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Abstract

A method for preparation of Pb-212 and Pb-203 labeled chelator-modified peptide-based 

radiopharmaceuticals for cancer imaging and radionuclide therapy has been developed and 

adapted for automated clinical production. Pre-concentration and isolation of radioactive Pb2+ 

from interfering metals in dilute hydrochloric acid was optimized using a commercially-available 

Pb-specific chromatography resin packed in disposable plastic columns. The pre-concentrated 

radioactive Pb2+ is eluted in NaOAc buffer directly to the reaction vessel containing chelator-
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modified peptides. Radiolabeling was found to proceed efficiently at 85 °C (45 min; pH 5.5). The 

specific activity of radiolabeled conjugates was optimized by separation of radiolabeled conjugates 

from unlabeled peptide via HPLC. Preservation of bioactivity was confirmed by in vivo 
biodistribution of Pb-203 and Pb-212 labeled peptides in melanoma-tumor-bearing mice. The 

approach has been found to be robustly adaptable to automation and a cassette-based fluid-

handling system (Modular Lab Pharm Tracer) has been customized for clinical 

radiopharmaceutical production. Our findings demonstrate that the Pb-203/Pb-212 combination is 

a promising elementally-matched radionuclide pair for image-guided radionuclide therapy for 

melanoma, neuroendocrine tumors, and potentially other cancers.
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1. Introduction

Receptor-targeted image-guided radionuclide therapy is increasingly recognized as a 

promising approach to treating cancer. (Bartlett, 2016; Hardiansyah et al., 2016; Iagaru et 

al., 2016; Jin et al., 2016; Kratochwil et al., 2016a; Kratochwil et al., 2016b; Kwekkeboom 

and Krenning, 2016; Li et al., 2016; Lo Russo et al., 2016; Nonnekens et al., 2016; Norain 

and Dadachova, 2016; Otte, 2016; Takahashi et al., 2016; Weber and Morris, 2016; Werner 

et al., 2016; Zukotynski et al., 2016) In particular, the potential for clinical translation of 

receptor-targeted alpha-particle (α-) therapy is receiving considerable attention; and several 

recent works have highlighted the potential advantages of α-therapy.(Bartlett, 2016; Iagaru 

et al., 2016; Kratochwil et al., 2016a; Kratochwil et al., 2016b; Kwekkeboom and Krenning, 

2016) Alpha emitters are emerging as an attractive alternative (to α-emitters) due to higher 

linear-energy transfer (LET) (100 keV/μm) and resultant-significant increase in the intensity 

of ionizations (primary and secondary) along the relatively short path length that α-particles 

travel in tissue (compared to β-particles).(Wild et al., 2011; Iagaru et al., 2016; Kratochwil 

et al., 2016a; Kratochwil et al., 2016b; Otte, 2016; Takahashi et al., 2016; Zukotynski et al., 

2016) These properties have been shown to result in an increased incidence of double-strand 

DNA breaks and improved-localized cancer-cell damage that convey the potential for more 

effective tumor-cell-specific killing with less damage to adjacent-normal cells (i.e., 
improved relative biological effectiveness; RBE). (Sgouros, 2008; Sgouros et al., 2010; 

Sgouros et al., 2011; Hobbs et al., 2014; Macklis et al., 1988; Humm and Chin, 1993; Hauck 

et al., 1998; McDevitt et al., 1998; Behr et al., 1999; Behr et al., 2001; Jurcic et al., 2002; 

Akabani et al., 2003; Miao et al., 2005; Zalutsky, 2006; Sgouros, 2008; Sgouros and Song, 

2008; Sgouros et al., 2010; Sgouros et al., 2011; Kim and Brechbiel, 2012; Elgqvist et al., 

2014; Hobbs et al., 2014; Kratochwil et al., 2014; Wadas et al., 2014; Kratochwil et al., 

2016a; Kratochwil et al., 2016b) For example, recent studies in patients with advanced-stage 

castration-resistant metastatic prostate cancer provide compelling evidence that α-therapy 

(using [225Ac]PSMA617) has the potential to deliver a significantly more potent anti-cancer 

effect compared with β-therapy (using [177Lu]PSMA617).(Kratochwil et al., 2016a; 

Kratochwil et al., 2016b) Numerous other studies demonstrate the potential of α-emitters for 

cancer therapy using radionuclides 225Ac, 212Bi, 213Bi, and 211 At.(Macklis et al., 1988; 
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Humm and Chin, 1993; Hauck et al., 1998; McDevitt et al., 1998; Behr et al., 1999; Behr et 

al., 2001; Jurcic et al., 2002; Akabani et al., 2003; Miao et al., 2005; Zalutsky, 2006; 

Sgouros, 2008; Sgouros and Song, 2008; Sgouros et al., 2010; Sgouros et al., 2011; Wild et 

al., 2011; Kim and Brechbiel, 2012; Elgqvist et al., 2014; Hobbs et al., 2014; Kratochwil et 

al., 2014; Wadas et al., 2014; Kratochwil et al., 2016a; Kratochwil et al., 2016b) Generator-

produced 212Pb (which decays to alpha emitters 212Bi and 212Po) is a particularly promising 

radionuclide for receptor-targeted α-particle therapy for metastatic melanoma and 

neuroendocrine tumors, and other cancers (Fig. 1).(Miao et al., 2005; Miao et al., 2008; 

Miao and Quinn, 2008; Martin et al., 2013; Norain and Dadachova, 2016).

Due to the nature of α-decay, direct non-invasive molecular imaging of the in vivo 
pharmacokinetics and biodistribution via α-emissions is not possible. However, an 

understanding of the pharmacokinetics and biodistribution of receptor-targeted candidate 

ligands is desirable for developing appropriate dosimetry and treatment plans in advance of 

the radionuclide therapy. In previous studies, non-invasive imaging of the extent of disease 

has been conducted using [68Ga]DOTATOC and [68Ga]PSMA617 in advance of therapy via 
[213Bi]DOTATOC and[225Ac] PSMA617 respectively. While these studies reflect the 

potential of the theranostic approach, using isotopes of different elements in the imaging and 

therapeutic procedures introduces some ambiguity in the effectiveness of the imaging agent 

to predict the in vivo pharmacodynamics of the radiotherapeutic ligands. For example, recent 

comparisons of tumor and normal organ uptake of [68Ga]DOTATOC vs [90Y]DOTATOC 

revealed small, but measurable, differences in normal organ accumulation between the 

agents that may be attributable to differences in Ga and Y chemistry.(Fani and Maecke 

2012).

In our proposed application, the gamma(γ)-emitting radionuclide 203Pb is being explored as 

the imaging surrogate for the therapeutic nuclide 212Pb.(Miao et al., 2005; Miao et al., 2008; 

Miao and Quinn, 2008; Norain and Dadachova, 2016) The use of an isotope of the same 

element adds confidence to predictions that images collected are an appropriate 

representation of the expected pharmacokinetics/biodistribution of the therapeutic ligand. 

Within this context, our laboratories are pursuing 203Pb (half life t1/2 =52 h; gamma-ray 

intensity 81%; 279 keV) and 212Pb (t1/2 = 11 h; 100% β decay to α-emitters 212Bi and 
212Po) as elementally-matched radionuclides. Importantly, the decay of 212Pb includes the 

emission of a gamma ray with an energy (238 keV) that has the potential to enable direct 

imaging via SPECT of [212Pb]-labeled peptides. While this property of 212Pb nuclear decay 

may present opportunities for direct imaging of the biodistribution of [212Pb]-labeled 

peptides in the future, the use of 203Pb enables a non-invasive 203Pb SPECT (or SPECT/CT) 

image to be collected in advance of 212Pb receptor-directed radiotherapy, with minimal risk 

of an adverse event. Thus, the potential value of this approach also conveys an improved 

patient selection for inclusion in clinical trials and a higher likelihood for approvals of 212Pb 

labeled therapies. In addition, 203Pb is conveniently produced by commercial cyclotron (see 

Supplemental Information), and 212Pb is obtained (for radiopharmaceutical purposes) via a 
224Ra/212Pb generator (Fig. 1; and Supplemental Information). Advanced studies to develop 

a more detailed understanding of the potential for migration of 212Pb decay-product progeny 

(i.e., 212Bi; 212Po; Fig. 1) away from the decay of 212Pb in vivo are an important aspect of 

current research in our laboratories and beyond the scope of the current article.
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Here, we present the development of an automated cassette-based approach to 203/212pb 

radiolabeling and purification of chelator-modified peptides that can be easily integrated into 

routine clinical production (Fig. 2). Extraction chromatography was used to facilitate pre-

concentration of both cyclotron-produced 203Pb and generator produced 212Pb. An HPLC 

approach for isolation of final-product radiopharmaceutical was optimized to enable 

automation of 203Pb and 212Pb radiolabeled peptides from unlabeled precursors and 

achievement of near theoretical specific activity (MBq nmol−1). An examination of the 

analogous in vitro and in vivo biochemical behavior of the 203Pb and 212Pb labeled peptides 

(in melanoma-tumor bearing mice) is presented as evidence that the bioactivity of the 

compounds (following automated production) is preserved. These studies further corroborate 

previous preclinical reports supporting the use of 203Pb as a surrogate-imaging radionuclide 

for use in advance of 212Pb therapy. Results demonstrate the feasibility of automated 

preparation of 203Pb and 212Pb radiopharmaceuticals for clinical use and provide guidance 

for further refinements potentially necessary to adapt the approach for other 

radiopharmaceutical platforms (e.g., antibodies; aptamers; and small molecules). The sum of 

the findings and observations presented here support the idea that 203Pb and 212Pb represent 

a promising elementally-matched radionuclide pair that can be applied clinically for image-

guided radionuclide therapy for melanoma; neuroendocrine tumors; and other cancers as 

well.

2. Materials and methods

2.1. Chemicals and Reagents

Hydrochloric acid (Trace Metal Grade) was purchased from Fisher Chemical. ARISTAR® 

ULTRA metal-free water was obtained from VMR international (Radnor, PA). All other 

chemical reagents and materials were the highest grade available from Sigma Aldrich and 

used (as received) without further purification (unless otherwise described). DOTATOC (Fig. 

2B) was kindly provided by M. Sue O’Dorisio MD PhD (Stead Family Department of 

Pediatrics; The University of Iowa (Iowa City, IA USA); and DOTA-PEG4-VMT-MCR1 

(Fig. 2C) was purchased commercially (Peptides International Inc.; Louisville, KY USA). 

Pb-resin™ (100–150 μm) is available commercially from Eichrom Technologies LLC (Lisle, 

IL USA). The 224Ra/212Pb generators used for these studies were purchased through the 

Isotopes Program; US Department of Energy; Oak Ridge National Laboratory (see 

Supplemental Information; ORNL; Oak Ridge, TN USA). 203Pb was provided by Lantheus 

Medical Imaging (see Supplemental Information; North Billerica, MA USA) in 

approximately 1 mL of 0.5 M HCl.

2.2. Safety
212Pb decays by β-particle emission to 212Bi, which decays by mixed α-/β-particle 

emissions to 208Tl, 212Po, and finally to stable 208Pb (Fig. 1). Appropriate precautions must 

be put in place to prevent exposure of personnel to these radionuclides. Experiments must be 

conducted in a Pb-shielded environment that is sufficient to reduce potential exposure to γ-

radiation emitting via decay of 208Tl (2.6 MeV). Utilization of completely enclosed fluid 

handling systems and work in HEPA filtered fume hoods may be appropriate to mitigate the 

risk of inhalation or exposure. For our studies, exposures (as radioactivity levels were 
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increased) were minimized by use of the automated-enclosed fluid-handling system in a Pb-

shielded (4–6″) environment. The 224Ra/212Pb generator is equipped with an inlet and outlet 

that enable a complete closed loop system connected directly to the sterile-GMP 

manufactured cassette (Eckert Zeigler, Berlin Germany). Similar radiation safety plans must 

be in place for use of 203Pb.

2.3. 203Pb/212Pb Preconcentration and Analysis

2.3.1. Pb2+ and metal breakthrough—203Pb for the current studies was produced by 

Lantheus Medical Imaging via cyclotron irradiation of natural Tl (natTl) targets with 26.5 

MeV protons. After suitable decay time for the 201Pb byproduct, 203Pb was separated from 

the Tl target using routine protocols (Supplemental material). Pb-resin, comprising an 18-

Crown-6 ether derivative adsorbed to semi-porous beads (100–150 μm particle size; Eichrom 

Technologies, Lisle, IL USA) was slurried in 0.5–2 M HCl to prepare a 10 mg/mL stock 

suspension. The appropriate amount of resin was then packed into solid-phase-extraction 

(SPE) cartridges. Packed columns were capped with frits (20 μm pore size) and rinsed with 

HCl to remove suspended residues. A breakthrough study was performed to understand the 

retention of Pb from 2 M HCl carrier solution and the separation of Pb from key metal ion 

impurities (Cu, Fe, Tl).

2.3.2. 203/212pb2+ pre-concentration and elution—For the manual pre-

concentration of 203Pb, 370-555MBq 203Pb2+ (in 2 M HCl) was transferred to the Pb-resin 

cartridge, which retains Pb, while other metallic potential interferences pass through the SPE 

cartridge to waste with the HCl carrier. 203pb2+ was then stripped from the cartridge using 2 

mL 0.5 M NaOAc buffer (pH = 6), which was used directly for the following radiolabeling 

reaction with the test DOTA peptides. Similarly for manual pre-concentration of 212Pb, 

~140MBq of 212Pb solution (4–6 mL of 2 M HCl) was eluted slowly (—2 mL per minute) 

from the 224Ra/212Pb generator, collected, and divided into 4 equal aliquots. One aliquot was 

used as self-reference and others (n = 3) were pre-concentrated in the same manner as 

described for 203Pb. Both 212Pb and 203Pb activity and recovery from Pb-resin were 

measured by Capintec CRC25R dose calibrator according to the manufacturer’s instructions 

(dial setting 344 for 203Pb; and dial setting 158 for 212Pb). Both 212pb2+ reference and 

eluates were measured and compared with reference after 6 h re-equilibration between 212Pb 

and 212Bi. Sodium iodide gamma spectrometry was used to determine the radionuclide 

contents before and after purification by monitoring 212Pb at 238 keV and 212Bi at 583 keV 

and 860 keV. Other metallic contaminants were determined by mass spectrometry at the 

University of Iowa State Hygienic Laboratory (Coralville, IA) by routine metal analysis 

methods following decay of radioactivity.

2.3.3. Radiosynthesis of [203Pb/212Pb]DOTATOC and of [203Pb/212Pb] DOTA-
PEG4-VMT-MCR1—Following the pre-concentration step, 203/212pb2+ was eluted from the 

Pb-resin columns with pH = 6 NaOAc buffer for the radiolabeling reaction. The reaction 

vessel was pre-loaded with 50 μg peptide suspended in 290 μL pH = 4 NaOAc buffer to 

adjust the final pH to 5.3–5.5; and the reaction vessel was heated at 85 °C for 45 min 

(conditions optimized previously).(Baidoo, Milenic et al., 2013) Radiolabeling efficiency 

(the percentage of incorporated radionuclide from radiolabeling reaction) and radiochemical 
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purity (the fraction of the stated isotope present in the stated chemical form) (Grieken and de 

Bruin, 2009) [203Pb/212Pb]Peptides was analyzed by radio-ITLC and radio-HPLC method 

(Supplemental material). Separation/isolation of radiolabeled DOTA-conjugates from 

unlabeled peptide via HPLC was also investigated (Supplemental material).

2.3.4. Animal pharmacokinetics study—To further evaluate the concept of using 

[203Pb]-labeled peptide as an imaging surrogate for [212Pb]-labeled peptide therapy, we 

performed in vivo pharmacokinetics studies in B16/F1 murine melanoma tumor-bearing 

C57/BL6 mice using the test compound DOTA-PEG4-VMT-MCR1, which targets 

melanocortin subtype1 receptor (MCR1; highly expressed in B16 cells). Mice were 

subcutaneously inoculated with 106 B16/F1 murine melanoma cells in the left shoulder. 

When tumor size reached about 0.2 g, 3.7–7.4×10−3MBq of HPLC-purified [203Pb]DOTA-

PEG4-VMT-MCR1 was injected into each animal via the tail vein. In a separate study, 

[212Pb]DOTA-PEG4-VMT-MCR1 was injected via the tail vein in the same type of tumor-

bearing xenograft mouse model. The mice were euthanized at 1 and 3 h (n = 3 at each time 

point) post-injection of radiopharmaceutical. Tumors and organs of interest were harvested, 

weighed, and measured by NaI gamma spectroscopy using the Maestro multi-channel 

analyzer (ORTEC, Oak Ridge TN). The results were expressed as percent injected dose per 

gram (%ID/g) ± SD.

2.3.5. Automated production of [203/212Pb]DOTA-pepdde—Adoption of the 

radiochemical methods presented above for routine clinical application requires automation 

to facilitate consistent production and to minimize personnel dose considerations. Within 

this context, fluid handling for pre-concentration of Pb isotopes, radiolabeling of peptide 

precursors, and separation/isolation/filter sterilization of radiolabeled peptide from unlabeled 

precursor were integrated into a fully automated cassette-based fluid handling system 

(Modular Lab Pharm Tracer system (MLPT; Eckert Ziegler, Berlin Germany). The MLPT 

has been used for several years for the production of [68Ga] DOTATOC and 

[90Y]DOTATOC and other clinically-relevant radiopharmaceuticals in the PET Center and 

Nuclear Medicine production facilities at the University of Iowa; and elsewhere. To further 

evaluate the radiolabeling method for [203/212Pb]radiopharmaceutical production, the MLPT 

cassette system and software were modified to integrate the pre-concentration of 203/212pb; 

radiolabeling of precursor DOTA-PEG4-VMT-MCR1 peptide, and final HPLC isolation of 
203/212pb peptide. The 203/212pb2+ pre-concentration; elution; radiolabeling; and HPLC 

isolation of the 203/212Pb-final product were carried out as described above. The product 

from radio-HPLC collection was finally reformulated in ethanol/saline solution and purified 

via Strata-X polymeric reverse cartridge (Phenomenex, Torrance, CA), as we have described 

previously. (Martin, Sue O’Dorisio et al., 2013) Final radiolabeling efficiency and 

radiochemical purity of the 203/212pb labeled peptides were measured as described above.

3. Results

3.1. 203Pb/212Pb pre-concentration and purification

Pre-concentration of 203Pb2+ and 212pb2+ from solutions of 0.5–2 M HCl was achieved 

using a Pb-specific extraction chromatography resin. It was found (using a 50 mg resin bed) 
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that virtually no breakthrough was observed within 5 mL of 2 M HCl and majority of 

metallic contaminants were removed within 2 resin-bed volumes (~0.1 mL) (Fig. S1). 

Greater than 95% recovery was achieved for both the 203pb2+ and 212pb2+ at the elution step 

(i.e., following pre-concentration). After elution with pH = 6 NaOAc buffer, 203pb2+ and 
212pb2+ were used directly for radiolabeling. For 212Pb radiolabeling applications, the Pb-

resin efficiently retained 212pb2+ and removed 212Bi2+ at the preconcentration step, 

simplifying the radiochemical make-up of the resulting radiopharmaceutical at the 

radiolabeling step (Fig. 3). Metal mass spectroscopy results showed that the level of Fe (an 

interference for the radiolabeling step) in the 203Pb solution was reduced from 46.2 μg to 

less than 1 μg. All other metal impurities were similarly reduced to levels that did not 

interfere with the radiolabeling step, while retaining high Pb recovery. (Supplemental Fig. 

S1; Table S1).

3.2. [203Pb]DOTA-peptide radiolabeling

Following the pre-concentration step, in which the Pb isotopes are isolated from potential 

metallic interferences using Pb-resin, the Pb is eluted directly into the radiolabeling reaction 

vessel containing peptide. Two test peptides (DOTATOC and DOTA-PEG4-VMT-MCR1) 

were used to evaluate the radiolabeling step for manual and automated methods presented 

here. As determined by HPLC, the radiochemical purity of [203Pb]DOTA-PEG4-VMT-

MCR1 (Retention time 17.6 min) was > 98%; with negligible unbound 203pb2+ present (Fig. 

4A). In a separate experiment (Fig. 4B), similar radiochemical purity was observed with 

[203Pb]DOTATOC (retention time 18.2 min). By co-injecting [203Pb] DOTA-peptide with 10 

μg bulk unlabeled peptide, the separation could be monitored by both UV at 280 nm and by 

radiometric detection (Fig. 4 A&B inset). These data identified sufficient retention time 

differential between labeled and unlabeled peptide (1.5–2 min) to allow for efficient 

separation of the labeled from unlabeled peptide; and thus, isolation of high specific activity 

radiopharmaceutical ([203/212Pb] DOTATOC and [203/212Pb]DOTA-PEG4-VMT-MCR1) 

from unlabeled precursor peptide.

3.3. [212Pb]peptide radiolabeling

Similar methodology was applied to [212Pb]peptide radiolabeling. Both [212Pb]DOTA-

PEG4-VMT-MCR1 and [212Pb]DOTATOC retention times matched with their 203Pb variants 

(Fig. 5), providing evidence of the similarity in physico-chemical properties of peptides 

labeled with [203Pb] and [212Pb]. On the other hand, notable differences were observed in 

the retention time of [212Pb]DOTATOC compared to [212Bi]DOTATOC (Fig. 5B). The 

contents of these peaks were isolated and measured by NaI gamma spectroscopy to confirm 

their radionuclide composition, demonstrating the potential to isolate pure 

[212Pb]DOTATOC from unlabeled precursor and peptide labeled with decay product 

radionuclide 212Bi (Fig. 5D). To verify the radiolabeling efficiency of 212Pb labeled 

peptides, iTLC analysis was applied (Fig. 5C). After overnight decay and re-equilibration, 

no observable free 212pb2+ was found at solvent front (Rf=1), whereas > 98% [212Pb]peptide 

was observed at origin (Rf=0).
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3.4. Animal pharmacokinetic/biodistribution study

To confirm that the compounds retained bioactivity and to examine the similarity in the in 
vivo behavior of the [203Pb/212Pb]-labeled counterparts, pharmacokinetic/biodistribution 

studies were performed with [203Pb]DOTA-PEG4-VMT-MCR1 and [212Pb]DOTA-PEG4-

VMT-MCR1 in B16F1 murine melanoma tumor-bearing mice. Both [203Pb/212Pb]DOTA-

PEG4-VMT-MCR1 exhibited similar accumulation and retention in the melanoma tumors 

and kidney, a major dose-limiting organ of peptide-receptor image-guided radionuclide 

therapy for cancer (Fig. 6 and Table 1). Rapid tumor uptake of [203/212pb] DOTA-PEG4-

VMT-MCR1 was observed (5.2 ± 0.8% vs. 5.5 ± 0.2% at 1 h and 5.2 ± 0.7% vs. 4.1 ± 0.5% 

at 3 h). Similar results were obtained in kidney, [203Pb]DOTA-PEG4-VMT-MCR1 has 17.2 

± 1.3% ID/g at 1 h and 9.9 ± 1.4%ID/g at 3 h, whereas [212Pb]DOTA-PEG4-VMT-MCR1 

was 14.8 ± 1.3%ID/g at 1 h and 10.7 ± 0.2%ID/g at 3 h, demonstrating significant kidney 

clearance in three hours post injection of the radiopharmaceutical. Both ligands had rapid 

total clearance and low residues in blood and other major tissues after 1 h post-injection.

3.5. Automated radiolabeling method

To explore the potential of this radiolabeling method for routine radiopharmaceutical 

production in the clinical setting, the manual preparation was adapted to an automated 

system for labeling of DOTA-PEG4-VMT-MCR1 on the Modular-Lab PharmTracer 

cassette-based automated fluid handling module (Eckert & Ziegler) (Fig. 6B). The MLPT 

system allows for adaptation of customized-GMP-grade cassette-based fluid handling for 

routine clinical production. The complete process for pre-concentration of 203Pb and 212Pb, 

elution and radiolabeling, and HPLC final purification steps was integrated into the cassette-

based hardware system and the system software was modified to account for the 

modifications for fluid handling (liquid volumes, flow rates, reaction temperatures, hold 

times, etc.). Achievable radiochemical purity using the automated system was consistently 

greater than 95% (Fig. 6A, retention time = 20 min) after the radiolabeling step; and nearly 

100% following the HPLC isolation step. In-line HPLC allowed isolation and collection of 

[212Pb]DOTA-PEG4-VMT-MCR1 from decay daughters and unlabeled peptide (Fig. 6A, 

retention time = 20 min). Overall recovery of 203Pb-conjugate was 72% after radio-HPLC 

collection and final reformulation on Strata-X reverse phase cartridge. A pH of 5 was 

consistently observed for all final product solutions. (Fig. 7).

4. Discussion

4.1. 203Pb/212pb2+ preconcentration and purification

A method for pre-concentration and purification 203Pb and 212Pb for clinical nuclear 

medicine applications has been developed and adapted for automated clinical production. 

The approach employs a commercially-available extraction chromatography resin based on 

an 18-Crown-6 crown ether adsorbed on a semi-porous substrate and packed in a common 

disposable SPE cartridge. The pre-concentration step enables a straightforward adaptation of 

the approach for pre-concentration of 203pb2+ produced via medical cyclotron; and generator 

produced 212Pb2+. The method effectively removed potential interfering metal ion 

impurities, including Fe, Cu, and Tl from cyclotron produced 203Pb and daughter 

radionuclides arising from the decay of parent radionuclide 224Ra from 224Ra/212Pb 
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generators. Inclusion of the pre-concentration step is advantageous in that the approach can 

easily be adapted for radiolabeling of a variety of chelator-modified ligands under a variety 

of pH and buffer conditions. The approach also removes large volumes of eluent associated 

with generator elutions; allowing for exchange of acidic carrier solution and elution of the 

purified 203/212Pb in the smallest possible volume of NaOAc buffer. Thus, the approach can 

be modified easily for reacting with a wide selection of precursors for the radiolabeling step. 

The inclusion of this step overcomes potential drawbacks that limit traditional methods for 

this purpose. Examples of time-consuming intermediate steps eliminated by 

preconcentration include evaporation of elution solutions and solvents; and the use of 

organic solvents, which requires additional efforts to remove these solvents and potentially 

further QC testing as part of release criteria.(Baidoo et al., 2013; Horwitz et al., 1992; 

Horwitz et al., 1994) While traditional ion exchange methods often lack selectivity for Pb2+ 

over important metal ion impurities from highly acidic carrier solutions, the 4′,4″(5″)-Di-

tert-butyldicyclohexano-18-crown-6, is supremely selective for Pb2+ under the conditions 

used for pre-concentration here. (Horwitz et al., 1992; Horwitz et al., 1994) Thus, the 

approach is advantageous in comparison to previous direct labeling methods introduced 

previously. It was further shown that the extraction chromatography approach could be 

efficiently integrated into an automated fluid handling system adapted for routine clinical 

production of both 203Pb and 212Pb chelator-modified radiopharmaceuticals. Results of 

radiolabeling experiments using three different DOTA-peptide conjugates typically produced 

radiochemical purity greater than 98% and nearly 100% radiochemical purity when 

combined with the automated HPLC final purification.

For 212Pb radiolabeled compounds, both radio-HPLC and iTLC were used for quality 

control of the final product. Initial radio-HPLC indicated a small fraction of unbound 

radionuclide and another major radiochemical peak in [212Pb]DOTATOC chromatograms. 

The material in these peaks was collected and measured by gamma spectrometry and found 

to be attributed to 208Tl. These results indicate that 212Pb has stable chelation with DOTA 

and decoupled 212Bi3+ was generated from the recoil energy of 212Pb decay. The 

radiolabeling efficiency was further confirmed by iTLC imaging, where the samples were 

allowed sufficient decay time for complete decay of free 212Bi and equilibrium between 
212Pb/212Bi. Because the recoil energy from 212Pb decay constantly generates free 212Bi3+, 

these results point to the need for studies designed to more precisely understand the potential 

for migration of 212Pb decay product radionuclides away from the 212Pb labeled peptides in 

the in vivo setting. In addition, these results point to the need to develop radioligands and 

delivery formulations that promote rapid tumor uptake; fast ligand endocytosis; prolonged 

tumor retention; and rapid overall clearance.

4.2. Final HPLC isolation of 203/212Pb labeled peptides

Radiolabeled peptides were successfully isolated from unlabeled peptide using a radio-

HPLC procedure After chelation, the negative charges on the carboxyl acid arms of DOTA 

are partially neutralized by Pb2+, enhancing the overall lipophilicity of the Pb labeled 

compound. Therefore, the radiolabeled [203/212Pb]DOTA-conjugates elute from the HPLC 

column after the unlabeled peptide under reverse-phase gradient conditions. The developed 

separation procedure enhances the specific activity (radioactivity per amount of peptide that 
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is frequently used in PRRT, frequently reported in MBq nmol−1 of peptide) to near 

theoretical levels (see Supplemental Information for calculation), which has the potential to 

prevent self-competition toward target receptors. In the in vivo pharmacokinetics study, we 

employed a B16F1 murine melanoma tumor model that is ideal for compound evaluation 

due to its high expression of MC1R target G-protein coupled receptor target. Results 

presented here corroborate the concept that [203Pb]-labeled ligands can serve as surrogates 

to select patients and perform dosimetry in advance of [212Pb]-labeled ligand therapy.

4.3. Automation of the methodology

The methodology for radiopharmaceutical production (including final separation/isolation of 

radiolabeled from unlabeled peptide) was adapted to an automated system for routine 

clinical radiopharmaceutical production to streamline processes and reduce radiation 

exposure to technical staff. This is especially important in the case of 212Pb, which includes 

an intermediate daughter product 208Tl that generates a highly energetic γ-ray (2.61 MeV). 

Therefore, 212Pb radiolabeling must be conducted in a shielded environment (4–6″ Pb) or 

standard hot cell with manipulator arms and minimal close-hands-on effort is desired for 

production personnel.(Baidoo et al., 2013) The automated system was effective for 

production and isolation of Pb labeled final product compounds [203/212Pb]DOTA-PEG4-

VMT-MCR1. The complete automated production can be accomplished in approximately 

1.5 h; and comprises all described procedural steps described for the hands-on methods 

described herein.

5. Conclusions

A refined radiolabeling method for [203Pb/212Pb]DOTA-conjugates that efficiently pre-

concentrates and purify 203Pb/212Pb before radiolabeling has been adapted for automated 

production of 203Pb/212Pb radiopharmaceuticals for clinical applications. This method is 

suitable for wide range of chelator-modified-bioconjugates for radiolabeling and is suitable 

for routine production in clinical settings. Data presented corroborate with previous findings 

that [203Pb]chelator-modified-bioconjugates are effective imaging surrogates in advance of 

[212Pb] chelator-modified-bioconjugate therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
224Ra/212Pb generator and decay scheme, including parent radionuclide 228Th. 212Pb is 

eluted periodically (approximately once every 24 h). The generator has a useful life that is 

governed by the 3.62 day half life of 224Ra.
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Fig. 2. 
General workflow of 203/212Pb pre-concentration and elution for radiolabeling of chelator-

modified bioconjugates: (2-A1) Pre-concentration of 203/212Pb2+ on the Pb-specific 

cartridge; (2-A2) Removal of metallic interferences with a HNO3 rinse; (2-A3) Elution of 

the purified/pre-concentrated 203/212Pb2+ by NaOAc buffer to the radiolabeling vessel 

containing chelator-modified bioconjugates; (B) Molecular structure of DOTATOC used for 

this study; (C) Molecular structure of DOTA-PEG4-VMT-MCR1 used for this study.
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Fig. 3. 
Gamma ray spectra of 224Ra/212Pb generator elution samples (A) before; and (B) after the 

Pb-resin pre-concentration/purification.
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Fig. 4. 
Determination of radiochemical purity of 203Pb labeled peptides. (A) Radiochemical purity 

of [203Pb]DOTA-PEG4-VMT-MCR1 by radio-HPLC tracing; and inset (Ai) HPLC isolation 

of labeled (in red) from unlabeled DOTA-PEG4-VMT-MCR1 precursor in blue (inset); (B) 

Radiochemical purity of [203Pb]DOTATOC; and inset (Bi) isolation of labeled (in red) from 

unlabeled DOTATOC precursor in blue (inset).
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Fig. 5. 
Determination of the radiochemical purity for 212Pb labeled peptides. (A) Representative 

radio-HPLC chromatogram of [212Pb]DOTA-PEG4-VMT-MCR1; (B) Representative radio-

HPLC chromatogram [212Pb]DOTATOC; (Ca) iTLC image showing solvent front migration 

of “free” (unlabeled) 212Pb2+ and decay-product radionuclides; and (Cb) showing no 

migration of radioactivity with solvent front indicative of highly pure [212Pb]DOTA-PEG4-

VMT-MCR1; and (Cc) showing no migration of radioactivity with the solvent front; 

indicative of highly pure [212Pb]DOTATOC; and (D) Representative gamma-ray energy 

spectrum of 212Pb and 212Bi from HPLC collection used to identify/quantify 212Bi and 
212Pb.
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Fig. 6. 
Comparison of the biodistribution of [203Pb]DOTA-PEG4-VMT-MCR1 and [212Pb] DOTA-

PEG4-VMT-MCR1 in C57BL/6 mice bearing B16F1 murine melanoma tumor at (A) 1 h 

post tail vein injection; and (B) 3 h post tail vein injection. Data presented as percent 

injected dose per gram of tissue/blood (%ID/g; n =3 for each time point for each tissue ± 

SD). No significant difference in the biodistribution of [203Pb]DOTA-PEG4-VMT-MCR1 

and [212Pb]DOTA-PEG4-VMT-MCR1 are observed.
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Fig. 7. 
(A) Representative trace of radio-HPLC automated production and collection 

[203/212Pb]DOTA-PEG4-VMT-MCR1 and (B) Scheme describing the Individual 

components of the Modular-Lab PharmTracer system adapted for production of 

[203/212Pb]DOTA-PEG4-VMT-MCR1 radiopharmaceuticals (Eckert & Ziegler).
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Table 1

Biodistribution of [203Pb]DOTA-PEG4-VMT-MCR1 and [212Pb]DOTA-PEG4-VMT-MCR1 in C57BL/6 mice 

bearing B16F1 murine melanoma tumors at 1 h and 3 h post tail vein injection. Data presented as percent 

injected dose per gram of tissue/blood (%ID/g; n = 3 for each time point for each tissue ± SD).

1 h 3 h

Tissue Pb-203 Pb-212 Pb-203 Pb-212

(%ID/g) (%ID/g) (%ID/g) (%ID/g)

Blood 0.94 ± 0.30 1.05 ± 0.17 0.40 ± 0.02 0.17 ± 0.05

Heart 0.41 ± 0.13 0.62 ± 0.10 0.30 ± 0.07 0.19 ± 0.04

Liver 0.88 ± 0.08 0.49 ± 0.05 0.56 ± 0.03 0.35 ± 0.02

Kidneys 17.18 ± 1.30 14.76 ± 1.32 9.92 ± 1.44 10.65 ± 0.15

Lung 0.82 ± 0.38 1.00 ± 0.03 0.54 ± 0.08 0.33 ± 0.04

Tumor 5.20 ± 2.17 5.50 ± 0.23 5.27 ± 0.73 4.08 ± 0.46

Spleen 0.35 ± 0.18 0.52 ± 0.15 0.50 ± 0.04 0.31 ± 0.02

Muscle 0.14 ± 0.03 0.30 ± 0.03 0.18 ± 0.01 0.19 ± 0.07

Brain 0.04 ± 0.00 0.09 ± 0.02 0.06 ± 0.02 0.05 ± 0.01
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