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Copper-64 (t1/2 = 12.7 h; b : 0.653 MeV, 17.4%; b : 0.578 MeV, 39%) is produced in a biomedical cyclotron
and has applications in both imaging and therapy. Macrocyclic chelators are widely used as bifunctional
chelators to bind copper radionuclides to antibodies and peptides owing to their relatively high kinetic
stability. A novel side-bridged cyclam featuring both pendant acetate and phosphonate groups was syn-
thesized using a Kabachnik–Fields approach followed by hydrobromic acid deprotection. The Cu(II) com-
plex of the novel ligand was synthesized, radiolabeling with 64Cu was demonstrated, and in vitro (serum)
stability was performed. In addition, in vivo distribution and clearance of the 64Cu-labeled complex was
visualized by positron emission tomography (PET) imaging. This novel chelate may be useful in 64Cu-
mediated diagnostic positron emission tomography (PET) imaging as well as targeted radiotherapeutic
applications.

Published by Elsevier Ltd.
1. Introduction

Copper-64 has favorable properties as a radionuclide for use in
both positron emission tomography (PET) imaging and targeted
radiotherapy due to its half-life (t1/2 = 12.7 h), decay characteristics
(b+ (19%); b� (39%)) and the ability for large-scale production with
high specific activity on a biomedical cyclotron.1 Increased use of
64Cu and other copper radioisotopes in nuclear medicine applica-
tions has resulted in a need for bifunctional chelators (BFCs) that
form stable radiocopper complexes and allow covalent attachment
to biological molecules.2–6 Development of optimal chelators for
copper is of considerable importance when designing systems for
the in vivo delivery of copper radioisotopes.4,6–13

A major class of commonly utilized chelators for labeling copper
radionuclides to biomolecules comprises 1,4,8,11-tetraazacyclotet-
radecane-1,4,8,11-tetraacetic acid (TETA) and several structurally
related analogs therein. TETA has been extensively used as a BFC
for copper radionuclides in clinical imaging and therapy studies
involving both antibodies and peptides.2,14–16 Despite its wide-
spread use, TETA is not an optimal BFC for biomedical applications.
Ltd.
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Anderson and co-workers have demonstrated the dissociation of
64Cu from TETA–D-Phe1–octreotide (TETA-OC) in rat liver and sub-
sequent binding to superoxide dismutase (SOD).4,6–8,17 The current
study addresses this problem through investigation of a novel side-
bridged macrocyclic chelator under the hypothesis that it may pro-
vide enhanced in vivo stability.

Several side-bridged18 and cross-bridged chelators19 for Cu(II)
have been described in recent years. The design of structurally
pre-organized metal-chelating ligands can result in a more kineti-
cally and/or thermodynamically stable ligand–metal complexes.
Such ‘structurally reinforced’ macrocyclic ligands can be custom-
ized to achieve control of several parameters including flexibility/
rigidity, basicity of nitrogen donors, ring size, and steric strain.20–23

Further control over the physicochemical properties of the
ligand may be achieved through the incorporation of pendant coor-
dinating arms featuring a variety of chemical functionalities
including carboxylic acid, amine, amide, sulfhydryl, and phospho-
nate groups.

The development of macrocyclic chelators featuring pendant
phosphonate arms is an ongoing pursuit in radiopharmaceutical
chemistry.24–30 A series of methanephosphonic acid-bearing DOTA
analogs—DO2P [1,4,7,10-tetraazacyclododecane-1,7-di(methane-
phosphonic acid)], DO3P [1,4,7,10-tetraazacyclododecane-1,4,
7-tri(methanephosphonic acid)], and DOTP [1,4,7,10-tetraazacy-
clododecane–1,4,7,10-tetra(methanephosphonic acid)]—were all
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radiolabeled with 64Cu in high radiochemical yields and all exhib-
ited considerable uptake in the bone, making them potential PET
bone imaging agents, as well as bone palliation and therapy
agents.28 The first synthesis of DOTP was reported in 1984.31,32

Since then, DOTP and its monoesters have been extensively studied
for their potential applications as MRI contrast agents and clinical
uses as NMR shift and relaxation reagents because of the structural
similarity to their DOTA analog.

Cyclam analogs with pendant methanephosphonate arms have
also been explored with a more specific focus on Cu(II) binding
due to the increased selectivity of the cyclam ring system for
small metal ions.33,34 H2TE1P (1,4,8,11-tetraazacyclotetradecan-1-
yl)methyl]phosphonic acid) was found to form a very stable complex
with Cu(II) (log b (CuL) = 27.34), with a high selectivity over zinc(II)
(log b (ZnL) = 21.03) and other metal ions.35 The crystal structure of
the copper(II) complex revealed a perfect encapsulation of the cen-
tral metal ion between four in plane nitrogen atoms of the macrocy-
clic ring and one oxygen atom of the pendant phosphonate moiety in
the apical position.35 The novel ligand presented herein, SB-TE1A1P,
differs from H2TE1P in two major respects: it contains a pendant ace-
tate arm adjacent to the phosphonate arm, and it features an ethyl-
ene side-bridge linking two adjacent amine nitrogens.

2. Results and discussion

2.1. Ligand synthesis

The hybrid acetate/phosphonate pendant chelator SB-TE1A1P
was synthesized in 72% overall yield in two steps (Fig. 1). The side-
bridged cyclam, SB-TE1A,36 was subjected to a classical Kabach-
nik–Fields reaction to introduce a single phosphonate ester at the
secondary amine. Both the tert-butyl and ethyl ester protecting
groups were removed in a single step using 33% HBr in acetic acid.
The monocarboxylate chelator, SB-TE1A1P, has an important poten-
tial advantage over traditional polyaminopolycarboxylate Cu(II)
chelators such as TETA and DOTA in that a single carboxylic acid
group can be reacted with NHS and EDC to form an active succinim-
idyl ester leaving the phosphonate available to bind to the radionu-
clide. We anticipate that SB-TE1A1P will be amenable to facile
peptide or protein conjugation due to the presence of a single car-
boxylate group. Manning and co-workers reported the facile aque-
ous/organic coupling of a macrocyclic cyclen derivative bearing
two phosphonate arms to a benzodiazepine receptor ligand.37 Con-
jugation was achieved using a well-documented water-stable cou-
pling agent, TSTU, which resulted in selective in situ generation of
an N-hydroxysuccinimidyl ester at the single cyclen-pendant car-
boxylate residue in the presence of two phosphonate groups.38

2.2. Preparation and characterization of Cu(II)–SB-TE1A1P

The Cu(II) complex of SB-TE1A1P was readily prepared by
refluxing the neutralized acid form of the chelate with an equiva-
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Figure 1. Synthetic route from SB-TE1A to SB-TE1A1P.
lent amount of Cu(ClO4)2 in EtOH. High-resolution (FAB) mass
spectrometry of the resulting blue product confirmed formation
of the expected 1:1 complex. The reverse-phase HPLC of the prod-
uct indicated a single peak component for this complex correlating
well with the mass spectrometry result (Fig. 2B). This result also
correlates equally well with the reverse-phase HPLC of the 64Cu-la-
beled complex (no-carrier-added) that gave a single radiometric
peak under the same HPLC conditions (Fig. 2A).

2.3. Radiochemistry and serum stability

Complexation of 64Cu by SB-TE1A1P occurred readily to give
4.8 mCi (98% radiochemical yield) of 64Cu–SB-TE1A1P at a specific
activity of 39 mCi/lmol (based on the amount of ligand used). The
product eluted as a single radioactive peak by RP-HPLC (Fig. 2A).
Incubation of 64Cu–SB-TE1A1P with serum demonstrated a stable
complex over the 48 h (37 �C) time frame of the experiment
(Fig. 3).

2.4. Small animal whole body PET imaging and biodistribution

The mouse PET images (Fig. 4) show rapid clearance with min-
imal bone or liver uptake and retention. The biodistribution at 4 h
demonstrates nearly complete clearance from all major organs
with a %ID/g of <0.80 (Fig. 5) suggesting no transchelation occurred
to blood proteins nor was Cu release observed in contrast to
Cu–TETA complexes.7,8 Interestingly, no significant level of bone
accumulation of 64Cu–SB-TE1A1P was observed in the in vivo PET
imaging study, in agreement with the biodistribution data (Fig. 5).
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Figure 2. HPLC chromatograms of a mixture of no-carrier added 64Cu–SB-TE1A1P
and natCu–SB-TE1A1P (A) radiation detector and (B) UV detector RP-HPLC using a
C18 reversed-phase Ultrasphere analytical column (5 lm, 4.6 mm � 25 cm) at
1 mL/min using the following conditions: 100% H2O for 5 min followed by a
gradient from that point to 1:9 CH3CN/H2O over 10 min.
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Figure 3. Serum stability of 64Cu–SB-TE1A1P at 37 �C.
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Figure 5. Biodistribution of 64Cu–SB-TE1A1P following i.v. injection in normal
athymic mice.
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This finding suggests that more than one methanephosphonate
pendant arm may be necessary for bone targeting, or alternatively
that the single methanephosphonate group in SB-TE1A1P did not
target the hydroxyapatite of bone because it was unavailable due
to 64Cu(II) complexation.

3. Conclusions

A new ethylene side-bridged cyclam analog featuring one pen-
dant acetate arm and one pendant methylenephosphonate arm has
been synthesized, and its Cu(II) complex prepared. Radiolabeling
with 64Cu was demonstrated, and in vitro studies indicated stabil-
ity in human serum. PET imaging in normal mice highlighted a ra-
pid whole-body hepatobiliary and renal clearance with minimal
hepatic retention, suggesting little if any transchelation into liver
and blood proteins. The single acetate arm also offers a potential
site for conjugation to peptides or antibodies via formation of an
active hydroxysuccinimidyl ester, as others have demonstrated
selective activation and conjugation of carboxylic acid groups in
the presence of phosphonate groups.38,39 Even with the single ace-
tate arm conjugated to a peptide, the phosphonate arm is still
available to coordinate Cu(II), as are the four macrocyclic amines.
Figure 4. Small animal PET images of normal mice at 1 and 4 h following injection of 10
clearance at 1 h with nearly all the agent cleared 4 h post-injection.
In addition, Sprague and co-workers have demonstrated favorable
in vivo behavior and clearance for 64Cu–CB-TE2A conjugated to a
peptide, which converts one coordinating carboxylate pendant
arm to an amide.38 To better understand the in vivo stability of
such peptide-conjugates, cross-bridged monoamide derivatives
were synthesized as models and were shown to exhibit the same
hexadentate, distorted octahedral coordination geometry that
was demonstrated by analogous derivatives containing both ace-
tate arms.39 This work may enable development of improved
agents for diagnostic positron emission tomography (PET) imaging
as well as targeted radiotherapeutic applications.

4. Experimental

4.1. General methods

All experiments with moisture- and/or air-sensitive compounds
were carried out under argon. For column chromatography, Merck
60 Silica Gel was used (70–230 mesh). Thin-layer chromatography
(TLC) was performed on silica gel 60 F-254 plates from EM Re-
agents. All water used was purified using a Hydro Ultrapure Water
Purification system (Rockville, MD).
0 lCi 64Cu–SB-TE1A1P showing majority of the agent undergoing renal and urinary
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1H NMR and 13C NMR spectra were obtained using a Varian
Gemini 300 MHz instrument, and the chemical shifts are reported
in ppm on the d scale relative to internal TMS or TSP. Proton chem-
ical shifts are annotated as follows: ppm (multiplicity, integration).
Mass spectra were obtained on a Waters LCT Premier time-of-flight
mass spectrometer using electrospray ionization (ESI/TOF/MS)
operated in positive ion mode. The electrospray capillary voltage
was 3 kV, and the sample cone voltage was 60 V. The desolvation
temperature was 225 �C, and the desolvation gas flow rate was
nitrogen at 300 L/h. Accurate masses were obtained using the lock
spray mode with Leu-Enkephalin as the external reference com-
pound. Fast-atom bombardment (FAB) mass spectra were run on
a VG 7070E-HF double-focusing mass spectrometer and were ob-
tained in positive ion mode except where noted. A sample matrix
of either glycerol (GLY) or 3-nitrobenzyl alcohol (NBA) was em-
ployed and ionization was effected by a beam of xenon atoms gen-
erated in a saddle-field ion gun at 8.0 ± 0.5 kV. Nominal mass MS
were obtained at a resolution of 1200, while accurate mass analysis
(high resolution FAB/MS) was carried out at a resolution of approx-
imately 5000. For the latter, a limited-range V/E scan was em-
ployed under control of a MASPEC-II data system for Windows
(MasCom GmbH, Bremen, Germany). For these analyses, 1.0 lL of
1.0 N KCl in 90% MeOH/H2O was added to the sample before mix-
ing with NBA matrix so that the matrix-derived ions, utilized as the
internal mass references for accurate mass determinations, also in-
cluded K+ adducts. In these analyses, molecular identity could usu-
ally be confirmed by formation of a [M+K]+ species. Both 1H and 13C
NMR data, in conjunction with the observed isotopic distribution
of [M+H]+, were used to set constraints for the calculation of all
possible elemental compositions within 20 ppm of the measured
accurate mass. In all cases, a unique molecular formula could be
determined by consideration of the molecular ion species and
appropriate fragment ions. Positive ion MALDI mass spectra were
obtained on a Shimadzu-Biotech Axima-CRF time-of-flight mass
spectrometer using a-cyano-4-hydroxycinnamic acid as the sam-
ple matrix. Peptide standards of appropriate molecular weight to
bracket the mass of the sample were used to provide internal mass
reference peaks for accurate mass measurement.

4.2. Materials

Solvents were used as purchased. tert-Butyl bromoacetate, tri-
ethyl phosphite, and paraformaldehyde were purchased from the
Aldrich Chemical Co. 4-Carboxymethyl-1,4,8,11-tetraazabicy-
clo[10.2.2]hexadecane tert-butyl ester (1) (tert-butyl ester of SB-
TE1A) was prepared as previously reported.36

4.3. [8-(Diethoxy-phosphorylmethyl)-1,5,8,12-tetraaza-
bicyclo[10.2.2]hexadec-5-yl]-acetic acid tert-butyl ester (2)

To 1 (0.45 g, 1.36 mmol) was added paraformaldehyde
(0.0437 g, 1.5 mmol) and triethylphosphite (0.2417 g, 1.5 mmol).
The mixture was stirred for 24 h at 25 �C under argon, after which
an additional 1.1 mol equiv of each reagent were added. The reac-
tion was continued for an additional 48 h at 25 �C under argon
with constant stirring. Any volatiles were removed under reduced
pressure, and the remaining residue was subjected to flash chro-
matography (isocratic: first 70% Et2O, 30% MeOH; then 70% Et2O,
20% MeOH, 10% NH4OH). Progression of the colored product band
down the silica column was observable to the naked eye upon ini-
tiation of the ammonia-containing mobile phase. The relevant frac-
tions were isolated and solvent removed under reduced pressure
to give 2 as a yellow oil (0.498 g, 76.9%). 1H NMR (300 MHz, CDCl3,
TMS) d 1.33 (t, 6H), 1.46 (s, 9H), 1.62–1.78 (m, 4H), 2.53–2.80 (m,
9H), 2.81 (s, 4H), 2.83–2.92 (m, 4H), 2.98–3.09 (d, 2H), 3.10–3.23
(m, 3H), 3.65 (s, 2H), 4.12–4.23 (m, 4H); 13C NMR (75 Hz, CDCl3,
TMS) d 16.64, 16.72, 23.78, 28.33, 46.31, 46.50, 47.63, 49.61,
51.11, 51.23, 52.11, 52.44, 53.22, 53.29, 53.43, 53.53, 53.93,
61.57, 61.66, 80.89, 170.99; 31P NMR (121.4 Hz, CDCl3, external ref-
erence of 85% H3PO4 in D2O set to 0 ppm) d 27.69. High resolution
FAB/MS: calcd for C23H48N4O5P: 491.3369; found, 491.3362.

4.4. (8-Phosphonomethyl-1,5,8,12-tetraaza-
bicyclo[10.2.2]hexadec-5-yl)-acetic acid (SB-TE1A1P)

To 2 (0.400 g, 0.82 mmol) was added HBr (>33% in acetic acid,
5.7 M) (20 mL). The mixture was stirred for 12 h under argon. Excess
acid was removed under reduced pressure, and the product was pre-
cipitated by adding Et2O (100 mL). The product was isolated by suc-
tion filtration, washed with Et2O (3 � 50 mL), and dried under
vacuum to give a white powder (SB-TE1A1P) (0.6254 g, 93.7%). 1H
NMR (300 MHz, D2O, TSP) d 1.80–2.45 (br m, 6H), 2.80–4.20 (br m,
22H); 13C NMR (75 Hz, D2O, TSP) d 19.19, 19.43, 20.75, 42.89,
43.85, 44.18, 48.98, 49.19, 50.83, 51.67, 52.10, 53.68, 53.93,
170.73, 176.49. 31P NMR (121.4 Hz, D2O, TSP, external reference of
85% H3PO4 in D2O set to 0 ppm) d 14.86 (s, 1P). Elemental Anal. Calcd
for C15H31N4O5P(HBr)4(HC2H3O2)2: C, 27.87; H, 5.30; N, 6.85; P, 3.79.
Found: C, 28.10; H, 5.20; N, 6.72; P, 3.63. Low-resolution MS: calcd
for C15H32N4O5P: 379.21; found, 379.40.

4.5. Cu(II)–SB-TE1A1P

To SB-TE1A1P (100 mg, 122 lmol) were added 1.1 mL of 1.0 M
NaOH (1.1 mmol) and 25 mL of EtOH and stirred for a few minutes
until the chelate is dissolved. A solution of CuClO4�6H2O (34 mg,
125 lmol) in EtOH (2 mL) was added drop wise for 30 min result-
ing in a deep purple suspension. The mixture was then refluxed for
6 h and cooled overnight to obtain a bluish green mixture. A small
amount of the green precipitate (<5 mg) was filtered off. Solvent
was removed from the remaining blue solution and the blue prod-
uct was isolated using an EtOH–Et2O solution (60 mg, 91% yield)
High-resolution MS: calcd for C15H30N4O5PCu: 440.1279; found,
440.1249.

4.6. Radiochemistry—synthesis of 64Cu–SB-TE1A1P

A 4.92 mCi aliquot of 64CuCl2 (in 0.1 M HCl) was added to a solu-
tion of SB-TE1A1P (0.122 lg) in NH4OAc buffer (pH 7.5) (200 lL).
The solution was incubated on a thermomixer (Eppendorf, West-
bury, NY) at 95 �C for 1 h. The reaction mixture was purified through
a Chelex column (Chelex 100 resin, 100–200 mesh, Na+ form, Bio-
Rad Labs, Hercules, CA) (2 mL eluted with PBS). The radiochemical
yield was 98% as per the Chelex column. The specific activity was
39 mCi/lmol based on the amount of ligand employed. Analysis
was performed by reverse-phase chromatography using two Gilson
Model 303 pumps, a Gilson 803C manometric module, a Gilson 811B
dynamic mixer, a Knauer ultraviolet detector, and an INUS k-Ram
radioactive detector all connected through a Gilson 506C system
interface module and operated by UniPoint version 1.65 software.
The compound was resolved using Beckman Coulter C18 reversed-
phase Ultrasphere analytical column (5 lm, 4.6 mm � 25 cm) at
1 mL/min using the following conditions: 100% H2O for 5 min fol-
lowed by a gradient from that point to 1:9 CH3CN/H2O over
10 min. As a reference, the cold (natural) Cu–SB-TE1A1P complex
was co-injected under identical conditions. The retention time was
6 min.

4.7. Serum stability

A 3 mCi aliquot of 64Cu–SB-TE1A1P (250 lL) was added to 2.5 mL
of human serum (NHS Gemini Cat# 100–110 Lot 2537 10/25/2000)
or to 2.5 mL of saline in a 100-mL PCR tube for each time point.
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The samples were capped and placed in a humidified 5% CO2/95% air
incubator at 37 �C. At the appropriate time, samples were analyzed
by SE-HPLC using the above described HPLC system in an isocratic
mode with phosphate buffered saline (1X PBS) solution as the eluent
(0.5 mL/min) using a Tosohaas G3000SW, 10 lM, 7.8 mm � 30 cm
column (Montgomeryville, PA). The % radioactivity in protein versus
in low-molecular weight species was determined by integration.

4.8. Small animal whole body PET imaging and biodistribution

All procedures were performed in accordance with the National
Institutes of Health guidelines on the use of animals in research
and were approved by the Animal Care and Use Committee of the Na-
tional Cancer Institute. All in vivo studies were performed with 6–8
week-old female athymic (nu/nu) mice (Charles River Laboratories,
Wilmington, MA). For PET imaging, mice (n = 2) were chemically re-
strained with 2.5% isoflurane (Abbott Laboratories, NJ) in O2 deliv-
ered using a SurgiVet Veterinary Surgical Products vaporizer
(Waukesha, WI) at a flow rate of 0.8 mL/min. The mice were kept
warmed using a heating pad connected to a Polystat (ColeParmer)
heating recirculator. The mice received i.v. injections of 64Cu–SB-
TE1A1P (�100 lCi in 1X PBS, 200 lL) and were imaged using an AT-
LAS (Advanced Technology Laboratory Animal Scanner) PET imager
with an 11.8-cm ring diameter, an 8-cm aperture, a 6-cm effective
transverse field of view, and a 2-cm axial field of view. The scanner
consists of 18 ‘phoswich’ (or depth-of-interaction) detector modules
surrounding the imaging volume. The spatial resolution of the sys-
tem is �1.8 mm full width at half-maximum in the central field of
view when two-dimensional ordered-subset expectation maximi-
zation (2D OSEM) reconstruction algorithm (2 iterations, 16 subsets)
is used.40 Whole body mouse images (6 bed positions at 10 min per
position) were acquired at 1 and 4 h time points.

For the biodistribution studies, mice were injected i.v. with
approximately 7.5 lCi of 64Cu–SB-TE1A1P in 200 lL of PBS. Mice
were sacrificed via CO2 inhalation at 0.5, 1, 4, 8 and 24 h time
points (n = 5 per time point). Blood and major organs were har-
vested, wet-weighed, and counted in a c-scintillation counter
(1480 Wizard, PerkinElmer, Shelton, CT). The percent injected dose
per gram (%/ID/g) and standard deviation (SD) were calculated.
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