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Abstract 

 
Iodine and astatine radioisotopes are particularly attractive in nuclear medicine since their available 

isotopes cover all imaging and therapeutic modalities, from SPECT and PET imaging to beta, alpha 

and Auger electron therapy. Furthermore, their radiolabeling chemistry is highly versatile, being 

mainly based on covalent chemistry, unlike most other radionuclides that are metals. This makes 

them easily adaptable for the radiolabeling of a broad range of carrier compounds, from small 

molecules to large proteins. Iodine and astatine being both neighboring halogens, their radiolabeling 

chemistry is very similar. Knowledge on At is however limited given its low availability over the past 

decades and the facts that it exists only as short-lived isotopes, which has long hampered the study 

of its chemical properties. Nonetheless, recent research has highlighted features that distinguish it 

from its lighter halogen homologues and late developments open new perspectives with astatine 

radioisotopes to produce radiopharmaceuticals. 

In this chapter, the basics of iodine and astatine labeling chemistry are covered in parallel, starting 

with general principles and then detailing more specific applications and issue. In a first part the main 

production methods for the most relevant radionuclides, and the corresponding chemicals forms 

available for radiolabeling chemistry are presented. Radiolabeling reactions, which can be classified 

as electrophilic or nucleophilic, are introduced and their advantages and drawbacks are discussed. 

The second part introduces issues encountered in the specific case of proteins radiolabeling and the 

main strategies available. Finally, a third part discusses the stability issues encountered with iodine 

and especially At-labeled radiopharmaceuticals and the main approaches under investigation to 

improve it. The perspectives sections discuss the potential of iodine and astatine radioisotopes in the 

context of the development of the radiotheranostic modality.  
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Introduction 

Iodine and astatine radioisotopes are very attractive for nuclear medicine applications since they can 

be used for all imaging and therapeutic modalities through their main isotopes of interest: 123I (t1/2 = 

13.2 h) for SPECT imaging, 124I (t1/2 = 4.18 days) for PET imaging, 125I (t1/2 = 59.9 days) for Auger 

electron therapy, 131I (t1/2 = 8 days) for βˉ-therapy, and 211At (t1/2 =  7,2 h) for α-therapy. Being both 

halogens, the heaviest in the series, they exhibit the advantage over other medical radionuclides, 

which are mainly metals, to be attached to the carrier molecules by forming covalent bonds. This 

limits the modification of initial molecules, lowering the risk of altering their in vivo pharmacokinetics 

in comparison with often large and charged chelating agents required for labeling with radiometals. 

Radioiodine labeling strategies have been developed based on chemical concepts already known in 

conventional synthetic chemistry with iodine or lighter halogens, and some of the most efficient 

reactions to form carbon-iodine bonds have been adapted to the constraints of radiolabeling 

chemistry, that are mainly : i) the work in small volumes and high dilution, ii) the simplicity of 

application in a radioprotective setting, and iii) the rapidity of the reaction and subsequent 

purification, especially for short half-life isotopes. On the other hand, astatine do not exhibit stable 

isotopes, only short half-life isotopes (≤ 8.1 h) being known and present on Earth as traces. Available 

only in tiny amounts and extremely low concentration, this element is invisible to conventional 

spectroscopic tools to study it. This has impaired the development of knowledge on this 



radioelement since its discovery in the 1930s, when 211At was produced artificially with a cyclotron 

for the first time. Astatines chemical behavior is, however, very similar to iodine in the context of 

radiolabeling chemistry, and despite a marked metallic character observed under specific conditions, 

radioiodination procedures are in the majority of cases applicable to this radioelement and a number 

of relevant astatinated radiopharmaceuticals have been prepared for therapeutic applications. 

However, the lower labeling stability is an issue that remains to be resolved to expand its scope of 

application. 

The radiolabeling strategy employed depends on the substrate to be labeled, but also on the starting 

radionuclide species available (which oxidation state and in which medium) that is in turn governed 

by its mode of production as detailed in the following subsections.  

 

I – General considerations on the production of radioiodinated and 

astatinated compounds 

I.I. Production of main iodine and astatine radioisotopes 

I.I.I Iodine-123, iodine-124, iodine-125 and iodine-131. 

123I and 125I are mainly produced from enriched xenon targets whereas 124I and 131I are generally 

obtained from tellurium targets. 123I is routinely produced commercially from 123Xe  decay (t1/2 = 2.1 

h) obtained by proton irradiation of 124Xe trapped in a capsule (Firouzbakht et al., 1987). The proton 

energy must be controlled between 15 and 34 MeV to keep 125I contamination below the detection 

limits. The advantage of this indirect production route is that it allows the separation of Xe from 

initial target, limiting contamination from others iodine radioisotopes. An alternative production 

route uses 123Te target bombarded by protons (Mahunka et al., 1996). This route, that requires small 

medical cyclotron broadly found in medical and research centers for routine 18F or 11C production, 

makes this nuclide easily available, but 124I impurities are unavoidable. 125I is produced from 125Xe (t1/2 

= 57 s) that is itself obtained via the neutron irradiation of 124Xe in nuclear reactors. The production 

process must however be carefully controlled because of potential 126I contamination (t1/2=13.1 d) 

due to neutron capture of 125I (Martinho et al., 1984). 

The main 124I production approach is by proton irradiation of 124Te with a beam energy ≤ 17 MeV, 

making it available from small medical cyclotron (Qaim et al., 2003). 131I is in majority produced as a 

decay product of 131Te (t1/2 = 25 min) which is obtained in nuclear reactor by neutron irradiation of 
130Te (Didi et al., 2016). To a lesser extent, 131I is also obtained as a fission product of 235U found in 

nuclear plants (Khalafi et al., 2005). 

Purification of radioiodine from xenon targets is usually performed under a gas stream passed 

through a furnace heated at 280°C containing a silver wire. In these conditions iodine is selectively 

adsorbed on silver to form AgI, whereas inert Xenon is not retained. On the other hand, isolation of 

iodine radioisotopes from tellurium targets is accomplished similarly by dry distillation. The target is 

heated up to the melting point and iodine vapors are transported into an appropriate solution or 

condensed in a capillary and then dissolved.  

In most cases, radioiodine dissolution is performed in a NaOH solution, which converts the 

radionuclide into sodium iodide, preventing from the formation of volatile I2 that would occurs at 

lower pH. 

 

I.I.2 Astatine-211 



Astatine-211 is mainly produced using the 209Bi(α,2n) reaction with a medium or high energy 

cyclotron. The number of cyclotrons having the possibility to accelerate α particles with an energy > 

28 MeV being small, this limits 211At availability to few centers worldwide (Lindegren et al., 2020). 

The optimized irradiation conditions are well defined, with the cross section of the nuclear reaction 

reaching a maximum between 28 and 32 MeV (Lambrecht and Mirzadeh, 1985). During irradiation of 

bismuth target with alpha particles, other astatine radionuclides are also produced depending on 

beam energy. Considering its short half-life, 212At (t1/2=0.314 s) does not cause any radionucleidic 

purity issue. 209At (t1/2 = 5.41 h) can be easily avoided by limiting the beam energy below 35.9 MeV. 

The production of 210At (t1/2 = 8.1 h) however, is more problematic due to its unfavourable decay 

properties, leading by electron capture to the highly toxic alpha emitter 210Po (t1/2 = 138 days). 

Unfortunately, the maximum production energy of 211At also corresponds to the energy threshold 

(28.6 MeV) of the 209Bi(α,3n)210At reaction. Irradiation conditions must therefore be optimized as a 

function of acceptable 210At/211At ratio which is generally considered to be below 10-3. 

Two main strategies are used to process irradiated targets. The wet approach consists in dissolving it 

in nitric acid, and then extract astatine from dissolved metal salts. This separation may be performed 

by liquid-liquid extraction, leading to 211At solutions in diisopropylether usable for radiolabeling 

experiments (Bourgeois et al., 2008) or in NaOH solution after additional steps (Balkin et al., 2013). 

Solid phase extraction may also be applied with the advantage of easier automation of the process. 

Recently studied examples include the use of tellurium column, anion exchange resins or 3-octanone 

impregnated porous beads to retain astatine during the washing of the solution from impurities 

followed by elution of pure 211At using a specific solvent such as a NaOH solution (Li et al., 2019; 

Watanabe et al., 2020) or ethanol (Burns et al., 2021). The second way consists in a dry distillation, 

similar to iodine radionuclides, for which a heating to 650°C is necessary to volatilize 211At and 

transport it to the recovery solution or tubing using a gas flow (Lindegren et al., 2001). Compared to 

the wet approach, the dry distillation is potentially more challenging to set up as it involves specific 

glassware and heating system as well as a delicate gas flow and temperature tuning. It is, however, 

associated to the undisputable advantage of allowing the recovery of 211At in virtually any solvent 

that would be necessary for radiolabeling experiments whereas solvent choice is extremely limited 

via the wet methods. 

 

I.2 Available iodine and astatine species for radiolabeling chemistry 

Iodine can exist under several oxidation state (-I, 0, +I, +III, +V and +VIII), each exhibiting a specific 

chemical behavior. In practice, only the –I and the +I state are used for radiolabeling. The –I state is 

the one generally available from commercial suppliers under the sodium iodide form according to 

the production processes detailed above. Iˉ is nucleophilic and may thus be used as delivered in all 

nucleophilic mechanisms and in particular aromatic nucleophilic substitutions (SNAr). It can also be 

converted into the +I oxidation state using a mild oxidizing agent, generally a chloramine or a N-

halosuccinimide derivative, to generate electrophilic I+ as an interhalogen intermediate (ICl or IBr) to 

perform electrophilic reactions. Overoxidation due to too strong oxidizers has to be avoided as it 

would generate volatile species such as I2. 

Similarly to iodine, the same oxidation states are expected to be found with astatine. However only 

the –I, +I and +III states have been confirmed with a sufficient degree of confidence to date (Sergentu 

et al., 2016b). Unlike iodine and lighter halogens, positively charged astatine species exhibit a marked 

metallic character, which may in principle be used for coordination-based labeling strategy as for 

radiometals. This has been confirmed with ligands commonly found in radiopharmaceuticals such as 

EDTA (Ning et al., 1998), and physicochemical studies have identified At+ and AtO+ as the species 

involved in these complexes not found with lighter halogens (Champion et al., 2009). However, no 



complexation strong enough for biological application has yet been identified. Consequently, all 

radiolabeling strategies are similar, if not identical, to radioiodination chemistry, with At- and At+ 

being also the only species currently in use in radiolabeling chemistry. As initial oxidation state varies 

from –I to +III depending of the post irradiation process, a redox step is in most case required before 

use. Atˉ is obtained on a broad pH range in the presence of a reducing agent such as sulfite or 

cysteine. At+ is generally formed using the same oxidizers as iodine. However, the generation of pure 

At+ is trickier than Atˉ due to its narrow existence domain, and overoxidation to At(III) species is 

difficult to avoid. This is why a recent trend is the development of reactions using Atˉ rather than At+. 

It is also important to note that the speciation of At varies over time in solution due to radiolytic 

degradation of solvents. Radiolysis arises from 211At highly energetic alpha decay, forming 

degradation products (radicals and highly reactive recombination compounds). As radiolysis is 

correlated to the irradiation dose received by the solution, radiolabeling chemistry with 211At is 

challenging, especially at high level of activity or when there is a delay between At production and its 

use (Aneheim et al., 2019; Pozzi and Zalutsky, 2007). 

I.3 – Use of radioiodine and astatine without carrier compounds 

Iodide being naturally trapped by the thyroid, iodine radioisotopes have found applications without 

carrier agents, as illustrated by early clinical applications using radioiodide as a radiopharmaceutical 

for imaging and/or treatment of hyperthyroidism and cancerous nodules (Stokkel et al., 2010). For 

these applications, the activity is mostly administered orally as gelatin capsules containing 

radioiodide trapped in a sulfate or hydrogen phosphate salt matrix. Although no clinical applications 

have been reported, [211At]NaAt is also being investigated on the same principle for treatment of 

thyroid cancer refractory to classical 131I treatment (Liu et al., 2020). Brachytherapy, which consists in 

implanting seeds containing iodine-125 directly into the tumors, is also an important technique 

developed mainly for prostate tumors treatment. Implants consist in titanium capsules that contain 
125I adsorbed on materials (i.e. silver, palladium or ionic resins) coming in different shapes such as 

spheres, cylinders or wires (Heintz et al., 2001). To prevent capsule degradation and/or activity 

leakage, continuous efforts are being made to improve the production process of these implants (Li 

et al., 2021). 

I.4 – Main reactions for iodine and astatine radiolabeling (Figure 1) 

 The choice of a synthetic pathway implies to pay attention to important parameters such as 

the radionuclide half-life, achievable radiochemical yields (RCY), radiochemical and chemical purity as 

well as molar activity (Am) and product homogeneity (regioselectivity) of the final radiohalogenated 

compound. A rather limited but growing range of labeling methods has been reported so far for 

radioiodination of organic compounds, they are mainly based on electrophilic or nucleophilic 

substitutions reactions (Dubost et al., 2020). Due to close chemical properties, astatine chemistry is 

in many aspect similar to iodine, making radioiodination methods generally applicable to astatination 

(Guérard et al., 2013), but unexpected differences in reactivity that deviate from the trends observed 

within the halogen series have also been reported, as discussed in the following sections.  

For stability reasons, iodoaryl compounds are preferred to iodoalkyl due to their higher C-I bond 

energy (respectively 270 and 220 kJ/mol). On the other hand, astatoalkyl compounds are anecdotal 

due to their too high instability for biological use (Calkyl-At = 160 kJ/mol), and only astatoaryl 

structures (Caryl-At = 200 kJ/mol) have been used (Coenen et al., 1983).  

 

I.4.1 – Electrophilic approaches 



Halodeprotonation. In conventional synthetic chemistry, aromatic electrophilic substitution (SEAr) to 

generate iodoaryl compounds is a common process. Regioselectivity of substitution reaction is 

governed by inductive and resonance effects of substituents, the most activating (electron donating) 

onespromoting ortho and para positions. Examples of radiopharmaceuticals of interest obtained by 

this approach include the 125I-labeled Omeprazol for stomach imaging (Farrag et al., 2019) whereas 

direct radioastatination proved less efficient when studying the 211At-labeling of methylene blue for 

melanoma treatment that required elevated temperature >100°C (Norseev, 1998) or in the context 

of protein labeling (vide infra). 

Even if radioiodination reaction is fast, simple to perform and often results in high RCYs and Am, 

polyiodination and formation of positional isomers are non-negligible limits.  



Halodemetallation. The difference in polarity between carbon and metal atoms induces a 



polarization of the carbon-metal bonds, making them more sensitive to electrophilic substitution 



reactions than C-H bonds. The higher reactivity of organometallic derivatives makes the substitution 



step more efficient, workable in milder conditions, and applicable to electron deficient aryl 



precursors that would not react in SEAr. Moreover, regioselectivity issues encountered in 



halodeprotonation reactions are overcome since only the metal site will react.  Mercury, boron, 



thallium, silicon, germanium and tin have been reported has potential leaving metals for electrophilic 



radioiodination and/or astatination (Coenen et al., 1983; Moerlein et al., 1987). The use of thallium 



Figure 1. Main approaches for the preparation of radioiodo and astatoaryl compounds, classified as 
nucleophilic (green) or electrophilic (orange). 

and germanium is anecdotal whereas tin has been by far the most used due to its high leaving group 



ability, close to the highly efficient Hg-compounds, but associated to a lower toxicity. The 

radiolabeling conditions using trialkylaryltin precursors are generally mild, resulting in elevated RCYs 

and Am. [123I]β-CIT and [123I]FP-CIT are two analogues of cocaine produced by iododestannylation that 

have been approved for detection of Parkinson’s disease and are well recognized for their high 

efficiency (Abbasi Gharibkandi and Hosseinimehr, 2019).  

When the alkyl groups on the tin atom were compared, no significant impact on RCYs were reported 

and the butyl group is generally preferred due to its lower toxicity. The alkyl nature can, however, be 

modulated with the purpose of improving the purification step. The presence of residual organotin 

species in the labeled product is a concern for human use and eliminating all traces is essential. 

Examples of such approaches include the use of fluorine rich alkyl allowing retention of trialkyltin 

species (substrate and reaction side products) by fluorous solid phase extraction (McIntee et al., 

2008), and polymer or ionic liquid supported precursors (Gifford et al., 2011; Rajerison et al., 2016) 

allowing rapid filtration or extraction, all resulting in time saving procedures and improved RCYs 

compared to classical HPLC purification systems. 

In the group IV metal series, silicon precursors have been used as alternatives to arylstannanes. Their 

advantages are the lower toxicity and better stability, although their use is limited to electron rich 

compounds since they are significantly less reactive due to the higher energy of the Caryl-Si bond (≈ 

350 kJ/mol vs. 260 kJ/mol for Caryl-Sn). Examples of use of this class of precursors are relatively scarce 

and include the preparation of radioiodinated and astatinated brain probes such as benzylguanidine 

and phenylalanine (Vaidyanathan et al., 1996; Watanabe et al., 2019). Arylgermanium precursors 

also appear attractive, being a compromise between tin and silicon precursor with an intermediate 

Caryl-Ge (310 kJ/mol) energy and reactivity and with low toxicity. However, only proof of concept 

studies have been reported for radioiodination (Moerlein, 1985), and these precursors have not yet 

been used to produce relevant radiopharmaceuticals. 

Although the Aryl-B bond energy is higher than in Aryl-Si, deboronation is promoted by the empty 2p 

orbital of the boron complex that makes possible an electrophilic attack in mild conditions. However, 

in comparison with the easily accessible arylstannane precursors, arylboron compounds are generally 

more challenging to prepare. Radioiodination have been reported using arylboronic acids for the 

preparation of 123I-labeled imaging agents such as [123I]Iodocognex for acetylcholinesterase mapping 

(Akula et al., 2001) or aminopropyl substituted iodothiophenes for brain imaging (Goodman et al., 

1992). Similarly, arylboronate were reported as interesting agents for radioiodination (Kabalka et al., 

2002). Arylboron radioiodination chemistry was more recently revisited and improved using either 

base catalysis (Molloy et al., 2019), or gold catalysis (Webster et al., 2018), providing improved RCYs 

with otherwise less reactive (electron deficient or sterically hindered) arylboronic acid precursors.  

Alternately to the preparation of these above mentioned organometallic precursors, a palladium(II) 

mediated radioiodination approach under mild conditions was recently developed. The advantage is 

that the arylpalladium species is generated in situ at a C-H position. A specific orienting group is 

however required in ortho position, limiting the substrate scope (Dubost et al., 2018). 

 

I.4.2 – Nucleophilic approaches 

Isotopic/halogen exchange. This is one of the simplest method for the radioiodination or 

astatination of organic compounds. An iodine atom present in a molecule of interest can be 

displaced by an incoming radioiodide or astatide. This reaction often requires high temperature to 

favor the atom exchange and the use of a copper(I) salt catalyst can ease the exchange reaction. The 



isotopic exchange was mainly investigated for radiolabeling small molecules such as phenylalanine 

(Meyer et al., 2010; Samnick et al., 2009) or meta-iodobenzylguanidine (MIBG) (Amartey et al., 

2001). Also known as Iobenguane, MIBG is a tracer that has found applications in imaging or therapy 

of a broad scope of neuroendrocrine tumors (Vöö et al., 2011).  However, in that method, non-

radioactive starting material is in large excess in comparison with the radiolabeled product. Both 

compounds exhibiting identical polarity or nearly identical polarity (for I/At exchange), separation of 

the radiolabeled product from starting material is not possible, which drastically limits Am. For 

instance, about 1:2000 molecule on average is labeled in standard [131I]MIBG production, which may 

reduce treatment efficacy. This is why halodemetallation reaction have also been developed to make 

non-carrier added MIBG available (Green et al., 2017; Vaidyanathan and Zalutsky, 1993). Alternately, 

to improve purification efficiency of halogen exchange reactions, the use of the arylbromide 

analogue as starting material, easier to separate from radiolabeled product, may be considered. 

Bromide is a poorer leaving group than iodide, but the use of a Ni(0) catalyst was reported to lead to 

high RCYs with a broad substrates scope. The approach was applied to the preparation of 5-[123I]-

A85380, a SPECT tracer of neuronal nicotinic acetylcholine receptors (Cant et al., 2013).  

Halodediazotation. Arenediazonium salts are well known precursors in synthetic chemistry for the 

introduction of nucleophile species, in particular halogenides in the Sandmeyer reaction (Hodgson, 

1947). Because diazonium salts exhibit limited stability, they must be generated from the 

corresponding aniline in situ prior to the substitution step. These precursors were among the first to 

be studied for radioiodination and astatination, but their use has remained anecdotal because many 

side products are generated due to competitive reactions induced by the strongly oxidizing and acidic 

conditions necessary to generate the diazonium intermediate. An improved process was reported 

that uses milder conditions, the nitrite oxidizing agent being polymer supported, limiting its 

concentration in solution and lowering detrimental side reactions. The process can be applied 

efficiently to electron rich and electron deficient aryl compounds and examples of biologically 

relevant small compounds produced by this approach include the brain imaging agent [125I]iomazenil, 

or [125]IBOX for amyloid plagues imaging (Sloan et al., 2017).  

SNAr with iodonium salts. Hypervalent iodine compounds have emerged as interesting  

radiohalogenation precursors, especially in the radiofluorination of aryl compounds (Pike, 2018). 

Likewise, aryliodonium salts are highly efficient to produce radioiodoaryl and astatoaryl compounds. 

Surprisingly, a significantly higher reactivity of astatide compared to iodide and lighter halogenides 

was observed (Guérard et al., 2016). One of the main advantages of this approach is the ease of 

separation of the radiolabeled product from the ionic starting material. Time consuming HPLC 

purification can easily be replaced by simple extraction or filtration through short chromatographic 

cartridges, the latter being additionally easily transferable to automated radiosyntheses. Attention 

has to be paid for the design of precursors in order to favor the regioselectivity of substitution 

towards the aryl of interest. Regioselectivity is governed by electronic and steric effects and favored 

when the target compound is an electron poor aryl, and/or when a substituent is present in ortho of 

the iodonium position. A specific attention must also be paid to the stability of the precursor since 

potential degradation products include the non-radioactive iodoaryl analogues of final radiolabeled 

product, having a negative impact on Am. The strategy was nonetheless applied successfully to the 

production of various prosthetic groups for protein radiolabeling (Guérard et al., 2017; Navarro et al., 

2019).  

 



Copper mediated halodeboronation. Arylboron derivatives discussed above as precursors for 

electrophilic radiohalogenation can also be used in copper catalyzed nucleophilic labeling following a 

Chan-Evans-Lam like mechanism. Depending on the type of precursor (boronic acid or boronic ester) 

and the copper salt used, high to quantitative RCYs have been reported, even at room temperature 

within less than 10 min (Reilly et al., 2018; Wilson et al., 2016; Zhang et al., 2016). In comparison with 

electrophilic labeling, the substituents electronic effect appears to have little to no effect on the RCY, 

whereas steric hindrance in ortho position appears detrimental. 

 

II-Specific approaches for proteins and other large biomolecules labeling 

II.1 Direct radiohalogenation (Figure 2a) 

Iodine is the only element with bromine that can react directly with native proteins to produce 

efficiently and stably labeled radiopharmaceuticals, provided that they contain tyrosine and/or 

histidine residues as reactive sites for SEAr. The technique was initially developed by Greenwood 

using Chloramine-T (ChT) as oxidizing agent to generate the *ICl interhalogen required for the 

reaction (Greenwood et al., 1963). The addition of a reducing agent such as a sulfite salt is necessary 

to stop the reaction by neutralizing ChT and remaining reactive radioiodine before purification. Both 

oxidizing and reducing conditions may, however, lead to protein alteration, and insoluble versions of 

this oxidizer are nowadays preferred.  IODO-BEADS® is the polystyrene supported analogue of ChT, 

whereas Iodogen® (1,3,4,6-tetrachloro-3,6-diphenylglycouril) is by itself sparingly soluble in water 

and is used coated on the reaction vial. Since oxidation occurs only at polystyrene or vial 

wall/solution interface, oxidation is slower. Consequently, radioiodination takes generally longer (up 

to 30 min compared to less than a minute with ChT), but the rate of protein degradation is also 

drastically reduced (Hermanson, 2013). No reduction step is needed as removing radiolabeling 

solution from reaction vial stops the reaction. 



Due to its simplicity, this approach has been broadly adopted in biomedical research, the most 



emblematic application being the radioimmunoassay technique. It is also used to produce 



radiopharmaceuticals approved for clinical use, such as 131I-Tositumomab (Bexxar®) for the 



radioimmunotherapy of Non-Hodgkin’s lymphoma (Wahl, 2005). It is, however, not exempt of 

 

Figure 2. Main strategies for the radioiodination and astatination of proteins. 



disadvantages. The first one being the necessity of an available tyrosine, which is not always the case, 

especially for the smallest proteins. Alteration of the protein activity may also be observed when it is 

too sensitive to the oxidative conditions required, or when iodination occurs at a tyrosine that is 

involved in target binding. Additionally, because the resulting iodotyrosine pattern is similar to 

naturally occurring thyroid hormones, dehalogenases lead to a noticeable in vivo instability of the 

radiolabeling (Cavina et al., 2017).  

In the case of astatine, attempts to use this direct approach have failed, the labeling being highly 

unstable. It was initially thought that the SEAr occurs at the tyrosine position, similarly to iodine, with 

however a much weaker resulting bond (Vaughan and Fremlin, 1978). Further studies indicated that 

electrophilic astatine cannot react with tyrosine, except if much harsher conditions, incompatible 

with heat sensitive proteins, were used (Visser et al., 1979). Further investigations indicated a higher 

stability when these labeling conditions were used on proteins exhibiting free sulfhydryl groups, 

suggesting that electrophilic astatine bind with sulfur atoms. The resulting bond remains, however, 

insufficiently stable for in vivo applications (Visser et al., 1981). More recent experimental studies 

supported by molecular modeling suggest that the electrophilic species involved is not At+, but rather 

AtO+, and that this species likely forms covalent bonds with sulfur atoms via its oxygen atom (Bassal 

et al., 2020).  

II.2. Indirect labeling via the preparation of radiohalogenated prosthetic groups (Figure 2b) 

Given the limits of the direct radioiodination and astatination procedures, alternative approaches 

have been developed consisting in the preparation of a stable radiohalogenated compound that is 

then exposed to the protein in mild conditions for bioconjugation. The Bolton-Hunter (BH) reagent, 

which resembles the tyrosine group, is based on a phenolic ring that is activated for bioconjugation 

via a N-succinmidyl ester (Bolton and Hunter, 1973). It can be electrophilically labeled at the hydroxyl 

ortho position similarly to tyrosine. It is an interesting strategy when direct tyrosine labeling 

approach has failed (lack of tyrosine or alteration of protein activity), since it will be conjugated to 

lysine residues often present in large number, which also lowers the probability of impacting affinity 

for protein target. However, since it is structurally similar to tyrosine, the same stability issues are 

observed. Nonetheless, improved enzymatic stability can be reached by removing the hydroxyl 

group, and alternatives based on the halogenobenzoic acid pattern have emerged. Their preparation 

is more complex than the BH reagent since a better leaving group than hydrogen must be introduced 

in the absence of activating substituent. In most case, the radiolabeling is performed using a 

trialkylarylstannane precursor providing succinimidyl iodo- or astatobenzoates (SIB or SAB). This 

approach was reported first with radioiodine (Zalutsky and Narula, 1987) and rapidly applied to 

astatination with significantly improved in vivo stabilities (Wilbur, 1989; Zalutsky et al., 1989). The 

position of the halogen (ortho according to Zalustky’s compounds or para according to Wilbur) has 

no impact on the in vivo stability. The use of [211At]SAB has led to a number of preclinical studies and 

to a clinical trial with a 211At-labeled mAb and continues to be one of the main approach in use 

(Guérard et al., 2013; Zalutsky et al., 2007). Recent developments have led to a revisit of the 

methods for producing this prosthetic groups, in particular to improve the 211At labeling process. 

Several drawbacks are indeed related to the use of electrophilic astatodestannylation to produce 

[211At]SAB, and particularly the lack of robustness related to the use of electrophilic At, especially at 

high activity (see §1.2). Access to SIB and SAB has been in part improved using nucleophilic At and 

aryliodonium salts as precursors (Guérard et al., 2017) leading to a simplified procedure and 

improved RCYs and reproducibility. This approach was used to produce a 211At-labeled anti-CD138 

mAb in a preclinical therapy study of multiple myeloma (Gouard et al., 2020).  

 

II.3. Labeling of pre-modified antibodies (Figure 2c) 



Impediments of the two-step labeling approaches to straightforward automation and transfer to 

clinical setting are the suboptimal activity yields induced by the lengths of procedures and loss of 

activity due to purification of intermediate compounds and vial transfers. Specific activity (As) is also 

limited by the minimum concentration of protein needed at the conjugation step to avoid 

competitive reaction such as hydrolysis of activated ester in SIB and SAB. In order to improve the 

critical bioconjugation step, the use of bioorthogonal click chemistry has recently emerged. Whereas 

the bioconjugation step RCY is in the 50-75% range using standard acylation prosthetic groups in the 

most favorable cases, it was possible to reach nearly quantitative RCYs using clickable 

radiohalogenated prosthetic groups when applied to mAbs preconjugated with the complimentary 

bioorthogonal handles. Examples are the inverse demand Diels-Alder reaction between a 125I-labeled 

prosthetic group and a mAb preconjugated with a trans-cyclooctene group, (Albu et al., 2016), or the 

strain promoted azide alkyne cycloaddition between a 211At (or 125I)-labeled benzylazide derivative 

and a mAb preconjugated to a strained cyclooctyne group (Navarro et al., 2019). The mAb 

concentration needed is lower than when using acylating agents, which should facilitate the 

improvement of As. Nonetheless, they remain two step-approaches and some of the drawbacks 

discussed above remain. 

To further improve the efficiency of the radiohalogenation procedure, one step approaches in which 

the radionuclide is directly reacted with a pre-conjugated protein have been developed. The first to 

be reported is based on organotin chemistry and led to high RCY and As with reduced procedure time 

when N-succinimidyl-3-(trimethylstannyl)benzoate was conjugated to trastuzumab and labeled with 

electrophilic 211At. The approach was recently improved using a cysteine coupling approach with an 

analogous maleimide based precursor to provide a more homogeneous bioconjugation to thiol 

instead of lysine residues (Aneheim et al., 2016). A faster blood clearance was observed while tumor 

uptake was preserved compared to the classical SAB based radioimmunoconjugate. This 

halodemetallation reaction is, however, not applicable to radioiodination since electrophilic iodine 

would react competitively with tyrosine residues. An alternative that uses the radiohalogens in their 

nucleophilic form was recently reported. It is based on the bioconjugation of an arylboronic acid that 

is then labeled in the presence of a copper(II) catalyst (Berdal et al., 2021). The advantages are 

similar than the method reported by Lindegren, except that it is also applicable to radioiodination 

without risks of non-specific binding to the protein, nucleophilic iodine being inert with proteins. 

 

III. Improving the labeling stability  

The C-I bond may be subject to in vivo dissociation, even in aryliodide compounds. The main 

metabolic pathways leading to deiodination are : i) the action of deiodinase involved in the 

deiodination of naturally occurring thyroid hormones; ii) oxidative deiodination processes induced by 

the cytochrome P450 and iii) the action of endogenous nucleophiles able to displace the iodine atom 

such as thiol containing glutathione. Consequently, specific design must be considered when 

developing new radioiodinated compounds, such as avoiding patterns similar to iodothyronines and 

in particular ortho-iodophenol, or attaching electron donating groups rather than electron 

withdrawing group to the phenyl in order to reduce the action of nucleophiles. Deiodination 

mechanisms and specific guidelines for the design of stabilized radioiodinated compounds are 

available in an exhaustive report (Cavina et al., 2017). Interestingly, proteins such as mAbs are in 

general less prone to deiodination than smaller molecules, due to the lower accessibility of the 

radioiodinated site to enzymes. 

The case of astatinated compounds is significantly more challenging as they are in all cases 

significantly less stable than their iodinated analogues. Astatine’s larger atomic radius and higher 

polarizability directly impacts the aryl-At bond energy, estimated to be ≈ 197 kJ/mol vs. 268 kJ/mol 



for the aryl-I bond (Coenen et al., 1983). As a result, activity uptake in thyroid and stomach that are 

target organs of heavy halogenides is systematically higher for astatinated compounds. Unlike iodine, 

the instability can also be observed through activity uptake in lungs, kidneys and spleen that are 

target organs of free astatine. Release of At is particularly observed with small molecules or mAbs 

internalized within targeted cells (Wilbur, 2008) unlike non-internalized intact mAb that are generally 

metabolized more slowly. Inspired from observation of radioiodinated compounds, modification of 

the arylastatide by increasing its electron density have been performed with the aim of 

strengthening the bond energy (Talanov et al., 2004; Vaidyanathan et al., 1994). The impact on 

stability seems, however, too low to affect significantly in vivo dissociation. Interestingly, the 

presence of a positively charged group can limit the release of activity from the cell after the labeled 

carrier compound has been internalized. Indeed, the addition of a guanidine in [*I]SIGMB and 

[211At]SAGMB prosthetic groups (Figure 3) has been used successfully on the internalizing anti-

EGFRvIII mAb L8A4 (Vaidyanathan et al., 2003, 2001) and more recently on an anti-HER2 nanobody 

(Dekempeneer et al., 2019). In these cases, the retention of positively charged labeled catabolites is a 

plausible explanation of the lower activity uptake observed in target tissues of free iodine and 

astatine. 

The mechanisms by which the C-At bond breaks upon internalization within cells are suspected to be 

in part similar to deiodination, and facilitated by the lower bond energy. In particular, oxidative 

mechanisms have been pointed out in a report simulating redox and pH conditions found within the 

lysosome in cell nucleus (Teze et al., 2017). 

In order to limit uptake in a sensitive tissue such as thyroid, or stomach, blocking agents including 

perchlorate or iodide may be used (Larsen et al., 1998), but research are also directed towards the 

use of alternatives to the C-At bond. The most advanced strategy is the formation of a B-At bond in 

boron clusters, and in particular closo-decaborate based prosthetic groups (Figure 3). The bond 

enthalpy is estimated to be ≈ 50% higher than the aryl-At bond (Ayed et al., 2016) and translates to a 

significantly lower release of astatine in vivo when applied to small molecules or larger antibody 

fragments (Wilbur et al., 2007, 2004). This radiolabeling approach has been used in several successful 

Figure 3. Alternative radiolabeling strategies with improved or potentially improved in vivo stability 

 



preclinical therapy studies of hematological cancers and lymphoma using mAbs as carrier (Green et 

al., 2015; O’Steen et al., 2019) as well as in a clinical trial started in 2019 (NCT03128034). A limit of 

boron clusters is the activity retention in liver and kidney frequently reported, and optimizations are 

needed in order to apply this approach to a broad scope of carrier molecules, especially when they 

are smaller than intact mAbs. Another labeling strategy that has shown potential for therapeutic 

applications consists in the formation of an At-metal bond. The astatide anion being a soft base 

according to Pearson’s classification, a strong affinity for soft cationic metal is expected. Early 

investigation of complexes formed with mercury confirmed this soft base behavior with the 

demonstration of a higher stability of complexes of Hg(II) formed with astatide compared to iodide 

(Pruszyński et al., 2006). This finding was applied to the formation of bonds with rhodium(III) and 

iridium(III) themselves trapped within a macrocyclic ligand (Figure 3) (Pruszyński et al., 2008). Despite 

promising initial results, in vivo studies have not yet proven that these complexes outperform 

conventional C-At based labeling approaches (Pruszyński et al., 2015). Softer metal cations may 

provide enhanced stability such as the use of Rh(I) that exhibited promising labeling stability in 

human blood serum when complexed to a N-heterocyclic carbene ligand (Rajerison et al., 2014). 

 

Future perspectives 

Whereas the optimization of labeling stabilities appears as one of the main challenges to be resolved, 

especially in the case of astatinated compounds, a general trend in nuclear medicine is the 

development of radiotheranostic tools in the context of personalized therapy. The concept of 

radiotheranostic pharmaceuticals is based on the use of a unique compound to perform both 

imaging and therapy (Jadvar et al., 2018). Iodine based theranostic pairs are easily available, 123I and 
124I being complementary to 131I. However, 211At is currently the only available isotope of astatine for 

nuclear medicine applications. The association of radioiodine to 211At is the best option to keep 

similar pharmacokinetics between both versions of the radiopharmaceutical, as reported with the 125I 

and 211At-labeled RGD peptide showing similar biodistribution profile in mice (Ogawa et al., 2019). 

Thus, it appears on the long term essential to develop in close relation both radioiodination and 

astatination strategies. However, research is also ongoing to make the production of 209At (t1/2 = 5.4 

h) possible. This X-ray and γ-emitter would forms an ideal theranostic pair with 211At. The possibility 

to produce this radionuclide has been reported but its use remains currently quite anectodal since it 

requires a high energy proton beam to generate 213Fr, the parent isotope of 209At (Crawford et al., 

2017). Nonetheless, the promising SPECT-imaging resolution reported in mice opens perspective for 

this radionuclide, provided that its availability improves in the future (Crawford et al., 2018). 

Conclusion 

The rich chemistry of halogens allows the possibility for radioiodine and astatine to be applied to a 

broad range of carrier compounds provided that radiolabelling stability is ensured. The broader 

knowledge on radioiodinated compounds design is mostly due to radioiodine easier accessibility in 

comparison with astatine and the fact that conventional synthetic chemistry can be used as a model. 

Research on At labeling chemistry should, however, accelerate with the increase in the number of 

production sites in the coming years. Moreover, the development of molecular modeling to 

compensate the absence of spectroscopic tools applicable to this radioelement and investigate new 

hypothesis will facilitate the development of 211At-labeled radiopharmaceuticals (Guo et al., 2018; 

Sergentu et al., 2016a). This specific research will probably in turn benefit also to the development of 

new radioiodination strategies. 
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