www.Inhb.fr/Laraweb/ (accessed on 1
May 2026).

Direct selective extraction of 22Pb from natural 2>Th offers several advantages, including broad feedstock
availability, low cost, and the potential for complete reuse of the Th solution [44]. However, the enormous
concentration disparity between Th and Pb imposes extremely demanding selectivity requirements on the
separation material. Chen et al. [45] employed the commercially available Pb-Spec extraction chromatographic
resin to directly extract 2'?Pb from natural Th compounds. The active component of Pb-Spec resin is 4,4,(5)-di-
(t-butyldicyclohexano)-18-crown-6 immobilized on an inert support, which selectively retains Pb?" while leaving
Th, Ra, and Ac unretained. Residual Th*" was removed by washing with 1 M HNO; and water, and Pb*" was
subsequently eluted with 0.5 M ammonium citrate solution, achieving a 2'?Pb retention of 85% and a radionuclidic
purity over 99.9%. Notably, the Th solution can be subjected to repeated ?'?Pb separations at 48-h intervals,
effectively functioning as a radionuclide generator.

To further advance 2'’Pb separation from 23?Th, researchers have developed a series of novel high-
performance separation materials. Chen et al. [46,47] prepared a silica-based quaternary pyridinium-type anion
exchange resin (SiPyR-N4) (Figure 7a) that enables the selective separation of 2'?Pb and 2!2Bi in HBr medium. In
HBr medium, both Pb** and Bi*" form anionic complexes, predominantly [PbBr;]” and [BiBrs]*, respectively,
which are retained on the resin, whereas Th*, Ac*", and Ra*" remain cationic and are not adsorbed. Using this
approach, 2'?Pb was successfully isolated from 232Th, achieving a record yield of 88.2% and an estimated
radionuclidic purity higher than 99.9%. Compared with crown ether-based 2!?Pb separation methods, SiPyR-N4
resin offers significantly lower cost and superior chemical stability. Jiang et al. [48] developed a series of 2,5-
diaminobenzoicacid COF (DBCOF) materials with systematically varied pore sizes and functional groups, namely
DBCOF-H, DBCOF-OH, and DBCOF-OMe, based on a “pore sieving-chemical recognition” dual-dimensional
synergistic regulation strategy (Figure 7b), revealing a reversed adsorption selectivity between Th* and Pb?" ions.
This reversal arises from the combined effects of chemical coordination and steric pore exclusion, fundamentally
overturning the conventional ion capture selectivity governed solely by functional group affinity. The authors
further fabricated the powdered COFs into interwoven porous nanofiber membranes via an electrospinning in situ
growth strategy, constructing a hierarchical membrane separation system capable of high-throughput, high-
precision sequential separation of Th*'/Pb*'/Ba?>" under dynamic flow conditions. Their work highlights the
significant advantages of “chemical-physical” dual-dimensional synergistic effects in radionuclide separation, and
provides important insights for the molecular-level rational design and fine-tuning of next-generation functional
separation materials.

Isolation of 2'?Pb from a ?2Th/??*Ra/?'?Pb generator or a **Ra/*'?Pb generator represents another important technical
route. Pruszynski et al. [49] developed a two-stage generator system based on extraction chromatography (Figure 7c). In
the first stage, di(2-ethylhexyl)phosphoric acid (HDEHP) extractant is immobilized on polytetrafluoroethylene (PTFE)
particles to form an HDEHP-PTFE chromatographic material, which retains 2Th with extremely high affinity. ***Ra
could be eluted quantitatively via 0.1 M HNOj3 within 2 min, where the parent radionuclide breakthrough was below
0.005%. In the second stage, the eluted ?**Ra is loaded onto a Dowex 50Wx12 cation exchange resin column. After
224Ra-212Pb reach secular equilibrium (~3 d), 2'?Bi and ?'?Pb are eluted sequentially using 0.75 M and 2.0 M HCI,
respectively. Approximately 85% of 2!2Bi was recovered in the first 1 mL fraction of 0.75 M HCI, and ~90% of
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212Pb was recovered in 1 mL of 2.0 M HCI, with no detectable ?*Ra breakthrough during repeated elutions. The
generator can be milked every 24 h, at which point 2'?Pb has regenerated to about 80% of its secular equilibrium activity,
enabling a continuous supply of 2!2Pb and 2!?Bi alike. However, the impact of increasing radioactivity levels on the
irradiation stability of the organophosphorus extractant and its support material remains to be evaluated for large-scale
implementation. Zhou et al. [S0] constructed three COFs with compressed hexagonal pores, namely TAPQ-COF, 2,3-
DHTAPQ-COF, and 2,5-DHTAPQ-COF, using a “two-in-one” monomer (2,7-diaminophenanthrene-9,10-dione, PQ),
C,-symmetric  aldehydes  (terephthalaldehyde/2,3-dihydroxyterephthalaldehyde/2,5-dihydroxyterephthalaldehyde,
TA/2,3-DHTA/2,5-DHTA), and ammonium acetate (NH4OAc). Among these, 2,3-DHTAPQ-COF, bearing an ortho-
hydroxyl configuration, exhibited superior Ba?'(Ra’*")/Pb’" separation selectivity, attributed to the additional
coordination sites provided by the vicinal hydroxyl groups, which enhance Pb?* binding affinity. Acid stability tests
confirmed that both hydroxylated COF materials retain structural integrity below 1 M HCI, and crystallinity and
structural stability were maintained following  and vy irradiation.

(b) Wi, 0

__ lF oH
\_/ o8

Br - TES
‘ ".':; . * ‘ :'C/q

; _ |t3 ('JI'FP

HC N‘—CHj Al o)

| \ / Br = \/‘ ‘\~§\7. ( )‘/f)‘?’ ,
SIPYR-N4 aﬂ 20.0 A :U ﬂj 17.8 A .:]

DBCOF-OH DBCOF-OMe

Figure 7. (a) Structure and appearance of SiPyR-N4. Reprinted with permission from Ref. [46]. Copyright 2026,
John Wiley and Sons. (b) Schematic diagram of DBCOF monomers and structures. Reprinted with permission from
Ref. [48]. Copyright 2025, John Wiley and Sons. (¢) Extraction chromatographic procedure for separation of 2**Ra,
212pb, and 2'’Bi from 2*’Th or 2?*Th [49]. (d) Single-chamber 2!”Pb generator consisting of a glass flask and
removable cap containing a 228Th or ??*Ra source fixed onto porous quartz wool. Reprinted with permission from
Ref. [51]. Copyright 2023, SNMMI.

In contrast to the chromatography-based generator systems described above, Li et al. [51] designed a novel and
elegantly simple 2'2Pb generator based on 2°Rn emanation (Figure 7d). The device consists of an inverted 100 mL
glass flask and a detachable screw cap housing the radioactive source, which was prepared by loading either 2*Th
or ?>*Ra dissolved in 0.1~1 M HCI onto approximately 0.2 g of porous quartz wool affixed inside the cap. The
operating principle exploits the gaseous nature of 2?°Rn (T, = 55.6 s) within the 2?Th/??*Ra decay chain: ?2’Rn
emanates from the quartz wool source and, during its brief gas-phase transit, decays to 2'°Po (7, = 0.145 s), which
in turn rapidly decays to the longer-lived 2'?Pb. The resulting >'2Pb deposits and adsorbs onto the inner wall of the
glass flask, achieving physical separation from the parent radionuclides without any chromatographic column, eluent,
or complex chemical separation equipment. 2'?Pb collection requires only replacement of the flask with a clean vessel,
followed by gentle rinsing of the inner wall with 0.5~1 mL of 0.1 M HCl for approximately 5 min. The ?**Th-based
generator delivered stable yields of 67~70% across multiple repeated uses, with 2?Th breakthrough of
0.0001~0.005%, average 2**Ra breakthrough of 0.02%, and a 2'’Pb radionuclidic purity exceeding 99.98%.
Requiring neither advanced separation instrumentation nor hazardous chemicals, this generator is particularly
well-suited as a transportable device for direct use in nuclear medicine departments. Nevertheless, radiation safety
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concerns associated with 22°Rn emanation (approximately 11% of 22°Rn escapes upon opening the cap for 10 s)
and the radiation stability of the quartz wool source material at higher activity levels remain engineering challenges
to be addressed in future device development, for instance through the integration of shielded sealed-system
designs to minimize operator radiation exposure.

4.23Bi

23Bi (T, =45.59 min) is a decay product of 2°Ac (Figure 8). Its short half-life requires vectors with similarly
short plasma half-lives to achieve a high tumor-to-background ratio [52,53]. Consequently, 2*Bi is poorly suited
for long-circulating carriers but well matched to small molecules, peptides, and antibody fragments, including
nanobodies [53]. Even with such fast-targeting vectors, however, short-lived alpha emitters like 2'3Bi and 2''At
remain largely restricted to easily accessible tumors: the targeting agent must reach and accumulate at the tumor
site within a narrow time window, and for deep-seated tumors or those needing prolonged drug penetration, the
half-lives of these radionuclides are often insufficient for effective therapy [54]. Yet, it is precisely because of this
short half-life that >'*Bi must be produced on-site at clinical facilities using >>Ac/?'*Bi radionuclide generator
immediately before use [55]. Over the years, 2*>Ac/>'3Bi generators have been developed based on a variety of
separation platforms, including extraction chromatography [56—58], ion exchange [59], and inorganic sorbent
systems [60,61]. To meet the growing demands of ?'*Bi-related TAT drug development, researchers continue to
expand the range of generator materials and explore diverse generator configurations.

2161(7) min

Figure 8. Decay diagram of >>’Ac, drawn from the Laraweb website (http://www.Inhb.fr/Laraweb/ (accessed on 1
May 2026).

Ondrak et al. [56] developed a ?*Ac/?*Bi generator based on an o-ZrP-PAN composite sorbent, in which
zirconium(I'V) phosphate (ZrP) serves as the active component and polyacrylonitrile (PAN) as the matrix. Elution
with a mixed solution of 10 mM diethylenetriaminepentaacetic acid (DTPA) and 5 mM HNO; yielded 2"*Bi
recoveries of 77~96%. Over 20 d of continuous operation, >>Ac breakthrough was maintained at the 1073% level.
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However, a progressive increase in 22 Ac leakage was observed beyond 20 d, attributed to cumulative radiation
damage to the sorbent, indicating that further improvements to the generator design are needed.

Forrester et al. [62] reported an electrochemical ?>Ac/?!*Bi generator. In this system, 2'*Bi spontaneously
deposits onto a nickel foil from 0.1 M HCI at 70 °C, while the affinity of >>*Ac for the nickel surface is negligible
(<0.05%). The deposited 2"*Bi is subsequently recovered by reverse electrolysis (2 V, 6 min) using Ti as the
cathode in 0.1 M citrate buffer (pH 4.5), affording a radiochemical purity exceeding 99.8%, an average *'*Bi
radiochemical yield of 65 + 8%, and an average 22°Ac breakthrough of 0.10 = 0.07%. Since metallic substrates are
inherently more radiation-resistant than organic resins, this approach holds particular promise for accommodating
higher 22 Ac activity levels, although further optimization and automation are required to improve recovery yields
and minimize **°Ac breakthrough.

1. Immobilization 2.Wash & 3. Fr221 4, Fr-221 5. In vivo
& wash stabilization development elution evaluation
Add 50 MBq in 0.01M HNO, Washings stabilize: Secular equilibrium: Add 800 pL 0.1M NaOAc (pH 6.5)

2650 20 2TAL 2R 210G “breakthrough," "bleeding", pH T14 MOTHER >>> Ty, DAUGHTER (two aliquots for in vivo applications)
Z‘SPO Zﬂl'ﬂ 259Pb mBi

1. Direct injection of Fr-221

Pb Pb Pb Pb

\ \ 1 < ' ~4 MBq / ~300 pL
In-growth for 25 min:
= >90% Fr-221
2. Fr-221 decay to Bi-213for 2 h
225 ¢ 2250 ¢ 257¢ =2
— 213Bj
~ ~4 MBg / ~300 pL

(" ﬁlFr 217A‘ \
217Ra 9B
:;::g ::;E Used for in vivo

) E J biodistribution studies

Figure 9. Schematic representation of 22*Ac-?2'Fr-213Bi radionuclide generator set-up. Reprinted with permission
from Ref. [63]. Copyright 2025, Springer Nature.

Zobnin et al. [64] proposed a gas-chemical 2°Ac/?!*Bi generator. In this approach, a ?>*Ac source is heated
to high temperature under a H, atmosphere, causing volatile >'*Bi to be released from the non-volatile Ac matrix
and transported by the carrier gas to a Nb collection foil maintained at a lower temperature. The collected 2'*Bi is
subsequently recovered from the foil using a 0.1 M HCI/0.1 M KI solution, with a total chemical recovery of
approximately 64%. This method also benefits from inherent radiation resistance, as only inorganic materials are
employed. Furthermore, the non-volatility of 2>’Th and ?**Ra under these conditions ensures that decay products
of 2?? Ac do not contaminate the 2'*Bi product.

While the direct-type 22Ac/?"*Bi generators described above focus on the separation of 2'3Bi itself from the
parent radionuclide, an alternative indirect strategy targets the intermediate decay product 2*'Fr (7, = 4.9 min) within
the 2 Ac decay chain, exploiting its rapid decay through 2'’At (71, = 32.6 ms) to yield >"*Bi. Ermolaev et al. [65]
developed a two-column 2Ac/?"*Bi generator that achieves accumulation of 2*Bi separately from *’Ac via
continuous circular separation and decay of the intermediate radionuclide ?2'Fr. The generator comprises two
chromatographic columns connected in a closed loop via an intermediate decay tube: the first column, packed with
Ac resin, immobilizes *?Ac, while continuously eluted ??!Fr passes through the decay tube, where it decays to
213Bi before being captured on the second column packed with crosslinked dextran gel Sephadex G-25. After
approximately 4 h of circulation, equivalent to 5~6 half-lives of 2!*Bi, 2'*Bi reaches transient equilibrium with
225Ac on the second column while being spatially isolated from it. Generator performance evaluation demonstrated
that contamination by long-lived radionuclidic impurities (***Ac, 2’ Th, and ?**Ra) did not exceed 10%%, while 22’Ac
impurities arising from the initial 2’Ac/**>Ac ratio were even lower, at below 107%%. Zitzmann-Kolbe et al. [63]
developed a 2*Ac/?'Fr generator (Figure 9) utilizing LN2 resin, specifically a G71m resin loaded with 2-
ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEH [EHPY]), as a liquid cation exchanger, eluted with 0.1 M
sodium acetate (pH 6.5). The LN2 resin exhibits strong retention of 2?Ac while effectively releasing monovalent
22IFr* jons with a yield exceeding 65% and ?>*Ac contamination below 1%. Given the short half-life of 2*'Fr, 2*Bi
is obtained following its complete decay.
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5.2Ra

2Ra (Typ = 11.43 d) was the first a-emitting radionuclide approved by the U.S. Food and Drug
Administration (FDA) for medical applications [66,67]. By virtue of its chemical similarity to Ca?", ?>’Ra*"
selectively accumulates at sites of bone metastasis, underpinning its clinical application in the treatment of bone-
metastatic cancers [68]. 23Ra occupies the decay chain 22’ Ac-??’Th-??>Ra; accordingly, its production and isolation
are contingent upon the availability of the parent radionuclides >>’Ac (T2 = 21.77 y) or 22’Th (T2 = 18.7 d) [69].
The principal production routes for 2**Ra are: (1) separation of 2’ Ac/?*’Th from 2'Pa (71, = 32,570 y) or 25U
(T12 = 7.04 x 108 y) (Figure 10); (2) recovery of 2*’Ac as a by-product of cyclotron-based >*Ac production; and
(3) reactor production of 2*’Ac via the 22°Ra(n, y)**’Ra(B7)**’Ac reaction [70].

S
235

92
704 (1)10°a

25.522 (10) h

87
22.00 (7) min

Figure 10. Decay diagram of *°U, drawn from the Laraweb website (http://www.Inhb.fr/Laraweb/ (accessed on 1
May 2026).

To isolate ***Ra from #*'Pa, Henriksen et al. [71] developed a multi-column separation process employing
TRansUranic (TRU), P,P’-di(2-ethylhexyl)methanediphosphonic acid on silica (DIPEX-2), and AG50W-X12 resins
(Figure 11a). In the first step, 2?’Ac is selectively isolated from the 2*!'Pa source using TRU extraction
chromatographic resin, which retains 2*'Pa on the column while allowing 2*’Ac and its progeny to be eluted. The
resulting 22?Ac/”*'Th solution is then loaded onto a **’Ra generator column packed with DIPEX-2 resin, which
exhibits high selectivity for the retention of both Ac and Th. ?’Ra is subsequently eluted from the generator column
using 2~3 mL of 1 M HCl or HNO:3. A secondary DIPEX-2 column is then employed for further purification, reducing
the 2?’Ac content to below 7 x 10°® of the ?2Ra activity. ***Ra is finally concentrated by an AG50W-X12 cation
exchange resin. The generator system demonstrated stable performance over more than 18 consecutive months; 2*Ra
production typically exceeds 70% during the first three months and subsequently stabilizes at 57~65%.

With advances in cyclotron-based ?2Ac production, it has been recognized that approximately 0.3% of the
product activity consists of 2’Ac as an unavoidable by-product. Abou et al. [72] developed a method for producing
high-purity 2*Ra at the kBq scale from the 2*’Ac generated during cyclotron-based ?**Ac production (Figure 11b).
A solution containing a mixture of ?Ac, **’Ac, ?*’Th, and ?**Ra was loaded onto a Dowex 1x8 anion exchange
resin column. Exploiting their different retention on this resin (?3’Th > 227 A¢ > 2**Ra), sequential elution of these
radionuclides can be achieved using a mixed solvent of 80% methanol/20% 2 M HNOs;, where ?2Ra was eluted
first with a recovery of 71.3 = 5.7%. ??’Ac and ?*’Th were subsequently recovered using 0.5 M HNOj;. Quality
control analysis showed that in the purified ??’Ra fractions, primarily >Ra was detected without any significant
contaminants, demonstrating excellent separation performance.

Reactor neutron irradiation of *°Ra represents an important route for the large-scale production of ??’Ac.
Irradiation of 22°Ra via the (n, y) reaction produces **’Ra (T2 = 42.2 min), which subsequently undergoes p~ decay
to yield 22’Ac. Bagheri et al. [73] irradiated approximately 5 pg of *°Ra target material for 24 d at the Tehran
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Research Reactor under a thermal neutron density of 5 x 103 n-cm2-s™!, achieving an ??’Ac production yield of
0.103 Ci/g (Figure 11c¢). Following a cooling period, the irradiated target was subjected to radiochemical separation
based on Dowex 1x8 anion exchange resin and Dowex 50WXx8 cation exchange resin. The target was first
dissolved in 8 M HNO; and loaded onto the Dowex 1x8 anion exchange column, where 2>’Th and 2*Th were
selectively retained while Ra, Ac, and other radionuclides passed through in the effluent. The collected effluent
was evaporated, redissolved in 1 M HNOj3, and loaded onto the Dowex S0Wx8 cation exchange column, on which
227Ac was adsorbed while 22°Ra and ?23Ra were not retained. The 2*’Ac-loaded cation exchange column was then
stored for approximately one month to allow ingrowth of ?>*Ra, after which **Ra was eluted with 1 M HNO3. The
method achieved a decontamination factor (DF) (***Ra/**"Th) exceeding 103, and no breakthrough of parent
radionuclides was detected in the y spectrum of the final ?’Ra eluate.

(a)} From natural ores (b) From accelerator (c) From reactor
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Figure 11. Schematic flow diagrams for the separation of >>*Ra from (a) natural ores [71]; (b) 2>’ Ac/?*’Ac solutions

obtained from accelerator irradiation [72]; and (¢) reactor irradiation products of 226Ra [73].

6. *Ra

In recent years, **Ra (T2 = 3.63 d), a natural isotope of **’Ra, emerges as a particularly noteworthy
competitor in terms of its physical properties and production processes [74—76]. Compared with ?2°Ra, the shorter
half-life of 2**Ra enables more rapid clearance of radioactivity from the body following administration, thereby
reducing the risk of prolonged radiation exposure to normal tissues. Additionally, the 241 keV y emission
associated with **Ra decay is amenable to single photon emission computed tomography (SPECT) imaging [77],
enabling real-time monitoring of the therapeutic process. The decay chain of ?>*Ra contains multiple o-emitting
progeny whose recoil energies exceed 100 keV, far above chemical bond energies (~5 eV), so that any chelator is
inherently unable to prevent daughter release, leading to potential off-target toxicity from freely diffusing
daughters [54,78]. To address this, nanocarriers such as liposomes, zeolites, and metal nanoparticles can be
employed to physically confine the recoiling daughters and reduce their systemic diffusion. Although the relatively
long-lived decay daughters 2'?Pb and >'?Bi (7> = 60.6 min) within the decay chain of 2>*Ra present a potential risk
of secondary in vivo redistribution, they also offer the possibility of being harvested independently as a-radionuclides
in their own right [79,80]. Current production strategies for *Ra include: (1) direct separation from the naturally
occurring long-lived radionuclide *2Th (71, = 1.40 x 10'°y) (Figure 12); (2) separation of 22Th from the 2**Th decay
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product ?2!Ra (T2 = 5.75 y), followed by the generation of ?*Ra via a 2°Th/??*Ra generator; and (3) reactor neutron
irradiation of ??Ra to produce ?**Th, followed by the generation of 2**Ra via a 2*®Th/***Ra generator.

615 (3) h

5.75(4) a 3.631(2)d

3.33 (10) min

Figure 12. Decay diagram of 2*’Th, drawn from the Laraweb website (http://www.Inhb.fr/Laraweb/ (accessed on
1 May 2026).

224Ra can be generated from 232Th via the sequential decay chain 23>Th(a)*2Ra(B)*!Ac(f)***Th(u)***Ra.
The abundant natural abundance and low extraction cost of 2>’Th make it an attractive source material. However,
the direct separation of >**Ra from natural Th poses formidable challenges. The Th/Ra mass ratio can reach nine
orders of magnitude, imposing extremely stringent requirements on the selectivity of the separation strategy.
Available approaches include co-precipitation, LLE, and adsorption-based methods. Narbutt et al. [81] developed
a 2?Th/***Ra LLE system in which 23?Th is first extracted using HDEHP, and ?*Ra is subsequently back-extracted
into a 0.1 M HNOj solution containing a Ba?" carrier. Although this scheme achieves 232Th/?**Ra separation, it
involves extensive manipulation of organic phases, resulting in lengthy processing times, high solvent
consumption, and large volumes of secondary radioactive waste. He et al. [82] prepared a porous silica-based
composite adsorbent loaded with HDEHP (SiPSfi@HDEHP) for the separation of 2>*Ra from natural Th (Figure 13a).
Unlike conventional cation exchange resins that co-adsorb both Th and Ra, this material exhibits highly selective
affinity for Th while adsorbing neither Ba nor Ra to any appreciable extent. Batch adsorption experiments
demonstrated ultrafast adsorption kinetics and a substantial Th adsorption capacity of 37.87 mg/g. In radiotracers
experiments, 22*Ra was efficiently separated with a recovery of 96.7% and a Th DF exceeding 10°, even when the
Th/Ra mass ratio exceeded seven orders of magnitude (~1.37 x 107). Spectroscopic analysis indicated that the
adsorption mechanism involves coordination of Th*" cations with the oxygen atoms of the P-OH and P=0 groups
in HDEHP. Cao et al. [83] developed crown ether-based covalent organic polymer microspheres (CE-COPM) for
the separation of trace-level Ra from natural Th. This material maintained excellent Ra/Ba adsorption performance
(Q. = 40.73 mg/g) under highly acidic conditions, retaining 95% of its initial adsorption capacity after four
successive adsorption-regeneration cycles.

When separating ?**Ra directly from 23?Th, the co-produced isotope ?Ra (T1, = 5.75 y) must also be
considered, and its presence severely constrains the practical applicability of the final product [84]. To circumvent
the interference of 2*®Ra impurities, an alternative strategy involves first isolating 2*Ra from the Th source,
subsequently separating 2?Th from the ??®Ra decay products, and finally obtaining high-purity ?**Ra through a
228Th/?**Ra generator. Zheng et al. [85] developed a quaternary ammonium-functionalized porous silica composite
material (QA@SiO:) to efficiently separate >?Th from ??®Ra (Figure 13b). This material was prepared by in situ
polymerization of quaternary ammonium groups onto a porous silica support. Different from conventional cation
exchange resins, it operates through a distinct separation mechanism: in HNO; medium, Th*" forms anionic
complexes of the form [Th(NO3)s]>", which are retained on the material via anion exchange interactions with the
quaternary ammonium groups, while Ra?"/Ba?" remain cationic under the same conditions and are therefore not
adsorbed. This separation strategy, based on differences in oxidation state and coordination chemistry, affords
highly efficient Th/Ra separation.
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Reactor neutron irradiation of ?2°Ra via the 2?Ra(n, y)**’Ra(n, y)*?*Ra(B)*?®Ac(p)?**Th reaction represents
another important route for large-scale production of 2°Th. Our group [86] established a separation process using
ion exchange resins to isolate ?2Th from the reactor irradiation products (Figure 13c). Initially, the irradiated target
was dissolved in 10 mL of 9 M HNOs3, and the resulting solution was passed through a Dowex 1x8 column. The
column was first washed with 20 mL of 9 M HNOj; to remove 2*°Ra and ?*’Ac, while 2*Th was retained on the
Dowex 1x8 column in the form of Th(NOs)s>". Subsequently, 228Th was eluted using 80 mL of 0.8 M HNOs. The
effluent containing ?2°Ra and 2>’ Ac was collected and evaporated to dryness. The residue was dissolved in 10 mL
of 2 M HNOs3, and this dissolution—evaporation cycle was repeated three additional times. The final residue was
re-dissolved in 10 mL of 2 M HNO;. This solution was then loaded onto a Dowex 50wx8 column, which was
eluted with 40 mL of 2 M HNOs followed by 50 mL of 9 M HNO;. Under the optimized conditions, recovery
yields of 92.80%, 99.56%, and 99.20% were achieved for ?*Th, 2?°Ra, and ?*’Ac, respectively.
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Figure 13. (a) SEM image of HDEHP@SIiPS and its dynamic separation of barium from thorium [82]; (b) Schematic
illustration of QA@SiO:2 synthesis. Reprinted with permission from Ref. [85]. Copyright 2025, American Chemical
Society; (¢) Schematic diagram of the radiochemical separation of 22Th and recovery of 2?°Ra from reactor-irradiated
targets [86]; (d) Schematic diagram of the 2*®Th/?**Ra generator based on SiO2@TiO: core-shell microspheres.
Reprinted with permission from Ref. [21]. Copyright 2024, American Chemical Society.

The 228Th/*?**Ra generator system is a critical enabling technology for the sustained and reliable supply of
224Ra. Recently, our group [21] developed a ?*Th/?**Ra generator based on core-shell SiO>@TiO, microspheres
(Figure 13d). Conventional metal oxide supports suffer from limited specific surface areas and consequently
suboptimal parent radionuclide loading capacity. The SiO>@TiO, microspheres possess a mesoporous architecture
and high specific surface area that substantially increase the ?2Th adsorption capacity. In generator elution experiments,
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94.04% of ***Ra was eluted using 2 mL of eluent, with a total recovery of 98.72% achieved within 6 mL. y-energy
spectrometric analysis confirmed the absence of 2Th characteristic peaks in the eluate, with only ?**Ra peaks
observed, demonstrating effective retention of the parent radionuclide.

In summary, whether **Ra is obtained by direct separation from »2Th, by reactor irradiation of *°Ra, or via a
228Th/?**Ra generator system, the underlying separation chemistry in all cases revolves around the selective fractionation
of Th from Ra. As ??*Ra-based radiopharmaceuticals and *Ra/*'?Pb generator systems continue to advance toward
clinical application, 2>*Ra separation technologies will undoubtedly attract increasing attention in the future.

7.255Ac

ZAc (Tip = 9.92 d) is one of the most promising a-emitting radionuclides for future clinical translation [87-89].
Its half-life, over 300-fold longer than that of 2'*Bi, enables matching with vectors of slow pharmacokinetics such
as antibodies [90,91]. Moreover, each decay yields four net a-particles and two y-emissions, functioning as an in
vivo generator best paired with long biological half-lives [92]. The remarkable clinical efficacy recently
demonstrated by 2> Ac-PSMA-617 and some other radiopharmaceuticals in the treatment of metastatic castration-
resistant prostate cancer has further intensified global demand for 2>*Ac [93]. However, the global supply of 225Ac
remains critically insufficient, representing the principal bottleneck constraining the broader clinical adoption of
TAT. At present, the overwhelming majority of the global 22Ac supply is derived from the decay of *°Th, a
daughter radionuclide of 233U (Figure 14). The 23°U stockpile was produced by reactor neutron irradiation of >**Th
between 1954~1970, after which this production pathway was discontinued under nuclear non-proliferation treaty
obligations [94]. The world’s existing 22°Th inventory is held at three institutions: Oak Ridge National Laboratory
(ORNL, Oak Ridge, TN, USA, ~150 mCi), the Institute for Transuranium Elements (ITU, Karlsruhe, Germany,
~46 mCi), and the Institute of Physics and Power Engineering (IPPE, Obninsk, Russia, ~150 mCi), yielding annual
225 Ac outputs of approximately 720, 350, and 720 mCi, respectively. Global annual production thus falls well below
2 Ci[95], far short of what large-scale clinical trials and routine patient treatment would demand [96]. To narrow this
substantial gap between supply capacity and clinical need, the international radiochemistry community is actively
pursuing alternative production routes, principally: (a) spallation of 2>Th by high-energy proton irradiation; (b)
nuclear reactions on ?*Ra via proton irradiation; and (c) reactor thermal neutron irradiation of *Ra [97]. Each
production route presents distinct radiochemical separation challenges, necessitating the development of highly
efficient separation strategies.

225
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89
99172 (21) d

14.82 (19) d

Figure 14. Decay diagram of **U, drawn from the Laraweb website (http://www.Inhb.fr/Laraweb/ (accessed on 1
May 2026).

High-energy proton irradiation of natural 2*?Th targets via the 2**Th(p, x)***Ac transmutation reaction is one
of the most scalable production routes, owing to the low cost and ready availability of the target material. However,
this approach confronts formidable radiochemical separation challenges: the irradiated Th target contains nearly
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400 radioactive radionuclides spanning the majority of the periodic table [98]. Furthermore, the co-production of
long-lived *?’Ac and medium-lived ?*Ac (71, = 29.37 h) is unavoidable; **’Ac activity typically constitutes
0.1~0.3% of the ??5Ac activity, increasing the internal radiation dose to patients. An efficient separation process must
therefore simultaneously achieve: quantitative recovery of trace-level ?>Ac from gram-scale Th matrices; effective
removal of hundreds of co-produced fission and spallation products; and maximum suppression of 2>’ Ac impurities.

To address these challenges, researchers have developed several separation strategies. For Th matrix removal,
cation exchange chromatography has been widely adopted due to its operational simplicity. McAlister et al. [99]
introduced a cation exchange method operating in sulfate medium: Th matrix is dissolved in 8 M H,SO4 containing
trace HF, then Th*" forms neutral or anionic sulfate complexes, including [Th(SO4);]* and [Th(SO4)4]*", that are
not retained on Dowex 50Wx8 cation exchange resin, while Ac*" and Ra?" are selectively adsorbed. This approach
requires a column volume only 1/10~1/20 of that needed for anion exchange methods, and eliminates the post-
dissolution evaporation and reconcentration steps, substantially streamlining the workflow. Baimukhanova et al. [100]
explored trichloroacetic acid as an alternative Th chelating agent, achieving effective partitioning of Th, Ac, and
Ra on Dowex 50Wx8 resin in 5~6 M CCI3COOH medium, where the Th distribution coefficient drops below 1
while Ac and Ra remain well-retained. Chen et al. [101] established a citric acid (CA) based cation exchange
method in which Th*" is chelated in pH 2 citrate solution to form anionic complexes of the form Th(cit);>",
effectively excluding it from adsorption during cation exchange, while Ac®" is first retained on AG50W-X8 resin
and subsequently eluted with 6 M HNOj at a recovery exceeding 99% (Figure 15a).

(a) 22Th(p, X) reaction (b) **Ra(p, 2n) reaction  (c) **Ra(n, y)reaction
Irradiated ThO, Irradiated ***Ra Irradiated **Ra
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Figure 15. Schematic flow diagrams for the separation of *>Ac from (a) accelerator irradiation products of 2*Th [101];
(b) accelerator irradiation products of 2?Ra [102]; and (¢) reactor irradiation products of >*Ra [103].
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Beyond cation exchange resins, DGA extraction resin, which exhibits strong affinity for both Ac*" and
lanthanide ions, is frequently employed as a complementary step to further enrich Ac from cation exchange
fractions and remove alkali metal impurities [19]. A typical workflow involves loading the 6 M HNOs eluate
directly onto a DGA column, washing with 4 M HNOj3 to remove impurities, and eluting Ac with dilute HNO3 or
HCI. However, the limited selectivity of DGA resin between Ac and lanthanides necessitates additional separation
steps for further Ac purification [99]. Membrane-based sorbent materials for rapid purification have also attracted
growing attention. Radhakrishnan et al. [104] fabricated an electrospun membrane sorbent by covalently grafting
tetra-2-ethylhexyl-diglycolamide (THDGA) onto poly(vinylbenzyl chloride) (PVBC) fiber surfaces. The resulting
material maintains metal ion adsorption trends similar to those of N,N,N’,N'-tetraoctyl diglycolamide (TODGA)
resin while achieving significantly faster mass transfer kinetics. The THDGA membrane sorbent exhibits a
selectivity coefficient of up to 57 for La** over 2’Ac in 10 M HNOs3, and ?**Ac can be rapidly desorbed from the
fibers within 20 min. Compared with conventional THDGA extraction chromatographic resin, this membrane
sorbent is expected to substantially reduce both elution time and eluent volume.

Minimizing ?*’Ac impurity content represents another central challenge in the separation of 2*?Th spallation
products. Robertson et al. [93] proposed a strategy where 2*°Ra (T3, = 14.9 d) is first isolated from the 23*Th(p, x)
irradiation products and allowed to decay to generate fresh 22°Ac, which is then subjected to a second Ac separation
step. This two-stage approach yields a *Ac product with a 2>’ Ac content below 7.5 x 107%, falling below the
International Atomic Energy Agency (IAEA) exemption threshold and qualifying as effectively “*?’Ac-free” from
a regulatory standpoint. Although the ?*Ac yield obtained by this route is approximately 1/5 to 1/6 of that
achievable by direct separation of ?>*Ac from 232Th(p, x) products, its superior radionuclidic purity makes it more
suitable for radiopharmaceutical preparation, while the 2*’Ac-containing ?2Ac fraction can be separately utilized
as parent material for 22Ac/?'*Bi generator systems.

Cyclotron-based proton irradiation of ?*°Ra via the ?*°Ra(p, 2n)**’Ac transmutation reaction represents
another important production route, with the key advantage of generating no long-lived 2*’Ac impurity. Apostolidis
et al. [102] established an extraction chromatography-based purification process for the irradiated products: the
dissolved Ra/Ac mixture is loaded onto an Ln-spec column in 0.01 M HCI, Ra is washed through with 0.1 M HCI,
and Ac is eluted with 2 M HCI (Figure 15b). The Ac fraction is then directly passed through an Sr-spec column to
remove Po and Pb impurities arising from ?*°Ra decay. a and y spectrometric analysis of the purified >>*Ac product
confirmed radiochemical purity comparable to that of material produced via the conventional >**Th route, meeting
the quality requirements for TAT clinical research.

Reactor thermal neutron irradiation of 22°Ra via the 22Ra(n, y)*?’Ra(B)?*’Ac(n, y)***Ac(B)***Th(n, v)**°Th
reaction, followed by establishment of a 22°Th/??’Ra/?**Ac generator system, represents a potential pathway for the
long-term stable supply of 2**Ac. However, the extremely high activities of co-produced **Th and 2*’Ac
contaminants make the separation challenges for this route exceptionally complex. Hogle et al. [105] established
a separation process in which Th is separated from Ra and Ac using an anion exchange (MP-1/NOs") column: in
8 M HNOs, Th is strongly retained as the Th(NOs)¢>~ complex while Ra passes through, after which Th is eluted
with 0.1 M HNOs;. However, the separated Th fraction contains a mixture of 2>’Th, ?Th, and ??°Th, and the
isolation of 22°Th from 27228Th is exceedingly difficult. To address this complex multi-component system, our
group [103] proposed an integrated separation scheme: anion exchange resin is first used to separate the 227228229Th
mixture, followed by cation exchange resin for the recovery of 22Ra and ?*’Ac, after which 2**Ac is periodically
harvested from the 2Th/??°Ra/*?*Ac generator once secular equilibrium has been established (Figure 15¢). The
recovered ?*’Ac can serve not only as the parent radionuclide for a 22’ Ac/?*’Th/*?*Ra generator, but also as a highly
efficient re-irradiation target for 2*Th production, with a 2?°Th yield approximately 16-fold higher than that of a
226Ra target.

8. Current Challenges
8.1. Purification of Medical Radioactive Wastewater

With the expanding clinical application of therapeutic radiopharmaceuticals, the volume of generated
radioactive wastewater is growing substantially, and its safe disposal has emerged as one of the critical challenges
confronting the sustainable development of nuclear medicine [106,107]. Following in vivo metabolism of
radiopharmaceuticals, radionuclides are excreted by patients and enter wastewater systems, generating
radionuclide-containing medical effluents. For decades, the globally prevalent strategy for managing such waste
has been “storage-to-decay”: radioactive wastewater is held in dedicated decay tanks until more than ten physical
half-lives have elapsed before discharge, a process requiring approximately 67 d for '7’Lu and approximately 80
d for ¥ (T, = 8.04 d) [26]. The prolonged accumulation of large wastewater volumes places severe pressure on
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institutional storage infrastructure. The development of active treatment technologies capable of rapidly and
efficiently removing radionuclides from medical wastewater has therefore become an urgent priority.

It is worth noting that the treatment of a-emitting radionuclides wastewater presents challenges far exceeding
those of B-emitting radionuclides. a-emitting radionuclides typically possess long decay chains that generate
multiple chemically distinct daughter radionuclides, making it difficult for any single sorbent material to achieve
complete removal across the entire decay chain [108]. Furthermore, certain decay daughters, such as Rn, are
volatile and may form radioactive aerosols, introducing gaseous contamination pathways. Systematic adsorption
studies specifically targeting the medical wastewater streams of a-emitting radionuclides remain scarce, and this
area warrants dedicated investigation.

8.2. Radiation Stability of Separation Materials

A challenge that cannot be overlooked in the separation of a-radionuclides is the radiation damage inflicted
on separation materials by the decay emissions of the radionuclides themselves, which can irreversibly alter
separation performance [109,110]. Research in the field of spent nuclear fuel reprocessing has clearly established
that extractants and sorbent materials exposed to intense radiation fields inevitably undergo bond cleavage and
molecular rearrangement, generating a spectrum of radiolytic degradation products that lead to significant changes
in extraction efficiency, selectivity, and even phase separation behavior [111]. Importantly, the different radiation
types (o, B, and y) differ fundamentally in their radiolytic mechanisms and damage modes as a consequence of
their differing LET values: a particles, owing to their extremely high LET, deposit energy in a highly localized
manner along their tracks, typically causing more severe radiolytic damage than an equivalent absorbed dose of y
radiation [112]. Accordingly, the design of separation materials for medical a-radionuclides should incorporate targeted
radiation stability optimization commensurate with the decay characteristics of the target radionuclide, ensuring that
reliable separation performance is maintained throughout prolonged contact with highly radioactive species.

8.3. Automated Separation Technologies

Automated separation technology is a critical enabler of both production efficiency and operational safety in
radionuclide manufacturing [113,114]. During separation and purification operations involving high radioactivity
levels, personnel face substantial radiation exposure risk. Automated systems that execute the entire chemical
separation workflow remotely within a hot cell can significantly reduce operator radiation dose while
simultaneously improving the reproducibility and process stability of the separation [115]. As an illustrative
example, Tan et al. designed an automated multi-column ion exchange system for the continuous separation and
purification of 2?*Ac¢ from accelerator-irradiated natural Th targets [116]. Through a four-step dual-column
separation and dual-column purification workflow, the system reproducibly isolated 2**Ac¢ with a radionuclidic
purity of 92~96% and a recovery of approximately 63% from irradiated solutions containing hundreds of co-
produced radionuclidic species, with a total stable impurity content below 2.4 ug. The entire process,
encompassing target transfer, dissolution, and final product collection, was completed automatically within
approximately 60 h under full remote control within a hot cell, effectively minimizing operator radiation exposure
and providing an engineering-scale solution for the large-scale clinical production of ?2°Ac.

9. Conclusions

In this review, we have systematically summarized the latest advances in separation strategies for medical a-
radionuclides, encompassing 2'!At, 2*’Ra, ?**Ra, 2!?Pb, ?*Ac, and 2"*Bi. Although commercially available resins
with well-established performance continue to dominate the separation of a-radionuclides, persistent efforts are
being devoted to exploring novel separation strategies aimed at further optimizing separation efficiency, and
considerable progress has already been achieved. With the continued development of novel separation materials,
they are anticipated to play a pivotal role in achieving efficient radionuclide separation in the future.

Author Contributions

L.Q.: Conceptualization, methodology, investigation, writing—original draft, visualization; F.L.: supervision,
writing—review & editing; J.L.: Project administration; X.C.: Conceptualization, funding acquisition; N.L.:
Conceptualization, funding acquisition, project administration, writing—review & editing. All authors have read
and agreed to the published version of the manuscript.

18 of 24



Qiu et al. Mod. Nucl. Radiochem. 2026, 1(1), 2

Funding

This research was financially supported by the National Natural Science Foundation of China (22476139,

12475349 and 92361202), the Natural Science Foundation of Sichuan (2025ZNSFSC0108), the Fundamental
Research Funds for the Central Universities, and the Natural Science Foundation of Chongqing (CSTB2024NSCQ-
MSX0673).

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

Not applicable.

Conlflicts of Interest

The authors declare no conflict of interest.

Use of AI and AI-Assisted Technologies

No Al tools were utilized for this paper.

References

1.

10.

11.

12.

13.

Cui, X.Y.; Li, Z.; Kong, Z.; et al. Covalent Targeted Radioligands Potentiate Radionuclide Therapy. Nature 2024, 630,
206-213. https://doi.org/10.1038/s41586-024-07461-6; Correction in Nature 2026, 649, E9. https://doi.org/10.1038/s41586-
025-09982-0

Selvam, A.; Green, B.D. Bringing Atoms to Bedside with Targeted Alpha Therapy. Nat. Rev. Chem. 2026, 10, 7-8.
https://doi.org/10.1038/s41570-025-00782-8.

Kim, Y.S.; Brechbiel, M.W. An Overview of Targeted Alpha Therapy. Tumor Biol. 2012, 33, 573-590. https://doi.org/
10.1007/s13277-011-0286-y.

King, A.P.; Lin, F.I.; Escorcia, F.E. Why Bother with Alpha Particles? Eur. J. Nucl. Med. Mol. Imaging 2021, 49, 7-17.
https://doi.org/10.1007/s00259-021-0543 1-y.

Doyle, C.M.; Mills, M.; Damgaci, S.; et al. Integration of Radium-223 Dichloride (Xofigo) into Clinical Practice for the
Treatment of Castration-Resistant Prostate Cancer. J. Clin. Oncol. 2019, 37, 312. https://doi.org/10.1200/jc0.2019.37.
7_suppl.312.

Salih, S.; Alkatheeri, A.; Alomaim, W.; et al. Radiopharmaceutical Treatments for Cancer Therapy, Radionuclides
Characteristics, Applications, and Challenges. Molecules 2022, 27, 523 1. https://doi.org/10.3390/molecules27165231.
Beyer, G.J.; Comor, J.I.; Dakovié, M.; et al. Production Routes of the Alpha Emitting **Tb for Medical Application.
Radiochim. Acta 2002, 90, 247-252. https://doi.org/10.1524/ract.2002.90.5_2002.247.

Alfassi, Z.B.; Bonardi, M.; Groppi, F.; et al. A New Alpha-Emitter for Nuclear Medicine: 2*°U. J. Radioanal. Nucl. Chem.
2006, 270, 483-487. https://doi.org/10.1007/s10967-006-0344-x.

Minchom, A.; Lindén, O.; Knapen, D.G.; et al. First-in-Human Study of a Thorium-227-Labeled Mesothelin-Targeting
Antibody-Chelator Conjugate (MSLN-TTC), in Patients with Malignant Mesothelioma and Other Solid Tumors. ESMO
Open 2025, 10, 105905. https://doi.org/10.1016/j.esmoop.2025.105905.

Abbas, N.; Heyerdahl, H.; Bruland, ©.S.; et al. Experimental a-Particle Radioimmunotherapy of Breast Cancer Using
227Th-Labeled p-Benzyl-DOTA-Trastuzumab. EJNMMI Res. 2011, 1, 18. https://doi.org/10.1186/2191-219x-1-18.
Radford, L.L.; Lapi, S.E. Methods for the Production of Radionuclides for Medicine. In Radiopharmaceutical Chemistry;
Lewis, J.S., Windhorst, A. D., Zeglis, B.M., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 63—83.
Qaim, S.M. The Present and Future of Medical Radionuclide Production. Radiochim. Acta 2012, 100, 635-651.
https://doi.org/10.1524/ract.2012.1966.

Kleynhans, J.; Duatti, A. The Determination of the Radiochemical Purity of Actinium-225 Radiopharmaceuticals: A
Conundrum. EJNMMI Radiopharm. Chem. 2022, 7, 23. https://doi.org/10.1186/s41181-022-00175-y.

19 of 24



Qiu et al. Mod. Nucl. Radiochem. 2026, 1(1), 2

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Vallabhajosula, S.; Killeen, R.P.; Osborne, J.R. Altered Biodistribution of Radiopharmaceuticals: Role of
Radiochemical/Pharmaceutical Purity, Physiological, and Pharmacologic Factors. Semin. Nucl. Med. 2010, 40, 220-241.
https://doi.org/10.1053/j.semnuclmed.2010.02.004.

Toro-Gonzalez, M.; Wheeless, L.; Tangadanchu, V.K.R.; et al. Quality Control of Actinium-225 and 2?**Ac-
Radiopharmaceuticals: Francium-221 to Be or Not to Be? E/JNMMI Radiopharm. Chem. 2026, 11, 2. https://doi.org/10.
1186/s41181-025-00419-7.

Aurilio, M.; Esposito, A.; Buonanno, M.; et al. [?Ac]Ac-PSMA-617 Production Method: Development of an Efficient
and Reproducible Radiolabelling Process for Establish a Clinical Routine Production. EJNMMI Radiopharm. Chem.
2025, 10, 20. https://doi.org/10.1186/s41181-025-00344-9.

Dietz, M.L.; Horwitz, E.P. Applications of Extraction Chromatography in the Development of Radionuclide Generator
Systems for Nuclear Medicine. Ind. Eng. Chem. Res. 2000, 39, 3181-3188. https://doi.org/10.1021/ie9903745.

Ivanov, P.L; Collins, S.M.; van Es, E.M.; et al. Evaluation of the Separation and Purification of ??’Th from Its Decay
Progeny by Anion Exchange and Extraction Chromatography. Appl. Radiat. Isot. 2017, 124, 100—105. https://doi.org/10.
1016/j.apradis0.2017.03.020.

Radchenko, V.; Engle, J.W.; Wilson, J.J.; et al. Application of Ion Exchange and Extraction Chromatography to the
Separation of Actinium from Proton-Irradiated Thorium Metal for Analytical Purposes. J. Chromatogr. A 2015, 1380,
55-63. https://doi.org/10.1016/j.chroma.2014.12.045.

Xie, Y.; Yu, L.; Chen, L.; et al. Recent Progress of Radionuclides Separation by Porous Materials. Sci. China Chem.
2024, 67, 3515-3577. https://doi.org/10.1007/s11426-024-2218-8.

Qiu, L.; Wu, J.; Luo, N.; et al. Preparation of Medical ?*Th-?>*Ra Radionuclide Generator Based on SiO>@TiO2
Microspheres. Langmuir 2024, 40, 11723-11731. https://doi.org/10.1021/acs.langmuir.4c01138.

Ye, T.; Ma, H.; Qu, G.; et al. Multivalent 2! At-Radiolabeled Fibroblast Activation Protein Inhibitors for Targeted Alpha-
Therapy of Glioma. Mol. Pharmaceutics 2025, 22, 5697-5708. https://doi.org/10.1021/acs.molpharmaceut.5c00989.
Wu, X.; Xiang, Y.; Zalutsky, M.R.; et al. First-in-Human Evaluation of [>!' At]YF2 in Patients with Metastatic Castration-
Resistant Prostate Cancer. Eur. J. Nucl. Med. Mol. Imaging 2026, 53, 4446-4459. https://doi.org/10.1007/s00259-025-
07754-6.

He, L.; Chen, X.; Zhang, Z.; et al. Encapsulation of 2!'At" into a Nanoscale Covalent Organic Framework Prevents
Deastatination in Vivo. J. Am. Chem. Soc. 2026, 148, 4074—4086. https://doi.org/10.1021/jacs.5¢14889.

Zimmermann, R. Is 2'' At Really Happening? J. Nucl. Med. 2025, 66, 681-683. https://doi.org/10.2967/jnumed.125.269699.
Li, F.; Yang, Y.; Liao, J.; et al. Recent Progress of Astatine-211 in Endoradiotherapy: Great Advances from Fundamental
Properties to Targeted Radiopharmaceuticals. Chin. Chem. Lett. 2022, 33, 3325-3338. https://doi.org/10.1016/j.cclet.
2022.03.025.

Lindegren, S.; Jensen, H.; Van de Maele, H.; et al. Solving the Limited Availability of Astatine-211 from a European
Perspective: From Production to the End User. EJNMMI Radiopharm. Chem. 2026, 11, 15. https://doi.org/10.1186/
s41181-026-00428-0.

Feng, Y.; Zalutsky, M.R. Production, Purification and Availability of >''At: Near Term Steps towards Global Access.
Nucl. Med. Biol. 2021, 100101, 12-23. https://doi.org/10.1016/j.nucmedbio.2021.05.007.

Lindegren, S.; Béck, T.; Jensen, H.J. Dry-Distillation of Astatine-211 from Irradiated Bismuth Targets: A Time-Saving
Procedure with High Recovery Yields. Appl. Radiat. Isot. 2001, 55, 157-160. https://doi.org/10.1016/s0969-
8043(01)00044-6.

Zalutsky, M.R.; Zhao, X.G.; Alston, K.L.; et al. High-Level Production of a-Particle-Emitting 2!' At and Preparation of
211 At-Labeled Antibodies for Clinical Use. J. Nucl. Med. 2001, 42, 1508—1515.

Nagatsu, K.; Minegishi, K.; Fukada, M.; et al. Production of 2'' At by a Vertical Beam Irradiation Method. Appl. Radiat.
Isot. 2014, 94, 363-371. https://doi.org/10.1016/j.apradis0.2014.09.012.

Qin, Y.; Liu, W.; Ye, T.; et al. Development of Dry Distillation Equipment and Separation Process for Production of
211At. At. Energy Sci. Technol. 2024, 58, 742-750. https://doi.org/10.7538/yzk.2023.youxian.0431.

Ooe, K.; Toyoshima, A.; Teramoto, T.; et al. Preparation of an Astatine-211 Aqueous Solution by Dry Distillation and
Dissolution in Pure Water. J. Nucl. Med. 2021, 62, 1462.

Burns, J.D.; Tereshatov, E.E.; Avila, G.; et al. Rapid Recovery of At-211 by Extraction Chromatography. Sep. Purif.
Technol. 2021, 256, 117794. https://doi.org/10.1016/j.seppur.2020.117794.

Woen, D.H.; Eiroa-Lledo, C.; Akin, A.C.; et al. A Solid-State Support for Separating Astatine-211 from Bismuth. /norg.
Chem. 2020, 59, 6137-6146. https://doi.org/10.1021/acs.inorgchem.0c00221.

Watanabe, S.; Sasaki, I.; Watanabe, S.; et al. A Simple Isolation of 2!’ At Using an Anion-Exchange Spin Column Method.
J. Radioanal. Nucl. Chem. 2020, 326, 1399—-1404. https://doi.org/10.1007/s10967-020-07422-z.

Ye, T.; Qin, Y.; Liu, W.; et al. A New Strategy for Facile and Rapid Separation of Astatine-211 from Nitric Acid Medium.
Sep. Purif. Technol. 2024, 330, 125284. https://doi.org/10.1016/j.seppur.2023.125284.

20 of 24



Qiu et al. Mod. Nucl. Radiochem. 2026, 1(1), 2

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Li, Y.; Hamlin, D.K.; Chyan, M.K_; et al. Investigation of a Tellurium-Packed Column for Isolation of Astatine-211 from
Irradiated Bismuth Targets and Demonstration of a Semi-Automated System. Sci. Rep. 2019, 9, 16960. https://doi.org/10.
1038/s41598-019-53385-x.

O’Hara, M.J.; Krzysko, A.J.; Hamlin, D.K.; et al. Development of an Autonomous Solvent Extraction System to Isolate
Astatine-211 from Dissolved Cyclotron Bombarded Bismuth Targets. Sci. Rep. 2019, 9, 20318. https://doi.org/10.1038/
$41598-019-56272-7.

McNeil, B.L.; Robertson, A.K.H.; Fu, W.; et al. Production, Purification, and Radiolabeling of the 2°Pb/?!2Pb Theranostic
Pair. EJNMMI Radiopharm. Chem. 2021, 6, 6. https://doi.org/10.1186/s41181-021-00121-4.

Lyu, J.; Ding, W.; Yang, A.; et al. Nanohydroxyapatite-Based in Vivo 2'?Pb/?!?Bi Generator for Targeted Alpha Therapy of
Pulmonary Metastatic Cancer. ACS Appl. Nano Mater. 2025, 8, 21431-21441. https://doi.org/10.1021/acsanm.5c03838.
Yang, M.; Wang, L.; Qin, S.; et al. Role of Damaged Mitochondrial Transfer in Alpha-Particle Generator >'?Pb Radiation-
Induced Bystander Effect. Theranostics 2024, 14, 6768—6782. https://doi.org/10.7150/thno.101922.

Berckmans, Y.; Kleynhans, J.; Van Mechelen, S.; et al. Lead Radionuclides for Theranostic Applications in Nuclear
Medicine: From Atom to Bedside. Theranostics 2026, 16, 2887-2917. https://doi.org/10.7150/thno.126086.

Fernandez, V. Rare-Earth Elements Market: A Historical and Financial Perspective. Resour. Policy 2017, 53, 26-45.
https://doi.org/10.1016/j.resourpol.2017.05.010.

Chen, J.; Xu, M,; Liu, Y_; et al. Isolation of 2?Pb from Natural Thorium for Targeted Alpha-Therapy. Chin. Chem. Lett.
2022, 33, 3474-3477. https://doi.org/10.1016/j.cclet.2022.02.012.

Chen, L.; Feng, W.; Wei, Y.; et al. Highly Efficient Extraction of 2'?Pb/?!?Bi from the Decay Chain of 23>Th-Based on
Anion Exchange in Bromide Medium. Adv. Sci. 2026, 13, €74721. https://doi.org/10.1002/advs.74721.

He, X.; Feng, W.; Wang, Z.; et al. An Advanced Separation Method for the Acquisition of 212Pb/??Bi from Natural
Thorium. Chem. Eng. J. 2024, 502, 157971. https://doi.org/10.1016/j.cej.2024.157971.

Jiang, T.; Jiang, B.; Zou, Y.; et al. Reversal of Ion Selectivity beyond Ligand Affinity in Covalent Organic Frameworks:
A Pore-Size Confinement Synergistic Chemical Trapping Strategy. Adv. Funct. Mater. 2026, 36, e18724. https://doi.
org/10.1002/adfm.202518724.

Pruszynski, M.; Walczak, R.; Rodak, M.; et al. Radiochemical Separation of ?**Ra from 2**U and ?**Th Sources for
224Ra/?12Pb/?1?Bi Generator. Appl. Radiat. Isot. 2021, 172, 109655. https://doi.org/10.1016/j.apradiso.2021.109655.
Zhou, J.; He, N.; He, P.; et al. Constructing Compressed Hexagonal COFs via “Debus-Radziszewski” Multicomponent
Reaction Based on “Two-in-One” Monomers for Ba?*/Pb?* Separation. Chem. Eng. J. 2025, 524, 169753. https://doi.org/
10.1016/j.cej.2025.169753.

Li, R.G.; Stenberg, V.Y.; Larsen, R.H. An Experimental Generator for Production of High-Purity 2'?Pb for Use in
Radiopharmaceuticals. J. Nucl. Med. 2023, 64, 173—176. https://doi.org/10.2967/jnumed.122.264009.

Hassfjell, S.; Brechbiel, M.W. The Development of the a-Particle Emitting Radionuclides 2'?Bi and 2'*Bi, and Their
Decay Chain Related Radionuclides, for Therapeutic Applications. Chem. Rev. 2001, 101,2019-2036. https://doi.org/10.
1021/cr000118y.

Ahenkorah, S.; Cassells, 1.; Deroose, C.M.; et al. Bismuth-213 for Targeted Radionuclide Therapy: From Atom to
Bedside. Pharmaceutics 2021, 13, 599. https://doi.org/10.3390/pharmaceutics13050599.

De Kruijff, R.; Wolterbeek, H.; Denkova, A. A Critical Review of Alpha Radionuclide Therapy—How to Deal with
Recoiling Daughters? Pharmaceuticals 2015, 8, 321-336. https://doi.org/10.3390/ph8020321.

Morgenstern, A.; Bruchertseifer, F.; Apostolidis, C. Bismuth-213 and Actinium-225 Generator Performance and
Evolving Therapeutic Applications of Two Generator-Derived Alpha-Emitting Radioisotopes. Curr. Radiopharm. 2012,
5,221-227. https://doi.org/10.2174/1874471011205030221.

Ondrék, L.; Ondréak Fialové, K.I.; Sakmar, M.; et al. Development of 2> Ac¢/?'3Bi Generator Based on o-ZrP-PAN Composite
for Targeted Alpha Therapy. Nucl. Med. Biol. 2024, 132—133, 1089009. https://doi.org/10.1016/j.nucmedbio.2024.108909.
McAlister, D.R.; Horwitz, E.P. Automated Two Column Generator Systems for Medical Radionuclides. Appl. Radiat.
Isot. 2009, 67, 1985-1991. https://doi.org/10.1016/j.apradiso.2009.07.019.

Sinenko, I.L.; Kalmykova, T.P.; Likhosherstova, D.V_; et al. 23Bi Production and Complexation with New Picolinate
Containing Ligands. J. Radioanal. Nucl. Chem. 2019, 321, 531-540. https://doi.org/10.1007/s10967-019-06610-w.
Bray, L.A.; Tingey, J.M.; DesChane, J.R.; et al. Development of a Unique Bismuth (Bi-213) Automated Generator for
Use in Cancer Therapy. Ind. Eng. Chem. Res. 2000, 39, 3189-3194. https://doi.org/10.1021/ie990068r.

Betenekov, N.D.; Denisov, E.I.; Vasiliev, A.N.; et al. Prospects for the Development of an 22°Ac/?!*Bi Generator Using
Inorganic Hydroxide Sorbents. Radiochemistry 2019, 61, 211-219. https://doi.org/10.1134/s1066362219020140.
Vasiliev, A.N.; Ermolaev, S.V.; Lapshina, E.V_; et al. 22’Ac/?*Bi Generator Based on Inorganic Sorbents. Radiochim.
Acta 2019, 107, 1203-1211. https://doi.org/10.1515/ract-2019-3137.

21 of 24



Qiu et al. Mod. Nucl. Radiochem. 2026, 1(1), 2

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Forrester, R.; Dutech, G.; Akin, A.; et al. An Electrochemical Generator for the Continual Supply of 2!*Bi from ?2’Ac for
Use in Targeted Alpha Therapy Applications. Nucl. Med. Biol. 2024, 136—137, 108941. https://doi.org/10.1016/].
nucmedbio.2024.108941.

Zitzmann-Kolbe, S.; Remde, Y.; Moen, .; et al. Biodistribution of Free Francium-221 and Bismuth-213 in Tumour-
Bearing SCID Mice after Successful Development of Actinium-225/Francium-221 Radionuclide Generator Set-Up. Eur.
J. Nucl. Med. Mol. Imaging 2025, 53, 633—646. https://doi.org/10.1007/s00259-025-07427-4.

Zobnin, V.A.; Zhuikov, B.L.; Vasiliev, A.N.; et al. Gas-Chemical Approach to 2*Ac/?"*Bi Radionuclide Generator for
Medical Application. Appl. Radiat. Isot. 2025, 215, 111581. https://doi.org/10.1016/j.apradiso.2024.111581.

Ermolaev, S.V.; Vasiliev, A.N.; Skasyrskaya, A.K.; et al. 22°Ac/?!*Bi Generator for Direct Synthesis of 2!*Bi-Labeled
Bioconjugates. Nucl. Med. Biol. 2025, 140-141, 108975. https://doi.org/10.1016/j.nucmedbio.2024.108975.

Morris, M.J.; Corey, E.; Guise, T.A.; et al. Radium-223 Mechanism of Action: Implications for Use in Treatment
Combinations. Nat. Rev. Urol. 2019, 16, 745-756. https://doi.org/10.1038/s41585-019-0251-x.

Florimonte, L.; Dellavedova, L.; Maffioli, L.S. Radium-223 Dichloride in Clinical Practice: A Review. Eur. J. Nucl.
Med. Mol. Imaging 2016, 43, 1896—1909. https://doi.org/10.1007/s00259-016-3386-5.

Marques, I.A.; Neves, A.R.; Abrantes, A.M.; et al. Targeted Alpha Therapy Using Radium-223: From Physics to
Biological Effects. Cancer Treat. Rev. 2018, 68, 47-54. https://doi.org/10.1016/j.ctrv.2018.05.011.

Kukleva, E.; Kozempel, J.N.; VIk, M.; et al. Preparation of 22’ Ac/??°Ra by Neutron Irradiation of ??°Ra. J. Radioanal.
Nucl. Chem. 2014, 304, 263-266. https://doi.org/10.1007/s10967-014-3432-3.

Geng, J.; Wu, J.; Xiao, Q.; et al. Research Progress in the Preparation Technology of Radium-223. J. Isot. 2025, 38, 206—
216. https://doi.org/10.7538/tws.2023.youxian.119.

Henriksen, G.; Hoff, P.; Alstad, J.; et al. >Ra for Endoradiotherapeutic Applications Prepared from an Immobilized
227A¢/**"Th Source. Radiochim. Acta 2001, 89, 661-666. https://doi.org/10.1524/ract.2001.89.10.661.

Abou, D.S.; Pickett, J.; Mattson, J.E.; et al. A Radium-223 Microgenerator from Cyclotron-Produced Trace Actinium-
227. Appl. Radiat. Isot. 2017, 119, 36-42. https://doi.org/10.1016/j.apradiso.2016.10.015.

Bagheri, R.; Afarideh, H.; Ghannadi-Maragheh, M.; et al. Production of ?>Ra from ??°Ra in Tehran Research Reactor for
Treatment of Bone Metastases. J. Radioanal. Nucl. Chem. 2015, 304, 1185-1191. https://doi.org/10.1007/s10967-015-
3931-x.

Gott, M.; Yang, P.; Kortz, U.; et al. A ?**Ra-Labeled Polyoxopalladate as a Putative Radiopharmaceutical. Chem.
Commun. 2019, 55, 7631-7634. https://doi.org/10.1039/c9cc02587a.

Lyu, J.; Qiu, L.; Tan, F.; et al. *Ra Labeled Nanohydroxyapatite for Targeted Alpha Therapy of Metastatic Lung Cancer.
Chem. Eng. J. 2026, 527, 171755. https://doi.org/10.1016/j.cej.2025.171755.

Qiu, L.; Lyu, J.; Guo, Y.; et al. Emergence of a Barium Metal-Organic Framework for Mitigating off-Target Effects of
Alpha Radionuclide Therapy. Theranostics 2026, 16, 1804—1817. https://doi.org/10.7150/thno.121316.

Mikalsen, L.T.G.; Kvassheim, M.; Stokke, C. Optimized SPECT Imaging of ?>*Ra a-Particle Therapy by 2!?Pb Photon
Emissions. J. Nucl. Med. 2023, 64, 1131-1137. https://doi.org/10.2967/jnumed.122.264455.

Franchi, S.; Asti, M.; Di Marco, V.; et al. The Curies’ Element: State of the Art and Perspectives on the Use of Radium
in Nuclear Medicine. EJNMMI Radiopharm. Chem. 2023, 8, 38. https://doi.org/10.1186/s41181-023-00220-4.
Stenberg, V.Y.; Juzeniene, A.; Bruland, @.S.; et al. In Situ Generated 2'?Pb-PSMA Ligand in a ?**Ra-Solution for Dual
Targeting of Prostate Cancer Sclerotic Stroma and PSMA-Positive Cells. Curr. Radiopharm. 2020, 13, 130-141.
https://doi.org/10.2174/1874471013666200511000532.

Juzeniene, A.; Stenberg, V.Y.; Bruland, @.S.; et al. Dual Targeting with 2>*Ra/?!2Pb-Conjugates for Targeted Alpha
Therapy of Disseminated Cancers: A Conceptual Approach. Front. Med. 2023, 9, 1051825. https://doi.org/10.3389/
fmed.2022.1051825.

Narbutt, J.; Bilewicz, A. Gamma Emitting Radiotracers 2?*Ra, '?Pb and ?'’Bi from Natural Thorium. Appl. Radiat. Isot.
1998, 49, 89-91. https://doi.org/10.1016/s0969-8043(97)00234-0.

He, X.; Liao, L.; Tang, J.; et al. Preparation and Characterization of a Mesoporous Silica-Based Copolymer Loaded with
Bis(2-Ethylhexyl) Phosphate for the Efficient Separation of Trace Radium from Natural Thorium. J. Radioanal. Nucl.
Chem. 2024, 333, 5721-5733. https://doi.org/10.1007/s10967-024-09607-2.

Cao, S.; Tang, H.; Kang, Y.; et al. Advanced Strategy for Radium Separation from Natural Thorium Using Crown Ether-
Based Covalent Organic Polymer Microsphere. Chem. Eng. J. 2025, 524, 169093. https://doi.org/10.1016/j.cej.2025.169093.
Aldrich, K.E.; Lam, M.N.; Eiroa-Lledo, C.; et al. Preparation of an Actinium-228 Generator. /norg. Chem. 2020, 59,
3200-3206. https://doi.org/10.1021/acs.inorgchem.9b03563.

Zheng, Q.; Wang, F.; Sun, J.; et al. Efficient Thorium/Barium Separation by Quaternary Ammonium Functionalized
Silica Composite toward Sustainable Production of 2!2Pb for Targeted Alpha Therapy. Langmuir 2025, 41,31623-31638.
https://doi.org/10.1021/acs.langmuir.5c04796.

22 of 24



Qiu et al. Mod. Nucl. Radiochem. 2026, 1(1), 2

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Qiu, L.; Wu, J.; Luo, N,; et al. Feasible Strategy for Large-Scale Production of ?*Ra as a Promising a-Emitting Therapy
Radionuclide. Ind. Eng. Chem. Res. 2023, 62, 14001-14011. https://doi.org/10.1021/acs.iecr.3c¢01996.

Zhang, Y.; Li, F.; Cui, Z.; et al. A Radioluminescent Metal-Organic Framework for Monitoring ?>°Ac in Vivo. J. Am.
Chem. Soc. 2023, 145, 14679—-14685. https://doi.org/10.1021/jacs.3c02325.

Kratochwil, C.; Haberkorn, U.; Giesel, F.L. 22°Ac-PSMA-617 for Therapy of Prostate Cancer. Semin. Nucl. Med. 2020,
50, 133—140. https://doi.org/10.1053/j.semnuclmed.2020.02.004.

Robertson, A.K.H.; Ramogida, C.F.; Schaffer, P.; et al. Development of 22 Ac Radiopharmaceuticals: TRIUMF Perspectives
and Experiences. Curr. Radiopharm. 2018, 11, 156—172. https://doi.org/10.2174/1874471011666180416161908.

Roscher, M.; Bakos, G.B.; Benesova, M. Atomic Nanogenerators in Targeted Alpha Therapies: Curie’s Legacy in
Modern Cancer Management. Pharmaceuticals 2020, 13, 76. https://doi.org/10.3390/ph13040076.

Poty, S.; Francesconi, L.C.; McDevitt, M.R.; et al. a-Emitters for Radiotherapy: From Basic Radiochemistry to Clinical
Studies—Part 1. J. Nucl. Med. 2018, 59, 878—884. https://doi.org/10.2967/jnumed.116.186338.

Nelson, B.J.B.; Andersson, J.D.; Wuest, F. Targeted Alpha Therapy: Progress in Radionuclide Production, Radiochemistry,
and Applications. Pharmaceutics 2021, 13, 49. https://doi.org/10.3390/pharmaceutics13010049.

Robertson, A.K.H.; McNeil, B.L.; Yang, H.; et al. 2*Th-Spallation-Produced ?>*Ac with Reduced 2>’ Ac Content. Inorg.
Chem. 2020, 59, 12156-12165. https://doi.org/10.1021/acs.inorgchem.0c01081.

Alvarez, R. Managing the Uranium-233 Stockpile of the United States. Sci. Glob. Secur. 2013, 21, 53—69. https://doi.
org/10.1080/08929882.2013.754311.

Radchenko, V.; Morgenstern, A.; Jalilian, A.R.; et al. Production and Supply of a-Particle-Emitting Radionuclides for
Targeted a-Therapy. J. Nucl. Med. 2021, 62, 1495-1503. https://doi.org/10.2967/jnumed.120.261016.

Higashi, T.; Nagatsu, K.; Tsuji, A.B.; et al. Research and Development for Cyclotron Production of 22Ac from ?2°Ra—
The Challenges in a Country Lacking Natural Resources for Medical Applications. Processes 2022, 10, 1215.
https://doi.org/10.3390/pr10061215.

Brown, M.A. Metal Oxide Sorbents for the Separation of Radium and Actinium. /nd. Eng. Chem. Res. 2020, 59, 20472—
20477. https://doi.org/10.1021/acs.iecr.0c04084.

Fitzsimmons, J.; Foley, B.; Torre, B.; et al. Optimization of Cation Exchange for the Separation of Actinium-225 from
Radioactive Thorium, Radium-223 and Other Metals. Molecules 2019, 24, 1921. https://doi.org/10.3390/molecules24101921.
McAlister, D.R.; Horwitz, E.P. Selective Separation of Radium and Actinium from Bulk Thorium Target Material on
Strong Acid Cation Exchange Resin from Sulfate Media. Appl. Radiat. Isot. 2018, 140, 18-23. https://doi.org/10.1016/
j-apradiso.2018.06.008.

Baimukhanova, A.; Engudar, G.; Marinov, G.; et al. An Alternative Radiochemical Separation Strategy for Isolation of
Ac and Ra Isotopes from High Energy Proton Irradiated Thorium Targets for Further Application in Targeted Alpha
Therapy (TAT). Nucl. Med. Biol. 2022, 112—113, 35-43. https://doi.org/10.1016/j.nucmedbio.2022.06.003.

Chen, J.; Lv, Y.; Wang, F.; et al. Production and Isolation of Actinium-225 for Targeted Radiotherapy with a 100 MeV
Proton Cyclotron and Solid-Phase Extraction. Chem. Huaxue Tongbao 2021, 84, 1211-1219.

Apostolidis, C.; Molinet, R.; McGinley, J.; et al. Cyclotron Production of Ac-225 for Targeted Alpha Therapy. Appl.
Radiat. Isot. 2005, 62, 383-387. https://doi.org/10.1016/j.apradis0.2004.06.013.

Qiu, L.; Zhang, J.; Lan, T.; et al. Feasibility of Producing ?>*Ac via Thermal Neutron Irradiation of ?°Ra: A Systematic
Theoretical Study. Nucl. Anal. 2024, 3, 100122. https://doi.org/10.1016/j.nucana.2024.100122.

Radhakrishnan, S.K.; Sibley, M.M.; Schneider, B.L.; et al. Toward Rapid Actinium-225 Purification via Membrane
Adsorbers with Covalently Tethered Diglycolamide Ligands. ACS Appl. Mater. Interfaces 2026, 18, 10464—10475.
https://doi.org/10.1021/acsami.5c17147.

Hogle, S.; Boll, R.A.; Murphy, K.; et al. Reactor Production of Thorium-229. Appl. Radiat. Isot. 2016, 114, 19-27.
https://doi.org/10.1016/j.apradis0.2016.05.002.

Xie, Y.; Rong, Q.; Mao, F.; et al. Engineering the Pore Environment of Antiparallel Stacked Covalent Organic Frameworks
for Capture of Iodine Pollutants. Nat. Commun. 2024, 15,2671. https://doi.org/10.1038/s41467-024-46942-0.

Alfarsi, A.; Kumar, A.; Gismelseed, A.M.; et al. Pharmaceuticals and Radiopharmaceuticals in Wastewater Treatment
Plants: Insights from an Arabian Peninsula Nation. Environ. Sci. Pollut. Res. 2025, 32, 9844-9871. https://doi.org/10.
1007/s11356-025-36287-6.

Qiu, L.; Shi, S.; He, L.; et al. Coordination Confinement on the Decay Chains of Typical Medical a-Radionuclides. /norg.
Chem. 2025, 64, 17220-17232. https://doi.org/10.1021/acs.inorgchem.5¢02195.

Mohapatra, P.K.; Raut, D.R.; Ghosh, A.K.; et al. Radiation Stability of Several Polymeric Supports Used for
Radionuclide Transport from Nuclear Wastes Using Liquid Membranes. J. Radioanal. Nucl. Chem. 2013, 298, 807-811.
https://doi.org/10.1007/s10967-013-2461-7.

Pillay, K.K.S. A Review of the Radiation Stability of Ion Exchange Materials. J. Radioanal. Nucl. Chem. 1986, 102,
247-268. https://doi.org/10.1007/bf02037966.

23 of 24



Qiu et al. Mod. Nucl. Radiochem. 2026, 1(1), 2

111.

112.

113.

114.

115.

116.

Qin, Y.; Liao, W.; Lan, T.; et al. Radiation Stability and Radiolysis Mechanism of Hydroxyurea in HNO3 Solution: Alpha,
Beta, and Gamma Irradiations. Nucl. Eng. Technol. 2022, 54, 4660—4670. https://doi.org/10.1016/j.net.2022.07.027.

Qin, Y.; Shi, S.; Ye, T.; et al. Understanding the Extraction Behavior and Mechanism of Th(IV) and U(VI) by the Irradiated
Tri-Iso-Amyl Phosphate with At-211 as an a-Source. Sep. Purif. Technol. 2024, 336, 126242. https://doi.org/10.1016/].
seppur.2023.126242.

Demidov, V.A.; Ushakov, .A.; Zukau, V.V_; et al. Automated System of Carrier-Free Lu-177 Separation from Ytterbium
Target. Russ. Phys. J. 2024, 67, 188—192. https://doi.org/10.1007/s11182-024-03107-2.

Kim, H.; Kang, Y.G.; Lee, Y.J.; et al. Automated Extraction Chromatographic Radionuclide Separation System for
Analysis of *Sr in Seawater. Talanta 2020, 217, 121055. https://doi.org/10.1016/j.talanta.2020.121055.

Li, W.; Qiu, L.; Wu, H.; et al. Automatic Separation of High-Purity 3°Zr Based on a Solid-Phase Hydroxamate Column.
J. Radioanal. Nucl. Chem. 2025, 334, 3251-3261. https://doi.org/10.1007/s10967-025-10100-7.

Tan, C.; Cao, S.; Gao, R.; et al. Automated Preparation of Actinium-225 with Accelerator-Based Production from Irradiated
Natural Thorium Targets. Sep. Purif- Technol. 2025, 354, 129371. https://doi.org/10.1016/j.seppur.2024.129371.

24 of 24



