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Abstract Copper-64 (T1/2=12.7 h; b+: 0.653 MeV,
17.4%; b–: 0.578 MeV, 39%) is produced in a biomed-
ical cyclotron and has applications in both imaging and
therapy. Macrocyclic chelators are widely used as bi-
functional chelators to bind copper radionuclides to
antibodies and peptides owing to their relatively high
kinetic stability. In this paper, we evaluated three tet-
raaza macrocyclic ligands with two, three, and four
pendant methanephosphonate functional groups. DO2P
[1,4,7,10-tetraazacyclododecane-1,7-di(methanephos-
phonic acid)], DO3P [1,4,7,10-tetraazacyclododecane-
1,4,7-tri(methanephosphonic acid)], and DOTP
[1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra(methane-
phosphonic acid)] were all radiolabeled with 64Cu in
high radiochemical yields. Copper-64-labeled DO2P and
DOTP were highly stable in rat serum out to 24 h, while
64Cu-DO3P remained 73% intact, with the remainder
possibly forming a 64Cu.2DO3P dimer by 24 h. The
biodistribution experiments were performed in normal
Sprague-Dawley rats. Of the three complexes, 64Cu-
DO2P demonstrated the most optimal clearance

through the blood and liver. Copper-64-DO3P and
64Cu-DOTP exhibited higher liver uptake and longer
retention of liver activity, possibly because of the large
negative charge of the complexes under physiological
conditions. All three 64Cu-labeled complexes showed
high accumulation in bone, likely due to the binding of
the methanephosphonate groups to hydroxyapatite.
These results suggest that this series of metha-
nephosphonate macrocyclic ligands may be useful as
potential bone-imaging agents. The thermodynamic
stability constants of the Cu(II) complexes with these
three ligands were determined, and were found to be
significantly higher than those of their acetate analogues.
The Cu(II)-DO2P complex exhibited the highest stabil-
ity constant among divalent transition metal ion DO2P
complexes. Metabolism studies of 64Cu-DO2P in rat
liver suggest that the DO2P ligand may be used as a
bifunctional chelator for copper radionuclides in radi-
odiagnostic or radiotherapeutic studies.
Electronic supplementary material is available if you
access this article at http://dx.doi.org/10.1007/s00775-
002-0408-5. On that page (frame on the left side), a link
takes you directly to the supplementary material.
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Introduction

Copper-64 (T1/2=12.7 h; b+: 0.653 MeV, 17.4%; b–:
0.578 MeV, 39%) has proven to be a versatile radi-
onuclide with respect to its applications in both imaging
[1, 2] and therapy [3, 4] and the ability to produce it on a
biomedical cyclotron [5]. Macrocyclic chelators are
widely used as bifunctional chelators (BFCs) to bind
copper radionuclides to antibodies and peptides owing
to their relatively high stability under biological condi-
tions [6, 7, 8]. We previously demonstrated that the
charge of the Cu-BFC complex attached to both mon-
oclonal antibodies (mAbs) and peptides had a significant
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effect on the clearance properties of the 64Cu-BFC bio-
molecules [9, 10]. Additionally, it was determined that
64Cu-labeled macrocyclic complexes with different for-
mal charges showed dramatically different behavior in
normal rats [11, 12]. The positively charged complexes
exhibited high accumulation in the kidneys and liver out
to 24 h post-injection, while neutral and negatively
charged complexes similarly showed lower liver uptake
and rapid clearance through kidneys [12]. In order to
further evaluate Cu(II) macrocyclic complexes with
differing negative charges, we determined the biological
stability and in vivo behavior of 64Cu complexes of
DO2P [1,4,7,10-tetraazacyclododecane-1,7-di(methane-
phosphonic acid)], DO3P [1,4,7,10-tetraazacyclodode-
cane-1,4,7-tri(methanephosphonic acid)], and DOTP
[1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra(methane-
phosphonic acid)] (Fig. 1). These three ligands are all 12-
membered rings differing only in the number of pendant
methanephosphonate functional groups.

The first synthesis of DOTP was reported in 1984 [13,
14]. 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 [1, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25] because of the structural similarity to their
DOTA [1,4,7,10-tetraazacyclododecane-1,4,7,10-tet-
ra(acetic acid)] analogues. Sherry and co-workers [26,
27] recently reported that the highly negatively charged
Tm-DOTP5– has applications as a combined cation shift
reagent and chemical marker of tissue extracellular
space. Furthermore, Tm-DOTP5– has more rapid blood
clearance than the typically less negatively charged Gd-
based contrast agents and is slowly released from bone
[26, 27]. In 1997, Hassfjell et al. [28] reported an a-par-
ticle emitting bone-seeking agent, 212Bi-DOTP, for po-
tential targeted radiotherapy of bone mestastases; their
further evaluation using 205Bi-DOTP (a c-emitter) re-
vealed that 205Bi-DOTP was deposited heterogeneously
in bone with the highest concentration in the bone ma-
trix and was cleared in the urine as an intact complex

[29]. Recently, Kothari et al. [30] reported the evaluation
of 186Re-labeled 1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetra(methanephosphonic acid) for possible use
in metastatic bone-pain palliation.

A number of derivatives of tetraazacyclododecanes
with pendant methanephosphonate functional groups
have been synthesized and their thermodynamic stabil-
ity, dissociation kinetics, metal selectivity, and coordi-
nation behavior with divalent and trivalent transition
metal ions and lanthanide ions have been examined [31,
32, 33]. Among the divalent metal ions studied (Mg2+,
Ca2+, Sr2+, Mn2+, and Zn2+), Zn(II) formed the most
stable complex with DO2P [log KZn(II)L=21.2 (25 �C,
0.1 M KCl)].

There are few reports on the Cu(II) complexes of
these methanephosphonate macrocyclic ligands,
although the stability constant of Cu(II)-DOTP was
reported [log KCu(II)DOTP=25.4 (1 M KNO3); log K

Cu(II)DOTA=22.3 for comparison] [13, 14]. By electronic
absorption spectrophotometry and electron paramag-
netic resonance (EPR) spectroscopy, the solution struc-
ture of the Cu(II)-DOTP complex was recently
determined to be a square-pyramidal geometry with four
ring-nitrogen atoms defining the equatorial plane, while
the axial position is probably occupied by an oxygen
from one methanephosphonate side-arm [34]. This
structure is similar to the solid state structure of the
Cu(II) complex with a similar ligand, N,N¢,N¢¢,N¢¢¢-tet-
rakis[2-(diphenylphosphoryl)ethyl]-1,4,7,10-tetraazacy-
clododecane [35]. A derivative of cyclen with three
methylene(phenyl)phosphinic acid pendant side-arms
[1,4,7,10-tetraazacyclodedecane-1,4,7,10-tetramethyltrim-
ethylenetris(phenylphosphinic acid)], similar to DO3P,
was reported by Lukes et al. [32] and Rohovec et al. [36,
37]. In the solid state, this ligand forms a dimer complex
([LnL]2) with seven different lanthanide(III) ions
(Ln=La, Ce, Nd, Eu, Tb, Er, Yb) with phosphinic acid
as a bridging functional group. DO3P has not previously
been reported as a ligand for either transition metal ions
or lanthanide(III) ions. To the best of our knowledge,
the biological behavior of DO2P and DO3P metal ion
complexes have not yet been evaluated.

In this paper, the radiochemistry, in vitro and in vivo
stability, and biodistribution data of 64Cu-labeled
DO2P, DO3P, and DOTP complexes are presented.

Materials and methods

Reagents and instrumentation

Copper-64 was prepared on the Washington University
Medical School Cyclotron CS-15 by the 64Ni(p,n)64Cu nuclear re-
action at a specific activity of 50–300 mCi/lg as previously de-
scribed [5]. Water was distilled and then deionized (18 MW/cm2) by
passing through a Milli-Q water filtration system (Millipore, Bed-
ford, Mass., USA). Ammonium acetate was purchased from Fluka
(Buchs, Switzerland). DOTA was purchased from Strem (New-
buryport, Mass., USA), and DO2A [1,4,7,10-tetraazacyclodode-
cane-1,7-di(acetic acid)] was prepared as previously described [38].
Rat serum was purchased from Sigma (St. Louis, Mo., USA).

Fig. 1 Structures of three tetraazacyclododecane ligands with
methanephosphonate functional groups: DO2P [1,4,7,10-tetraaza-
cyclododecane-1,7-di(methanephosphonic acid)], DO3P [1,4,7,10-
tetraazacyclododecane-1,4,7-tri(methanephosphonic acid)], and
DOTP [1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra(methane-
phosphonic acid)]

218



Waters C18 silica gel thin layer chromatography (TLC) plates
(KC18F, 60 Å, 200 lm) were purchased from Fisher (Pittsburgh,
Pa., USA). Radio-TLC was performed using a Bioscan 200 imag-
ing scanner (Bioscan, Washington, DC, USA). Radioactivity was
counted with a Beckman Gamma 8000 counter containing a NaI
crystal (Beckman, Irvine, Calif., USA).

The 1H and 13C NMR spectra were recorded on a 500 MHz
Varian Unity INOVA spectrometer using an external reference.
Chemical shifts were relative to TMS. FT-IR spectra were recorded
on a Nicolet Avatar 360 FT-IR spectrometer. Elemental micro-
analysis was performed by Oneida Research Services (Whitesboro,
NY, USA). The mass spectra were recorded on a Waters ZQ mass
spectrometer equipped with an ESI probe operated under a positive
polarity.

Complex charge was determined by electrophoresis using a
Helena Laboratories electrophoresis chamber (Beaumont, Tex.,
USA) with Sepraphore III cellulose polyacetate strips (Gelman,
Ann Arbor, Mich., USA) presoaked in 0.4 M ammonium acetate
buffer at either pH 5.5 or 7.4. The strips were developed using a
Bio-Rad model 1000/500 power supply (Richmond, Calif., USA) at
a constant current of 50 mA and a power of 10 W for 120 min. The
64Cu-DOTA and 64Cu-DO2A complexes, known to have overall
charges of 2– and neutral, respectively, were used as standards [12].
The strips were analyzed using the Bioscan 200 imaging scanner to
determine the migration of radioactivity and overall charge of the
complexes.

Ligand synthesis

DO2P and DOTP were prepared by literature methods [39, 40].
DO3P was synthesized as follows (Scheme 1). A 500-mL round-
bottom flask was loaded with N-formylcyclen (1-formyl-1,4,7,10-
tetraazacyclododecane) (5.00 g) and triethyl phosphite (15.00 g,
20% excess) and the flask was immersed in an ice bath [41].
Paraformaldehyde (2.47 g, 10% excess) was added in small por-
tions over a period of 30 min. The mixture was then allowed to
warm up to room temperature and stirring was continued for
2 days at room temperature and 1 day at 40 �C. The clear mixture
was kept under high vacuum at 40–50 �C for several hours to re-
move volatile impurities. The residual crude phosphonate ester was
hydrolyzed without further purification. It was dissolved in hy-
drochloric acid (20%, 200 mL) and the mixture was refluxed for
2 days. The hydrochloric acid was removed by rotary evaporation
to give a clear oil. It was dissolved in water (100 mL) and the
solvent was removed by rotary evaporation. This procedure was
repeated two more times, when the product separated as fine white
crystals. It was filtered off, washed with water (3·50 mL), and air-
dried. The crude product (12.26 g) was recrystallized from hot
water to give a white crystalline solid which was dried in vacuum to
constant mass. Yield: 9.26 g (80.0%). 1H NMR [500 MHz, D2O,
NH3, pH 10, d (ppm)]: 2.67 (d, JPH=11 Hz, 4H), 3.06 (br s, 12H),
3.14 (d, JPH=11 Hz, 2H), 3.35 (br s, 4H); 13C NMR [125 MHz,
D2O, NH3, pH 10, d (ppm)]: 44.65, 51.36 (d, JPC=5.5 Hz), 51.53
(d, JPC=4.7 Hz), 52.51, 52.54 (d, JPC=128.6 Hz), 54.05 (d,
JPC=136.5 Hz); FT-IR [KBr, k (cm–1)]: 3543, 3093, 2960, 2930,
2869, 1651, 1511, 1462, 1412, 1215, 1170, 1029, 962, 883, 825, 734,
553, 530, 423; MS [(ESI) m/z]: calcd for DO3P: 454; found: 455.10
(M+H+, 100%); anal. calcd for C11H29N4O9P3Æ0.50H2O: C,
28.52; H, 6.36; N, 12.04; found: C, 28.52; H, 6.42; N, 12.09.

Stability measurements

The determination of the stability constants of Cu(II)-DO2P and
Cu(II)-DO3P is presented here. Although the stability constant of
Cu(II)-DOTP has been reported elsewhere [13, 18], it was also
measured in this study for comparison.

The protonation constants were determined by ordinary po-
tentiometric titration as described [42]. Computations of protona-
tion constants of these three ligands were done using program
BEST [42]. The stability constants of their Cu(II) complexes were
determined by potentiometric titration. The pH measurements
were performed with a Fisher Accumet 925 pH meter, an Orion
8103 Ross Combination electrode, and a Metrohm automatic bu-
rette in a jacketed vessel at 25.0±0.1 �C under a nitrogen atmo-
sphere. The ionic strength was kept constant with 0.1 M KCl.
Hydrogen ion concentrations were calculated from the measured
pH values using pKw=13.806 and a H+ activity coefficient of 0.82,
determined in separate titrations. The stability constants were ob-
tained from the potentiometric data by using a Simplex nonlinear
regression algorithm run on a PC [43]. All measurements were in
triplicate.

Preparation of 64Cu-labeled DOTA and DO2A complexes

Ligand solutions (5 mM in 0.4 M ammonium acetate, pH 5.5) were
prepared by dissolving the ligand solids in 0.4 M ammonium ace-
tate buffer. To 100 lL of a ligand solution, 64Cu chloride (0.5 lL in
0.1 M HCl, ca. 1.2 mCi) was added. The formation of both com-
plexes was complete within 2 h at RT as determined by radio-TLC
on silica, eluting with 1:1 methanol/10% ammonium acetate.
Freshly prepared 64Cu-labeled DOTA and DO2A complexes were
employed as electrophoresis standards [12].

Preparation of the 64Cu-ligand complexes

Ligand solutions (2.0–5.0 mM) were prepared by dissolving DO2P,
DO3P, or DOTP in either 0.4 M or 0.1 M ammonium acetate,
pH 6.5. Copper-64 chloride (1–2 lL in 0.1 M HCl, 3–6 mCi) was
converted to 64Cu acetate by stirring with 0.4 M ammonium
acetate (50 lL), pH 6.5. Then 64Cu acetate (<5 lL, 0.1–0.5 mCi)
was added to the ligand solutions (100 lL, 2.0–5.0 mM). Reaction
times ranged from 1 to 24 h and temperatures ranged from room
temperature to 90 �C (Table 1). A microwave cavity with a power
of ca. 180 W was employed to speed up the radiolabeling of DO2P.
The radiochemical purity was determined by reversed-phase TLC.
The eluant composition for developing 64Cu-labeled DO2P and
DO3P complexes was MeOH/10%ammonium acetate (1:4), and
for 64Cu-DOTP complex the eluant composition was MeOH/10%
ammonium acetate (1:9). Under both conditions, 64Cu acetate
remained at the origin.

Determination of partition coefficients

The partition coefficients (log P) of the 64Cu(II) complexes were
determined by adding 4–8 lL of the labeled complex (5.0 mM) to a
solution containing 500 lL of octanol and 500 lL of Milli-Q water
(obtained from saturated octanol/water solutions) (n=5). The re-
sulting solutions were then shaken for 2 h at RT. From each of the
five samples, aliquots of 400 lL and 50 lL were removed from the
octanol phase and the water phase, respectively, and counted sep-
arately. The partition coefficient was calculated as the ratio ofScheme 1
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counts in the octanol fraction to the counts in the water fraction
(multiplied by 8). An average log P value was obtained from the
five samples.

Serum stability

In vitro serum stability experiments were conducted by adding
50 lL of 64Cu-labeled DO2P, DO3P, and DOTP complexes to
500 lL of rat serum. The solutions were incubated at 37 �C, and
samples were analyzed by radio-TLC at 10, 30, and 60 min, and 2,
4, and 24 h post-administration to rat serum.

Biodistribution studies

All animal studies were performed in compliance with guidelines
set by the Washington University Animal Studies Committee.
Copper-64-labeled DO2P, DO3P, and DOTP solutions were di-
luted with saline. Mature female Sprague-Dawley rats (n=4 per
time point) weighing 180–200 g were anesthetized with isoflurane
and injected with ca. 22 lCi of activity via the tail vein. The in-
jected volume of activity per rat did not exceed 0.2 mL. The rats
were anesthetized prior to sacrifice (by decapitation) at each time
point. Organs of interest were removed, weighed, and counted.
Standards were prepared and counted along with the samples to
calculate the percent injected dose per gram (%ID/g) and percent
injected dose per organ (%ID/organ).

Metabolism studies

The metabolism of 64Cu-DO2P in rat liver in vivo was performed in
mature female Sprague-Dawley rats using previously reported
methods [44]. Briefly, 64Cu-DO2P was injected into rats via the tail
vein. The rats were sacrificed at 1 h, 4 h, and 24 h post-injection,
and the livers were immediately excised and placed on ice. Tissue
samples were homogenized in 65:35 ethanol/ammonium acetate
buffer (0.1 M, pH 5.5) followed by a 1-min sonication. The pre-
cipitated protein was separated by centrifugation at 23,500g for
30 min at 4 �C. Liver controls were performed where the
64Cu-DO2P injectate was added directly to liver tissue excised from
rats prior to homogenization and centrifugation. These samples
were worked up in the same manner as the experimental rats as
described above. All liver supernatants were analyzed by fast
protein liquid chromatography (FPLC). Briefly, a 100-lL aliquot
of the supernatant was injected on a Superose-12 gel filtration
column (calibrated using molecular weight standards), which was
then eluted with 20 mM Hepes and 300 mM NaCl (pH 7.3) buffer
at a flow rate of 0.5 mL/min. The fractions were counted on a c

counter. To ensure that no activity was neglected, the activity of
fractions collected at all time points was compared to the amount
injected. Greater than 95% of the radioactivity was recovered from
the column. The percent authentic intact (%AI) was calculated as
previously described [45]. An unpaired t-test on the metabolism
data was performed using Prism, v. 3.00 (Graphpad, San Diego,
Calif., USA).

Results

Synthesis

DO3P was synthesized by reacting the monoprotected
cyclen derivative 1-formylcyclen [41] with 3 equiv of
paraformaldehyde and triethyl phosphite as described
for DO2P [31]. Acid hydrolysis of the phosphonate
bis(ethyl ester) in hydrochloric acid cleaved both the
phosphonate ester groups and the N-formyl protection.
The product crystallized out of slightly acid solution
and recrystallization from water resulted in a pure
product. No impurities were detected by high-resolu-
tion 1H or 13C NMR. The structure was also confirmed
by IR and MS data. Elemental microanalysis showed
that the compound crystallized with 0.5 mol of water
of crystallization and did not contain hydrochloric
acid.

Radiochemistry

The reaction conditions, TLC conditions, and 64Cu-
labeling yields are presented in Table 1. At the no-car-
rier-added (NCA) level (the ratio of 64Cu/L is about 10–
5:1), DO3P and DOTP (2.0 mM–5.0 mM each) were
successfully labeled with 64Cu after 2 h at RT in 0.4 M/
0.1 M ammonium acetate (pH range from 5.5 to 8.5) in
high radiochemical purity (>96%). Copper-64-DO2P
was prepared after 16 h at 70 �C or 4 h at 90 �C under
the same conditions in yields of >97%. DO2P was also
radiolabeled with Cu-64 (NCA) in a microwave cavity
(ca. 180 W) for 90 s in 99.7% yield. At the carrier-added

Table 1 Labeling conditions for 64Cu(II)-labeled DO2P, DO3P,
and DOTP under no-carrier-added (NCA) or carrier-added (CA)
levels, partition coefficients, and their electrophoresis behavior. In
all reactions, <5 lL 64Cu-acetate was added to 100 lL of the
ligand solution in 0.4 M or 0.1 M ammonium acetate (2.0–5.0 mM,

pH 6.5). The TLC conditions were C18 plates as the stationary
phase and 1:4 MeOH/10% ammonium acetate as the eluant, except
for ligand DOTP, where the eluant was 1:9 MeOH/10% ammo-
nium acetate

Ligand Reaction conditions Radiochemical
purity (%)

Rf log P Electrophoresis
d (mm)a

DO2P NCA: 16 h at 70 �C or 4 h at 90 �C 97.8 0.42 –2.67±0.12 8.4
or 90 s at ca. 180 Wb 99.7
CA: 2 h at RT �100

DO3P NCA: 2 h at RT 96.6 0.31 –3.02±0.21 11.6
DOTP NCA: 2 h at RT 96.9 0.57 –2.89±0.22 13.8
DO2A NCA: 2 h at RT 100 0.15c n.d.d 3.4
DOTA NCA: 2 h at RT 99.9 0.40c n.d. 13.5

aThe migration distance in the direction of the anode (+)
bIn a microwave cavity
cSilica; 1:1 methanol/10% ammonium acetate
dn.d.: not determined
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(CA) level [the ratio of Cu(64Cu)/L is from 10–1:1 to 1:1],
DO2P was labeled in quantitative yield after 2 h at RT.

Copper-64-labeled complexes were analyzed by elec-
trophoresis to determine the charge of the complexes
(Table 1). The migration distances of the 64Cu complexes
were compared with the migration distances of 64Cu-
DOTA (2– charge) and 64Cu-DO2A (neutral) standards
[12]. At pH 5.5 (0.4 M ammonium acetate), the 64Cu-
DOTA and 64Cu-DO2A standards migrated with dis-
tances of 13.5 mm and 3.35 mm, respectively, in the di-
rection of the anode. The slight migration of the 64Cu-
DO2A standard toward the anode was due to electro-
osmotic transport [46], and is consistent with its neutral
charge. Under the same experimental conditions, the
64Cu-DO2P, -DO3P, and -DOTP complexes migrated
with distances of 8.4, 11.6, and 13.8 mm, respectively, in
the direction of the anode, indicating a negative charge for
all three complexes in the ammonium acetate buffer,
pH 5.5. The same results were obtained at physiological
pH values (0.4 M ammonium acetate, pH 7.4).

The octanol-water partition coefficients or log P
values of the 64Cu-DO2P, -DO3P, and -DOTP com-
plexes were determined to be –2.67±0.12, –3.02±0.21,
and –2.89±0.22, respectively, indicating that they are all
hydrophilic complexes (Table 1).

In the in vitro serum stability experiments, the con-
centration of ligand was in the range 0.33–0.83 mM,
while the protein concentration in rat serum for copper
was in large excess. These experiments showed by radio-
TLC that 64Cu-labeled DO2P and DOTP remained
nearly 100% intact, while the 64Cu-DO3P complex was
approximately 73% intact in rat serum at 24 h post-
administration. These data demonstrated high in vitro
stability of the 64Cu complexes and suggested that they
were worthy of in vivo investigation.

Protonation and stability constants

The log protonation constants of DO2P measured in
this work are identical to those previously reported [31],
and the log protonation constants of DOTP determined
here are very similar to those previously reported [18].
The stepwise log protonation constants of DO3P are
12.9, 11.4, 8.69, 7.09, 5.53, and 1.42.

Thermodynamic stability constants for the Cu(II)
complexes of these three ligands and their acetate

analogues are presented in Table 2. The stability constant
of Cu(II)-DOTP measured here (26.2±0.2) is about the
same as the value previously reported (25.4) [13, 34]. The
stability constants of Cu(II)-DO2P and Cu(II)-DO3P are
28.7±0.3 and 26.9±0.2, respectively. Compared to their
acetate analogues, the methanephosphonate cyclen
ligands have significantly higher stability constants when
complexed with Cu(II). The Cu(II)-DO2P complex
exhibited the highest stability constant among the DO2P
complexes with the divalent metal ions [31, 32].

Biodistribution experiments

The biodistribution results of the three 64Cu-labeled
complexes in major organs of interest are presented in
Fig. 2. Copper-64-DO2P showed a high bone uptake
within 30 min post-injection [1.21±0.16%ID/g
(22.50±2.16%ID/bone) at 5 min and 1.19±0.12%ID/g
(23.12±2.67%ID/bone) at 30 min], which decreased
over time to 0.46±0.08%ID/g (8.88±1.82%ID/bone)
at 2 h and 0.17±0.01%ID/g (3.43±0.29%ID/bone) at
24 h. A rapid blood clearance was observed from 5 min
(1.73±0.21%ID/g) out to 2 h (0.04±0.01%ID/g), with
further clearance out to 24 h post-injection
(0.01±0.002%ID/g). The rapid blood clearance of 64Cu-
DO2P in vivo suggests that the complex did not appre-
ciably dissociate in the blood. Significant uptake was
observed initially for liver and kidney (0.30±0.06%ID/g
and 4.22±1.01%ID/g at 5 min, respectively) that
decreased over time (0.07±0.01%ID/g and
0.28±0.07%ID/g at 24 h, respectively). No significant
lung, spleen, heart, or brain uptake was observed. The
uptake in the clearance organs showed that 64Cu-DO2P
cleared rapidly through the kidneys, while a relatively
small amount cleared via the liver into the intestines.

The 64Cu-DO3P complex exhibited very high bone
uptake within 30 min post-injection [2.05±0.27%ID/g
(42.34±7.03%ID/bone) at 5 min and 2.73±0.09%ID/g
(55.87±1.54%ID/bone) at 30 min], and slow clearance
[1.74±0.15%ID/g (35.76±4.17%ID/bone) at 24 h].
The blood, liver, and kidney accumulation decreased
over time (0.85±0.12%ID/g, 0.90±0.10%ID/g,
and 3.78±0.82%ID/g at 5 min, respectively; 0.10±
0.01%ID/g, 0.59±0.09%ID/g, and 1.22±0.32%ID/g at
24 h, respectively). No significant lung, spleen, heart, or
brain uptake was observed.

Table 2 Stability constants for Cu(II) complexes of DO2P, DO3P, DOTP, and their corresponding acetate analogues. Stability constants
are defined as KM(II)L=[M(II)L]/[M(II)][L] (in units of M–1)

DO2P DO3P DOTP DO2A DO3A DOTA

log KCu(II)L 28.7±0.3a 26.9±0.2a 25.4b 18.9c 22.87d 22.3e

26.2±0.2a

aThis work (25 �C, 0.1 M KCl)
bFrom refs. [14, 34] (25 �C, 1.0 M KNO3)
cFrom ref. [12] (25 �C, 0.1 M KCl)
dFrom ref. [50] (25 �C, 0.1 M Me4NNO3)
eFrom refs. [31, 51, 52] (25 �C, 0.1 M Me4NNO3)
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The biodistribution results of 64Cu-labeled DOTP
demonstrated relatively high uptake and minimal
clearance for bone and liver [0.93±0.12%ID/g (17.45±
2.00%ID/bone) and 2.25±0.49%ID/g at 5 min,
respectively; 0.88±0.10%ID/g (16.69±2.11%ID/bone)
and 1.14±0.08%ID/g at 24 h, respectively]. The 64Cu-
DOTP uptake in blood and kidney also cleared slowly
(0.61±0.22%ID/g and 2.94±0.86%ID/g at 5 min,
respectively; 0.31±0.03%ID/g and 1.35±0.23%ID/g at
24 h, respectively). No significant lung, spleen, heart, or
brain uptake was observed.

Metabolism

To further verify the potential of DO2P as a BFC for
labeling copper radionuclides to biological molecules,
metabolism studies were carried out in normal rats using
reported methods [44] to determine the extent of 64Cu
transchelation to proteins observed after injection of
64Cu-DO2P. The percent authentic intact (%AI) of
64Cu-DO2P at 1 h, 4 h, and 24 h post-injection was
calculated as previously described [44, 45]. The major
64Cu-labeled protein present had a MW of 32 kDa
(64Cu-SOD), consistent with that previously reported
[44]. Copper-64-DO2P remained 37.24±1.46%,
30.96±1.59%, and 21.06±6.75% intact in rat liver at

1 h, 4 h, and 24 h post-injection, respectively (n=3). At
24 h post-injection, it was significantly more stable than
64Cu-TETA (7.78±5.41% intact at 20 h post-injection;
P value of the unpaired t-test: 0.0215) [47].

Discussion

In this study we evaluated a series of tetraaza macro-
cyclic ligands that differed in the number of metha-
nephosphonate functional groups. The purpose of this
work was to determine the effects of the number of
methanephosphonate groups of 64Cu-labeled complexes
on the in vivo and in vitro stability and biodistribution
of the 64Cu complexes. One of the goals was to deter-
mine if the three ligands might be potential candidates
for BFCs for complexing copper radionuclides to bio-
logical molecules, while another goal was to evaluate the
complexes as potential bone-imaging agents.

The three methanephosphonate macrocyclic ligands
were labeled with 64Cu under conditions shown in Ta-
ble 1. Copper-64-DO2P, which had the highest ther-
modynamic stability constant, required a longer labeling
time and higher temperature at the NCA level. This
likely reflects the experimental conditions for this ex-
periment. At very low concentrations of 64Cu (the ratio
of 64Cu/L was about 10–5:1) used in the radiolabeling
experiment and for a bimolecular reaction, one would
expect a slow complex formation for the ligand with
the least negative charge, which was observed for

Fig. 2 Rat biodistribution data for three 64Cu-labeled complexes
in organs of interest (blood, liver, kidney, and bone). Data are
presented as %ID/organ versus time (n=4 for each time point)
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64Cu-DO2P. However, at the CA level (also at the higher
concentrations used in the potentiometric study), such
slow reaction kinetics were not observed (Table 1). A
microwave cavity was employed to overcome the slow
kinetics of radiolabeling DO2P with 64Cu, with positive
results (Table 1). The rapid quantitative reaction under
the assistance of the microwave may provide a fast,
feasible method for labeling DO2P and its BFC-peptide
conjugates.

The hydrophilic nature of the complexes was reflected
in the negative log P values (Table 1). While the hy-
drophilicity of 64Cu-DO3P and 64Cu-DOTP did not
differ significantly, both are somewhat more hydrophilic
than 64Cu-DO2P. This likely reflects the additional un-
coordinated methanephosphonate groups in the DO3P
and DOTP complexes.

The electrophoresis results for the 64Cu-labeled
complexes of DO2P, DO3P, and DOTP (Table 1) indi-
cated that they were all negatively charged in ammoni-
um acetate buffers of pH 5.5 and physiological pH
values (pH 7.4). Compared to the migration distances of
64Cu-DOTA (13.0 mm, 2– charge) and 64Cu-DO2A
(3.4 mm, neutral) in the direction of anode, the migra-
tion distances of 64Cu-labeled DO2P (8.4 mm), DO3P
(12.6 mm), and DOTP (13.8 mm) complexes suggest
that they became more negatively charged as the number
of methanephosphonate functional groups increased.
However, the net charge on a complex may not neces-
sarily be quantified by its migration distance in the
electrophoresis experiments, because different complex
ions may have different ionic mobility that is related to
their individual radius, ionic atmosphere, and charge
[48].

The stability constants of their Cu(II) complexes are
reported in Table 2. Of the three Cu(II) complexes, Cu-
DO2P had the highest stability constant
(log KML=28.7) by nearly two orders of magnitude over
Cu-DO3P (log KML=26.9). The stability constants of
the Cu(II) complexes of all these methanephosphonate
macrocyclic ligands were several orders of magnitude
higher in thermodynamic stability compared to their
acetate analogues, with the greatest difference being
between Cu-DO2P (log KML=28.7) and Cu-DO2A
(log KML=18.9). This observation is consistent with
what Lukes et al. [32] reported on the order of ther-
modynamic stability of Cu(II) complexes formed with
cyclam and cyclen derivatives containing methanephos-
phonic, methanephospinic, and acetic acid arms. Of the
stability constants of the Cu(II) macrocyclic ligands re-
ported in the literature [49], Cu-DO2P is one of the
highest. Nevertheless, the value found was somewhat
unexpected because Cu-DO2P is more stable than either
Cu-DO3P or Cu-DOTP. This same trend was not ob-
served for DO2A, DO3A, and DOTA. It has been re-
ported that the Cu2+ in Cu-DOTA is hexacoordinate
(two coordinated and two uncoordinated carboxylates)
while the Cu2+ in Cu-DOTP is pentacoordinate (one
coordinated phosphonate) [31, 34]. This difference likely
reflects the fact that it is more difficult to get two more

highly charged methanephosphonates bound to a Cu2+

in cis positions (as required here) than two carboxylates,
even though methanephosphonate oxygens are more
basic than carboxylate oxygens. Taken together, these
data suggest that Cu-DO2P has a different structure in
solution than either Cu-DO3P or Cu-DOTP. While Cu-
DOTP has been shown to be pentacoordinate with one
coordinated phosphonate oxygen [34], our stability data
suggests that Cu-DO2P is most likely hexacoordinate.
Proof of this will require further optical studies or a
crystal structure of the complex.

Because of the lability of Cu(II) to ligand exchange,
thermodynamic stability is often not an accurate indi-
cator of in vivo stability. The latter is more determined
by the kinetic stability of the complexes [8]. For this
reason we compared the thermodynamic stability con-
stants with biological stability of the 64Cu-labeled com-
plexes in serum and in vivo.

The in vitro serum stability experiments showed
both 64Cu-DO2P and 64Cu-DOTP remained 100% in-
tact out to 24 h post-administration. The result for
64Cu-DOTP is consistent with previously reported
studies on DOTP metal ion complexes [26, 27, 29]. The
high in vitro stability of 64Cu-DO2P is possibly because
it may have a hexacoordinate structure as described
above. Although 64Cu-DO3P was approximately 73%
intact in rat serum at 24 h post-administration, it still
exhibited comparable in vitro stability as compared to
most of the tetraaza macrocyclic ligands evaluated [11,
12]. Furthermore, the additional species that appeared
on the radio-TLC was not free 64Cu or 64Cu-associated
proteins, as indicated by its Rf value (ca. 0.7). This
implies that 64Cu was not transchelated or decomposed
from 64Cu-DO3P. Our assumption is that a 64CuÆ2-
DO3P dimer is formed, since DO3P has an additional
methanephosphonate side-arm and the ligand was in
large excess. A similar phenomenon was observed in a
recently published study by our group [47]. Thus, it is
reasonable to assume that 64Cu-DO3P was stable
to 64Cu dissociation in rat serum out to 24 h post-
administration.

The in vivo behavior of 64Cu-labeled complexes of
DO2P, DO3P, and DOTP is shown in Fig. 2. An in-
crease in the number of side-chain methanephosphonate
groups dramatically altered the biodistribution of the
64Cu complexes. Of the three complexes, 64Cu-DO2P
demonstrated the most efficient clearance through
blood, liver, and kidney, 64Cu-DOTP exhibited the
longest retention in the tissues, while the DO3P complex
was intermediate in both uptake and clearance. The rat
biodistribution data for 64Cu-DO2P (the complex with
least negative charge) are consistent with what has been
previously reported for the 64Cu-labeled aza macrocyclic
complexes of DO2A and TETA. Jones-Wilson et al. [12]
reported that positively charged 64Cu-labeled cyclam
and Et-cyclam had higher accumulations in the liver of
normal rats, while the negatively charged and neu-
tral 64Cu-labeled tetraaza cyclic complexes cleared
significantly through the liver and kidney by 24 h
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post-injection. Compared to other 64Cu-labeled cyclen
derivatives, e.g. DO2A and DOTA, 64Cu-DO2P exhib-
ited more rapid clearance through blood, liver, and
kidney at 24 h post-injection (Table 3). Copper-64-
DO2P had very similar uptake and clearance from
blood, liver, and kidney as 64Cu-TETA, the most widely
used BFC for labeling copper radionuclides to biological
molecules. This again adds support to our suggestion
that Cu-DO2P, like Cu-TETA, is hexacoordinate. Rapid
clearance of 64Cu-DO2P from the liver was indicative of
its high in vivo stability, which was further confirmed by
the metabolism studies of 64Cu-DO2P in rat liver. All
these data strongly support that DO2P may be used as a
BFC for copper radiopharmaceuticals.

The significant accumulation of the three 64Cu-
labeled complexes in bone (Fig. 2) is expected, based
on their structural characteristics of pendant metha-
nephosphonate functional groups that likely bind to
hydroxyapatite in the bone. However, this bone activity
may not be a limiting factor in the use of the metha-
nephosphonate macrocyclic derivatives as BFCs, be-
cause once attached to an antibody they may lose their
bone-seeking properties. One might take advantage of
the bone-seeking properties of these low molecular
weight complexes by using 64Cu- and 61Cu-labeled
DO2P, DO3P, and DOTP as PET bone-imaging agents.
Such studies are in progress.

Conclusions

The thermodynamic stability of the Cu(II) complexes
of DO2P, DO3P, and DOTP and the radiochemistry
and biological behavior of 64Cu-DO2P, -DO3P, and
-DOTP have been evaluated. The thermodynamic
stability of the Cu(II) methanephosphonate ligands
compared favorably to the Cu(II) complexes of their
acetate analogues, with Cu(II)-DO2P having the high-
est stability constant (log KML=28.7). All of the 64Cu
complexes had considerable uptake in the bone, which
makes them potential PET bone imaging agents, as
well as bone palliation and therapy agents. Of the three
64Cu-labeled complexes, 64Cu-DO2P had the most fa-
vorable biodistribution in normal rats, with very rapid
clearance through the blood, liver, and kidney; it also
showed high resistance to transchelation. Taken
together, the ligand DO2P has the most promise as a

BFC for labeling copper radionuclides to biological
molecules.
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