
Comparison of Four Bifunctional Chelates for Radiolabeling
Monoclonal Antibodies with Copper Radioisotopes: Biodistribution
and Metabolism

Buck E. Rogers,†,# Carolyn J. Anderson,*,† Judith M. Connett,‡ Li Wu Guo,‡ W. Barry Edwards,†
Elizabeth L. C. Sherman,† Kurt R. Zinn,§,# and Michael J. Welch†

The Edward Mallinckrodt Institute of Radiology and Department of Surgery, Washington University School of
Medicine, St. Louis, Missouri 63110, and University of Missouri Research Reactor, Columbia, Missouri 65211.
Received March 22, 1996X

The bifunctional chelating agents (BFCs), 6-[p-(bromoacetamido)benzyl]-1,4,8,11-tetraazacyclotet-
radecane-1,4,8,11-tetraacetic acid (BAT), 6-[p-(isothiocyanato)benzyl]-1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid (SCN-TETA), 4-[(1,4,8,11-tetraazacyclotetradec-1-yl)methyl]benzoic acid
(CPTA), and 1-[(1,4,7,10,13-pentaazacyclopentadec-1-yl)methyl]benzoic acid (PCBA), were synthesized
and conjugated to the anti-colorectal monoclonal antibody (mAb), 1A3, and antibody fragments, 1A3-
F(ab′)2, for radiolabeling with 64,67Cu and comparison in animal models. In vivo metabolism studies
were carried out in liver and kidneys in order to correlate the nature of the metabolites formed to the
uptake and retention of the radiolabel in each organ. Animal biodistribution studies were performed
in Golden Syrian hamsters bearing the GW39 human colon cancer tumors and in normal Sprague-
Dawley rats. All conjugates showed good tumor uptake in hamsters. Biodistribution in rats showed
that 64Cu-BAT-2IT-1A3 had the lowest liver and kidney uptake of the intact 1A3 conjugates (p <
0.03), whereas in hamsters, there were no significant differences in liver and kidney uptake between
the four intact BFC-1A3 conjugates. Tumor-bearing hamsters injected with 64Cu-CPTA-1A3-F(ab′)2
and 64Cu-PCBA-1A3-F(ab′)2 had from 3 to 7 times greater uptake in the kidneys than hamsters given
64Cu-labeled BAT and SCN-TETA 1A3-F(ab′)2 conjugates, while rats injected with 64Cu-CPTA-1A3-
F(ab′)2 and 64Cu-PCBA-1A3-F(ab′)2 had nearly twice the uptake. The in vivometabolism of the mAbs
1A3 and 1A3-F(ab′)2 radiolabeled with 67Cu through the SCN-TETA, CPTA, and PCBA BFCs was
investigated by excising the livers and kidneys of normal rats from 1-5 days post-injection of the
radiolabeled conjugates. Liver and kidney homogenates were analyzed by size exclusion chromatog-
raphy and thin layer chromatography (TLC). The size exclusion chromatography data showed that
all of the 67Cu-labeled 1A3-F(ab′)2 conjugates were >85% degraded in the kidneys to small molecular
weight metabolites by 1 day post-injection. In contrast, in the liver at 1 day post-injection, greater
than 70% of the 67Cu-labeled 1A3 conjugates were unmetabolized. By day 5, a 35 kDa peak appeared
in the liver of rats injected with the 67Cu-labeled 1A3 conjugates, possibly due to transchelation of
the 67Cu to proteins. Superoxide dismutase chromatographically elutes at the same retention time
as this 67Cu-labeled metabolite. The TLC data indicate that the low molecular weight metabolite (<5
kDa) of both 67Cu-CPTA-1A3 and 67Cu-CPTA-1A3-F(ab′)2 conjugates co-chromatographed with a
67Cu-CPTA-ε-lysine standard. Our data suggest that chelate charge and lipophilicity play a large
role in kidney retention of 64/67Cu-labeled BFC-1A3-F(ab′)2 conjugates, while transchelation of the
copper label appears to be the major factor for liver accumulation of 64/67Cu-labeled BFC-1A3 conjugates.

INTRODUCTION

The specificity of mAbs1 for their antigens has led to
their use in targeting cancer cells. Radiolabeled mAbs
have been used for the early detection and therapy of
cancer (1, 2). Monoclonal antibodies labeled with copper
isotopes have applications in both diagnosis and therapy.
67Cu emits abundant â- (100%) with the subsequent
emission of γ photons for both therapeutic and imaging
applications (3-5), while 64Cu decays by â+ and â- which

also allows its use in both PET imaging (6-8) and
radiotherapy (9-11).
It has been demonstrated that the BFC used to

complex radiometals to mAbs has a significant effect on
the biodistribution in animal models (12-15). The
purpose of this study was to gain a better understanding
of how the nature of the BFC affects biodistribution of
Cu-labeled mAbs. Four BFCs (BAT, SCN-TETA, CPTA,
and PCBA (Figure 1)) that differ in charge, lipophilicity,
and covalent linkage to the mAb were synthesized and
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1 Abbreviations: mAb, monoclonal antibody; PET, positron
emission tomography; BFC, bifunctional chelating agent; BAT,
6-[p-(bromoacetamido)benzyl]-1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid; SCN-TETA, 6-[p-(isothiocyanato)ben-
zyl]-1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid;
CPTA, 4-[(1,4,8,11-tetraazacyclotetradec-1-yl)methyl]benzoic acid;
PCBA 1-[(1,4,7,10,13-pentaazacyclopentadecyl-1-yl)methyl]ben-
zoic acid; 2IT, 2-iminothiolane; FPLC, fast protein liquid chro-
matography; EDC, 1-ethyl-3-[3-(dimethylamino)propyl]carbo-
diimide; sNHS,N-hydroxysulfosuccinimide; IR, immunoreactivity;
SOD, superoxide dismutase; Fmoc, fluorenylmethoxycarbonyl;
boc, butoxycarbonyl; HOBt, hydroxybenzotriazole.
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conjugated to intact mAb and mAb-F(ab′)2 and labeled
with 64Cu or 67Cu. The biodistribution in two animal
models and in vivo metabolism by normal rats of
64,67Cu-labeled BFC-mAb conjugates are compared.
The four BFCs were conjugated to the anti-colorectal

mAb 1A3 and 1A3-F(ab′)2 fragments. This antibody has
been previously conjugated with BAT, labeled with
64Cu, and evaluated in tumor-bearing hamsters and
normal rats (16, 17). Tumor uptake for 64Cu-BAT-2IT-
1A3 and 64Cu-BAT-2IT-1A3-F(ab′)2 was shown to be
superior to both the 111In- and 125I-labeled 1A3 and 1A3-
F(ab′)2 (16), and both 64Cu agents have been investigated
clinically as PET imaging agents for colorectal cancer (6-
8). One drawback of 64Cu-BAT-2IT-1A3-F(ab′)2 was the
high accumulation in the kidneys of both animal models
(17) and humans (7). Since the nature of the BFC
appears to play an important role in the biodistribution
of metal-labeled BFC-mAb conjugates, in the present
study, we compare the in vivo behavior of 64Cu-labeled
mAbs conjugated with the BFCs SCN-TETA, CPTA,
PCBA, and BAT.
The BFCs are primarily conjugated to the mAbs

through the ε-amine of lysines (18), although conjugation
to other amino acids bearing a nucleophilic side chain or
the N-terminus cannot be excluded. The bifunctional
chelate SCN-TETA was chosen to compare to BAT
because the only difference in structure between the two
BFCs is the covalent linkage to the mAbs. SCN-TETA
forms a thiourea bond when linked to primary amines,
while BAT is conjugated to mAbs using the linking agent
2IT which forms a thioether bond between BAT and the
mAb (19). The Cu(II) complexes of BAT and SCN-TETA
bear a net formal charge of 2-.
The CPTA and PCBA BFCs both form Cu(II) complexes

with a net charge of 2+, and they are conjugated to mAbs
via an amide linkage. The CPTA BFC has been used by
Smith-Jones and co-workers in labeling 67Cu to AB35, a
mAb directed against carcinoembryonic antigen (CEA)
(20). This radioimmunoconjugate was evaluated in
tumor-bearing mice and showed high tumor uptake (20).
CPTA is readily synthesized in a one-step reaction and
forms a stable complex with copper in vivo (20). PCBA
is a BFC which is similar in structure to CPTA and can
also be synthesized in a single step. The macrocyclic
portion of PCBA is 15aneN5 which forms a stable
complex with Cu(II) (log K ) 26.73) (21). The stability
constant of Cu(II)-15aneN5 is similar to that of Cu(II)-
cyclam (log K ) 28.09) (21) and greater than the stability

constant of Cu(II)-TETA (the macrocyclic chelate portion
of the BFCs BAT and SCN-TETA) (log K ) 21.87) (22).
The similarity in complex stability of Cu(II)-15aneN5
to Cu(II)-cyclam and the fact that the 15aneN5 macro-
cycle is less lipophilic than cyclam made PCBA an
interesting chelate for comparative purposes.
Metabolism studies on 111In-labeled antibodies and

polypeptides have been conducted to gain a better
understanding of the mechanisms involved in the uptake
and retention of activity in nontarget organs (i.e., liver
and kidneys) (23-30). We previously identified 111In-
DTPA-ε-lysine as the major small molecular weight
metabolic product of 111In-labeled 1A3 and 1A3-F(ab′)2
conjugates in the livers and kidneys of normal rats (30).
In the present study, we compared the liver and kidney
metabolism of 67Cu-labeled SCN-TETA, CPTA, and PCBA
conjugates of 1A3 and 1A3-F(ab′)2 in normal rats to
correlate the nature of the metabolites with the ac-
cumulation of radioactivity in nontarget organs (30).

MATERIALS AND METHODS

1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide‚-
HCl (EDC) andN-hydroxysulfosuccinimide (sNHS) were
purchased from Pierce Chemical Co. (Rockford, IL).
Centricon 30 concentrators were purchased from Amicon
Inc. (Beverly, MA). Bio-Spin 6 chromatography columns
were from Bio-Rad Laboratories (Hercules, CA). Sepha-
dex G-25/50, diisopropylcarbodiimide (DIC), and super-
oxide disumutase (SOD) were purchased from Sigma
Chemical Co. (St. Louis, MO). ε-Fmoc-R-Boc-lysine and
p-(benzyloxy)benzyl alcohol resin were purchased from
NovaBiochem (LaJolla, CA). Ultrapure ammonium di-
hydrogen phosphate (NH4H2PO4) was purchased from
Johnson Matthey (Royston, England). Ultrapure (>99%)
ammonium acetate (NH4OAc) and ammonium citrate
(NH4Cit) were purchased from Fluka (Ronkonkoma, NY).
Disodium hydrogen phosphate (Na2HPO4) and 4-(dim-
ethylamino)pyridine (DMAP) were purchased from Fisher
Chemical Co. (Fair Lawn, NJ). All other chemicals used
were purchased from Aldrich Chemical Co. (Milwaukee,
WI). All solutions were made using distilled deionized
water (Milli-Q; ∼18 MΩ resistivity). Bio-Spin and Sepha-
dex G-25/50 columns were equilibrated with 0.1 M NH4-
OAc (pH 5.5) prior to use. The mAbs 1A3 and 1A3-F(ab′)2
were purified from serum-free medium by Invitron (St.
Louis, MO) using proprietary methods. Adult, female
Sprague-Dawley rats were purchased from Sasco
(Omaha, NE), and Golden Syrian hamsters were pur-
chased from Charles River (Wilmington, MA). A Tekmar
tissue homogenizer (Cincinnati, OH), a Branson Sonifier
185 cell disrupter, and a Sorvall RC2-B centrifuge were
used in the metabolism experiments. A Pharmacia
Superose 12 gel filtration column was used in conjunction
with a Pharmacia/LKB FPLC system (Piscataway, NJ)
for metabolite analyses. A Beckman Gamma 8000
automated well type γ counter was used to count the
FPLC fractions. Radio-TLC was carried out using a
Bioscan System 200 Imaging Scanner. 67Cu (115.6-
215.9 Ci/mmol) was purchased from Brookhaven Na-
tional Laboratories. 64Cu (4572-15240 Ci/mmol) was
produced and purified at the University of Missouris
Columbia Research Reactor as previously described (16,
31).
Ligand Syntheses. A method similar to Moi et al.

and Moran et al. was used in the synthesis of nitrobenzyl-
TETA, the direct precursor to BAT and SCN-TETA (32,
33). Briefly, the diethyl malonate anion was generated
with NaH in THF and alkylated with p-nitrobenzyl
bromide to give 2-(p-nitrobenzyl)diethyl malonate. The
cyclic amide was formed under high dilution conditions

Figure 1. Structures of the bifunctional chelating agents used
for labeling 64,67Cu to mAb 1A3 and 1A3-F(ab′)2.
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in EtOH from the diester and N,N′-bis(2-aminoethyl)-
1,3-diaminopropane. After refluxing for 8 weeks, the
cyclic amide was isolated by slow evaporation of the
solvent and subsequently reduced with BH3‚THF. The
cyclic amine was alkylated with 4 equiv of tert-butyl
bromoacetate in acetonitrile (ACN) at room temperature.
The reaction mixture was concentrated, and the tert-butyl
groups were removed with trifluoroacetic acid. Nitroben-
zyl-TETA was purified by anion exchange chromatogra-
phy. Nitrobenzyl-TETA was then converted to BAT
through a method described by McCall et al. (19) and
converted to SCN-TETA through a method described by
McMurry et al. (34).
CPTA was synthesized according to the method of

Studer and Kaden (35), while PCBA was synthesized
using a similar method described byMotekaitis et al. (21).
CPTA-ε-lysine was synthesized using a solid-phase

procedure modeled after the previously described solid-
phase synthesis of DTPA-ε-lysine (29). DIC (164 µL, 1.05
mmol), HOBT (142 mg, 1.05 mmol), DMAP (12.8 mg,
0.105 mmol), and ε-Fmoc-R-Boc-lysine (492 mg, 1.05
mmol) were added to 5.2 mL of DMF and stirred for 5
min at room temperature. To this was added 750 mg of
the p-(benzyloxy)benzyl alcohol resin (hydroxyl substitu-
tion level of 0.7 mmol/g), and the mixture was stirred at
room temperature overnight (∼16 h). Then, the mixture
was filtered and rinsed three times with 5 mL of DMF
and three times with 10 mL of MeOH. The level of lysine
substitution on the resin was determined using a UV
absorbance test. DMF (100 µL) and piperdine (100 µL)
were added to 1-2 mg of the substituted resin, and the
mixture was incubated at room temperature for 30 min.
After dilution with 4.8 mL of MeOH, the absorbance of
fulvene was measured at λ ) 301 nm (ε) 7800M-1 cm-1).
Triplicate measurements yielded an amino acid substitu-
tion level of 0.24 mmol/g. The ε-Fmoc group was removed
by stirring in 150 mL of 1:1 DMF:piperdine for 1 h at
room temperature. The mixture was filtered, and the
resin was rinsed with DMF followed with MeOH. CPTA
(200 mg, 0.60 mmol), HOBT (80.9 mg, 0.60 mmol), and
DIC (94.3 µL, 0.60 mmol) were dissolved in 5 mL of DMF
and added to the Fmoc-deprotected resin (625 mg, 0.15
mmol). After reaction overnight at room temperature,
the mixture was filtered and the resin rinsed as above.
The CPTA-ε-lysine was cleaved from the resin over a 75
min period using 2 mL of 95:5 trifluoroacetic acid (TFA):
water, simultaneously removing the R-Boc group. The
mixture was filtered, concentrated, and diluted to 1.0 mL
with H2O/0.1% TFA.
A portion of the CPTA-ε-lysine was then purified by

reversed-phase HPLC (Vydac 201HS1010, 10 × 250 mm,
C-18) with a 10 min isocratic elution at 10% A, followed
by a linear gradient of 10% to 80% A over the next 10
min at 2.0 mL/min, where A ) ACN/0.1% TFA and B )
H2O/0.1% TFA. Fractions were collected and analyzed
by RP-HPLC at λ ) 272 nm using 2% A as the starting
eluant and followed by a linear gradient of 10% to 80%
A over 10 min. The desired product eluted at 21.3 min
and was greater than 98% pure by RP-HPLC. The
identity of the product was confirmed by electrospray MS
m/e (M + H)+ ) 463.65 g/mol, calcd ) 463.63 g/mol.
Copper Challenge Experiments. 67Cu-labeled TETA,

CPTA, and PCBA were prepared by incubating the
ligands in 0.1 M NH4OAc (pH 5.5) with 67Cu acetate for
1 h at room temperature. A 10-fold molar excess of CuCl2
to ligand was added and the mixture allowed to incubate
at room temperature. At various time points, 2 µL of the
67Cu-TETA and 67Cu-CPTA solutions were applied to
silica gel TLC plates and eluted using 1:1 MeOH:10%
NH4OAc in water. The silica plates were then dried and

analyzed with a radio-TLC scanner to determine the
amount of copper complex that remained. At various
time points, 100 µL of the 67Cu-PCBA solution was passed
through a 0.45 µm Chelex chelating filter. Uncomplexed
67Cu bound to the filter, while 67Cu-PCBA passed through
the filter.
Conjugation of BAT, CPTA, PCBA, and SCN-

TETA to 1A3 and 1A3-F(ab′)2. BAT was conjugated
to 1A3 or 1A3-F(ab′)2 in 0.1 M NH4H2PO4 (pH 8). An
aqueous solution of BAT was added to the buffered
antibody in a 20:1 molar ratio (BAT:mAb) followed by
the addition of 2IT in 50 mM triethanolamine hydrochlo-
ride in a 10:1 molar ratio (2IT:mAb). The solution was
incubated at 37 °C for 30 min and purified using a
Sephadex G-25/50 spin column (36) equilibrated in 0.1
M NH4Cit (pH 5.5). BAT-2IT-1A3-F(ab′)2 was purified
by FPLC as previously described (17). The conjugated
mAbs were stored at -80 °C until needed (16).
CPTA was conjugated using an adaptation of the

method described by Smith-Jones (20). CPTA (5.0 mg,
0.010 mmol), EDC (9.2 mg, 0.048 mmol), and sNHS (5.0
mg, 0.230 mmol) were dissolved in 359 µL of 0.1 M
NH4H2PO4 (pH 7.0) and incubated at room temperature.
After 1 h, another 359 µL of buffer was added and the
solution was vortexed. A volume equal to a 50-fold molar
excess of the ligand over antibody was added to the
antibody (0.050 mM 1A3 and 0.065 mM 1A3-F(ab′)2) at
room temperature. The samples were incubated at room
temperature for 2 h before they were purified by either
a Bio-Spin or Sephadex G-25/50 spin column purification
(36). Reaction volumes that were greater than 100 µL
and masses of greater than 1 mg of mAb were purified
using a Sephadex column, while smaller volumes and
amounts of mAb were purified using a Bio-Spin column.
PCBA was conjugated to 1A3 or 1A3-F(ab′)2 similarly to
CPTA mAbs as described above.
1A3 and 1A3-F(ab′)2 were concentrated using a Cen-

tricon 30 and then diluted with Na2HPO4 (pH 10.5) prior
to conjugation with SCN-TETA. The concentrated solu-
tions were collected and diluted to give approximately
0.027 and 0.043 mM solutions for 1A3 and 1A3-F(ab′)2,
respectively. SCN-TETA was dissolved in H2O to give a
1 mM solution. A volume equal to a 1.2 M excess of this
solution was added to the antibody solutions, vortexed,
and incubated at room temperature for 1 h. The conju-
gate was then added to a Centricon 30, diluted to 2.0 mL
with 0.1 M NH4OAc (pH 5.5), and centrifuged. This
procedure was repeated and the conjugate collected from
the membrane. Purities of all compounds were confirmed
by FPLC. The BFC-mAb conjugates were stored at -80
°C until needed.
Radiolabeling of BAT, SCN-TETA, CPTA, and

PCBA-1A3 and 1A3-F(ab′)2 with 64Cu and 67Cu.
64CuCl2 or 67CuCl2 in 0.1 M HCl was converted to 64,67Cu
acetate by a 10-fold dilution with 0.1 MNH4OAc (pH 5.5).
The 64,67Cu acetate solution was then added to the desired
chelate-antibody conjugate and incubated at room tem-
perature for 30 min. The resulting radiolabeled conju-
gates were purified using Bio-Spin columns equilibrated
with 0.1 M NH4OAc (pH 5.5). The immunoreactivities
of the resulting conjugates were determined as previously
described (16).
Radiolabeling of SOD with 64Cu and Analysis by

FPLC. SOD was labeled with 64Cu using the same
method as described above for labeling mAbs. The
resulting 64Cu-SOD was analyzed by FPLC.
Golden Syrian Hamster and Sprague-Dawley

Rat Biodistribution Studies. All animal experiments
were carried out according to guidelines specified by the
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Washington University Animal Studies Committee and
the Jewish Hospital Animal Care Committee.
Six week old male Golden Syrian hamsters (∼100 g)

were implanted with GW39 human colon carcinoma in
the musculature of their right thigh 2 days prior to
injection of the radiolabeled conjugates, as described
previously (37). Hamster biodistribution experiments
were carried out as previously described (16).
Adult, female Sprague-Dawley rats (∼185 g) were

intraveneously injected with 25-50 µg and 5-10 µCi of
the 64Cu-antibody conjugates. For each compound,
groups of at least three rats were sacrificed at 6, 12, and
24 h post-injection. Samples of blood, lung, liver, spleen,
kidney, muscle, bone, ovaries, small intestine, upper large
intestine, and lower large intestine were removed,
weighed, and activity counted. The percent of injected
dose per gram of tissue (%ID/g) and percent of injected
dose per organ (%ID/organ) were calculated.
Blood clearance data were obtained from rats at 1, 3,

6, 12, and 24 h time points. Blood was drawn from the
rats in ∼100 µL aliquots at the various time points,
weighed, and counted to calculate the %ID/g.
In Vivo Metabolism in Sprague-Dawley Rats.

Mature, female Sprague-Dawley rats were intrave-
neously injected with 80-250 µCi of 67Cu-SCN-TETA-
1A3 and 67Cu-SCN-TETA-1A3-F(ab′)2, 100-400 µCi of
67Cu-PCBA-1A3 and 67Cu-PCBA-1A3-F(ab′)2, or 400-
1100 µCi of 67Cu-CPTA-1A3 and 67Cu-CPTA-1A3-F(ab′)2.
Livers were removed from rats injected with 67Cu-BFC-
1A3 and kidneys were removed from rats injected with
67Cu-BFC-1A3-F(ab′)2 at 1, 3, and 5 day time points.
67Cu acetate was used as a control. The organs were
rinsed with water to remove as much blood as possible,
homogenized in labeling buffer using a Tekmar tissue
homogenizer, and sonicated (3 min, power ) 4). The
samples were clarified by centrifugation (23500g, 60 min),
and the supernatant was passed through a 0.22 µm spin
filter. A 0.2 mL sample was analyzed on a Superose 12
gel filtration column. This column was eluted with 20
mM Hepes and 300 mM NaCl (pH 7.3) buffer at a flow
rate of 0.4 mL/min. Fractions were collected every
minute and counted on a γ counter. The low molecular
weight fractions for the CPTA conjugate were further
analyzed by radio-TLC.

RESULTS

The specific activities of the 1A3 conjugates were 2.3-
2.6 µCi/µg, while the specific activities of the 1A3-F(ab′)2
conjugates ranged between 1.6 and 3.2 µCi/µg. The
specific activities were not optimized to achieve their
maximums. All radiolabeled conjugates were purified
using either spin column purification or centricon 30
molecular weight membrane filters and shown to be
>95% pure by gel filtration chromatography.
The immunoreactivity (IR) values for the 64,67Cu-

chelate-1A3 and 64,67Cu-chelate-1A3-F(ab′)2 conjugates
ranged between 75% and 90%, with the SCN-TETA
conjugates having the lowest IRs of 75% and the PCBA-
1A3-F(ab′)2 conjugate having the highest IRs of 90%. The
number of chelates conjugated to the mAbs (or the
chelate:mAb ratio) for all conjugates were determined
using isotopic dilution methods (17). Specific activities,
immunoreactivities, and chelate:mAb ratios are sum-
marized in Table 1. The stability of the copper labeled
ligands when challenged with a 10-fold excess of non-
radioactive copper is summarized in Table 2. Both
67Cu-CPTA and 67Cu-PCBA showed no loss of copper for
at least 48 h; 67Cu-TETA shows a rapid initial loss of
copper at 2 h and then a slower rate of copper loss over
the next 5 days. 67Cu-TETA was used to represent the

stability of 67Cu-BAT and 67Cu-SCN-TETA toward non-
radioactive Cu(II) displacement because the R-keto-bromo
group of BAT and the isothiocyanato group from SCN-
TETA were found to be too reactive for reliable chroma-
tography.
Animal Biodistribution Studies. The 64Cu-labeled

mAb conjugates were evaluated and compared in normal
rats and in the tumor-bearing hamsters. Rat and
hamster biodistributions of the Cu-labeled 1A3 conju-
gates at 24 h post-injection are shown in Figure 2. Liver
and kidney uptake in rats was significantly lower for
64Cu-BAT-2IT-1A3 than for the other conjugates (p values
of <0.02 and <0.03, respectively). Tumor uptake in
hamsters was high at 24 h for all conjugates except for
64Cu-CPTA-1A3 (p values of <0.04). In the hamsters, the
liver and kidney uptake was similar for all of the
conjugates.
Rat and hamster biodistributions of 1A3-F(ab′)2 con-

jugated with the four bifunctional chelates at 24 h post-
injection are shown in Figure 3. Liver uptake in rats
(%ID/g) was lowest for 64Cu-BAT-2IT-1A3-F(ab′)2 and
64Cu-SCN-TETA-1A3-F(ab′)2, and both were significantly
different from 64Cu-CPTA-1A3-F(ab′)2 and 64Cu-PCBA-
1A3-F(ab′)2 (p values of <0.02). Kidney uptake in rats
(%ID/g) was also lowest for 64Cu-BAT-2IT-1A3-F(ab′)2
(13.57 ( 2.56) and 64Cu-SCN-TETA-1A3-F(ab′)2 (15.35 (
2.55), and both were lower than 64Cu-CPTA-1A3-F(ab′)2
(27.58 ( 2.25) and 64Cu-PCBA-1A3-F(ab′)2 (23.83 ( 1.89)
(p values of <0.002). Hamsters showed a similar pattern
with liver uptake being significantly lower for 64Cu-BAT-
2IT-1A3-F(ab′)2 (1.68 ( 0.31) and 64Cu-SCN-TETA-1A3-
F(ab′)2 (1.27 ( 0.10) than 64Cu-CPTA-1A3-F(ab′)2 (2.71
( 0.47) and 64Cu-PCBA-1A3-F(ab′)2 (3.00 ( 0.67) (p

Table 1. Specific Activity, Immunoreactivity, and
Chelate to Antibody Ratios of the Various Conjugates
Labeled with 64,67Cu (N g 3)

conjugates

specific
activity
(mCi/mg)

immuno-
reactivity (%) chelate/MAb

BAT-1A3 2.5 ( 1.1 84.4 ( 4.1 1.8 ( 0.2
BAT-1A3-F(ab′)2 2.7 ( 0.3 83.3 ( 3.8 1.4 ( 0.2
SCN-1A3 2.6 ( 0.04 75.4 ( 13.2 0.24 ( 0.02
SCN-1A3-F(ab′)2 3.2 ( 0.8 75.3 ( 14.1 0.14 ( 0.02
CPTA-1A3 2.3 ( 0.9 84.1 ( 12.7 1.4 ( 0.2
CPTA-1A3-F(ab′)2 2.3 ( 1.1 80.6 ( 5.1 2.9 ( 0.5
PCBA-1A3 2.6 ( 0.1 84.1 ( 3.7 1.4 ( 0.2
PCBA-1A3-F(ab′)2 1.6 ( 0.7 90.0 ( 4.2 0.7 ( 0.1

Table 2. Structural and Thermodynamic Parameters,
Lipophilicity, and Charge of the Bifunctional Chelates
Evaluated in This Studya

bifunctional
chelate BAT SCN-TETA CPTA PCBA

type of bond
formed

thioether thiourea amide amide

complex charge 2- 2- 1+ 1+
Hansch
lipohilicity
relative to
CPTA ) 5.00

1.46 1.32 5.00 2.85

∆ log K
(Cu-Zn)

5.3 5.3 11.7 9.2

∆ log K
(Cu-Ca)

13.3 13.3

∆ log K
(Cu-Mg)

19.6 19.6

% of 64,67Cu
displaced by
Cu(II) after
2 days

70 70 15 5

a The ∆ log K values are presented for the metal-macrocycle
complexes and not the metal-BFC complexes.
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values of <0.002). In hamsters, kidney uptake of 64Cu-
BAT-2IT-1A3-F(ab′)2 (7.99 ( 0.84) and 64Cu-SCN-TETA-
1A3-F(ab′)2 (3.35 ( 0.60) was also lower than 64Cu-CPTA-
1A3-F(ab′)2 (23.57 ( 2.41) and 64Cu-PCBA-1A3-F(ab′)2
(17.56 ( 2.71) (p values of <4 × 10-6). Furthermore, in
hamster liver and kidneys, 64Cu-SCN-TETA-1A3-F(ab′)2
was significantly lower than 64Cu-BAT-2IT-1A3-F(ab′)2 (p
values of <0.04 and <7 × 10-6, respectively). Tumor
uptake for all of the conjugates was high (between 8.2%
and 13.7% ID/g).
Blood clearance data for the 64Cu-labeled 1A3 and 1A3-

F(ab′)2 conjugates are shown in Figure 4. The Cu-labeled
1A3-F(ab′)2 conjugates cleared more rapidly than the Cu-
labeled 1A3 conjugates. All of the intact conjugates had
similar blood clearance patterns; however, 64Cu-PCBA-
1A3 had the lowest concentration in the blood at all time
points. There were greater differences in blood clearance
among the 1A3-F(ab′)2 conjugates; 64Cu-CPTA-1A3-
F(ab′)2 and 64Cu-PCBA-1A3-F(ab′)2 cleared more rapidly
from the blood than 64Cu-BAT-2IT-1A3-F(ab′)2 and 64Cu-
SCN-TETA-1A3-F(ab′)2.
Gel Filtration Chromatography of Liver and

Kidney Metabolites. The liver metabolism data for
67Cu-labeled BFC-1A3 conjugates are summarized in
Table 3. Liver metabolites from the control rats (injected
with 67Cu acetate) showed >90% of the radioactivity
eluted in a peak corresponding to a MW of ∼35 kDa at

1, 3, and 5 day time points (Figure 5). Analysis of liver
homogenates from rats injected with 67Cu-labeled 1A3
conjugates at 1 day post-injection showed that the
majority of the 67Cu was associated with intact mAb. For
example, at 1 day post-injection, 74% of the radioactivity
from rats injected with 67Cu-CPTA-1A3 remained associ-
ated with the intact antibody peak (Figure 6). There was
also a component that eluted with a MW of 35 kDa (12%)
and a low molecular weight component (<5 kDa) (14%).
At the later time points, the amount of radioactivity
associated with intact antibody decreased (48% at 5
days), while the other two metabolites increased (28%
and 24%, respectively). The 67Cu-PCBA-1A3 liver ho-
mogenate gel filtration profile at day 1 was similar to
67Cu-CPTA-1A3 at day 1, with 73% of the activity being
antibody associated and the rest of the activity being
primarily associated with a component having a MW of
35 kDa (26%). At days 3 and 5, the 67Cu-PCBA-1A3 liver
metabolite of 35 kDa increased to 59% and 70%, respec-
tively, while the intact mAb peak decreased to 24% by
day 5. In the rat liver, the 67Cu-SCN-TETA-1A3 conju-
gate was >90% intact at 1 day with the remaining
activity eluting with a MW of 35 kDa (8%). By day 5,
43% of the total activity was mAb associated and the
remaining metabolites eluted with MWs of 35 kDa (41%)
and <5 kDa (16%).

Figure 2. Biodistribution data for 64Cu-BFC-1A3 conjugates
in Sprague-Dawley rats (top) and tumor-bearing Golden Syrian
hamsters (bottom) at 24 h post-injection. Data are presented
as the mean plus or minus the standard deviation of n g 4.

Figure 3. Biodistribution data for 64Cu-BFC-1A3-F(ab′)2
conjugates in Sprague-Dawley rats (top) and tumor-bearing
Golden Syrian hamsters (bottom) at 24 h post-injection. Data
are presented as the mean plus or minus the standard deviation
of n g 3.
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The renal metabolites of Sprague-Dawley rats injected
with 67Cu-CPTA-1A3-F(ab′)2, 67Cu-PCBA-1A3-F(ab′)2,
67Cu-SCN-TETA-1A3-F(ab′)2, and 67Cu acetate as a con-
trol were analyzed at 1, 3, and 5 days. The rats injected
with 67Cu acetate showed two major peaks at day 1, one
eluting with a MW of 35 kDa (40%) and one eluting with
a MW of 10 kDa (40%). By days 3 and 5, most of the
activity was associated with the 35 kDa peak (85% and
90%, respectively), while the rest of the activity eluted
with the low molecular weight (<5 kDa) peak (15% and
10%, respectively). 67Cu-CPTA-1A3-F(ab′)2 was com-
pletely metabolized to a low molecular weight species (<5
kDa) by 1 day post-injection (Figure 6). Both 67Cu-PCBA-
1A3-F(ab′)2 and 67Cu-SCN-TETA-1A3-F(ab′)2 were also
>85% converted to a low (<5 kDa) molecular weight
species by 1 day post-injection. A peak (<5%) with a MW
of 35 kDa appeared at day 5 for both of these conjugates.
Gel Filtration Chromatography of 64Cu-SOD. The

gel filtration chromatogram of 64Cu-SOD showed that all
of the activity eluted with a MW of 35 kDa (Figure 5).
This coincides with the peak from the liver metabolism
of rats injected with CuOAc.
Thin Layer Chromatography of Metabolites. The

low molecular weight metabolites for the CPTA conjugate
at day 1 were collected from the size exclusion chroma-
tography experiment and further analyzed by radio-TLC.
Samples were either mixed with 67Cu-CPTA-ε-lysine or
67Cu-CPTA standards and applied to glass backed silica
gel plates. Both liver and kidney metabolites co-migrated

with the 67Cu-CPTA-ε-lysine standard (Figure 7). These
metabolites migrated separately from the 67Cu-CPTA
standard.

DISCUSSION

CPTA and PCBA were synthesized as previously
described (21, 35). The synthesis of BAT was first
described by Moi et al. (32); however, an improved
synthesis of BAT has been described by Moran et al. that
gives the final product in 23% yield (33). A combination
of these procedures, along with some minor modifications
(38), yielded BAT and SCN-TETA in comparable yields.
CPTA-ε-lysine is a new compound that was synthesized
as a standard for the metabolism studies by an adapta-
tion of the solid-phase method of Franano et al. (29)
without the optimization of yield.
The conjugation and purification of the BAT-2IT-1A3

conjugate was straightforward; however, the presence of
2IT with 1A3-F(ab′)2 fragments reduced disulfide bonds,
producing a smaller fragment with a molecular weight
of 55 kDa and low IR (17). Therefore, FPLC purification
of the BAT-2IT-1A3-F(ab′)2 conjugates was necessary
prior to labeling to remove the 55 kDa fragments (17).
The conjugation and purification of SCN-TETA to both
1A3 and 1A3-F(ab′)2 was uncomplicated, and size exclu-
sion chromatography showed no breakdown of the intact
mAb or fragments; however, the IR of the SCN-TETA
conjugates was significantly lower than those of the other
conjugates, and only after optimization of the SCN-TETA:
mAb ratio and pH were the 67Cu-SCN-TETA conjugates
acceptable for in vivo studies. The conjugation of CPTA
and PCBA to mAbs was straightforward, and the Cu-
labeled conjugates had IRs > 80%.
There were differences in biodistribution trends be-

tween rats and hamsters. In Sprague-Dawley rats,
64Cu-BAT-2IT-1A3 had the lowest uptake in both the
liver and kidneys at 24 h. In hamsters, significantly
lower uptake in the kidneys of 64Cu-SCN-TETA 1A3-
F(ab′)2 compared to the other conjugates was observed,
and this result was not observed in rats. The differences
between the two rodent species are not totally under-
stood. A possible explanation may be the different copper
binding protein levels in rats and hamsters. The con-
centrations of these copper binding proteins may affect
their biodistribution by transchelation of the copper.
Owen showed that different copper binding proteins are
present in different concentrations for the same organ
in different animal species (41). In most animal species,
there are three major copper binding proteins (42):
metallothionein (6 kDa), superoxide dismutase (32 kDa),
and ceruloplasmin (124 kDa). Protein concentrations
also differ between tissues in the same species. Van Hein
et al. showed that there is twice as much superoxide
dismutase in the liver of a rat than in any other tissue
(43).
The differences between 64Cu-BAT-2IT-1A3 and 64Cu-

SCN-TETA-1A3 in the liver and kidneys imply that the
different linking moieties (thioether vs thiourea) affected
the accumulation/retention of activity at these sites.
These two bifunctional chelates have the same copper
macrocycle, hence the same log K and charge, and similar
lipophilicities. Therefore, the major difference may be
the rate of cleavage of the thiourea bond versus the
thioether (44-46). The biodistribution differences be-
tween the four 64Cu-BFC-1A3-F(ab′)2 conjugates were
notable in both rats and hamsters (Figure 3). The uptake
of 64Cu-BAT-2IT-1A3-F(ab′)2 and 64Cu-SCN-TETA-1A3-
F(ab′)2 were significantly lower in the liver and kidneys
of both rats and hamsters than the uptake of 64Cu-CPTA-
1A3-F(ab′)2 and 64Cu-PCBA-1A3-F(ab′)2. This could be

Figure 4. Blood clearance in Sprague-Dawley rats of the
various 64Cu-labeled 1A3 conjugates (top) and 64Cu-labeled 1A3-
F(ab′)2 conjugates (bottom). Data are presented as the mean plus
or minus the standard deviation of n g 3.
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due to the lipophilicity and/or charge differences between
the BAT/SCN-TETA and the CPTA/PCBA chelates. If
the mAbs are metabolized to the Cu(II)-BFC or Cu(II)-
BFC-amino acid moieties, the more lipophilic and/or
positively charged metabolites are likely to accumulate
in the liver and kidneys and not clear as rapidly (47, 48).
Lipophilicities of the copper chelates, as determined

by octanol/water partition coefficient (log P) measure-
ments, were not evaluated experimentally due to the low
extraction of these complexes into octanol. Since the
actual log P values are likely negative values, due to the
charge on the complexes, only relative lipophilicities could
be determined by the Hansch method (49). Cu(II)-CPTA
was the most lipophilic complex and was assigned an
arbitrary log P value of 5.00. According to Hansch, Cu-
(II)-BAT and Cu(II)-SCN-TETA are the least lipophilic
and Cu(II)-PCBA is intermediate between these com-

plexes and Cu(II)-CPTA (Table 2). At physiologic pH, Cu-
(II) complexes of BAT and SCN-TETA have a charge of
negative two (2-) , while Cu(II) complexes of CPTA and
PCBA have a charge of positive one (1+) (21). The facts
that positively charged compounds are known to ac-
cumulate in the kidneys (50) and that Cu(II) complexes
of CPTA and PCBA are relatively lipophilic may account
for their high kidney uptake. Also, differences in the
stability of the copper complexes between TETA and
CPTA/PCBA may provide an alternate or additional
explanation.
The biodistribution differences within a species may

be partially due to differences in stability of the Cu-BFC
complex. The least stable Cu(II)-BFC complexes are
more readily dissociated in vivo. One possible mecha-
nism for the release of copper from the bifunctional
chelate would be the replacement of copper by other
metals present in the body. The difference in stability
(∆log K) between the Cu(II) complex with that of other
metal ions would be a measure of the ease of transche-
lation. The ∆log K values for the various chelates
macrocyclic portion (TETA, cyclam, 15aneN5) in Table
2 were derived from literature values (51). All of the Cu-
(II)-chelate complexes are more stable than the com-
plexes formed with the other biologically related metals.
This agrees with an in vitro study by Kukis et al. that
showed that an antibody-TETA conjugate had a higher
selectivity for Cu(II) than for Zn(II), Ca(II), or Mg(II) (52).
The Cu-labeled BAT and SCN-TETA conjugates are
retained less in the liver and kidneys than those of CPTA
and PCBA, yet the ∆log K for Cu-Zn is larger for CPTA
and PCBA than for BAT and SCN-TETA. These data
suggest that displacement of Cu(II) by another metal ion
is unlikely. Another explanation is that the 64,67Cu can
be displaced by non-radioactive copper. Our data from
experiments where the Cu-labeled BFCs were challenged
with non-radioactive Cu(II) showed that ∼70% of the
64,67Cu in the TETA complex was displaced by cold Cu-
(II) at 2 days, whereas <15% of 64/67Cu-CPTA and PCBA
were displaced by cold Cu(II) at 2 days. If 64,67Cu was
released from the BAT or SCN-TETA conjugates in the
liver and kidneys, it would be likely that the 64,67Cu would
quickly bind to copper binding proteins and remain
trapped in those organs rather than be cleared. Since
the 64,67Cu-TETA conjugates have the most rapid clear-
ance from liver and kidneys, it is unlikely that 64,67Cu is
being displaced by cold Cu(II) in vivo.
The metabolism in vivo of 111In-labeled polypeptides

and mAbs has been investigated (12, 24, 26-30). Previ-
ous studies have shown that 111In-labeled mAbs are
degraded to small molecular weight metabolites (24, 26,
30). These studies have indicated that the major small
molecular weight metabolite formed was 111In-BFC-ε-
lysine, a result of proteolysis of the amino acid backbone
of the protein. Thus, it is likely that the major metabolite
of the Cu-labeled mAbs is 64,67Cu-BFC-ε-lysine. By
investigating the nature of the metabolite of the different
Cu-labeled BFC-mAb conjugates, the cause for the
resulting differences in the biodistribution may be elu-
cidated.
The size exclusion data of all 67Cu-BFC-1A3-F(ab′)2

kidney metabolites show that, by 1 day post-injection,

Table 3. Summary of Size Exclusion Chromatography Data for 67Cu-BFC-1A3 Liver Metabolites: Percent of
Radioactivity Associated with Three Major Components

intact antibody (150 kDa) 35 kDa <5 kDa

day 1 day 3 day 5 day 1 day 3 day 5 day 1 day 3 day 5

SCN-TETA 91 48 43 8 40 41 1 12 16
CPTA 74 58 48 12 22 28 14 20 24
PCBA 73 32 24 26 59 70 1 9 6

Figure 5. Size exclusion FPLC profiles of 67CuOAc liver
metabolites at 1, 3, and 5 days post-injection and of 64Cu-SOD.
Counts per minute (cpm) are plotted versus the fraction number.
Note: Fractions 1-20 are the void volume.
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>85% of the activity was associated with the low (<5
kDa) molecular weight species. This agrees with the
111In-mAb data (30) and suggests that the 64/67Cu-labeled
BFC-1A3-F(ab′)2 conjugates are efficiently deposited
within lysosomes by absorptive endocytosis and that
subsequent lysososmal degradation was rapid (53). These
data suggest that smaller radiolabeled mAbs and pep-
tides may have the same kidney uptake and lysosomal
retention as a F(ab′)2 fragment due to the high kidney
activity seen with these smaller compounds (54-56).
Also, metabolizable linkers may not be a solution to the
problem of high renal accumulation unless the radiolabel
is prevented from reaching the lysosome or the radiola-
beled metabolite is in a form in which it can be rapidly
exported from the lysosome.
The 67Cu-PCBA-1A3-F(ab′)2 and 67Cu-SCN-TETA-1A3-

F(ab′)2 kidney metabolism data demonstrated the ap-
pearance of a minor peak (<10%) with a molecular weight
of ∼35 kDa at 5 days. This corresponded to the same
molecular weight peak observed for the rats injected with
67Cu acetate. This suggests that, after several days, Cu-
(II) was dissociated from the conjugates and then bound
to a 35 kDa protein in vivo.

The results of the 67Cu-labeled 1A3 liver homogenates
were more complicated than those of the 67Cu-labeled
1A3-F(ab′)2 kidney homogenates. All of the intact 1A3
conjugates showed a similar pattern; at 1 day post-
injection, the majority of radioactivity was associated
with the intact antibody peak (MW ) 150 kDa). At later
time points, an increasing amount of activity eluted with
a molecular weight of ∼35 kDa. In addition, the 67Cu-
BFC-1A3 liver homogenates showed a low molecular
weight peak that increased over the 5 day period. These
results differ from the 111In-labeled glycoprotein data (28)
and the 111In- and 67Cu-labeled 1A3-F(ab′)2 data, which
showed a rapid conversion to a low molecular weight
species; however, the results agree with 111In-labeled 1A3
metabolism data (30). The fact that 67Cu-labeled 1A3
conjugates did not rapidly metabolize to a low molecular
weight species (<5 kDa) in the liver suggests that they
were not targeted to cell surface receptors and lack an
effective uptake mechanism, such as absorptive endocy-
tosis in the kidneys.
At 1 day post-injection, only 67Cu-CPTA-1A3 was

partially metabolized in the liver to a low molecular
weight species. TLC of the low molecular weight species

Figure 6. Size exclusion FPLC profiles of 67Cu-CPTA-1A3 liver metabolites (left) and 67Cu-CPTA-1A3-F(ab′)2 kidney metabolites
(right) at 1, 3, and 5 days post-injection. Counts per minute (cpm) are plotted versus the fraction number. Note: Fractions 1-20 are
the void volume.
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from 67Cu-CPTA-1A3 liver metabolites and 67Cu-CPTA-
1A3-F(ab′)2 kidney metabolites identified the species as
67Cu-CPTA-ε-lysine (Figure 7). The appearance of the
low molecular weight peak for the 67Cu-CPTA-1A3 con-
jugate, along with the previous data on antibody me-
tabolism (57-60), suggest that the 67Cu-CPTA-1A3 con-
jugate was partially degraded in the lysosome. The mAb
could also localize in extracellular sites and bind non-
specifically to surface molecules or be internalized by
specific (Fc receptor) or nonspecific (fluid-phase endocy-
tosis) means.
The size exclusion data for 67Cu-PCBA-1A3 and 67Cu-

SCN-TETA-1A3 did not show a low molecular weight
peak (<1%) at day 1. This might suggest that the
radiolabel was not delivered to the lysosome for degrada-
tion; however, it is more likely that the 67Cu transche-
lated to a protein with a larger molecular weight prior
to localization in the lysosome.
In the liver, all of the Cu-labeled 1A3 conjugates were

partially metabolized to a 35 kDa species. There are two
possible explanations for this: first, the radiolabeled
antibody may have been partially degraded within en-

dosomes (58-61), giving the intermediate molecular
weight peak of 35 kDa; however, this is not in agreement
with 111In-labeled mAb studies which show a broadening
of the intact mAb peak and the absence of a peak at 35
kDa (30). Alternatively, Cu(II) could be released from
the chelate and bind to a 35 kDa protein. The size
exclusion data of liver homogenates from rats injected
with 67Cu acetate showed that the 67Cu activity elutes
at a molecular weight of 35 kDa, which gives credence
to the latter argument. The liver contains a 32 kDa
enzyme, superoxide dismutase (SOD), which has one Cu-
(II) ion per active site (42). The concentration of SOD in
the rat liver is twice as great as in any other tissue (43).
SOD has been labeled with 64Cu and analyzed by size
exclusion chromatography and was found to co-migrate
with the 35 kDa peak observed in the liver metabolism
of 67Cu acetate and 67Cu-BFCs-1A3. Thus, it appears
that transchelation of Cu(II) from the 1A3 conjugates to
SOD is a reasonable explanation for the 35 kDa peak.
Definititive confirmation of the identity of the 35 kDa
metabolite is underway.
The rate at which the radiolabeled intact antibody peak

Figure 7. Silica gel radio-TLC of the small molecular weight metabolites for 67Cu-CPTA-1A3 and 67Cu-CPTA-1A3-F(ab′)2 (1 day
post-injection) collected by size exclusion chromatography. 67Cu-CPTA-1A3 metabolites are shown alone (A), mixed with 67Cu-CPTA-
ε-lysine standard (B), and with 67Cu-CPTA standard (C). 67Cu-CPTA-1A3-F(ab′)2 metabolites are shown alone (D), with 67Cu-CPTA-
ε-lysine standard (E), and with 67Cu-CPTA standard (F). The origin for all plates is 1 cm.
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was converted to the 35 kDa species in the rat liver also
differed between the conjugates. For 67Cu-CPTA-1A3
and 67Cu-SCN-TETA-1A3 at day 5, 28% and 41% of the
activity was associated with the 35 kDa peak, respec-
tively, while 70% of the activity for 67Cu-PCBA-1A3 was
associated with this peak. This suggests that the rate
of transchelation of 67Cu from PCBA-1A3 to a 35 kDa
protein was more rapid than that of the 67Cu-CPTA-1A3
and 67Cu-SCN-TETA-1A3 conjugates. These data do not
correlate with the stability of the complexes, which shows
Cu-PCBA as stable a complex as Cu-CPTA and more
stable than Cu-TETA (21). We are currently carrying
out experiments to elucidate the liver metabolism of other
64/67Cu-BFC-proteins in order to better interpret these
results.
It is more difficult to correlate the biodistribution of

the Cu-labeled BFC-1A3 conjugates with the metabolite
data, since the differences in liver uptake between the
four intact mAb conjugates are not as significant as those
of the Cu-labeled BFC-1A3-F(ab′)2 uptake in the kidney.
Retention of Cu-labeled BFC-1A3 conjugates in the liver
is probably a result of transchelation of radioactive Cu-
(II) to copper binding proteins, such as SOD in the liver
(Figure 8). In the kidney, 64Cu-CPTA-1A3-F(ab′)2 and
64Cu-PCBA-1A3-F(ab′)2 had nearly a 2-fold higher uptake
over that of 64Cu-SCN-TETA-1A3-F(ab′)2 in rats, and an
even greater increased uptake in tumor-bearing ham-
sters. The kidney metabolism of the 67Cu-BFC-1A3-
F(ab′)2 conjugates showed a rapid conversion to small
molecular weight metabolites (< 5 kDa) by 1 day post-
injection. This suggests that proteolysis of mAb frag-
ments resulted in the small molecular weight lysine or
N-terminal amino acid derivatives of the bifunctional
chelates (Figure 8). The observed biodistribution differ-
ences are most likely due to the resulting charge and/or
lipophilicity of these derivatives, which dictate the uptake
and clearance from the organ (48).
In summary, the purpose of this study was to correlate

biodistribution of 64/67Cu-labeled intact MAbs and MAb
F(ab′)2 fragments in a rat model to metabolism in
nontarget organs such as the liver and kidneys. The liver
metabolism of 67Cu-labeled BFC-1A3 conjugates was
slow, and it appears that 67Cu was transchelated to a 35
kDa protein (possibly SOD). The metabolism of 67Cu-
labeled BFC-1A3-F(ab′)2 conjugates was rapid in the
kidneys, and chromatographic results for 67Cu-CPTA-
1A3-F(ab′)2 suggest that 67Cu-BFC-ε-lysine was the major

metabolite. Therefore, chelate charge and lipophilicity
of a 64/67Cu-BFC-amino acid metabolite play a large role
in kidney retention, while transchelation of the copper
label to a protein appears to be a major factor for liver
accumulation.
The understanding of the mechanisms for accumula-

tion of radiometal-labeled BFC-mAb conjugates in non-
target organs is vital for the design of effective imaging
and radioimmunotherapy agents. The research pre-
sented here is a first step in determining the metabolism
of mAbs labeled with copper radioisotopes. The mecha-
nisms of radiolabel accumulation in the liver and kidney
that are presented here help to explain the observed
biodistribution results; however, more work needs to be
done to verify these mechanisms.
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