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Abstract

Three isotopes of scandium—43Sc, 44Sc, and 47Sc—have attracted increasing attention as 

potential candidates for use in imaging and therapy, respectively, as well as for possible theranostic 

use as an elementally matched pair. Here, we present the octadentate chelator 3,4,3-(LI-1,2-

HOPO) (or HOPO), an effective chelator for hard cations, as a potential ligand for use in 

radioscandium constructs with simple radiolabeling under mild conditions. HOPO forms a 1:1 

Sc-HOPO complex that was fully characterized, both experimentally and theoretically. [47Sc]Sc-

HOPO has exhibited good stability in chemical and biological challenges over 7 d. In healthy 

mice, [43,47Sc]Sc-HOPO clears the body rapidly with no signs of demetalation. HOPO is a strong 

candidate for use in radioscandium based radiopharmaceuticals.
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The 3,4,3-LI(1,2-HOPO) ligand can complex radioscandium for potential use in both diagnostic 

and therapeutic radiopharmaceuticals. The Sc-HOPO complex was evaluated both experimentally 

and computational to probe its structure and stability. Sc-HOPO demonstrates suitable stability 

over a range of chemical and biological conditions. We demonstrate radiolabeling under mild 

conditions with 43Sc, 44Sc, and 47Sc. Radiolabeled [43Sc]-HOPO and [47Sc]-HOPO were 

evaluated in vivo for imaging and biodistribution and show rapid hepatobiliary excretion with 

no evidence of decomplexation.

Introduction

The strong appeal of personalized medicine has fueled expansion of the library of diagnostic 

and therapeutic agents that are tailored to optimize individual patient care. This goal 

has further driven research on the use of radiometals in medicine. Radiometals have a 

broad spectrum of both chemical and nuclear properties that provide many avenues for 

development of new radiopharmaceuticals with different clinical utilities. To date, research 

into radiometal based radiopharmaceuticals has yielded FDA approved agents for both 

imaging and therapy with several radiometals, including 99mTc, 68Ga, 111In, 177Lu, 90Y, and 

more.1 There are numerous other agents incorporating radiometals either in clinical trials or 

under investigation.

The chemical and nuclear properties of a specific radiometal determine its suitability for 

incorporation into a radiopharmaceutical agent. For example, the type of radioactive decay 

the radiometal undergoes and its half-life determine its potential medical application. The 

chemistry of the radiometal governs its stable inclusion in a chelator in the drug and 

the biological effects should it be released from the chelator. One radiometal recently 

attracting attention is scandium because it has several accessible isotopes with medical 

utility, including 43Sc, 44Sc, and 47Sc. 43Sc (t1/2 = 3.89 h, β+
max = 1.20 MeV, BRβ+ 

= 70.9%) and 44Sc (t1/2 = 3.97 h, β+
max = 1.47 MeV, BRβ+ = 94.3%) have emission 

properties that make them a suitable for use in positron emission tomography (PET) 

imaging.2 47Sc (t1/2 = 3.35 d, β−
max = 0.6 MeV, BRβ- = 100%) has emission properties 

suitable for targeted radiotherapy and radioimmunotherapy (RIT) and also possesses a 

single gamma emission (159 keV, BRγ = 68%) that is similar to 99mTc (140 keV, BRγ = 

89%) and has the potential for application in single photon emission computed tomography 

(SPECT) imaging. In combination, these different radioisotopes of scandium can be used 

to create chemically identical radiopharmaceuticals that can be used for both therapeutic 
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and diagnostic applications, i.e., theranostic agents. Additionally, since 47Sc alone has both 

therapeutic β− and imageable γ emissions, it can be used toward the development of a single 

true theranostic agent.2

The half-lives of 43Sc and 44Sc render them appropriate for use with small molecules and 

peptides, whose in vivo kinetics are faster than monoclonal antibodies (mAbs), or with 

pretargeted strategies using mAbs. The longer half-life of 47Sc is appropriate for use with 

mAbs in radioimmunotherapy (RIT), as radioimmunoconjugates may need to circulate for 

a few days before accumulating at their target. The longer half-life does not preclude it 

from use in pretargeting, and so 43/47Sc or 44/47Sc could both be used in a pretargeted 

theranostic system with the nuclides being exchanged in either diagnostic or therapeutic 

context, respectively.

Radiometals require a chelator for stabilization and incorporation into a pharmacophore. The 

role of the chelator is to bind the radiometal and ensure a stable complex, at least until the 

biological target is reached. The 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid 

(DOTA) ligand is considered a relatively universal chelator and has been used for a variety 

of radiometals, including 177Lu, 68Ga, and 90Y clinically. DOTA has been used to create and 

evaluate radioscandium based constructs in both preclinical work and early clinical work.3–

11 Recently, the production and accessibility of a wider library of radiometals prompted 

demand for new chelators designed with their particular chemistry in mind.12, 13

In some cases, the conditions needed for the chemical synthesis of radiometal complexes is 

incompatible with the conjugated targeting molecule. For example, syntheses with DOTA 

conjugates generally employ reaction temperatures of 60–95 °C that are incompatible with 

mAbs.7, 8, 14, 15 Overcoming this obstacle involves drawbacks such as longer synthesis time 

that is detrimental to nuclides with short half-lives, prolonged exposure to workers, and 

potential degradation of the functional group that conjugates to the protein.

Sc is the first transition metal and is a part of the rare earth elements (REEs). It forms 

a trivalent ion with coordination chemistry similar to other REE ions such as Y3+, with 

a preference for octadentate coordination complexes. Sc3+ is a small, hard ion with a 

preference for hard donor groups such as O or N. So far, radioscandium complexes have 

been reported with both cyclic and acyclic polyamino-polycarboxylate chelators.4, 16–21 A 

significant portion of radioscandium in vivo work has been performed with small molecule 

conjugates using DOTA as the chelator.8, 15 These studies have used small molecules as 

targeting vectors, including DOTA-octreotate (DOTATATE), prostate specific membrane 

antigen (PSMA), and folate, that can be labeled at high temperatures. At lower labeling 

temperatures, there is the risk for the formation of “out-of-cage” complexes where a metal 

cation is bound by the oxygens on the pendant arms, but not within the N4 ring of the ligand, 

thus compromising the stability of the construct and increasing the likelihood of the metal 

being released.4 Other chelators such as CHX-A″-DTPA, AAZTA, and H3mpatcn have been 

used for in vivo studies as well.19–21 Both CHX-A″-DTPA and H3mpatcn have exhibited 

radiolabeling at room temperature. Investigation of a variety of “old” and “new” ligands will 

allow development of a better optimized chelate system for efficient labeling under mild 

conditions and for increased complex stability.
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3,4,3-(LI-1,2-HOPO) (or HOPO, Figure 1) is an acyclic chelator that has demonstrated a 

strong affinity for hard metal +3 and +4 ions.22–26 It has been previously demonstrated as 

a superior chelator for 89Zr with less in vivo demetalation than 89Zr-DFO, the clinically 

used chelator. HOPO is an 8-coordinate ligand with hard oxygen donating groups which 

are suitable for Sc3+ ion which typically produces 8-coordinate complexes, with 7 and 6 

coordinate species also known.27–29 HOPO has also been demonstrated to form complexes 

with metals at a lower pH than DOTA, and the acyclic arrangement should result faster 

binding kinetics compared to a macrocycle. A bifunctional p-SCN-Bn-HOPO that can be 

conjugated to biomolecules has previously been developed, evaluated, and synthetically 

optimized.23, 30

In this study, we investigate the radiolabeling, characterization, stability, and in vivo 
behavior of [43/44/47Sc]Sc-HOPO as well as the synthesis and characterization of the 

macroscopic Sc-HOPO complex. These experiments demonstrate the potential for HOPO 

as a chelator for the development of radioscandium based agents.

Results and Discussion

The design and selection of chelators for radioscandium should focus on best meeting the 

specific chemical properties of the Sc3+ ion. Our criteria for an ideal chelator for scandium 

are as follows. An octadentate ligand offers the potential to fully saturate the coordination 

sphere of Sc3+. Hard oxygen donor groups are desirable to complement the hard Sc3+ 

cation. The chelator must also have a properly sized cavity for the 1.01 Å effective ionic 

radius for 8-coordinate Sc(III).31 Acyclic chelators are preferred because their flexibility 

should facilitate faster kinetics for more efficient radiolabeling conditions. By combining 

these properties within one molecule, the HOPO ligand is a strong candidate as a potential 

chelator for Sc3+. Herein, we’ve paired our macroscopic characterization, radiochemistry, 

and stability studies with DFT studies to confirm the performance and stability of the 

Sc-HOPO complex.

Synthesis

The HOPO ligand was synthesized as previously reported with minor augmentations.24, 

32, 33 The final product was reverse-phase HPLC purified to remove trace impurities that 

could potentially interfere with radiolabeling. The synthesis is given in the Supporting 

Information, Scheme S1 and Figure S1.

The symmetry and flexibility of HOPO result in an 1H NMR spectrum with many 

overlapping multiplets and broad peaks due to coexisting conformers in solution. Mass 

spectrometry and HPLC analysis, Figures S2A and S3A, respectively, corroborate HOPO 

as a single compound. HOPO picks up Fe(III) very easily and therefore it is common to 

observe Fe-HOPO in the LCMS.34

Non-radioactive, macroscopic Sc-HOPO was synthesized and characterized for comparison 

with the tracer Sc-HOPO. ScCl3 was added to an aqueous solution of HOPO in a 1:1.1 ratio 

of HOPO to Sc in water at room temperature. Upon the addition of ScCl3 to the solution 

of HOPO, a white precipitate formed almost immediately, and the solution became milky. 
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The Sc-HOPO complex has relatively low solubility, especially under acidic conditions. The 

precipitate redissolved as the pH was raised by the addition of K2CO3. If the pH rises above 

7 and becomes basic, a new precipitate will form. This is unreacted Sc precipitating as 

Sc(OH)3, which is insoluble under mildly basic conditions. The reaction mixture was filtered 

through a 0.2 μm syringe filter to remove the Sc(OH)3. The resulting complex of Sc-HOPO 

carries a charge of −1, and so K2CO3 was also used to provide a K+ counter-ion to the 

complex. The filtered solution was then lyophilized to dryness. K[Sc(HOPO)] was purified 

by reverse-phase HPLC, and lyophilized to a powder.

Characterization:

High resolution mass spectrometry (HRMS) of the product dissolved in water identifies the 

Sc-HOPO complex with the expected mass signals (793.2008 Da for [M+2H]+ and 815.1821 

Da for [M+H+Na]+) (Figure S2B). Analytical HPLC of the product dissolved in water 

shows a peak at retention time 5.35 minutes that tails slightly with another small peak at 

6.29 minutes (Figure S3B). The HPLC and LC-MS chromatograms both exhibited a long 

tail following the primary peak. Mass analysis of the primary peak and tail region indicates 

that only the mass of Sc-HOPO is present in all regions of the tail and primary peak. 

This indicates the presence of alternative species of the Sc-HOPO that interacts slightly 

differently with the column. An alternative Sc-HOPO species was indicated in 1H NMR 

studies as a function of pH and the formulation of the potential species was examined by 

DFT calculations, vide infra.

Figure 2 shows the 1H NMR of Sc-HOPO and the HOPO ligand in D2O at pH 7. The 
1H NMR of the Sc-HOPO complex showed overlapping multiplets in the aliphatic region 

similar to the 1H NMR of HOPO, however with less broadness. The peaks in the aromatic 

region, most associated with the binding of the hydroxypyridinonates to Sc3+, experienced 

the most significant change, with clean, discrete peaks indicative of binding to the metal 

center, locking the electronic environments of those protons. This is in contrast to the 1H 

NMR spectra of Zr-HOPO described by Deri et al, where the aromatic region showed a 

complex set of overlapping multiplets.24

45Sc is a quadrupolar nucleus that is easily probed even at low concentrations by 45Sc NMR 

due to its sensitivity. Additionally, it is monoisotopic, so there are no other isotopes of Sc 

macroscopically to dilute an NMR signal. 45Sc NMR (Figure 3) shows a single broad peak 

at δ 62.38 ppm with a large FWHM of 12414 Hz that is consistent with other Sc chelate 

compounds, such as Sc-DOTA, Sc-DTPA, Sc-EDTA, Sc-AAZTA, and Sc-mpatcn.18, 20, 35, 

36 The analysis of liquid samples of Sc chelates by 45Sc NMR tends to give broad peaks that 

are shifted down range (> 50 ppm) from the reference. The broadness may result from the 

asymmetry of the ligand field in Sc-HOPO compared to the highly symmetric Sc(H2O)6
3+ 

ion in the reference standard. As 45Sc is a quadrupolar nucleus, peak broadening is expected 

in the case of asymmetric ligand fields. An asymmetric ligand can arise from a non-fluxional 

environment of the chelate, which is expected from the 8-coordinate structure provided 

by the chelation of Sc(III) by HOPO.18, 37, 38 This has been observed in the comparison 

of Sc-DTPA and Sc-DOTA systems.18, 35, 37, 38 The chemical shift is consistent with full 

encapsulation of the Sc3+ nucleus by the hydroxypyridinonate groups, resulting in the Sc3+ 
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nucleus being highly shielded. The formation of “out-of-cage” complexes tends to give 

shifts in a lower range of 20–30 ppm.4, 18, 39 A lower chemical shift in this range is due 

in part to the poor shielding of the Sc3+ nucleus from solvent molecules in comparison to 

a fully chelated metal center without coordinating solvent molecules.4, 20 Additionally, it 

is expected to see more narrow peak width in the case of out-of-cage complexes that see 

a more fluxional environment.18, 35 This downfield broad peak observed for the Sc-HOPO 

sample supports the identification as an in-cage, asymmetric single structure. Hence, the 
45Sc NMR evidence indicates the complete chelation of the Sc3+ nucleus by the HOPO 

chelator.

A K[Sc(HOPO)] crystal structure was obtained previously by Carter et al which 

contained DMF in the lattice.40 In this work, crystals of K[Sc(HOPO)] in the form of 

{K(OH2)2[Sc(HOPO)]}2 were obtained by slow evaporation of a solution of K[Sc(HOPO)] 

with K2CO3 and KCl in water over 8 weeks without any DMF present. A single crystal from 

this sample was taken and analyzed by X-ray crystallography. The details of the crystal, 

intensity collection and refinement data are shown in Table S1. Relevant bond lengths and 

angles are shown in Table S2. The crystal structure is shown in Figure 4. The resulting 

structure is a racemic pair of enantiomers in a Monoclinic space group (P21/c) with only 

H2O in the lattice, in contrast to the Carter et al. structure which contained a racemic pair 

of Sc-HOPO units in a Triclinic space group (P-1) with both H2O and DMF. There are, 

however, some similarities in the complexes themselves. Both structures display a racemic 

pair of an 8-coordinate Sc-HOPO complex with a distorted square antiprismatic geometry 

around the metal center. In this structure, two enantiomeric Sc-HOPO units are bridged by 

two K+ units. The complexes exhibit Δ(δ) and Λ(λ) handedness according to the orientation 

of the butylene diamine portion of the ligand backbone relative to the metal center. Such 

isomerism has been observed in other metal complexes with HOPO, such as in Zr-HOPO.23 

As noted by Carter et al, it has yet to be determined if the enantiomers of Sc-HOPO are 

separable.40 There is a small amount of disorder in the flexible alkyl backbone of the ligand, 

as well as disorder from the solvent and K-bridges. The average Sc-O bond length was 2.221 

Å, which is slightly longer than the 2.213 Å average bond length reported by Carter et al.40 

The small difference in reported average bond length may be related to the different packing 

conditions of the crystals. There was no clear pattern regarding the differences in individual 

Sc-O bond lengths, which ranged from 2.1790(17) to 2.2658(17) Å. The inner and outer 

hydroxypyridinonate groups on either side of the metal center each bind to Sc opposite 

from its corresponding hydroxypyridinonate group on the other half of the ligand; the inner 

hydroxypyridinonate groups are opposite one another, and the outer hydroxypyridinonate 

groups are opposite one another. An isomer where an inner and outer hydroxypyridinonate 

group are opposite one another around the Sc center has not been observed. This product 

may not form due to steric hinderance from the bending of the backbone that would occur 

in that case. Corroborating the overall connectivity and structural features of the Sc-HOPO 

anion, this structure was the basis for successful DFT calculations, vide infra.

FT-IR and UV-vis spectra of HOPO and Sc-HOPO were measured and compared. These 

can be found in Figure S5 and Figure S6 respectively. FT-IR samples were solid powders 

pressed under a mechanical arm for attenuated total reflectance (ATR). In the FT-IR 

spectra, peak changes from HOPO to Sc-HOPO (1633 cm−1 to 1610 cm−1, 1529 cm−1 
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to 1515 cm−1) are characteristic of redshifting in carbon-oxygen vibrations that occur 

when hydroxypyridinonate binds a metal.24 The UV-vis experiments were done on liquid 

samples at pH 7. This also shows redshifting in the absorbance maxima between HOPO and 

Sc-HOPO. HOPO has maxima at 222 nm and 308 nm, while Sc-HOPO has maxima at 226 

nm and 315 nm.

Proton NMR as a function of pH suggests minor species at low pH

As the pH is decreased from 8 to 2, broad and poorly defined peaks grow in the 1H NMR 

(Figure 5), indicating a minor species growing in as the acid content increases. This minor 

species exists in equilibrium with the dominant Sc-HOPO species under acidic conditions 

and thus could not be isolated and analyzed separately. The low solubility of Sc-HOPO 

under acidic conditions also contributed to the poor resolution of the peaks in the minor 

species. Stability constant measurements and the speciation diagram reported by Carter, et. 

al. suggest that this minor species is very likely Sc-HOPO with the addition of a proton. In 

that study, the protonated Sc-HOPOH species forms in the pH region of −2 to 4.40 Our NMR 

data is consistent with Sc-HOPOH existing as a minor species at pH 2. Below pH 2, we 

encountered solubility issues in our sample that made us unable to collect suitable 1H NMR 

spectra at lower pH’s because there would be too little sample in solution.It is important 

to note that this process is reversible: increasing the pH to neutrality, returns the 1H NMR 

spectrum to the original spectrum at pH 8. This reversible speciation change, as a function 

of pH, underlies the stability of the Sc-HOPO species. The use of DCl and K2CO3 to adjust 

the pH of the 1H NMR samples resulted in the presence of KCl in solution. This varying 

concentration of KCl in the samples resulted in minor chemical shift changes of the peaks; 

the other features of the peaks remained the same. The effects of salt concentration on the 

chemical shift of the signals were verified by 1H NMR following the addition of KCl to 

Sc-HOPO samples without altering the pH. This speciation is also reflected in the HPLC 

data where an acidic mobile phase is employed (0.1% TFA). In the HPLC data, vide supra, 

the major peak tails into a second minor Sc-HOPO species.

Proposed structures for the conformations of this protonated species are shown in Figure 6. 

In one case the hydroxyl group on an “outer” hydroxypyridinonate group is protonated 

and released from the Sc center to form a 7-coordinate complex (Figure 6B). In the 

second case, the hydroxyl group on an “inner” hydroxypyridinonate group is protonated 

and released from the Sc ion (Figure 6C). Both scenarios would result in flexible constructs 

that would manifest as broad peaks in the NMR spectrum. DFT calculations were employed 

to interrogate these species further.

DFT Calculations

Figure 7 shows the lowest energy equilibrium structures of the 8- and 7-coordinate 

complexes. For these calculations, only one isomer from the racemic mixture was 

considered for the optimized structures and reaction energetics. This was chosen in part 

for simplicity because the isomers should be nearly identical regarding their bond distances 

and energetics within a protonation reaction. Like the crystal structure, the optimized 8-

coordinate complex (Figure 7A) has a distorted square antiprismatic structure around the 

Sc center; the Sc is coordinated to the eight oxygens from the four hydroxypyridinonate 
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units of the HOPO. Table 1 shows that the average Sc-O bond for the 8-coordinate complex 

(A) is 2.25 Å, which is similar to the value obtained for the crystal structure (2.21 Å). 

Figure 7B and 7C show the optimized structures for the 7-coordinate B and C complexes, 

where a proton is located on the outer and inner hydroxypyridinonate moiety, respectively. 

From Table 1, we notice that in the 7-coordinate complex C, the distance between the H in 

the protonated hydroxypyridinonate and the O in the adjacent hydroxypyridinonate is 1.98 

Å, and the angle between the OH in the protonated hydroxypyridinonate and the O in the 

adjacent unprotonated hydroxypyridinonate is 15° – signaling the formation of a hydrogen 

bond. In the case of 7-coordinate B complex, the formation of a hydrogen bond is not 

observed.

Table 2 shows the changes in electronic energy and thermodynamic properties for the 

formation of the complexes (reactions 1 and 2, see Materials and Methods). For the 8-

coordinate complex (A) it can be observed that ΔEe and ΔGs in solution are < 0, suggesting 

that this complex is stable electronically and thermodynamically. Moreover, ΔHs < 0 and 

ΔSs >0, indicating that the 8-coordinate complex is stabilized by both energetic and entropic 

contributions. Although smaller in magnitude, the same electronic and thermodynamic 

stabilization is observed for the 7-coordinate complexes. In this case, the 7-coordinate 

complexes are thermodynamically stabilized by only the enthalpic contribution. The 7-

coordinate C complex is 5.5 kcal/mol more stable than the 7-coordinate B complex. This 

suggests that the minor species observed in the NMR, HPLC, and from stability constant 

measurements is the 7-coordinate protonated species C. The enhanced stability of complex 

C over B can be attributed to the formation of a H bond between the protonated N on the 

hydroxypyridinonate and the O on the adjacent inner hydroxypyridinonate.

For the 7-coordinate Sc complexes, additional calculations were performed with an 

additional H2O or OH placed in the proximity of the Sc as to allow for the formation 

of an 8-coordinate complex. In all cases, the H2O or OH did not coordinate to the Sc, but 

rather remained unbound to the complex.

The last column in Table 2 shows the HOMO-LUMO energy gap (energy difference 

between the LUMO and the HOMO) and Figure 8 show the orbital energy level diagram 

for each complex. As expected for molecules with highly delocalized π orbitals, the 

energy gap is relatively large.41 However, the energy gap of the 7-coordinate C complex 

is approximately 0.5 eV larger than the 7-coordinate B complex. As previously discussed 

elsewhere41, 42, a larger energy gap implies a more stable system. Hence, the 7-coordinate 

C complex is more stable than the 7-coordinate B complex in terms of the energy gap – in 

agreement with our electronic structure energy differences and thermodynamic results.

When the frontier orbitals for the complexes are examined, several interesting features can 

be observed. For the HOMO, i) the 8-coordinate complex has the electronic cloud equally 

distributed between the four hydroxypyridinonate moieties, with only an 18 % contribution 

of the Sc, ii) the 7-coordinate complexes have the electron cloud distributed between three 

hydroxypyridinonate groups, with the one not having electron density being the protonated 

hydroxypyridinonate. It can be noticed that the contribution of the metallic orbitals is less 

in 7-coordinated complex C than the other two complexes. In the case of the LUMO all 
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complexes show the same electronic distribution, located in one of the hydroxypyridinonate 

groups and only a 10 % contribution of the p-orbital of the Sc.

Radiolabeling
44Sc was obtained in 2 M HCl from a 44Ti/44Sc generator system, evaporated to dryness, 

and reconstituted in 100 mM ammonium acetate solution at pH 5. Radiolabeling was 

performed in pH 5 ammonium acetate buffer with 250 μM ligand, either DOTA or HOPO. 

The reactions were shaken for 30 min with DOTA heated at 95 °C, and HOPO heated at 37 

°C. The TLC results from the radiolabeling can be found in Figure S8. The plastic backed 

silica gel TLC were developed using 50 mM EDTA at pH 5. Under these conditions, “free” 
44Sc should be captured by EDTA and move with the solvent front. The radio-TLC of free 
44Sc shows a portion of the activity bound to the origin. This is the result of the formation 

of oxides or hydroxides of Sc precipitating out of the solution as insoluble particles that 

stick to the origin on the TLC plate. These particles form under elevated pH conditions and 

can be difficult to avoid when adding radioscandium from the acidic solution collected from 

radionuclidic purification to the buffer solution used in radiolabeling. These particles may 

sometimes be recovered by dissolution in concentrated HCl. However, activity loss from 

oxide formation may be irreversible. Both cases have been observed when radiolabeling 

with radioscandium. Harshly raising the pH of the solution containing radioscandium causes 

more particle formation. Particle formation also appears to worsen with the age of the 

radioscandium solution. The use of a minicentrifuge, 0.2 μm syringe filter, nor C18 sep-pak 

were effective to remove particles. We consider that the size of the particles at the tracer 

level made these methods ineffective. The [44Sc]Sc-DOTA and [44Sc]Sc-HOPO complexes 

migrate with an Rf of 0.2 that is separated from the 44Sc oxides. [44Sc]Sc-DOTA and 

[44Sc]Sc-HOPO both labeled with >95% radiolabeling yield.

43Sc and 47Sc were collected in 0.1 M HCl, evaporated to dryness and reconstituted in 0.25 

M ammonium acetate solution pH 4. HOPO and DOTA were labeled with radioscandium in 

0.25 M ammonium acetate buffer at pH 4 at 37 °C and pH 4 at 95 °C respectively. Yields 

were > 95% as determined by ITLC-SG strips in 50 mM EDTA. The free radioscandium 

moved completely with the solvent front while labeled constructs moved with an Rf value of 

0.65. Reactions at more acidic pH’s as well as at RT were tried to determine the boundaries 

of viable radiolabeling conditions. Labelling of HOPO was achieved at RT and pH 7 (>95%) 

while DOTA did not show any radiolabeling. Up to 80% RCY were obtained with HOPO at 

pH 1 and 37°C while DOTA did not label at all.

A coelution of [47Sc]Sc-HOPO with characterized macroscopic Sc-HOPO was performed 

(Figure 9). An aliquot (~1 uCi) of radiolabeled [47Sc]Sc-HOPO was added to a solution 

containing 10 mM Sc-HOPO. The elution profiles match well. There is a slight lag time 

between the profiles from each detector due to the distance between the UV and radiation 

detectors. This coelution demonstrates that the [47Sc]Sc-HOPO possesses the same structure 

and chemistry, including the minor protonated species, that was found for the macroscopic 

Sc-HOPO, thus validating the synthesis of the desired [47Sc]Sc-HOPO in the radiolabeling 

reaction.
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Stability Studies

To assess stability of radioscandium complexes over time, [47Sc]Sc-DOTA and [47Sc]Sc-

HOPO were subjected to studies where the complexes were “challenged” with EDTA, pH, 

and other metal ions.

The [47Sc]Sc-DOTA and [47Sc]Sc-HOPO stability challenges with EDTA both showed high 

stability, >93% for [47Sc]Sc-HOPO for all constructs and 100% for all [47Sc]Sc-DOTA 

constructs as shown in Figure 10 attesting to the high stability of the 47Sc constructs.

The [47Sc]Sc-DOTA complex remained 100% intact at pH: 5, 6, 7, 8. The [47Sc]Sc-HOPO 

shows similar robustness as most complexes remain 100% complex over the course of the 7 

days with a slight decrease at pH 6 (93%). These results show that HOPO is a comparable 

chelator to DOTA in the presence of EDTA.

Additional studies examined the influence of other metal ions to the chelators. Figure 11 

below represents the results of the metal challenge for DOTA and HOPO complexes.

[47Sc]Sc-DOTA is stable in the presence of iron, copper and magnesium out to 7 days. In 

the [47Sc]Sc-HOPO metal challenge, HOPO is shown to de-complex in the presence of iron 

and copper within the first day. Both complexes are shown to be unstable in the presence of 

zinc, with HOPO de-complexing within the first hour and DOTA beginning to de-complex 

within the first day. Although DOTA outperformed HOPO in this study, this study employed 

relatively extreme chemical environments that are not representative of biological conditions 

or the concentrations of competing metal ions that would be found there. Therefore, it is 

not predictive of the behavior of [47Sc]Sc-HOPO in vivo. To better probe in vivo behavior, 

biodistribution studies were conducted.

Biodistribution

Four groups (n=4) of mice were injected with 10 μCi of [47Sc]Sc-HOPO and 

biodistributions were performed at various time points. Figure 12 below represents the 

average biodistribution of four mice at 10 minutes, 1 hour, 4 hours, and 24 hours after 

injections.

The results, shown in Figure 12 and Table S3, demonstrate that [47Sc]Sc-HOPO is excreted 

via the hepatobiliary pathway. Within the first 10 minutes, the complex is shown to 

have significant uptake in the small intestines. The 1- and 4-hour biodistribution shown 

the complex moving into large intestines. The %ID/g from 1-hour to 4-hour mark also 

decreases, indicating that the complex is being excreted from the mouse as the other organs 

do not show significant uptake at both time points. Furthermore, the 24-hour time point has a 

lower %ID/g (20% at 4-hours to 2% at 24-hours), indicating that the majority of the complex 

is largely excreted.

Another biodistribution was performed on mice injected with [43Sc]Sc-HOPO to further 

validate the biodistribution pattern and determine suitability for PET imaging. The [43Sc]Sc-

HOPO biodistribution data, shown in Table S4, exhibits the same trend with the complex 

moving from the small intestines into the large intestines. From both biodistributions, the 
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[43,47Sc]Sc-HOPO complexes show uptake and excretion through the gastrointestinal tract. 

Another animal study was performed with free 47Sc to compare to the biodistribution 

of [43,47Sc]Sc-HOPO. Free 47Sc in saline was injected into a set of mice (n=4) and 

biodistribution was performed at 1 hour for direct comparison to the 1 hour biodistribution 

timepoint of [47Sc]Sc-HOPO. These data are shown in Table S6. The free 47Sc has a more 

widespread uptake within heart, lungs, spleen, kidney, and femur. The [43,47Sc]Sc-HOPO 

complex does not follow the same distribution path as free 47Sc and shows uptake and 

excretion almost exclusively via the gastrointestinal path. This further validates the chemical 

inertness of the [43,47Sc]Sc-HOPO in vivo.

PET Imaging

Additional evaluation of the in vivo stability for the [43Sc]Sc-HOPO complex was 

determined by PET imaging in normal mice. Standard uptake value (SUV) data show a 

low time activity curve for brain, lung, kidney, heart, and liver (Figure 13). The liver and 

kidney SUV decrease throughout the study in support of the previous data showing the 

complex moving through the gastrointestinal tract. The SUV data mirror the biodistribution 

data as the uptake for each organ was significantly lower than the intestines. Furthermore, 

the Maximum Intensity Projection (MIP) image of the Balb/c mice (Figure 14) clearly 

shows excretion through the hepatobiliary tract and no uptake in the blood, lung, heart, 

kidneys, or femur that was observed in the biodistribution of free 47Sc, complimenting the 

biodistribution data of [47Sc]Sc-HOPO discussed above. Both in vivo experiments show the 

chemical robustness of the [43,47Sc]Sc-HOPO.

The data does not indicate decomplexation due to the absence of high uptake in blood, 

lung, heart and kidneys shown in both biodistribution and dynamic image. Comparison with 

free 47Sc in vivo was used to verify the inertness of the complex. Free 47Sc in saline was 

injected into a set of mice (n=4) and biodistribution was performed at 1 hour for direct 

comparison to the 1 hour biodistribution of [47Sc]Sc-HOPO. The complexes have excretion 

through the hepatic tract (liver, small and large intestines) while free [47Sc]ScCl3 has a 

widespread biodistribution with uptake seen in heart, spleen and kidneys along with the 

liver, and intestines as seen in Table S5.

Conclusions

The 3,4,3-(LI-1,2-HOPO) ligand has been shown to be a suitable chelator for Sc3+, and 

evidence presented here indicates that it is a comparable chelator to DOTA for Sc3+. We 

synthesized and characterized the macroscopic Sc-HOPO complex. The Sc-HOPO complex 

exhibits an expected octadentate structure with a pair of enantiomers. The Sc3+ center is 

bound to all 8 of the coordinating oxygens from the 4 hydroxypyridinonate groups on the 

ligand. Additionally, the complex experiences a reversible protonation beginning below pH 4 

as shown through pH dependent NMR studies, observed in the HPLC and LC-MS profiles, 

and corroborated by DFT studies. This is consistent with stability constant data reported 

by Carter, et. al.40 The reversible nature of this protonation without any disruption to the 

complexation of Sc attests to the stability of the Sc-HOPO complex.
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Radiolabeling experiments were carried out to synthesize the [43,44,47Sc]Sc-HOPO 

complexes. The low pKa’s for HOPO enable it to be radiolabeled at lower pH compared 

to DOTA which are more compatible with biological targeting vectors. The stability 

of the [43,47Sc]Sc-HOPO complexes was demonstrated by in vitro studies and in vivo 
biodistribution and imaging studies. The in vitro experiments demonstrate that HOPO 

possesses comparable stability to DOTA. The fast kinetics of labeling the HOPO ligand 

with radioscandium at mild temperatures may offer an advantage over DOTA and other 

macrocycles. Although acyclic chelators tend to have lower thermodynamic stability than 

their macrocyclic chelators, HOPO demonstrated stability that matches DOTA under the 

various conditions of the experiments conducted here. Furthermore, in vivo application 

of [43,47Sc]Sc-HOPO indicates the complex is excreted through the intestinal tract and in 

contrast to the biodistribution of free 47Sc, where there is significant uptake in the heart, 

lungs, spleen, kidney, and femur. Accordingly, there is no indication of decomplexation 

of the [43,47Sc]Sc-HOPO. Overall, this study demonstrates the viability of the Sc-HOPO 

complex as a potential construct for radioscandium-based agents and paves the way for 

future work with bifunctional HOPO variants for targeted imaging and therapy.

Experimental

Materials and Methods

All radioactive work was done in approved laboratories to handle low levels of radioactivity 

for gamma and beta emitters with appropriate safety training and radiation monitoring. All 

chemicals were purchased from Fisher or Sigma-Aldrich and used without purification. All 

water was ultrapure (> 18.2 MΩ). Instruments were calibrated and maintained according to 

standard quality control procedures. Compounds were analyzed by liquid chromatography 

high-resolution mass spectrometry (LC-HRMS). LC-HRMS was performed on an Agilent 

6550 iFunnel Q-TOF mass spectrometer coupled to an Agilent 1290 Infinity LC system 

(binary pump, diode array detector, and autosampler). Chromatography was performed using 

an Agilent SB-C8 column (2.1 × 50 mm) at 45°C and a gradient of solvents A (water, 

0.1% formic acid) and B (acetonitrile, 0.1% formic acid) from 2 to 98% solvent B in 10 

min at a flow rate of 0.2 mL/min. The following settings were applied to the ESI source: 

gas temperature, 250°C; nebulizer, 30 psig; sheath gas temperature, 250°C; Vcap, 3500 V; 

and nozzle voltage, 2000 V. For MS analysis, full scan mass spectra (m/z = 100–3000) 

were acquired in positive-ion mode. Data were acquired and analyzed using Agilent’s 

MassHunter Software suite (Data Acquisition B.09.00, Qualitative Analysis B.07.00). 1H 

NMR experiments were performed on a Bruker Avance III 600 MHz NMR Spectrometer 

with data processed by Topspin 4.1.4 software. 45Sc NMR experiments were performed on 

a Bruker Avance III 400 MHz NMR Spectrometer. NMR spectra are expressed on the δ 
scale. NMR spectra were referenced to solvent peaks or 3-(trimethylsilyl)-1-propanesulfonic 

acid, sodium salt (DSS). Measurement of pH was performed on a Fisherbrand Accument™ 

AE150 pH meter with a Fisherbrand™ accumet™ Micro Glass Mercury-Free Combination 

Electrode. The HPLC system used for analysis and purification of macroscopic material 

was a Shimadzu Prominence system equipped with a diode array and an automatic fraction 

collector. HPLC purification was performed with a Shimadzu GIST Shim Packed C18 

Semi-preparative 10 × 250 mm column, and analysis was performed on a Kromasil 
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Universal C18 4.6 × 250 mm column. UV-vis spectroscopy was performed on a Thermo 

Evolution 220 UV-Visible Spectrophotometer. Infrared attenuated total reflectance (IR-ATR) 

spectroscopy was performed on a PerkinElmer Spectrum 2 FT-IR spectrometer with a 

Universal ATR Sampling Accessory. X-ray diffraction data were collected on a Bruker X8 

Kappa Apex II diffractometer using Mo Kα radiation. 44Sc was obtained at Brookhaven 

National Laboratory (BNL) from a 44Ti/44Sc generator. Enriched [46,50Ti]TiO2 was obtained 

from the Department of Energy. Proton irradiations were performed on TR-24 cyclotron 

(Advanced Cyclotron Systems (ACSI, INC)). Activity measurements were performed on a 

Canberra S5000 High Purity Germanium (HPGe) and analyzed with the Canberra Genie 

2000 software. The energy and efficiency calibration for the HPGe was performed using a 

mixed nuclide sealed source from Eckert and Ziegler Analytics. Radio-TLC was performed 

on plastic backed silica plates (ITLC-SG) purchased from Agilent Technologies (Santa 

Clara, CA, USA) and measured on an Eckert & Ziegler AR-2000 and processed using 

Winscan Radio-TLC software (Eckert and Zeigler, AR2000, Windscan softaware, Berlin, 

Germany). The HPLC system used for 43Sc and 47Sc work was an Agilent Technologies 

1260 Infinity HPLC with UV and radioactivity detectors and a Xterra MS packed C18 

4.6 × 150 mm column from Waters. Purity of >95% was confirmed using quantitative 

HPLC analysis for nonradioactive compounds and radio-TLC for radioactive compounds. 

Tissues weight and radioactivity was measured via an automated gamma counter (Hidex 

AMG, Turku, Finland). PET/CT images were acquired using a Sofie GNEXT PET/CT 

scanner(Sofie Biosciences, CA, USA).

3,4,3-(LI-1,2-HOPO).—The ligand was synthesized as previously described with slight 

modification.24, 32, 33 Purification of the final compound was performed using HPLC. 

Details are presented in the Supporting Information.

Sc-HOPO.—A solution of scandium chloride (ScCl3 • 6H2O) (9 mg, 34.7 μmol) in water (5 

mL) was added to a solution of HOPO (25 mg, 33.3 μmol) in water (5 mL). The mixture was 

shaken on a thermomixer at RT for 15 minutes. The resulting solution was cloudy with white 

precipitate, and a pH of 3.5. A solution of 2 M K2CO3 was used to provide a K+ counterion 

to the Sc(HOPO)− complex and to solubilize the product. At pH 7–8, the precipitate 

dissolved into solution with heat, and did not precipitate upon cooling. The solution was 

filtered, lyophilized, redissolved in water, and purified by HPLC (H2O/ACN + 0.1 % TFA, 

15–25% ACN over 15 min). NMR was performed in D2O adjusted to pH 7 with K2CO3 to 

improve solubility. Variable pH 1H NMR and 45Sc NMR experiments used K2CO3 and DCl 

to adjust pH. UV-vis characterization was attempted but not conclusive. The complex was 

also characterized by ATR IR spectroscopy, HRMS, and X-ray crystallography. More details 

on these methods are presented in the Supporting Information.

Radiolabeling Studies.—44Sc was received as [44Sc]ScCl3 in 2.0 M HCl by elution from 

a 44Ti/44Sc generator. This solution was heated to dryness and then was treated with 0.1 M 

HNO3 and 30% H2O2 to destroy contaminants left from the elution. This was dried down 

and 44Sc was reconstituted in 0.5 – 1.0 mL 0.1 M HCl. HOPO and DOTA were labeled 

at various concentrations (5 – 250 μM) in water with 100 mM ammonium acetate at pH 

5. Radiolabeling times varied from 5 – 60 min. Radiolabeling experiments were carried 
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out at RT, 37 °C, and 95 °C with pH values ranging from 1–8. Radiolabeling reactions 

were performed with activity ranging from 5 μCi – 1 mCi. Reactions were monitored 

via radio-TLC using plastic backed silica gel TLC strips and 50 mM EDTA at pH 5 as 

the mobile phase. [44Sc]Sc-ligand complexes move with an Rf = 0.2 while free 44Sc was 

complexed by EDTA and moved with the solvent front.

43,47Sc was produced via proton bombardment on enriched [46,50Ti]TiO2 respectively.43 

After bombardment, the [50Ti]TiO2 was dissolved using a 3:1 mass ratio of NH4HF2 at 

250 °C and brought into solution with 5 mL concentrated HCl. The solution was diluted 

to 10.5 M HCl before addition to a 150 mg preconditioned branched N,N,N’,N’-tetra-n-

octyldiglcolamide resin. The column was rinsed with 9 M HCl, 7 M HNO3 and 1 M 

HNO3 before the 43,47Sc was eluted in 0.1 M HCl. The collected 47Sc was dried down and 

redissolved in 200 μL 0.25 M ammonium acetate pH 4. For HOPO, 260 μCi of 47Sc was 

used for labeling in a 194 μL solution with .21 mM HOPO, pH 8, at 37 °C, 800 rpm for 

30 minutes with an apparent molar activity of 6.4 mCi/μmol of [47Sc]Sc-HOPO. For DOTA, 

260 μCi of 47Sc was used for labeling in a final volume of 145μL with a final concentration 

of 0.21 mM DOTA, pH 4 at 95 °C for 30 minutes with an apparent molar activity of 8.5 

mCi/μmol of [47Sc]Sc-DOTA. Radiolabeling was verified by ITLC-SG strips developed in 

50 mM EDTA. Free 47Sc moved with the solvent front while the labeled complex had an Rf 

= 0.65.

DFT Calculations

All calculations were based on Density Functional Theory (DFT) within the B3LYP 

approximation.44 For the Sc atom the lanl2tz(f) basis set was used,45 whereas all non-

transition metals were represented with the 6–311G+(d,p) basis set.46 For all systems the 

lowest energy structure was obtained by doing a full geometry optimization. A harmonic 

vibrational analysis was performed on the optimized structures to ensure that a minimum 

was located, and to obtain thermodynamic properties. Calculations were performed in the 

vapor phase and in solution using the conductor-like polarizable continuum model (CPCM) 

for water.47 All calculations were performed using Gaussian 09.48 The crystal structure 

obtained experimentally for the Sc(HOPO)−1 (8-coordinate complex) was used as the initial 

structure in the optimization procedure. The 7-coordinate complexes were generated by 

adding a proton to the outer (called 7-coordinate B) or inner (called 7-coordinate C) oxygen 

in the hydroxypyridinonate group. The stability of the 8- and 7-coordinate complexes were 

computed for the following reactions:

HOPO−4 + Sc H2O 6
+3 Sc HOPO −1 + 6H2O

Rxn 1

Sc HOPO −1 + H3O+ Sc HOPOH + H2O7 − coordinateA
Sc HOPOH + H2O7 − coordinateB

Rxn 2
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The change in Gibbs free energy for these reactions in the vapor were obtained from:

ΔGRx1
v = GSc HOPO −1

v + 6GH2O
v − G HOPO −4

v − GSc H2O +3
v

(1)

ΔGRx2
v = GSc HOPOH

v − GSc HOPO −1
v − G H2O +v

(2)

To obtain the change in Gibbs free energy in solution, a thermodynamic cycle49, 50 (Figure 

15) was used such that

ΔGRx1 or Rx2
s = GRx1 or Rx2

v + i = 1
M ΔGi

solvation − i = 1
N ΔGi

solvation

(3)

where M and N are the total number of reactant and product molecules, respectively, and 

ΔGi
solvation is the change in Gibbs free energy of solvation of species i. A similar cycle 

was used to obtain changes in enthalpy in solution. The change in entropy was obtained 

from ΔS = ΔH − ΔG
T . All thermodynamic quantities are reported at T = 300 K. Additionally, 

the change in electronic energy for both Rxn 1 and Rxn 2 were obtained using the DFT/

B3LYP/6–311G+(d,p) energy obtained after minimization.

Stability Studies

For each stability study (EDTA challenge study or metal challenge study), a vial of 120 μCi 

of [47Sc]Sc-DOTA or [47Sc]Sc-HOPO from the stock solution was diluted to 1200 μL with 

Chelex water.

EDTA Challenge Study

An EDTA challenge was performed at varying pH of 5, 6, 7, and 8. Each pH challenge was 

done in triplicate. Each vial contained 100 μL of the stock solution of either [47Sc]Sc-DOTA 

or [47Sc]Sc-HOPO for an average of 10μCi. 50 μL of EDTA was added to solution and 

diluted to 500 μL with Chelex purified water for a final concentration of 10 μM ligand and 

100 μM EDTA. Solutions were assessed via ITLC at 15 minutes, 30 minutes, 1 hour, and 

then daily time points up to 7 days. Solutions were kept at 37 °C with agitation throughout 

this study.

Metal Challenge Study

A metal challenge was performed with FeCl2, CuCl2, MgCl2 and ZnCl2 in triplicate. Each 

vial contained 100 μL of the stock solution of either [47Sc]Sc-DOTA or [47Sc]Sc-HOPO for 

an average of 10 μCi. 50 μL of the metal solution was added to solution and then diluted to 

500 μL with Chelex purified water for a final concentration of 10 μM ligand and 100 μM 
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metal. Solutions were assessed via ITLC at 15 minutes, 30 minutes, 1 hour, and then daily 

time points up to 7 days. Solutions were kept at 37 °C with agitation throughout this study.

PET Imaging and Biodistribution

HOPO was radiolabeled with either 43Sc or 47Sc in yields >96%, at 37 °C at pH 8 for 30 

minutes as described above. The dose was diluted with 0.9% NaCl solution to achieve 100 

μL injections: 10 μCi injections of [47Sc]Sc-HOPO (apparent molar activity of 8.4 mCi/μmol 

for stock dose) and 100 μCi of [43Sc]Sc-HOPO (apparent molar activity of 12.4 mCi/μmol 

for stock dose). The radiolabeled doses did not require purification prior to injection. Longer 

term biodistributions were analyzed with the [47Sc]Sc-HOPO for four time points: 10 

minutes, 1 hour, 4 hours, and 24 hours. At each time point mice (n=4) were sacrificed 

and radioactivity assessed in the following organs: 50 μL of blood, heart, lung, liver, spleen, 

pancreas stomach, kidneys, small intestine, large intestine, fat, skin, muscle, femur, brain, 

and tail. Each sample was added to a pre-weighed vial. The vials were weighed, counted on 

a gamma counter, and the percentage of injected dose per gram tissue was calculated.

PET (energy window 350–650 keV) and CT (voltage 80 kVp, current 150 μA, 720 

projections, scan time 5 minutes) imaging was performed immediately after retro 

orbital injection of 100 μCi of [43Sc]Sc-HOPO. PET data was collected for 90-minute 

dynamic imaging, followed by 5-minute CT. Following imaging, biodistribution was 

conducted as described above. PET images were reconstructed via 3D-OSEM(Ordered 

Subset Expectation Maximization) algorithm (24 subsets and 3 iterations), with random, 

attenuation, and decay correction and CT was reconstructed with Modified Feldkamp 

Algorithm, and analyzed using VivoQuant (VivoQuant 4.0, Invicro Imaging Service and 

Software, Boston USA) software. After images were reconstructed, the PET images were 

appended to the CT. Following image reconstruction, regions of interest were drawn for 

select tissues (brain, lung, liver, kidney, and muscle) in each mouse based on the CT images 

for each frame. The time-activity curves (TAC) of the uptake of the tracer were generated 

over the course of the data collection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structural scheme for the HOPO ligand and the Sc-HOPO complex with the coordinating 

oxygen atoms shown in red.
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Figure 2. 
1H NMR of HOPO and K[Sc(HOPO)] in D2O. Corresponding integral regions are 

highlighted by color.
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Figure 3. 
45Sc NMR of K[Sc(HOPO)] in D2O. The broad peak (FWHM = 12414 Hz) is consistent 

with 45Sc NMR of other Sc chelates. 0.1 M ScCl3 in 0.01 M HCl was used as the reference 

standard for the NMR method.
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Figure 4. 
Molecular diagram of the Sc-HOPO anion. Hydrogen atoms bound to carbon as well 

as disordered carbon atoms in the HOPO backbone are omitted for clarity. Atomic 

displacement parameters are displayed at the 30% probability level.
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Figure 5. 
1H NMR of K[Sc(HOPO)] taken at different pH’s in D2O. pH was measured by pH probe, 

which introduced H2O to the sample. Although peak suppression for H2O was used in the 

NMR method, the quantity of water was too great for it to be effective. pH was adjusted with 

K2CO3 and DCl. The resultant increase of KCl concentration results in minor chemical shift 

changes for both the analyte and the solvent peak.

Phipps et al. Page 25

Inorg Chem. Author manuscript; available in PMC 2024 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
8-coordinate structural scheme of Sc-HOPO (A) and alternative 7-coordinate schemes for 

Sc-HOPOH in low pH conditions (B and C).
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Figure 7. 
Optimized equilibrium structures for: A) 8-coordinate complex, B) 7-coordinate structure 

with outer group protonation, and C) 7-coordinate complex with inner group protonation. 

All hydrogens are omitted except for the protonated OH’s in complexes B and C, which are 

designated by green arrows. A dashed line indicates hydrogen bonding.
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Figure 8. 
The five lowest occupied and five highest unoccupied molecular orbitals energies for the 

8-coordinate A (1 in the x-axis) complex, 7-coordinate B (2 in the x-axis) and 7-coordinate 

C (3 in the x-axis) complexes. Frontier orbital representations for the LUMO and HOMO for 

each complex are shown.
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Figure 9. 
Coelution of [47Sc]Sc-HOPO with macroscopic, characterized Sc-HOPO. As discussed 

above, both macroscopic and tracer levels show tailing caused by Sc-HOPOH.
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Figure 10. 
Stability study of [47Sc]Sc-HOPO over the course of 7 days in the presence of 100 μM of 

EDTA at varying pH (A). Stability of [47Sc]Sc-DOTA in the presence of 100 μM EDTA at 

varying pH (B).
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Figure 11. 
Stability study of [47Sc]Sc-HOPO and [47Sc]Sc-DOTA over the course of 7 days in the 

presence of metal ions. (A) [47Sc]Sc-HOPO in the presence of 100 μM of FeCl2, CuCl2. 

MgCl2 and ZnCl2. (B) Stability of [47Sc]Sc-DOTA in the presence of 100 μM of FeCl2, 

CuCl2. MgCl2 and ZnCl2.
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Figure 12. 
Biodistribution of 10 μCi injections of [47Sc]Sc-HOPO in female Balb/c mice at four time 

points: 10 minutes (A), 1 hour (B), 4 hours (C) and 24 hours (D).
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Figure 13: 
The standard uptake values for various organs of 100 μCi of [43Sc]Sc-HOPO were taken at 

10 minute intervals over the course of the 90 minute scan and each organ was then plotted to 

create a time activity curve for each organ: Brain (A), Lung (B), Kidney (C), Heart (D) and 

Liver (E).
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Figure 14. 
(A) PET/CT static image of a Balb/c mouse 0–10 minutes after injection of [43Sc]Sc-HOPO. 

(B) PET/CT static image of a Balb/c mouse 4–50 minutes after injection of [43Sc]Sc-HOPO. 

(C) PET/CT static image of a Balb/c mouse 80–90 minutes after injection of [43Sc]Sc-

HOPO. Approximately 100 μCi of [43Sc]Sc-HOPO was injected.
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Figure 15. 
General thermodynamics cycle used to calculate the change in thermodynamic properties in 

solution.
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Table 1.

Average bond lengths and angles for Sc-HOPO and Sc-HOPOH. <RSc-

o> average Sc and O bond length, ROH is the distance between the H in the protonated hydroxypyridinonate 

and the O in the adjacent unprotonated hydroxypyridinonate, AO-

H…H is the angle between the OH in the protonated hydroxypyridinonate and O in the adjacent unprotonated 

hydroxypyridinonate

System <RSc-O> (Å) RO-H (Å) AO-H…H (Degrees)

8-coordinate Complex A 2.25(2)

7-coordinate Complex B 2.19(2) 3.02 20°

7-coordinate Complex C 2.19(2) 1.96 15°
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Table 2.

Changes in electronic energy, Gibbs free energy, enthalpy, and entropy for formation of complexes defined by 

reactions 1 and 2.

System ΔEe (kcal/mol) ΔGs (kcal/mol) ΔHs (kcal/mol) ΔSs (cal/mol) HOMO-LUMO Gap (eV)

8-coordinate Complex A −118.1 −88.8 −52.2 120.0 3.8

7-coordinate Complex B −30.3 −25.5 −26.5 −3.3 3.7

7-coordinate Complex C −35.1 −31.0 −32.2 −3.2 4.2

Inorg Chem. Author manuscript; available in PMC 2024 December 18.


	Abstract
	Graphical Abstract
	Introduction
	Results and Discussion
	Synthesis
	Characterization:
	Proton NMR as a function of pH suggests minor species at low pH
	DFT Calculations
	Radiolabeling
	Stability Studies
	Biodistribution
	PET Imaging

	Conclusions
	Experimental
	Materials and Methods
	3,4,3-(LI-1,2-HOPO).
	Sc-HOPO.
	Radiolabeling Studies.

	DFT Calculations
	Stability Studies
	EDTA Challenge Study
	Metal Challenge Study
	PET Imaging and Biodistribution

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.
	Figure 13:
	Figure 14.
	Figure 15.
	Table 1.
	Table 2.

