Medicinal Research Reviews

| REVIEW ARTICLE @EIEED

W) Check for updates

WILEY

Astatine-211—Towards In Vivo Stable Astatine-211
Labeled Radiopharmaceuticals and Their (Pre)Clinical

Applications

Marius Miiller'?* | Nadia Bom Pedersen**
Umberto Maria Battisti’ | Matthias Manfred Herth'?

| Vladimir Shalgunov® | Andreas Ingemann Jensen® |

'Department of Drug Design and Pharmacology, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark | *Department of

Clinical Physiology, Nuclear Medicine & PET, Rigshospitalet, Copenhagen, Denmark | *Department of Chemistry, University of Copenhagen, Frederiksberg
C, Denmark | “DTU Health Technology, Technical University of Denmark (DTU), Lyngby, Denmark

Correspondence: Umberto Maria Battisti (umberto.battisti@sund.ku.dk) | Matthias Manfred Herth (matthias.herth@sund.ku.dk)

Received: 29 January 2025 | Revised: 3 June 2025 | Accepted: 12 August 2025

Funding: This study was supported by Danmarks Frie Forskningsfond (1032-00177B).

Keywords: (de)astatination | astatine-211 | astatine-211 radiochemistry | astatine-211 radiopharmaceuticals | radioligand therapy

ABSTRACT

Targeted radioligand therapy has emerged as a promising treatment option for eradicating advanced cancer forms. a-Emitters

are considered particularly promising as they can obliterate (micro)-metastases. The a-emitter astatine-211 (**'At) has ex-

perienced increased interest due to its favorable decay properties. As a result, various *''At-astatination strategies have been

developed to address challenges associated with working with this “halogenic metalloid.” This review summarizes efforts to

produce and scale *''At, describes its physicochemical properties, discusses the advantages and disadvantages of using a

radionuclide with a half-life of 7.2h and outlines procedures for astatinating radiopharmaceuticals. Moreover, a key focus of

this review is to rationalize strategies aimed at minimizing in vivo deastatination. A brief overview of on-going (pre)clinical

development with **'At-labeled radiopharmaceuticals is provided. Astatinated radiopharmaceuticals will play a pivotal role in

cancer management in the near future when challenges related to scalability and in vivo stability have been addressed and

clinical studies have shown the benefit of ' At compared to longer-lived therapeutic radionuclides.

1 | Radioligand Therapy (RLT)—A Hope to Treat
Cancers More Efficiently

Over the last decade, RLT has attracted a lot of interest in
oncology, as it has been shown to work where conventional
treatment failed [1-4]. Recently, RLT has also been proven effec-
tive as first-line treatment. For example, the Phase III NETTER-2
trial—using the radiopharmaceutical '”’Lu-Lutathera®—showed a
72% reduced risk of death compared to first-line treatment with
octreotide long-acting release (Novartis, Jan. 19th, 2024) [3, 5].
Moreover, the Phase III PSMAfore trial showed that pre-taxane

metastatic castration-resistant prostate cancer patients benefited
from "’Lu-Pluvicto™ [1, 6]. The overall response rate was 50.7%
and as such approximately 40% higher compared to androgen
receptor pathway inhibitor-based treatments (Novartis, Oct. 23rd,
2023) [6]. These breakthrough therapies are based on radio-
therapeutics harnessing @ -emitters, for example Lutetium-177
(*7Lu). However, a-emitters are more efficient at killing cancer
cells than ™ -emitters (Figure 1). The enhanced treatment effect is
based on higher linear energy transfer (LET), and the LET of a-
emitters is approximately 100 KeV/um, while that of f~-emitters is
0.3KeV/um. The LET is defined as the amount of energy
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FIGURE1 |

(A) RLT using a-particles is more efficient than therapies based on B-particles [7]. The figure is reprinted in accordance with JNM

Permission Policies for non-commercial use. This study was originally published in JNM. Kratochwil et al. [7]. ?*Ac-PSMA-617 for PSMA-Targeted
a-Radiation Therapy of Metastatic Castration-Resistant Prostate Cancer. J Nucl Med. 2016; 57: 1941-1944. © SNMMI. (B) Schematic comparison of

the effects of a- and {-particles on biological tissue [8-12].

deposited from ionizing particles—such as a- and f~-particles—
into biological tissue per given distance. Consequently, radio-
nuclides with a higher LET can kill cancer cells more effectively
than nuclides with a lower LET—when they are selectively tar-
geted to these cancer cells. Selective targeting also results in less
irradiation to healthy tissues. Moreover, oa-emitters only travel
short distances in tissue, typically between 30 and 70 um. Conse-
quently, they can selectively kill (micro)metastases in contrast to
~-emitters that have a traveling range of millimeters (Figure 1B).

Radiation has been shown to activate the host's immune system
(Figure 1B) [8, 9], and it might be that this activation is even
more pivotal in the fight against cancer than the direct ioniza-
tion effect [13, 14]. There are speculations that a-emitters may
activate the immune system to a higher degree than 8 -emitters.
Future studies will show if this is indeed the case.

Thus far, various o-emitters have been used for RLTs such as
terbium-149 (**°Tb), astatine-211 (***At), lead-212 (**?Pb), bismuth-

212 (***Bi), bismuth-213 (***Bi), radium-223 (***Ra), actinium-225
(**Ac), or thorium-227 (**'Th) [15, 16]. This review is focused on
2IAt as we believe that it is the best a-emitter for most RLTs. Its
decay properties, limited waste management challenges, and reg-
ulatory hurdles as well as its potentially high production capacity
make it unique. Deeper insights into its characteristics and com-
parison with other a-emitters are given throughout this review. We
will summarize present labeling strategies and discuss their ad-
vantages and shortcomings. This review also discusses strategies to
minimize in vivo deastatination. Finally, we summarize current
efforts to bring *' At-labeled radiopharmaceuticals into the clinic as
well as highlight ongoing clinical trials.

2 | Astatine-211
After tennessine, astatine is the second-largest halogen known

today. No stable isotope of astatine exists. Of its 32 known
isotopes, *''At exhibits suitable decay properties for RLTs [17].
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It decays with a half-life of 7.2 h to stable lead-207 (**’Pb). Two
branches of decay exist (Figure 2A), which are accompanied by
the emission of a-particles with an energy of 5.9 and 7.5 MeV,
respectively, as well as the emission of a 77-92 keV polonium K
X-ray [18-20]. This X-ray allows in vivo imaging of *'At-
labeled radiopharmaceuticals [21] or facilitates detection of
potential contaminations (Figure 2B). The lack of stable iso-
topes presents a significant challenge for studying the physical
properties and chemical behavior of astatine. Limited
knowledge—especially when astatine is incorporated into
molecules—makes it difficult to predict the behavior of newly
developed structures—particularly regarding metabolic stabil-
ity. Iodine, the closest stable halogenic analog, is regularly used
as a surrogate for astatine. Iodine is believed to exhibit prop-
erties similar to astatine [18, 19, 22], even though it lacks the
“metallic properties” of astatine [23]. Therefore, iodine does not
perfectly mimic astatine's physicochemical properties. Pre-
sumably, these metallic characteristics cause 2''At-labeled
radiopharmaceuticals to suffer from greater instabilities com-
pared to their radioiodine counterparts [18, 24, 25]. However,
iodine-based labeling strategies have frequently been used to
establish *''At-chemistry. Additionally, non-radioactive iodine
surrogates are commonly used to validate the identity of asta-
tinated compounds via radio-HPLC and radio-TLC. Recently,
LC-MS has been applied in GM-compliant conditions for the
quality control of [*'!At]NaAt at even at a femtomolar con-
centration, demonstrating that the exact mass of astatinated
ions can be accurately determined [26] and suggests a method
to validate the identity of astatine radiopharmaceuticals.

2.1 | The Electronegativity of Astatine-211

Astatine exhibits both metallic and halogenic properties and is
often classified as a metalloid [29]. Some studies have shown that
astatine shares more characteristics with polonium—a metal—
than with other halogens [29, 30]. Like hydrogen, astatine has an
electronegativity of y =2.20eV on the revised Pauling scale. The
value is in line with the topological analysis of N-succinimidyl-
3-[*" At]astatobenzoate ([*'*At]SAB), where astatine has been
determined to be positively charged (+0.22 e), making it is less
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electronegative than carbon (y=2.55€V) [31]. Based on density
functional calculations (Mulliken scale), the electronegativity of
astatine is y=5.74eV [32], recently verified experimentally
(experimental value y = 5.87 eV) [33]. Also on the Mulliken scale,
astatine has a lower electronegativity compared to carbon
(x=6.73eV) [32]. In agreement with both scales, astatine will be
positively polarized in the carbon-astatine bond and thus have an
increased susceptibility to nucleophilic attacks. Interestingly, the
electronegativity of astatine is significantly lower than that of
hydrogen (y = 7.26 eV) in the Mulliken scale, and thus, hydrogen
astatide (HAt) is polarized towards the hydrogen atom, as
opposed to all other hydrogen halides [32, 33].

2.2 | Astatine-211 Oxidation States

The oxidation states -1, 0, +I, +III, +V are reported for *"'At.
Experimental and computational modeling approaches predict
their presence at different pH and redox potentials (Figure 3)
[19, 34]. At™ (=) is present under reductive conditions at any
pH [22, 34-37]. Under acidic and stronger oxidizing conditions,
both At* (+I) and AtO™* (+III) exist [34, 37]. At higher pH values
and under oxidizing conditions, the species AtO(OH) (+III) and
AtO(OH),™ (+III) are described [34, 38, 39]. Astatine with an oxi-
dation state of +V exists at acidic to basic pH under highly oxidizing
conditions using potassium persulfate (S,0g™), potassium periodate
(KIO,), or hypochlorous acid (HCIO) [22, 34, 40-42]. Due to simi-
larities in physical properties of astatine and iodine, and the ex-
istence of iodate (I057), it is hypothesized that At(V) may be present
as AtO;™. It is also hypothesized that a sixth oxidation state of
astatine exists, namely +VIL It is expected to be formed in the
presence of KIO, or xenon difluoride (XeF,) in neutral or basic
conditions such as AtO,~ [22, 34, 40, 41]. However, further studies
are needed to verify this hypothesis.

3 | Production and Isolation Techniques for
Astatine-211

Astatine is the rarest naturally occurring element on Earth and
must be artificially produced to isolate sufficient amounts for

FIGURE 2 | (A) Decay scheme of astatine-211 (***At) [18, 27]. ?**At decays via two possible decay modes to either bismuth-207 (**’Bi) via a-
decay (E,: 5.9 MeV) or polonium-211 (*'Po) via electron capture (EC). Both 2°’Bi and **'Po further decay via EC or spontaneous a-decay (Eq:
7.5MeV) to lead-207 (*°*’Pb). (B) Single photon emission computed tomography (SPECT) image of an ' At-solution in naive male Wistar rats [28].
The figure is reprinted in accordance with JNM Permission Policies for non-commercial use. This study was originally published in JNM. Watabe
et al. Enhancement of *''At Uptake via the Sodium Iodide Symporter by the Addition of Ascorbic Acid in Targeted a-Therapy of Thyroid Cancer. J

Nucl Med. 2019; 60: 1301-1307. © SNMML.
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FIGURE 3 | Pourbaix diagram of *'' At published by Liu et al. [34].
The Pourbaix diagram illustrates the presence of different *''At-
oxidation states and their dependency on pH and redox potential (Eh)
applied to the system. The figure is reprinted with permission from Liu
et al. Inorg. Chem. 2022, 61, 13462 - 13470. Copyright (2024) American
Chemical Society.

research or therapy [43]. *"'At is the only relevant isotope that
is used in nuclear medicine, and other isotopes are currently
not considered to any larger extent. *'*At is commonly pro-
duced on cyclotrons by irradiating natural bismuth-209 (***Bi)
with a-particles (Figure 4A) [44]. To reduce nuclear side
reactions (yielding for example *'°At), the energy of the a-
particles is set to approx. 28 MeV [27, 44]. After its production,
1At is typically isolated from its bismuth target by dry distil-
lation, liquid-liquid- or liquid-solid extraction. Today, dry dis-
tillation (also called “gas thermos-chromatography”) is the most
applied extraction strategy (Figure 4B,C). This strategy makes
use of the lower boiling point of astatine compared to that of
bismuth [27] and was developed in the 1950s [45]. It has rou-
tinely been applied in various laboratories until the 1980s—for
example in Illinois (USA), Orsay (France), Pretoria/Johannes-
burg (RSA), Dresden (GDR), or Dubna (USSR) [46-50]. Due to
the renaissance of radioligand therapies, *At has become of
interest these days. Therefore, dry distillation procedures are
established at many centers worldwide. In this approach, the
irradiated bismuth target is placed into a preheated
(600°C-750°C) furnace, and a stream of a noble gas, air or
oxygen is passed over the target. Thereby, astatine or its oxi-
dized species are evaporated from the target and transported
along with the gas stream directly into a solution of choice, or
more commonly, first trapped on a cold surface before rinsed off
by chloroform, MeOH or aqueous solutions typically
(Figure 4C) [51, 52]. Lindegren et al. [51] refined this process in
the early 2000s. Automation and optimization of the dry dis-
tillation procedure resulted in recovery yields of 89 + 2% in less
than 20 min [51, 53-57].

Another method to isolate *''At from its 2°°Bi target is based on
liquid-liquid extraction. In this approach, the irradiated bis-
muth target is dissolved using acid, and subsequently, *''At is
extracted with diisopropyl ether [60, 61]. Impurities such as
polonium and bismuth remain in the acidic aqueous phase. If
needed, "' At can be extracted back from the diisopropyl ether

phase into an aqueous phase at basic pH [60, 61]. The liquid-
liquid extraction method has been reported to yield approx. 80%
recovery and typically takes around 2h [60].

The latest method developed for extracting *'*At from 2°°Bi
targets is liquid-solid extraction (Figure 4D) [58, 59, 62, 63]. In
this method, the bismuth target is dissolved in 6 M HNO; and
afterwards passed through a 3-octanone-impregnated resin
(Amberchrom® CG300M). Under the oxidative environment
stemming from HNO;, *''At exists as 2''AtO*. This species is
trapped by the impregnated resin, whereas **°Bi, *'°Po, and
56Ga/®’Ga species do not interact with the resin and are simply
eluted. The precise interaction of *!AtO* and the impreg-
nated resin is not fully understood [59]. However, trapped
ZIIAtO™ can be almost quantitatively eluted from the resin
using EtOH. Recovery yields are approx. 90% within 50 min
[59]. Automatization could reduce the procedure time to less
than 30 min.

3.1 | Current and Future Cyclotron Production
Capacities: Is There Enough *"'At?

“Unlike the case with other targeted a-particle therapy radio-
nuclides, **'At supply is not constrained by a dependency on
nuclear stockpiles that are heavily regulated and, in some cases,
of limited availability, or based on inconvenient target materi-
als” [64]. *''At can be produced at high radioactivity levels
using inexpensive and readily available target material. This is
possible using existing technology (see previous section).
However, access is currently limited by the number of active
2 At production sites.

To the best of our knowledge, *'' At has been produced within the
last 10 years in following facilities [64-66]: (1) Duke University
Medical Center, Durham, USA (max. 9 GBq), (2) University of
Washington Medical Center, Seattle, USA (max. 4.3 GBq), (3)
University of Pennsylvania (max. 0.4 GBq), (4) National Institutes
of Health, Bethesda, USA (max 1.7 GBq), (5) Texas A&M Univer-
sity, College Station, USA (max. 1.5 GBq), (6) IONETIX, Lansing,
USA (max. activity: not reported), (7) Crocker Nuclear Lab, Uni-
versity of California, Davis (test phase, 1.85 MBq), (8) Copenhagen
University Hospital, Copenhagen, Denmark (max. 4 GBq), (9) Ar-
ronax, Nantes, France (max. 1 GBq), (10) Forschungszentrum Jii-
lich, Jiilich, Germany (test phase, max. 0.2 GBq), (11) KIRAMS,
Seoul, South Korea (test phase, 32 MBq), (12) RCNP-Osaka Uni-
versity, Osaka, Japan (max. 3 GBq), (13) QST-Takasaki, Takaski,
Japan (max. 0.3GBq), (14) QST-NIRS, Chiba, Japan (max.
1.3 GBq), (15) ICPR Riken, Wako Saitama, Japan (max. 1.3 GBq),
(16) Fukushima Medical, Fukushima City, Japan (max. 2 GBq) and
(17) Sichuan University, Chengdu, China (max. 0.2 GBq). Figure 5
displays the current At production facilities in the US and
Europe. Future facilities that will produce *'’At and have been
announced to be established or have already been installed are: (I)
Alpha Nuclide Medical Technology, Ningbo, China (expected
installation in 2045/25), (I) Heavy Ion Laboratory University of
Warsaw (POLATOM), Warsaw, Poland (cyclotron installed in
December 2023), (III) University of Birmingham, Birmingham,
United Kingdom (announced) and (IV) Nusano, West Valley City,
Utah, USA (announced).
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FIGURE 4 |

Depiction of the cyclotron production and recovery of ' At. (A) Cyclotron production of *''At via the 2**Bi(c,2n)*'' At reaction. a-

particles are accelerated by oscillation of the electrical field region, after which the bismuth target is bombarded to produce *''At. (B) For dry
distillation, the irradiated target material is heated in a furnace to vaporize *''At, which is then trapped onto a cooling trap. (C) *''At can be eluted

from the cooling trap using a solvent of choice. (D) In liquid-solid extraction, the dissolved target solution is passed over an impregnated resin.

Impurities including *°°Bi and 2'°Po are removed by washing and rinsing, as they do not interact with the resin. Subsequently, *''At is eluted with

EtOH [58, 59].

4 | Current Landscape of Upscaling *"'At—Will
These Sites Satisfy Future Demand?

This is, admittedly, a challenging question to answer. If one
assumes that similar doses of '*At will be required as for **Pb,
a typical patient dose would be approximately 200 MBq [67-69].
Assuming, 500 MBq of final product can be obtained per GBq of
21At and that cyclotrons will be capable of producing 5 GBq of
2IAt per run in the future, a single site could produce around
2% 12 patient doses a day. Consequently, 5 production days
per week over 50 weeks would result in 6000 patient doses
per year. Productions at this scale are achievable with current
technology and cyclotron sites [70]. The announcement of
RayzeBio to halt enrollment in their **>Ac-based radiotherapy
ACTION-1 trial after radionuclide supplies run scarce (June,
3rd 2024), highlights the urgent need to secure sufficient
amounts of activity [71] and to invest in alternative o-emitting
radionuclides. 2**At production might be a solution to this

challenge. As mentioned earlier, Novartis pushed RLT into
earlier treatment phases. Therefore, it is expected that several
hundred thousand patients—or more—will be treated with
radioligands in the future. However, the current and planned
2! At-producing infrastructure will most likely not be able to
meet this demand. In a very optimistic scenario, the afore-
mentioned facilities might collectively produce 20 GBq of **'At
a day, resulting in a maximum of 250,000 patient doses per year.
However, it is highly unlikely and currently not feasible that all
facilities will be produced two times per day, 5 days per week,
exclusively for 2H At-labeled radiopharmaceuticals. Moreover, it
is unrealistic to assume that all facilities will be able to produce
20 GBq per production. A more realistic estimate is that 1/20 of
the assumed maximal production capacity can be reached, i.e.,
12,500 patient doses per year. Linear accelerators may solve this
challenge, anticipated they can produce TBq quantities of **'At
per day as suggested by Nusano. However, it is clear that
investment is needed to scale up ***At production. Companies
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FIGURE 5 | 2"At-production sites in Europe and the US. IONETIX has announced plans to distribute *''At commercially. Nusano has
announced intensions to produce ' At in TBq quantities using a linear accelerator. The green circle indicates a 1000-km distribution range reachable
by ground transport, while black circles represent a 2000-km range potentially reachable by air transport. Distribution ranges are only displayed for

selected production sites.

such as IONETIX, Nusano, and Alpha Nuclide Medical Tech-
nology have entered this market, but future investment is
needed to provide '’ At commercially, especially in Europe. The
announcement of the European company Ion Beam Applica-
tions (IBA) to develop a specialized cyclotron for 2'*At pro-
duction raises the hope that also a *''At cyclotron network will
be available in Europe. These efforts are supported by the
Network for Optimized Astatine labeled Radiopharmaceuticals
(NOAR) under COST Action CA19114 supported by the EU.
However, despite these positive developments, access to **At
remains limited, primarily due to the lack of established dis-
tribution networks as well as scarcity of laboratories with the
necessary permits and infrastructure to handle **At.

4.1 | Distribution Capabilities of a
Radiopharmaceutical Labeled With **'At
(Half-Life: 7.2 h) in Comparison to Those Labeled
With ?*Ac (Half-Life: 9.9 d)

Despite its 7.2h half-life, *''At can be distributed effectively
within a 1000-km radius. Figure 5 illustrates that just a handful
of cyclotrons in the US and EU would be sufficient to ensure
widespread access. A daily production of 5 GBq combined with
a 7h shipment time would allow that delivery of approx.
1.2GBq of the radiopharmaceutical drug (assuming a 50%
radiochemical yield [RCY]). This amount is enough to treat 5-6
patients after 7h distribution. Such distribution networks
already exist for radionuclides with shorter half-lives, for ex-
ample, fluorine-18 (half-life of 110 min), as seen with PETNET
(Siemens) in the US. Air transport, where feasible, would
increase the distribution radius to 2000 km. In comparison,
distribution of ***Ac with a half-life of 9.92d also presents
challenges, particularly when distributing final products. Cur-
rent chelator technology cannot re-chelate daughter nuclides
released during the decay chain of *’Ac. Even if re-chelation
was possible, the final formulation would contain a mixture of
at least six different radiopharmaceuticals with varying

pharmacokinetics. These product mixtures would change
dynamically over time, making precise product characterization
impossible. Regulatory authorities may not approve such
product mixtures, especially when better-defined alternatives
with similar or superior efficacy are available. This might be the
case for 2"'At-labeled radiopharmaceuticals. In addition, if
daughter nuclides from ***Ac are not re-chelated, highly toxic
a-emitters that are no longer bound to the targeting vector are
administered to patients. Alternatively, the final product would
be to be re-purified at the site of application, making distribu-
tion of ready-to-inject formulations impractical. Even if all
mention challenges are resolved in the future, in vivo de-
chelation from ***Ac-labeled radiopharmaceuticals will still
result in release of daughter nuclides. Centralized production of
*25Ac and its distribution to local radiopharmacies introduces
additional challenges. Most notably, local sites would require
GMP-compliant laboratories not only to produce the drug but
also to separate the daughter nuclides formed during transit.

5 | Astatine-211: Advantages, Challenges, and
Potential Solutions

5.1 | Advantages

2I1At emerged as one of the most promising nuclides for RLT.
Among its many beneficial characteristics is the broad spectrum
of targeting agents compatible with 2''At labeling chemistry. In
the following, we highlight the advantages of *''At for drug
development and (pre)clinical applications, and we also discuss
challenges associated with handling this nuclide.

5.1.1 | The Half-Life of 7.2h

Superior waste management—It is still not clear whether
patients will eventually be treated on an outpatient basis or will
be required to stay in shielded rooms. However, patients treated
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with ***Ac (half-life, 9.92d) cannot be kept at therapeutic
centers long enough to collect all their excrement until full
decay. Releasing these excrements into the environment may
not be a major issue if only a small number of patients are
treated. The situation changes significantly if millions of doses
are administered annually and a fraction is released into nature
[72]. Currently, patients discharged immediately after treatment
with 2>>Ac are exempt from national release limits (in some
countries) of radioactive substances, such as those excreted
renally. However, this policy may change in the near future. To
illustrate the scope of this potential shift, we calculated the
timeframe in which a patient’s urinary excretion would meet
national regulatory limits, using modeled data on the renal
excretion of a fibroblast activation protein (FAP) inhibitor
dimer [73]. Our assumptions include administering 15 MBq of
225 Ac-FAPi dimer, with patients urinating approx. 220 mL every
4h. Each urination is diluted with 11 L of water upon flushing
(standard volume in EU lavatories); Remarks: (1) In the US, the
flush volume is only 3-5L, which would negatively impact the
calculations; (2) even dilution via flushing may violate national
regulations.

Under these assumptions, patients would need to remain in
controlled areas for approx. 39 days in the US and approx.
18 days in German to comply with national release limits and
guidelines (Figure 6A). Even at a modest daily cost of
$500-1000 in the US, this would significantly increase treat-
ment costs. In contrast, when using the same drug labeled with
21 At (200 MBq administered), and keeping all other parameters
constant, patients would only need to remain in controlled
areas for approx. 2.5 days in the US and 4h in Germany
(Figure 6B). Release limits for **’Bi—the daughter nuclide of
21 At—would be reached after 4 h in both countries.

The possibility that national authorities will enforce stricter
release limits, poses a substantial commercial risk for long-lived
radionuclides such as ***Ac, *'I, "’Lu, or '®'Tb [72, 74]. In
contrast, radiopharmaceuticals with shorter half-lives—such as
2IAt and *'?Pb—that are readily available and demonstrate
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comparable efficacy are likely to be favored by regulatory
authorities and may replace their long-lived counterparts
[72, 74].

Optimizing radiation delivery

Part I: Matching radioligand tumor retention with decay
half-live—Many peptide- and small molecule-based targeting
agents show tumor retention of 1-3 days, which does not align
well with the half-live of long-lived radionuclides. Exemplarily,
first-generation FAP-targeting agents showed limited tumor
retention, with accumulation decreasing by 50% within 6 h post-
injection. Even *''At-labeled FAP inhibitors showed limited
efficacy in treating U887MG xenografts [75]. FAP-targeting
radiopharmaceuticals labeled with long-lived radionuclides
have shown minimal or no clinical efficacy, as their physical
decay half-lives do not match the tumor retention of the tar-
geting vector. Consequently, insufficient radiation dose is de-
livered to the tumor, while increasing the dose would lead to
severe side-effects [73, 76]. Second-generation FAP-targeting
agents demonstrate significantly improved tumor retention
compared to first-generation drugs (up to 8d) [75, 77]. These
vectors have shown strong tumor-suppressive effects [73, 77].
The half-life of >''At fits perfectly with these second-generation
agents, enabling full a-particle dose delivery to the tumor. In
contrast, the longer half-life of ***Ac still does not match the
tumor retention profile of second-generation FAP-targeting
agents, limiting its effect dose delivery. Figure 6C displays the
decay kinetics of *"'At in comparison to ***Ac, showing that
2At can deliver its full dose within the tumor retention win-
dow, which is not the case for ***Ac.

Part II: Dose fractionation and potential immune response
enhancement—Dose fractionation has been suggested to
improve therapeutic efficacy [78-82]. Shorter-lived radionuclides
are better suited for this approach, as they can be administered
more frequently and at higher doses (Figure 6C). The benefit of
dose fractionation may not stem solely from direct radiation
damage, but also from enhanced immune activation. Preliminary

Frequent administration
V. 4 & y . #
Unysed 225Ac load

225Ac: long-lived

i
211At: short-lived
|

| | | | |
50 100 150 200 250
) ) Time [h]
Full 217At load discharged in
the tumor

FIGURE 6 | (A) Environmental release limits of ''At and **°Ac excreted by patients who have undergone RLT (IAEA: International Atomic
Energy Agency; US: United States of America; GER: Germany, C: concentration, A: activity). (B) Estimated time until excreted activities from

patients undergone RLT meet environmental release limits. Approximations were calculated under the following scenario: Injected activity: 200 MBq
for 2 At and 15 MBq for ?**Ac); Excretion is only accounted to urination; Patients urinate 220 mL every 4 h (total volume per day: 1.32 L); Isotope
concentration was calculated for urine (220 mL) diluted in 11 L toilet water; Scenarios were simulated as a bi-exponential curve fitted to previously
reported experimental data for the FAPi squaric acid dimer [73]. (C) Shorter-lived radionuclides deliver higher radiation doses to tumors.
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studies suggest that the immune system needs several days to
respond to radiation therapy [78-82]. Thus, by the time innate or
adaptive immune cells would attack the tumor cells, 2HU At would
have decayed. This could be advantageous, as a-radiation may
otherwise suppress the immune response by killing immune
cells. As such, longer-lived radionuclides may reduce the
immune response. However, these hypotheses require further
validation. Most preclinical models use immunodeficient mice,
limiting the ability to study immune effects of RLT.

5.1.2 | No Serial Decays—The Benefit of “One Decay,
One o-Particle” Compared to Serial Decay

Z1At decays 100% via c-emission. In contrast to 2*’Ac, exactly one
a-particle is emitted per decay. This is highly beneficial, as it pre-
vents unpredictable dose localization stemming from detachment
of radioactive daughter nuclides from the targeting vector [72].
Recent SPECT/CT studies have tried to estimate how much activity
is released from the tumor site using [*’Ac|DOTATATE. In one
such study, the first decay daughter **'Fr was used as a surrogate
for *°Ac, while 2*Bi was imaged directly to estimate how much
23Bi had dissociated from the tumor site [83]. While the authors
concluded that most of the activity remained at the tumor site
(with a slightly increased ***Bi uptake in the kidneys and liver), the
preliminary SPECT data (reported as time-integrated activity
coefficients) indicated that approximately 20%-25% of ***Bi left the
tumor, the kidney uptake of *"*Bi increased 79%, and red bone
marrow uptake increased by 65% within 1 week. Time-activity
curves for **'Fr and **Bi also indicated a significant increase in
liver uptake of *"*Bi (approx. twofold) [83]. No definitive statements
could be made regarding the daughter nuclides **TI, **Po and
209pp. However, considering the fast decay chain from 221py (half-
life =4.8 min) through 27At (half-life =32 ms) to **Bi and the
20%-25% tumor decrease from **'Fr to 2'*Bj, it cannot be excluded
that substantial amounts of 2°°T1, #'3Po, and >*®Po are also released
from the tumor site. Future research is needed to clarify the con-
sequences of the serial decay of ***Ac and its decay products in
greater detail. This example clearly shows the advantage of an a-
emitter like *"'At, which possesses a simpler decay chain.

5.1.3 | Covalent Bond-Forming Atom (Non-Metal
Characteristics)

Astatine shares chemical similarities with iodine, allowing it to
be readily incorporated covalently into chemical structures [84].
This unique feature of ''At presents a notable advantage over
radioligands based on radiometals. Leveraging this property,
existing chemical libraries from pharmaceutical companies—
where drug structures and their structure-activity relations (SAR)
have already been extensively studied—can be repurposed
(compound repurposing). Many of these compounds were
discontinued because of toxicity concerns. However, radio-
pharmaceuticals are administered in tracer doses (< 10pug),
which mitigates toxicity risks from chemical interactions [85, 86].
Consequently, drugs with favourable pharmacokinetic profiles
could be revived and existing SAR knowledge can be used to
develop *''At-labeled radiopharmaceuticals. This strategy is not
feasible with chelator-based structures, as standard SAR studies
do not include chelators. Additionally, unlike chelator-based

radiotherapeutics, ***At-labeled compounds can be designed to
cross the blood-brain barrier or bind to intracellular targets. This
is possible because *''At can be covalently integrated into mo-
lecules, allowing the development of (partially) lipophilic agents
capable of crossing membranes via passive diffusion.

5.2 | Challenges

The use of ' At does not come without challenges. These relate
to its chemistry, the stability of the astatine-carbon bond, vol-
atility of astatine, and distribution limitations due to its short
half-life. These challenges and their potential solutions are
discussed throughout this manuscript.

5.2.1 | Astatine-Carbon Bond Stability in Comparison
to Complexation Stability of ***Ac

The astatine-carbon bond exhibits lower bond dissociation en-
ergies (BDE) than those for the other halogens, which in some
cases leads to deastatination [20, 27]. Free astatine results in off-
target radiotoxicity [18]. While "' At* has been reported to accu-
mulate more strongly in thyroid glands than *''At™, stomach
uptake of both species appears comparable [28]. Deastatination
can lead to an increase in thyroid uptake from approx. 18 %ID/g at
3 h after injection to 25 %ID/g after 24 h [87]. These rates limit
higher dose regimes. However, thyroid accumulation can be par-
tially blocked (e.g., using perchlorate) and novel labeling tech-
nologies diminish or even prevent deastatination [88-91]. In
contrast, similar strategies to prevent de-chelation of **’Ac do not
exist. De-chelation and redistribution of daughter radionuclides
result in increased uptake in the kidneys, liver, and red bone
marrow by approximately 70% (see above). A more detailed dis-
cussion on how deastatination can be mitigated or how thyroid
uptake of free ' At can be blocked is provided later in this review.

5.2.2 | Half-Life Too Short to Match the
Pharmacokinetics of Monoclonal Antibodies (mAbs) or
Other Nanomedicines

Full-sized mAbs and nanomedicines typically exhibit accumu-
lation and excretion profiled spanning several days to weeks.
The 7.2 h half-life of >*!At does not align with these timeframes,
making it unsuitable for systemic delivery of *''At-labeled
mADbs or nanomedicines. To overcome this mismatch, newer
methodologies such as pretargeted or “click-to-release” strate-
gies must be applied to match decay half-life with the phar-
macokinetics of these vectors [92, 93]. However, long-lived
radionuclides such as **°Ac are also not ideal for systemic
application of mAbs or nanomedicines, as their slow excretion
can lead to significant radiotoxicity in healthy tissues [92].

5.2.3 | Challenges in **'At-Labeling Chemistry

21 At must be carefully separated from its bismuth target, a process
most typically performed via dry distillation. To minimize the risk
of contamination or accidental release of volatile 2MAt, strict
radiation safety protocols are essential. The distillation procedure
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is typically performed in glovebox apparatuses designed for spe-
cialized radiochemical work. An additional complication is the
formation of the daughter isotope *°’Bi, which has a half-life of
32.9 years. Although only trace amounts are generated (1 GBq of
2HAt results in 10.9kBq of **’Bi), it can accumulate over time,
complicating radioactive waste management and the eventual
decommissioning of radiolaboratory equipment. Extensive
automatization is required to develop **At-labeled radio-
pharmaceuticals. While the chelation of radiometals such as ***Ac
is less demanding, the degree of automatization for At is com-
parable to that for ''C- or **F-labeled radiopharmaceuticals, which
is well-established. However, few commercial synthesis modules
are available, and most modules are custom-built. One example is
the Swedish company Atley Solutions, which offers a commercial
module. More options are expected to emerge as 2'At-
radiopharmaceuticals have proven successful in the clinic. Unlike
chelator-based radiochemistry, many radiopharmaceuticals—such
as peptides, antibodies, proteins or even small molecules—are
labeled using synthon-based approaches. These require mg
quantities of precursor materials labeled via the synthon. Conse-
quently, high-performance liquid chromatography (HPLC) sepa-
rations are necessary to achieve high molar activities suitable for
microdosing. In some cases, separation between precursor and
product may not be possible, especially for larger biomolecules
where labeling induces a minimal structural change in the overall
structural properties. To address this, novel chemistries such as
tetrazine ligation are being developed to make ***At-labeling more
comparable to radiometal-based chelation. This allows larger
vectors to be labeled indirectly via synthons, which are easier to
purify. This will be further discussed later in this review. Addi-
tionally, the chemical composition of ***At species collected after
dry distillation changes over time, likely due to oxidation [22,
94-97). This presents a challenge in maintaining a consistent *''At
species composition to ensure that only the desired species is
present. While specific redox agents can help control oxidation
states, they may also degrade the precursor or final product.
Future research should focus on developing selective methods to
control the oxidation state of ''At species without compromising
the integrity of the targeting vector.

5.2.4 | Stability During Distribution

All o-emitting radiopharmaceuticals face challenges from self-
induced radiolysis, and *"!At-based radiopharmaceuticals are no
exception. To mitigate radiolytic degradation, formulations must be
developed that protect the compound during storage and transport.
When shipping free "'At in solution, additional challenges arise
due to gradual changes in the chemical composition of ' At-species
as outlined in the previous paragraphs. To stabilize the oxidation
state of 2''At, suitable redox stabilizers must be added to the for-
mulation. Recently, a novel method utilizing 3-octanone impreg-
nated Amberchrom® CG300M resin has shown promise. This resin
effectively traps 'At and allows for its release the following day,
preserving the original ' At species composition [63].

6 | Chemistry of Astatine-211

Several methods have been developed for astatinating radio-
pharmaceuticals, including nucleophilic or electrophilic

astatination, as well as complexation strategies [98]. Figure 3
summarizes the main strategies applied to astatinate radio-
pharmaceuticals. In this review, RCYs determined by HPLC or
TLC will be referred to as radiochemical conversions (RCCs),
representing incorporation efficiency. The term RCY will be
used exclusively to refer to isolated product activity. RCYs can
be influenced by multiple factors, including the efficiency of
resolubilizing the radionuclide in the reaction mixture, the RCC
into the desired organic or inorganic structure, and the isolation
efficiency, which accounts for potential activity losses due to
adhesion to equipment such as tubing and cartridges. There-
fore, it is important to clearly distinguish between these two
terms [99].

6.1 | Nucleophilic Astatination

Nucleophilic "' At-astatination employs *''At in its —1 oxida-
tion state. Astatide ([*'AtJAt") is typically generated by
reducing positively charged astatine species formed during the
isolation process (see earlier discussion on the production and
isolation of 2''At). Standard reducing agents used for this pur-
pose include sodium sulfite (Na,SO5) and dithiothreitol (DTT).

6.1.1 | Astatination of Diaryl Iodonium Salts and Ylides

The formation of astatoarenes can be achieved using ar-
yliodonium ylides or salts as precursors and astatide (Figure 7A,
h,i) [100-103]. This methodology was first introduced by
Guérard et al. [103] in 2016, utilizing bifunctional diaryl iodo-
nium tosylates containing a p-anisole iodonium leaving group
(Figure 8A). Astatination was performed in MeCN at 90°C for
30 min, using 950 nmol of precursor. The resulting astatoarenes
were obtained with high RCCs of up to 99 + 1%, as determined
by radio-HPLC (Figure 8A). However, the formation of
electron-rich *''At-astatoarenes led to significant side-product
formation—up to a 2:1 product-to-side-product ratio for the
formation of 4-*''At-astatotoluene [103]. To minimize side-
product formation, Guérard et al. [100] explored alternative
aryliodonium leaving groups, including p-isopropoxybenzene
and thiophene, in 2017 (Figure 8B). [*''At]SAB was selected as
a model compound. Radiolabeling with [*'At]JAt™ was con-
ducted in MeCN at 100°C for 30 min, using 237.5 nmol of the
precursor. The highest RCC (~90%, radio-HPLC) and minimal
side-product formation (6% compared to 6%-12% for the
p-anisole iodonium-based leaving group) were achieved with
the p-isopropoxyphenyl leaving group. This result was
unexpected, as the p-isopropoxyphenyl and thiophenyl leaving
groups, which have higher electronic density than p-anisole,
were anticipated to reduce side-product formation more effi-
ciently. In 2021-2022, a new set of iodonium ylides, including
cyclopentyl and adamantyl groups, were evaluated as potential
precursors for nucleophilic aromatic substitution (Figure 8C)
[101, 102]. Maingueneau et al. [102] reported high RCCs
(> 60%, radio-HPLC) using the cyclopentyl leaving group in
glyme as the solvent at 90°C for 30 min, while lower RCCs were
observed with adamantyl moieties. Similarly, Matsuoka et al.
[101] observed RCCs ranging from 60% to 90% (radio-TLC),
depending on the electronic properties of the arene, using
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astatinations and *'*At-complexations.

cyclopentyl, adamantyl, or Meldrum's acid leaving groups in
DMF at 100°C for 30 min.

6.1.2 | Astatodeborylation

Another method for synthesizing *!'At-astatoarenes involves
the copper-mediated astatination of aryl boronic acids and es-
ters with nucleophilic [*"'At]At™ (Figures 7A, j and 9). Similar
copper-mediated approaches have been published for other
radiohalogens and radiocyanide ([*'C]CN™) [104-107]. This
approach was first introduced by Reilly et al. [108] in 2018.
RCCs, determined by radio-HPLC, of up to 99% were obtained
for 4-**' At-astatoanisole using aryl pinacol-, boronic acid-, and
neopentyl glycol boronate precursors. The reactions proceeded
with 5 mol-% of tetrakis(pyridine) copper(Il) triflate (Cu
(pyridine),(OTf),) and 15 umol of precursor in MeOH/MeCN
(4:1) solvent mixture at room temperature for 10 min. Both
electron-rich and electron-poor aromatics were successfully
radiolabeled with [*'At]At™ in excellent RCCs ranging from
85% to 100% wusing aryl pinacol boronate precursors
(Figure 9A,B). In some cases, the addition of the ligand 3,4,7,8-
tetramethyl-1,10-phenantroline was reported to facilitate the
reaction [108]. This method has also been applied to directly
label the anti-CD138 mAb 9E7.4 [109]. For labeling, a lysine
chain of the antibody was first modified with N-succinimidyl-
3-borono-benzoate, followed by astatination, a RCY of 56%—68%

(Figure 9C) [109]. The modified 9E7.4-aBA (5”) was used at a
concentration of 32 uM in a solvent system consisting of 0.5 M
TRIS buffer/DMF (92.5:7.5), along with 10 mM Cu(OTf)2(Py)4
and 10 mM 1,10-phenanthroline to successfully label the mAb.
Recently, the copper-mediated *''At-astatodeborylation
approach has been applied to radiolabel a PSMA-targeting
vector, achieving an RCY of up to 87% [110].

6.1.3 | Astatodediazoniation

The reaction conditions for this methodology are relatively
harsh and incompatible with compounds sensitive to oxidative
or acidic conditions. As a result, its application has been
somewhat limited. However, Meyer et al. [111] showed in a
proof-of-principle study that astatodediazoniation is feasible
(Figure 7A, k). RCCs, determined via gas-chromatography after
extraction of the reaction mixture, ranged from 10% to 40% for
several substituted arenes containing halide- or methyl groups
(Figure 10) [111]. Building on this study, Visser et al. [112]
extended the approach and showed that p-*'*At-astatobenzoic
acid (**'At-8) could be radiolabeled with RCCs of up to 85 + 5%,
as determined by radio-TLC (Figure 10). Finally, Wunderlich
et al. [113] reported the synthesis of 1,4-didiazobenzene for
simultaneous *"'At-labeling and protein modification. The
method allowed ***At-astatination of proteins at room temper-
ature, achieving RCYs of up to 55% [113].

10
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with different aryliodonium leaving groups [100]. (C) Radiosynthesis of ' At-astatoarenes from respective aryl iodonium ylides with different leaving

groups [101, 102].
6.1.4 | Astatodehalogenation

211At has been incorporated into aliphatic or aromatic back-
bones through astatodehalogenation reactions, as shown in
Figure 7, 1. Visser et al. [114] reported a *''At-halogen ex-
change method for the radiosynthesis of *''At-labeled tyro-
sine. In this method, a solution of *''At and either 3 mg of
iodotyrosine (9.8 umol) or 3,5-dioiodotyrosine (6.9 umol) in
water was evaporated to dryness. The residue was subse-
quently heated to 120°C for 30 min, followed by the addition of
0.5mL concentrated H,SO,. The approach resulted in low
RCCs of 1%-5%, as determined by paper electrophoresis [114].
In contrast, Liu et al. reported the radiosynthesis of 6-*'!At-
astatomethyl-19-norcholest-5(10)-en-38-01 (NCL-6-*''At) via
an aliphatic astato-halogen exchange [115]. Their procedure
involved reacting 1 mg of the iodine derivative (2.0 umol) with
2At in the presence of 30mg crown ether, following by
heating the mixture at 70°C for 10 min. This method achieved
significantly higher RCYs of up to 80%.

Summary: Nucleophilic ***At-astatination

Various reagents have been introduced as precursors for
21 At-astatinations using [*''At]At. Among these, aryl

iodonium ylides and aryl pinacol boronates have shown
particular promise. Aryl iodonium ylides require ele-
vated temperatures (90°C) and extended reaction times
(30 min) to achieve high RCCs. In contrast, copper-
mediated 211At-astatination of organoboron precursors
offers several advantages, including milder reaction
conditions and consistently high RCCs of 85%-100%,
regardless of the electronic properties of the aromatic
substrate [108]. This approach stands out for its versa-
tility, high RCCs, and low toxicity of organoboron re-
agents, making it one of the most promising strategies
for synthesizing 211At-labeled arenes. However, as re-
ported by Reilly et al. [108], the method requires rela-
tively high precursor quantities (15 umol), which may be
less practical for developing clinically relevant astati-
nated radiotherapeutics, where conserving resources
and minimizing synthetic effort are critical. Alterna-
tively, Berdal et al. [109] reported that copper-mediated
21 At-astatination of aryl boronates can proceed effi-
ciently at lower precursor amounts (32uM). Table 1
provides a comprehensive summary of the precursors
and methodologies employed for 21lAt-astatination
using [211At]At™.
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A) Reilly et al., 2018

\)_P = -Bpin

0.0 211
B Na[2!' AtjAt At
| X Cu(Py),(OTf), | X
PY MeOH/MeCN (4:1), RT, 10 min{_ \¢
R R

B) Reilly et al., 2018

211A
R Na[?"' At]At R
Cu(Py)2(OTf),
Ligand
MeOH/MeCN (4:1), RT, 10 min
Bpin 211t
24 2" Atj2-4

C) Berdal et al., 2021

9E7.4 9

Os_NH Na[>"TAt]At O~ _NH
Cu(Py)2(OTf),
Ligand
HO\B 0.5 M Tris buffer/DMF (92.5/7.5) ,,,
o ,RT, 30 min At
5 [211At]5

<
. {'_}

-High RCYs for both 2''At-astatoarenes independent of electron density
-Reactions performed at room temperature

-Tetrakis(pyridine) copper(ll) triflate (Cu(Py)4(OTf),) as catalyst (5 mol-%)

-High RCYs and RCCs (> 89 % + 1 %) [2"'At]2-4

-Ligand: 3,4,7,8-tetramethyl-1,10-phenantroline (5 mol-%)

F

-Direct radiohalogenation (X = 25 and 2" At) of modified
mAb 9E7.4 (5)

-Ligand: 1,10-phenantroline

FIGURE Y9 | Copper-mediated *''At-astatination of aryl pinacol boronates. (A) Copper-mediated 2''At-astatodeborylation as reported by Reilly
et al. [108]. (B) Copper-mediated *''At-astatatination of various poly(ADP-ribose) polymerase inhibitors (PARPi) (2-4) [108]. (C) Direct copper-

mediated ?''At-astatination of mAb 9E7.4 (5) [109].

6.2 | Electrophilic [**'At]At*: Electrophilic
Aromatic Substitution

In electrophilic aromatic substitutions (SEAr), astatine in the +1
oxidation state ([*'At]At+) is employed. Oxidation of isolated
21At is commonly achieved by adding N-chlorosuccinimide
(NCS), chloramine-T or peroxides. Stronger oxidizing agents,
such as peroxydisulfate ion (S,042~), have also been reported to
facilitate the formation of the [**'At]At* species. The introduc-
tion of electrophilic [**At]At+ into an aromatic backbone is most
often accomplished through astatodemetalation, involving metal-
containing groups such as those of silicon, tin, thallium, mercury,
or germanium (Table 2) [27, 87, 95, 97, 114, 116-137].

6.2.1 | Direct Electrophilic Aromatic Substitution

Direct electrophilic ***At-astatination (Table 2A), via an astatine-
hydrogen exchange, was initially reported by Vasaros et al. [116].
Astatination of benzene were performed under highly oxidative
conditions, using dichromic acid (H,Cr,0) and perchloric acid
(HC1O,) [116]. RCYs of up to 45% were achieved by heating the
reaction mixture to 100°C for 90 min. A significant increase in
RCC (approx. 90%, as determined by paper chromatography) was
observed when aqueous HCIO, or sulfuric acid (H,SO,) was used
as oxidizing agent at 180°C-190°C for 20 min [117]. These con-
ditions were also applied to radiolabel [*''At]astatotyrosine
resulting in a RCY of approx. 90%. However, decomposition of
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Meyer et al., 1979

NH, N,
| X NaNO, N 2" AtIAtY
/\’R 6 N HCI, -5 °C | PY 80 °C, approx. 5 min
R

R =-CHj, -F, -CI, -Br, -I Formation of diazonium salt in situ
For some anilines: same
substituent in ortho-, meta-,
and para-position

Excessive sodium nitrite (NaNO,)
was quenched with urea

Visser et al., 1982

NH, N,
NaNO, 2" At)At
0.4 N HyS0Oy4, -5 °C RT, 1h
R R 50 °C, t
7' (R=-CHj3) Formation of diazonium salt in situ

Z"At]7 (R = -CH3)

211p¢
X . .
‘ -Harsh conditions and complex synthesis procedure
/\’R
-Low to moderate RCYs for '3'l-iodoarenes up to 17% + 1.5 %
-Low to moderate RCYs for 2" At-astatoarenes up to 40 % + 20 %
211p¢
-Harsh conditions and complex synthesis procedure
R -Max RCYs:

P"A6=8% +2%
P"A7=85% +5%

8' (R =-COOH) ["At]8 (R = -COOH)
Excessive sodium nitrite (NaNO,)
was quenched with sulphamic acid
FIGURE 10 | *"At-astatination of in situ formed diazonium salts from respective anilines [111, 112].
TABLE 1 | Summarized labeling characteristics for aromatic *'' At-astatinations using [*''At]At™.

Precursor type

Labeling characteristics, key points

Aryl iodonium salts « Requires extensive heating (90°C) to achieve high RCC for electron-rich *''At-astatoarenes.

« Significant side-product formation

Aryl iodonium ylides + Requires extensive heating (90°C) to achieve high RCC for electron-rich *'*At-astatoarenes.

« No side-product formation

Aryl boronates + Generally high RCCs, independent of the electron density of resultinhg 2**At-astatoarenes

« Reilly et al.: high precursors amount (15 pmol) required

« Berdal et al.: improved method using low precursor amounts (32 uM)

Aryl diazonium salts « Low to moderate RCCs at generally harsh conditions

« Difficult to handle (Caution: Aryl diazonium salts are considered explosive)

Astatodehalogenation « Allows use of widely accessible and commercially available aryl halides

« Nucleophilic aromatic substitutions generally low yielding: higher yield observed for aliphatic

substitutions

« Often results in reduced apparent molar activities due to challenges in separating precursor from

the labeled product

[**'At]astatotyrosine occurred at temperatures above 190°C, while
no product formation was observed below 120°C [118]. No
information was reported regarding the substitution pattern of the
resulting product. In general, this labeling strategy is limited to
molecules that are stable under strong oxidative conditions and
high temperatures, which has restricted its broader application.

6.2.2 | ?"At-Astatination Using Aromatic Mercury
Compounds

The first reported demetallation strategy for introducing **At
into an aromatic framework involved mercury-containing

compounds, such as chloromercury groups (Table 2B) [121].
Regardless of the electron density of the arenes, RCCs were
generally high ranging between approx. 65%-95%, as deter-
mined by electrophoresis or activity distribution via extraction.
Labeling was successful at low to moderate temperatures (room
temperature to 60°C), typically within 30 min after formation of
the precursor. This method has been used to radiolabel
pyrimidines, nucleosides, DNA, RNA, steroids, imidazoles, and
tyrosines [114, 119, 120]. Compared to direct electrophilic **At-
astatination, this approach can be performed under milder
conditions. However, its application is limited by the high
toxicity of the organomercury species, necessitating careful
purification and quality control. In some cases, mercuriation
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TABLE 2 | Reported strategies for electrophilic aromatic 2! At-astatination. (A) Direct electrophilic **' At-astatination. Metalation-based strat-
egies using: (B) mercury, (C) thallium, (D) tin, (E) silicon, (F) germanium, and (G) boron. Oxidants = NCS, Chloramine T, peroxides, for example.

Entry Labeling Characteristics, key points
A B [*""AAL" [oxidant] ‘ A Harsh reaction conditions (high temperatures required)
R/ Z R/ & No information on substitution pattern, may depend on electron-
density
B @/[Hgl [*"" AUAL [oxidan(] ‘ At Highly toxic organomercury precursors
7 R/ 7 In situ formation of organomercury precursor
The substitution pattern may vary (e.g., ortho- and para-position for
electron-dense arenes)
C | 1T *TTAUKI O\ZE At Highly toxic organothallium precursors
R/ & R/ Z In situ formation of organothallium precursor
Substitution pattern may vary (e.g., ortho- and para-position for
electron-dense arenes)
D N80 PAYAL [oxidan] A Mild reaction conditions,
F‘{/ & R/©/ Generally high RCYs
High reactivity toward [*"*At]At*
Acid-labile and toxic precursors
E | N[BT PTAYAL [oxidant] ‘ At Harsh reaction conditions (TFA solvent and elevated temperatures),
R N Generally high RCYs
Low reactivity towards [*'At]At"
Low acid-sensitivity and toxicity precursors
F B [Gel  [*'AYAL" [oxidant] @\21/1 At Generally harsher reaction conditions (TFA solvent),
R// R/ Z Generally moderate to high RCCs
Moderate reactivity towards [*'*At]At*
Acid sensitivity and toxicity between those of tin- and silicon-
derivatives
G B (Bl ["AgAL" [oxidant] @21/1‘“ Generally mild conditions
R/ & R/ & « Low toxicity of precursors

has been reported to yield different stereoisomers. For example,
mercuriation of aniline led to the introduction of the chlor-
omercury group at both the ortho- and para-positions [121].

6.2.3 | *"At-Astatination of Organic Thallium
Compounds

Thallation followed by ***At-astatination of benzoic acid and
anisole has been reported by Visser et al. [122] in 1982
(Table 2C). Thallations were performed using thallium(III) tri-
fluoroacetate in trifluoroacetic acid (TFA). After concentrating
the reaction under reduced pressure, either water was added to
the thallated anisole or 0.4 N H,SO, to the thallated benzoic
acid, along with 2HAt and 1.5 equivalents of potassium iodide.
RCYs of 70%-90% were obtained for 2-[*''At]-astatobenzoic
acid and 4-[*''At]-astatophenol [122]. Thallation of benzoic acid
predominantly occurred at the ortho-position, while thallation
of the phenol primarily occurred in the para position when
short reaction times were used [122]. In contrast to mercura-
tion, thallation requires stronger oxidative conditions, limiting
its application to precursors that are resistant to oxidation.

Additionally, organic thallium compounds are highly toxic and
must be handled with extreme caution.

6.2.4 | *"At-Astatodestannylation

The use of organotin compounds as precursors for *''At-
astatinations was first introduced by Milius et al. [123] in 1986
(Table 2D). Since its initial report, ***At-astatodestannylation
has become one of the most widely applied methods for syn-
thesizing astatoarenes. Unlike mercuriations and thallations,
trialkylstannyl groups can be selectively introduced into arenes
via palladium-catalyzed stannylation of aryl bromides or iodides
with hexamethylditin, or by reacting aryl Grignard, zinc, or
lithium reagents with trialkyltin chloride [138-140]. Astato-
destannylation has been successfully performed in various sol-
vent systems, such as acetic acid and methanol, and in
combination with several oxidants (e.g., chloramine-T,
N-chlorosuccinimide, peroxides [27, 95, 123, 127, 128]). Elec-
trophilic astatination of trialkylstannyl precursors is one of the
most promising and high-yielding methods for introducing
2IAt into an aromatic backbone. However, organotin
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precursors are highly toxic, which presents challenges for their
use in good manufacturing practice (GMP) environments.
Furthermore, these precursors exhibit low stability under acidic
conditions, complicating the synthesis of certain *"'At-
astatoarenes that require acidic deprotection during precursor
synthesis [141, 142].

Astatodestannylation has been widely applied to producing
various radiopharmaceuticals. One notable application is the
astatination of the prosthetic group N-succinimidyl-3-(stannyl)
benzoate, which facilitates the modification of biomolecules
such as antibodies, proteins, and other targeting vectors
(Figure 11A) [127-133]. This method enables the subsequent
coupling of N-succinimidyl-3-[*''At]astato-benzoate and its
derivatives to biomolecules, resulting in *''At-labeling with
overall RCYs ranging from approximately 26%—66% [127-133].

While aforementioned prosthetic groups have proven successful,
their use in a two-step procedure is not optimal due to the
increased complexity, which hinders automation and scalability.
As a result, direct incorporation of 21A¢t into biomolecules has
been explored. For example, lysine residues within mAbs have
been modified with N-succinimidyl-3-(trialkylstannyl)benzoate
to incorporate a precursor moiety that can be directly labeled
with 2"'At (Figure 11B) [124, 137, 143]. Lindegren et al. [143]
reported that this approach resulted in high RCYs of 85%-89% of
a 2" At-labeled trastuzumab conjugate. Despite the higher RCYs
achieved through this single step radiolabeling technique com-
pared to the two-step methods involving N-succinimidyl-3-[*''At]
astato-benzoate, significant nonspecific incorporation of *''At
(30% of the initial activity) into naive trastuzumab was observed
[143]. To expand the scope and avoid reliance on lysine residues,
alternative prosthetic groups, such as N-[2-(maleimido)ethyl]-
3-[*'At]-astato-benzamide, have been developed and applied to
an anti-HER2 antibody. Modification of cysteine residues with
the corresponding organotin precursor, followed by *'At-
astatination, resulted in RCYs of 60%-80% for the labeled anti-
bodies [134, 137].

Direct astatination of small molecules has become a major
application of the demetallation strategy using trialkylstannyl
precursors. For example, a series of PSMA-targeting structures,
such as [?**At]7-Lu, have been labeled with ?'*At in RCYs of up

A) 0 0
o 0
N N 21 AUAE [oxi N N R-NH
‘ O [“"' At]At", [oxidant] ‘ O =NF2
o —_— o —_—
(ks F

Z11A

Alk = Me or n-Bu

B) o
o] o]
oM R-NH; nR
o} _— > H
/SI"\ <

" At]SAB

2" At]At", [oxidant] N
-

to 21 - 63% (before '"Lu-chelation for [*''At]7-Lu) starting
from organotin precursors (Figure 12) [125, 126].

6.2.5 | *“At-Astatodesilylation

In contrast to organotin precursors, their silicon-based analogs ex-
hibit greater stability against protodemetalation under acidic con-
ditions [135] and are also associated with lower toxicity [144].
However, astatination of aryl trialkyllsilanes requires harsher con-
ditions due to their lower reactivity toward electrophiles (Table 2E)
[141, 142, 145]. For example, astatodesilylations have been per-
formed in TFA at 70°C for 10 min, achieving satisfactory RCCs of
over 70% [141, 142, 145]. Due to the increased inertness of the
trialkylsilyl group, precursor synthesis can tolerate acidic deprotec-
tion conditions [142, 145], which is particularly advantageous for
peptide synthesis. Notably, ' At-astatination of a deprotected trie-
thylsilyl precursor was found to be superior for the synthesis of
[*'!At]-4-astato-L-phenylalanine ([*'At]-APA), compared to the
protected tributylstannyl precursor followed by subsequent depro-
tection [142]. Astatodesilylation represents an attractive alternative
to label acid-insensitive radiopharmaceuticals. For example, a
PSMA targeting vector [*''At]8-Ga was successfully astatodesily-
lated with an overall RCY of 35% after gallium-chelation (Figure 13)
[145]. This labeling strategy involved synthesizing Fmoc-
3-trimethylsilyl-L-phenylalanine and incorporating the precursor
into a peptide-based PSMA-targeting structure via solid-phase
peptide synthesis (SPPS). Since the trimethylsilyl group is stable
under acidic deprotection conditions—such as exposure to 4 M HCl
in dioxane—its compatibility with SPPS offers significant potential
for labeling peptides that are acid-resistant, without relying on
prosthetic groups like [***At]SAB.

6.2.6 | *"At-Astatodegermylation

Germanium-based precursors have recently been shown to be
effective for **'At-astatodegermylation of arenes (Table 2F).
This approach builds on previous studies that utilized organo-
germanium compounds as precursors for radioiodination [146,
147]. Inspired by these findings, Miiller et al. [136] investigated
the suitability of these precursors for astatodegermylation.
Reactions were conducted in TFA at room temperature or at

o

X N’R
\ H
A

Mpt -Generally high RCYs for [2'"At]SAB

-Two step labeling of amines employing [2''At|SAB

-One step 21 At-astatination procedure of previously modified amines

-Higher RCYs in shorter preparation times were obtained

211At

FIGURE 11 | Protein- or mAb-labeling using prosthetic groups based on N-succinimidyl-3-(trialkylstannyl)benzoate. (A) Conventional two-step
approach for astatinating proteins and mAbs. Radiosynthesis of [*'' At]SAB via electrophilic astatodestannylation, followed bymodification of amines
(e.g., present in proteins and mAbs) [127-133]. (B) One-step approach for astatinating proteins and mAbs. Modification of amines with
N-succinimidyl-3-(trialkylstannyl)benzoate, followed by the electrophilic astatination [124, 137, 143].
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1.) " At]At* [oxidant]

2.) tBu-deprotection

3.) "5 u3*-complexation
fope
21 pg )) OxOH
O

OH OH

Z"At]7-Lu
RCY up to approx. 50 %
(before '75Lu chelation)
RCY up to approx. 18 %
(after "75Lu chelation)

FIGURE 12 | Radiosynthesis of the PSMA-targeting vector [*''At]7-Lu [125].

(6]
/& /*,o
O
\l N 4[\> » Ga3+ /
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% 1.) P AtALY, [oxidant] %
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HN (6] © HN o O
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O )‘k O o : )‘k o
OH OH on o

2" At]8-Ga
RCY =35 %

FIGURE 13 | Radiosynthesis of the PSMA-targeting vector [*''At]8-Ga [145].

70°C for 10 min, using 0.15 pmol of precursors. Electron-poor
astatoarenes were labeled with moderate to high RCCs of
55%-94%. In contrast, electron-rich arenes were labeled in low
RCCs under the same conditions, likely due to *''At-
protodeastatinations. To address this limitation, the authors
hypothesized that reducing the reaction time might improve
RCCs. Indeed, shortening the reaction time from 10 to 1 min
significantly increased RCCs for electron-rich astatoarenes,
improving the RCC from 14% to 93% [136]. Miiller et al. [136]
further demonstrated the utility of this method by applying it to
the 2! At-astatination of a PARPi, achieving an isolated RCY of
22% (Figure 14) [108, 136]. Compared to astatodestannylation
and astatodesilylation, astatodegermylation exhibits reactivity
that lies intermediate between stannyl- and silyl-based precur-
sors [147].

6.2.7 | Astatodeborylation

Shirakimi et al. [97] were the first to demonstrate that electro-
philic astatodeborylation (Table 2G) is a viable approach for
incorporating *'*At into aromatic frameworks, successfully
labeling [*''At]-APA. Unlike most previously reported meth-
ods, these reactions were conducted in water. Interestingly,
electrophoresis and radio-TLC analyses revealed that *''At ex-
ists in water in multiple oxidation states, including At(-I), At(0),
At(D), and At(IIT) [97]. Due to the presence of oxidized **'At
species, the authors evaluated two different approaches for
electrophilic aromatic *''At-astatinations. Reactions using the
aryl boronate precursor (0.1 mg and 0.48 umol), NBS as oxidant,
and sodium bicarbonate as an additive at room temperature for
30min yielded [*''At]-APA in a RCC of 90.8+2.7% [97].
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Ge
N 2" At]At" [oxidant]
| pe TFA, RT (-70°C), 1 - 10 min
R

- RCC ranging from 8 % + 12 % t0 94 % + 4 %

- reduced reaction times required for the synthesis of electron-dense 21" At-
astatoarenes

-Increased temperature required for the synthesis of electron-deficient 2" At-

astatoarylnitriles

2" At]AtY, [oxidant]

3'-Ge

TFA, RT, 10 min

211At

[211At]3
RCY =22 %

FIGURE 14 | *"At-astatination of aryltrimethyl germanes. (A) General conditions for ***At-astatodegermylation. (B) Radiosynthesis of [***At]3

from the aryl trimethylgermane precursor 3’-Ge.

Interestingly, replacing the NBS with KI further improved the
RCC of [*''At]-APA to 98.1 +1.9%, suggesting the predomi-
nance of oxidized *'' At species in water. The authors proposed
that KI facilitated the formation of electrophilic *''At species,
such as [*''At]AtI or [*''At]Atl,, thereby enhancing reaction
efficiency [97]. Using the same KI-based procedure, the group
extended this method to astatination of various PSMA-targeting
vectors via electrophilic astatodeborylation, achieving RCYs of
at least 60% [87]. However, unlike the radiosynthesis of [*''At]-
APA, these *"At-astatinations required heating to 80°C and
extended reaction times of up to 45min to achieve optimal
yields [87]. Electrophilic astatoborylations (Table 2G) have
emerged as an attractive option in the radiochemist's toolbox
due to their low toxicity, copper-free conditions, and generally
high RCYs. Notably, 4-borono-L-phenylalanine was successfully
used as a precursor for synthesizing [*'*At]-APA, demonstrat-
ing the compatibility of the boronate group with standard acidic
and basic deprotection conditions. This compatibility facilitates
the synthesis of more complex precursors, such as peptides,
thereby expanding the versatility of this methodology.

Improved RCCs for electron-rich astatoarenes have been
achieved by reducing reaction times, highlighting the potential
for further optimization [136]. Overall, organogermanium pre-
cursors offer a compelling balance of low toxicity, chemical
stability, and reactivity—traits that position these precursors
between organosilicon and organotin compounds. These prop-
erties make them well-suited for early-stage incorporation into
complex molecules [136]. Similarly, organoboron precursors
show significant promise due to their low toxicity and relatively
high reactivity towards [*''At]At*, allowing reactions to be
performed in water. This unique compatibility makes organo-
boron compounds particularly attractive for streamlined ***At-
radiolabeling applications [87, 97].

Summary: Electrophilic **'At-astatinations

Among the various electrophilic *''At-astatination strate-
gies, the use of organosilicon, organogermanium, and

organoboron precursors stands out as particularly promis-
ing. These approaches offer reduced toxicity compared to
traditionally used organotin reagents and have been suc-
cessfully applied to the astatination of complex molecules,
including PSMA inhibitors, PARP inhibitors, highly reactive
H-tetrazines, and amino acids [135, 136, 141, 142, 144, 150].
Organosilicon precursors, while exhibiting low toxicity and
high stability, require relatively harsh conditions for asta-
tination, such as TFA at 70°C [135, 141, 142]. In contrast,
organogermanium precursors enable radiolabeling at room
temperature, albeit still in the presence of TFA, facilitating
the synthesis of *''At-labeled scaffolds that are otherwise
difficult to access. Unlike organosilicon and organoboron
reagents, organogermanium-based astatination has been
applied to a broader range of substrates. However, this
versatility also reveals a limitation: electron-rich substrates
are prone to proto-deastatination under acidic conditions,
leading to lower yields. Similar challenges may affect or-
ganosilicon derivatives, although such issues have not yet
been reported. Table 3 provides a comprehensive summary
of the precursors and methodologies employed for 2l1At-
astatination using [211At]At".

6.3 | ?*"At-Labeled Synthon Strategies

Nucleophilic and electrophilic labeling strategies are important
tools to develop new *'At-based radiopharmaceuticals. How-
ever, direct labeling is often not feasible for certain molecules,
as functional groups within the precursor can deactivate the
reactive 2''At species or may not tolerate the harsh labeling
conditions. In such cases, labeling can be achieved using
synthons—highly reactive intermediates that are astatinated
and purified, often via HPLC, before being conjugated to the
molecule of interest. This approach is commonly employed for
labeling peptides, antibody fragments, mAbs, or proteins. A
recent report by Vanermen et al. provides an extended overview
of the available prosthetic groups [98]. A prominent example of
such a synthon is [*''At]SAB, which is used to label lysine

17

85U8017 SUOWILIOD BAIIID) 8|qed! [dde ay) Aq peuienob afe sejoie VO ‘8sn J0 SN 10} Ariq18ulUuO A8|IM UO (SUONIPUOD-pUe-SLUIB)LD A8 | 1M AfeIq 1 jput|UO//SdNY) SUORIPUOD Pue SWB | 3U188S *[5202/0T/20] Uo AriqiTauluo A8|IM ‘AriqiT Usived A0 AQ 8000/ POW/Z00T OT/I0P/Wo0" A3 (1M Akeid i jpuljuo//Sdiy Wwioiy pepeojumod ‘0 ‘8ZTT860T



TABLE 3 | Summary of labeling characteristics for aromatic *!' At-astatinations using [*''At]At*.

Precursor type

Labeling characteristics, key points

Direct astatination of arenes « Requires harsh conditions and elevated temperatures

« Potentially low selectivity

Aryl mercury compounds « Caution: highly toxic precursors

« Selectivity issues in installing the chloromercury group

« Generally high RCCs

Aryl thallium trifluoroacetates « Caution: highly toxic precursors

« Similar selectivity issues as aryl mercury compounds

» Generally high RCCs

Aryl trialkylstannanes « Toxic precursors labile to destannylation

« Mild reaction conditions

« Generally high RCCs

Aryl trialkylsilanes » Non-toxic and highly stable

« Suitable for early-stage incorporation of the trialkyl silyl group

« Requires harsh reaction conditions

Aryl trimethylgermanes « Trade-off between reactivity, stability and toxicity of organotin and organosilicon

compounds

» Requires harsher conditions than aryl trialkylstannanes

Aryl boronates « Non-toxic precursors

» Generally milder conditions

+ Extended reaction times and heating needed for complex *'*At-labeled PSMA-inhibitors

residues. Over the years, numerous other synthon-based label-
ing strategies have been developed and are thoroughly reviewed
elsewhere [27, 151, 152]. A current challenge with these
methods is the relatively low reactivity of the synthons after
radiolabeling, which necessitates high precursor concentrations
to achieve acceptable (but not quantitative) RCYs. This often
requires additional purification steps to separate unreacted
radioactive synthon from the radiolabeled product. In many
cases, the inability to separate the radiolabeled product from the
non-labeled precursor further complicates clinical translation.
Recently, a new class of ultra-reactive, click-chemistry based
synthons has been developed, offering quantitative RCYs within
10-20 min. These reactions are notable for proceeding without
need for precursor separation and can even be performed in
aqueous conditions [153, 154]. Future research will confirm
whether this chemistry can be universally applied across a
broad range of targeting vectors.

7 | Stability of the Carbon-Astatine-211 Bond

Several synthetic methods are available for forming carbon-
astatine bonds. However, a major limitation in the use of *''At-
labeled radiopharmaceuticals is in vivo dehalogenation. When
21 At s released from the radiolabeled compounds, it accumu-
lates in healthy tissues, particularly to the thyroid and stomach,
leading to off-target toxicity. This challenge is reflected in the
BDEs of phenyl- and alkyl-halogen bonds (Table 4) [18]. Asta-
tine bonding is predominantly confined to sp*hybridized car-
bons rather than sp*-hybridized once, as the BDE of astatine-

carbon bonds in sp>-hybridized are too low for biomedical ap-
plications [27, 115]. Additionally, it is important to note that
astatine is the largest halogen, with an atomic radius compa-
rable to that of a phenyl ring (Table 4) [20]. This large atomic
size may influence the incorporation of *'At into radio-
pharmaceuticals and potentially affect their targeting
properties.

The uptake of free *''At in the thyroid and stomach is com-
parable to that of free iodine [27, 155]. However, unlike iodine,
free ' At also accumulates in the spleen and lungs. This may be
attributed to the in vivo oxidation of At~ to At*, which facili-
tates its distribution to these additional organs [27]. To illustrate
the challenge posed by the lower in vivo stability of the carbon-
astatine bond compared to the carbon-iodine bond, the in vivo
stability of iodinated versus astatinated benzoate derivatives has
been evaluated. While iodinated derivatives exhibit good in vivo
stability, their astatinated counterparts undergo significant
deastatination [90, 148]. To mitigate the accumulation of un-
bound astatine, blocking agents such as potassium-iodide or
liothyronine sodium can been administered before the astati-
nated drug to pre-saturate the thyroid. This iodine-blocking
strategy is already well established in clinical practice before the
administration of meta-[**'I]I-iodobenzylguanidine ([**'1]
MIBG) and [***I|MIBG, theranostics radiopharmaceutical for
neuroblastoma treatment [156]. In a preclinical study, Watabe
et at. demonstrated that pre-administration of sodium iodine in
normal male ICR mice reduced thyroid uptake of free *''At
(presumably resulting from tracer deastatination) by 81% [157].
While the use of blocking agents can help reduce off-target
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TABLE 4 | Atomic radii of halogens, size comparison with a phenyl ring, and bond dissociations energies of phenyl- and alkyl-halogen bonds
[20, 27].
Halogenated Phenyl-Halogen Alkyl-Halogen
Halogen Radius [pm] phenyl, actual size [kcal/mol] [kcal/mol]
F 67 @F 125 106
cl 99 @Cl 95 81
Br 114 © Br 80 68
I 133 : | 64 53
At 145 At 47 39
A)
O8O I O~ C-At homolytic OO~
Oxidation cleavage . At=0
Reduction
At
B) o} 0 o)
~ e LN N P N /\)J\ -
(0] ” (0) () (0]
O“Aﬁt O“Aﬁt
o) o)
9 10
FIGURE 15 | (A) Proposed mechanism for deastatination. Oxidation of ***At to a +III species renders the carbon-astatine bond susceptible to

homolytic cleavage [19, 148]. (B) Pre-oxidized compounds hypothesized to exhibit greater resistance to further in vivo oxidation [149].

accumulation, it does not address the core challenge—
preventing in vivo deastatination.

The chemical and biological mechanisms of deastatination
remain unknown. Proposed explanations include the lower
dissociation energy of the astatine-carbon bond compared to the
iodine-carbon bond (Table 4) as well as potential action of
unidentified enzymes [148]. Given that astatine is the rarest
naturally occurring element, the existence of astatine-specific
enzymes is unlikely. However, enzymes involved in iodine
metabolism might also show affinity for corresponding *"'At-
derivatives. For example, the sodium iodide symporter is known
to recognize both iodine and astatine [148, 158, 159]. Addi-
tionally, cytochromes P-450 (CYPs) have been shown to cata-
lyze the oxidation of iodobenzene into iodosobenzene. Since
heavier halogens are more susceptible to oxidation, these CYPs
may also contribute to the oxidation of *''At-labeled radio-
pharmaceuticals [148, 160].

The proposed BDE of astatobenzene and iodobenzene are
449+ 5.1 and 61.1 +4.7 kcal/mol, respectively, highlighting a
notable difference in stability [148]. However, these values do not
explain why [*'*At]astatobenzoate-labeled proteins are relatively
stable in blood but not in cell-based assays [148]. For example,

the model compound, 3-[*''At]-ethylastatobenzoate exhibited
significantly release of free *''At under Fenton-like oxidative
conditions, in which trivalent ferric iron catalyzes reactions with
hydrogen peroxide. These conditions mimic the oxidative en-
vironment found in lysosomes [148]. In contrast, no substantial
deiodination was observed in 3-ethyliodobenzoate under the
same conditions. This suggests that oxidation plays a crucial
role in the deastatination process, potentially via the mecha-
nism shown in Figure 15A. In this proposed pathway, phenyl-
bound *''At is first oxidized to the +III oxidation state, followed
by homolytic cleavage of the carbon-halogen bond. The lower
BDE of the carbon-astatine bond (28.2 kcal/mol) compared to
the carbon-iodine bond (37.8 kcal/mol) facilitates this cleavage
[19, 148]. In fact, the dissociation rate of the astatine compound
is 6 x 10° times higher at 37°C [148]. This supports the observed
trend: while carbon-iodine bonds are more stable, the carbon-
astatine bond cleaves more readily, which could explain the
release of 2''At in lysosomes where reactive oxygen species are
present [148].

As previously discussed, in vivo oxidation of *''At-astatoarene
compounds may lead to **'At-deastatination. To explore this
further, Li et al. [149] compared the in vivo stability of **'At-
astatoxyarenes with their corresponding '*’I-iodoxy derivatives,
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in which the radiohalogens were pre-oxidized to the +V oxi-
dation state [149]. Oxidized forms of p-[**’T]iodoxybenzoic acid
methyl ester and p-[*"'At]astatoxybenzoic acid (9) methyl ester
were synthesized (Figure 15B) [149]. While '**I-iodoxy deriva-
tives remained stable to in vivo deiodination, the *** At-astatoxy
derivative showed significant decomposition. Notably, biodis-
tribution profile of the astatinated derivative closely resembled
that of [*''At]NaAtO;. This finding suggests that the com-
pounded to form AtO;~, indicating that both oxidation and
deastatination occurred in vivo [149].

7.1 | Strategies to Reduce Deastatination In Vivo

Over the years, several strategies have been developed to
minimize or prevent deastatination. One strategy leverages
the properties of charged species to reduce exocytosis of
radiolabeled catabolites [130]. Specifically, Vaidyanathan
et al. demonstrated that guanidinomethyl functionalization
enhances the stability of astatinated compounds [161, 162].
Another strategy involves incorporating the neopentyl gly-
col scaffold which highlights the critical role of hydroxyl
groups in stabilizing compounds against CYP-mediated
metabolism [90]. Additionally, stable boron cage deriva-
tives have been developed, in which the carbon-astatine
bond is replaced by a stronger boron-astatine bond [163]. In
the following, we will discuss these strategies in detail,
along with the underlying principles aimed at further
reducing deastatination.

7.1.1 | Guanidinomethyl Functionalization

Building on the success of the FDA-approved radio-
pharmaceutical ['*'I]MIBG for treating neuroblastoma,
Vaidyanathan et al. [141] developed an astatinated derivative,
meta-[>'' At]At-astatobenzylguanidine ([*''At)]MABG). The
initial synthesis involved a two-step process, first astatination
of 3-(tri-n-butylstannyl)benzylamine, followed by formation of

s

A)

Sn [Z"TAtIAL" [oxidant] 211At
\H CHCl3, RT, 30 min

m-(Tri-n-butylstannyl)benzylamine
B)

\ J ["AtJAt" [oxidant]

~R

I-[3-(Trimethylsilyl)benzyl]guanidine

TFA, 20 - 70°C, 5 - 30 min

the guanidinium moiety (Figure 16) [141, 151]. To facilitate
purification from the organotin precursor, a kit-based
approach was utilized, anchoring the tin precursor to a solid
support. This method achieved a RCY of 63 +9% [164]. The
procedure was later streamlined using a 1-[3-(trimethylsilyl)]-
benzylguanidine precursor in a one-step synthesis. Under
optimized conditions—labeling at 70°C in TFA with NCS—
this method yielded a RCC of 88 + 4% (Figure 16) [141].

The initial rationale for incorporating a guanidinomethyl
prosthetic group is to minimize oxidative decomposition within
lysosomes following cellular internalization. Charged catabo-
lites, such as protonated guanidine (pKa = 13), are less likely to
undergo exocytosis in the acidic lysosomal environment, as they
cannot efficiently cross the lysosomal membrane [165, 166].
Thus, guanidinomethyl functionalization in 2'*At-labeled
radiopharmaceuticals may trap *''At inside cells after vector
degradation, reducing off-target accumulation [129]. This
mechanism, however, requires prior internalization of the
radiolabeled compound. Additionally, the guanidinomethyl
group may enhance stability by providing steric hindrance
against deastatination [66].

Yssartier et al. [89] recently proposed an alternative mechanism
for the guanidinium group's stabilizing effect, inspired by the
deiodination of iodoaryl substrates by deiodinase enzymes.
Specifically, Types 1 and 3 iodothyronine deiodinases catalyze
the reductive elimination of phenyl-bound iodine from thyroid
hormones (Figure 17A) [167]. In this mechanism, selenocys-
teine residues in the enzyme's catalytic site interacts with the
iodine atom through a halogen bond interaction. This interac-
tion weakens and elongates the carbon-iodine bond by inducing
an Umpolung effect, making the carbon atom nucleophilic. As a
result, electrophilic aromatic substitution occurs with a sur-
rounding proton, leading to the formation of a covalent
selenium-iodine bond and the deiodinated arene [89]. Extend-
ing this model, the authors demonstrated that selenocysteine
similarly mediates the deastatination of [**'At]astatobenzene
(Figure 17B) [89].

ag. CNNH, 21174

o

2" At]MABG

MeOH, 128 °C, 30 min

Two-step RCC of 13 %

211At

2" AtIMABG
RCC upto 87.7 % £ 4.3 %

FIGURE 16 | Synthesis of [*"' At]MABG from (A) organotin or (B) silicium precursors.
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Density functional theory (DFT) calculations revealed that the
carbon-astatine bond dissociation enthalpy for both [211At]as-
tatobenzene and 1-(o-[2!lAt]astatobenzyl)guanidine was
47 kcal/mol, indicating that the guanidinium group does not
significantly affect the strength of the carbon-astatine bond.
However, the introduction of the guanidinomethyl group
resulted in an interaction energy difference of approximately
81 kcal/mol between the selenocysteine complexed with 1-(o-
[211At]astatobenzyl)guanidine and [21lAt]astatobenzene [89].
The increased stability of 1-(o-[*''At]astatobenzyl)guanidine
was attributed to strong electrostatic interactions between the
positively charged guanidinium group and the negatively
charged selenocysteine. As illustrated in Figure 17C, hydrogen
bonding between hydrogen atoms of the guanidinium moiety
and the negatively charged selenium is dominated by the
charge-charge interaction. These interactions effectively prevent
further interactions between astatine and selenocysteine [89].
This mechanism explains how the guanidinium group stabilizes
the radiopharmaceutical by reducing deastatination.

Guanidinomethyl functionalization has been shown to enhance
the stability of several 2llAt-labeled compounds, including

inhibitors of PSMA [162], anti-HER2 nanobodies [137], and
anti-HER2 5F7 single-domain antibody fragments [161]. One
study by Vaidyanathan et al. [162] focused on improving the
in vivo stability of [211At]DCABzL, a PSMA-targeting ligand
(Figure 18A) [126, 162]. The lead candidate, guanidinomethyl-
functionalized [*'At]GV-620 (Figure 18B), demonstrated
reduced accumulation in non-target tissues. while thyroid up-
take of [211At]DCABzL and [21At]GV-620 was comparable
(0.62 +0.23 and 0.77 + 0.25 %ID/g, respectively, 2 h after injec-
tion), a notable difference was observed in the stomach: [211At]
GV-620 showed markedly lower accumulation (2.55+0.69%
ID/g) compared to [211At]DCABzL (10.09 + 1.66 %ID/g) [126,
168]. When compared to [**'1]GV-620, [*'*At]GV-620 showed
higher uptake in the thyroid, stomach, lungs, heart, and in-
testines, suggesting partial deastatination [162]. These findings
indicate that guanidinomethyl functionalization contributes to
reduced non-target tissue accumulation and improved stability
of the [211At]-labeled compound.

Anti-HER2 5F7 single-domain antibody fragments have been
modified to produce [***At]SAGMB-5F7 and iso-[*'*At|]SAGMB-
5F7 (Figure 19A). Biodistribution studies showed significantly

A) H
Step 1 \ Step 2
_ HO
e O S gD T )
-H R R

Sa6EA 2.330A
C) JAJ' \ Y 2.291A 2221A JJ\ ¢
J‘J, ,“ 2P J“‘J J )\, > ® J“
2157A 93 22,80 O , 9,1, > 5
-9 )l F o g ] / @ q‘ I 2.157,&,‘3
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FIGURE 17 | (A) Mechanism for deiodination of iodoaryl substrates by deiodinase enzymes. (B) The same selenocysteine-mediated mechanism

can also apply for astatobenzene. (C) Density function theory and molecular modeling show how guanidinomethyl functionalization hinders
deastatination by through charge-charge interactions between the selenocysteine in the enzyme active site and the guanidinium. Color code:
White = hydrogen, grey = carbon, blue = nitrogen, orange = selenium, purple = astatine. The figure is reprinted with permission from Yssartier et al.
RSC Med Chem. 2024, 15, 223. Copyright (2024) The Royal Society of Chemistry.
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FIGURE 18 | Astatinated Glu-urea based PSMA ligands. (A) Unmodified astatoarene and (B) guanidinomethyl-functionalized astatoarene [162].
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A) B)

O O
21 At sF7 N
H

N
H

Compound Thyroid [%ID] Stomach [%ID]
[2''At]SAGMB-5F7 0.4-0.6 1.0-2.3
0.2-0.3 0.6-1.7

Iso-[2"' At]SAGMB-5F7

2" At]SAGMB-5F7 iso-[21" At]SAGMB-5F7

FIGURE 19 | (A)Guanidinomethyl-functionalized motifs conjugated to anti-HER2 5F7 single-domain antibody fragments, with the guanidinium

group positioned either ortho or meta to *''At. (B) Thyroid and stomach accumulation following injection in SCID mice bearing subcutaneous

BT474M1 breast carcinoma xenografts. Timepoints include 1, 2, 4, and 21 h post-injection. %ID = percentage injected dose [161].

higher tumor uptake for iso-[*''At|SAGMB-5F7 (23.4+22%
ID/g) compared to [*''At]SAGMB-5F7 (15.7 + 1-7 %ID/g) [161].
Iso-[211At]SAGMB-5F7 also showed comparatively lower thyroid
and stomach uptake resulting in improved tumor-to-normal
organ ratios. (Figure 19B). These findings supports its potential
as a candidate for therapeutic applications [161]. The enhanced
performance of iso-[211At]SAGMB-5F7 can be attributed to the
greater spatial separation between the guanidinomethyl substit-
uent and the 211At-labeled moiety in the meta-substituted iso-
isomer compared to the ortho-regioisomer. Notably, iso-[211At]
SAGMB-5F7 demonstrated higher HER2 binding affinity in
BT474M1 human breast carcinoma cells, further supporting its
therapeutic potential [161]. Another example is NB7, a single
domain antibody fragment, with high affinity for an epitope on
PSMA. Using Hiss-tagged NB7, [*''At|]SAGMB-NB7H6 was
synthesized [169]. Its thyroid and stomach accumulation were
comparable to iso-[2l1At]SAGMB-5F7. Interestingly, in this
study, the iodine analog [***I|SGMIB-NB7H6 outperformed iso-
[***1]SGMIB-NB7HS, suggesting that the optimal orientation of
the guanidinomethyl is compound-specific [169].

7.1.2 | The Neopentyl Glycol Scaffold

The neopentyl glycol scaffold has emerged as a promising strat-
egy for stabilizing aliphatic ' At derivatives. Inspired by the high
in vivo stability of 2,2-dihydroxymethyl-3-[**F]-fluoropropyl-
2-nitroimidozole [170], Suzuki et al. investigated whether *°I-
and *''At-derivatives would also exhibit increased in vivo sta-
bility [171]. A significant correlation was observed between the
presence and number of hydroxyl groups and the stability of the
corresponding '*’I-neopentyl glycol derivatives against nucleo-
philic substitution and CYP-mediated metabolism (Figure 20A).
Radio-HPLC and -TLC analyses revealed that the derivatives
[*#°1]11, [**°1]12, and [**°I]13 exhibited 2.2%, 72.0%, and > 99.8%
stability in mouse liver microsomes after 30 min, respectively
[90]. The authors concluded that the hydroxyl-groups of the
neopentyl glycol scaffold may prevent CYP-mediated dehalo-
genation through steric hindrance or increased hydrophilicity,
thereby impairing CYP recognition [90, 172]. In vivo, the major
metabolites of both the '*°I- and *''At-labeled derivatives were
glucuronide conjugates, suggesting that the hydroxyl groups in
the scaffold could enhance radiopharmaceutical clearance from
the bloodstream [173]. Compared to benzoate derivatives
(Figure 20B), the neopentyl glycol analogs demonstrated similar
chemical and biological properties but significantly reduced
accumulation of free 2**At in the stomach and neck, indicating
lower deastatination (Figure 20C) [90].

To broaden the scope of the neopentyl glycol scaffold, Kaizuka
et al. [172] developed [*''At]15, a neopentyl glycol L-tyrosine
derivative, targeting the 1i-type amino acid transporter
(Figure 20D). The compound showed high stability in PBS and
fetal bovine serum over a 3-h period, as well as high tumor uptake
in C6 glioma tumor-bearing immunodeficient nude mice, though
with only moderate retention. Notably, [***At]15 appeared to be
primarily excreted through the amino acid transporter rather than
being incorporated into protein synthesis, with notable concen-
trations in the kidney and pancreas, followed by rapid excretion.
Accumulation in the liver and intestines was observed, likely due
to the lipophilic nature of the compound, potentially affecting its
pharmacokinetic profile [172, 174].

The *''At-labeled neopentyl glycol scaffold has also been incor-
porated into PSMA-targeting vectors to enhance in vivo stability.
Its compatibility with peptide coupling conditions and the ability
to cleave acid-sensitive protection groups facilitates its integration
into peptides. In a study by Suzuki et al. [91], the ***At-labeled
PSMA derivative ([*!*At]16) demonstrated low accumulation in
the stomach (1.74 +0.39 %ID/g) and thyroid (0.55 + 0.33 %ID/g)
in tumor-bearing mice 3h postinjection. Notably, it exhibited
high tumor accumulation (16.9 + 8.45 %ID/g), indicating effective
tumor targeting and in vivo stability. These findings were verified
by Yaginuma et al. [175], who observed [*''At]16 tumor uptake of
42.0+13.1%ID/g after 3h with minimal uptake in thyroid,
stomach, and salivary glands (0.28 +0.20 %ID/g, 0.71+0.12%
ID/g and 0.88 + 0.10 %ID/g, respectively) in BALB/c nu/nu mice
subcutaneously transplanted with PSMA-positive PC-3 PIP cells.
The antitumor effect of [***At]16 was dose-dependent, with tumor
volume increases of 161.0%, —76.4%, and -59.5% at 0.32, 1.00, and
1.93 MBq doses, respectively, compared to a 796.0% increase in
the saline-treated control group by Day 15. Mild but reversible
renal damage was observed at 1.00 MBq doses, while irreversible
renal damage occurred after administering 1.93 MBq [175]. More
recently, the copper-catalyzed azide-alkyne cycloaddition was
applied to conjugation the neopentyl glycol scaffold with an a-
melanocyte stimulating hormone peptide analog [176]. Incorpo-
ration of a hydrophilic p-Glu-p-Arg linker, resulted in favorable
biodistribution in B16F10 tumor-bearing mice, with minor thy-
roid uptake. Furthermore, high therapeutic efficacy was demon-
strated by inhibited tumor growth following administration of
both 0.4 and 1 MBq doses [176].

21 At is typically introduced into the acetal-protected neopentyl
glycol scaffold through nucleophilic substitution of sulfonyl
ester derivatives at room temperature over a 5-min period.
Subsequent hydrolysis of the acetal protection group
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quantitatively yields in the deprotected *''At-labeled neopentyl
(Figure 20E) [90]. Although the labeling conditions have not
been fully optimized, [*''At]15 was synthesized with a RCY of
44% [172]. More recently, [*''At]17, an active ester derivative,
was conjugated to cetuximab, achieving a RCY of 27 +1% at
200 kBq scale (Figure 20D) [171]. Unreacted activated ester was
hydrolyzed to the corresponding carboxylic acid. These findings
highlight the potential of the neopentyl glycol scaffold for use in
radiopharmaceuticals, particularly for targeted therapies
involving both small molecules and antibodies.

7.1.3 | Boron Clusters

Efforts to improve the stability of astatinated compounds have
increasingly focused on exploring stronger bonds, particularly
involving boron. This shift is driven by the significantly higher
BDE of boron-astatine bonds (~79 kcal/mol) compared to
carbon-astatine bonds (~43 kcal/mol) [31]. This trend aligns
with the general pattern of boron-halogen bonds being stronger
than their carbon counterparts, as seen with boron-iodine
(91 kcal/mol) versus carbon-iodine bonds (53 kcal/mol) [27].
The distinct polarization of these bonds further underscores the
difference between carbon-astatine and boron-astatine interac-
tions. In boron-astatine bonds, astatine carries a negative
polarization due to boron's lower electronegativity (y = 4.29 eV)
relative to astatine (y = 5.87 eV, Mulliken scale) [31, 33]. Con-
versely, in carbon-astatine bonds, astatine is positive polariza-
tion because carbon has a higher electronegativity (y = 6.27 eV).
This reversal in polarization profoundly influences the chemical
reactivity and degradation pathways of these bonds. Boron-
bound astatine is more susceptible to electrophilic attacks due
to its negative polarization, whereas carbon-bound astatine is
vulnerable to nucleophilic attack, These polarization-driven
vulnerabilities also affect to the bonds’ resistance to reductive or
oxidative cleavage and influence how enzymes recognize and
catalyze deastatination [31, 33, 163].

Both "' At-astato-nido-carborate and *'' At-astato-closo-decarborate
moieties have been studies for their in vivo stability (Figure 21).
Labeling succeeds in PBS by reacting the boron cluster with [*'!At]
NaAt in the presence of aqueous chloramine-T as an oxidizing
agent. The reaction proceeds within 30s to 2min, after which
aqueous sodium pyrosulfite (Na,S,0s) is added to quench the
reaction. The reaction mixture is then purified using a NAP-10
column [163, 177]. Under non-optimized conditions, labeling yields

for antibody Fab’ fragment conjugates range from 28% to 75%,
depending on the specific protocol and reaction parameters [163].

Studies comparing '*’I- and *"'At-labeled closo-decarborate(2-)
moiety [*''At]18, conjugated to the anti-PSMA antibody Fab
fragment (107-1A4), revealed notable differences in biodis-
tribution in BALB/c nu/nu mice. Higher '*°I uptake was
observed in the neck and stomach compared to the *!'At-
labeled analog, indicating highest susceptibility to deiodination
[24, 163]. Further comparison of [*''At]18 with astatoaryl
compound [***At]22 in male athymic mice (nu/nu) showed that
the boron cluster exhibited reduced uptake in the thyroid,
stomach, and lungs but increased and prolonged retention in
the blood and liver [19, 163]. These extended retention times are
likely attributable to the intrinsic properties of the boron cluster
structure.

In studies involving 2!'At-astato-nido-carbonyl derivatives
[*"'At]20 and [*''At]21, aggregation of the Fab’ fragment upon
conjugation led to altered in vivo behavior, notably increased
blood and liver retention [163]. In a comparison study, the
closo-decaborate(2-) moiety [*''At]18 outperformed the closo-
dodecaborate(2-) moiety [*''At]19, displaying faster tissue
clearance and lower kidney uptake [178]. These characteristics
make [*''At]18 a more promising candidate for radio-
pharmaceutical development. To reduce kidney retention, an
acid-labile hydrazone linker was introduced between the boron
cluster and Fab fragment in 18 conjugates [177]. In ***I-labeled
conjugates, clearance from kidneys, liver, and spleen were
observed. In contrast, ' At-labeled conjugates showed no kid-
ney clearance, but significantly higher tumor uptake
(42.28 +16.38 %ID/g) compared to the '*’I-derivative
(13.14 +2.03 %ID/g) at 4h post-injection in nude mice bearing
LNCaP human tumor xenografts [177].

The bis-nido-carboranyl derivative [*''At]21 demonstrated
greater stability than the mono-nido-carboranyl derivative
[*''At]20. This enhanced stability is hypothesized to arise from
a halogen bond interaction between the astatine atom and
the second negatively charged nido-carborane group, which acts
as a Lewis base. This interaction effectively bridges the two
nido-carborane groups via *''At [89]. Overall, *''At-labeled
boron cages exhibit good resistance to in vivo *'At-
deastatination. Nevertheless, their undesirable biodistribution
profiles highlights the need for further pharmacokinetic opti-
mization to improve their therapeutic potential [90].
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FIGURE 21 | Boron clusters studies for their vivo stabilization of astatine-211. R can be linkers to targeting vectors.
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7.1.4 | Complexation

Given astatine's metalloid nature, research has explored its
metallic character through complexation with various chelating
agents. In 1988, Milesz et al. [179] demonstrated the com-
plexation of electrophilic [*''At]At* with ethylenediaminete-
traacetic acid (EDTA) [179]. The following year, the same group
reported  chelation of [*!AtJAt" with diethylene-
triaminepentaacetic acid (DTPA) and its subsequent conjuga-
tion to a polyclonal IgG antibody [180]. However,
biodistribution studies of the [*''At]-DTPA-antibody conjugate
revealed organ accumulation patterns similar to those observed
for free [*''At]At™, indicating low complex stability [181].
Subsequently, Yordanov et al. [182] reported the formation of a
[**'At]-callix[4]arene complex and assessed its stability in vivo.
Despite its innovative chelate design, the complex displayed a
biodistribution in nude mice similar to that of free [*'At]At™,
underscoring persistent challenges in achieving robust chela-
tion of astatine for radiopharmaceutical applications [182, 183].
Complexation of [*!At]At" with nitrilotriacetic acid (NTA) was
also investigated. The resulting complex was stable under oxi-
dative conditions within a pH range of 4-8, but degraded in
more basic solutions [184]. Additional studies explored chela-
tion of astatine in higher oxidation states using macrocyclic
chelators such as DOTA and NOTA [185]. While complex for-
mation was suggested, the resulting [*''At]-DOTA and [*''At]-
NOTA complexes proved unstable, highlighting the need for
improved strategies. Recent work has reported the chelation of
AtO* by ketones in the presence of nitrate (NO3™) [186],
identifying this interaction as the underlying mechanism for the
liquid-liquid extraction of *''At from 6 M HNO; into ketone-
based solvents.

In its reduced form ([*''At]JAt™), astatine behaves as a soft
Lewis base. This has prompted research into forming stable
complexes/bonds with soft Lewis acids. A similar strategy has
been applied for successful chelation of [**F]AIF using NOTA
[187]. Pruszynski et al. [188] were the first to report complex
formation betwen [***At]At™ with a soft Lewis acid. Their study
compared the complexation of [**'I]I” and [*"At]At™ with
mercury(I) hydroxide (Hg(OH),), and using electromigration,
stronger binding for *''At was revealed, supporting its potential
for such approaches [188].

Later, the same group studied complexation of [*'At]At™ with
Rh(III) and Ir(III), both chelated by the macrocyclic
thioether 1,5,9,13-tetrathiacyclohexadecane-3,11-diol (16aneS,-
diol) (Figure 22A) [189]. The resulting complexes ([**'1]23-Rh-
I, [**'1]23-1r-1, [**'At]23-Rh-At, [*''1]23-Ir-At) were obtained in
high RCYs of approx. 80%-90%. Reactions were performed
using 62.5nmol of Rh(III) or Ir(IlI) source, 250 nmol of
16aneS4-diol, at pH 4 and 75°C-85°C for 1-1.5 h [189]. Further
studies demonstrated the stability of [*!'At]23-Rh-At in PBS
and human serum at both 25°C and 37°C [190]. Biodistribution
studies in BALB/c mice revealed higher uptake in the spleen,
lungs, and stomach at 30 min post-injection, with significant
clearance over the following 4 h. Compared to free [*''At]At™,
the %ID/g in these tissues was notably lower for [*''At]23-Rh-
At [183, 190]. This complex was subsequently used to label
substance P with **At for glioblastoma treatment (Figure 22B)
[191]. Two labeling procedures were developed: (1) conjugating

substance P to the preformed complex, and (2) directly astati-
nate substance P pre-conjugated to 16aneS4-diol. The latter
method yielded higher RCYs in shorter reaction times
(Figure 22B). The resulting *''At-labeled substance P derivative
([*'*At]24-Rh-At) was stable in PBS and cerebrospinal fluid, as
well as demonstrated superior efficacy in treating human gli-
oma T98G cells, compared to free [*'*At]At™ at activity con-
centrations as low as 75kBq/mL [191]. In vivo data for this
compound is missing.

While the metallic character of *'*At offers opportunities for
complexation with various chelators, limited stability—
particularly in vivo—has hindered the broader application in
radiopharmaceutical development. However, the complexation
of [*"At]At™ with soft Lewis acids shows promise for creating
more stable complexes suitable for in vivo use.

7.1.5 | Astatinated Gold Nanoparticles

Gold nanoparticles (AuNPs) are highly valued in biomedicine
due to their outstanding chemical stability and biocompatibility.
Progress in the field enabled production of monodispersed NPs
in various sizes and shapes [192]. One widely used synthetic
strategies is aqueous reduction of tetrachloroauric acid
(HAuCly) by sodium citrate, which acts both as a reducing and
capping agent. This dual role allows control over NP size, as
higher citrate concentration yield smaller NPs and vice versa
[192, 193].

The development of 2''At-labeled AuNPs holds significant
promise for targeted radiotherapy. In this approach, astatine is
adsorbed onto the surface of gold, similar to the adsorption of
(radio)iodine. Both astatine and iodine preferentially adsorb
onto the face-centered cubic (fcc) hollow sites and the edge-
bridge sites of the gold surface. Density of states analysis show
that the 5 d orbitals of gold hybridize with the 6p-and s- orbitals
of 2'*At [193]. One advantage of this method is the ability to
load multiple radionuclide atoms onto a single nanoparticle,
enabling the delivery of higher radioactive doses [193]. Addi-
tionally, AuNPs can be functionalized with proteins or ligands
for targeted delivery [193, 194]. Another major benefit is the
simplicity of the labeling procedure: ZUAt js stirred in an
aqueous solution containing the AuNPs, typically at room
temperature for 5-20 min [194, 195].

In 2017, Dziawer et al. [196] developed **'At-labeled AuNPs
functionalized with substance P peptide fragments for glioma-
targeting applications. Using 5 and 15nm AuNPs, the con-
structs demonstrated high stability in human serum and
cerebrospinal fluid, along with in vitro cytotoxicity against gli-
oma cells, providing strong proof of concept for this approach
[196]. To improve biocompatibility, Sporer et al. [195] described
the adsorption of **At onto PEGylated AuNPs (25-50 nm),
which exhibited >95% stability in serum after 4h. In vivo
biodistribution studies revealed typical NP behavior, including
prolonged circulation and significant liver and spleen uptake.
Importantly, low accumulation of *''At in the thyroid and
stomach indicated robust particle stability [195]. Huang et al.
further demonstrated the tumor- targeting potential of **'At-
labeled AuNPs, showing that smaller particles achieved greater
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FIGURE 22 | (A) Radiosynthesis of M(IIT)-'*'1/*"' At-complexes (M = Rh(III) and Ir(III)), using the chelator 16aneS,-diol. (B) Direct radio-
synthesis of *'I- and *''At-labeled substance P (5-11) ([**'1]24-Rh-1, [*''At]24-Rh-At).

tumor accumulation. Specifically, 5 nm *''At-AuNPs displayed
higher tumor uptake (2.25+0.67 %ID/g) than 30 nm particles
(1.29+£0.17%ID/g) at 3h post-injection in PANC-1 tumor-
bearing xenograft mice. A dose of 0.5 MBq per mouse with 5nm
particles was sufficient to suppress tumor growth. However,
modifying AuNPs with the H16 peptide—designed to target the
acidic tumor microenvironment—did not enhance tumor up-
take and instead increased liver accumulation [197]. Similarly,
21At-labeled “gold nanostars” exhibited promising features,
including low thyroid and stomach uptake and significantly
tumor suppressive following intratumorally injection in a
U87MG human glioma xenograft murine model. These con-
structs were also stable in vitro, maintaining > 99% integrity in
human serum at 37°C over 24h [198]. While the successful
adsorption of 2’'At onto AuNPs has been well-documented,
data on how varying *''At concentrations affects adsorption
strength and radionuclide stability remain limited, an important
consideration for clinical optimization [193].

Beyond AuNPs, silver and polymeric micelles have also been
evaluated as ''At carriers. However, due to unfavorable in vivo
and in vitro properties, neither has progressed to further pre-
clinical development [199, 200]. Hou et al. [201] synthesized
astatinated folic acid-functionalized silver nanoparticles
(~10nm) via a one-pot assembly with SH-PEG-FA, achieving
>95% RCY within 15 min. In 4T1 tumor-bearing mice, tumor
uptake was 2.8+0.8%ID/g at 12h after V intertumoral
administration, while liver uptake reached 20.8 +13.7 %ID/g—
likely due to macrophage-mediated clearance. Thyroid uptake
remained low (1.5+1.3%ID/g) [201]. These results highlight
the need for improved biosafety before clinical translation of
silver nanocarriers. Denk et al. [202] introduced a modular and
versatile copper-click-based approach to synthesize multi-
functional *''At-labeled reagents. This method enables rapid
radiolabeling and cross-linking, offering a platform to produce
sterically shielded *''At compounds. The resulting constructs
were stable with less than 1% degradation or deastatination
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after 5h in human plasma. This strategy offers a promising
alternative to AuNP-based systems, enabling the radiolabeling
and subsequent surface modification of organic nanomater-
ials [202].

7.1.6 | Other Strategies to Minimize Deastatination

While the side effects of deastatination are well recognized,
recent studies have reported low deastatination in certain
radiopharmaceuticals, even in the absence of specific stabili-
zation strategies. For example, Echigo et al. [203] developed a
2IAt-SAB derivative conjugated to a dual-function targeting
vector combining an albumin-binding moiety with an RGD
peptide. This design aimed to enhance pharmacokinetics by
prolonging circulation and improving tumor accumulation and
retention. The "' At-labeled compound outperformed its ¢’Ga-
counterpart in these metrics. However, extended blood reten-
tion led to increased off-target accumulation in organs such as
the lungs and heart. As a result, the compound was deemed
suboptimal for RLT, though the authors suggested modifying
the albumin-binding moiety to reduce affinity and thereby cir-
culation time. Despite this, minimal uptake in the stomach and
thyroid indicated low deastatination [203], likely due to ex-
tended blood retention, as the compound avoids lysosomal
oxidative conditions and enzymatic metabolism. Similarly,
Mease et al. [125] reported an improved **'At-labeled PSMA
derivative ([*''At]7-Lu, Figure 12), demonstrating low deast-
atination in PSMA-positive PC3 PIP tumor-bearing NSG mice.
One-hour post-injection, uptake in the stomach and salivary
glands was 0.39+0.12%ID/g and 0.47 +0.19 %ID/g, respec-
tively. At 24 h, the compound was nearly undetectable in nor-
mal organs. [*''At]7-Lu significantly increased median survival
across all tested doses (0.24-3.7 MBq), attributed to the stability
of the Lys-Glu-urea-based scaffold, and the pharmacokinetic
benefits of DOTA-chelated Lutetium-175 [125]. Building on
this, [*''At]8-Ga (Figure 13) [135] was designed to further
minimize deastatination by positioning *'*At deep within the
receptor-binding pocket of the ligand, thus shielding it from
enzymatic or oxidative degradation upon ligand binding. This
rational design resulted in virtually no detectable deastatina-
tion, highlighting its therapeutic promise. Recent publications
also suggest that specific substituents around the astato group
can enhance the in vivo stability of the carbon-astatine-bond.
Hirata et al. [204] introduced two ortho hydroxymethyl or di-
methylcarbamoyl substituents, both of which reduced thyroid
and stomach uptake compared to unsubstituted control. While
the hydroxymethyl substituted astatinated compound showed
higher levels of free halogen than its '*°I analog, the di-ortho
dimethylcarbamoyl-substituted compound showed comparable
levels. The authors hypothesize that the electron-withdrawing
effect of the dimethylcarbamoyl groups decreases the electron
density around the astatine, increases its oxidation potential
and thereby enhances resistance to oxidative decomposition.
Additionally, ortho substituents provide steric hindrance, lim-
iting enzymatic access [204].

Quantum mechanical calculations offer a promising tool for
advancing *''At-radiopharmaceutical development. These
methods effectively estimate bond enthalpies, correlating with

drug candidates’ in vivo stability. Notably, findings suggest
deastatination is primarily influenced by the immediate atomic
environment around the 2''At attachment site, rather than the
overall molecular structure [31].

8 | Clinical Landscape—Where Are We?

The clinical relevance of *''At-labeled radiopharmaceuticals
continues to grow, driven by advances in radiolabeling tech-
niques and deeper understanding of their in vivo behavior.
While research is still ongoing to fully elucidate the broader
chemistry of *''At, several promising candidates have pro-
gressed into clinical trials. This section provides a concise
overview of selected trials; for a more comprehensive discus-
sion, readers are referred to detailed reviews [88, 205]. One
interesting trial involves the use of [*''At]At in patients with
thyroid cancer [206]. Like iodine, **'At is actively transported
into the thyroid via the sodium-iodide symporter, which is
overexpressed in thyroid cancer cells. A Phase I clinical trial
(NCTO05275946) involving 11 patients is currently assessing the
optimal dosing of [*''At]NaAt, with results anticipated in 2025
[207-210]. In another Phase I trial (NCT04461457), the safety of
intraperitoneally administered *'At-MX35-F(ab’), (20-215
MBq/L) was evaluated for treating recurrent epithelial ovarian
cancers in patients who had undergone near-complete second-
line chemotherapy. Minimal adverse effects from the therapy
were observed [69]. Planned to start recruitment early 2025 is a
Phase I clinical trial (NCT04579523) to investigate the safety
and dosing of astatinated murine IgG; anti-CD38 mAb (*''At-
OKT10-B10) in multiple myeloma. The treatment will be
combined with chemotherapeutic drugs and low-dose total
body irradiation in 30 patients, aiming to eliminate residual
tumor cells before donor stem cell transplantation. Another
planned Phase I trial will assess the safety, pharmacokinetics
and optimal dosing of [***At]MABG to treat malignant pheo-
chromocytoma and paraganglioma. The compound mimics
norepinephrine and is internalized by cells expressing nor-
epinephrine transporters, such as those in neuroblastoma. Pa-
tients will receive escalating doses of 0.65, 1.3, and 2.6 MBq/kg
to determine the maximum tolerated and recommended dose
[211]. Results from this trial are expected in 2025 [211, 212].
Lastly, Phase I clinical trial (NCT06441994) is recruiting 15
patients with castration-resistant prostate cancer to evaluate
tolerability, safety, pharmacokinetics, absorbed dose and effi-
cacy of [*'At]-PSMA-5 [213]. Preclinical evaluation in normal
male ICR mice and cynomolgus monkeys showed no severe and
only reversible toxicity [214], though mild leukopenia was
observed in monkeys 24 h post-injection. Despite no histological
abnormalities, high accumulation was noted in the kidneys and
thyroid for both monkeys and mice (estimated human absorbed
doses: 4.05mGy/MBq in kidneys, 1.82 mGy/MBq in thyroid)
[214]. The thyroid uptake indicates deastatination. Recently, the
first-in-human SPECT/CT image of [*''At]JPSMA-5 in a patient
with refractory prostate cancer was published [215]. Targeting
the 79 keV X-rays from daughter 2pg. SUVmax values of 4.9
and 17.6 were observed in the prostate and an external
lymph node metastasis, respectively [215]. Although the num-
ber of clinical trials involving *'*At radiopharmaceutical
remains low, and few have been completed, it underlines the
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lacking understanding of the radionuclide's behavior. However,
and as will be described below, the interest is continuously
growing, the understanding is enhanced, and several additional
clinical trials can be expected in the coming years.

Is the deastatination of **'At-labeled
radiopharmaceuticals under control?

Deastatination remains a major challenge in the develop-
ment of *''At-labeled radiopharmaceuticals. Progress in
understanding and mitigating this issue has been limited by
the scarce availability of astatine and the lack of a stable
isotope. Although the exact chemical and biological mech-
anisms underlying deastatination are not fully understood,
they are likely to involve multiple factors. Recent ad-
vancements have improved our understanding of astatine's
in vivo behavior. These include experimental determination
of astatine's electron affinity and electronegativity [33], the
elucidation of the Pourbaix diagram [34, 39], and
improvements in computational modeling algorithms [89,
216, 217]. Proposed mechanisms—such as lysosomal deg-
radation, oxidative susceptibility, and enzymatic cleavage -
have guided the design of molecular scaffolds that subs-
tantially reduce or even prevent deastatination. Despite
these promising developments, the number clinical trials
involving astatine remains low, highlighting the need for
further refinement before it can achieve widespread clinical
use. Nonetheless, promising approaches, such as guanidi-
nomethyl functionalization [168, 218], neopentyl glycol
scaffolds [90, 91], and AuNPs [219, 220], offer encouraging
prospects for the successful clinical translation of *!'At-
radiopharmaceuticals.

9 | Preclinical Landscape—What's Next on the
Horizon?

In recent years, significant progress has been made in the
development of *''At-labeled radiopharmaceuticals, with a
particular focus on improving the therapeutic efficacy of pre-
viously FDA-approved radioligands. Notably, efforts to design
21 At-labeled PSMA-targeting vectors have yielded promising
results. The first reported candidate, [211At]DCABzL
(Figure 18A), demonstrated high tumor accumulation and im-
proved overall median survival in PSMA-positive PC3 PIP-
bearing mouse xenografts. However, its clinical potential was
limited by high kidney retention and dehalogenation [125]. To
address these challenges, [*''At]7-Lu (Figure 12) was deve-
loped, offering enhanced characteristics, including high tumor

Treatment with [*'At]7-Lu extended median survival in
PSMA-positive PC3 PIP-bearing mice from 48 days (untreated)
to 58.5 days at a dose of 3.7 MBq [125]. More recently, addi-
tional ?'*At-labeled PSMA inhibitors have been developed, such
as [*''At]8-Ga (Figure 13), which exhibited excellent in vivo
biodistribution, characterized by high tumor uptake, rapid renal
clearance, and low kidney retention. Minimal deastatination
further supports its clinical potential [87, 135]. Interestingly,
first >'' At-labeled FAP-targeting agents showed promise to treat
cancers even though cancer cells are not directly targeted in this
approach [75, 77]. Compounds such as [*''At]FAPI1 and
[*"'At]FAPI-04 (Figure 23) significantly inhibited tumor
growth in animal models, although their exact mechanism of
action remains unclear [75, 77]. Enhancing tumor retention of
FAP-targeting agents could further improve their therapeutic
efficacy. Numerous other *''At-labeled targeting agents are
under investigation. Looking at the industrial pipeline, Telix
Pharmaceuticals is planning a Phase I clinical trial for [*''At]-
APA (TLX102) for glioma treatment. This compound accu-
mulates in tumor cells via LAT1 transporter-mediated inter-
nalization. Minerva Imaging and Atonco have partnered to
produce clinical doses of *''At-Girentuximab (TLX-250) for a
Phase I clinical trial targeting non-muscle-invasive bladder
cancer. Girentuximab is an anti- carbonic anhydrase IX anti-
body, targeting an antigen expressed on the surface of cancer
cell. Additionally, Precision Molecular, launched a clinical trial
in 2024 for *''At-labeled PSMA-targeting radiopharmaceutical
(PM121), with results expected in 2025 [221]. These develop-
ments underscore the growing potential of *'*At-based thera-
pies in clinical oncology. For a more comprehensive discussion,
readers are encouraged to consult additional reviews [88, 205].

10 | The Future of Astatine-211: Research and
Commercial Outlook

Astatine-211 holds a unique position among a-emitters for RLT. As
the only a-emitter capable of forming covalent bonds, it enables the
development of radiopharmaceuticals that can cross the blood-
brain barrier or penetrate cells, distinguishing it from all
radiometal-based o-emitters. This ability opens new therapeutic
possibilities for treating a broad range of cancers. Additionally,
ZHAf's decay properties—emitting a single o-particle per decay,
accompanying gamma emissions for imaging, and a relatively short
half-life—make it ideal for precise tumor targeting, controlled
radiation delivery, and streamlined waste management, including
minimal radioactive excreta from patients. These advantages have
generated significant interest in **'At's therapeutic potential, even
in more traditional RLT approaches targeting extracellular pro-
teins. To fully capitalize on its potential, substantial investments are

uptake and improved tumor-to-background ratios [125]. needed to scale up its production and infrastructure. Although
211 p¢ N N
N/\/O\/\O = N (\ N O N\\\
: N, N 07 NH
H(N F H{ F
(6]
o

2" AtFAPI 2" AtJFAPI-04
FIGURE 23 | *"At-labeled FAP targeting agents.
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upscaling technologies are available, additional production facilities
are essential to ensure broader accessibility. The success of ongoing
clinical trials, with results expected in 2025, will be pivotal in
driving industrial interest and accelerating adoption. However,
challenges such as deastatination must be addressed for *'At to
reach its full clinical potential. Promising stabilization strategies—
such as guanidinomethyl functionalization, neopentyl glycol scaf-
folds, and gold nanoparticles—have shown encouraging results,
though further validation is needed. Ongoing improvements will
likely be necessary to develop in vivo stable astatinated radio-
pharmaceuticals, with advancements likely driven by computa-
tional modeling and artificial intelligence design. Over the next
10-15 years, research will likely focus on combining ***At with
immunotherapy and chemotherapy to enhance treatment out-
comes, as well as exploring fractionated dosing strategies. Clinical
trials targeting aggressive cancers—such as glioblastoma, meta-
static  castration-resistant  prostate cancer, and thyroid
malignancies—will play a key role in securing regulatory approvals
and facilitating commercialization. To support these advance-
ments, commercially available and affordable 2 Atisolation and
synthesis modules must become widespread, reducing barriers
from bench to bedside.

By 2035, we expect *''At to become a cornerstone of targeted a-
therapy, revolutionizing cancer treatment and driving new
developments in radiopharmaceuticals. While challenges
remain in scaling production and reducing costs, ongoing
innovation and global investment will be essential to unlocking
21 At's full therapeutic potential. The future of >**At in oncology
is promising and represents an exciting frontier in modern
medicine.
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