Emerging chelators for nuclear imaging
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Abstract

Chelators are necessary in nuclear medicine imaging to direct an inorganic radionuclide, a radiometal,
to a desired target; unfortunately, there is no “one size fits all” chelator. As the toolbox of radiometals
is expanding, new chelators are required to prevent off-target side effects. DOTA (1,4,7,10-
tetraazacylcododecane-1,4,7,10-tetraacetic acid) is the current gold standard chelator for several
radiometals, but typically chelation requires harsh conditions, making it unsuitable to label biological
vectors. The ideal chelator would allow labelling under mild conditions (near neutral pH and low
temperatures (~37°C), and be both thermodynamically and Kinetically stable. Over the past 2-3 years
several exciting chelators have been developed that have superior properties to make them worth

investigating for future clinical applications.

1. Introduction

Positron Emission Tomography (PET) and Single Photon Emission Computed Tomography (SPECT)
are nuclear imaging techniques that utilize radioactive isotopes emitting positrons (p*) or gamma-rays
() respectively to diagnose and monitor disease. For directed distribution, the radioactive isotope must
be conjugated to a targeting vector which could be, for example, an antibody, peptide or small molecule.
Unlike organic radioactive isotopes (**C, 1°0, *8F, 13| etc.) that are typically conjugated to the targeting
vector via a covalent bond, inorganic radioactive isotopes (radiometals; Table 1) are conjugated via a
chelator that binds to the metal ion [1]. There is a wide range of radiometals to choose from for PET
and SPECT, the choice depends on matching the emission and half-life (t.,) to the desired application
(Table 1). Radiometals are not only valuable as imaging agents, if they emit alpha, beta, or Auger

particles, they can additionally be used as therapeutics.

Table 1. Properties of some popular radiometal isotopes; Adapted from Price et al. [2].

Metal Coordination Isotope ty, (h)© Decay mode® Emax (keV)©
number (CN) and
ionic radius (pm)?
Copper Cu?*: 62Cu 0.16 B* (98%) B*, 2910
CN =4, 57 pm EC (2%)
CN=5,65pm
CN =6, 73 pm 64Cu 12.7 B* (19%) B*, 656
EC (41%)
B (40%)
Gallium Gas* 66Ga 9.5 B* (56%) B*, 4150, 935
CN =6, 62 pm EC (44%)
57Ga 78.2 EC (100%) Y, 93, 184, 300
68Ga 1.1 B* (90%) B+, 1880
EC (10%)
Indium In3* N 67.2 EC (100%) Y, 245,172
CN=28,92pm




Lutetium Lust 7Ly 159.4 B~ (100%) y, 112, 208

CN =8, 98 pm® B, 177, 385,

CN =09, 103 pm 498
Scandium | Sc®* 43¢ 3.9 B+ (94%) y, 1157

CN =8, 87 pm EC (6%) B*, 1474
Terbium Th3* 149Th 4.1 a (17%) a, 3967

CN =6, 92 pm B+ (4%)

CN=7,98 pm .

CN = 8, 104 pm EC (79%)

CN =9, 110 pm 152Th 17.5 B* (18%) B+, 2500

EC (82%)
155T 127.7 EC (100%)
161Th 165.4 B (100%) B, 154 (Eav)

Yitrium Y3+ 90y 64.1 B~ (100%) B, 2280

CN =38, 102 pm

CN =9, 108 pm
Zirconium | Zr** 89Zr 78.5 B* (23%) B*, 897

CN =6, 72 pm EC (77%)

CN =8, 84 pm

CN =09, 89 pm

a Taken from ref [3] P Taken from ref [4] ¢ Tb data from [5,6]

The ideal chelator is: synthetically straightforward; allows rapid radiolabeling under mild conditions
(neutral pH, low temperatures) with quantitative radiochemical yields (RCY) at low concentrations; can
be conjugated to a range of vectors without disrupting the vector’s function or pharmacokinetic profile;
and is thermodynamically and kinetically stable to prevent transchelation and hydrolysis [1,2]. There is
no “one size fits all” chelator as the chemical properties of the metal, including size, charge, donor
ligand preference and aqueous coordination chemistry directly influence the stability of the complex.
The choice of chelator is additionally important as the radiometal complex can influence the
pharmacokinetic properties of the tracer [7]. Although this can be considered a disadvantage compared

to organic radioisotopes, it may also enhance radiotracer uptake [ref].

Macrocyclic chelators are more thermodynamically favourable than their acyclic counterparts and are
more Kinetically inert, with higher degrees of preorganization reducing entropic loss upon metal ion
coordination [2]. The consequence of this is that, generally, higher temperatures and harsher conditions
are necessary for coordination [4], which can be problematic when radiolabeling chelators appended to
biological targeting vectors. Despite this, DOTA (1,4,7,10-tetraazacylcododecane-1,4,7,10-tetraacetic
acid, Figure 1), is one of the workhorses of coordination chemistry and is the “gold standard” for several
isotopes and is used in many clinically applied radiopharmaceuticals. Some other commonly used

chelators are shown in Figure 1.
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Figure 1. Examples of common macrocyclic and acyclic chelators. lllustration reprinted with permission
from [8].

2. Emerging radiometals

Trends in chelator design in part follow the popularity of emerging radiometals. There has been a large
push to develop chelators for scandium-44 (*Sc) and zirconium-89 (3°Zr). “/Sc has a short half-life (t,
= 3.9 hTable 1) suitable for small molecules/peptides and there is the possibility of matched pairing of
scandium-44 with scadium-47 (*’Sc, t = 3.4 d) for theranostic applications [6]. Zirconium-89 (2°Zr)
has become increasingly popular due to its long half-life (t, = 78.41 h), making it an ideal PET
radiometal for conjugation to antibodies which demonstrate slow in vivo distribution pharmacokinetics
[9,10]. Other radiometals that are increasing in popularity include actinium-225 (*®Ac, t, = 10 d), an
alpha emitting radionuclide (Ex = 6 MeV) with applications in radionuclide therapy [11,12], and
isotopes of terbium (Tb) are gaining interest for either therapy (***Tb, 16'Th), PET (*°Th; *2Th) or



SPECT imaging (***Th) [6]. DOTA remains the most popular chelator for #Sc, ?25Ac and ™ Th, whereas
desferoxime (DfO, Figure 1) was long considered the gold standard chelator for 8Zr [7,9,11,13].

Perhaps surprisingly, is that chelators for radiometals that are used clinically are still being optimized,
e.g. copper-64 (**Cu), gallium-68 (%®Ga), and lutetium-177 (*’’Lu). This is partly a reflection of the
availability of emerging radiometals, but also demonstrates that the chelators currently in use have
limitations. A very recent example is that of [}’Lu]Lu-DOTATATE (Figure 1), a somatostatin
analogue, whose in vivo stability is lower than previously considered [14]. Overall, tailored chelators
that fit all the desired chelator criteria are not yet available and optimization is still necessary. Recently
developed novel and repurposed chelators are the focus of this review, which has been organized into:
1) Pre-organized acyclic chelators; 2) Macrocyclic chelators; 3) Hybrid chelators and 4) Novel chelators
for 897r.

3. Pre-organized acyclic chelators

The Orvig group has contributed heavily to the design of acyclic chelators for a range of different
isotopes including indium-111 (*'*In) [15], copper-64 (3Cu) [16], yttrium-90 (*°Y) [17], gallium-67
(°’Ga) and gallium-68 (®3Ga) [15,16]. Acyclic chelators are advantageous as they can be labelled rapidly
under milder conditions than their macrocyclic counterparts, however, they are generally more
kinetically labile. Increasing the degree of preorganization, for example, by adding a 1,2-trans-
cyclohexanediamine backbone, as in e.g. Hzhox [18] and H.CHXhox [19], results in increasing the
kinetic inertness of the complex (Figure 2A) [15,19,20]. Hzhox is the second generation of Hzdedpa
(Figure 2A)), previously the groups most successful acyclic chelator for %8Ga [18]. Despite there being
several chelators available to coordinate %8Ga [21,22], typically, high concentrations, strict pH control
or elevated temperatures are required for quantitative labelling, which limits the use of %Ga with
biological vectors. The introduction of the 1,2-trans-cyclohexanediamine backbone resulted in a higher
thermodynamic stability of ["*Ga]H.CHXhox compared to ["™Ga]H:hox and superior stability of
["*Ga]H.CHXhox at pH 1. Radiolabelling of both Hzhox (5 min, room temperature, 1x107 M, pH 8.5)
and H,CHXhox (~ 1 min, A, 2.1x10° M, pH 5) with ®8GaCls was rapid and showed good in vivo stability
with limited in vitro toxicity [19]. Compared to the radiolabelling conditions required for DOTA (e.g.
105°C, 10 min for [%Ga]Ga-DOTATATE), these chelators could prove more useful for bifunctional
chelators (BFCs) to biological vectors. A BFC of Hzhox or H,CHXhox has not yet been reported but
isothiocyanate BFCs of H.CHXdedpa and HsCHXoctapa have been successfully prepared previously
by the same group [23,24].
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The same group also examined a novel picolinic acid, Hapypa (Pypa, Figure 2A), for the complexation
of 1In [25], ¥’Lu [25] and #*Sc [26]. With its extended backbone and nine donor pendant arms, Pypa
can accommodate larger radiometals and the addition of the pyridine group provides additional rigidity
as compared to the previously described chelator, Hsneunpa (Figure 2A). In addition, Pypa can easily
be modified to include an alcohol group on the central pyridine for simplified BFC synthesis. This was
demonstrated through conjugation to the prostate specific membrane antigen (PSMA)-617 motif
(Hspypa-C7-PSMAG617, Figure 2A) [25].

Radiolabelling of Pypa and Hspypa-C7-PSMAG17 was complete within 10 min at room temperature at
pH 7 (10° M) for both '!In and Y’Lu (>98% RCY) [25] which is much milder than radiolabelling of
DOTA-PSMA-617 which requires elevated temperatures and longer reaction times (80°C, 20 min) [27].
Radiolabelling of Pypa and Hapypa-C7-PSMA617 with 4Sc was not as successful at pH 7 (10 + 5%
RCY, 10% M, 15 min, 0.5 M NHsOAc buffer, 2.9 MBq #Sc), but this was improved by lowering the
pH and increasing ligand concentration (96 + 2% RCY at 10° M, pH 5.5, 15 min), resulting in a stable
complex (<1% transmetallation, 24 h in serum). As discussed by the authors, this is likely due to an
ionic radius vs. cavity size mismatch as Sc** is much smaller in comparison to Lu®" (Table 1).
[1""Lu]Hpypa-C7-PSMA617 showed high tumour accumulation 24.0 + 7.6%ID/g at 4 h p.i., in LNCaP
tumour xenografts (PSMA receptors per cell 105 + 10.0 x10%), falling to 12.7 + 4.2%ID/g at 72 h [28]).
This is significantly higher than the tumour uptake of [}"’Lu]DOTA-PSMA-617 (14.5 + 1.8%ID/g and
7.80 £ 3.69%ID/g at 4 and 72 h p.i., respectively, carried out in the same tumour xenograft model
[25,29].

4. Novel macrocyclic chelators

Smith et al. investigated tuneable %Ga-labelled DO2A-like macrocycles for myocardial perfusion
imaging (Figure 2B) [30]. Myocardial perfusion imaging is typically performed using lipophilic cations
that are trapped within mitochondria dependant on their mitochondrial membrane potential (A¥n).
Building from previously reported DO3A tuneable chelators [31], the DO2A chelator was furnished
with two triarylphosphonium (TAP) or aromatic pendant arms, thereby influencing the lipophilicity and
charge while retaining a 6 coordination site for Ga®* (Figure 2B). Upon radiolabelling, (100 °C, 30 min,
pH 4.93, NaOAc buffer (0.2 M, 0.5 mL)), multiple species were observed by radio-HPLC for both
series of complexes. The compounds with the highest lipophilicity [®8Ga]GaDO2A-(xy-TXP), (LogD7.4
-0.28 + 0.01, 3+ charge) and [®*Ga]GaDO2A-(xy). (LogD~4 -0.31 + 0.01, 1+ charge), were assessed in
an ex vivo Langendorff isolated perfused heart model. Uptake in compromised hearts was found to be
significantly lower (11.1 + 1% and 2 + 0.1% for [®Ga]GaDO2A-(xy-TXP), and [®Ga]GaDO2A-(xy).
respectively) for both ®8Ga-labelled complexes than in healthy hearts (16+2% and 3+0.3% for
[*8Ga]GaDO2A-(xy-TXP). and [#Ga]GaDO2A-(xy). respectively) [30].



Novel macrocycles based on TACN (Figure 2C) have been designed recently to chelate a range of
radiometals [13,32-35]. TACN based chelators have previously shown great promise for chelating Ga,
with notable examples being TRAP and NOPO (Figure 2C) that label under ambient conditions (room
temperature, acidic pH) [36,37]. The Bartholoma group has investigated thiazole and imidazole
appended TACN chelators for %Cu [32], %8Ga [33,34] and **In [35]. They found that thiazole containing
chelators, NOTI, NOTI-Me and NOTThia (Figure 2C) were good %Cu chelators, but less suitable for
8Ga [32,33]. Labelling of the imidazole counterparts NODIA-Me and the amide bond mimic NODIA-
Me-NH-Me (Figure 2C) with ®Ga was successful, however, higher ligand concentrations or heating
was required to achieve specific activities comparable to NOTA. Despite this, the application of their
lead compound NODIA-Me was extended to include a PSMA bioconjugate [33] and a ¢(RGDfK)
conjugate [34] and both were examined in vivo. The utility of NODIA-Me was extended to *!In which
could be labelled at ambient temperature, but the when extended to a PSMA bioconjugate, the resultant
steric bulk induced by **In, reduced PSMA binding [35].

Vaughn et al. explored a small library of mixed carboxylic acid/picolinic acid donor arms on TACN for
the chelation of “Sc (Hs(m/b/t)atcn, Figure 2C) [13]. Their lead compound Hsmpactn (Figure 2C)
labelled well at 80°C with molar activities comparable to [**Sc]DOTA. Introduction of a functionalised
glutarate pendant arm to Hsmpactn created a BFC that was conjugated to PSMA targeting 2-[3-(1,3-
dicarboxypropyl)ureido]pentanedioic acid (DUPA) [13]. The BFC, picaga-DUPA (Figure 2C) showed
better labelling at 25°C (RCY 83%) than corresponding DOTA-DUPA and high RCY at 80°C (96%).
Both [*“‘Sc]Hsmpactn and [“Sc]picaga-DUPA showed similar plasma stability (>94% for all at 2 h) to
their DOTA counterparts [13] and "*Sc(picaga)-DUPA showed an improved target binding [13].
[*Sc]picaga-DUPA was examined in mice bearing PC3 PiP (PSMA+) and PC3 Flu (PSMA-)
xenografts; tumour uptake in PSMA+ tumours was high (13.8 + 0.6%ID/g) compared to [*‘Sc]DOTA-
DUPA (2.8 + 6.2%I1D/qg), albeit lower than the clinically used **™Tc PSMA targeting agent MIP-1427
(21.2 £6.2%ID/g). Despite the poorer labelling conditions compared to AAZTA, by creating a more
lipophilic chelator, this may increase circulation time of the BFC and ultimately result in higher tumour
uptake [13].

5. Hybrid chelators

Hybrid chelators contain both cyclic and acyclic character, for example AAZTA (6-amino-6-
methylperhydro-1,4-diazepinetetraacetic acid) and DATA (6-amino-1,4-diazapine-triacetate) (Figure
2D). DATA has recently found success as part of a kit based radiopharmaceutical for ®Ga [38] and
AAZTA for the chelation of “‘Sc [39]. Nagy et al. found that AAZTA can be labelled with “*Sc under
mild conditions (30 min, 25°C, pH 4, 0.1 uM ligand concentration) with a moderate RCY >80% [39].

Increasing the ligand concentration and temperature, resulted in quantitative labelling within 5 minutes



at pH 4 and >90% RCY at pH 7. [*Sc]AAZTA showed high serum stability over 12 h in mouse plasma,
similar to [**Sc]DOTA [39]. The authors examined several permutations of [*Sc]AAZTA and BFC
variants in vivo, in both healthy and in tumour bearing mice. They conjugated the BFC CNAAZTA to
the peptide (cyclo-Arg-Gly-Asp-D-Phe-Lys (c(RGDfK)) (Figure 2D) that targets a.f3 integrin receptors
which are overexpressed in several cancer types. In 4T1 tumour bearing mice, PET/MRI images show
that the accumulation of [**Sc]CNAAZTA-c(RGDfK) in tumours is 25x greater than in muscle
(background) tissue. Other groups have now demonstrated quantitative labelling of AAZTA variants
with #4Sc [40,41]. For example Sinnes et al. [41] developed the related BFC AAZTA?® (Figure 2D) and
cyclic peptide variant AAZTAS-TOC (Phe! -Tyr® octreotide) and showed labelling of #‘Sc was
quantitative at room temperature (>97% RCY, 10 nmol, 5 min, pH 4). Although not a novel class of
chelators, the utility of AAZTA for “Sc make it very promising in the development of new

radiopharmaceuticals.

Bispidine (3,7-diazabicyclo[3.3.1]nonane) chelators have gained interest primarily as Cu?* chelators
[42-46]. They adopt a double chair confirmation with an endo-endo configuration of the C2/C4
substituents, which results in metal complexes of high kinetic inertness and thermodynamic stability
[42]. Bispidines and their applications in radiopharmaceuticals have recently been reviewed by Nonat
et al. and Comba et al. [47,48]. New bispidine analogues to chelate copper-64 have been investigated
recently [42,49-51] and for the first time, a bispidine analogue has been labelled with %Ga (®*Ga-
bispidine-L1, Figure 2D) [52]. Optimal radiolabeling of the [%¥Ga]Ga-bispidine-L: (RCY 94%) required
heating (95°C, 15 min), pH 4, and high ligand concentrations (200 uM) [52], however, the complex

was kinetically inert and no decomplexation was observed over 2 h at 37°C.

Following a similar trend to the “pa” chelators, Comba et al. designed an octadentate picolinic acid
based bispidine ligand, Hzbispa?, (Figure 2D) for the chelation of larger ions, ’Lu, *!In and ?*Ac
[11]. The authors found, through cavity size calculations, that La®*" (a stable surrogate for ?*Ac) fits
well into the binding pocket of H.bispa?. Labelling of Hzbispa? with 2*Ac was achieved at ambient
temperature (NHsOAc buffer, pH 7, 10 min) when high chelator concentrations (100 puM) were used
(98% RCY), outperforming the gold standard, DOTA (which requires 60°C heating).
[?*Ac]AcHzbispa? was the most stable complex (vs. **In or *’Lu) in human serum, showing similar
stability to DOTA.

3p-C-DEPA and 3p-C-NETA (Figure 2D) have been previously reported as alternative */Lu and %Y
chelators [53,54]. 3p-C-NETA in particular has shown excellent in vitro and in vivo properties [53].
Recently, Sun et al. have introduced a new derivative, 3p-C-NEPA (Figure 2D), a “scorpion-like”
decadentate chelator designed to fully saturate the coordination sphere of Y’Lu and *°Y [55]. 3p-C-
NEPA showed a high radiolabeling efficiency for both *’Lu and *°Y (>97%) even after 1 minute at
room temperature, increasing to >99% by 1 h (20 pg, pH 5.5, NHsOAC buffer (0.25 M)). The human



serum stability of both complexes was high over 14 days and significantly more stable than previously
reported decadentate 3p-C-DEPA [54]. The biodistribution profile of 1"’Lu-3p-C-NEPA was examined
in healthy CF-1 mice and showed rapid blood clearance and low uptake in non-target organs [55]. As
demonstrated in previous examples, the choice of chelator can impact the biodistribution profile and
targeting of vectors; 3p-C-NEPA is another addition to the radiochemical toolbox and alternative to
DOTA.

6. Novel chelators for 8Zr

DfO (Figure 3) is an acyclic, hydroxamic acid based chelator that scavenges #Zr. Previously proposed
to form a hexadentate complex with the final sites coordinated to two labile water molecules [56,57],
recent work has suggested that the 7-coordinate [Zr-DfO(H20)]* is more stable [58,59]. The instability
of [33Zr]DfO is well documented and is characterised by 8Zr uptake in the epiphysis of bone [10,56].

To overcome the instability, complexes that saturate the #Zr coordination sphere have been developed.
DfO* (Figure 3), was developed by Patra et al. in 2014 which added an additional hydroxamate group
resulting in the first DfO based octadentate chelator [57]. Vugts et al. performed an in vivo pilot study
comparing DFO-NCS and DfO*-NCS antibody conjugates, and demonstrated that the DfO* version had
superior in vivo properties to DfO [60]. Chomet et al. have recently evaluated the in vitro and in vivo
behaviour of BFCs DfO-NCS, DfO*-NCS, DfOSq (a putative octadentate 8Zr chelator [61]) and
DfO*Sq and their antibody conjugates (Figure 3) [62]. They found that the two DfO*conjugates showed
superior stability in vitro over their DfO counterparts in all conditions tested including serum stability
and challenge experiments with several chelators. The ex vivo biodistribution profile was examined for
all conjugates in a NCI-N87 tumour bearing mouse model; [#°Zr]ZrDfO*Sq-NCS-trastuzumab had
marginally better tumour uptake at 72 h p.i. than the other conjugates, but at 144 h p.i., the tumour
uptake and blood levels were similar for all four [62]. Analysis of the bone uptake of the four conjugates,
however, revealed a striking difference: the two DfO* radioimmunoconjugates had significantly lower
uptake than their DfO counterparts, which was reflected in the PET images [62]. The authors compared
DfO* and DfO in further experiments, including a bone metastases model, concluding that DfO* is far
superior to DfO, behaving better both in vitro and in vivo [62]. DfO* might represent the new gold

standard chelator for 8Zr.
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DfO* suffers from poor water solubility [57,60], so the groups of Codd and Gasser independently
developed octadentate ether derivatives of DfO* [63,64]. Codd’s group synthesised a number of
hexadentate and octadentate ether derivatives (e.g. DFOB-O3z and DFOB-03-PBH-1, Figure 3) [63] but
interestingly, their second generation of derivatives highlighted that ether linkages may promote
solvation. They found that their lead compound, DFOB-PPH"O®O (Figure 3), which had good

solubility and selectivity, was one of the fastest to dissociate [65].

oxoDfO* (Figure 3), was developed by the Gasser group and the radiolabelling of DfO* and
oxoDfO*with ®8Ga and ®Zr was recently reported. The greater stability of [¥Zr]JoxoDfO* and
[2Zr]DfO* over [*°Zr]DfO at pH 6 was confirmed by studying the transchelation with an excess of
DTPA [66]. Limited labelling with %Ga was achieved at room temperature which was improved by
heating at 95°C for 10 min, but ultimately, these complexes were significantly less stable than the
respective %Zr complexes. A recent review by Holland discusses the predicted thermodynamic stability
of 8Zr radiotracers using Density Functional Theory (DFT) calculations [58]. In comparison to [Zr-
DfO(H20)]* (log g = 41.51), [Zr(DFOB-05)]* (log g = 43.37) was more stable and the calculated
reaction free energy change showed formation of Zr(DFOB-O3)]* was more favourable by -21.1 kJ mol
!, Holland reported a similar effect for Zr-oxoDFO* (log = 54.16) compared to Zr-DFO* (log 8 =
51.56) with a difference in reaction free energies of -26.5 kJ mol™.

Despite both [Zr(DFOB-05)]* and Zr-oxoDFO* being more thermodynamically stable, the dissociation
of DFOB-PPHNOCO highlights an important discussion of thermodynamic stability vs. the kinetic
lability of complexes. In 2017, the U.S. Food and Drug Administration (FDA) issued a safety
announcement requiring new class warnings on all gadolinium based contrast agents (GBCAS)
(Alternative macrocyclic chelators [69-74] and acyclic chelators [70,75-79] have been developed for
89Zr. Pandya et al. were one of the first groups to label DOTA with &Zr [69], and more recently, they
have extended the application to other polyazamacrocycles [74]. Most excitingly, they found that they
were able to label NOTA (Figure 3) and a secondary small macrocycle, PTCA (Figure 3), with 8Zr,
and that the complexes showed excellent stability both in vitro and in vivo [74]. Interestingly, these are
hexadentate complexes that do not saturate the coordination sphere of 39Zr. It may be that cavity size is
a more crucial factor for stability than saturating the coordination sphere but more evidence is needed

to support this.



Table 2) [67]. Despite their similar thermodynamic stability (Alternative macrocyclic chelators [69—74]
and acyclic chelators [70,75-79] have been developed for 8Zr. Pandya et al. were one of the first groups
to label DOTA with 8Zr [69], and more recently, they have extended the application to other
polyazamacrocycles [74]. Most excitingly, they found that they were able to label NOTA (Figure 3)
and a secondary small macrocycle, PTCA (Figure 3), with %Zr, and that the complexes showed
excellent stability both in vitro and in vivo [74]. Interestingly, these are hexadentate complexes that do
not saturate the coordination sphere of 8Zr. It may be that cavity size is a more crucial factor for stability

than saturating the coordination sphere but more evidence is needed to support this.



Table 2), it has been demonstrated that all linear open-chain Gd chelators are significantly less
kinetically stable than their macrocyclic counterparts [68]. It is crucial therefore to consider kinetic
lability alongside thermodynamic stability.

Alternative macrocyclic chelators [69—74] and acyclic chelators [70,75-79] have been developed for
897r. Pandya et al. were one of the first groups to label DOTA with &Zr [69], and more recently, they
have extended the application to other polyazamacrocycles [74]. Most excitingly, they found that they
were able to label NOTA (Figure 3) and a secondary small macrocycle, PTCA (Figure 3), with 8Zr,
and that the complexes showed excellent stability both in vitro and in vivo [74]. Interestingly, these are
hexadentate complexes that do not saturate the coordination sphere of 89Zr. It may be that cavity size is
a more crucial factor for stability than saturating the coordination sphere but more evidence is needed
to support this.



Table 2. Commonly used MRI contrast agents. Adapted from ref [68]
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aThermodynamic stability constant representing the affinity of Gd for its ligand at high pH. Conditional
stability constant representing the affinity of Gd for the ligand at pH 7.4

Conclusions

When comparing chelator stability (and other parameters); often the method used is a result of available
resources. These methods are equally valid, but without consistency, it is hard to compare like for like.
Suitable controls therefore must always be present and ideally the gold standard chelator to have an

immediate comparison in the same system.

DOTA is still the gold standard chelator for a range of radiometals despite reports that the resultant
complexes can be unstable. The criteria for the optimal chelator have not changed, and several groups
are working to establish stable, easy to prepare chelators that would be accessible to imaging centres
across the world. Over the past 2-3 years, several exciting chelators have emerged for nuclear imaging
applications; whether they be novel, or repurposed for “new” radiometals. Chelators for “‘Sc and #Zr
have had a particular interest, but optimising the chelation of %Ga, !’’Lu and even %Cu, has also been
investigated. Overall, it seems that the optimal chelator, to reuse a well-known cliché, is like Goldilocks,
and all the parameters have to be just right. Now, we look forward to these chelators being investigated

in more, and in diverse, applications to perhaps become the new “gold standard”.
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