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ABSTRACT

Bifunctional chelators (BFCs) are vital in the design of effective radiopharmaceuticals, as they are able to bind to both a radiometal ion and a
targeting vector. The 3p-C-NETA or 4-[2-(bis-carboxy-methylamino)-5-(4-nitrophenyl)-entyl])-7-carboxymethyl-[1,4,7]tri-azonan-1-yl acetic acid is
a novel and promising BFC, developed for diagnostic and therapeutic purposes. The binding affinity between the BFC and radiometal ion signifi-
cantly impacts their effectiveness. Predicting the equilibrium constants for the formation of 1:1 radiometals/chelator complexes (log K; values) is
crucial for designing BFCs with improved affinity and selectivity for radiometals. The purpose of this study is to evaluate the complexation of Ga>*,
Tb3+, Bi3+, and Ac®* radiometal ions with 3p-C-NETA using density functional theory (B3LYP and MO06-HF functional) and 6-311G(d)/SDD basis
sets, where the 1,4,7,10-tetrazacyclodecane-1,4,7,10-tetracetic acid (DOTA) was employed as a benchmark. Formation of the [Ac3+(3p-C-NETA)
(H20)] complexes is predicted to be markedly less stable compared to the other complexes, exhibiting the lowest chemical hardness and the highest
chemical softness. Additionally, the chelation stability of the complexes is mainly determined by ligand-ion and ion-water interactions, which
depend on the atomic charge and atomic radius of the metal ion.

1. Introduction

The application of radioisotopes in radiopharmaceuticals has been growing rapidly as a radiotracer for cancer imaging via positron
emission tomography (PET) or single photon emission tomography (SPECT), and also for therapeutic purposes by utilizing B,
-particles, or auger electron emission [1,2]. Bifunctional chelates (BFCs) are an important component in the successful use of radio-
pharmaceutical compounds [3]. BFCs play a critical role in radiopharmaceutical design by binding radiometals strongly and forming
complex radiometal compounds. These chelators, also known as ligands, are essential for attaching radiometals to targeting vectors
such as peptides or antibodies. BFCs need to exhibit high thermodynamic stability and fast radiolabeling kinetics under mild conditions
to effectively deliver the radiometals to their intended targets. Without BFCs, radiopharmaceutical compounds could not effectively
and selectively deliver the radiometals for diagnostic or therapeutic purposes [4,5].

DOTA as an important chelator in a series of compounds approved by the FDA for the diagnosis (**Ga-DOTA-TATE) and treatment
(7Lu-DOTA-TATE) of somatostatin receptor positive neuroendocrine tumors. DOTA has been widely used as a stable chelator of tri-
positive radiometals such as #8Ga®*, 111n3*, 17713+, 86/90y3+ 44/47g.3+

Steric restrictions and electrostatic interactions are the main driving forces for radiometal-ligand bonding in complexes. The large
ionic radius of the metal ion leads to the creation of kinetically labile complexes because the stability of electrostatic interactions scales
as the ratio of charge over distance [6]. The ionic radius of the metal ion has an inverse relationship with the thermodynamic stability
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of DOTA metal ion complexes; bigger central metal ions result in less stable complexes. A ligand that effectively binds and retains these
radiometals is required for a therapeutic and diagnostic approach [7].

However, one major disadvantage of DOTA is the requirement for high temperatures during the radiolabeling process, which can be
problematic for heat-sensitive vector molecules. This limitation has prompted the search for alternative chelators, such as 3p-C-NETA,
that can provide similar or improved stability and kinetics without the need for high temperatures [8,9].

3p-C-NETA or 4-[2-(bis-carboxy-methylamino)-5-(4-nitrophenyl)-entyl])-7-carboxymethyl-[1,4,7]tri-azonan-1-yl acetic acid pos-
sesses a macrocyclic NODA (1,4,7-triazacyclononane-N,N'-diacetic acid) backbone (Fig. 1) and a flexible acyclic tridentate pendant
arm. It is proposed to quickly start coordination with the radiometal. It is a promising chelator in terms of kinetics and stability for
diagnostic purposes (%8Ga and '®F) and also for therapeutic purposes, such as p-emitters (°°Y and }””Lu), auger electrons (**'Tb), and
o-emitters (213Bi) [10-12].

In this study, we report for the first-time radiolabeling behavior of the 3p-C-NETA chelator using DOTA as a benchmark with DFT
(density functional theory) calculations to compare the formation constant of the ligand-radiometal complex. We made a comparison
of chelators (DOTA and 3p-C-NETA) to radiometals Ga>*, Tb®*, Bi®*, and Ac®*. DFT based ab initio simulations of formed complexes
were used for investigation into the energy stability and structure-property relationships from a quantum mechanics perspective. The
structures of the ligands (DOTA and 3p-C-BETA) are in Fig. 1, used in DFT calculations on complex formation with Ga>*, Tb3*, Bi*,
and Ac®t.

DFT calculations were applied to predict the stable structures and thermodynamic stability constants of the complexes. Vibration
frequency computations were performed to ensure the absence imaginary frequencies [13]. Application of the implicit solvation model
as an approach for typical conditions of radiosynthesis and application of radiopharmaceutical compounds based on the stability of
radiometal-ligands by in vitro testing [14,15]. We used M06-HF/6-311G(d) and B3LYP/6-311G(d) as the functional/basis sets by
applying solvation model density (SMD) and conductor-like screening model (COSMO).

2. Computational details

In this study, DFT calculations were performed using the Gaussian 16 program [16]. The new hybrid meta-exchange-correlation
full-Hartree-Fock (M06-HF) and Becke, 3-parameter, Lee-Yang-Parr (B3LYP) were used as the density functionals. The 6-311G(d)
basis set was used for DOTA and 3p-C-NETA, while GENECP basis set was applied for the radiometal ions for all complexes. The
choice of these functionals and basis sets was based on their proven accuracy and reliability in predicting the thermodynamic
properties of metal-ligand complexes. Additionally, implicit solvation models, such as COSMO and SMD, were applied to mimic typical
conditions of radiosynthesis and the stability of radiometal-ligands in vitro. These models help account for the effects of solvation on
the stability and properties of the complexes [17].

2.1. DFT calculations

In this work, we investigated the complexes formed between Ga®*, Tb®*, Bi®*, and Ac®* metals with 3p-C-NETA using DOTA as a
benchmark. All geometry optimizations and frequency calculations were performed in the gas phase. The frequency calculation results
were used to compute the overall adjustment for enthalpy and entropy at T = 298.15 K as well as to verify the geometric structure with
the lowest energy on the potential energy surface. To determine the gas phase free energy for each structure and the differences AG°g,
these results will be combined with the total energy DFT.

We determined single-point aqueous solvation free energies, AG*}y, using the gas-phase geometries and both the COSMO and the
SMD model solvation to construct the thermodynamic cycle. Then from the cycle, we computed the stability constants, log K;, and the
free-energy changes in the aqueous phase, AGaq.

2.2. Conceptual DFT-based characteristic

The DFT-based structural characteristics (chemical hardness, 1; and softness, S) were calculated using the following equations:
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Fig. 1. (a). DOTA; coordination number = 8; (b) 3p-C-NETA; coordination number = 8
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where IP (ionization potential), and EA (electron affinity), were obtained from DFT calculations for the frontier orbital energies,
HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) [14,18].

3. Results and discussion
3.1. DFT calculation

A formation constant in coordination chemistry is an equilibrium constant describing the formation of a complex from its central
ion and attached ligands in solution. It is also known as a stability constant or binding constant. In this study, we focused on the
formation of a 1:1 complex by the binding of ligands (3p-C-NETA or DOTA) to the radiometals. The calculation of the formation
constant K; from the 1:1 complex/ligand ratio at equilibrium conditions M + L = ML is related to the change in the Gibbs energy of the
reaction occurring in solution, AG,q. The strength of the metal-ligand interaction is quantified by individual log K; values, and the
difference between the log K; values of two metal ions indicates the degree of selectivity [19,20].

MIL] _ ~AGy,
L 2.303RT

M+L=ML logK; =log 2)

The thermodynamic cycle in Fig. 2 serves as the reference for calculating AG,q.

The free-energy changes of the metal and ligand bindings in the gas phase are represented in this process by the symbol AG°, where
AG*g}y indicates the free energy needed to solvate 1 mol of solute from its gaseous state into an aqueous phase [21]. The equation
calculates the value of AG°g for normal ideal gas conditions at 1 atm (24.46 mol/L) to 1 M (1 mol/L).

AG® 7% = - TAS? >* =RTIn (Vo/V*) = R.T.In (24.46)
= 1.89 kcal/mol (T = 298.15 K)

Calculation corrections are especially important when a pure solvent HyO( is chosen as the reference state for the solvent, the state
of the system is represented by Gaq* = Gag* + RT In ([H20]). The free-energy change required to move a solvent from a standard-state
solution-phase concentration of 1 M to a standard-state pure liquid, 55.34 M, is calculated by RT In([H0]) = 2.38 kcal/mol [19,22].

We performed DFT calculations to calculate stability constants of complexes formed from metals (Ga>*,Tb>", Bi**, and Ac®*) with
3p-C-NETA ligands, respectively. Additionally, formation constants of the DOTA complex of each radiometals were calculated and
used as a benchmark. Ligands will form complexes with metals with oxidation stability in Ga>*, Tb®", Bi®*, and Ac®*respectively.

Targeted alpha treatment (TAT), which uses 22°Ac (t;,2 = 9.9 d) to emit four a particles, is a potentially effective therapeutic
approach that uses radionuclides that produce « particles to destroy tumour cells [23,24]. The DFT analyses of the Ac®" ion with 4-11
water molecules showed that [Ac(H20)9] 3+ is the most stable in both gas phase and aqueous phase (COSMO model), which served as
the inspiration for this choice of coordination number (CN) 9, and Ac with CN 9 has a large atomic radius of 1220 A [25,26]. In
addition, the daughter of 22°Ac®t, 213Bi®* (t; 5 = 45.6 min), is easily obtained from 22°Ac/?'®Bi generators and along its decay chain
emits one « particle. Based on the characteristics of the donor atoms, the solvent, and the polydentate ligand, Bi>* exhibited a very
variable coordination number (3-10) and a frequent irregular coordination geometry. Furthermore, even in highly acidic solutions,
Bi®* hydrolyzes relatively quickly in aqueous solutions. As a result, the development of hydrolysis products makes studying Bi®*
complexes in aqueous solutions difficult. Furthermore, other studies have proposed Bi** forms 6 coordinates with pentagonal pyra-
midal geometry and directed stereochemically towards active 6s [2] lone pair and has the radius of ion at six coordination number is
1.03 A [27-29].

Terbium in medical applications is very useful, because it has four isotopes that are used both for diagnostic purposes, such as >2Tb
(BT emitter, t;,» = 17.5 h) for positron emission tomography (PET), and '°Tb (EC, y-emitter, t; 5 = 5.32 days) for single photon
emission computed tomography (SPECT). Furthermore, terbium isotopes can also be used for therapeutic purposes, **°Tb (a-emitter,
t1/o = 4.12 h) and 51Tb (p— emitter, t; » = 6.90 days) on the other hand can be applied in targeted alpha (&) and beta (p) therapy,
respectively. Single-crystal X-ray diffraction analysis of the terbium(III) complex in which the coordination number of the metal atom
is nine, has the smaller effective ionic radius of 1.095 A [30,31].

Gallium-68 is a widely used radioisotope for diagnostic imaging applications in positron emission tomography (PET). In order to
create BFCs that enable more complex receptor targeting, coordination chemists must therefore create new chelate frameworks that
can stable Ga>* (in a given coordination geometry). Thermodynamic studies have established the superior stability of six-coordinated
of Ga®* complexes, with an ionic radius of 0.62 A, reported by Hancock and Martell [32].

DFT was performed with Gaussian 16 to complete the calculations, and the ChemCraft software was used to visualize the structure
graphically (Figs. S1-54). The DFT calculations in this study employed M06-HF as a hybrid density functional due to its advantages in
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Fig. 2. Thermodynamic cycle used to calculate AG,q.
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computing main group thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and transition elements
[33]. In addition, MO6-HF has good self-interaction error (SIE) in DFT as indicated by the small average mean unsigned errors (average
MUE) (in kcal/mol), when compared to the functional PBE and B3LYP that are commonly used [34,35].

We performed DFT calculations by computing the formation constant of the ligands and complexes formed. Fig. 3 shows the
representative equilibrium geometries of actinium ions with nine coordinated water molecules, [Ac(H20)9]3+, [3p-C-NETA]4', and
their complex, [Ac(3p-C-NETA)(H20)]".

The classification of the atoms in the ligands-radiometal ion complex, from geometry optimization, was performed with the
objective of making the interpretation of the data clearer. It was done by evaluating at the atoms’ positions, connectivity, and various
functional groups, which impact how their chemical environments differ from one another (Fig. 4).

We determined single-point aqueous solvation free energies, AG*sy, using the geometries of the gas phase, and we used both the
SMD model and the conductor-like screening model (COSMO) to evaluate the electrostatic interaction of a molecule with a solvent. The
estimates for formation constants could be further enhanced by using computationally intensive techniques like explicit solvent
quantum calculations [36]. The thermodynamic cycle can be completed to get the formation constants, log K;, and the free-energy
changes in the aqueous phase, AGq, (see Supplementary Tables S1 and S2). The systematic errors within the computational
methods may be largely cancelled using the deftly planned thermodynamic cycles [19].

DFT calculations for the formation constants (log K;) of the radiometal-ligand complex in the gas phase, and the solvation models
(SMD and COSMO) are reported in Table 1. The 3p-C-NETA ligand’s formation constant computation reveals that Ac>* has a lower
stability of complex formation than Ga3+, Tb3+, Bi®*. This is in accordance with radiochemical conversion (RCC) that has been re-
ported by Ahenkorah et al. radiolabeling studies with Ac>*. The formation of the 22°Ac®* complex with 3p-C-NETA at a concentration
of 10 pM was carried out at a temperature variation of 25; 55; and 95 °C obtained an RCC below 90 % which does not meet the re-
quirements. Increasing the temperature of the reaction is insufficient to accelerate the kinetics of the formation of the [22°Ac]Ac-3p-C-
NETA complex [10]. In contrast, with the same labeling conditions, radiolabeling the radiometals 68Ga3+, 161Th3*, and 2133+ with
3p-C-NETA showed significantly higher complexation yields, at 95 °C labeling conditions of 97.7 %, 97.9 %, and 98.6 %, respectively.
The results indicate that the tridentate pendant acyclic donors in 3p-C-NETA are not effective enough to trap Ac>™ which has a large
atomic radius, in contrast to Ga®*, Tb3*, Bi®* which has a smaller atomic radius [11,24].

Furthermore, DFT calculations provide the formation constant of the radiometals-DOTA complex, where Ac>* also shows the
lowest labeling efficiency compared to the formation of complexes with Ga>*, Tb®*, and Bi*". DOTA (N4O,) provides octadentate
coordination via four tertiary amine nitrogen donors and four independent carboxylic acid arms, having insufficient cavities to trap
Ac®" ions giving rise to the formation of kinetically labile complexes [24]. Some investigations that revealed losses of 22°Ac-DOTA
complex in vitro and in vivo have additionally raised into doubt the kinetics and stability of the 2?°Ac-DOTA complex [37].

In addition, analysis of interatomic distances between radiometal Ions (Ga®", Tb%', Bi®**, and Ac®>") with ligands 3p-C-NETA
heteroatoms in the optimized structure, indicates oxygen and nitrogen atoms are weakest coordinated to Ac>* compared to other
radiometals, with a mean distance the largest are Ac-O and Ac-N; 2584 and 2854 A. This also holds true for the Ac>* and DOTA
complexes, the mean interatomic distance of Ac-O and Ac-N gives the largest distances of 2576 and 2886 A (Supplementary Tables S3
and S4). Ac®* with a large atomic radius forms a long interatomic distance with oxygen and nitrogen atoms, so that Ac>* is not strong
enough to bind oxygen and nitrogen atoms, resulting in a low complex formation constant.

3.2. Conceptual DFT-based properties

Several chemical reactivity descriptors have been proposed as a result of research into various aspects of pharmacological sciences,
such as drug design. DFT can calculate the concepts of potential importance of reactivity descriptors such as chemical potential,
electronegativity, hardness, softness, and electrophilicity index as a starting point [38]. Ionization potential refers to an atom’s or
molecule’s ability to donate electrons, whereas electron affinity refers to its ability to attract electrons. Chemical hardness, which is
related to chemical system stability, indicates the resistance to changes in electron distribution. Global softness, which is related to the
reactivity of the chemical system, is the inverse of hardness [14,39]. The reactivity index information: ionization potential (IP),
electron affinity (EA), electrodonating power (™), electroaccepting power (o ") and net electrophilicity (Ao™) for ions radiometals,

T
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[Ac(H0)q]** [3p-C-NETA]* [Ac(3p-C-NETA)]

Fig. 3. Representative equilibrium geometries of the Actinium ion with the coordinated water molecules, [Ac(H20)o] 3*, [3p-C-NETA]4'), and their
complex [Ac(3p-C-NETA)(H,0)]
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Fig. 4. Conformation of the 3p-C-NETA-radiometal ion complexes compared with DOTA complexes. Intermolecular distances between nearby
heteroatoms and radiometal ions are illustrated in the figures by blue dashed-lines, where the geometric structure of 3p-C-NETA and DOTA is the
result of geometry optimization. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 1
Calculated formation constants (log K;) for the complexes.
Ligands Metals MO06-HF/6-311G(d) B3LYP/6-311G(d)
Log K; (Gas) Log K; (SMD) Log K; (COSMO) Log K; (Gas) Log K; (SMD) Log K; (COSMO)
[DOTA]* Ga®*+ 891.49 46.86 68.18 666.71 48.00 64.13
Tb3* 828.33 37.59 49.66 604.10 39.63 56.73
Bi%* 833.52 46.95 54.86 611.44 52.55 69.54
At 815.83 22.75 28.17 - - -
[3p-C-NETA] + Ga3* 644.51 54.56 67.98 635.23 45.61 60.07
Tb3* 566.10 32.18 39.88 557.99 29.29 37.91
Bi* 573.15 42.85 47.66 568.88 42.89 57.10
Ac 556.17 22.55 27.71 - - -

ligands, and complexes are shown in Table 2.

The DFT calculation for free ions shows that for Ac3+, compared to Ga , and Bi [3] has a larger ionic radius, hence, the
observed lower chemical hardness, which is consistent with the findings that Ac3* has a larger atomic radius than Ga>*, Tb®*and Bi®*.
Furthermore, DFT-based properties show that 3p-C-NETA has a lower chemical hardness than DOTA. Pearson’s hard-soft acid-base
(HSAB) concept governs how metals interact with their ligands, with “hard” ions interacting most strongly with “hard” ligands and the
opposite being true [40]. The chemical hardness of the complex can explain its stability, with the DOTA complex containing radiometal
Ga®" having a higher value and being more stable than Tb®", Bi®* and Ac®". In addition, chemical hardness also explains that
3p-C-NETA ligand is more stable in forming complexes with Ga>*, Tb3*and Bi®*compared to Ac®*.

3+ 3+
, Tb

4. Conclusion

DFT using M06-HF and B3LYP functional and 6-311G(d)/SDD basis sets were utilized to investigate interactions that occur in the
complexation process of 3p-C-NETA with radiometal ions Ga>t, Tb®*, Bi®*, and Ac®*. We also apply the implicit solvation models SMD
(solvation model density) and COSMO (conductor-like screening model), which can be used to model the electrostatic interaction
between the solute and solvent. by adding a thermodynamic cycle approach, used to calculate AG,q. We also use the cleverly designed
thermodynamic cycles, the systematic errors within the computational protocols may be largely cancelled.

Our study reveals that the formation constant 3p-C-NETA-Ac®" shows the lowest value compared to other complexes (3p-C-NETA-
Ga®*, 3p-C-NETA-Tb®*, and 3p-C-NETA-Bi®"). In addition, the 3p-C-NETA ligand’s greater stability in forming complexes with Ga>",
Tb3*, and Bi®* than with Ac®* can also be explained by its chemical hardness. Furthermore, DOTA as the gold standard ligand in-
dicates that it is not suitable for use with radiometal Ac>* which has a large atomic radius. In general, ligand-ion and ion-water in-
teractions are governed by the atomic charge and atomic radius of the metal ion, which are the main factors contributing to chelation
stability. Ac®™ has a larger atomic radius, resulting in the formation of a kinetically unstable complex.

Funding statement
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
CRediT authorship contribution statement

Danni Ramdhani: Writing — review & editing, Writing — original draft, Visualization, Resources, Methodology, Formal analysis,
Data curation, Conceptualization. Hiroshi Watabe: Writing — review & editing, Supervision. Ari Hardianto: Writing — review &



D. Ramdhani et al. Heliyon 10 (2024) e34875

Table 2

Tonization potential (IP), electron affinity (EA), electrodonating power (w—), electroaccepting power (o™), and net electrophilicity (Aw™®) for radi-
ometal ions (Ga®*, Tb®*, Bi®*, and Ac®"); the ligands (DOTA and 3p-C-NETA); and the complexes calculated at the MO6-HF with SDD basis set for
radiometal ion and 6-311G(d) basis set for another atom. Ga>* calculated at M06-HF/6-31G(d). The results of computations in the gas phase are
shown in the numbers below, whereas the numbers above represent the results in water (SMD).

System Energy (eV)
P EA 1 o o Ao™
Ga®" 44.858 9.944 17.457 37.387 9.986 9.959
67.613 31.344 18.134 94.504 45.026 45.015
Tb** 24.731 0.444 12.144 14.335 1.748 1.678
49.406 21.238 14.084 63.716 28.393 28.378
Bi®* 23.197 14.065 4.566 47.898 29.267 29.246
42.693 33.544 4.575 178.439 140.321 140.315
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