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CONSPECTUS

Nuclear medicine leverages radioisotopes of a wide range of elements, a significant portion of 

which are metals, for the diagnosis and treatment of disease. To optimally use the radioisotopes 

of the metal ions, or radiometals, for these applications, a chelator that efficiently forms 

thermodynamically and kinetically stable complexes with them is required. The chelator also 

serves a role of attaching to a biological targeting vector that locates pathological tissues. 

Numerous chelators suitable for small radiometals have been established to date, but chelators 

that work well for large radiometals are significantly less common. In this Account, we describe 

recent progress by us and others in the advancement of ligands for large radiometals chelation with 

arising applications in nuclear medicine.

First, we discuss and analyze the coordination chemistry of the chelator macropa, a macrocyclic 

ligand that contains the 18-crown-6 backbone and two picolinate pendent arms, with large metal 

ions in the context of nuclear medicine. This ligand is known for its unusual reverse size 

selectivity, or preference for binding large over small metal ions. The radiolabeling properties 

of macropa with the large radiometals 225Ac3+, 132/135La3+, 131Ba2+, 223Ra2+, 213Bi3+, and the 

related in vivo investigations are described. The development of macropa derivatives containing 

different pendent donors or rigidifying groups in the macrocyclic core is also briefly reviewed.

Next, efforts towards transforming macropa into a radiopharmaceutical agent via covalent 

conjugation to biological targeting vectors are summarized. In this discussion, two different 

types of bifunctional analogues of macropa reported in the literature, macropa-NCS and 

mcp-click, are presented. Their implementation in different radiopharmaceutical agents is 

discussed. Bioconjugates containing macropa attached to small-molecule targeting vectors or 

macromolecular antibodies are presented. The in vitro and in vivo evaluation of these constructs is 

also discussed.

Lastly, chelators with a dual size selectivity are described. This class of ligands exhibits good 

affinities to both the large and small metal ions. This property is valuable for nuclear medicine 

applications that require the simultaneous chelation of both large and small radiometals with 

complementary therapeutic and diagnostic properties. Recently, we reported an 18-membered 
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macrocyclic ligand called macrodipa that attains this selectivity pattern. This chelator, its second 

generation analogue py-macrodipa, and their applications for chelating the medicinally relevant 

large 135La3+, 225Ac3+, 213Bi3+ and small 44Sc3+ ions are also presented. Studies with these 

radiometals show that py-macrodipa can effectively radiolabel and stably retain both small and 

large radiometals. Overall, this Account makes the case for innovative ligand design approaches to 

employ novel arising radiometal ions with unusual coordination chemistry properties.

Graphical Abstract

1. Introduction

Nuclear medicine is an important branch of radiology that uses ionizing radiation to 

treat and diagnose diseases. An area of this field that has attracted significant attention 

within the last two decades is the implementation of internally administered radionuclides 

in the form of radiopharmaceutical agents.5–8 Radionuclides that undergo radioactive 

decay via positron emission, electron capture, or internal conversion, are leveraged for 

diagnostic applications within positron emission tomography (PET) and single-photon 

emission computed tomography (SPECT). By contrast, radionuclides that emit α particles, 

β− particles, or Auger electrons, are used for therapy. Elements with radioisotopes suitable 

for nuclear medicine span nearly the entire periodic table.9–12 In recent years, the diagnostic 

and therapeutic potential of large radiometals that reside at the bottom of the periodic table 

(the fifth period and below), have been recognized. There have been significant efforts to 

harness them for these applications, as summarized in Table 1.

To transform radiometals into useful therapeutic or diagnostic agents, a chelator is usually 

required. The chelator serves a critical role in preventing toxicity from the free ions by 

forming stable metal complexes. These chelators also need to be linked to biological 

targeting vectors, which selectively target pathological cells. For nuclear medicine, an ideal 

chelator should address two major challenges. First, it should rapidly incorporate the desired 

radiometal under mild conditions. Radioactive decay of the radiometal occurs continuously 

during the radiolabeling process, thereby leading to diminished radiochemical yields if 

this process is slow. Furthermore, some biological targeting vectors, like antibodies, are 

only stable near physiological pH and below 37 °C, thus necessitating these conditions for 

radiolabeling. The second criterion is that they form complexes of sufficient thermodynamic 
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and kinetic stability to prevent in vivo radiometal release.23 Although the kinetic stability is 

challenging to directly quantify, the thermodynamic stability of a metal–ligand coordination 

complex is readily measured by its stability constant, KML. This constant provides a useful 

quantitative metric for chelator design efforts.24 The KML is defined in eq 1, where [M], [L], 

and [ML] represent the concentrations of the free metal ions, fully deprotonated ligand, and 

metal–ligand complex at chemical equilibrium. This constant is pH-independent.

KML = ML / M L (1)

However, the inherent competition between metal binding and protonation of a ligand must 

be considered in assessing thermodynamic stability. Thus, the ligand basicity, which will 

affect the conditional stability constant at physiological pH, is another factor that should be 

considered in these design efforts. For simplicity, our discussions will focus primarily on 

KML values, as a sufficient comparator for trends in metal ion selectivity patterns.

To date, nearly all chelators used in clinically approved metal-based radiopharmaceutical 

agents are derivatives of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA, 

Chart 1)25 and diethylenetriaminepentaacetic acid (DTPA, Chart 1). Despite the success of 

these ligands with smaller ions, like Lu3+ and In3+, they are significantly less effective for 

the medicinally valuable large radiometals collected in Table 1. Even though vast research 

efforts have been devoted to chelator development for nuclear medicine,11,12,23,26 the 

majority of these candidates are unsuitable for large radiometals. The scarcity of chelators 

for large metal ions highlights the inherent challenges associated with their coordination 

chemistry. Specifically, the smaller charge densities of large ions weaken their electrostatic 

interactions with ligands, and their large sizes require unusual ligands that provide a large 

coordination cavity and multiple donor atoms. Given the great diagnostic and therapeutic 

potential of these large radiometals, novel chelation strategies are necessary to effectively 

harness them.

2. Chelating Large Metal Ions with Macropa

Towards identifying and designing effective chelators for large metal ions, researchers often 

investigate their coordination chemistry with the rare-earth ions (Ln3+, Figure 1). All 17 

Ln3+ ions have similar chemical properties with respect to their oxidation states and ligand 

donor atom preferences. The only distinguishing feature is their ionic radii, which range 

from 103.2 pm for La3+ to 74.5 pm for Sc3+.27,28 Thus, this class of elements provides 

a straightforward means of understanding the size-selectivity of a chelator. Furthermore, 

a number of Ln3+ ions have valuable medicinal applications.29 In addition to the rare-

earth radionuclides listed in Table 1, 149/152/155/161Tb3+, 86/90Y3+, 177Lu3+, and 44/47Sc3+ 

are also relevant to nuclear medicine.12 Eu3+ and Tb3+ complexes can be employed as 

photoluminescent probes,30 and Gd3+ is clinically used in magnetic resonance imaging 

contrast agents.31

Analysis of the KML values of most chelators for their Ln3+ complexes reveals the general 

trend of a higher affinity for the heavier, smaller Ln3+, which is most likely a consequence 

of their higher charge density that leads to more pronounced metal–ligand electrostatic 
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interactions.32 This trend is observed for an overwhelming majority of chelators, including 

the extensively used DOTA, DTPA, and ethylenediaminetetraacetic acid (EDTA) (Figure 

2a). Chelators with a “reverse size selectivity”, which display a higher affinity for large 

Ln3+, are rare.

Because of recent interest in the large radiometals for nuclear medicine applications, there 

has been a draw to find chelators that exhibit the reverse size selectivity. Early studies 

identified chelators based on the 4,13-diaza-18-crown-6 macrocyclic core to possess a 

preference for large Ln3+. For instance, odda (Chart 2, Figure 2b) shows a greater affinity 

for large Ln3+ ions, albeit with a modest selectivity across the series (log KCeL – log KLuL 

= 1.4).37 Its analogue oddm also prefers large Ln3+, but with a greater selectivity (log KCeL 

– log KLuL = 5.4).40 These studies indicated that the 4,13-diaza-18-crown-6 macrocycle 

potentially confers this unusual selectivity.

In 2009, the chelator macropa or bp18c6, a derivative of the 4,13-diaza-18-crown-6 

macrocycle with two pendent picolinate arms, was also shown to be reverse-size-selective 

(Figure 2b), with an unprecedented ability to discriminate the large and small Ln3+ (log 

KCeL – log KLuL = 6.9).38 Its large Ln3+ complexes exhibit both excellent thermodynamic 

and kinetic stability. The La3+–macropa complex has a log KLaL = 14.9938 and is kinetically 

stable for three weeks in the presence of 1000-equivalents of DTPA at pH 7.4.1 Crystal 

structures of the La3+ and Lu3+ macropa complexes (Figure 3a,b) provide insight on 

the reverse size selectivity of this ligand. Even though both complexes attain a distorted 

C2 symmetry, notable disparities in the interatomic distances are found within these two 

structures. For example, La–N1 and La–N2 distances are 0.04 Å from each other, whereas 

the Lu–N1 and Lu–N2 distances differ by 0.10 Å, indicating a greater degree of asymmetry 

for the latter. Furthermore, the 18-crown-6 scaffold in the Lu3+ complex is significantly 

more puckered than in the La3+ complex, signifying a higher ligand strain for the former, 

as also supported by computational studies.41 These observations indicate that the 4,13-

diaza-18-crown-6 macrocyclic backbone is optimally suited for interacting with large ions, 

like La3+. Other computational studies on macropa metal-binding properties also provided 

insight on its selectivity by noting a subtle balance between the metal–ligand binding energy 

and Ln3+ hydration energy.42 Moreover, the reverse size selectivity of macropa extends to 

other classes of metal ions, such as the alkaline-earths, where the KML trend follows KBaL > 

KSrL > KCaL.43,44

The pronounced reverse size selectivity of macropa prompted us to explore its ability to 

chelate large radiometals for nuclear medicine applications. Our particular interest when we 

initiated this project five years ago was the therapeutic α-emitting 225Ac3+.16 Its conjugation 

to appropriate biological targeting vectors required the use of DOTA, necessitating either 

a two-step radiolabeling process46 or a long incubation, due to the slow binding kinetics 

of this ligand.47 Given the high affinity of macropa for La3+ and the chemical similarity 

of La3+ and Ac3+,48 we reasoned that macropa would be an effective chelator for this 

promising therapeutic radiometal. In line with this expectation, we discovered that macropa 

quantitatively complexed 225Ac3+ within 5 min at RT and pH 5.5–6 at sub-μM ligand 

concentration, surpassing the high-temperature conditions required for DOTA. To evaluate 

the in vivo stability of the [225Ac][Ac(macropa)]+ complex, we performed biodistribution 
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studies in C57BL/6 mice, using [225Ac]Ac(NO3)3 as the control. The biodistribution profile 

of [225Ac]Ac(NO3)3 shows a slow blood clearance with accumulation occurring in the 

liver and spleen (Figure 4a). By contrast, [225Ac][Ac(macropa)]+ was rapidly excreted from 

the mice, giving negligible residual activity in these organs (Figure 4b). This distinction 

indicates that [225Ac][Ac(macropa)]+ does not release free 225Ac3+ in vivo.1 Thus, the 

rapid radiolabeling kinetics and excellent in vivo stability revealed macropa to be a highly 

promising chelator for 225Ac3+ therapy.

We next investigated macropa for medicinally relevant radioisotopes of La3+. In particular, 

the pair 132/135La3+ can be used for PET imaging and Auger electron therapy, 

respectively.15,49 Like Ac3+, the large ionic radius of La3+ makes conventional chelators 

like DOTA and DTPA poorly effective. In our radiolabeling studies, we found that macropa 

complexed 132/135La3+ with a high apparent molar activity (4.34 Ci·μmol−1) at RT and pH 

5.5 within 30 min. By contrast, even with an elevated temperature (80 °C), DOTA reached a 

molar activity of only 0.67 Ci·μmol−1.50

223Ra2+, another promising large therapeutic radiometal, is currently the only α-particle 

emitter approved for clinical use in the form of unchelated [223Ra]RaCl2, applied for 

the management of bone metastases in castration-resistant prostate cancer patients.51 As 

the largest divalent cation in the periodic table (8-coordinate ionic radius 148 pm),28 the 

identification of suitable chelators for 223Ra2+ has been significantly hindered. In this 

context, we established that macropa shows a high affinity for Ba2+, the lighter congener of 

Ra2+, forming a complex of analogous geometry as that of La3+ (Figure 3c). Macropa is thus 

a potent barite scale dissolution agent, a problem of significance in the petroleum industry.44 

Furthermore, macropa was recently evaluated for chelation of the diagnostic 131Ba2+ by 

others. Within an hour, macropa quantitatively radiolabeled 131Ba2+ at RT and pH 6 at a 

ligand concentration of 10−4 M. The resulting radiometal complex did not dissociate within 

3 d after being incubated in human serum at 37 °C.52

Thus, we sought to explore macropa as a potential candidate for 223Ra2+ complexation. 

Consistent with its Ba2+-binding properties, macropa formed the [223Ra][Ra(macropa)] 

complex quantitatively within 5 min at RT and pH 6, and the ligand concentration 

required for 50% radiolabeling efficiency was determined to be 13 mM. Importantly, [223Ra]

[Ra(macropa)] remained ~90% intact in human serum at 37 °C after 12 d.3 In vivo mouse 

studies comparing [223Ra][Ra(macropa)] and [223Ra]RaCl2 revealed distinct biodistribution 

properties. Consistent with the bone-seeking property of Ra2+,53 [223Ra]RaCl2 accumulated 

in bone (Figure 5a),whereas the bone uptake of 223Ra2+ was markedly reduced within mice 

injected with [223Ra][Ra(macropa)] (Figure 5b). The intestine and spleen uptake were also 

significantly decreased. These substantial differences suggest that [223Ra][Ra(macropa)] 

remains intact in vivo.3

As the most recent example, we investigated the coordination chemistry of macropa with 

Bi3+ and its suitability for the therapeutic α-emitting 213Bi3+. Unlike the s- and f-block 

metal ions discussed above, Bi3+ usually forms coordination complexes with anisotropic 

coordination spheres, due to the stereochemical activity of the 6s2 lone pair.54,55 The crystal 

structure of [Bi(macropa)]+ is notably different than those of the La3+, Lu3+, and Ba2+ 
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complexes (Figure 3). The Bi3+ center sits asymmetrically within the coordination sphere, 

and the macrocyclic donor atoms do not fully engage with Bi3+, a consequence of the 

Bi3+ 6s2 stereochemical activity. In the radiolabeling studies, macropa efficiently complexed 
213Bi within 8 min at RT and pH 5.5–6 at a ligand concentration of ≥10−6 M.45 Collectively, 

macropa has proven to be an effective chelator for large radiometals including several 

promising α-emitting radionuclides.

On account of the efficacy of macropa, we and others have been investigating analogues 

of this ligand. Macropa was altered by either varying the pendent donors (macropaquin, 

macroquin-SO3, macrophospho, macrophosphi, Chart 3)39,44,45,56 or modifying the 

macrocyclic backbone (CHX-macropa, BZ-macropa, Chart 3).41,57 Notably, macroquin-SO3 

forms a highly kinetically stable complex with Bi3+, suggesting its promise for 213Bi3+ 

chelation.45 Moreover, macrophosphi retains its reverse size selectivity, but differs from 

macropa in its pronounced ability to discriminate light Ln3+ ions (Figure 2b). This property 

was leveraged for an effective liquid-liquid extraction separation between the adjacent early 

Ln3+ ions, La3+ and Ce3+.39

3. Development of Macropa-Based Bifunctional Chelators and 

Bioconjugates for Radiopharmaceutical Applications

As highlighted above, macropa is an effective chelator for large radiometals with relevance 

to nuclear medicine. For actual radiopharmaceutical applications, however, they need to 

be conjugated to biological targeting vectors, like peptides, antibodies, polysaccharides, 

and lipids, which selectively target pathological locations. For this purpose, bifunctional 

chelators, which contain both the metal-binding component and a reactive functional group, 

are needed. This reactive group can form covalent bonds with biomolecules, giving rise to a 

bioconjugate (Figure 6) that can be directly used in radiopharmaceutical contexts.5,58

To take advantage of the effective radiometal-binding properties of macropa, a bifunctional 

analogue, macropa-NCS (Chart 4a), was prepared via an 8-step organic synthesis.1 The 

isothiocyanate group (–NCS), which reacts with a primary amine to form a thiourea 

linkage,59 was introduced. Macropa-NCS was then successfully conjugated to a small 

molecule, giving a bioconjugate RPS-070 (Chart 4b). It contains a “Lys–urea–Glu” moiety, 

which targets the prostate-specific membrane antigen (PSMA) that is overexpressed in 

prostate cancer.60 In addition, a serum-albumin-binding iodophenyl group was also included 

to prolong in vivo circulation.61 Like free macropa, RPS-070 rapidly incorporated 225Ac3+ 

within 20 min at RT and pH 5–5.5, demonstrating that the newly-introduced biomolecule 

does not negatively affect the coordination properties of this ligand. Furthermore, the 

radiometal complex 225Ac–RPS-070 shows significant uptake in the tumors of mice bearing 

LNCaP (PSMA+ prostate cancer) xenografts with no other apparent off-target accumulation. 

However, 225Ac–RPS-070 exhibited fast renal clearance as marked by a significant loss the 

radioactivity within 4 h.1

To extend the in vivo circulation of RPS-070, an analogue of this compound, RPS-074 

(Chart 4b), was prepared by modifying the length of the PEG-linking units between 

macropa, the PSMA-targeting moiety, and the albumin-binding iodophenyl group. Like 
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macropa and RPS-070, RPS-074 rapidly binds to and forms a stable complex with 225Ac3+. 

In contrast to 225Ac–RPS-070, the circulation of 225Ac–RPS-074 is significantly longer, 

resulting in a larger and more prolonged accumulation in the LNCaP prostate tumor 

xenografts in mice (Figure 7a). Although a clear dose-response was not apparent in these 

studies due to challenges with tumor size heterogeneity, all administered doses at the 

beginning of a 75-day therapy study resulted in significantly retarded tumor growth, and 

an increased survival of mice over the experiment duration compared to the vehicle-treated 

control (Figure 7b).62

Macropa-NCS was also conjugated to the monoclonal antibody, trastuzumab, and the 

resulting antibody-chelator construct was labeled with 225Ac3+.1 In subsequent work by 

others, macropa-NCS was attached to the humanized monoclonal IgG1 antibody GC33,63 

which binds to the protein glypican-3 that is highly expressed in liver cancer.64 Like the 

macropa-trastuzumab conjugate, macropa-GC33 was effective at complexing and retaining 
225Ac, as >95% of it remained intact after being incubated in human serum for 14 d at 37 

°C. 225Ac–macropa-GC33 was further evaluated in mice bearing liver cancer HepG2 tumor 

xenografts. Its biodistribution revealed substantial tumor uptake (12.9 %ID·g−1 at 48 h and 

12.0 %ID·g−1 at 144 h post injection), consistent with the liver-cancer-targeting property 

of GC33. Furthermore, 225Ac–macropa-GC33 was able to prolong the survival of these 

mice compared to the untreated control, providing further support for the use of macropa in 

radiopharmaceutical therapy.63

We also applied macropa-NCS with a smaller PSMA-targeting moiety called DUPA to 

assess this bifunctional chelator for 132/135La3+ and 223Ra2+. This bioconjugate, macropa-

DUPA (Chart 4b), was tested with 132/135La3+, revealing quantitative radiolabeling within 

30 min at RT and pH 5.5. 132/135La–macropa-DUPA was then assessed in mice bearing 

two implanted tumor xenografts, comprising PSMA+ (PC3-PIP) and PSMA− (PC3-flu) 

cells. PET/CT scans on these mice revealed significant uptake of the radiotracer only 

in the PSMA+ xenograft both 1 and 4 h post-injection (Figure 8), and this result was 

further verified by ex vivo biodistribution studies.50 This study signified the first example of 

employing La3+ radioisotopes for radiopharmaceutical imaging.

Subsequently, we evaluated macropa-DUPA with 223Ra2+. Consistent with studies on 

the unfunctionalized macropa, macropa-DUPA efficiently incorporated 223Ra2+, and the 

resulting complex remained >90% intact after 12 d in human serum at 37 °C. However, the 

biodistribution of 223Ra–macropa-DUPA revealed significant bone uptake matching that of 

[223Ra]RaCl2, suggesting that 223Ra–macropa-DUPA is unstable in vivo, in stark contrast to 

the in vivo stability observed for [223Ra2+][Ra(macropa)].3 These observations highlight an 

important but scarcely understood phenomenon; the biological targeting vector can have a 

profound effect on complex stability.

Despite the value of macropa-NCS as a bifunctional chelator, its vulnerability to hydrolysis 

limits its potential. The electron-withdrawing nature of the picolinate makes the –NCS 

functional group significantly more reactive. For example, compared to the bifunctional 

DOTA, p-NCS-Bn-DOTA (Chart 4a), which contains the –NCS group on a phenyl group, 

macropa-NCS undergoes hydrolysis 10-times faster.1 Thus, the development of alternative, 

Hu and Wilson Page 7

Acc Chem Res. Author manuscript; available in PMC 2022 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more bench-stable bifunctional analogues of macropa is desirable. In this context, mcp-M-

click and mcp-D-click (Chart 4c) were recently reported.65 The more stable alkyne groups 

in these ligands can undergo the copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

click reaction.59,66 Leveraging this chemistry, these ligands were successfully conjugated 

to an azide-containing PSMA-targeting peptide, yielding mcp-M-PSMA and mcp-D-PSMA. 

Both bioconjugates retained excellent radiolabeling efficiencies with 225Ac3+. In particular, 
225Ac–mcp-D-PSMA exhibited high binding affinity to PSMA and effectively inhibited 

the growth of LNCaP cells in an in vitro colony formation assay. Lastly, biodistribution 

studies of both bioconjugates in mice bearing LNCaP tumors revealed them to preferentially 

accumulate in the tumors.65

4. Stable Chelation for Both the Large and Small Metal Ions: The 

“Macrodipa-Type” Chelators and Their Dual Size Selectivity

A key limitation of macropa is its ineffectiveness for smaller radiometal ions. This property 

is concerning because most metallic radionuclides currently used in nuclear medicine 

are smaller ions, like the diagnostic radiometals 68Ga3+, 111In3+, and 44Sc3+, which are 

unamenable to macropa chelation.67 In situations where large and small radiometals are 

needed simultaneously, such as for theragnostic purposes, a chelator system that effectively 

binds both types of metal ions would be valuable. In addition, chelating both large and 

small ions with a single ligand is more beneficial than using two distinct structures. Two 

metal complexes arising from the same ligand should have comparable chemical properties 

that manifest in similar in vivo biodistribution and circulation time, which is critical for 

theragnostics.

Towards this goal, we reported a macrocyclic chelator macrodipa (Chart 5) that shows an 

unprecedented “dual size selectivity” for the Ln3+ ions. As shown in Figure 9a, macrodipa 

exhibits better affinities for both the large and small Ln3+.2 Crystallographic analysis of 

its La3+ and Lu3+ complexes (Figure 9b) revealed that macrodipa attains two distinct 

conformations in binding large ions like La3+ and small ions like Lu3+. Upon binding La3+, 

a 10-coordinate, nearly C2-symmetric complex forms, in which all six donor atoms on the 

macrocyclic backbone interact with the metal (Conformation A). By contrast, in the Lu3+ 

structure, three of the oxygen atoms present within the macrocycle do not directly engage 

with the central ion, resulting in an 8-coordinate, asymmetric complex (Conformation B). 

In addition to X-ray crystallography, comprehensive NMR spectroscopic studies verified 

these two distinct conformations in solution. Furthermore, DFT calculations revealed that 

Conformation A is energetically favored for large ions, whereas B is more stable for small 

ions. Thus, the unique dual size selectivity of macrodipa arises from its conformational 

toggle that enables the accommodation of both large and small metal ions.2

Despite this novel selectivity pattern, the Ln3+ complexes of macrodipa are labile, as 

reflected by their instability to transchelation by DTPA.4 This lability precludes the use 

of macrodipa for nuclear medicine, thus prompting us to pursue alternative but related 

ligand design strategies. It has been demonstrated that the installation of pyridyl donors, 

in place of ethereal oxygen donors, augments complex stability. The pyridine-containing 
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pypa, for example, represents an improvement over Oxyaapa (Chart 5).68,69 Following 

this lead, we targeted a macrodipa analogue, py-macrodipa (Chart 5), which replaces 

one of the ethereal oxygen donors with a pyridyl moiety.4 As plotted in Figure 9a, this 

modification led to a significant enhancement of the thermodynamic stability of its Ln3+ 

complexes without compromising its dual-size-selectivity profile. Like for macrodipa, a 

suite of X-ray crystallographic (Figure 10a), NMR spectroscopic, and DFT studies verified 

that py-macrodipa achieves this selectivity pattern by accommodating both large and small 

ions in different Conformations A and B. Importantly, the kinetic stability of the Ln3+ 

complexes of py-macrodipa are also considerably greater than those of macrodipa. This 

enhanced kinetic stability is most likely a consequence of the additional rigidity introduced 

by the planar pyridyl unit, as well as its stronger donor strength.4

Given the enhanced complex stability of py-macrodipa, its potential for nuclear medicine 

was assessed. To capitalize on its dual size selectivity, two radiometals that represent the 

maximum and minimum ionic radii within the Ln3+ series, 135La3+ and 44Sc3+, were 

chosen. 135La3+ is a promising Auger electron emitter valuable for therapeutic purposes, 

whereas 44Sc3+ is diagnostic positron emitter. The significant size difference of these ions 

requires different chelators. For example, Sc3+ is effectively complexed by DOTA, whereas 

the corresponding La3+ complex is significantly less stable. Likewise, macropa is a good 

ligand for La3+, but works poorly for Sc3+. Remarkably, py-macrodipa radiolabeled both 
135La3+ and 44Sc3+, at RT and pH 5.5 within 15 min, with high apparent molar activities. 

Furthermore, both radiometal complexes were stable in human serum at 37 °C, showing 

no noticeable dissociation over a timescale that matches their physical half-lives (Figure 

10b).4 These results highlight the effectiveness of py-macrodipa for chelating both the 

large and small radiometal ions. The clever design strategies applied for py-macrodipa 

demonstrate the proof-of-principle possibility of developing chelators that can be adopted 

for radionuclides with disparate ionic radii.

Based on the success of py-macrodipa with 135La3+ and 44Sc3+, we next employed this 

system for other non-Ln3+ radiometals, like the large α-emitting radiometals 225Ac3+ and 
213Bi3+. Despite the nearly identical ionic radii of La3+ and Bi3+,28 the Bi3+ complex of py-

macrodipa adopts the asymmetric Conformation B,70 which is normally preferred for small 

ions. This unexpected geometry is possibly a consequence of the stereochemical activity 

of the Bi3+ 6s2 lone pair.54,55 Both 225Ac3+ and 213Bi3+ were efficiently incorporated by 

py-macrodipa at RT and pH 5.5–6, and quantitative radiolabeling was observed for 225Ac3+ 

and 213Bi3+ at ligand concentrations of ≥10−5 and ≥10−7 M, respectively. Even though 

the py-macrodipa complex with Ac3+ is kinetically labile and not optimal for nuclear 

medicine purposes, the Bi3+ complex has a remarkable kinetic stability, surpassing that 

of macropa.70 This study established py-macrodipa as a promising candidate for 213Bi3+ 

chelation, representing an extension of its versatility for a wide range of metal ions.

5. Conclusions and Outlook

Within recent years, the therapeutic and diagnostic properties of radioisotopes of large 

metal ions have been recognized for their potential in nuclear medicine. The coordination 

chemistry of these ions, however, is less developed than those of other more commonly 
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used radionuclides, thus necessitating the advancement of novel chelator systems. In this 

Account, we have reviewed the efforts from us and others in the last five years towards 

addressing this challenge.

As we have demonstrated, macropa and its bifunctional analogues have a high promise 

for chelating large ions, showing significant advantages over the prior state-of-the-art 

ligand DOTA. In addition, modifying the 18-membered macrocycle affords a new class 

of macrodipa-type chelators exhibiting a dual size selectivity, which may be valuable for 

theragnostic applications. Understanding fundamental coordination chemistry and applying 

that knowledge for clever ligand design approaches are critical in this regard.

There are still significant challenges that will require more efforts in this area. For example, 

the successful targeting of 223Ra2+ to tumors has not yet been demonstrated. We also 

envision that expanding the dual size selectivity concept to specifically match the ionic radii 

of desired theragnostic radionuclide pairs will be of significant clinical interest and value. 

Inorganic and coordination chemists have a unique skill set to make key advances in the 

field of nuclear medicine.
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Figure 1. 
Rare-earth elements. Spheres are scaled by the 6-coordinate ionic radius28 of their trivalent 

cations (Ln3+). Their atomic numbers are labeled above.
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Figure 2. 
KML values of Ln3+ complexes formed with (a) DOTA, DTPA, EDTA and (b) odda, 

macropa, macrophosphi plotted versus ionic radii. Data obtained from refs 33–39.
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Figure 3. 
Crystal structures of (a) [La(Hmacropa)(OH2)]2+, (b) [Lu(macropa)]+, (c) [Ba(Hmacropa)

(DMF)]+, and (d) [Bi(macropa)]+. Counterions, nonacidic hydrogen atoms, and outer-sphere 

solvent molecules are omitted for clarity. Crystallographic data are from refs 1,44,45.
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Figure 4. 
Biodistribution of (a) [225Ac]Ac(NO3)3 and (b) [225Ac][Ac(macropa)]+ following 

intravenous injection in adult C57BL/6 mice. The numbers written over “urine” are their 

measured %ID·g−1, which are off-scale compared to other organs. Adapted with permission 

from ref 1. Copyright 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim.
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Figure 5. 
Biodistribution of (a) [223Ra]RaCl2 and (b) [223Ra][Ra(macropa)] in healthy, skeletally 

mature mice sacrificed at 15 min and 24 h post injection. Adapted with permission from ref 

3. Copyright 2021 Royal Society of Chemistry.
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Figure 6. 
Schematic representation of a bioconjugate used for nuclear medicine.
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Figure 7. 
(a) Biodistribution of 225Ac–RPS-074 following intravenous injection in male BALB/c 

nu/nu mice bearing LNCaP xenograft tumors. (b) Kaplan–Meier plot comparing survival 

of male BALB/c nu/nu mice bearing LNCaP xenograft tumors treated with different doses 

of 225Ac–RPS-074. Reproduced with permission from ref 62. Copyright 2019 Society of 

Nuclear Medicine and Molecular Imaging.
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Figure 8. 
Representative PET/CT images of PC3-PIP/flu tumor bearing mice (A) 1 h and (B) 4 h 

after injection of 132/135La–macropa-DUPA. Adapted with permission from ref 50. Copyright 

2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 9. 
(a) KML values of Ln3+ complexes formed with macrodipa and py-macrodipa plotted versus 

ionic radii. (b) Illustration of the conformational toggle in macrodipa that occurs during 

complexation with large and small Ln3+ ions, as verified by representative crystal structures 

of [La(macrodipa)]+ and [Lu(macrodipa)(OH2)]+. Data adapted from refs 2,4.
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Figure 10. 
(a) Crystal structures of [La(py-macrodipa)]+ and [Sc(py-macrodipa)(OH2)]+, which 

represent Conformations A and B, respectively. (b) Human serum challenge assay for 

[135La][La(py-macrodipa)]+ and [44Sc][Sc(py-macrodipa)(OH2)]+ complexes, monitored by 

radio-HPLC. Data adapted from ref 4.
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Chart 1. 
Structures of DOTA and DTPA.
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Chart 2. 
Structures of odda, oddm, and macropa.
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Chart 3. 
Structures of Macropa Derivatives Discussed in this Manuscript.
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Chart 4. 
(a) Structures of Bifunctional Chelators macropa-NCS, p-NCS-Bn-DOTA, and their 

Corresponding Conjugation Reaction. (b) Structures of Bioconjugates RPS-070, RPS-074, 

and macropa-DUPA. (c) Structures of Bifunctional Chelators mcp-M-click, mcp-D-click, 

and their Corresponding Conjugation Reaction.
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Chart 5. 
Structures of macrodipa, py-macrodipa, Oxyaapa, and pypa.
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Table 1.

Large Radiometals Relevant to Nuclear Medicine.

Radiometal Half-life Major decay mode Application Ref

132La 4.59 h β+ PET 13

134La 6.45 min β+ PET 14

135La 18.9 h electron capture Auger electron therapy 15

134Ce 3.16 d electron capture PET
a 14

225Ac 9.9 d α α therapy 16

212Bi 60.6 min β−, α α therapy
b 17

213Bi 45.6 min β− α therapy
b 17

131Ba 11.5 d electron capture SPECT 18

223Ra 11.4 d α α therapy 19

212Pb 10.6 h β− α therapy
b 20

227Th 18.7 d α α therapy 21

230U 20.8 d α α therapy 22

a134Ce is regarded as a PET imager due to its positron-emitting daughter 134La, despite its decay mode (electron capture).

b
These radionuclides are categorized as α therapy candidates due to their α-emitting daughters, despite their major decay modes (β−).
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