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The nine-coordinate aza-macrocycle DO3Apic-NO2 and its 
kinetically inert rare earth complexes [M(DO3A-pic-NO2)]- 
(M= La, Tb, Eu, Lu, Y) can be readily bioconjugated to 
surface accessible thioles on peptides and proteins with a 
minimal structural footprint. All complexes express 
thioconjugation rate constants in the same order of 
magnitude (k = 0.3 h-1) with the exception of Sc (k = 0.89 h-

1). Coupling to peptides and biologics with accessible 
cysteines also enables post-radiochelation bioconjugation 
at room temperature to afford injection-ready 
radiopharmaceuticals as demonstrated by formation of 
[177Lu][Lu(DO3Apic-NO2)]- and [86Y][Y(DO3Apic-NO2)]-, 
followed by post-labeling conjugation to a cysteine-
functionalized peptide targeting the prostate specific 
membrane antigen. The 86Y-labeled construct efficiently 
localizes in target tumors with no significant off-target 
accumulation as evidenced by positron emission 
tomography, biodistribution studies and metabolite 
analysis. 

Emerging radioactive rare earth isotopes such as 177Lu (β-

(max) = 501 keV, t1/2 = 6.64 d), 86Y (β+(max) = 4.2 MeV, t1/2 
= 14.7 h), and 44/47Sc (44Sc: β+(max) = 2.6 MeV, t1/2 = 
3.97 h; 47Sc: β-(max) = 600 keV, t1/2 = 3.35 d) offer 
promising avenues for the development of diagnostic and 
therapeutic radiopharmaceuticals.1 Additionally, their 
stable isotopologues are well suited for the introduction of 
spin-tags (Gd)2-4 and luminescence markers (Tb, Eu, Sm).5 
However, on their own, they possess no ability to localize 
in specific tissues of interest and must therefore be 
appended to targeting vectors that enable accumulation in 
sites of interest. Biological targeting vectors such as 
peptides, monoclonal antibodies, antibody fragments, or 
affibodies are of specific interest due to their high target 
specificity; a plethora of bioconjugated radionuclides have 
been reported and several have been approved for routine 
clinical use.6
However, the incorporation of these isotopes into thermally 
sensitive biomolecules can be challenging. The most 
common approach is the incorporation of a chelator in a 
first step, followed by coordination to the desired 

radiometal in a second, penultimate step.7-10 This works 
well for chelator-radionuclide pairs that form readily and 
rapidly at room temperature. Such systems frequently 
exhibit poor long-term kinetic inertness which can lead to 
loss of the radiometal in vivo prior to deposition in the target 
tissue. Alternatively, more kinetically inert systems can be 
employed but because these require temperatures above 
40°C for efficient radiolabeling, compatibility with the 
thermally sensitive nature of biologics is diminished (Figure 
S2).11, 12 A possible solution is to employ post-labeling 
bioconjugation strategies, which involves pre-formation of 
a thermodynamically stable and kinetically inert 
radiochemical complex at elevated temperature, followed 
by its conjugation to the targeting vector under 
comparatively mild conditions. This requires (1) 
bioconjugation reactions with fast kinetics, to minimize 
radioactive decay during the radiosynthetic process and 
(2) the functionalization of the biomolecule with the 
corresponding bioconjugation partner prior to the actual 
bioconjugation reaction. While this approach has been 
successfully validated using a metal-chelate functionalized 
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Figure 1: Summary of the work presented in this article in context 
of prior art. [M(DO3A-pic-NO2)]- can be readily radiolabeled and 
subsequently conjugated to cysteine residues of peptides/proteins 
at pH 7 and 37 C, producing ready-to-inject radiopharmaceuticals.
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tetrazine and trans-cyclooctene appended antibodies, the 
limited long-term stability and hydrophobicity of tetrazines 
can pose challenges.13

Here, we address these shortcomings by bioconjugation of 
kinetically inert rare earth complexes that do not require 
prior functionalization of the targeting vector and retain a 
minimal structural footprint and high complex 
hydrophilicity. To this end, we explored the selective 
thioreactivity of nitropyridine and nitropicolinate lanthanide 
complexes inspired by the 8-coordinate DO3A-pyr-NO2 
system established by Butler and Parker.14-17 We proposed 
that this reaction was well suited for a post-labeling 
conjugation strategy to append kinetically inert, 
radioactive, rare earth complexes to reactive, native thiols 
present on peptides and biologics. We validated this 
hypothesis by synthesis and characterization of select rare 
earth complexes of the 9-coordinate chelator DO3A-pic-
NO2 and profile their reactivity for thioconjugation, 
radiochemical labeling efficiency and subsequent, direct in 
vivo administration for targeted PET imaging.
The chemical synthesis of DO3A-pic-NO2 was adapted 
from literature procedures for nitropicolinate-functionalized 
chelators.4, 15, 18 Chelation of DO3A-pic-NO2 was 
conducted using M3+ salt (M = La, Eu, Tb, Lu, Y, Sc) to 
produce [M(DO3A-pic-NO2)]-.
Next, we probed the kinetics of thioether formation using 
thiol ethyl thioglycolate (HS-R1, HSEtCOOEt) at 1:1 
complex to thiol ratio (Figure 2A). Thioether formation was 
monitored a characteristic shift in the UV absorbance from 
300 nm to 280 nm (Figure S5).15 We observed no 
significant difference for the conjugation rate among 
different rare earth complexes probed, with the exception 
of [Sc(DO3A-pic-NO2)]- (k = 0.89 h-1, t1/2 = 1.1 h), all k-
values fall into the same range and order of magnitude of 
0.3 h-1 (t1/2 = 3.3 h) (Figure 2B, Table S1). Characterization 
of the photophysical properties of [Tb(DO3A-pic-NO2)]- 
and [Tb(DO3A-pic-SEtCOOEt)]- was also conducted 
(Table S2) to affirm no inner sphere hydration of the 
corresponding coordination complexes. 
To probe the scope of reactivity, we also tested 
conjugation to cysteine thioles using a cysteine-
functionalized tetra-peptide HS-Cys-PSMA (HS-R2) and 
bovine serum albumin (HS-R3, BSA), which possesses a 

single, reactive cysteine residue, Cys34. Both 
biomolecules were conjugated successfully as indicated by 
chromatographic and mass spectrometric analysis 
(Figures S4, S13-S15). 
Next, we tested DO3A-pic-NO2 for radiochemical 
applications with 177Lu and 86Y using a post-radiolabeling 
conjugation approach (Figure 3A). Quantitative labeling 
was achieved for 0.25 - 0.5 nmol of DO3A-pic-NO2 
(25 mM NH4OAc buffer at pH = 5.5) in 15 min at 80°C 
(Figure 3B), producing an apparent molar activity of 
0.248 mCi/nmol for 177Lu and 0.022 mCi/nmol for 86Y 
(Figure S8). Complex identity was confirmed by coinjection 
with the isolated natLu/ natY species (Figure S9). 
Freshly prepared solutions of [177Lu][Lu(DO3A-pic-NO2)]- 
and [86Y][Y(DO3A-pic-NO2)]- were cooled to room 
temperature and incubated with 6-30 equivalents of 
cysteine functionalized PSMA targeting peptide HS-Cys-
PSMA (HS-R2, see Supporting Information). The reaction 
was conducted at pH 7.5 and 37°C in presence of tris(2-
carboxyethyl)phosphine (TCEP,1.25 eq.) to prevent the 
formation of disulfide bonds (Figure 3A). The reaction 
achieved 69% conversion after 4 h (Figures S12, S14) for 
[177Lu][Lu(DO3A-pic-S-Cys-PSMA)]- and 54% conversion 
after 10 h (Figure 3B) for [86Y][Y(DO3A-pic-S-Cys-
PSMA)]-. To demonstrate the feasibility of a direct 
bioconjugation to injection approach, [86Y][Y(DO3A-pic-S-
Cys-PSMA)]- containing unreacted [86Y][Y(DO3A-pic-
NO2)]- was administered without further purification to mice 
bearing bilateral xenografts with or without PSMA 
expression. PET imaging at 90 min post injection (Figure 
3C) and biodistribution analysis at 2 h (Figure 3D) showed 
rapid, renal clearance, statistically significant target tumor 
uptake (6.1% ID/g, Figure 3D, pink bars) and no notable 
off-target accumulation indicative of radiometal 
dissociation. Analysis of urine metabolites showed 
presence of [86Y][Y(DO3A-pic-S-Cys-PSMA)]- (Figure 3B, 
bottom trace). A corresponding control biodistribution 
experiment with [86Y][Y(DO3A-pic-NO2)]- showed low 
accumulation in all analyzed organs and no target-specific 
accumulation in the tumor (0.2% ID/g, Figure 3D, grey 
bars), demonstrating that the post-labeling conjugation 
approach produced a functional, targeted imaging agent 
with high kinetic inertness and efficacy. Of note, all 177Lu 
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and 86Y labeled complexes retained high solubility in 
aqueous media and did not require formulation with 
organic co-solvents.
Conclusively, the [M(DO3A-NO2)]- platform allows for the 
post-radiolabeling bioconjugation to cysteine residues at 
37°C, enabling efficient labeling of targeting vectors with a 
kinetically inert radiochemical 86Y/177Lu-complex for 
targeted in vivo imaging and therapy applications. 
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Figure 3: A: Reaction scheme for the radiolabeling of DO3A-pic-NO2 and subsequent thioconjugation. B: RadioHPLC monitoring of the reaction 
progress for the formation of [86Y][Y(DO3A-pic-S-Cys-PSMA)]- at = 2 and 10 hours – urine metabolite analysis indicates that the complex is 
stable in vivo. C: Coronal PET image of [86Y][Y(DO3A-pic-S-Cys-PSMA)]-  90 minutes post-injection shows target tumor uptake (yellow arrow) 
while PSMA-non-expressing tumor shows no uptake. D: Selective tumor uptake of [86Y][Y(DO3A-pic-S-Cys-PSMA)]-  is further affirmed by 2 h 
p.i. biodistribution analysis (pink) while [86Y][Y(DO3A-pic-NO2)]-shows rapid clearance and no accumulation in off-target organs (grey bars).
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