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ABSTRACT: A family of three picolinate pyclen based ligands, previously investigated for the complexation of Y3+ and some 

lanthanide ions (Gd3+, Eu3+), was studied with 161Tb and 177Lu in view of potential radiotherapeutic applications. The set of six Tb3+ 

and Lu3+ complexes was synthesized and fully characterized. The coordination properties in the solid state and in solution were 

thoroughly studied. Potentiometric titrations, corroborated by Density Functional Theory (DFT) calculations, showed the very high 

stability constants of the Tb3+ and Lu3+ complexes, which are associated to remarkable kinetic inertness for up to 30 days in 1 M 

HCl. A complete radiolabeling study performed with both 161Tb and 177Lu radionuclides, including experiments with regard to the 

stability with and without scavengers and kinetic inertness using challenging agents, proved that the ligands could reasonably com-

pete with the DOTA analogue. To conclude, the potential of using the same ligand for both radiotherapy and optical imaging was 

highlighted for the first time.

Introduction 

Cationic lanthanides (Ln3+) are of high relevance because of 

their magnetic and optical properties. For example, the sym-

metric 8S ground state of Gd3+ results in slow electron relaxa-

tion, which makes Gd3+ complexes efficient contrast agents in 

magnetic resonance imaging (MRI).1 Additionally almost all 

Ln3+ ions (except La3+ and Lu3+) are luminescent with charac-

teristic emission wavelengths for each Ln3+ (from UV to 

NIR).2  

Some lanthanides, mainly Tb3+, Ho3+ and Lu3+, have radioi-

sotopes potentially suitable for the development of diagnostic 

and therapeutic radiopharmaceuticals in nuclear medicine.3,4 

For that purpose, the radiation properties of the therapeutic 

radionuclide should match the size/volume ratio of the target-

ed lesion to avoid affecting the surrounding healthy tissues. 

The characteristics of --emitting radionuclides of rare-earth 

elements are summarized in Table 1. 

The radionuclide 90Y has been widely used for therapeutic 

purposes thanks to its suitable decay properties.  Meanwhile, 
90Y was mainly substituted by medium-energy --emitters, 

such as 177Lu, which is probably more appropriate for treating 

minimal residual disease.3 The β-emission of 177Lu is accom-

panied by several γ-photons with energies of 208 keV (10%) 

and 113 keV (6.2%), which are useful for SPECT imaging 

and, hence, dosimetry. 161Tb, a potentially interesting β--

emitter with similar properties to 177Lu, co-emits conversion 

and Auger electrons. Its γ-radiation (75 keV, 10.2%) is useful 

for SPECT imaging.3 There are other clinically interesting 

radioisotopes of terbium with complementary physical decay 

characteristics: 149Tb (α-therapy), 152Tb (PET) and 155Tb 

(SPECT). 
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Based on the growing interest for radiolanthanides in the 

field of nuclear medicine, the development of stable and inert 

Ln3+ chelates presenting fast radiolabeling under mild condi-

tions is of great interest. The octadentate ligand DOTA 

(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) is 

probably the best known ligand for lanthanide(III) coordina-

tion,9 despite slow complexation kinetics, and is successfully 

used (pre)clinically for radiolabeling with 90Y, 177Lu and 161Tb. 

However, to explore the luminescent properties of Ln3+ ions 

the DOTA scaffold is not well adapted, since it lacks a conju-

gated antenna essential to provoke the indirect excitation of 

the lanthanide(III) center through energy transfer processes. 

Additionally, DOTA-Ln3+ complexes present an inner-sphere 

water molecule leading to non-radiative quenching by proxi-

mate O–H oscillators.10  

 

Numerous chelators, often saturated azamacrocycles based 

on cyclen (1,4,7,10-tetraazacyclododecane),11 tacn (1,4,7-

triazacyclononane)12 or even on cyclam (1,4,8,11-

tetraazacyclotetradecane),13 have been developed to form 

stable and/or inert lanthanide complexes for medical and bio-

analytical applications. Pyclen (3,6,9,15-

tetraazabicyclo[9.3.1]-pentadeca-1(15),11,13-triene), less 

investigated until recently, leads rapidly to the formation of 

remarkably inert Ln3+ complexes. For example, PCTA deriva-

tives (3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-

triene-3,6,9-triacetic acid) are mainly explored for MRI due to 

its relatively high proton relaxivity.14, 15 

We recently described the synthesis of the pyclen-based lig-

ands L1, L2, L3 and L4, and investigated their ability for Y3+ 

and Ln3+ coordination (Chart 1).16 These four chelators, which 

are differentiated from each other by the relative position and 

number of acetate or picolinate functions, behave as octa- (L1 

and L2) or nonadentate (L3 and L4) ligands upon coordina-

tion to the Ln3+ ions, leading to specific properties. If L1 was 

presented as the least suited for Ln3+ coordination (presence of 

an acetate function in a labile apical position of the coordina-

tion sphere), it was demonstrated that L2, L3 and L4 present 

higher thermodynamic stabilities with Gd3+ and Y3+ at physio-

logical pH than DOTA. L4 stands out, in particular, for the 

higher kinetic inertness of its Gd3+ and Y3+ complexes, while 

the monohydrated L2-Gd3+ complex can be considered as an 

interesting alternative to the DOTA analogue for MRI. The 

complexes of L3 and L4 show promise for optical imaging, 

thanks to their high emission quantum yields (Φ) and long 

luminescence lifetimes (H2O) in aqueous medium, especially 

for Tb3+ (Φ > 95%; H2O ~ 2.5 ms).16(d) 

Taking these encouraging results into consideration, it was 

hypothesized that L2, L3 and L4 may have potential as chela-

tors for several radionuclides, including 177Lu and 161Tb. 

Moreover, 161Tb radiocomplexes formed with L3 and L4 may 

also be useful as potential theranostic agents, since the lumi-

nescence properties of Tb3+ can be exploited for optical imag-

ing. A detailed study of the Lu3+ and Tb3+ complexes with L2-

L4 in solution and in the solid state is reported. Radiolabeling 

studies with 177Lu and 161Tb were then performed and the 

stability of the corresponding complexes investigated in vari-

ous media. 

 

 

 

Results and Discussion 

 

Ligand synthesis and complexation with Tb3+ and Lu3+ 

The L2, L3 and L4 ligands were synthesized as described 

previously,16(a-b) but some steps have been optimized in order 

Table 1. Decay properties of --emitting rare-earth elements for radiotherapy.5-8 

Radioelement t1/2 Emean (keV) E (keV) Max. range (mm) Average range (mm) 

90Y 64.0 h 934 - 11 2.5 
166Ho 26.8 h 665 80.6 (6.6%) 8.7 2.2 
161Tb 6.95 d 154 74.6 (10.2%) - 0.15 
177Lu 6.65 d 134 208.4 (10.4%) 2.2 0.67 

 

 

Chart 1. Chemical structures of DOTA, PCTA as wells 

as L1-L4. 
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to improve the overall yields. The adapted/optimized proce-

dures are described and discussed in the Supporting Infor-

mation SI (Schemes S1-S3; Figures S1-S4).  

The corresponding LnL2, LnL3 and LnL4 complexes (Ln = 

Tb and Lu) were prepared by reaction of the ligands with 

LnCl3·6H2O in aqueous solution at pH 5, isolated with quanti-

tative yields by precipitation in methanol and characterized by 

high-resolution mass spectroscopy (ESI+ ionization) (Figures 

S5-S10, Supporting Information). 

 

The diamagnetic Lu3+ complexes could be characterized by 1H 

and 13C NMR. The spectra are given in Supporting Infor-

mation (Figures S11-S16). The 1H spectra show very sharp 

peaks, indicating the formation of well-defined rigid species. 

Both 1H and 13C spectra show a single set of signals corre-

sponding to the formation of complexes with a 1:1 (Lu:L) 

stoichiometry.  

 

X-ray crystal structures 

Slow evaporation of methanolic solutions of LnL3 and LnL4 

(Ln = Tb or Lu) provided single crystals suitable for X-ray 

diffraction analyses. The structures of the four complexes and 

their corresponding coordination polyhedra are shown in 

Figures 1 and 2, while Table 2 and Table 3 present the bond 

distances of the coordination spheres of the metal ions for 

LnL3 and LnL4, respectively. All the crystallographic data are 

given in Table S1 in Supporting Information. 

           

                        

Figure 1. View of the crystal structures of LuL3 and TbL3 (top) and the corresponding coordination polyhedra around the metal ions 

(bottom). Hydrogen atoms and water molecules are omitted for clarity. The ORTEP plot is at the 50% probability level. 
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X-ray diffraction of single crystals of LuL3 and TbL3 re-

vealed that both compounds were isostructural and crystallized 

in the monoclinic C2/c space group (Table 2), with similar 

unit cell parameters. The two chelates are surrounded by 5.5 

water molecules, one of them situated at a special position. 

LuL4 and TbL4 crystallized in the P21/n space group (Table 

3), but their asymmetric units were different. The asymmetric 

unit of LuL4 contains three water molecules and another that 

was squeezed to properly resolve the structure.17 However, 

TbL4 crystalized with the two enantiomers in the asymmetric 

unit and 13 water molecules. The crystal structures of LuL3, 

TbL3, LuL4 and TbL4 are very similar to those reported in 

previous works for the Yb3+, Eu3+ and Y3+ analogues.16(b),(a) The 

metal ion is directly coordinated to six nitrogen atoms and 

three oxygen atoms of pyclen and its picolinate and acetate 

arms. As discussed previously,16(a),(b) for LuL3 and TbL3 this 

results in a nine-fold coordination around the metal ion with a 

very distorted and irregular 1:5:3 coordination polyhedron 

containing three vertexes related by a 2-fold pseudosymmetry 

axis (O(5), O(3) and N(6), Figure 1), five vertexes related by a 

5-fold pseudosymmetry axis (N(1), N(2), N(3), O(1) and N(5)) 

and the remaining vertex (N(4)) sitting on the latter axis.18  

The coordination polyhedron in LuL4 and TbL4 can be also 

described by a similar 1:5:3 polyhedron, but also as a severely 

distorted tricapped trigonal prism (Figure 2), where the upper 

triangular face is defined by O(1), O(3) and O(5), and the 

lower triangular face is described by N(1), N(2) and N(4). 

These two planes intersect at 11.8° (LuL4), 8.9° and 10.6° 

(TbL4), reflecting rather distorted polyhedra. The upper and 

lower planes are not completely eclipsed, with twist angles of 

12.8° (and 18.3°) and 16.8° for LuL4 and TbL4, respectively. 

The macrocyclic pyclen unit adopts a [4242] conformation in 

all complexes,19 as already observed for Yb3+, Eu3+ and Y3+ 

derivatives.11(b),(d) Indeed, unlike cyclen derivatives that adopt 

a square [3333] conformation, the pyridine moiety of pyclen 

dictates that one side of the macrocycle must incorporate four 

bonds and so a [3333] conformation is impossible.20 As a 

result, the four five-membered chelate rings formed by the 

coordination of the pyclen moiety adopt a (δλδλ) confor-

mation, which is characterized by the presence of a mirror 

plane that makes pyclen achiral.20 Thus, the only source of 

chirality in these complexes was related to the layout of the 

pendant arms, which generate two enantiomers that can be 

denoted as Δ and Λ.21 As observed previously,16(b),(d) the two 

enantiomers are present in the crystal lattice related by an 

inversion center. 

 

Table 2. Bond distances (Å) to metal center for LnL3 

structures (Ln = Eu, Tb, Y, Yb and Lu). 

 EuL3a TbL3 YL3b YbL3a LuL3 

Ln3+ ionic radius 

(Å) CN=9c 
1.12 1.095 1.075 1.042 1.032 

Ln(1)-N(1) 2.868 2.624 2.606 2.596 2.557 

          

                                  

Figure 2. View of the crystal structures of LuL4 and TbL4 (top) and the corresponding coordination polyhedra around the 

metal ions (bottom). Hydrogen atoms and water molecules are omitted for clarity. The ORTEP plot is at the 50% probabil-

ity level. 
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Ln(1)-N(2) 2.703 2.641 2.630 2.629 2.606 

Ln(1)-N(3) 2.676 2.599 2.614 2.593 2.591 

Ln(1)-N(4) 2.625 2.542 2.486 2.459 2.484 

Ln(1)-N(5) 2.615 2.478 2.458 2.437 2.379 

Ln(1)-N(6) 2.594 2.439 2.476 2.459 2.426 

Ln(1)-O(1) 2.467 2.390 2.327 2.311 2.310 

Ln(1)-O(3) 2.513 2.364 2.315 2.304 2.303 

Ln(1)-O(5) 2.415 2.374 2.398 2.392 2.363 

Ln(1)-O(3)’ 2.453 - - - - 

aFrom ref. (16(d)); bFrom ref. (16(b)); cFrom ref. (22) 

 

The bond distances of the metal coordination environments 

generally decrease along the lanthanide series as a result of the 

lanthanide contraction,23 with the exception of the Ln(1)-N(4) 

distance, which is slightly longer for LuL3 than YbL3 (Table 

2), and the Ln(1)-N(1) and Ln(1)-N(5) distances, which are 

longer for LuL4 than YbL4 (Table 3). This suggests that the 

coordination of the nine donor atoms of the ligand is sterically 

more demanding for the smallest lanthanide ions.  

 

Table 3. Bond distances (Å) to metal center for LnL4 

structures (Ln = Eu, Tb, Y, Yb and Lu). 

 EuL4a TbL4b YL4c YbL4a LuL4 

Ln3+ ionic radius 

(Å) CN=9d 
1.12 1.095 1.075 1.042 1.032 

Ln(1)-N(1) 2.648 
2.637-

2.624 
2.603 2.604 2.610 

Ln(1)-N(2) 2.647 
2.621-

2.659 
2.645 2.591 2.568 

Ln(1)-N(3) 2.592 
2.571-

2.583 
2.575 2.538 2.526 

Ln(1)-N(4) 2.600 
2.571-

2.571 
2.548 2.515 2.465 

Ln(1)-N(5) 2.501 
2.475-

2.480 
2.465 2.453 2.470 

Ln(1)-N(6) 2.558 
2.529-

2.553 
2.535 2.483 2.462 

Ln(1)-O(1) 2.358 
2.326-

2.335 
2.307 2.272 2.264 

Ln(1)-O(3) 2.419 
2.402-

2.386 
2.361 2.359 2.330 

Ln(1)-O(5) 2.375 
2.353-

2.359 
2.338 2.304 2.287 

aFrom ref. (16(d)); bData of the two enantiomers present in the 

asymmetric unit.; cFrom ref. (16(b)); dFrom ref. (22) 

 

Kinetics 

Because of lanthanide contraction,23,24 an increasing kinetic 

inertness is expected across the lanthanide series as a result of 

the stronger electrostatic interaction between the ligand and 

the metal ion, associated to the enhanced positive charge den-

sity of the latter. The dissociation kinetics of all the Lu3+ and 

Tb3+ complexes were studied in 1.0 M HCl by UV-Vis spec-

troscopy, following the change of absorbance due to the π-π* 

transition band of the aromatic units (Supporting Information, 

Figure S17-S22). As presented in Table 4, dissociation half-

lives (t1/2) globally increase from Tb3+ complexes to Lu3+ ones, 

following the lanthanide contraction, as expected.  

 

Table 4. Dissociation half-lives (t1/2) in min of LnL com-

plexes in 1 M HCl (Ln = Tb or Lu, L= L2, L3 or L4) and 

comparison with the Y3+ analogues. 

 L2 L3 L4 

Ya  357 140 41880 

Tb 178 296 22602 

Lu 671 785 > 30 days 
aFrom ref. (16(a),(b))  

 

The acid-assisted dissociation was proven to be one order of 

magnitude faster for Ln(PCTA) complexes than for the 

Ln(DOTA)- analogues.14 However, as already shown with Y3+, 

the substitution of acetate arms with picolinate groups consid-

erably increases the kinetic inertness of the complexes, reach-

ing or even surpassing those of Ln(DOTA)- chelates.16(a),(b)  

An interesting feature of the complexes investigated here is 

that the LnL4 complexes are considerably more inert than 

their LnL3 counterparts. The dissociation of these complexes 

under strongly acidic conditions follows the acid-catalyzed 

mechanism, with the formation of a protonated intermediate. 

Complex protonation facilitates partial decoordination of the 

ligand, which triggers complex dissociation. The bond dis-

tances of the metal coordination environment reported in Ta-

ble 2 and Table 3 show that the LuL3 complex presents a 

particularly long Lu-O(5) distance (2.363 Å), which would 

explain the faster dissociation kinetics compared with LuL4, 

for which Lu-O distances range from 2.26 to 2.33 Å. Howev-

er, the longer Ln-O distance among the Tb3+ complex is ob-

served for the more inert TbL4 complex. Thus, we hypothe-

size that the different kinetic inertness of LnL3 and LnL4 

complexes is likely related to their different ability to proto-

nate associated to distinct charge distributions.  

 

DFT calculations 
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To find support for this hypothesis, we modeled the LnL3 and 

LnL4 complexes using DFT calculations (see computational 

details below, Table S2), and calculated the electrostatic po-

tential on the molecular surface of the complex defined by an 

isodensity value of 0.0004 electrons Bohr-3.24 The results show 

that the surfaces of the two complexes present a hydrophobic 

region on the backside of pyclen fragment and a second region 

characterized by a negative electrostatic potential on the side 

of the molecule where the pendant arms are situated. Our 

calculations predict a very different distribution of the electro-

static potential on the molecular surface (Figure 3). In the case 

of LuL4, the tricapped trigonal prismatic coordination places 

the oxygen atoms of the carboxylate groups in the same re-

gion. Complex protonation is expected to occur at oxygen 

atoms of carboxylate groups that are not coordinated to the 

metal ion, which in LuL4 are pointing outwards (Table S3). 

These oxygen atoms hold a significant negative electrostatic 

potential, but are quite apart from each other (O···O distances 

> 6.0 Å). In LuL3 two uncoordinated oxygen atoms in the 

periphery of the complex hold significant negative electrostat-

ic potential, and are placed at a relatively short distance of 

4.75 Å (Table S4). These results suggest that the LnL3 com-

plexes may be more prone to protonate due to the presence of 

a higher negative charge density, which likely facilitates the 

decoordination of one of the pendant arms, triggering complex 

dissociation. 

 

Figure 3. Views of the electrostatic potential on a 0.0004 

electrons Bohr-3 isosurface of the electron density, obtained 

with DFT calculations, for LuL3 (left) and LuL4 (right). 

 

Thermodynamic stability 

Because of the complete complexation in acidic pH, stability 

constant values of L2, L3 and L4 for M = Tb and Lu could not 

be determined by conventional potentiometric experiments, 

but only by competition with DOTA using the out-of-cell 

method with KNO3 as electrolyte (I = 0.1 M). The protonation 

constants of the three ligands, already measured in NaCl (I = 

0.15M),16(a),(b) were measured again in the conditions used for 

the determination of the stability constants (Table 5). The out-

of-cell competition method used solutions containing 

L:M:DOTA (1:1:1) at different pH values, incubated at 25°C 

and measured after four weeks (until no more change of poten-

tial occurred). 

Table 5. Protonation constants of the picolinate pyclen-based ligands and stability constants of the corresponding LnL 

complexes (Ln = Tb, Lu, L = L2-L4) and comparison with ligands of reference at 25°C. 

 L2 L3 L4 PCTA DOTA 

log K1
H 11.30(1)a 11.30(2)a 10.50(2)a 11.36e 12.09g 

log K2
H 6.46(1)a 5.58(2)a 6.73(3)a 7.35e 9.68g 

log K3
H 4.27(1)a 4.23(2)a 3.86(3)a 3.83e 4.55g 

log K4
H 2.90(1)a 3.01(2)a 2.98(2)a 2.12e 4.13g 

log K5
H - -  1.29e - 

log KGdL 22.37(3)b 23.56(2)c 23.44(2)c 20.39e 24.67h 

log KYL 22.44(2)b 23.36(2)b 23.07(2)d 20.28e 24.9i 

log KTbL 21.4(1)a 23.8(4)a 25.2(1)a 20.39f 24.22h 

log KLuL 24.32(6)a 25.9(6)a 27.1(2)a n.f 25.41h 

pGdj 20.3 20.7 21.8 17.0 19.2 

pYj 20.3 20.5 21.5 17.0 18.9 

pTbj 17.6 20.4 22.6 16.2 17.2 

pLuj 20.5 22.4 24.5 n.f 18.4 
athis work (I = 0.1 M KNO3), 

bref. (16(a)) (I = 0.15 M NaCl), cref. (16(c)) (I = 0.15 M NaCl), dref. (16(a)) (I = 0.15 M NaCl), 
eref. (14) (I = 1.0 M KCl), fref. (25) (I = 0.1 M KCl).  gref. (26) (I = 0.15 M Me4NNO3), 

href. (9(b)) (I = 0.1 M NaCl), iref. (27) 

(I = 0.1 M Me4NNO3),
 j values calculated for 100% excess of ligand with [M]tot = 1.0 × 10−5 M, at pH 7.4, with the given pro-

tonation and stability constants; n.f: not available in the literature to our knowledge.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
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The log KML values for M = Tb and Lu, as well as the stability 

constants of the complexes with Y3+ and Gd3+ reported in our 

previous work,16 are listed in Table 5. For comparison, litera-

ture data of DOTA and PCTA with the same metals are also 

reported. The Lu3+ complexation constant with PCTA was not 

found in the literature, despite that this ligand was already 

employed for 177Lu radiolabeling, vide infra.28 

The stability constants obtained for the three lanthanide ions 

(Gd3+, Tb3+ and Lu3+) with picolinate pyclen-based chelators 

follow the same trend as that reported for DOTA by Sherry et 

al.9(b) Gd3+ and Tb3+ complexes are characterized by similar 

thermodynamic stabilities, whereas the Lu3+ analogues show 

higher stability constants. Most lanthanide ions form complex-

es with stabilities that increase across the lanthanide series, as 

a result of the increased charge density of the metal ion. In a 

few cases, stability constants reach a maximum at a certain 

point of the series and then decrease, or even decrease steadily 

along the series. In these situations, ligand rigidity and/or 

steric effects are responsible for the decreased stability as the 

ionic radius of the metal ion decreases.29 Thus, we conclude 

that the coordination of L2, L3 and L4 does not introduce 

significant steric hindrance to the small lanthanide ions. The 

experiments performed in this work strongly confirmed the 

previous calculations that predict, for instance, that LuL4 

should be more stable than LuL3 by 1.5 logK units, which is 

in good agreement with the potentiometric data and validates 

our investigation approach. The speciation diagrams drawn 

from the protonation and stability constants show no free Ln3+ 

metal over the whole pH range (2-11). LnL was the predomi-

nant species under the chosen radiolabeling conditions (pH 5) 

and was the only species present at the physiological pH of 7.4 

(Figure S23-S25). 

The values obtained for both Tb3+ and Lu3+ complexes of the 

pyclen-containing picolinate ligands are in the same order of 

magnitude than those for the DOTA analogues, proving the 

high thermodynamic stability of the LnL (L = L2, L3, L4) 

chelates. A more relevant comparison of stability constants of 

complexes formed with ligands of different basicity is provid-

ed by the so-called pM values (pM is defined as -log[M]free 

and takes into account the competition between protonation 

and complexation for a given ligand at a given pH, in this case 

7.4). The calculated values are tabulated in Table 5. Once 

again, pTb and pLu are largely higher for the picolinate-pyclen 

family of complexes as compared to PCTA and DOTA, mak-

ing L2-L4 polyvalent chelators with great potential to be used, 

as their Ln(III) chelates, for in vivo applications. 

Radiolabeling and experiments with 161Tb and 177Lu 

The chelators L2, L3 and L4 were radiolabeled with 161Tb, as 

well as the clinically-employed 177Lu. The stability of the 

resultant radiometal complexes was compared to those of their 

161Tb- and 177Lu-(DOTA)- counterparts. The stability of the 

metal complexes was investigated after diluting them using 

various solvents, with and without the addition of scavengers 

to prevent radiolysis. In addition, stability with regard to 

transmetallation and transchelation was determined and the 

labeling kinetics at 37 °C evaluated.  

 

Stability of radiometal complexes 

 
Figure 4.  Graphs presenting the percentage of intact 161TbL (L = L2, L3 or L4) and 161Tb(DOTA)- at room temperature. Incu-

bation of the radiometal complexes in (a) saline and ethanol (pH = 5), (b) saline and ascorbic acid (pH = 4), (c) PBS and ethanol 

(pH = 7.4) and (d) PBS and ascorbic acid (pH = 7.4). For some of the data points, the standard deviation were small and, hence, 

not visible.  
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Radiolysis was observed over a four-day period for all terbium 

radiometal complexes, such as 161TbL (L = L2, L3 or L4), as 

well as for 161Tb(DOTA)- when diluted in Milli-Q water, sa-

line or PBS without scavengers (SI, Figure S26). At most, 

30% of intact 161TbL complex remained after four days’ incu-

bation in these solutions at room temperature. Signs of radiol-

ysis were already obvious after 24 hours, when the content of 

intact product decreased to <70%. The same behavior was 

observed for 161Tb(DOTA)-. In order to demonstrate that the 

degradation of the radiometal complexes was related to the 

activity, 161TbL2 was prepared at a lower molar activity (5 

MBq/nmol). Under these conditions, in which the ligands were 

present in 10-fold higher excess, the stability of the radiometal 

complexes was increased (SI, Figure S27). After four days, 64 

± 2%, 63 ± 1% and 62 ± 1% of 161TbL2 were intact in MilliQ-

water, saline and PBS, respectively. 

In an attempt to stabilize the 161Tb- and 177Lu-complexes, 

radical scavengers, such as ethanol or ascorbic acid, were 

added to the incubation solution. The effect of both agents on 

the stability of the radiometal complexes was investigated 

using saline or PBS (Figure 4), respectively. The three 161TbL 

complexes, as well as 161Tb(DOTA)- showed improved stabil-

ity (>85%) in the presence of scavengers for both saline and 

PBS at room temperature over the first 24 hours. Over more 

extended periods, ethanol was found to stabilize the radiomet-

al complexes better than ascorbic acid, particularly in saline 

solution. Indeed, after seven days the three 161TbL complexes 

and 161Tb(DOTA)- showed on average 93 ± 2% intact product 

in saline in the presence of ethanol, but only 82 ± 4% when 

ascorbic acid was added to the saline. It is possible that ascor-

bic acid was lost by aerobic oxidation over time, hence, a 

better effect may also be achieved with increased concentra-

tions of ascorbic acid.  

In conclusion, the use of ethanol and saline improved the 

stability of the 161Tb-radiometal complexes most favorably. 

Similar results were also observed for the 177Lu-complexes 

(Figure S28).  

 

Kinetic inertness with challenging agents 

High kinetic inertness of a radiometal complex is required to 

avoid any release of radiometal cation, which may accumulate 

at undesired sites when used in vivo. Release of the radiometal 

from the chelator may occur as a result of the dissociation of 

the complex outside the human body during the preparation of 

the radiopharmaceutical and/or after administration in vivo.30 

To ensure that the radiometal complexes evaluated in this 

study had comparable kinetic inertness to that of the clinically-

used DOTA, transchelation and transmetallation processes 

were evaluated in the presence of excess chelating agents 

potentially present in the pharmaceutical formulation, DTPA 

or EDTA, and of common biological metal ions, Zn2+ or Fe2+, 

respectively.  

 
Figure 5. Graphs presenting the percentage of intact 161TbL (L = L2, L3 or L4) and 161Tb(DOTA)- over time. Incubation of 

the radiometal complexes with a 1000-fold excess of (a) DTPA, (b) EDTA, (c) Fe(II) and (d) Zn(II), in saline-ethanol solution 

(pH=5). For some of the points, the standard deviation bars are shorter than the height of the symbol, making them impossible 

to visualize. 
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Challenging experiments were carried out using a 1000-fold 

molar excess of chelator (DTPA or EDTA) or metallic ion 

(Fe2+ or Zn2+) in saline containing 10% ethanol as a scavenger. 

This large excess of metal complexation agents was used to 

provide a highly challenging environment, similar to the con-

ditions used in previous studies.16(b),30 161Tb(DOTA)- showed 

slightly higher stability compared to the 161TbL complexes. 

Under the given conditions, >80% intact radiometal complex 

was observed for up to seven days, which demonstrated rela-

tively high inertness. To some degree, the radiometal com-

plexes were more prone to transmetallation than to transchela-

tion. The least stable radiometal complex in this regard was 
161TbL2. Nevertheless, 84 ± 3% and 84 ± 2% of intact radio-

metal complex were determined after seven days in the pres-

ence of Fe3+ and Zn2+, respectively (Figure 5).  

Similar findings were observed with the 177Lu-complexes, 

which showed >80% intact product for up to seven days, un-

der similar conditions to those also studied for the 161Tb-

labeled complexes (SI, Figure S29).  

 

Determination of radiolabeling kinetics at 37° C 

Throughout this study, the LnL4 complexes showed the most 

promising characteristics in terms of thermodynamic stability 

and kinetic inertness, as it was demonstrated in the potentiom-

etric and dissociation experiments. This ligand was, therefore, 

chosen and compared to DOTA for the investigation of the 

radiolabeling efficiency with 161Tb and 177Lu at the lower 

incubation temperature of 37 °C. The possibility of radiolabel-

ing at lower temperatures would be ideal if such chelators 

were used for the modification of monoclonal antibodies, 

which are temperature sensitive due to protein denaturation at 

elevated temperatures. The radiolabeling yield (RCY), corre-

sponding to the amount of radiometal complex formed, was 

evaluated at various incubation times at 37 °C. After 10 

minutes of incubation of the radiolabeling mixture, the RCY 

of the radiometal complexes of L4 and DOTA was already 

>90%. At this time point, 161TbL4 and 161Tb(DOTA)- were 

produced with similar radiolabeling yields, resulting in 95 ± 

4% and 96 ± 2%, respectively. After 1 hour, the RCYs were 

>98% for 161TbL4 and 161Tb(DOTA)- (Figure 6 (a)). The ra-

diolabeling of L4 with 177Lu revealed a RCY of 94 ± 1% after 

1 hour.  The radiolabeling of DOTA with 177Lu was even 

higher, at 97 ± 1% after 10 minutes of incubation (Figure 6 

(b)). 

 

Evaluation of TbL4 emission 

In a previous work, the luminescent properties of dipico-

linate-pyclen Tb3+ complexes were highlighted.16(d) In the 

present work, a preliminary experiment of 161Tb3+ radio-

metal complex emission under UV light was performed.  

The sensitivity of luminescent Ln3+ complexes is in the 

order of 10-5 M. This could be confirmed by the absence of 

luminescence of the solution of 161TbL4 (c = 10-6 M), pre-

pared in the previous experiments, upon exposure to UV 

light at 254 nm. Radiolabeling with 161Tb was, therefore, 

performed with 20 nmol of L4 and the remaining free lig-

and was then saturated with natural (non-radioactive) terbi-

um (natTb). This enabled the use of a final concentration of 

10-4 M nat/161TbL4. The reaction vial containing the TbL4 

complex was exposed to UV light at 254 nm, which result-

ed in a fluorescent emission of the TbL4 complex (Figure 

7). 

 

 

 

Figure 7. Radiometal complex vials exposed to 254 nm light: 

(A) 161TbL4 not saturated (c = 10-6 M), (B) nat/161TbL4 saturat-

ed with non-radioactive terbium (c = 10-4 M) and (C) 161TbCl3 

solution. 

 

These preliminary experiments suggest the potential of dipico-

linate-pyclen ligands that can be used as a bifunctional chela-

tor, in conjunction with a tumor targeting agent, in view of a 

theranostic application. These ligands can be labeled with 
161Tb for potential application in radionuclide therapy while, 

on the other hand, natural terbium can be used for optical 

imaging. The latter may have particular value for intraopera-

tive imaging, enabling the detection of small lesions during 

surgery.31 In this field, it was demonstrated that picolinate 

moieties can be -extended to allow biphonic absorption, i.e. 

in the biological window, for better in vivo penetration.32 

 

 
Figure 6. Graphs representing the amount of formed radiometal complex (RCY) of (a) 161Tb-L4 and 161Tb(DOTA)- and (b) 
177Lu-L4 and 177Lu(DOTA)-, as a function of incubation time at 37 °C. For some of the points, the standard deviation bars are 

shorter than the height of the symbol, making them impossible to visualize. 

 

A                      B                      C 
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Conclusion 

In the present study, we expanded the scope of picolinate-

pyclen-based ligands for the complexation of trivalent lantha-

nide ions for radionuclide therapy. It was proven that this 

family of ligands, previously explored in depth, forms thermo-

dynamically and kinetically stable complexes with Tb3+ and 

Lu3+, even exceeding the properties of the well-known 

Ln(DOTA)- and Ln(PCTA) complexes. The radiolabeling 

experiments with both 161Tb and 177Lu demonstrated the fast 

and efficient radiometal complexation. Compared to the 

DOTA radiometal complexes, the pyclen bearing picolinate 

chelates lead to radiocomplexes with comparable inertness. L4 

is now proposed as a potential candidate to be used with Y3+ 

and Ln3+ radioisotopes for nuclear medicine applications. The 

optical properties may be a useful additional capacity that 

DOTA does not present. Coupling to the recent progress in the 

field of biphotonic absorption,32 modification of the picolinate 

unit may allow us to access theranostic systems usable in vivo 

in future 

 

Experimental Section 

Materials and methods 

Reagents used for the synthesis were purchased from Acros 

Organics or Sigma-Aldrich and used without further purifica-

tion. Ultrapure water was freshly obtained from a Milli-Q 

dispenser. A solvent purification system was used to dispense 

dry solvents before each reaction. NMR spectra were recorded 

at the “Services communs” of the University of Brest. 1H and 
13C NMR spectra were recorded using Bruker Avance 500 

(500 MHz), Bruker Avance 400 (400 MHz) or Bruker AMX-3 

300 (300 MHz) spectrometers. Coupling constants are given in 

Hertz and chemical shifts in ppm. HRMS analysis were car-

ried out on a HRMS Q-Tof MaXis instrument equipped with 

ESI, APCI, APPI, and nano-ESI sources at the Institute of 

Organic and Analytic Chemistry − ICOA in Orléans, France. 

 

Synthesis of ML complexes 

General procedure for preparation of ML chelates is as fol-

lows: 

L2·HCl was dissolved in H2O (260 µL) and the pH adjusted to 

~6 with 1.0 M KOH solution (~50 µL). A solution of 

MCl3.6H2O in H2O (C=0.5 M) was added to the ligand solu-

tion and KOH (1.0 M; ~50 µL) were added again to obtain a 

pH of ~5. The mixture was heated at 90 °C for 4 hours and 

then concentrated. The complex was taken up in methanol 

(500 µL) and filtered twice to remove salts. After evaporation, 

the desired complex was obtained in quantitative yield. 

Detailed quantities and characterization are provided in Sup-

porting Information. 

 

Single crystal X-ray diffraction measurements.  

Crystallographic data were collected at 193(2) K on a Bruker-

AXS Kappa APEX II Quazar diffractometer equipped with a 

30W air-cooled microfocus source (LuL3 and TbL3), using 

MoKα radiation (λ=0.71073 Å) or on a Bruker-AXS D8-

Venture equipped with a CMOS Area detector and a 30W air-

cooled microfocus source (LuL4 and TbL4), using CuKα 

radiation (λ=1.54178 Å). Phi- and omega-scans were used. 

Space groups were determined on the basis of systematic 

absences and intensity statistics. Semi-empirical absorption 

correction was employed.33 The structures were solved using 

an intrinsic phasing method (SHELXT),34 and refined using 

the least-squares method on F2.35 All non-H atoms were re-

fined with anisotropic displacement parameters. Hydrogen 

atoms were refined isotropically at calculated positions using a 

riding model with their isotropic displacement parameters 

constrained to be equal to 1.5 times the equivalent isotropic 

displacement parameters of their pivot atoms for terminal sp3 

carbon and 1.2 times for all other carbon atoms. All H atoms 

of H2O molecules were located by difference Fourier map and 

some restraints were applied on bond lengths and angles: 

SADI, DFIX, DANG. Some residual electron density were 

difficult to modelize (LuL4) and therefore, the SQUEEZE 

function of PLATON36 was used to eliminate the contribution 

of the electron density in the solvent region from the intensity 

data, and the solvent-free model was employed for the final 

refinement. CCDC-1992259 (LuL3), CCDC-1992260 (LuL4), 

CCDC-1992261 (TbL3) and CCDC-1992262 (TbL4) contain 

the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from The Cambridge Crys-

tallographic Data Centre via www.ccdc.cam.a-

c.uk/data_request/cif. 

 

DFT calculations. Density functional theory (DFT) calcu-

lations on the LuL3 and LuL4 complexes were carried out 

with the g09 program package within the hybrid-meta GGA 

approximation with the TPSSh functional.37,38 Geometry 

optimizations were followed by analytical frequency calcu-

lations to establish the nature of the optimized structures as 

true energy minima. Bulk solvent effects (water) were 

considered with the integral equation formalism variant of 

the polarized continuum model (IEFPCM) using the default 

radii internally stored in g09 to describe the solute cavi-

ties.39 Relativistic effects were considered with the aid of 

the small-core quasi-relativistic effective core potential of 

Dolg et al., which includes 28 electrons in the core for the 

lanthanides, and the related ECP28MWB_GUESS basis 

set.40 The ligand atoms were described using the standard 

6-31(d,p) basis set. 

 

Potentiometry 

Equipment and working conditions. The potentiometric 

setup consisted of a 50 mL glass-jacketed titration cell sealed 

from the atmosphere and connected to a separate glass-

jacketed reference electrode cell by a Wilhelm type salt bridge 

filled with 0.1 M KNO3 electrolyte.  A Metrohm 6.0262.100 

combined glass electrode was used for the measurements. The 

ionic strength of the experimental solutions was kept at 0.10 ± 

0.01 M with KNO3; temperature was controlled at 298.2 ± 0.1 

K using a Lauda E100 cooling and heating bath thermostat. 

Atmospheric CO2 was excluded from the titration cell during 

experiments by slightly bubbling purified nitrogen through the 

experimental solution. Titrant solutions were added through 

capillary tips at the surface of the experimental solution by a 

Metrohm Dosimat 888 automatic burette. Titration procedure 

is automatically controlled by software after the selection of 

suitable parameters, allowing for long unattended experi-

mental runs. The titrant was a ~0.1 M KOH solution prepared 

http://www.ccdc.cam.a-c.uk/data_request/cif
http://www.ccdc.cam.a-c.uk/data_request/cif
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from a commercial ampoule of analytical grade KOH, and its 

accurate concentration was obtained by application of the 

Gran’s method41 upon titration of a standard HNO3 solution. 

Ligand solution was prepared at ca. 2.0 × 10–3 M, and the Tb3+ 

and Lu3+ solutions were prepared at ca. 0.04 M (containing 

0.05 M HNO3) from analytical grade hydrated chlorides and 

standardized by complexometric titrations with H4EDTA 

(ethylenediaminetetraacetic acid). Sample solutions for titra-

tion contained approximately 0.05 mmol of ligand in a volume 

of 30 mL. In complexation titrations, metal cations were added 

at 0.1 equivalent of the ligand amount. Batch competition 

titration in the intermediate pH range (3 to 11) contained ap-

proximatively 0.005 mmol of ligand in a volume of 3 mL with 

DOTA and metal cation added both at 1 equivalent of ligand 

amount. Increasing amounts of standardized KOH solution at 

ca. 0.1 M were added to each one. Batch titration points were 

incubated in tightly closed vials at 25 °C in a Lauda Alpha RA 

24 thermostat until potential measurements attained complete 

stability (about four weeks). 

 

Measurements. The electromotive force of the sample solu-

tions was measured after calibration of the electrode by titra-

tion of a standard HNO3 solution at 2.0 × 10–3 M. The [H+] of 

the solutions was determined by measurement of the electro-

motive force of the cell, E = E°′ + Q log [H+] + Ej. The term 

pH is defined as −log[H+]. E°′ and Q were determined from 

acid region of the calibration curves. The liquid-junction po-

tential, Ej, was found to be negligible under the experimental 

conditions used. The value of Kw = [H+][OH–] was found to be 

equal to 10–13.78 by titrating a solution of known hydrogen-ion 

concentration at the same ionic strength in the alkaline pH 

region, considering E°′ and Q valid for the entire pH range. 

The protonation constants of DOTA and the thermodynamic 

stability constants of its Tb3+ and Lu3+ complexes used in 

competition titration refinements were taken from the litera-

ture.9(b)  

 

Calculations. The potentiometric data were refined with the 

HYPERQUAD software,42 and speciation diagrams were 

plotted using the HySS software.43 The overall equilibrium 

constants βi
H and βMmHhLl are defined by βMmHhLl = 

[MmHhLl]/[M]m[H]h[L]l (βi
H = [HhLl]/[H]h[L]l and βMH–1L= 

βML(OH) × Kw). Differences, in log units, between the values of 

protonated (or hydrolyzed) and non-protonated constants 

provide the stepwise (log K) reaction constants (being KMmHhLl 

= [MmHhLl]/[MmHh–1Ll][H]). The errors quoted are the stand-

ard deviations calculated by the fitting program from all the 

experimental data for each system. Batch competition titration 

allow us to determine the KML constant. KMLH and KMLH-1 con-

stants were determined with the refinement of direct titration 

measurements.  

 

Radiolabeling and stability studies. 

Terbium-161 chloride (161TbCl3) was purified at PSI after 

target irradiation at Necsa (South African Nuclear Energy 

Corporation SOC Limited), South Africa, or ILL (Institut 

Laue-Langevin), France, as previously reported,44 while luteti-

um-177 chloride (177LuCl3) was provided by ITG (Isotopes 

Technologies Garching GmbH, Germany). All chemicals used 

for the radiolabeling were virtually metal-free (trace analysis 

grade) and obtained from Merck (Germany) in Suprapur quali-

ty. Other reagents and solvents were purchased from Sigma-

Aldrich (Germany), Merck (Germany), and Fluka (Switzer-

land), and used without further purification or drying.  

 

 

Preparation of radiometal complexes 

Each ligand, L2, L3, L4 and DOTA, was labeled at molar 

activities of 5 MBq/nmol and 50 MBq/nmol with either 161Tb 

or 177Lu. These molar activities corresponded to a chelator-to-

radionuclide ratio of about 140:1 for 5 MBq/nmol and 14:1 for 

50 MBq/nmol, respectively. The radionuclides were added to a 

reaction mixture consisting of 0.05 M HCl and 0.5 M sodium 

acetate in a 5:1 (v/v) ratio to obtain a solution of pH ≈ 4.5. 

After the addition of the ligand in question (stock solutions of 

1 mM in Milli-Q water), the reaction mixture was incubated at 

95 °C for 10 min.45 The quality control of the radiometal com-

plexes was carried out via thin layer chromatography (TLC), 

applying a previously-reported method [using silica gel 60 F254 

plates (∼100×100 mm2).46 As a mobile phase, 10% ammonium 

acetate and methanol (1:1 (v/v), pH 5.5) was used. Elution 

proceeded over 55 mm from the baseline to the front line. For 

this purpose, radiometal complexes diluted at 0.15 MBq/μL 

were pipetted (2 μL) onto the TLC plate. The 161Tb- and 177Lu-

labeled DOTA complex migrated with the liquid phase (Rf = 

0.4) and non-chelated 161Tb and 177Lu remained at the start line 

(Rf = 0). Retention of the 161Tb-labeled L2, L3 and L4 or 
177Lu-labeled L2, L3 and L4 was determined at Rf = 0.2. The 

TLC plate was exposed to a super resolution phosphor screen 

(Type MS, PerkinElmer, Waltham MA, U.S.A.) for 15 sec-

onds, which was then read using a Cyclone Plus Storage 

Phosphor System (PerkinElmer, Waltham MA, U.S.A.) and 

analyzed with Optiquant software (version 5.0). Quantifica-

tions of the TLC signals with the indicated software enabled 

the determination of intact radiometal complex over total 

activity in the different conditions of the experiments. 

 

Stability of radiometal complexes 

The stability of the radiometal complexes was investigated 

under various conditions. The 161Tb-labeled complexes were 

studied after radiolabeling at 50 MBq/nmol and dilution in 

Milli-Q water, saline or PBS. The activity concentration was 

0.15 MBq/µL in a total volume of 160 μL and the solutions 

were incubated for 4 hours, 1 day, 2 days, 3 days and 4 days, 

respectively, at room temperature. At each time point the 

fraction of intact radiometal complex was quantified using 

TLC, according to the method described above, and expressed 

as percentage of intact product after setting the total activity to 

100%. 

The same procedure was performed with 161TbL2, after label-

ing at 5 MBq/nmol molar activity to assess whether the radio-

metal complex would be less prone to radiolysis at lower 

molar activity.  

The stability of the radiometal complexes was also investigat-

ed at the same activity concentration in the presence of ethanol 

or ascorbic acid as scavengers. After radiolabeling at 50 

MBq/nmol molar activity with either 161Tb or 177Lu, the radi-

ometal complexes were diluted (0.15 MBq/µL in a final vol-
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ume of 160 μL) in saline or PBS, with the addition of 15 μL 

absolute ethanol (<10% of the total final volume) or 15 μL 

ascorbic acid (0.11 M in Milli-Q water) and incubated at room 

temperature. The intact radiometal complex was investigated 

at 4 hours, 1 day, 2 days, 3 days and 7 days after radiolabeling, 

respectively, using TLC. 

 

Kinetic inertness investigated with challenging agents 

The stability of the 161Tb- and 177Lu-radiometal complexes was 

investigated in the presence of an excess of coordinating spe-

cies (DTPA and EDTA), so that the competitor was in 1000-

fold molar excess compared to the radiometal complex. An 

aliquot of each radiometal complex (50 MBq/nmol; 30 μL) 

was diluted in saline in the presence of DTPA or EDTA (40 

μL, 50 mM, pH 5.0) and absolute ethanol (15 μL) at an activi-

ty concentration of 0.15 MBq/µL and a final volume of 160 

μL. The intact radiometal complexes were determined, with 

the TLC method described above, as a function of time (t=0, 4 

hours, 1 day, 2 days, 3 days and 7 days) after incubating the 
161Tb and 177Lu radiometal complexes at room temperature in 

the presence of the challenging ligands. 

The stability of the radiometal complexes was also investigat-

ed in the presence of a large excess of metallic species (Fe2+ 

and Zn2+), maintaining the metal ion-to-radiometal complex 

molar ratio equal to 1000. The intact radiometal complexes 

were determined, with the TLC method described above, as a 

function of time (t=0 h, 4 h, 1 day, 2 days, 3 days and 7 days) 

after incubating the 161Tb and 177Lu radiometal complexes at 

room temperature in the presence of the challenging metal 

ions. 

 

Determination of radiolabeling kinetics at 37° C 

Labeling kinetics were studied for 161TbL4, 177LuL4 and their 

DOTA analogue, using the methods described above, to 

achieve radiolabeling at 50 MBq/nmol. The radiolabeling was 

carried out in a total volume of 120 μL and in the presence of 

~10% absolute ethanol (12 μL). The radiolabeling mixture was 

incubated for 10 minutes, 30 minutes, or 1 hour at 37 °C. At 

each time point, 10 μL of the labeling solution was pipetted 

and measured (Isomed Dose Calibrator 2010 device). The 

aliquots were diluted with saline solution (~40 μL) in order to 

obtain an activity of 0.15 MBq/μL. The radiolabeled product 

relative to the total activity determined on the TLC plate was 

indicated as radiolabeling yield (RCY) at each investigated 

time point.  

 

Evaluation of TbL4 emission 

An initial experiment to show the 161Tb3+-complex emission 

under UV light at 254 nm was performed. As a proof of 

concept, the most promising radiometal complex, 161TbL4, 

was tested by exposing it to UV light. To see the lumines-

cence of the Tb3+ complex in solution, it is necessary to use 

a concentration higher than 10-5 M of complexed lantha-

nide. 161TbL4, prepared as described above, was at a con-

centration of around 10-6 M of chelated radiometal and, 

therefore, does not show visible fluorescence. In an addi-

tional experiment, L4 (20 nmol) was labeled with 100 MBq 
161Tb following the standard labeling method described 

above. Afterwards, 161TbL4 was incubated with 60 µL of a 

1mM natural (non-active) terbium solution (natTbCl3) and 

the reaction mixture heated again at 95 °C for 10 minutes. 

This procedure enabled the occupation of each L4 ligand 

molecule by a terbium metal ion and achieve a final con-

centration of 10-4 M nat/161TbL4. To assess the photolumi-

nescence emission, the nat/161TbL4 complex was exposed to 

UV light at 254 nm and potential luminescence was com-

pared with the 161TbL4 complex labeled at 50 MBq/nmol 

and the 161TbCl3 solution. 
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A family of three picolinate pyclen based ligands was studied for Tb3+ and Lu3+ coordination and radiolabeling with 161Tb and 177Lu 

in view of potential radiotherapeutic and theranostic radiotherapy/optical imaging applications. 

 

 


