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Introduction

Radiopharmaceuticals are molecules that have been labelled

with a radionuclide that emits ionising radiation to achieve non-
invasive diagnostic imaging or deliver a therapeutic dose of
ionising radiation to specifically targeted tissue. The a-particle
is a nucleus of helium-4 (4He)2þ, consisting of two protons and
two neutrons. Owing to their high positive charge and heavy
mass, a-particles are highly ionising with very high linear
energy transfer (LET) resulting in energy deposition of 50–

230 keV mm�1. The cytotoxic effect of therapeutic radio-
nuclides is primarily due to their ability to induce irreversible
DNA damage. The high kinetic energy (5–9 MeV) and short

tissue range (50–100mm, ,10 cell diameters) of a-particles
make them suitable for the treatment of small metastatic
tumours or circulating malignant cells.

Although a-particles have been clinically demonstrated to be
powerful tools for cancer therapy, there are several challenges
that must be addressed before targeted a therapies (TAT) are

regularly translated into the clinic. To be suitable for TAT, a-
emitting radionuclides must have half-lives that are neither too

short nor too long, and their production must be both eco-
nomically viable and capable of widespread implementation.
The most appropriate candidates have tended to be radio-
nuclides of large metal ions. The most widely studied a-
emitting radiometals to date are actinium-225 (225Ac, half-life
t1/2 9.9 days), bismuth-213 (213Bi, t1/2 45.6min), bismuth-212
(212Bi, t1/2 60.6min), lead-212 (212Pb, t1/2 10.2 h), terbium-149

(149Tb, t1/2 4.1 h), thorium-227 (227Th, t1/2 18.7 days), radium-223
(223Ra, t1/2 11.4 days), and radium-224 (224Ra, t1/2 3.7 days)
(Fig. 1). Currently, [223Ra][RaCl2] (Xofigo

�) is the only clini-

cally approved therapeutic a-emitting radiopharmaceutical with
marketing approval, and is used in the treatment of metastatic
castration-resistant prostate cancer (mCRPC).[1]

Viable chemistry must be developed to produce radiophar-
maceuticals that treat the many and varied forms of cancer. Safe
and effective delivery of radionuclides can be achieved with the
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use of coordination chemistry to produce complexes that effec-

tively bind the radiometal ion. The small charge density of these
large a-emitting radiometals requires distinct chelator design
strategies. Opportunities exist to investigate various ligand

donor atom preferences, coordination numbers, and coordina-
tion geometries. Chelators are evaluated based on the conditions
(temperature, chelator concentration, pH, and reaction time)

required to achieve near-quantitative radiolabelling efficiency
and on the stability of the radiometal complexes to relevant
in vivo conditions. Formation constants can be useful in prelim-
inary evaluations but it is typically kinetic dissociation rates that

govern in vivo stability. Competition experiments that involve
biologically relevant ions or proteins can be used to assess the
ability of the complexes to resist transchelation. Biodistribution

in vivo is the most relevant and practical test of stability and to
assess blood clearance and uptake profiles. Several chelators
that have been investigated for binding a-emitting radiometals

are shown in Fig. 2.
The fate of the daughter radionuclides after a decay is a

general concern around TAT, particularly for multiple a-
emitting radionuclides. Released daughter radionuclides from
223Ra and 225Ac, for example, can do significant damage to
healthy tissue when not retained at the tumour site. Three
different approaches to this problem have been proposed: fast

uptake and retention of the radiopharmaceutical in tumour cells,
local administration, and encapsulation in a nanoparticle.[2]

Recent reviews provide overviews of several a-emitters with

regards to the challenges posed by recoil and daughter radio-
nuclides, radiation safety concerns, and production and radio-
chemical separation.[3,4]

This review focusses on the basic radiochemistry of a-
emitting radiometals and recent developments in the rapidly
growing field of coordination chemistry and ligand design

directed towards radiopharmaceuticals for TAT. Tethering the
coordination complex to targeting vectors such as monoclonal
antibodies (mAbs), fragment antibodies, peptides, and receptor-
avid molecules can be used to achieve target tissue selectivity.

Recent progress with encapsulating nanoparticles for long-lived
multiple a-emitting radionuclides will also be briefly presented.
In vivo studies with new a-emitting constructs are briefly

discussed to highlight recent progress. Astatine-211 (211At), a
radionuclide with potential for TAT, is not covered in the scope
of this review because of the markedly different chemistry of

astatine compared with radiometals.[5,6]

Actinium

Actinium has three naturally occurring radionuclides.

Actinium-227 (227Ac, t1/2 21 years) is the longest-lived isotope
of actinium and constitutes almost all naturally occurring
actinium. The remainder is made up of trace amounts of

actinium-228 (228Ac, t1/2 6.15 h) and
225Ac (kinetic energy of

a-particle (Ea) 5.8 MeV), the latter of which is suitable for use
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Fig. 1. The decay pathways of: 229Th to stable 209Bi; 232Th to stable 208Pb; 227Ra to stable 207Pb; and 149Tb

to stable 149Nd and 149Sm. Radionuclides of interest for targeted a therapy are shown in red, stable decay

products in blue, and parent isotopes suitable for generators are in a box.
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with targeting biomolecules with similar biological half-lives,

and allows delivery of the radionuclide to clinical locations
some distance from the site of production.[7] 225Ac decays to
ground-state 209Bi through eight daughter isotopes with a total
of four high-energy a-particles emitted (Fig. 1).

Actinium-225 Production

The route of production of 225Ac is primarily through thorium-229
(229Th, t1/2 7920 years), which is sourced from fissile uranium-233
(233U).[8] However, as of 2018, this route has only provided

68 GBq year�1 of 225Ac, and the capacity for scaling up pro-
duction is limited.[7,9] As a result, alternative methods of pro-
ducing 225Ac, including accelerator production from thorium-

232 (232Th), have been investigated and have shown some
promise for increasing availability of 225Ac for clinical use.[10]

Actinium-225 Chemistry

Theþ3 oxidation state of actinium is the most stable in aqueous
solution and therefore the most relevant for biological applica-

tions.[11,12] The precise ionic radius of Ac3þ has been histori-
cally difficult to determine owing to the scarcity and lack of
spectroscopic characterisation. A recent review suggested that

the values 1.065 Å (coordination number (CN) 6) and 1.220 Å
(CN 9) are the most accurate given the available data.[13] The
La3þ ion has similar ionic radii (1.03 Å, CN 6; 1.216 Å, CN 9)
and chemical properties to Ac3þ, making it a suitable non-

radioactive substitute that is easy to handle and is readily
available.[12,14] The first hydrolysis constant of Ac3þ has been
determined as pKa¼ 9.4 (La3þ pKa¼ 9.0), which suggests that

neutral and basic buffers are potentially relevant radiolabelling
media.[11] Both La3þ and Ac3þ are classified as ‘hard’ acids

according to the hard and soft acids and bases (HSAB) theory

and therefore prefer non-polarisable, electronegative donor
atoms.[15] Complexes of La3þ and Ac3þ range from 3- to 11-
coordinate.[16,17] In aqueous solution, larger ions such as La3þ

and Ac3þ form 11-coordinate [M(OH2)11]
3þ complexes.[17,18]

Dissociated or free Ac3þ tends to accumulate in the liver and
bone, which can cause serious radiotoxic effects.[19]

Actinium Chelators for Radiopharmaceuticals

A summary of chelators investigated for actinium is presented
in Table 1. The widely studied and utilised 2,20,200,2000-
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid
(H4DOTA) macrocycle has historically been the chelator of

choice for 225Ac3þ radiopharmaceuticals. The formation constant
of the DOTA4– complex with La3þ is 1025.[22] La3þ forms a nine-
coordinate complex with the octadentate DOTA4– ligand with the

coordination sphere completed by either a bridging O donor atom
from an adjacent complex or by an aqua ligand (Fig. 3).[36–38] The
coordination geometry of [La(DOTA)(OH2)]

– is approximately

halfway between capped inverted square prism and capped
inverted square antiprism. The average torsion angle between the
two planes defined by the four N and four O donor atoms is 22.78.
The solid-state structure is a racemicmixture of theD(d,d,d,d) and
L(l,l,l,l) enantiomers.[36]

Formation of the [225Ac][Ac(DOTA)]– complex required
heating to 808C for 5min and pH 6 at chelator concentrations

.10�6 M to achieve a 99% radiolabelling efficiency.[14] An
efficiency of .95% has been achieved at milder temperatures
(378C), which are more suitable for conjugation to sensitive

biomolecules, but required longer reaction times (2 h) and a
higher chelator concentration (.10�3M).[39] [225Ac][Ac-(DOTA)]–
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Fig. 2. Chelators investigated for a-emitting radiometals.

Coordination Chemistry for Targeted Alpha Therapy 67



is kinetically inert with more than 90% of the complex remain-
ing intact after 8 days in the presence of a 50-fold excess of
La3þ or 7 days in human serum.[14] [225Ac][Ac(DOTA)]–

administered intravenously to adult C57BL/6 mice cleared

rapidly via the urine, demonstrating that the complex is stable
in vivo for at least 5 h.[14,40] Several constructs using [225Ac]
[Ac(DOTA)]– have subsequently been produced featuring tar-

geting groups, including small molecules, peptides, and
antibodies.[21,24–31,39,41–47]

Initial studies to prepare [225Ac][AcDOTA]–-antibody con-

structs utilised a two-step procedure that involved radiolabelling
the bifunctional p-SCN-Bn-H4DOTA (Bn¼ benzyl) chelator
with 225Ac3þ at 55–608C before attachment to temperature-

sensitive antibodies.[48] This processwas utilised successfully to

prepare the anti-prostate specific membrane antigen (PSMA)
construct [225Ac][Ac(DOTA-J591)]–, which was readily inter-
nalised by cancer cells and led to tumour regression and
prolonged survival of mice bearing prostate carcinoma.[49] This

study was integral to the establishment of 225Ac as a applicable
radionuclide to deliver a-particles to cancer cells.

Recently, a new two-step method for forming [225Ac][Ac

(DOTA–antibody)]– constructs was developed that utilises the
bioorthogonal inverse electron-demand Diels–Alder (IEDDA)
cycloaddition ‘click’ reaction between a tetrazine (Tz) and

trans-cyclooctene (TCO).[31,50] The remarkable selectivity and
speed (rate constant k,1–106 M�1 s�1) of the IEDDA cycload-
dition facilitated the efficient addition of polyethyleneglycol

(PEG) modified [225Ac][Ac(DOTA-PEG7-Tz)]
– to a

Table 1. Properties of chelators investigated for use in 225Ac radiopharmaceuticals

Chelators Donor sphere Proposed coordination

geometryA
log KB Human serum

stability [%]C
Radiolabelling conditionsF Bioconjugate

Acyclic picolinates

H4neunpa
[20,21] N5O4 RT, 1 h, pH 5.5, 10�3 MG

H4phospa
[21] N4O4 77D RT, 1 h, pH 5.5, 10�3 M

H4noneunpa
[20] N4O5 90D RT, 1 h, pH 5.5, 10�6 M

H4octapa
[21] N4O4 20.13 93D RT, 1 h, pH 5.5, 10�5 M

H4CHXoctapa
[21] N4O4 96D RT, 1 h, pH 5.5, 10�6 M

H4py4pa N5O4 20.37 97 RT, 30min, pH 7, 10�6 M Trastuzumab[22]

Bispidines

H2bispa
2[23] N6O2 11.42 89 RT, 1 h, pH 7, 10�5 M

Cyclen-based

H4DOTA N4O4 Capped inverted square

antiprism

24.25 85–90 858C, 5min, pH 6, 10�6 M or

378C, 1–2 h, pH 6, 10�3 M

PSMA;[25–30] tetrazine-TCO[31]

H4DOTP
[24] N4O4 Capped inverted square

prism

408C, 30min, pH 10, 10�2 M

18-Crown-6-based

H2macropa[32,33] N4O6 Irregular tridecahedron 14.99 99E RT, 5min, pH 6, 10�7 M PSMA;[14,34] trastuzumab[14]

H4crown N4O6 90 RT, 10min, pH 5–7, 10�6 M aMSH[35]

AFrom the La3þ X-ray crystallographic structure.
BFormation constant of the La3þ complex.
CPercentage of intact complex after 7 days in human serum at 378C unless otherwise stated.
DAmbient temperature.
ETemperature was not reported.
F.94% radiolabelling efficiency.
GThe maximum radiolabelling efficiency reported under these conditions was 56%.
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TCO-modified 5B1 immunoconjugate within 5min at ambient

temperature and pH 6.7 with superior radiochemical yield to the
conventional isothiocyanate coupling.[31] The biodistribution of
[225Ac][Ac(DOTA-PEG7-5B1)]

– in immune-compromisedmice

bearing BxPC3 (CA19.9 positive, cells expressing carbohydrate
antigen 19.9) xenografts demonstrated 32% injected dose per
gram (ID g�1) tumour uptake, and negligible persistent uptake in
the kidneys, bone or liver.

A H4DOTA construct targeting prostate cancer (PSMA-617)
has been investigated in clinical trials and demonstrated the
extraordinary therapeutic potential of 225Ac3þ to treat wide-

spread tumour growth in vivo. Treatment with 4� 9–10 MBq
(100 kBq kg�1) for one patient resulted in remission (.5 years)
from mCRPC (Fig. 4).[30,51] It is important to note that the

coordination environment provided by PSMA-617 features the
H3DO3A chelator with three acetic acid arms and the fourth
used to form an amide bond with the targeting vector. Even
subtly different coordination environments can potentially

affect the chemical and physical properties of the resulting
radiometal complexes.

The requisite high temperatures, long reaction times, and/or

two-step labelling procedures demonstrate that H4DOTA is not
the ideal chelator for use in 225Ac3þ radiopharmaceutical appli-
cations. Acyclic chelators have been shown to permit radiolabel-

ling at room temperature; however, the resulting complexes can
be more kinetically labile in vivo.[19] Recently, the acyclic
picolinate chelators H4neunpa-NH2, H4noneunpa, H6phospa,

H4octapa, H4CHX-octapa, and H4py4pa (H4neunpa¼ 6,60-
(((azanediylbis(ethane-2,1-diyl))bis((carboxymethyl)azanediyl))
bis(methylene))dipicolinic acid; H4noneunpa¼ 6,60-(((oxybis-
(ethane-2,1-diyl))bis((carboxymethyl)azanediyl))bis(methylene))-

dipicolinic acid; H6phospa¼ 6,60-((ethane-1,2-diylbis-
((phosphonomethyl)azanediyl))bis(methylene))dipicolinic acid;
H4octapa¼ 6,60-((ethane-1,2-diylbis((carboxymethyl)azanediyl))-

bis(methylene))dipicolinic acid; H4CHX-octapa¼ 6,60-((cyclo-
hexane-1,2-diylbis((carboxymethyl)azanediyl))bis(methylene))
dipicolinic acid;H4py4pa¼ 6,60-(((pyridine-2,6-diylbis(methylene))-
bis((carboxymethyl)azanediyl))bis(methylene))dipicolinic acid)
(Fig. 5) have been investigated for efficient incorporation of

225Ac undermild conditionswhile also retaining kinetic inertness

in vivo. The chelators range from octa- to undecadentate with
ether, pyridine, carboxylate, phosphonate or amine donor groups
in addition to the bidentate picolinates.

The octadentate chelators H4octapa and H4CHX-octapa
provide an N4O4 coordination sphere.[21,23] A 10-fold higher
ligand concentration was required for H4octapa (10�5 M) to
achieve a radiolabelling efficiency of 95% at ambient tempera-

tures after 1 h compared with H4CHX-octapa (10�6 M). Both
225Ac3þ complexes were stable (.92% radiochemical purity)
in human serum for 7 days at ambient temperatures. The

H6phospa chelator had inferior radiolabelling and stability
properties to the carboxylate chelators, which may indicate that
the lower basicity of phosphonate donors produces weaker

ligand–metal interactions with Ac3þ.[11,21,48] The in vivo stabil-
ities of these 225Ac3þ complexes are yet to be determined.

The nonadentate chelators H4neunpa-NH2 and H4noneunpa
incorporate an additional amine or ether donor in the ligand

backbone, respectively. While H4noneunpa achieved .98%
radiolabelling efficiency at ligand concentrations of 10�6 M
after 10min at room temperature, H4neunpa-NH2 was unable to

form an 225Ac3þ complex under the same conditions.[20] In the
absence of X-ray crystallographic structural data, density func-
tional theory (DFT) calculations of [La(noneunpa)]– suggested a

metal ion fully encapsulated by the chelate binding cavity.[20,52]

The discrepancies in the radiolabelling performances between
H4neunpa-NH2 and H4noneunpa were attributed to the former

coordinating in an octadentate manner, thereby allowing the
incorporation of an inner-sphere water molecule into the La3þ/
Ac3þ complex coordination sphere. The ether linkage within the
backbone of H4noneunpa allows greater conformational flexi-

bility than the amine linkage of H4neunpa-NH2 to accommodate
the large ionic radius of Ac3þ. The [225Ac][Ac(noneunpa)]–

12/2014 7/2015 9/2015
PSA = 2923 ng mL–1  PSA = 0.26 ng mL–1  PSA < 0.1 ng mL–1  

3x 1x
225AC-PSMA

(a) (b) (c)
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Fig. 4. [68Ga][Ga(PSMA-11)] PET/CT images of a patient: (a) with

mCRPC before treatment; (b) after three cycles of treatment with [225Ac]

[Ac(PSMA-617)]; and (c) 2 months after an additional consolidation

therapy. This research was originally published in The Journal of Nuclear

Medicine (C. Kratochwil, F. Bruchertseifer, F. L. Giesel, M. Weis, F. A.

Verburg, F. Mottaghy, K. Kopka, C. Apostolidis, U. Haberkorn, and A.

Morgenstern, 225Ac-PSMA-617 for PSMA-TargetedAlpha-Radiation Ther-

apy of Metastatic Castration-Resistant Prostate Cancer, J. Nucl. Med. 2016,

57, 1941–1944, doi:10.2967/jnumed.116.178673.[30] � SNMMI.
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complex displayed good stability when challenged in human

serum at ambient temperature, with a decrease in radiochemical
purity of,10%over 7 days; however, in vivo stability has yet to
be determined.

The undecadentate chelator H4py4pa has a central nitrogen
donor atom from a pyridine functional group, two carboxylates,
and two picolinate arms, to give an N5O4 coordination sphere.
H4py4pa radiolabels with 225Ac3þ to 97% radiolabelling effi-

ciency at room temperature over 30min at a chelator concentra-
tion of 10�6 M.[22] The [La(py4pa)]– complex remained intact
(.99%) for 9 days inmouse serum and has a formation constant

of,1020.37. DFT calculations for [La(py4pa)]– indicated an 11-
coordinate complex encapsulated within the ligand binding
cavity with a 2-fold symmetry about the central pyridine. The

H4py4pa scaffold was bifunctionalised by incorporating a Bn-
NCS group on the central pyridine, which allowed attachment to
trastuzumab and in vivo assessment. [225Ac][Ac(py4pa–
trastuzumab)]– stayed intact in mouse plasma (97–99% by

instant-TLC (iTLC)) for 11 days at 378C. Although the immu-
noreactive fraction of the H4py4pa–trastuzumab bioconjugate
decreased to 61%, the observed tumour uptakes were 23.1� 8.8

and 36.9� 11.1% ID g�1 at Days 1 and 6 respectively, followed
by a decrease to 17.7� 9.3% ID g�1 at Day 10.

One of the major challenges in the development of Ac3þ

radiopharmaceuticals is to provide a scaffold that can better
accommodate the large ionic radius of the Ac3þ ion. Bispidines,
or 3,7-diazabicyclo[3.3.1]nonanes with acetate, methyl-pyridine

or methyl-picolinate pendant groups attached are pre-organised
rigid scaffolds that fully encapsulate a metal ion into its preferred
coordination geometry. The La3þ and 225Ac3þ complexes were
formedwith the N6O2 octadentate chelator H2bispa

2 (H2bispa
2¼

6,60-({9-hydroxy-1,5-bis(methoxycarbonyl)2,4-di(pyridin-2-yl)-
3,7-diazabicyclo[3.3.1]nonane-3,7-diyl}bis(methylene))dipicolinic
acid).[23] Radiolabelling with 225Ac3þ proceeds at room temper-

ature and pH 7 to give 94% radiolabelling efficiency at a
concentration of 10�5M and 64% at 10�6M. The La3þ complex
has a formation constant of 1011.42. The 225Ac3þ complex

remained 89% intact after 7 days in human serum and 71%
intact after competition with 50 equiv. La3þ for 7 days. In vivo
studies employing biological targeting vectors are required to
establish the suitability of this chelator for 225Ac3þ targeted

therapy.

The 1,10-diaza-18-crown-6 macrocycle has been investi-

gated as a suitable scaffold for Ac3þ owing to the cavity size
generated by the 18-membered macrocyclic core. The ligand
N,N0-bis[(6-carboxy-2-pyridyl)methyl]-4,13-diaza-18-crown-6

(H2macropa) contains two picolinate arms in addition to the two
nitrogen and four oxygen donor atoms and forms stable com-
plexes with large lanthanoid ions.[53] X-ray crystallography of
the 11-coordinate complex [La(Hmacropa)(OH2)]

2þ showed

the two pendant arms on one side of the La3þ ion and the
N2O4 macrocycle donors and an inner-sphere aqua ligand
positioned on the other side (Fig. 6).[14] DFT calculations have

shown that protonation of the picolinates increases the coordi-
nation of the aqua ligand; however, an aqueous environment
decreases the energy gain of H2O coordination and it is therefore

unlikely that the 11th coordination site is occupied under
biological conditions.[33] The solid-state structure is a racemic
mixture of the D(d,l,d)(d,l,d) and L(l,d,l)(l,d,l) enantio-
mers.[54] The crystal structures of [La(macrodipa)]þ and

[La(Hmacrotripa)]þ both indicate a 10-coordinate complexwith
the pendant arms folded on either side of the macrocycle and
the absence of a coordinating aqua ligand.[55] The formation

constants of the [La(macropa)]þ, [La(macrodipa)]þ, and
[La(Hmacrotripa)]þ complexes were determined to be 1014.99,
1012.19, and 1012.57 respectively, indicating the effect of donor

atom positioning on the macrocycle.
Formation of [225Ac][Ac(macropa)]þ proceeded rapidly at

room temperature, resulting in 99% radiolabelling efficiency

after just 5min at 10�7M, a concentration a factor of 100 less than
in the case with [225Ac][AcDOTA]–.[14,34] Furthermore, Ac3þ

remained coordinated bymacropa2– for 7 days in the presence of
a 50-fold excess of La3þ and analysis of the macropa2– complex

in human serum indicated that Ac3þ remained coordinated by
macropa2– for 8 days.[14] Biodistribution of [225Ac][Ac-
(macropa)]þ in mice suggested complex stability with no

accumulation of activity in the liver or bone over 5 h.
Bioconjugates of [225Ac][Ac(macropa)]þ were prepared

with a small-molecule PSMA-targeting agent by way of an

isothiocyanate functional group. Radiolabelling of the
macropa–PSMA construct with 225Ac3þ proceeded at ambient
temperatures and pH 5 with 98% radiolabelling efficiency after
20min. Biodistribution in LNCaP (prostate cancer) tumour

xenograft-bearing mice demonstrated that initial uptake in the
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kidneys and tumour (52� 16 and 12.8� 3.1% ID g�1,

respectively) after 4 h was followed by significant kidney
clearance (1.5� 0.1% ID g�1) and some tumour retention
(4.9� 0.5% ID g�1) at 96 h. Importantly, no accumulation in

the liver, spleen, and bone was observed over several days.
The 4,7,13,16-tetra-aza-18-crown-6 derivatised with four

acetic acid groups, 2,20,200,2000-1,10-dioxa-4,7,13,16-tetraazacy-
clooctadecane-4,7,13,16-tetrayl-tetraacetic acid, and given the

trivial name ‘H4crown’ (Fig. 5), contains a possible 10-
coordinate N4O6 coordination sphere; however, the nature of
La3þ or Ac3þ coordination is still unknown.[35] Radiolabelling

of H4crown with 225Ac3þ proceeded at ambient temperature
between pH 5 and 7 over 10min with 96% radiolabelling
efficiency at concentrations down to 10�6 M but with negligible

labelling at 10�7 M. The chelator was tethered to an a-melano-
cyte-stimulating hormone (aMSH) targeting agent at one of the
carboxylate pendant arms. This method of bioconjugation has
the potential to alter the coordination environment and proper-

ties of the resulting complex. However, radiolabelling of the
bioconjugate with 225Ac3þ proceeded under the same conditions
as H4crown, and the complex remained approximately 90%

intact in human serum after 8 days at 378C. The biodistribution
of [225Ac][Ac((crown)–aMSH)] prepared 4 or 18 h before
injection was evaluated in mice bearing B16F10 melanoma

tumours 2 h post injection.[35] The construct prepared 18 h
before injection demonstrated significantly lower tumour
uptake, which was attributed to radiolytic degradation of the

bioconjugate. Interestingly, radioTLC did not indicate radioly-
sis, thus demonstrating the need to use additional quality control
methods such as radioHPLC to determine the integrity of
225Ac3þ radiopharmaceuticals. Most notably, the results indi-

cated the need for immediate injection after preparation of the
radiopharmaceutical, which raises concerns about the feasibility
of using centralised radiopharmaceutical synthesis with distri-

bution to clinical locations.[49]

A summary comparison of 225Ac3þ activity incorporation v.
chelator concentration is given in Fig. 7. The recent develop-

ments in Ac3þ chelating scaffolds have brought about a signifi-
cant improvement in the radiolabelling efficiencies now
possible compared with H4DOTA. The poorly understood
coordination chemistry of Ac3þ has benefited from the utilisa-

tion of X-ray crystallography with La3þ and DFT calculations.
A recent investigation utilising spectroscopic characterisation
(extended X-ray absorption fine structure (EXAFS) and NMR)

of the longer-lived 227Ac3þ complexes suggested that these

techniques will become important tools for investigating
Ac3þ coordination chemistry and advancing Ac3þ chelator
development.[24,56]

The most successful new ligands to date, such as H2macropa
and H4py4pa, have been bifunctionalised and incorporated into
constructs that have shown significant promise for targeting
tumours with excellent in vivo stability. Further development

and validation will require pre-clinical and clinical studies
focusing on the anti-tumour efficacy of these chelators as
225Ac-based radiopharmaceuticals.

Bismuth

There are two radionuclides of bismuth with potential applica-
tions in a-therapy: 213Bi (Ea(213Po) 8.4 MeV, gamma (g) 435
keV) and 212Bi (Ea 8.8 and 6.1 MeV).[58,59] The particle energy
released per disintegration of 213Bi comprises 92.7% from a and
7.3% from beta-electron (b–) emission. Both 212Bi and 213Bi
deliver high radiation doses within a short timeframe and have
been investigated with large slower-circulating antibodies as

well as small bioconjugates with rapid blood clearance.[60–62]

Significant challenges with supply, high cost, and radioprotec-
tion issues are notable and have been discussed in recent com-

prehensive reviews.[9,63,64] The 440-keV photon g-ray emitted
from 213Bi has been used for preclinical and clinical single-
photon emission computed tomography (SPECT).[65,66] The

cyclotron-produced radionuclides bismuth-205 (205Bi, t1/2 15.3
days) and bismuth-206 (206Bi, t1/2 6.2 days) have been used as
longer-lived surrogates to investigate the radiochemistry of
bismuth chelators.[67]

Bismuth-212/213 Production
212Bi is generated by way of the natural thorium (232Th) decay
chain and is the direct daughter radionuclide of 212Pb. All

clinical studies with 213Bi to date have used 225Ac sourced from
229Th.[68,69] However, the investigation of accelerator-based
production routes has the potential to increase the reliable pro-

duction and delivery of 225Ac for both 225Ac and 213Bi radio-
pharmaceuticals.[9] Clinical availability of 213Bi is through an
225Ac/213Bi generator whereby 225Ac is retained on a cation
exchange resin and 213Bi is eluted as [213Bi]BiI4

– and [213Bi]BiI5
2–

using a mixture of 0.1M HCl/0.1M NaI. The generator can be
distributed and stored for weeks providing in-house 213Bi
production.[7,70]

Bismuth Chemistry

Aqueous bismuth chemistry is dominated by the trivalent oxi-
dation state, with the resulting 6s2 valence configuration pro-
ducing examples of the inert pair effect in some coordination

complexes.[71] At low pH (beginning at pH 0), Bi3þ readily
undergoes hydrolysis to formBi3þ hydroxides.[72] Interestingly,
radiolabelling with 213Bi3þ can be performed at pH values
ranging from 4.0 to 10 owing to the formation of BiI4

–/BiI5
2– after

elution with 0.1M HCl/0.1M NaI.[73] Trivalent bismuth is a
borderline Lewis acid according to HSAB theory.[15] The Bi3þ

ion exhibits a variety of coordination numbers and irregular

coordination geometries with oxygen and nitrogen donor atoms
as well as thiolate groups.[74,75] Coordination numbers over the
range 3–10 have been reported for Bi3þ complexes with the

typical octadentate ionic radius reported as 1.17 Å.[72,76] Dis-
sociated or free radioactive Bi3þ tends to accumulate predom-
inantly in kidney with slow clearance kinetics.[77–79] Bi3þ is
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known to bind to Zn2þ sites (e.g. metallothionein) and Fe3þ sites

(e.g. transferrin) in proteins.[80]

Bismuth Chelators for Radiopharmaceuticals

A summary of chelators investigated for bismuth is presented in
Table 2. The short half-lives of 212Bi and 213Bi require fast

radiolabelling (ideally ,5min) and quantitative yields to facil-
itate good manufacturing practice (GMP) production. Whether
this can be achieved at ambient or elevated temperatures depends

on the chelator and the robustness of the targeting agent. Early
studies with bismuth radionuclides used bifunctional derivatives
of diethylenetriaminepentaacetic acid (H5DTPA) to radiolabel

antibodies and were instrumental in demonstrating the potential
of a-emitting radionuclides attached to mAbs. Despite the fact
that bifunctional H5DTPA–mAb constructs were radiolabelled
under mild conditions and [Bi(DTPA)]2– was extremely ther-

modynamically stable (formation constant 1035.6), the chelators
were shown to be insufficiently inert in vivo for use in targeting
a-therapy.[79,93] The introduction of a trans-cyclohexyl unit

increased steric rigidity and provided a pre-organised geometry
of donor atoms that improved in vivo complex inertness while
retaining rapid formation kinetics.[94] The advantages of the

bifunctional derivative [Bi(p-SCN-Bn-CHX-A-DTPA)]2–

(formation constant 1034.9–1035.6) were demonstrated in a study
that conjugated the chelator to an immunoglobulin IgG mAb
HuM195 (anti-CD33).[83] The H5CHX-A-DTPA-HuM195

construct showed moderately efficient radiolabelling with
213Bi (78%� 10%) in only 10min at ambient temperature. The
[205/206Bi][Bi(CHX-A-DTPA-HuM195)] construct showed

reduced uptake in kidney compared with both free bismuth and
the analogous H5DTPA construct.

Efforts to develop bismuth chelators with greater kinetic

stability naturally also focussed on macrocyclic polyaminocar-
boxylic acids such as H4DOTA. The crystal structure of the

eight-coordinate [Bi(DOTA)]– complex has an average torsion

angle between the squares determined by the four O and four N
donor atoms of the ligand of 25.98, which indicates a twist from
the ideal square antiprismatic arrangement of 458 (Fig. 8). The
solid-state structure is a racemic mixture of the D(d,d,d,d) and
L(l,l,l,l) enantiomers.[86]

[Bi(DOTA)]– has a formation constant of 1030.3 and is
sufficiently inert to provide a few hours of stable coordination

commensurate with the short radionuclide half-life.[96] Mono-
clonal antibodies incorporating [205/206Bi][Bi(DOTA)]– were
shown to be more stable in vivo than the [205/206Bi][Bi

(DTPA)]2– constructs by reduced kidney uptake and increased
tumour uptake.[97] However, H4DOTA demonstrated slow radi-
olabelling kinetics and low radiolabelling efficiency under

conditions suitable for sensitive targeting molecules (61%
radiolabelling efficiency, room temperature (RT), pH 5.5,
5min). Radiolabelling efficiency of .96% was achieved with
heating to 958C at chelator concentrations .10�4 M

(Table 2).[98] Although H4DOTA is not conducive to rapid
Bi3þ radiolabelling of heat-sensitive antibodies, the safety,
feasibility, and effectiveness of 213Bi therapy have been dem-

onstrated with targeting peptides and molecules for treating
neuroendocrine and prostate tumours (Fig. 9).[99–101] Further-
more, treatment has been more effective than b-emitting

radionuclide therapy in some cases.[62,102] Typical 213Bi3þ

radiolabelling conditions with H4DOTA-peptide constructs
such as DOTA-tyrosine-3-octreotate (DOTA-TATE) consist

of high temperatures (958C for 5min, often with a microwave
synthesiser) at pH 8.7 and concentrations ,10�5 M to achieve
quantitative yields with radiochemical purity $85%.[100] The
whole labelling procedure takes on average 20min to produce a

ready-to-inject radiopharmaceutical in a vial.[73]

The phosphonic acid macrocycle H8DOTP forms an eight-
coordinate twisted square antiprism with Bi3þ (Fig. 8).[95] The

Table 2. Properties of chelators investigated for use in 212/213Bi radiopharmaceuticals

Chelator Donor sphere Coordination geometry log K Human serum

stability [%]

Radiolabelling conditionsE Bioconjugate

Acyclic

H5DTPA
[81] N3O5 Monocapped square antiprism 35.6 60A

H5CHX-A-DTPA
[82] N3O5 Square antiprism/dodecahedron 34.9–35.6 94B RT, pH 5, 5min, 10�4 M HuM195;[83]

B72.3[79]

Bispidines

H2bispa
2[84] N6O2 RT, pH 5, 5min, 10�7 M

Cyclen-based

H4DOTA
[85–87] N4O4 Twisted square antiprism 30.3 85C 958C, pH 5.5, 5min, 10�4 M

RT, pH 5.5, 5min, 10�4 MF

Octreotide

PSMA-617

H8DOTP
[87–89] N4O4 Twisted square antiprism 38.7 96C RT, pH 5, 5min,10�4 M

Lpy[90] N8 RT, pH 6.8, 5min 10�4 MG

H2MeDodpa[91] N6O2 Twisted square antiprism 34.2 90D 908C, pH 7.4, 15 min

H2semicarbazone[92] N6O2 Twisted square antiprism 95D 958C, pH 8.5, 5min, 10�3 M

18-Crown-6-based

H2macropa[85] N4O6 Pentagonal pyramid RT, pH 5.5, 8min, 10�6 M

H2macropaquin[85] N4O6 RT, pH 5.5, 8min, 10�6 M

H2macropaquin-SO3
[85] N4O6 RT, pH 5.5, 8min, 10�5 M

AAfter 6 h at 378C.
BAfter 48 h at 378C.
CAfter 3 h at 378C.
DAfter 2 h at ambient temperature.
EFor radiolabelling efficiency ,90% unless otherwise stated.
FMaximum radiolabelling efficiency achieved was 61%.
GWith 207Bi.
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[Bi(H4DOTP)]
– complex is highly symmetrical, with C4 sym-

metry and an average twist angle of 25.48. The solid-state

structure was a racemic mixture of theD(d,d,d,d) andL(l,l,l,l)

enantiomers. NMR spectroscopy indicated that the complex
interconverts between the two enantiomeric pairs in solution.[89]

The [Bi(DOTP)]5– complex was shown to have a formation
constant of 1038.7 and significant kinetic inertness (t1/2,
pH 3¼ 47000 h).[89] H8DOTP displayed an impressive ability

to achieve 213Bi radiolabelling efficiencies of,90% at RT and
ligand concentrations of 10�4 M that was comparable with
CHX-A-DTPA under the same conditions.[87] Comparison sta-

bility studies showed that [213Bi][Bi(H4DOTP)]
– was more

stable than [213Bi][Bi(DOTA)]– and [213Bi][Bi(CHX-A-
DTPA)]2– in both human plasma and to an excess of DTPA5–

over 3 h. The faster formation kinetics could be due to the

affinity of the Bi3þ ion for phosphonate oxygen atoms and/or the
orientation of the phosphonate groups (two above and two away
from the ring N atoms), which is in contrast to H4DOTA, where

all four carboxylates are positioned above the plane of the ring N
atoms.[95,103] The results would suggest bifunctional chelators
based on H8DOTP should be investigated to radiolabel anti-

bodies with 213Bi and compared in vivo with H5CHX-A-DTPA
and H4DOTA. A cyclen derivative bearing four pyridine groups
(Lpy) showed higher selectivity for Bi3þ over Ac3þ compared
with H4DOTA and H5CHX-A-DTPA, which could be useful to

minimise detrimental dose effects of small quantities of parent
225Ac from a generator.[90]

2-(4,7-Biscarboxymethyl[1,4,7]triazacyclonona-1-yl-

ethyl)carbonyl-methylamino]acetic acid (NETA) and {7-
[2-(bis-carboxymethyl-amino)ethyl]-4,10-bis-carboxymethyl-
1,4,7,10-tetraaza-cyclododec-1yl}-acetic acid (DEPA) possess

both acyclic and macrocyclic frameworks to promote rapid
formation kinetics at ambient temperatures with high

68Ga-PSMA
Pre-therapy

(a) (b)

68Ga-PSMA
Post-therapy

Fig. 9. [68Ga][Ga(PSMA-617)] PET/CT images of a patient withmCRPC:

(a) pre-therapy, and (b) 11 months later post therapy (two cycles of [213Bi]

[Bi(PSMA-617)]). Image reproduced from M. Sathekge et al.[60] Licenced

under CC BY 4.0.
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thermodynamic and kinetic stability (Fig. 10). Radiolabelling
investigations with both chelators have thus far been limited to
the use of 205/206Bi with trastuzumab radioimmunoconjugates
achieving .93% incorporation after 1min at pH 5.5 and

RT.[61,104] The 205/206Bi radioimmunoconjugates are very stable
in human serum (up to 7 days) and showed high in vivo stability
in athymic mice bearing LS174T xenografts with tumour to

kidney ratios of 4–5 24 h post injection. NETA and DEPA are
potential octadentate and decadentate chelators, respectively;
however, structural characterisations of the bismuth complexes

are yet to be reported. The encouraging in vivo results demon-
strate that they remain promising chelators for 213Bi TAT.

Recently, theBi3þ complexes of dimethyl-cyclen derivatives
bearing two bidentate picolinic acid groups (H2Me-do2pa) or two

bidentate semicarbazone groups have been reported. The crystal
structure of [Bi(Me-do2pa)]þ revealed C2 symmetry and a
twisted-square antiprismatic coordination geometry with an aver-

age twist angle of 21.28.[91] The complex [Bi(semicarbazone)]3þ

has an average twist angle of 12.88 and a less ordered and
symmetrical structure compared with the previously mentioned

Bi3þ cyclen derivatives.[92] The 213Bi complexes of the
dimethyl-cyclen derivatives were produced in 5min at 90–
958C and were stable in serum for at least two decay half-

lives. Both Bi3þ complexes also were reported to have increased
stability over H4DOTA towards acid dissociation.[92,105]

Bismuth complexes of diaza-18-crown-6 ethers bearing
picolinates, phosphonates, and quinolinols were characterised

by X-ray crystallography and revealed distorted pentagonal
pyramidal coordination geometries arising from the stereoche-
mically active 6s2 lone pair (Fig. 11).[85] The kinetic inertness of

the complexes increased as a function of donor atom basicity
and increasing covalency of the Bi–donor atom bonds. A
compromise between faster, more efficient radiolabelling over

kinetic inertness would require consideration of both the short
half-life of 213Bi and the pharmacokinetics of the resulting
radiopharmaceutical.

Heptadentate and octadentate (bispa2) bispidine chelators

featuring acetate pyridine and picolinate pendent groups form
nine-coordinate Bi3þ complexes with the coordination spheres
completed by a coordinating nitrate anion.[84] Radiolabelling

efficiency with 213Bi was superior to H5CHX-A-DTPA and
H4DOTA at lower concentrations at both 958 and 258C. The
heptadentate ligand produced 213Bi complexes that were

slightly less inert than H4DOTA to a transchelation challenge
with an excess of DTPA5–. The potential of nonadentate ligands
that complete the coordination sphere may increase the kinetic

inertness of the 213Bi complexes.
A summary comparison of 213Bi3þ radiolabelling efficiency

versus chelator concentration is given in Fig. 12. Acyclic and
macrocyclic chelators have been investigated over recent years

for use with Bi3þ radionuclides, with several showing

impressive radiolabelling efficiency and kinetic inertness in
human plasma. 212/213Bi3þ may also benefit from chelators that

incorporate a range of hard, borderline, and soft Lewis base
donor atoms. The limited availability, short half-lives of
212/213Bi3þ, and a-emitting daughter radionuclides remain a
challenge. Further work is also needed to develop bioconjugates

incorporating chelators other than H4DOTA.
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Lead
212Pb is a b– emitting radionuclide and is the direct parent iso-
tope of 212Bi.[106] The use of 212Pb effectively prolongs the half-
life of 212Bi in vivo, more closely matching the pharmacoki-

netics of various targeting biomolecules.[107] In theory, the
decay of 212Pb should not result in the release of 212Bi because
the calculated recoil energy of 0.5 eV from the b– decay is

insufficient energy to cause the breaking of bonds (10 eV).[108]

However, the internal conversion of,30% of g-rays emitted by
the decay of 212Pb results in highly ionised products sufficient to

cause radionuclide demetallation from the chelator.[88] As a
result, 212Bi released from the decay of 212Pb often accumulates
in the kidneys. 212Pb has the advantage that the same element

can be used to perform dosimetry calculations using the radio-
nuclide 203Pb, a g-emitting isotope (279 keV; 81%) with a half-
life of 51.9 h suitable for SPECT imaging.[58]

Lead-212 Production
224Ra-based generators allow the elution of either 212Bi or 212Pb

(depending on eluent composition).[63,106] 224Ra is isolated from
the decay chain of 232U and the daughter isotope thorium-228
(228Th, t1/2 1.9 years), which means it can be obtained on an
industrial scale over many years.[109] 228Th produced from a 500

MeV cyclotron has been used to build a 228Th/212Pb generator
with the ability to produce up to 10 MBq of 212Pb daily.[110]

Production of 203Pb occurs through proton irradiation of natu-

rally occurring thallium.[111]

Lead Chemistry

Lead is primarily found in the þ2-oxidation state in aqueous
environments. Hydrolysis is not an issue under acidic conditions
(pKa 7.7); however, Pb

2þ forms the mononuclear hydrous oxi-

des [Pb(OH)]þ, [Pb(OH)2], and [Pb(OH)3]
– in dilute aqueous

solutions in the pH range 6–13.[112] The effective ionic radius of
Pb2þ in eight-coordinate complexes is 1.29 Å.[12] Pb2þ is clas-

sified as a borderline Lewis acid by the HSAB theory, and
exhibits irregular coordination geometries ranging from 1- to
12-coordinate with oxygen, nitrogen, and thiolate groups.[15,113]

Lead Chelators for Radiopharmaceuticals

A summary of chelators investigated for lead is presented in
Table 3. Chelators investigated for 212Pb/212Bi in vivo gen-
erators have included H4DOTA and the tetraacetamide cyclen

derivative DOTAM aka TCMC (1,4,7,10-tetraaza-1,4,7,10-

tetra(2-carbamoyl methyl)cyclododecane). H4DOTA forms an
eight-coordinate complex with Pb2þwith an N4O4 coordination
sphere (Fig. 13).[115] The metal ion in the complex is situated

closer to the N4 plane than the O4 plane by 0.677 Å and the
complex has a distorted geometry with a torsion angle of 22.58
between the two planes. The solid-state structure is a racemic
mixture of the D(d,d,d,d) and L(l,l,l,l) enantiomers. The

[Pb(DOTA)]2– complex has a formation constant of 1024.3.[125]

A bioconjugate with an a-MSH targeting moiety, H4DOTA-
Re(Arg11)CCMSH, was radiolabelled with 212Pb.[127,128]

Although 30% of 212Bi was lost from the chelator, analysis of
the biodistribution of [212Pb][Pb(DOTA-Re(Arg11)CCMSH)]2–

indicated that over the course of 24 h non-specific uptake of
212Pb or 212Bi was not observed. This suggests that once
localised, 212Bi lost from the chelator remains localised within
the cell, which demonstrates the importance of rapid blood
clearance and tumour internalisation.

Two crystal structures of the Pb2þ complex of DOTAMhave
been published. The structures both showed the eight donor
atoms encapsulating the ion but differed by the presence or

absence of a water molecule weakly interacting with the Pb2þ

ion (Pb–O¼ 3.52 Å).[126,129] Whether the presence of the water
molecule was indicative of an interaction with a stereochemi-

cally active lone pair has been the subject of some debate
because of the effect it might have on the thermodynamics of
complex formation.[115] The resulting chiral complex has an

average torsion angle of 268 (Fig. 13).[126] The solid-state
structure is a racemic mixture of the D(d,d,d,d) and L(l,l,l,l)
enantiomers. An accurate formation constant has not been
determined; however, a lower-limit formation constant of 1019

has been calculated.[130]

The [Pb(DOTAM)]2þ complex has been shown to be more
inert to demetallation under acidic conditions (pH 3.5) than

[Pb(DOTA)]2–.[117] Radiolabelling of the bifunctional DOTAM
derivative p-SCN-Bn-TCMC (Fig. 14) with 203Pb resulted in
.95% radiolabelling efficiency at 378C in 30min at pH 5–6 and

10�4 M.[116]

The [203Pb][Pb(p-SCN-Bn-TCMC)] complex remained 83%
intact in serum at 378C for 2 days. The chelator p-SCN-Bn-TCMC
demonstrated superior incorporation of both 212Pb and 203Pb

compared with H4DOTA at pH 7 and room temperature after 1 h
(Fig. 15). Interestingly, the DOTAM mechanism of Pb2þ coor-
dination was proposed to consist of an arm-by-arm chelation

Table 3. Properties of chelators investigated for use in 212Pb radiopharmaceuticals

Chelator Donor Sphere Coordination geometry log K Human serum

stability [%]A
Radiolabelling conditions Bioconjugate

Acyclic

DTPAm[114] N3O5 pH 7, RT, 10�5 M, 15 min

Cyclen-based

H4DOTA
[107,115] N4O4 Twisted square prism 24.3 66B pH 7, RT, 10�4 M, 1 h PSMA;[116] a-

MSH[58]

p-SCN-Bn-TCMC[117,118] N4O4 Twisted square antiprism .19 83 pH 7, RT, 10�5 M, 1 h PSMA;[108,116,119,120]

trastuzumab;[121,122]

octreotate[123]

18-Crown-6-based

[2.2.2]-cryptand N2O6 97C pH 7, RT, 10�5 M, 1 h Trastuzumab[124]

AAfter 2 days at 378C.
BDetermined with 203Pb.
CAfter 72 h.
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process leading to successive five-membered ring closure as

opposed to the fast formation of a PbO4 intermediate inwhich all
four carbonyl groups are bound as in the case of H4DOTA.

[126]

Radiolabelling of p-SCN-Bn-TCMC-trastuzumab with
212Pb from an 224Ra/212Pb generator achieved a .95% radi-

olabelling efficiency at pH 5–6 and 378C for 1 hwithout stirring,
or 30min at 750 rpm at concentrations between 0.15 and 1mg
L�1.[122,131] Approximately 70% of the 212Bi remained associ-

ated with the complex after 212Pb decay. Simultaneous radi-
olabelling in a solution with the daughter isotopes resulted in
70% radiolabelling efficiency with 212Bi over 5min, which
increased to 86% after 30min, indicating slower reaction

kinetics with 212Bi compared with 212Pb.[122] The first in-
human trial of [212Pb][Pb(p-SCN-Bn-TCMC-trastuzumab)]2þ

demonstrated tolerable toxicity and tumour regression at a

dosage of 21.09 MBq m�2.[121]

PSMA is an attractive targeting molecule for 212Pb because
the mechanism of PSMA targeting involves internalisation into

the cell, whichwouldminimise the translocation of released 212Bi
due to 212Pb decay.[108] Several PSMA-targeting conjugates
have been reported that utilise the chelators H4DOTA, p-SCN-

Bn-TCMC or the triacetamide acetic acid H3DO3AM for radi-
olabelling with 203Pb and/or 212Pb. p-SCN-Bn-TCMC-PSMA
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derivatives have been radiolabelled using solutions of 212Pb

from an 224Ra/212Pb generator or in an 224Ra-solution in tran-
sient equilibrium with daughter nuclides.[108,119,120] The com-
plexes are stable, remaining intact for 72 h in human serum at

378C.[116] DOTA4–-based conjugates tended to display higher
renal retention than the positively charged agents that use
TCMC as the chelator.[119] In an athymic mouse model bearing
human prostate C4–2 xenografts, a DOTA4–-based conjugate

demonstrated 18% ID g�1 in tumour tissue versus 53% ID g�1

in the kidneys, while the p-SCN-Bn-TCMC-based conjugate
achieved similar tumour uptake with tumour to kidney ratios 2.5

times higher.[120] A SPECT study in two patients using 203Pb-
labelled PSMA ligands demonstrated the potential for TAT of
prostate cancer with 212Pb but also cautioned towards the

inherent limitations of using imaging for dosimetry estimates
owing to the release of daughter nuclides.[108,116]

New chelators have been proposed for radiolabelling with
Pb2þ radionuclides such as pyridine-based cyclen derivatives

that exhibited the ability to complex 212Pb/203Pb at ambient
temperature at pH 7.[110] The coordination chemistry of the Pb2þ

complexes have not yet been reported. The Pb2þ coordination

chemistry of Me-dod2pa and the bis(semicarbazone) macrocy-
clic chelator have been investigated in detail.[105,132] Both
chelators form eight-coordinate complexes with Pb2þ with an

N6O2 coordination sphere. The Pb2þ lone pair in both com-
plexes appears to be stereochemically inactive. Formation of the
non-radioactive [Pb(Me-dod2pa)] and [Pb(semicarbazone)]2þ

complexes proceeds quickly at pH7.4with half-lives of 13.8 and
20.0min under pseudo-first-order conditions, respectively. Both
Pb2þ complexes demonstrated resistance to transchelation in the
presence of acid and a 100-fold excess of ethylenediaminete-

traacetic acid (EDTA) and are promising ligands for radiolabel-
ling studies.

An octadentate [2.2.2]-cryptand (Fig. 14) and one bidentate

perchlorate ion formed an N2O6 10-coordinate complex with
Pb2þ.[124] 1H NMR of the Pb2þ complex indicated the presence
of a single, highly symmetrical isomer in solution. The [2.2.2]-

cryptand was radiolabelled with 203Pb (pH 7, RT, 60min) with
efficiencies of .99% and 88.6%� 6.0% at chelator concen-
trations of 10�5 and 10�6 M, respectively. A bifunctional
[2.2.2]-cryptand derivative was conjugated to trastuzumab and

radiolabelled with 203Pb and demonstrated in vitro stability in
human serum over 72 h (97.1%� 0.56% intact). In vivo experi-
ments would validate bifunctional [2.2.2]-cryptands as promis-

ing chelators for Pb radiopharmaceuticals.
Amide derivatisation of H5DTPA generated the pentaaceta-

mide DTPAm, which formed an eight-coordinate complex with

Pb2þ with a formation constant of 108.79.[114] X-ray diffraction
studies of [Pb(DTPAm]2þ showed that the lone pair was active
and a hemidirected complex was formed. Radiolabelling with
203Pb proceeds rapidly, giving a 95% radiolabelling efficiency
at RT in 15min at pH 7 with a chelator concentration of 10�5M.
In vitro and in vivo stabilities have not been assessed; however,
the vacant coordination site is expected to promote transmetal-

lation of Pb2þ to biomolecules with suitable donor atoms.
The use of a generator allows production of 212Pb over many

years. The Pb2þ DOTAM/p-SCN-Bn-TCMC coordination

chemistry is well understood, and the chelators have the
ability to radiolabel sensitive biomolecules and small molecules
with 203Pb and 212Pb that have been validated in pre-clinical

and clinical studies. The loss of 212Bi on 212Pb decay remains
a significant issue, with kidney being the dose-limiting
organ. Radionuclide release also affects prospective dosimetry

calculations using SPECT for the matched 203/212Pb theranostic

pair. Attempts have been made to use acyclic and macrocyclic
chelators to ‘re-capture’ released 212Bi but have thus far dem-
onstrated limited success owing to the concentrations required

to compete with ions present in blood serum.[133,134]

Terbium
149Tb (Ea 4.0 MeV) emits both positrons (bþ) and a-particles,
which allows for simultaneous a-therapy and positron emission
tomography (PET), or a-PET. Notably, 149Tb is the only a-
emitting radiometal discussed without a-emitting daughter
isotopes, which reduces the potential for non-target exposure to
harmful ionising radiation. Although the precise biodistribution

of free terbium within the body has not been determined, uptake
of free radio-lanthanoids in vivo has been observed in the bone
and liver.[135]

Terbium-149 Production
149Tb can be produced through proton-induced spallation of

tantalum, but difficulties with purification have led to produc-
tion through the irradiation of early lanthanoid targets, such as
the 152Gd(p,4n)149Tb reaction.[136–138] The most significant
issue with the use of 149Tb3þ in radiopharmaceuticals remains

availability owing to the specialist facilities required for pro-
duction, which has hindered efforts to study the radiochemis-
try.[135] However, as Tb3þ radionuclides continue to show

promise for radiopharmaceutical applications, the construction
of more facilities may allow availability of the radionuclides on
a large scale.

Terbium Chemistry

Terbium exists primarily in the þ3 oxidation state, although it

has been recently isolated in both the þ2 and þ4 oxidation
states.[139–141] Owing to lanthanoid contraction, the ionic radius
of Tb3þ (1.040 Å, CN 8) is significantly smaller than La3þ

(1.160 Å, CN 8).[12] Tb3þ forms eight-coordinate complexes in
aqueous media.[142] Hydrolysis of Tb3þ is generally insignifi-
cant under radiolabelling conditions owing to the high pH at
which hydroxide formation occurs (pKa¼ 7.9).[143] Tb3þ is

defined as a hard acid by the HSAB theory and has a varied
coordination chemistry, forming complexes with 1–12 donor
atoms with a preference for a coordination number of 8–9.[144]

Terbium exhibits a preference for oxygen donor atoms, char-
acteristic of the hard acid lanthanoid metal centre. According to
a search of the Cambridge Crystallographic Data Centre

(CCDC) database in 2021, 94% of terbium-containing crystal
structures and 87% of all lanthanoid-containing crystal struc-
tures were reported to have at least one oxygen donor atom.

Terbium Chelators and Radiopharmaceuticals

A summary of chelators investigated for terbium is given in

Table 4. A rituximab antibody conjugated with H5CHX-A-
DTPA was radiolabelled with 149Tb at RT, pH 5.5, over 10min
at concentrations .10�3 M to give .99% radiolabelling effi-
ciency.[135] The a-emitting bioconjugate prevented tumour

growth in 89% of mice for 120 days after intravenous graft with
Daudi cells. The suitability of H4DOTA as a chelator for Tb3þ

has been reviewed.[143,149] H4DOTA forms a complex with

Tb3þ with a formation constant in the region of 1023.6–
1027.0.[143] The solid-state structure of the complex has not
been reported to date. The solid-state crystal structure of

[Tb(HDO3AP)]– (H5DO3AP, 1,4,7,10-tetraazacyclododecane-
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1,4,7-triacetic-10-methylphosphonic acid) has provided some

insights into the coordination chemistry of cyclen-based Tb3þ

complexes (Fig. 16).[150] The terbiummetal centre bondswith the
four nitrogen and four oxygen donor atoms of the chelator and a
nearby water molecule to give a nine-coordinate N4O5 coordi-

nation sphere. The Tb–O bond lengths are shorter than the Tb–N
bond lengths by an average of 0.32 Å. The average twist between
the two planes constructed from the two sets of macrocyclic

donor atoms is 278, which gives a monocapped twisted square
anti-prism coordination geometry. The solid-state structure is a
racemic mixture of the D(d,d,d,d) and L(l,l,l,l) enantiomers.

Radiolabelling of the H3DO3A-based chelator PSMA-617
with 149Tb (958C, 15min, pH 4.5, 10�3M) achieved radio-
chemical purity .98%.[147] Treatment with 6 MBq of [149Tb]

[Tb(PSMA-617)] significantly reduced tumour growth by
82–87% in mice bearing PC-3 PIP tumours and increased the
median lifetime from 20 days in untreated mice to 36 days when
injected on two consecutive days. PET imaging with the same

complex confirmed the selective accumulation of the isotope in
tumour xenografts (Fig. 17). These results support the potential
use of 149Tb isotope in simultaneous a-PET.

Preliminary investigation of the Tb3þ complexes of
H2macropa, H2macrodipa, H3macrotripa, and H2CHX-macropa
showed the complexes have formation constants of 1011.79,

109.68, 1010.19, and 1010.98, respectively.[151] The ionic radius
of Tb3þ suggests it is likely to form an eight-coordinate
complex, a conclusion supported by DFT calculations.[12,55] It

remains to be determined whether mild radiolabelling condi-

tions and kinetic inertness can be achieved with these chelators.
Accessibility remains a barrier to the development of 149Tb

radiopharmaceuticals. Advances in Tb3þ coordination chemis-
try and radiochemistry will hopefully help promote this promis-

ing radionuclide.

Thorium
227Th (Ea 6.0 MeV) emits five high-energy a- and two b–-
particles in its decay pathway.[152] The additional co-emission

of g-rays may also allow simultaneous SPECT imaging.[153]

The most significant advantage of 227Th compared with other a-
emitting isotopes is the availability of the isotope on an indus-
trial scale. However, the emission of five a-particles and two

b–-particles by daughter isotopes along the decay pathway
complicates the use of 227Th as a therapeutic isotope owing to
the potential for off-target side effects.

Thorium-227 Production

The parent isotope 227Ac is already used to access 223Ra. The
long half-life of 227Ac allows the development of an 227Ac/227Th
generator.

Thorium Chemistry

Thorium is found almost exclusively in the þ4-oxidation

state.[139,154] Th4þ has an ionic radius of 0.94 Å in six-coordinate

Table 4. Properties of chelators investigated for use in 149Tb radiopharmaceuticals

Chelator Donor sphere Coordination

geometry

log K Human serum

stability [%]A
Radiolabelling conditionsB Bioconjugate

Acyclic

H5CHX-DTPA
[145] N3O5 Monocapped square

antiprism

22.8 RT, pH 5.5, 10min, 10�3 M Rituximab[135]

Cyclen-based

H4DOTA
[146] N4O4 Monocapped square

antiprism

23.6–27.0 958C, pH 4.5, 15min, 10�3 M

H3DO3A N4O3 100 958C, pH 4.75, 15min, 10�5 M PSMA-617;[147] folate[148]

AAfter 168 h at 378C.
BTo give .95% radiolabelling efficiency.
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Fig. 16. The (a) side, and (b) top-view of the X-ray crystallographic structure of [TbH(DO3AP)]–. Ellipsoids shown at 50% probability.

Hydrogen atoms removed for clarity.
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complexes and 1.05 Å in eight-coordinate complexes.[12] Tho-
rium has been observed in coordination complexes with CNs

ranging from 5 to 12.[155] In aqueous solutions, Th4þ forms 8–
10-coordinate complexes with aqua ions at pH, 3 and remains
the predominant form between pH 5 and 8, but forms hydroxides
at pH $ 4.[156,157] As an actinoid, Th4þ is classified as a hard

acid by the HSAB theory.[16] Free 227Th4þ has been shown to
accumulate in bone.[158,159]

Thorium Chelators and Radiopharmaceuticals

A summary of chelators investigated for thorium is given in
Table 5. Both acyclic and macrocyclic chelators have been
investigated for 227Th radiopharmaceuticals, with the majority
exclusively employing oxygen donor atoms apart from

H4DOTA (Fig. 18). Thorium formed a nine-coordinate complex
with DOTA4– and one solvent dimethylsulfoxide (dmso)

Table 5. Properties of chelators investigated for use in 227Th radiopharmaceuticals

Chelator Donor

sphere

Coordination geometry log K Human serum

stability [%]A
Radiolabelling

conditionsB
Bioconjugate

Acyclic picolinates

H4octapa
[160] N4O4 RT, 10min, pH 5.5C

H4py4pa
[160] N5O4 RT, 2.5 h, pH 5.5D

Hydroxypyridinones

H4(3,4,3-LI(1,2-HOPO))
[161] O8 40.1

H4(3,4,3-LI(Me-3,2-

HOPO)[160]
O8 RT, 2.5 h, pH 5.5E

H4(Me-3,2-HOPO-OH)[161] O8 41.7 99 RT, 30–60min, pH 5.5 Epratuzumab;[163]

PSMA;[164]

trastuzumab;[165]

Siderocalin[166]

H8(3,4,3-Li(CAM)) O8 47.7

H8(terephthalamide)[162] O8 Distorted dodecahedron 53.7

Cyclen-based

H4DOTA
[167] N4O4 Twisted capped square anti-

prism

12 h, 378C, pH 5 APOMAB[168];

trastuzumab[165]

AStability after 48 h at room temperature.
BTo achieve.95% radiolabelling efficiency unless otherwise specified. Concentrations cannot be calculated owing to the mixture of antibody and chelator

from the method of conjugation and unknown volume of the reaction mixture.
CTo achieve 65% radiolabelling efficiency.
DTo achieve 87% radiolabelling efficiency.
ETo achieve 83% radiolabelling efficiency.

100 %

10 %

100 %

5 %

100 %

5 %

(a) (b) (c)

Fig. 17. PET/CT scans of a mouse bearing a PSMA-positive PC-3 PIP tumour xenograft (right shoulder) and

PSMA-negative PC-3 flu (left shoulder) tumour xenografts: (a) PET/CT scan obtained 30min after injection of

[149Tb][Tb(PSMA-617)]; (b) PET/CT scan obtained 2 h after injection of [149Tb][Tb(PSMA-617)]; (c) PET/CT scan

obtained 4 h after injection of [149Tb][Tb(PSMA-617)]. PC-3 PIP, PSMA-positive tumour; PC-3 flu tumour, PSMA-

negative tumour, Ki, kidneys; Bl, urinary bladder. Image reproduced from C. A. Umbricht et al.[147] Licenced under

CC BY 4.0.
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molecule (Fig. 19).[167] The synthesis of [Th(DOTA)(dmso)]
was found to only proceed in water-free environments. The

resulting complex was a capped square antiprism, with an
average torsion angle of 388 between the N4 and O4 planes. The
Th4þ metal centre is significantly closer to the O4 plane

(0.542 Å) than the N4 plane (1.770 Å). The solid-state structure
is a racemic mixture of the D(d,d,d,d) and L(l,l,l,l)
enantiomers.

The [Th(DOTA)] formation constant has not been deter-
mined. A competition experiment between a Th-Arsenazo III

complex and DOTA4– to determine the formation kinetics did
not proceed at room temperature for more than 2 months, but

proceeded if heated to 1008C.[162] The slow formation kinetics
were confirmed when radiolabelling of a p-SCN-Bn-DOTA4–

mAb construct with 227Th required incubation overnight at 378C
in pH 5 buffered aqueous solution to give 99% radiolabelling
efficiency.[168] The concentration of the conjugate was
unknown owing to the variable chelator-to-bioconjugate ratio.

An octadentate chelator consisting of a combination of
macrocyclic and acyclic terephthalamide groups forms an
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Fig. 19. The (a) top, and (b) side view of the X-ray crystallographic structure of [Th(DOTA)(dmso)]. Ellipsoids shown at 50% probability.

Carbon-bonded hydrogens omitted for clarity.
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eight-coordinate 232Th4þ complex with a distorted dodecahe-
dron geometry (Fig. 20).[162] The complex has a very high

formation constant of 1054 and the formation kinetics (t1/2
57 s) are rapid. To date, the 227Th radiolabelling conditions
and stability of the 227/232Th complex under biological condi-

tions have not been reported.
The majority of chelators that have been investigated for use

with 227Th are acyclic chelators with bidentate hydroxypyridi-
none (HOPO) or catecholamide (CAM) groups. These chelators

are generally composed of a polyamine scaffold to which the
oxygen atom donor groups are attached. The octadentate chela-
tor H4(3,4,3-LI(1,2-HOPO)) consists of four 1-hydroxy-2-

pyridinone groups. The Th4þ complex has a formation constant
of 1040.1 and was shown to be kinetically inert to trans-
metallation against DTPA ([Th(DTPA)]– formation constant

1028.7).[161] The optimised structure of [Th(3,4,3-LI(1,2-
HOPO)] was calculated using DFT with the eight Th4þ–O
distances consistent with the experimentally determined dis-

tances of [Th(1,2-HOPO)4].
[169,170] A chelator with the same

polyamine scaffold but featuring four N-methyl-3-hydroxypyr-
idine-2-one functional groups demonstrated good radiolabelling
capability, achieving 70% radiolabelling efficiency over 10min

at pH 5.5, which increased to 83% after 2.5 h.[160] The resulting
complex was stable in phosphate-buffered saline (PBS) at
ambient temperature, 95% remaining intact after 6 days, and

73% after 14 days.
The octadentate bifunctional chelator H4(Me-3,2-HOPO-

OH) consists of four N-methyl-3-hydroxypyridine-2-one func-

tional groups and a carboxylic acid for bioconjugation.[163] The
[Th(Me-3,2-HOPO-OH)] complex has a formation constant of
1041.7 and displays charge-dependent selectivity for 227Th4þ

over other actinoids and biologically relevant metals of other

oxidation states. Radiolabelling of H4(Me-3,2-HOPO-OH) with
227Th proceeds over 30–60min at RT. These mild conditions
allow bifunctional derivatives to be prepared with both antibody

and small peptide bioconjugates.[161,164,171,172] The kinetic
stability of Th4þ complexes can be indirectly determined by
monitoring uptake in bone owing to the knownbiodistribution of

free Th4þ.[158] The biodistribution of [Th(Me-3,2-HOPO-OH)]
in female C57B16 mice indicated minimal uptake in the bone
(0.33% ID g�1 in the femur after 4 h), with the majority clearing

through the kidneys and intestines (48% ID g�1 in the large
intestine after 4 h).[164] Bioconjugates of [227Th][Th(Me-3,2-
HOPO-OH)] have shown promise in the treatment of a variety of

cancers in mouse models, including in the commencement of a
Phase I clinical trial with PSMA (NCT03724747).[164,171–173]

The H8(3,4,3-LI(CAM)) chelator features four CAM func-
tional groups.[166] The 232Th4þ complex has a formation con-
stant of 1047.7. The kinetic inertness and radiolabelling with
227Th have not been reported.

The acyclic picolinate chelators H4octapa and H4py4pa have
been investigated for use with Th4þ.[160] The radiolabelling
kinetics of H4octapa with

227Th were rapid, giving a radiolabel-

ling efficiency of 65% after 10min at pH 5.5, which did not
increase after 2.5 h. Radiolabelling of H4py4pa is slower under
the same conditions, with 45% radiolabelling efficiency after 10

min; however, this increased to 87%after 2.5 h. Both complexes
showed good inertness to PBS after 14 days at ambient temper-
ature; however, stability under biologically relevant conditions

has not yet been determined.
The high thermodynamic stability and kinetic inertness of

thorium coordination complexes show significant promise for

use in a-therapy. However, development of thorium-based
radiopharmaceuticals requires a better understanding of the
radiochemistry (e.g. optimised radiolabelling conditions) of
227Th as well as the in vivo stability of new complexes.

Radium
223Ra (Ea 5.7 MeV) and 224Ra (5.7 MeV) decay through the
emission of four a-particles to the stable isotopes lead-207
(207Pb) and lead-208 (208Pb), respectively. Both isotopes have

applications in a-therapy, and 223Ra also has a g-ray emission
that could be used in SPECT imaging, allowing the use of 223Ra
as a theranostic.[153] Ra2þ acts similarly to Ca2þ in vivo,

selectively absorbed by bone and areas of high metabolic
activity such as cancerous tissue.[174] Ra2þ is cleared from the
body through the intestinal tract, and the fast rate of clearance

paired with the slow decay rate of the radionuclides reduces the
non-specific dose to the patient.

Radium-223/224 Production
223Ra is readily available due to pre-existing infrastructure in
place for the use of [223Ra][RaCl2] in clinical settings.[1] The
parent isotope, 227Ac, is produced by neutron irradiation of

naturally occurring radium-226 (226Ra). The availability of
224Ra is lower, as it is sourced from the 232Th decay chain found
within stores of nuclear waste.
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Radium Chemistry

Radium is always found in the þ2 oxidation state and has an
ionic radius of 1.48 Å (CN 8).[12] Ra2þ exhibits highly basic
character and therefore, like other alkaline earth metal cations,

only forms weak coordination complexes.[175] As a result, most
radium compounds are simple ionic salts.[176] The radioactivity
and toxicity of Ra2þ have limited studies of the chemical

properties of the metal ion. To assist with these investigations,
Ba2þ is often used as a non-radioactive congener. The aqueous
chemistry of Ra2þ is defined by interactions with ions com-

monly found in higher concentrations, such as Ba2þ, co-
precipitating as Ba(Ra)SO4. However, Ra

2þ forms the hydrox-
ide Ra(OH)2 in aqueous solutions where co-precipitating ions

are not present.[177]

Radium Chelators for Radiopharmaceuticals

The formation of weak coordination complexes with conven-

tional chelators prompted an investigation of palladium-based
polyoxometalates (POMs) for 223/224Ra, which showed simul-
taneous encapsulation and surface-bound incorporation of
224Ra.[181] The polyoxopalladates were able to be radiolabelled
with 223Ra and the daughter isotopes in a one-pot preparation
(808C, 90min) and remained 87.5% intact after incubation in

aqueous media for 96 h. The radiolabelled polyoxopalladates
showed a high affinity to serum proteins, and in vivo stability
experiments are still required to determine their viability for

radiopharmaceutical applications.
Only a few select chelators have been investigated for use

with Ra2þ radiopharmaceuticals (Table 6). Crown ethers are
known to be useful candidates for chelating alkaline earth

metal cations. Combination crown ethers and calixarenes
are scaffolds that have been investigated for both 131Ba2þ and
223/224Ra2þ.[182–184] The formation constant of the hydroxy

derivative was determined to be 104.6 with Ba2þ. Radiolabelling
of the chelators with 223Ra has yet to be studied, and the
solubility of these complexes in aqueousmedia remains a barrier

for therapeutic applications.
H2macropa forms an11-coordinate complexwithBa2þ through

the N4O6 donor atoms of the ligand and oxygen from a solvent
molecule (Fig. 21).[178] The solid-state structure is a racemic

mixture of the D(d,l,d)(d,l,d) and L(l,d,l)(l,d,l) enantiomers.
Radiolabelling with 131Ba (t1/2 11.5 days, g 123.8 keV, 30%)

proceeded over 1 h at RT and pH 6 at concentrations above 10�4

M to achieve radiolabelling efficiency .95%.[179] Radiolabel-
ling of H2macropa with 223Ra2þ proceeded in 5min at ambient
temperature and physiological pH (7.4), giving.80% radiola-

belling efficiency at concentrations.10�5 M.[180,185] The high
purity of [223Ra][Ra(Hmacropa)]þ eliminates the need for
further purification before in vivo administration. The [223Ra]

[Ra(Hmacropa)]þ complex was stable in buffer and human
serum at 378C, with 90% remaining intact over 12 days.[180]

Biodistribution of [223Ra][Ra(Hmacropa)]þ indicated decreased

bone uptake (1.6% ID g�1 after 24 h) in vivo in a healthy rodent

model when compared with [223Ra][RaCl2] (22% ID g�1 after
24 h), demonstrating the absence of free 223Ra in circulation.[180]

The similarity between the biodistributions of the H2macropa
223Ra and 131Ba complexes supports the use of 131Ba as a
matched pair imaging agent for 223Ra a-therapy applications.
H2macropa functionalised with b-alanine and the PSMA bind-
ing small molecule (((S)-5-tert-butoxy-4-(3-((S)-1,5-di-tert-

butoxy-1,5-dioxopentan-2-yl)ureido)-5-oxopentanoic acid)
(DUPA)) were radiolabelled with 223Ra under the same condi-
tions as H2macropa with radiolabelling efficiency .90%.[180]

The radiolabelled conjugates [223Ra][Ra(macropa-b-alanine)]
and [223Ra][Ra(macropa–DUPA)] remained .90% and 75%
intact after 12 days in human serum at 378C, respectively.
[223Ra][Ra(macropa-b-alanine)] showed a similar biodistribu-
tion pattern in mice to [223Ra][Ra(Hmacropa)]þ with low bone
uptake after 24 h (2.7% ID g�1). Unexpectedly, [223Ra][Ra-
(macropa–DUPA)] exhibited no difference in biodistribution

in mice compared with [223Ra][RaCl2], indicating that the
construct was unstable in vivo and highlighting the significant
impact that targeting vectors can have on the chemical properties

and biodistribution.
The widespread availability of 223Ra and well-understood

biodistribution in vivo makes it an appealing isotope for use in

a-therapy. Indeed, it remains the only clinically approved
a-emitting radiometal. New insights into the coordination
chemistry of Ra2þ are removing the barriers in the development

of 223Ra radiopharmaceuticals.

Recoil Nuclides and Nanoparticles

One of the problems that remains to be solved with chelators for
use in a-therapy is the potential for uncontrolled redistribution
of recoil daughter nuclides (and their potential a- or b-emitting

progeny) leading to irradiation of healthy tissue.[2] The recoil
energy released on a-decay (,100–200 keV) is at least 10 times
higher than that required to break the coordination bonds

Table 6. Properties of chelators investigated for use in 223/224Ra radiopharmaceuticals

Chelator Donor sphere Coordination geometry log K Human serum stability [%]B Radiolabelling conditions Bioconjugate

18-Crown-6-based

H2macropa[178,179] N4O6 Irregular tridecahedronA 10.74A 90 RT, 5min, pH 7.4, 10�5 M b-Alanine;[180] DUPA[180]

ADetermined with Ba2þ.
BAfter 12 days in human serum.
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Fig. 21. The (a) top, and (b) side view of the X-ray crystallographic
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(,10 eV) within the complex and can cause both loss of the
radiometal and significant radiochemical degradation to the

conjugated biomolecule due to the formation of radi-
cals.[108,186,187] Once the daughter nuclides are released, re-
complexation is unlikely because of competing factors within

the biological milieu such as competing ligands and ions and the
ultra-trace amounts of the chelator.[188] The recoil release is of
greater importance for nuclides such as 225Ac, 223Ra, 224Ra, and
227Th that produce multiple a-emitting daughter radio-

nuclides.[9] One possible concept for handling daughter isotopes
is the use of encapsulating nanoparticles that allow for further
surface chemistry for targeting (Table 7).[176]

Several studies have focussed on the immobilisation of
223/224Ra onto the surface of nanoparticles or incorporation into
the crystalline structure as a way of delivering radiation to a target

in vivo. The natural co-precipitation of 224Ra2þ with BaSO4 has
been used as a template for incorporating 224Ra2þ into a crystalline
BaSO4 nanoparticle structure.[191,192] The BaSO4 nanoparticles

achieved 30–40% radiolabelling efficiency with 224Ra.[191] The
radiolabelled construct remained intact after treatment with
ultrasound and incubation in deionised water for 7 days.

Hydroxyapatite (HAP) nanoparticles have been radiolabelled

both through attachment of 223Ra to the surface of the nanoparti-
cle and incorporation into the structure.[193] Radiolabelling
yields .90% were achieved at pH .7, which was attributed

to the increased stability of surface interactions with 223Ra.
Encouragingly, only a very small proportion of leaching of
either 223Ra or the daughter radionuclide 221Bi and 211Pb was

observed.[174] This was thought to be a result of the resorption of
liberated radionuclides back into the nanoparticle structure,
which is a potential advantage over more conventional chelator

constructs.[194]

Amethodwas recently developed using sodium nanozeolites
whereby bioconjugation to a PSMA-targeting motif was dem-
onstrated with a 223Ra labelled nanoparticle.[190] The sodium

nanozeolites were radiolabelled with 223Ra by displacement of
sodium, resulting in a 99.8% radiolabelling efficiency. The
surface was modified to add a silane-PEG modified linker and

conjugated the anti-PSMA antibody D2B as a targeting moiety.
The radiolabelled construct was stable, with more than 95 %
remaining intact in human serum after 13 days.

Barium ferrite nanoparticles were radiolabelled with 223Ra
using ionic displacement of Ba2þ cations and demonstrated a
radiolabelling efficiency of 61%� 1.8%.[175] The radiola-
belled nanoparticles were conjugated to trastuzumab and dem-

onstrated affinity, internalisation, and high cytotoxicity towards
human ovarian adenocarcinoma SKOV-3 cells overexpressing
HER2 receptor. The construct almost quantitatively retained
223Ra, 211Bi, and 211Pb, indicating potential for this method as
means to control the biodistribution of 223Ra and the daughter
nuclides in vivo.

Although the use of nanoparticles with 225Ac is fairly new,

gold, silica, and iron oxide particles have all been recently
radiolabelled with 225Ac and demonstrated a cytotoxic response
in vivo.[195–197] The iron oxide particles demonstrated the

capacity to retain 90% of the daughter nuclides 221Fr and
213Bi in saline solution but this decreased to 70% in human
serum after 10 days. Intravenous administration of the radio-
bioconjugate in tumour-bearing mice demonstrated one of the

shortcomings of nanoparticles, namely the large size causing
rapid blood clearance, high accumulation of radiation in the
liver, lungs, and spleen and very low tumour accumulation.[197]

Conclusions

Synthetic coordination chemistry is playing a prominent role in
the development of new radiopharmaceuticals that aim to realise
the potential of the medically useful a-emitting radiometals. For
most of these radiometals, the most frequently used chelator has

been H4DOTA, which has resulted in these complexes having
fairly well understood coordination chemistry and radiochem-
istry. Such indiscriminate use ofH4DOTA, however, ignores the

varied fundamental characteristics of metal ions such as charge
and ionic radius and the distinct preferences each has for
geometry, CN, and donor atoms.

The development of new chelators using macrocycles based
on cyclen, crown ethers, bispidine, and [2.2.2]-cryptand is
addressing many of the issues associated with H4DOTA such

as slow radiolabelling kinetics. In addition, new multidentate
acyclic chelators are proving as kinetically inert as the macro-
cyclic counterparts. Many of these chelators have progressed to
being bifunctionalised to generate radiopharmaceuticals with

tumour-targeting functionality and are being evaluated in vivo.
The in vivo toxicity related to the a-emitting radionuclides as

well as released recoil progeny are a difficult challenge, with

kidneys often the dose-limiting organs. In addition to the use of
nanoparticles, rapid internalisation and retention in tumours
could be a strategic method to prevent recoil products causing

considerable toxicity to healthy tissues. Possessing chelators
with a range of different properties is beneficial to be able to
manipulate the biodistribution, tumour uptake, and retention of
radiopharmaceuticals.

The progression of radiopharmaceuticals for TAT from
research to the clinic is a challenging proposition. Important
issues include the availability of radionuclides as well as the

infrastructure to produce and handle radionuclides in a safe and
economically viable manner. Success will depend on providing
solutions to the availability and handling issues problems as

much as practical and elegant coordination chemistry is provid-
ing solutions to the problems of radiolabelling efficiency,
stability, selectivity, and toxicity.
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Table 7. Properties of nanoparticles investigated for use in a-emitting

radiopharmaceuticals

Nanoparticle Human serum

stability [%]

Bioconjugate

Nanozeolites 96–99 Substance P[189]

PSMA[190]

Ferrite 97 Trastuzumab[175]

BaSO4 90–95 Alendronate[191,192]
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Dalton Trans. 1999, 3585. doi:10.1039/A905460J
[38] S. Aime, M. Botta, M. Fasano, M. P. M. Marques, C. F. G. C.

Geraldes, D. Pubanz, A. E. Merbach, Inorg. Chem. 1997, 36, 2059.
doi:10.1021/IC961364O

[39] V. R. Solomon, E. Alizadeh, W. Bernhard, S. V. Hartimath, W. Hill,

R. Chekol, K. M. Barreto, C. R. Geyer, H. Fonge,Mol. Pharm. 2019,

16, 4807. doi:10.1021/ACS.MOLPHARMACEUT.9B00542
[40] K. A. Deal, I. A. Davis, S. Mirzadeh, S. J. Kennel, M. W. Brechbiel,

J. Med. Chem. 1999, 42, 2988. doi:10.1021/JM990141F
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[109] M. Pruszyński, R. Walczak, M. Rodak, F. Bruchertseifer,

A. Morgenstern, A. Bilewicz, Appl. Radiat. Isot. 2021, 172, 109655.

doi:10.1016/J.APRADISO.2021.109655

[110] B. L. McNeil, A. K. H. Robertson, W. Fu, H. Yang, C. Hoehr, C. F.

Ramogida, P. Schaffer, EJNMMI Radiopharm. Chem. 2021, 6, 6.
doi:10.1186/S41181-021-00121-4

[111] D.Mathe, K. Szigeti, N. Hegedus, I. Horvath, D. S. Veres, B. Kovacs,

Z. Szucs,Appl. Radiat. Isot. 2016, 114, 1. doi:10.1016/J.APRADISO.
2016.04.015

[112] C. F. Baes, R. E. Mesmer, The Hydrolysis of Cations 1976 (Wiley:

New York, NY).

[113] J. Parr, Polyhedron 1997, 16, 551. doi:10.1016/0277-
5387(96)00243-4

[114] A. Ingham, T. I. Kostelnik, B. L. McNeil, B. O. Patrick, N.

Choudhary, M. G. Jaraquemada-Peláez, C. Orvig, Dalton Trans.
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[150] P. Vojtı́šek, P. Cı́gler, J. Kotek, J. Rudovský, P. Hermann, I. Lukeš,
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