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Peptide-targeted a-therapy with 7.4 MBq of 212Pb-[1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetraacetic acid]-ReO-[Cys3,4,10,
D-Phe7,Arg11]a-MSH3–13 (212Pb-DOTA-Re(Arg11)CCMSH) cured
45% of B16/F1 murine melanoma–bearing C57 mice in a 120-d
study, highlighting its melanoma treatment potential. However,
there is a need to develop an imaging surrogate for patient-
specific dosimetry and to monitor the tumor response to
212Pb-DOTA-Re(Arg11)CCMSH therapy. The purpose of this study
was to evaluate the potential of 203Pb-DOTA-Re(Arg11)CCMSH
as a matched-pair SPECT agent for 212Pb-DOTA-Re(Arg11)
CCMSH. Methods: DOTA-Re(Arg11)CCMSH was labeled with
203Pb in 0.5 M NH4OAc buffer at pH 5.4. The internalization
and efflux of 203Pb-DOTA-Re(Arg11)CCMSH were determined in
B16/F1 melanoma cells. The pharmacokinetics of 203Pb-DOTA-
Re(Arg11)CCMSH was examined in B16/F1 melanoma–bearing
C57 mice. A micro-SPECT/CT study was performed with
203Pb-DOTA-Re(Arg11)CCMSH in a B16/F1 melanoma–bearing
C57 mouse at 2 h after injection. Results: 203Pb-DOTA-
Re(Arg11)CCMSH was easily prepared in NH4OAc buffer and
completely separated from the excess nonradiolabeled peptide
by reversed-phase high-performance liquid chromatography
(RP-HPLC). 203Pb-DOTA-Re(Arg11)CCMSH displayed fast inter-
nalization and extended retention in B16/F1 cells. Approximately
73% of 203Pb-DOTA-Re(Arg11)CCMSH activity internalized after
a 20-min incubation at 25�C. After incubation of the cells in culture
medium for 20 min, 78% of internalized activity remained in the
cells. 203Pb-DOTA-Re(Arg11)CCMSH exhibited a biodistribution
pattern similar to that of 212Pb-DOTA-Re(Arg11)CCMSH in B16/
F1 melanoma–bearing mice. 203Pb-DOTA-Re(Arg11)CCMSH ex-
hibited a peak tumor uptake of 12.00 6 3.20 percentage injected
dose per gram (%ID/g) at 1 h after injection. The tumor uptake

gradually decreased to 3.43 6 1.12 %ID/g at 48 h after injection.
203Pb-DOTA-Re(Arg11)CCMSH exhibited a peak tumor-to-kidney
uptake ratio of 1.53 at 2 h after injection. The absorbed doses to
the tumor and kidneys were 4.32 and 4.35 Gy, respectively, per 37
MBq. Whole-body clearance of 203Pb-DOTA-Re(Arg11)CCMSH
was fast, with approximately 89% of the injected activity cleared
through the urinary system by 2 h after injection. 203Pb showed
1.6-mm SPECT resolution, which was comparable to 99mTc. Mel-
anoma lesions were visualized through SPECT/CT images of
203Pb-DOTA-Re(Arg11)CCMSH at 2 h after injection. Conclusion:
203Pb-DOTA-Re(Arg11)CCMSH exhibited favorable pharmacoki-
netic and tumor imaging properties, highlighting its potential as
a matched-pair SPECT agent for 212Pb-DOTA-Re(Arg11)CCMSH
melanoma treatment.
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Investigators can predict the usefulness of new imag-
ing and therapy agents based on the results of matched
pairs of identical or near-identical radiopharmaceuticals.
The advantage of taking a matched-pair approach is that
the imaging agent can be used to demonstrate selective
tumor targeting and to obtain patient-specific dosimetry,
allowing optimal and safe deployment of the therapeutic
counterpart. Some examples of matched-pair approaches
have been the use of 11lIn- and 90Y-radiolabeled com-
pounds such as octreotide (1–4) as well as 99mTc- and
188Re-radiolabeled a-melanocyte–stimulating hormone
(a-MSH) peptides (5–7). However, in the cases mentioned
earlier, similar but not chemically identical radiometals
were used. Even though the radiometals may have similar
coordination chemistries, small differences among radio-
nuclides can result in different pharmacokinetics (8,9).
Therefore, it is desirable to radiolabel the targeting com-
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pound with 2 chemically identical radioisotopes to extract
the maximum benefit from the matched-pair approach to
radiopharmaceutical design.

Peptide-targeted a-particle therapy for melanoma using
212Pb-[1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid]-ReO-[Cys3,4,10,D-Phe7,Arg11]a-MSH3–13 (212Pb-DOTA-
Re(Arg11)CCMSH) was reported in our previous publication
(10). The results demonstrated that the peptide-targeted
a-particle therapy was effective in increasing the mean survival
times of mice initially bearing melanoma tumors. Treatment
with single doses of 3.7 or 7.4 MBq of 212Pb-DOTA-Re(Arg11)
CCMSH resulted in, respectively, 20% and 45% of animals
with complete cures. The development of a matched-pair imag-
ing agent counterpart for 212Pb-DOTA-Re(Arg11)CCMSH
would be useful to demonstrate tumor uptake and to calcu-
late the dose to healthy tissues and vital organs. Patient-
specific dosimetry determined from the imaging studies
would be useful for treatment planning so that the maximum
tolerable activity of the a-particle–emitting radiolabeled
peptide could be administered for safe and effective mela-
noma treatment. Moreover, a matched-pair imaging agent
could be used to further monitor the patients’ response to the
targeted a-radiation therapy.

A potential matched-pair imaging radioisotope for the
therapeutic radionuclide 212Pb is 203Pb (11–14). On decay,
203Pb (half-life, 51.9 h) emits a 279-keV g-ray (81% abun-
dance) suitable for SPECT. 203Pb can be produced via the
203Tl(d,2n)203Pb reaction by irradiating natural Tl2O3 or an
enriched Tl2O3 (203Tl) target with 13.7-MeV deuterons
(11). A simple and rapid procedure was reported for puri-
fying cyclotron-produced 203Pb via the 203Tl(d,2n)203Pb
reaction (11). High specific activity and radiochemical
purity of 203Pb are essential for radiolabeling peptides that
target lower-copy-number cellular receptors. Low radio-
chemical purity of 203Pb can dramatically reduce if not
eliminate the radiolabeling yields caused by the competi-
tion of the existing contaminating metals. Likewise, low
specific activity of 203Pb preparations may result in the
saturation of the targeted receptors with nonradioactively
labeled peptides. Purified 203Pb was used to label the
monoclonal antibody trastuzumab (Herceptin; Genentech),
which was shown to be immunoreactive and displayed
favorable biodistribution properties in vivo, demonstrating
the suitability and feasibility of 203Pb-labeled biomolecules
to target cellular antigens (11).

In this study, DOTA-Re(Arg11)CCMSH (5,8) was radio-
labeled with 203Pb to evaluate its potential as a matched-
pair imaging agent for 212Pb-DOTA-Re(Arg11)CCMSH. The
spatial resolution of 203Pb was examined through hot-rod
phantom imaging by small-animal SPECT and compared
with the spatial resolution of 99mTc. The melanocortin-1
(MC1) receptor–mediated uptake and efflux of 203Pb-DOTA-
Re(Arg11)CCMSH were examined in vitro. Biodistribution
and SPECT studies were performed to demonstrate the
potential of 203Pb-DOTA-Re(Arg11)CCMSH to image the
melanoma lesions.

MATERIALS AND METHODS

Chemicals and Reagents
DOTA-Re(Arg11)CCMSH was purchased from Bachem Inc.,

and 203Pb was obtained from AlphaMed, Inc. All other chemicals
used in this study were purchased from Fischer Scientific and used
without further purification. The B16/F1 murine melanoma cell
line was obtained from American Type Culture Collection.

Calibration of SPECT Detector with 203Pb
A high-count flood image was acquired with 0.37 MBq of 203Pb

and placed in the central axis above the detector face, using
uncollimated detectors. Energy discriminating windows were used
for photopeak isolation of the 203Pb spectrum. Detector nonuni-
formities arise because of the detector crystal-to-crystal detection
efficiency variability and pinhole sensitivity changes associated
with the angle of acceptance of the pinhole aperture. To correct
the detector nonuniformity, all projection images were normalized
to 203Pb with a correction matrix derived from the collected 203Pb
uniform flood image.

Jaszczak SPECT Phantom Imaging
SPECT volumetric performance for 203Pb was assessed using a

micro-Deluxe ECT hot-insert phantom (Data Spectrum Inc.). The
phantom had an inner diameter of 4.4 cm, with 6 equally sized rod
quadrants. The rod diameters were 1.2, 1.6, 2.4, 3.2, 4.0, and
4.8 mm. The phantom was filled with 74 MBq of 203Pb and was
imaged with a 1.0-mm pinhole and a magnification factor of 2 at a
distance of 4.5 cm. The SPECT scan images were acquired for 60
frames over 360�, and the projection data were reconstructed using a
3-dimensional ordered-subset expectation maximization (OSEM)
algorithm. The phantom SPECT data were reconstructed using 12
iterations and 4 subsets. The reconstructed images were smoothed
after reconstruction with a 3-dimensional gaussian kernel. A paral-
lel study was performed with 99mTc for comparison.

Synthesis of 203Pb-DOTA-Re(Arg11)CCMSH
DOTA-Re(Arg11)CCMSH was radiolabeled with 203Pb in 0.5 M

NH4OAc at pH 5.4. Briefly, 50 mL of 203PbCl2 in 0.5 M HCl (;37
MBq), 500 mL of 0.5 M NH4OAc (pH 5.4), and 20 mL of 1 mg/mL
DOTA-Re(Arg11)CCMSH were added into a reaction vial and
incubated at 75�C for 40 min. 203Pb-DOTA-Re(Arg11)CCMSH
was purified to single species by HPLC (Waters) on a C-18 reverse-
phase analytic column (Vydac), using a 20-min linear gradient of
16%–26% acetonitrile in 20 mM HCl aqueous solution with a flow
rate of 1.5 mL/min. The stability of 203Pb-DOTA-Re(Arg11)
CCMSH was monitored up to 24 h for degradation by HPLC in
0.1% bovine serum albumin (BSA) in 10 mM phosphate-buffered
saline (PBS) at 37�C. HPLC-purified peptide samples were purged
with N2 gas for 20 min to remove the acetonitrile. The pH of the final
solution was adjusted to 5 with 0.1N NaOH and diluted with normal
saline for animal studies.

Cellular Internalization and Efflux of 203Pb-DOTA-
Re(Arg11)CCMSH

B16/F1 murine melanoma cells were obtained from American
Type Culture Collection and cultured in RPMI 1640 medium con-
taining NaHCO3 (2 g/L), supplemented with 10% heat-inactivated
fetal calf albumin, 2 mM L-glutamine, and 48 mg of gentamicin. The
cells were incubated at 37�C in 75-cm3 tissue culture flasks under a
humidified 5% CO2 atmosphere. The culture medium was changed
every 2 d. Cellular internalization and efflux of 203Pb-DOTA-
Re(Arg11)CCMSH were evaluated in B16/F1 murine melanoma
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cells. B16/F1 cells (5 · 105/well) were seeded into a 24-well cell
culture plate and incubated at 37�C overnight. After being washed
once with binding medium (minimal essential medium with 25 mM
N-(2-hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid), pH 7.4
0.2% BSA/0.3 mM 1,10-phenathroline), the cells were incubated at
25�C for 20, 40, 60, 90, and 120 min (n 5 4) in approximately
100,000 counts per minute (cpm) of HPLC-purified 203Pb-DOTA-
Re(Arg11)CCMSH. After incubation, the reaction medium was
aspirated and cells were rinsed with 2 · 0.5 mL of ice-cold, pH
7.4 0.2% BSA/0.01 M PBS. Cellular internalization of 203Pb-
DOTA-Re(Arg11)CCMSH was assessed by washing the cells with
acidic buffer (40 mM sodium acetate [pH 4.5] containing 0.9% NaCl
and 0.2% BSA) to remove the membrane-bound radioactivity. The
remaining internalized radioactivity was obtained by lysing the cells
with 0.5 mL of 1N NaOH for 5 min. Membrane-bound and
internalized 203Pb activity was counted in a g-counter. Cellular
efflux of 203Pb-DOTA-Re(Arg11)CCMSH was determined by incu-
bating B16/F1 cells with 203Pb-DOTA-Re(Arg11)CCMSH for 2 h at
25�C, removing nonspecific-bound activity with 2 · 0.5 mL of ice-
cold, pH 7.4 0.2% BSA/0.01 M PBS rinse, and monitoring radio-
activity released into the cell culture medium. The radioactivity in
the medium, on the cell surface, and in cells was separately collected
and counted in a g-counter 20, 40, 60, 90, and 120 min after
incubation in the culture medium.

Biodistribution Studies
Animal studies were conducted in compliance with Institutional

Animal Care and Use Committee approval. Pharmacokinetic stud-
ies were performed on C57 mice that were inoculated subcutane-
ously with 1 · 106 B16/F1 murine melanoma cells in the right flank.
When the weight of tumors reached approximately 0.2 g, 7.4 · 1023

MBq of 203Pb-DOTA-Re(Arg11)CCMSH was injected into each
mouse through the tail vein. Groups of 5 mice per each time point
were used for the biodistribution studies. The mice were sacrificed at
5 and 30 min and at 1, 2, 4, 24, and 48 h after injection, and tumors
and organs of interest (whole organs except muscle, bone, and skin)
were harvested, weighed, and counted in a Wallac 1480 automated
g-counter (PerkinElmer). The results were expressed as percentage
injected dose per gram (%ID/g) and as percentage injected dose
(%ID). Blood values were taken as 6.5% of the whole-body weight.
Portions of muscle, bone, and skin were collected and weighed for
calculating %ID/g in those organs. The tumor uptake specificity of
203Pb-DOTA-Re(Arg11)CCMSH was determined by blocking tu-
mor uptake at 2 h after injection with the coinjection of 10 mg of
unlabeled [Nle4,D-Phe7]a-MSH (NDP-MSH), a linear a-MSH

peptide analog with picomolar affinity for the a-MSH receptor
present on murine melanoma cells.

Dosimetry Calculation
The biodistribution of 203Pb-DOTA-Re(Arg11)CCMSH over

time was determined to evaluate uptake and retention and to cal-
culate absorbed radiation doses from 203Pb-DOTA-Re(Arg11)CCMSH
in tumors, healthy organs, and tissues using methods described previ-
ously (15–17). Time–activity curves were generated for 16 organs and
tissues (blood, bone, brain, heart, lung, liver, skin, spleen, stomach,
kidney, large intestine, small intestine, muscle, pancreas, carcass, and
tumor). Cumulative activity of 203Pb was determined for each organ by
integrating the area under the time–activity curves. The cumulative
activity was then used with a dosimetric model (15,16) developed
specifically for the laboratory mouse.

Melanoma Imaging with 203Pb-DOTA-Re(Arg11)CCMSH
One B16/F1 melanoma–bearing C57 mouse was injected with

6.29 MBq of HPLC-purified 203Pb-DOTA-Re(Arg11)CCMSH via
the tail vein 14 d after cell implantation. The mouse was euthanized
by CO2 inhalation for micro-SPECT/CT at 2 h after injection. The
SPECT data were collected right after CT data collection. Approx-
imately 0.3 MBq of 203Pb-DOTA-Re(Arg11)CCMSH activity was
left in the mouse at the moment of acquisition. Micro-SPECT scans
of 60 frames per animal were acquired for a total count acquisition of
0.5 million counts for 203Pb-DOTA-Re(Arg11)CCMSH. A pinhole
magnification factor of 2.2 was used in the experiments. The micro-
SPECT/CTimages were obtained using high-resolution SPECT pin-
hole collimators (MicroCAT II SPECT/CT; Siemens Pre-Clinical
Solutions). The SPECT projection data (78 · 78 · 102 matrix) were
reconstructed using a 3-dimensional OSEM algorithm with geo-
metric misalignment corrections, and the CT raw data were recon-
structed via a cone beam (Feldkamp) filtered backprojection
algorithm. Reconstructed data from SPECT and CTwere visualized
and coregistered using Amira 3.1 (TGS).

RESULTS

Tomographic spatial resolution of 1.6 mm was achieved
with the micro-Deluxe ECT hot-rod 203Pb SPECT phantom
at a distance of 4.5 cm (Fig. 1). The results of the transaxial
slice of the 203Pb-reconstructed volumetric SPECT data with
the same phantom filled with 74 MBq of 99mTc were com-
parable when considering the 4.8- to 1.6-mm quadrant regions
and the differentiation of rods within the phantom quadrants.

FIGURE 1. Phantom imaging of
99mTcO4

2 (A) and 203PbCl2 (B).
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DOTA-Re(Arg11)CCMSH was labeled with 203Pb using a
0.5 M NH4OAc-buffered solution at pH 5.4. 203Pb-DOTA-
Re(Arg11)CCMSH was completely separated from its non-
radiolabeled counterpart by reversed-phase high-performance
liquid chromatography (RP-HPLC). The stability of 203Pb-
DOTA-Re(Arg11)CCMSH was determined by incubation in
0.1% BSA in 10 mM PBS (pH 7.4) at 37�C. Only the 203Pb-
labeled peptide was detected by RP-HPLC after 24 h incu-
bation. A schematic structure of 203Pb-DOTA-Re(Arg11)
CCMSH is presented in Figure 2. Cellular internalization
and efflux of 203Pb-DOTA-Re(Arg11)CCMSH were evalu-
ated in B16/F1 cells at 25�C (Fig. 3). 203Pb-DOTA-Re(Arg11)
CCMSH exhibited rapid cellular internalization. Approxi-
mately 73% and 74% of 203Pb-DOTA-Re(Arg11)CCMSH
activity were internalized in the B16/F1 cells after 20 min and
2 h of incubation, respectively. Cellular efflux of 203Pb-
DOTA-Re(Arg11)CCMSH demonstrated that 78% and 40%
of the 203Pb activity remained inside the cells 20 min and 2 h,
respectively, after incubating cells in culture medium at
25�C.

The pharmacokinetics and tumor-targeting properties of
203Pb-DOTA-Re(Arg11)CCMSH were determined in B16/F1
murine melanoma–bearing C57 mice. The biodistribution of
203Pb-DOTA-Re(Arg11)CCMSH is shown in Table 1. 203Pb-
DOTA-Re(Arg11)CCMSH exhibited high uptake and long
retention in the tumor. At 1 h after injection, 203Pb-DOTA-
Re(Arg11)CCMSH reached its peak tumor uptake value of
12.00 6 3.20 %ID/g. There remained 9.86 6 1.86 %ID/g of
203Pb-DOTA-Re(Arg11)CCMSH activity in the tumor at 4 h
after injection. The tumor uptake value gradually decreased
to 4.35 6 0.24 %ID/g at 24 h and 3.43 6 1.12 %ID/g at 48 h
after injection. Tumor uptake specificity of 203Pb-DOTA-
Re(Arg11)CCMSH was examined by coinjecting 10 mg of the
high-affinity a-MSH peptide analog NDP-MSH. The tumor
uptake of 203Pb-DOTA-Re(Arg11)CCMSH with NDP coin-
jection was only 7.4% of the tumor uptake without NDP

coinjection at 2 h after dose administration (P , 0.01),
demonstrating that tumor uptake was specific and receptor-
mediated. Whole-body clearance of 203Pb-DOTA-Re(Arg11)
CCMSH was rapid, with approximately 90% of the injected
dose washed out of the body by 2 h after injection. Ninety-
four percent of the injected dose was washed out of the body
by 24 h after injection. Normal organ uptakes of 203Pb-
DOTA-Re(Arg11)CCMSH were generally very low (,1
%ID/g) at 2 h after injection except for the kidneys. High
tumor-to-blood and tumor–to–normal-organ uptake ratios
were demonstrated as early as 30 min after injection (Table
1). The kidneys appeared to be the major excretion organ of
203Pb-DOTA-Re(Arg11)CCMSH. The kidney uptake values
of 203Pb-DOTA-Re(Arg11)CCMSH were 7.78 6 1.42 %ID/g
and 3.69 6 0.58 %ID/g at 2 and 24 h after injection,
respectively. Bone uptake values of 203Pb-DOTA-Re(Arg11)
CCMSH activity were less than 1.4 %ID/g at all time points
after 1 h after injection in this study.

The absorbed radiation doses to tumors and healthy organs
from 203Pb-DOTA-Re(Arg11)CCMSH were determined in
this study from the biodistribution data in B16/F1 murine
melanoma–bearing mice (Table 2). The absorbed dose from
203Pb-DOTA-Re(Arg11)CCMSH in the B16/F1 mouse tu-
mors was 4.32 Gy per 37 MBq. The relatively high tumor
dose was directly related to the rapid uptake kinetics and
retention of the 203Pb-labeled peptide. Normal-tissue doses
were low except for the kidneys, which were estimated at
4.35 Gy per 37 MBq. These results suggest that the kidneys
may be the dose-limiting normal organ for radionuclide
therapy. One B16/F1 murine melanoma–bearing C57 mouse
was injected with 203Pb-DOTA-Re(Arg11)CCMSH to visu-
alize the tumor at 2 h after dose administration (Fig. 4).
Although there was substantial activity in the kidneys, mel-
anoma tumors in the right flank were visualized clearly at 2 h
after injection. 203Pb-DOTA-Re(Arg11)CCMSH exhibited
high tumor–to–normal-organ uptake ratios except for the
kidney in the SPECT image, which was coincident with the
trend observed in the biodistribution of 203Pb-DOTA-
Re(Arg11)CCMSH.

DISCUSSION

Radiolabeled a-MSH peptide analogs as imaging agents
may have their greatest utility when used in a matched-pair
approach for melanoma radionuclide therapy. In a matched-
pair approach to radionuclide imaging and therapy, the same
melanoma-targeting peptide can be labeled with radioisotopes
possessing diagnostic imaging or therapeutic decay proper-
ties. The advantage of this approach is that patient-specific
dosimetry can be determined using the imaging agent so that
the optimal dose of the peptide labeled with the therapeutic
radioisotope can be administered. Moreover, a matched-
pair imaging agent could be used to further monitor the
patients’ response to the targeted radionuclide therapy. 111In-
labeled conjugates are often used as imaging surrogates for
dosimetric calculation of 90Y-labeled conjugates based on the

FIGURE 2. A schematic structure of the rhenium-cyclized
peptide, 203Pb-DOTA-Re(Arg11)CCMSH.
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assumption that 90Y- and 111In-labeled conjugates are chem-
ically and biologically equivalent. However, 90Y- and 111In-
labeled monoclonal antibody and peptide showed differences
in their biologic properties (8,9,18), which raised some
concerns about the validity of using 111In-labeled conjugates
as imaging surrogates for their 90Y-labeled conjugates. The
atomic radius of 90Y fits nearly perfectly into the cavity of
DOTA, whereas 111In has a smaller atomic radius than that of
90Y. The biodistribution differences between 111In- and 90Y-
labeled conjugates are likely to be related to the different
coordination chemistries in solution (9,19,20). Hence, radio-
labeling the targeting compound with 2 radioisotopes of the
same metal will maximally extract the benefit from the
matched-pair approach to radiopharmaceutical development
for cancer imaging and therapy.

212Pb-DOTA-Re(Arg11)CCMSH was used for targeted
a-radiation therapy for melanoma in our previous studies

(10). DOTA-Re(Arg11)CCMSH exhibited nanomolar MC1
receptor–binding affinity and specifically targeted 212Pb to
melanoma cells. 212Pb decays via b-emission to 212Bi, which
subsequently decays via a branched pathway to stable 208Pb,
yielding high-energy a-particles and b-particles (10). High
cyctotoxic ionizing radiation from a-particles results in
irreparable DNA double-strand breaks, causing cell death.
A major advantage of administering 212Pb-DOTA-Re(Arg11)
CCMSH is that the radiolabeled peptide will circulate, target
melanoma tumor cells, and be cleared from the body as the
212Pb-labeled peptide rather than the a-emitting 212Bi com-
pound, minimizing normal-tissue exposures. Peptide-targeted
212Pb internalized and retained by tumor cells will decay to
the a-particle–emitting 212Bi and serve as an in vivo gener-
ator of a-particles, localizing the highly toxic short-ranged
a-radiation within the tumor. Meanwhile, the 10.6-h half-life
of 212Pb makes dose preparation and administration easier

FIGURE 3. Cellular internalization (A)
and efflux (B) of 203Pb-DOTA-Re(Arg11)
CCMSH in B16/F1 murine melanoma
cells at 25�C. Total bound radioactivity
(¤), internalized activity (n), cell mem-
brane activity (:), and cell culture me-
dium activity (d) were presented as cpm.

TABLE 1
Pharmacokinetics of 203Pb-DOTA-Re(Arg11)CCMSH in B16/F1 Murine Melanoma–Bearing C57 Mice

Tissue 5 min 30 min 1 h 2 h 4 h 24 h 48 h 2 h NDP

%ID/g

Tumor 3.83 6 0.87 8.79 6 1.63 12.00 6 3.20 11.87 6 3.24 9.86 6 1.86 4.35 6 0.24 3.43 6 1.12 0.88 6 0.11

Brain 0.35 6 0.09 0.11 6 0.04 0.04 6 0.03 0.05 6 0.03 0.02 6 0.01 0.05 6 0.04 0.06 6 0.08 0.04 6 0.02

Blood 6.59 6 0.57 2.10 6 0.30 0.73 6 0.09 0.39 6 0.17 0.21 6 0.09 0.28 6 0.29 0.12 6 0.03 0.64 6 0.10
Heart 3.07 6 0.47 0.83 6 0.07 0.33 6 0.10 0.16 6 0.05 0.06 6 0.11 0.07 6 0.07 0.07 6 0.07 0.22 6 0.04

Lung 7.08 6 1.38 2.24 6 0.55 0.88 6 0.05 0.41 6 0.24 0.25 6 0.12 0.22 6 0.06 0.14 6 0.10 0.57 6 0.06

Liver 2.49 6 0.34 1.68 6 0.22 1.25 6 0.20 0.96 6 0.26 0.62 6 0.15 0.42 6 0.07 0.36 6 0.05 1.33 6 0.39
Spleen 2.54 6 0.57 0.56 6 0.29 0.43 6 0.23 0.30 6 0.09 0.26 6 0.10 0.29 6 0.15 0.15 6 0.14 0.33 6 0.08

Stomach 1.42 6 0.23 0.75 6 0.15 0.31 6 0.12 0.17 6 0.13 0.06 6 0.02 0.25 6 0.26 0.14 6 0.10 0.14 6 0.05

Kidneys 35.09 6 6.42 10.31 6 1.02 8.42 6 0.36 7.78 6 1.42 7.34 6 0.31 3.69 6 0.58 3.67 6 0.50 9.0 6 2.0

Muscle 1.64 6 0.63 0.44 6 0.27 0.13 6 0.03 0.05 6 0.03 0.08 6 0.05 0.06 6 0.05 0.07 6 0.03 0.05 6 0.03
Pancreas 1.76 6 0.62 0.59 6 0.35 0.40 6 0.17 0.21 6 0.07 0.11 6 0.03 0.17 6 0.11 0.09 6 0.04 0.31 6 0.11

Bone 2.71 6 0.16 1.89 6 0.41 1.38 6 0.16 1.01 6 0.22 0.62 6 0.18 1.11 6 0.26 1.12 6 0.26 1.05 6 0.23

Skin 3.58 6 1.10 3.20 6 0.21 1.14 6 0.16 0.20 6 0.07 0.28 6 0.13 0.39 6 0.31 0.37 6 0.04 0.30 6 0.08

%ID
Intestines 4.60 6 0.41 1.53 6 0.12 0.95 6 0.07 0.89 6 0.06 0.55 6 0.14 0.29 6 0.05 0.27 6 0.08 1.10 6 0.18

Urine 24.8 6 5.0 74.73 6 2.51 82.75 6 3.98 89.02 6 0.86 94.15 6 0.31 93.34 6 1.65 94.56 6 1.13 91.34 6 1.56

Ratio
Tumor to blood 0.58 4.19 16.44 30.44 46.95 15.54 28.58 1.38

Tumor to kidneys 0.11 0.85 1.43 1.53 1.34 1.18 0.93 0.10

Tumor to liver 1.54 5.23 9.60 12.36 15.90 10.36 9.53 0.66

Tumor to muscle 2.34 19.98 92.31 237.40 123.25 54.38 49.00 17.60

Data are presented as %ID/g or as %ID (mean 6 SD, n 5 5).
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and more efficient than the short half-life (half-life, 60.6 min)
of 212Bi. 212Pb-DOTA-Re(Arg11)CCMSH exhibited remark-
able therapeutic efficacy in B16/F1 melanoma–bearing mice
in our previous report (10). The treatment of 7.4 MBq of 212Pb-
DOTA-Re(Arg11)CCMSH cured 45% of B16/F1 murine

melanoma–bearing C57 mice in a 120-d study and highlighted
its potential as a novel agent for targeted radionuclide therapy
of melanoma.

203Pb and 212Pb are 2 isotopes with diagnostic and thera-
peutic properties (11,12). The favorable decay and imaging
properties of 203Pb make it an ideal matched-pair radioiso-
tope for 212Pb for targeted radionuclide therapy (11,12).
203Pb is a manageable radioisotope with respect to dose
preparation and waste disposal because of its half-life of 51.9
h. 203Pb displayed a spatial resolution (1.6 mm) comparable
to that of 99mTc (Fig. 1), demonstrating the suitability and
feasibility of 203Pb as a SPECT isotope. Moreover, 203Pb can
be produced via the 203Tl(d,2n)203Pb reaction by a cyclotron
and can be easily purified to achieve high specific activity for
radiolabeling of antibodies or peptides for antigen or receptor
targeting (11). In this study, 203Pb-DOTA-Re(Arg11)CCMSH
was prepared and evaluated invitro and in melanoma-bearing
mice to examine its potential as a matched-pair imaging
agent for 212Pb-DOTA-Re(Arg11)CCMSH.

In vitro, 203Pb-DOTA-Re(Arg11)CCMSH exhibited rapid
cellular internalization and moderate retention. Tumor cell
retention of 203Pb-DOTA-Re(Arg11)CCMSH at 40 min was
approximately 50%, compared with 87% and 90% for 90Y-
and 177Lu-labeled DOTA-Re(Arg11)CCMSH, respectively
(9). The greater efflux rate for 203Pb-DOTA-Re(Arg11)
CCMSH was potentially caused by the 21 oxidation state
of 203Pb, coupled with the presence of the metal chelator
phenathroline in the cell-binding and efflux medium, which
led to its accelerated release in vitro. However, in vivo higher
tumor efflux kinetics for 203Pb-DOTA-Re(Arg11)CCMSH
were not observed from 1 to 4 h after injection. The tumor
uptake reached its peak value of 12.00 6 3.20 %ID/g at 1 h
after injection. In vivo tumor retention of 203Pb-DOTA-
Re(Arg11)CCMSH remained constant at 2 h after injection
(Table 1), leading to the high imaging contrast between the
tumor and the healthy tissues. The tumor uptake value at 4 h
after injection was 82.2% of the tumor uptake value at 1 h
after injection (Table 1). Clearance of activity from the
healthy organs and tissues was rapid, which resulted in high
tumor-to-blood and tumor–to–normal-organ uptake ratios as
early as 30 min after injection (Table 1). The majority of the
administered activity cleared through the kidneys, with 89%
of the injected dose being excreted in the urine by 2 h after
injection. Coinjection of excess nonradioactive NDP-MSH
peptide dramatically reduced tumor uptake but did not affect
radioactivity in the kidneys, demonstrating that radioactivity
in the tumor was receptor-mediated whereas the renal radio-
activity was nonspecific. The dosimetry results (Table 2)
demonstrated that the absorbed dose to tumor and kidneys
was approximately 8 times or greater than the absorbed
dose to other healthy organs, suggesting that the kidneys
would be the dose-limiting normal organ for targeted radio-
nuclide therapy. The statistical analyses of the tumor and
kidney uptake values were performed between 203Pb-DOTA-
Re(Arg11)CCMSH and 212Pb-DOTA-Re(Arg11)CCMSH to
confirm the matched-pair properties between 203Pb and 212Pb

FIGURE 4. Whole-body (A) and transaxial (B) images with
203Pb-DOTA-Re(Arg11)CCMSH at 2 h after injection in B16/F1
murine melanoma–bearing C57 mouse.

TABLE 2
Absorbed Radiation Doses per Unit Administered Activity

from 203Pb-DOTA-Re(Arg11)CCMSH in B16/F1 Murine
Melanoma–Bearing C57 Mice

Organ

203Pb-DOTA-Re(Arg11)CCMSH

(Gy/37 MBq)

Tumor 4.32
Kidneys 4.35

Blood 0.56

Bone volume 0.50
Brain 0.06

Heart 0.08

Lung 0.16

Liver 0.35
Skin 0.10

Spleen 0.12

Stomach 0.06

Small intestine 0.11
Large intestine 0.26

Muscle 0.08

Pancreas 0.08

Remainder carcass 0.17
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(data not shown). There were no significant differences (P .

0.05) in the tumor uptake values between 203Pb-DOTA-
Re(Arg11)CCMSH and 212Pb-DOTA-Re(Arg11)CCMSH 1,
2, 4, 24, and 48 h after injection and no significant dif-
ferences (P . 0.05) in the kidney uptake values between
203Pb-DOTA-Re(Arg11)CCMSH and 212Pb-DOTA-Re(Arg11)
CCMSH 1, 2, and 24 h after injection. Overall, the in vivo
biodistribution and clearance kinetics of 203Pb-DOTA-
Re(Arg11)CCMSH were nearly identical to 212Pb-DOTA-
Re(Arg11)CCMSH (10) in B16/F1 melanoma–bearing mice,
confirming its matched-pair properties.

LS-174T colon carcinoma xenografts were successfully
imaged by others with a 203Pb-DOTA-B72.3 antibody con-
jugate by a g-camera at 120 h after injection (12), highlight-
ing the potential of radiolabeling the antibody with 203Pb to
target the antigen for tumor imaging. In our study, dual-
modality micro-SPECT/CT was used to evaluate the potential
of 203Pb-DOTA-Re(Arg11)CCMSH as a melanoma-imaging
probe in a melanoma mouse model. Coregistration of high-
spatial-resolution micro-CT anatomic data combined with
molecular imaging data obtained using micro-SPECT al-
lowed accurate identification and localization of the mela-
noma tumors. Flank melanoma tumors were clearly
visualized with 203Pb-DOTA-Re(Arg11)CCMSH at 2 h after
injection by SPECT/CT images (Fig. 4). The SPECT images
of tumors accurately matched the anatomic information from
CT images. 203Pb-DOTA-Re(Arg11)CCMSH displayed high
tumor–to–normal-organ uptake ratios except for the kidneys
in the SPECT/CT images, which was coincident with the
trend observed in the biodistribution results (Table 1). High
melanoma uptake and tumor–to–normal-organ uptake ratios
in SPECT/CT images validated the feasibility of 203Pb-
DOTA-Re(Arg11)CCMSH as a matched-pair imaging agent
for 212Pb-DOTA-Re(Arg11)CCMSH, which appears to be a
promising peptide radiopharmaceutical for targeted radio-
nuclide therapy of melanoma.

CONCLUSION

203Pb-DOTA-Re(Arg11)CCMSH exhibited high mela-
noma uptake and a biodistribution pattern similar to that of
212Pb-DOTA-Re(Arg11)CCMSH, highlighting its potential
as a matched-pair imaging probe for 212Pb-DOTA-
Re(Arg11)CCMSH. In combination with SPECT/CT equip-
ment, 203Pb-DOTA-Re(Arg11)CCMSH could provide an
effective approach to optimize therapeutic doses using
patient-specific dosimetry calculations and monitoring pa-
tient response to targeted radionuclide therapy with 212Pb-
DOTA-Re(Arg11)CCMSH.
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