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Thomsen-Friedenreich (TF) antigen is a disaccharide, galactose
b1-3 N-acetylgalactosamine (Galb1-3GalNAc), expressed on
the cell surfaces of most human carcinomas including breast.
In this study, we synthesized and evaluated the in vitro and in
vivo properties of a 64Cu-radiolabeled TF antigen–specific pep-
tide derived from bacteriophage display for the purpose of
breast tumor targeting and PET of human breast tumors in
xenografted mice. Methods: The TF antigen–specific peptide
IVWHRWYAWSPASRI was synthesized with the chelator
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) at the
amino terminus, followed by a Gly-Ser-Gly (GSG) spacer.
Amino acids Asp and Arg were introduced at both ends to
enhance its solubility. Purified NO2A-GSG-DRD-IVWHRWYAW-
SPASRI-DRD (NO2A-TFpep) was radiolabeled with 64Cu and
evaluated for binding to human MDA-MB-435 breast cancer
cells, 50% inhibitory concentration (IC50), and serum stability.
In vivo pharmacokinetic and small-animal PET studies were
performed using SCID mice bearing MDA-MB-435 tumor
xenografts. Results: 64Cu-NO2A-TFpep bound to human MDA-
MB-435 breast carcinoma cells, whereas almost no binding
was observed to normal human breast 184A1 cells. The peptide
exhibited an apparent IC50 value of 70 6 8.0 nM. In vivo bio-
distribution studies indicated radiolabeled peptide accumula-
tion in tumors of MDA-MB-435 xenografted SCID mice of
approximately 1.10 6 0.20 percentage injected dose per gram
(%ID/g) and 0.90 6 0.12 %ID/g, at 0.5 and 1 h, respectively.
Accumulation of radioactivity was low in other organs, with the
exception of liver (1.52 6 0.12 %ID/g) and kidneys (15.4 6 1.73
%ID/g) at 1 h. Live imaging studies with 64Cu-NO2A-TFpep
(15 MBq) demonstrated good tumor uptake at 1 h after injection,
whereas no tumor uptake was observed with a scrambled
radiolabeled peptide 64Cu-NO2A-GSG-DRD-RWSWWAVHRI-
PYSAI-DRD. Conclusion: 64Cu-NO2A-TFpep may function as
a noninvasive in vivo tumor imaging agent of human breast
and other carcinomas expressing the TF carbohydrate anti-
gen. This is the first such TF antigen–targeting peptide used
in tumor imaging.
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Thomsen-Friedenreich (TF) antigen is a well-established
tumor-associated antigen discovered in the late 1920s (1).

The reactive portion of TF antigen is the terminal carbo-

hydrate moiety galactose b1-3 N-acetylgalactosamine

(Galb1-3GalNAc), which is exposed on proteins and lipids

in cancer cells but is masked by a sialic acid on healthy

cells (2). TF antigen occurs on approximately 90% of hu-

man carcinomas, including those of the breast, colon, lung,

bladder, and prostate (1,3–5), and correlates with cancer

progression and metastasis (2). Previously, we reported that

TF antigen in nipple aspirate fluid from breast carcinoma

patients may facilitate breast cancer diagnosis (6,7). Studies

from our laboratory also indicated that TF antigen on breast

(MDA-MB-435) carcinoma cells is a major ligand of

galectin-3 (4). Galectin-3 interactions with TF antigen fa-

cilitate cancer cell adhesion and metastasis (4,8). Together

these studies suggest that TF antigen is a valuable target for

cancer imaging and therapy probe development.
Numerous anti-TF antigen antibodies have been gener-

ated (3,9–11). However, most carbohydrate-binding anti-

bodies are large multivalent IgM molecules (12) with

physical or chemical characteristics that limit their applica-

tions (13). Recent studies reported the isolation of single-

chain antibodies (14) and peptides (15) from bacteriophage

(phage) display libraries for use in cancer diagnosis and

carbohydrate detection, respectively. We identified a TF

antigen–binding peptide (HGRFILPWWYAFSPS, P-30)

from a phage display library (16). Although P-30 inhibited

carcinoma cell aggregation when tested in vitro with MDA-

MB-435 breast carcinoma cells (17), its use was limited

because of low affinity and poor solubility (16). A sec-

ond-generation peptide, IVWHRWYAWSPASRI (P30-1),

was selected from a microlibrary containing the TF anti-

gen–binding motif (W-Y-A-W/F-S-P) (18). This peptide

exhibited slightly improved solubility, compared with P-30,
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with an in vitro affinity of 581 6 98 nM, and inhibited the
interaction of TF antigen with galectin-3 (17,19).
It is hypothesized that the second-generation TF antigen–

binding peptide P30-1 can be developed into a molecular
imaging agent for detection of TF antigen–expressing
breast carcinomas. In the present study, TF antigen–binding
peptide IVWHRWYAWSPASRI (P30-1) was synthesized
with Asp-Arg-Asp (DRD) at both amino and carboxy ter-
minal ends to increase its solubility. The resultant peptide
was conjugated with a Gly-Ser-Gly (GSG) spacer (GSG-
DRD-IVWHRWYAWSPASRI-DRD, TFpep) to a chelator,
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA). The
NOTA-derivatized peptide NO2A-GSG-DRD-IVWHRWY-
AWSPASRI-DRD (herein referred to as NO2A-TFpep) was
radiolabeled with 64Cu because this radionuclide has fa-
vorable properties for use in PET and radiotherapy due to
its half-life (12.7 h), decay characteristics (beta positron
emission [b1; 19%]; beta electron emission [b2; 39%]), and
ability for cyclotron production with high specific activity.
The radiolabeled 64Cu-NO2A-TFpep was evaluated for in
vitro cell binding in human MDA-MB-435 breast carcinoma
cells and in vivo biodistribution and PET capability in human
MDA-MB-435 breast tumor heterotransplanted severe com-
bined immunodeficiency (SCID) mice. MDA-MB-435 cells
were used because they express high levels of TF antigen
and readily form breast tumors in mice (4,17). To the best
of our knowledge, this study is the first to demonstrate the
noninvasive imaging of TF antigen on tumors using a small
molecule such as 64Cu-NO2A-TFpep.

MATERIALS AND METHODS

Chemicals and Reagents
64Cu (half-life, 12.7 h; specific activity, 9.398 TBq/mMol

[;254 Ci/mMol]) was purchased from the Nuclear Reactor Labo-
ratory, University of Wisconsin. Copper purity was 99.91%, with
little trace metal impurities (;0.09%). NOTA was procured from
Chematech. Reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) grade acetonitrile and trifluoroacetic acid were
purchased from Fischer Scientific. Cell-growth RPMI 1640 me-
dium and human mammary epithelial cell medium were purchased
from Invitrogen–Gibco. All other chemicals were purchased from
Fischer Scientific, unless otherwise mentioned.

Peptide Synthesis
The peptide TFpep or its scrambled version, TFscr, was syn-

thesized using an Advanced ChemTech 396 multiple peptide
synthesizer (Advanced ChemTech) with solid-phase Fmoc chem-
istry. Protected NO2AtBu (di-tert-butyl 2,29-(1,4,7-triazacyclono-
nane-1,4-diyl)diacetate) was purchased from Chematech and was
used to prepare NOTA(tBu)2 (2-(4,7-bis(2-(tert-butoxy)-2-oxoethyl)-
1,4,7-triazonan-1-yl)acetic acid) with the N terminus of the peptide
on the resin. The bromoacetylated peptidyl resin intermediate
was prepared by reacting the N terminus of the protected peptide
with bromoacetylbromide in the presence of diisopropylethylamine,
followed by SN2 reaction of the bromine with NO2AtBu in
diisopropylethylamine, yielding NO2A (tBu)2-peptidyl resin.
The NO2A-peptide was cleaved from the resin and deprotected
by reaction with trifluoroacetic acid and scavengers. The result-

ing NO2A-peptide conjugates were purified using RP-HPLC on
a C18 column (218TP54; Vydac), lyophilized, and stored at
220�C before use. Identities of the peptides were confirmed
by electrospray ionization mass spectrometry. The peptide
conjugates were peak-purified to 98% or greater before in vitro
cell-binding assays. A biotinylated version, biotin-GSG-DRD-
IVWHRWYAWSPASRI-DRD, of the TFpep (biotin-TFpep) was
also synthesized and purified.

Radiolabeling of Peptides
Radiolabeling of NO2A-TFpep and NO2A-TFscr with 64Cu was

performed as follows. Peptides (40 mg) were radiolabeled with 30
MBq of 64Cu in ammonium acetate (0.4 M), pH 6.8, in a final
volume of 100 mL at 75�C for 60 min. To minimize peptide oxi-
dation, the reaction buffer was purged with nitrogen before ra-
diolabeling. Once radiolabeled, the peptides were purified using a
Jupiter column (5 mm, C18, 30 nm [300 Å], 250 · 4.6 mm; Phe-
nomenex) and RP-HPLC (10%–95% acetonitrile/0.1% trifluoroacetic
acid) for 25 min to separate them from their nonradiolabeled coun-
terparts, concentrated using Empore high-efficiency (C18) extraction
disk cartridges, and eluted with 500 mL of 8:2 ethanol/sterile saline.
The ethanol was evaporated under nitrogen and diluted to 100 mL
with sterile saline. Radiochemical yield for 64Cu-NO2A-TFpep
and 64Cu-NO2A-TFscr was 58% and 52%, respectively. Both 64Cu-
peptide conjugates were obtained with 98% or greater purity.

Peptide Conjugation with Nonradioactive Copper
Copper-NO2A-TFpep conjugate was generated by adding 5 mM

CuCl2 in 0.05 N HCl (100 nmol) to a tube containing purified
peptide (90 nmol) and dissolved in 300 mL of ammonium acetate
buffer (0.4 M). The pH was adjusted to approximately 6.9 by
addition of NaOH and then incubated at 78�C for 60 min and
allowed to cool to room temperature. Unbound metal was
quenched by adding 50 mL of diethylenetriaminepentaacetic acid
(10 mM). Copper-NO2A-TFpep was purified by RP-HPLC and
was determined to be at least 98% pure. Electrospray ionization
mass spectrometry was performed to confirm the integrity of the
peptides. A similar procedure was performed with the scrambled
version of the peptide.

Cell-Binding Studies
The normal mammary 184A1 cell line was obtained from

American Type Culture Collection, and cells were grown in
human mammary epithelial cell medium supplemented with
bovine pituitary extract. MDA-MB-435 cells (obtained from
J.E. Price, M.D. Anderson) were maintained as monolayer cultures
in RPMI 1640 medium supplemented with 10% fetal bovine
serum, sodium pyruvate, nonessential amino acids, and L-glutamine.
Cell cultures were maintained at 37�C in a 5% CO2 humidified
incubator. MDA-MB-435 and 184A1 cells grown in culture flasks
were trypsinized, released, and washed once in cell-binding
medium (RPMI 1640 with 25 mM N-(2-hydroxyethyl)pipera-
zine-N9-(2-ethanesulfonic acid), pH 7.4, 0.2% bovine serum albu-
min [BSA], and 3 mM 1,10-phenanthroline). Cells (2 · 105 cells
per tube) were transferred to microcentrifuge tubes containing 0.3
mL of cell-binding medium and were incubated at 37�C for differ-
ent times (10, 20, 30, 40, and 60 min) with 1 · 105 counts per min
(cpm) of radiolabeled and scrambled peptide. After incubation,
medium was removed and the cells were rinsed with ice-cold
0.01 M phosphate-buffered saline (PBS), pH 7.4, and 0.2%
BSA, and then centrifuged. This process was repeated 3 times.
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Cell-bound radioactivity was quantitated using a Wallac g-counter
(PerkinElmer Inc.). Cell binding was reported as total radioactiv-
ity (cpm) bound to cells. Human MDA-MB-435 breast carcinoma
cells were originally isolated from a pleural effusion of a woman
with metastatic breast adenocarcinoma (20).

A competitive binding assay with 64Cu-NO2A-TFpep was per-
formed using cultured MDA-MB-435 breast carcinoma cells to
determine 50% inhibitory concentration (IC50). MDA-MB-435
cells (2.5 · 106 cells per tube) were incubated for 45 min at 37�C
with 3.0 · 104 cpm of peptide and increasing concentrations of
nonradioactive copper-NO2A-TFpep (10212 to 1025 M) (n 5 3).
The cell-associated radioactivity was measured in a Wallac
g-counter, and the binding affinity was determined by the Grafit
software program (Erithacus Software Limited).

For fluorescent cell-binding studies, MDA-MB-435 and
184A1 cells were grown on LabTek chamber slides (Nunc
Nalgene International), fixed with 3% paraformaldehyde for
30 min, and permeabilized with cold methanol for 15 min. After
being washed with 0.01 M PBS, the slides were incubated with
2 mM biotin-TFpep in 0.01 M PBS, pH 7.5, and 1% BSA for 5 h
at room temperature. After 3 washes with 0.01 M PBS, neutra-
vidin-AlexaFlour-488 (10 mg/mL) (Molecular Probes) in 0.01 M
PBS, pH 7.5, and 0.5% BSA was added for 1 h at room temper-
ature in the dark. The slides were washed and incubated with
49-6-diamidino-2-phenylindole for 15 min at room temperature
for nuclear staining. After additional washes, the samples were
mounted under a coverglass and analyzed on a Bio-Rad MRC
confocal microscope.

Biodistribution of 64Cu-NO2A-TFpep in Human
MDA-MB-435 Xenografted SCID Mice

Animal studies were conducted in accordance with protocols
approved by the Institutional Animal Care and Use Committee
in accordance with U.S. Public Health Service guidelines.
SCID female mice (4–5 wk) were obtained from Taconic
Farms. Each SCID mouse was subcutaneously inoculated in
the right shoulder with 1 · 107 MDA-MB-435 cells, and tumors
were allowed to grow for 3–4 wk. Mice bearing MDA-MB-435
tumors (n 5 4 per time point) were injected with approximately
0.185 MBq of 64Cu-NO2A-TFpep. Animals were sacrificed
at 0.5, 1, 2, 4, and 24 h after injection, after which the tissues
and organs of interest were collected and weighed, and radio-
activity was counted with a g-counter. Gastrointestinal tract
contents were not removed. Uptake of radioactivity in the
tumor and normal tissues and organs was expressed as a per-
centage of the injected radioactive dose per gram (%ID/g).
Whole-blood %ID or %ID/g was determined assuming the
blood accounted for 6.5% of the body weight of the mouse.
For tumor blocking experiments, MDA-MB-435 breast tumor–
bearing mice (n 5 4) were preinjected with 200 mg of copper-
NO2A-TFpep. At 5 min after injection of the nonradiolabeled
peptide, 0.185 MBq of 64Cu-NO2A-TFpep was injected, and
the blocking efficiency was evaluated after 2 h. Also, inhibition
experiments with albumin fragments were performed to reduce
kidney retention essentially as described (21). Approximately
200 mg of approximately 3- to 50-kDa albumin fragments were
preinjected via the tail vein into MDA-MB-435 breast tumor–
bearing SCID mice (n 5 3) 5 min before injection of 64Cu-
NO2A-TFpep. After the animals were sacrificed, kidney uptake
of the radiolabeled peptide was determined and expressed as
%ID/g. The percentage inhibition of the radiolabeled peptide

uptake in the presence of albumin fragments was assessed after
comparing it with control animals without preinjection of albu-
min fragments.

Serum Stability and Metabolism of 64Cu-NO2A-TFpep
In vitro serum stability was tested by incubating 37.0 MBq of

64Cu-NO2A-TFpep in 0.3 mL of mouse serum at 37�C for 1, 2,
and 24 h. After incubation, the samples were passed through a
0.22-mM filter (Millipore). An aliquot (40 mL) was removed, and
the serum proteins were precipitated with 40 mL of acetonitrile.
After centrifugation (12,500 rpm for 5 min), cleared supernatant
(40 mL, 4.9 MBq) was analyzed by RP-HPLC with a 0%–95%
acetonitrile gradient for 25 min to assess the integrity of the radio-
conjugates. It is possible that there was some retention of the
radioactivity in the filters and in the precipitated protein pellet
especially during longer incubation times.

In vivo metabolic stability of 64Cu-NO2A-TFpep was tested by
administering 30.0 MBq of the radioactive peptide by tail vein
injection into a tumor-bearing SCID mouse. At 1 and 2 h, a urine
specimen from the mice was collected and centrifuged to sediment
any precipitate, and after being passed through a 0.22-mM filter
(Millipore), an aliquot (9.4 MBq) was analyzed by RP-HPLC to
determine the radiolabeled peptide peak integrity.

Small-Animal PET/CT Studies
Mice bearing MDA-MB-435 tumors were imaged by small-

animal PET/CT. MDA-MB-435 tumor–bearing mice were injec-
ted in the tail vein with 15.0 MBq of 64Cu-NO2A-TFpep or
64Cu-NO2A-TFscr and imaged at 1 h after injection in a small-
animal PET scanner (Inveon PET; Siemens) under isoflurane
anesthesia. Small-animal PET images were reconstructed using
an ordered-subset expectation maximization 2-dimensional algorithm.
For the purpose of anatomic–molecular data fusion, small-animal
CTwas performed and concurrent images were reconstructed with a
Fanbeam (Feldkamp) filtered-backprojection algorithm. PET/CT
image fusion and visualization was accomplished using Inve-
on Research Workplace Software (Siemens Inveon Software).

Statistical Analysis
The data are presented as mean 6 SD. For statistical analysis,

a Student t test was performed using Prism software (GraphPad
Software). A P value of 0.05 or less was considered significant.

RESULTS

Synthesis and Characterization of Peptides

The peptides NO2A-TFpep and NO2A-TFscr were syn-
thesized using solid-phase peptide synthesis. In Figure 1,
the chemical structures of the peptides are shown. After
being radiolabeled with 64Cu, the peptides were purified
by RP-HPLC. Observed retention times of 64Cu-NO2A-
TFpep and its scrambled version were 13.5 and 13.8 min,
respectively, under identical RP-HPLC conditions. Peptides
were obtained at high radiochemical purity, with a reason-
able radiochemical yield of 58% and 52%, respectively
(Table 1). The observed and calculated molecular weight
of native copper-NO2A-TFpep was 3,245.0 and 3,245.8 Da,
respectively. Similarly, for native copper-NO2A-TFscr pep-
tide the mass was 3,245.0 Da (calculated) and 3,246.0 Da
(observed). The specific activity of 64Cu-NO2A-TFpep was
approximately 17.4 MBq/nmol (0.47 Ci/mmol).
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Cell Binding and Serum Stability

Fluorescent cell-binding studies were performed with
biotin-GSG-TFpep using confocal microscopy. Although
the peptide bound to TF antigen–positive MDA-MB-435
cells, little binding was observed with normal mammary
epithelial 184A1 cells, as shown in Figure 2A. The ability
of 64Cu-radiolabeled peptides to bind MDA-MB-435 breast
carcinoma cells or 184A1 normal mammary epithelial cells
was also tested. The results shown in Figure 2B indicate
that the binding of 64Cu-NO2A-TFpep to MDA-MB-435
cells occurred in a time-dependent manner. Peptide binding
to MDA-MB-435 cells was observed to be high at 20 min,
beyond which time it reached a plateau. Cell binding of the
peptide was not observed with 184A1 cells. The scrambled
peptide exhibited low binding to both cell lines.
In vitro competitive binding studies with 64Cu-NO2A-

TFpep in the presence of its respective nonradioactive
counterpart (copper-NO2A-TFpep) were performed using
cultured human MDA-MB-435 breast carcinoma cells.
The radiolabeled peptide demonstrated nanomolar affinity
to MDA-MB-435 cells with an apparent IC50 value of 70 6
8.0 nM (Table 1). In a separate study, 64Cu-NO2A-TFpep
was incubated in mouse serum for 1, 2, and 24 h in vitro at
37�C. RP-HPLC analysis shown in Figure 3 indicates that
the radiolabeled peptide was stable in serum up to 24 h and
demonstrated no observable decomposition. We also ana-
lyzed the metabolic stability of 64Cu-NO2A-TFpep in urine
at 1 and 2 h, respectively. At both time points, analysis of

urine by RP-HPLC did not reveal any additional metabo-
lites other than the parent peptide (data not shown).

Pharmacokinetics of 64Cu-NO2A-TFpep in
MDA-MB-435 Xenografted SCID Mice

In vivo pharmacokinetic studies were conducted to assess
the tumor and normal tissue uptake of the radiolabeled
peptide. Results obtained with 64Cu-NO2A-TFpep in mice
bearing MDA-MB-435 breast tumors are summarized in
Tables 2 and 3. As shown, most of the radiolabeled peptide
cleared through the renal system, with 90.16 0.64 %ID and
94.2 6 1.15 %ID in the urine at 2 and 24 h after injection,
respectively. Although overall clearance of the radiolabeled
peptide proceeded primarily through the renal–urinary sys-
tem, approximately 1.65 6 0.08 %ID and 1.57 6 0.3 %ID
was excreted through the hepatobiliary system at 2 h and
24 h, respectively. Disappearance of the peptide in blood was
rapid from 0.5 h (1.526 0.18 %ID/g) up to 2 h (0.156 0.02
%ID/g), beyond which no significant changes until 24 h
(0.1 6 0.02 %ID/g) were noticed, suggesting a short resi-
dence time for the radiolabeled peptide in the blood.

Tumor uptake of 64Cu-NO2A-TFpep was comparable at
0.5 h (1.10 6 0.20 %ID/g), 1 h (0.90 6 0.12 %ID/g), and
2 h (0.846 0.06 %ID/g). However, at 4 h and beyond, there
was a decline in the tumor retention of the radiolabeled
peptide. Tumor blocking studies were performed with 200
mg of copper-NO2A-TFpep 5 min before the injection of
its radiolabeled counterpart in MDA-MB-435 xenografted

FIGURE 1. Chemical structures of NO2A-TFpep (A) and NO2A-TFscr (B).

TABLE 1
Characterization of 64Cu-Labeled Peptides

Peptide RP-HPLC (tr-min) Labeling yield (%) Radiochemical purity Receptor affinity (IC50) (nM)

64Cu-NO2A-TFpep 13.5 58 $98 70 6 8.0
64Cu-NO2A-TFscr 13.8 52 $97 —

IC50 was determined using copper-NO2A-TFpep as competitor.
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mice (n5 3). Another set of mice (n5 3) was injected with
64Cu-NO2A-TFpep only, serving as a positive control. The
results demonstrated that specific tumor uptake of radiolabeled
peptide was blocked by 55% (Tables 2 and 3). At 2 h, the

tumor-to-blood (5.60) and tumor-to-muscle ratios (28.0) were
higher than the tumor-to-liver ratio (0.64), suggesting that the
clearance of radioconjugate from nontarget tissues such as
muscle and blood was faster than from liver (Table 3). Excess
cold peptide injection did not affect kidney retention.

Kidney retention of the radiolabeled conjugate was found
to be high at 0.5 h, followed by a gradual decrease up to 4 h
and a significant reduction at 24 h. Compared with initial
peptide uptake at 0.5 h, the reduction in kidney uptake was
1.6-fold (2 h), 2.5-fold (4 h), and 11.4-fold (24 h),
respectively. To reduce the kidney retention of the radio-
labeled peptides, albumin fragments were used as blocking
agents (21). Figure 4 shows the renal uptake of the radio-
labeled peptides with and without albumin fragments. The
retention of the radiolabeled peptide in the kidney was
blocked in the presence of albumin fragments by 49%
(n 5 3, P 5 0.042).

Small-Animal PET/CT Studies

Small-animal PET/CT experiments were performed in
SCID mice bearing MDA-MB-435 tumors. Mice were
injected intravenously with 15.0 MBq of 64Cu-NO2A-
TFpep or 64Cu-NO2A-TFscr, and live images were ac-
quired at 1 h after injection (Fig. 5). In the animal injected
with 64Cu-NO2A-TFpep (Fig. 5A), tumors could be easily
visualized in the fused small-animal PET/CT whole-body
image. Uptake of peptide was also observed in the abdo-
men, probably because of retention of radioactivity in the
gastrointestinal tract and liver, as well as in the kidneys.
With 64Cu-NO2A-TFscr, however, no tumor uptake was
observed (Fig. 5B), whereas uptake in organs was similar
to that of 64Cu-NO2A-TFpep, with abdominal uptake being
slightly higher. Prominent nontarget uptake of the radiola-

FIGURE 2. (A) Fluorescence cell-binding analysis. TF antigen–

expressing human MDA-MB-435 breast carcinoma cells and
184A1 normal mammary epithelial cells were grown in chamber

slides, and after fixing, slides were incubated for 5 h with 2 mM

biotin-TFpep at room temperature. Cell-bound peptide was

detected using neutravidin-AlexaFlour 488 (10 mg/mL). 49-6-diami-
dino-2-phenylindole was used for nuclear staining. Slides were ana-

lyzed using Bio-Rad MRC confocal microscope: nuclear staining

with 49-6-diamidino-2-phenylindole (left), fluorescent staining with
neutravidin-AlexaFlour 488 (middle), and merged image (right). (B)

MDA-MB-435 or 184A1 cells (2 · 105 cells per tube) were sus-

pended in cell-binding medium and incubated at 37�C for different

times (10–60 min) with 1 · 105 cpm of 64Cu-NO2A-TFpep or 64Cu-
NO2A-TFscr, respectively. After incubation, medium was removed

and cells were washed and centrifuged. Cell-bound radioactivity

was quantified using Wallac g-counter. Data are presented as mean 6
SD, with each point being performed in triplicate.

RGB

FIGURE 3. Serum stability studies of 64Cu-NO2A-TFpep. In vitro
serum stability of 64Cu-NO2A-TFpep was tested by incubating 37.0

MBq of peptide in 0.3 mL of mouse serum at 37�C for 1, 2, and 24 h,

respectively. After incubation, samples were filtered (0.22-mM filter).
After precipitation of serum proteins, cleared supernatant (4.9 MBq)

was analyzed by RP-HPLC with 0%–95% gradient acetonitrile.

FIGURE 4. Renal radioactivity retention of 64Cu-NO2A-TFpep with

albumin fragments. Albumin fragments obtained by tryptic digestion

(200 mg) were preinjected in mice 5 min before injection of radio-
labeled peptide (0.185 MBq). In vivo kidney uptake of radiolabeled

peptide in mice administered with or without albumin fragments was

measured in g-counter. Renal retention of 64Cu-NO2A-TFpep was

49% (n 5 3, P 5 0.042) in presence of albumin fragments. Alb 5
albumin.
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beled peptides in the kidneys suggests that these tracers are
mainly excreted through this organ.

DISCUSSION

In the present study, we examined if a phage display–
derived TF antigen–binding peptide could target and PET
image TF antigen–expressing breast tumors in vivo. Previ-
ously we reported that human breast (MDA-MB-435) car-

cinoma cell lines express TF antigen on their surfaces and
demonstrated the participation of TF antigen in MDA-MB-
435 carcinoma cell adhesion to the endothelium (4). For
PET agent development, we conjugated the TFpep to the
polydentate macrocyclic ligand NOTA. The NOTA-derivat-
ized conjugate NO2A-TFpep, when radiolabeled with 64Cu,
exhibited specific binding to MDA-MB-435 human breast
carcinoma cells. The tumor-targeting and imaging abilities
of this peptide in vivo were demonstrated by pharmacoki-
netic studies and small-animal PET experiments. The only
other PET study of TF antigen was using 124I-iodine-
labeled JAA-F11, an IgG3 monoclonal antibody (22). Al-
though radiolabeled IgG3-JAA-F11 binding to the tumor
was visualized in PET, its blood half-life was long (2.4 d),
and imaging was successful only after 48 h, apparently
because of high levels of antibody in the blood (22).

We chose to use the chelator NOTA because recent
studies have shown its kinetic inertness when radiolabeled
with divalent metals in vivo (23), compared with tetramine
macrocyclic chelators such as DOTA or 1,4,8,11-tetraaza-
cyclotetradecane-1,4,8,11-tetraacetic acid (TETA) (23).
The NOTA derivative, NO2A, was shown to bind well to
64Cu while conjugated to a functional biomolecule (23).

TABLE 2
Biodistribution of 64Cu-NO2A-TFpep Using MDA-MB-435 Tumor–Bearing SCID Mice

Time

Tissue 0.5 h 1 h 2 h 2-h block 4 h 24 h

Tumor 1.10 6 0.20 0.90 6 0.12 0.84 6 0.06 0.38 6 0.09* 0.28 6 0.04 0.19 6 0.02

Blood 1.52 6 0.18 0.33 6 0.10 0.15 6 0.02 0.11 6 0.02 0.12 6 0.03 0.10 6 0.02
Brain 0.05 6 0.01 0.02 6 0.00 0.01 6 0.00 0.02 6 0.00 0.02 6 0.00 0.04 6 0.00

Heart 0.40 6 0.05 0.16 6 0.06 0.04 6 0.01 0.13 6 0.02 0.04 6 0.02 0.07 6 0.02

Lung 2.17 6 0.23 0.58 6 0.04 0.43 6 0.04 0.37 6 0.04 0.30 6 0.08 0.27 6 0.08
Liver 1.87 6 0.32 1.52 6 0.12 1.31 6 0.20 1.30 6 0.20 1.28 6 0.08 1.26 6 0.20

Spleen 0.62 6 0.11 0.27 6 0.04 0.32 6 0.09 0.29 6 0.02 0.27 6 0.03 0.30 6 0.10

Stomach 0.47 6 0.21 0.23 6 0.05 0.30 6 0.05 0.29 6 0.05 0.29 6 0.06 0.19 6 0.07

Kidneys 23.18 6 4.41 15.38 6 1.73 14.15 6 2.30 13.8 6 1.08 9.37 6 0.87 2.04 6 0.64
Muscle 0.30 6 0.12 0.08 6 0.01 0.03 6 0.01 0.03 6 0.00 0.05 6 0.03 0.04 6 0.02

Pancreas 0.51 6 0.13 0.17 6 0.07 0.16 6 0.07 0.12 6 0.03 0.14 6 0.08 0.10 6 0.05

Bone 0.22 6 0.08 0.17 6 0.03 0.09 6 0.04 0.09 6 0.05 0.02 6 0.01 0.03 6 0.00

Intestines 1.28 6 0.37 0.95 6 0.07 1.40 6 0.34 1.30 6 0.60 1.31 6 0.35 1.29 6 0.47
Urine 73.7 6 8.92 86.9 6 2.70 90.1 6 0.64 90.9 6 1.06 90.4 6 0.47 94.2 6 1.15

*P 5 0.002, significant, compared with 64Cu-NO2A-TFpep uptake in absence and presence of its nonradioactive copper-labeled

counterpart at 2 h after injection.

Data presented are %ID/g 6 SD, except for intestines and urine, which are %ID 6 SD (n 5 4).

TABLE 3
Uptake Ratio of Tumor to Normal Tissue

Time

Uptake of. . . 0.5 h 1 h 2 h 2-h block 4 h 24 h

Tumor to blood 0.72 2.72 5.60 — 2.30 1.90

Tumor to muscle 3.66 11.25 28.00 5.60 4.75

Tumor to liver 0.59 0.80 0.64 0.20 0.15

FIGURE 5. Small-animal imaging studies with MDA-MB-435

tumor–bearing SCID mice. 64Cu-NO2A-TFpep or 64Cu-NO2A-TFscr
(15.0 MBq) was injected into tail vein of SCID mice bearing MDA-

MB-435 tumor xenografts. Live imaging was acquired at 1 h after

injection, under isoflurane anesthesia in Siemens PET scanner. To

validate regions of increased radiolabeled peptide uptake, PET
images were fused with conventional micro-CT images. Figures

depict left lateral fused PET/CT images with 64Cu-NO2A-TFpep

(A) and 64Cu-NO2A-TFscr (B). I 5 intestine; K 5 kidney; T 5 tumor.
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The 64Cu-NO2A-TFpep bound to TF antigen–expressing
human MDA-MB-435 breast carcinoma cells in a sequence-
specific manner whereas it did not bind normal mammary
epithelial cells 184A1. 64Cu-NO2A-TFscr did not bind to
either MDA-MB-435 or 184A1 cells, suggesting that altering
the peptide sequence hampered peptide binding to TF
antigen–expressing cells. Competition studies in vitro with
a nonradiolabeled counterpart demonstrated specificity of the
radiolabeled peptide for MDA-MB-435 cultured breast car-
cinoma cells (IC50, 70 6 8.0 nM).
In vivo pharmacokinetic studies demonstrated tumor

uptake of 64Cu-NO2A-TFpep. The in vivo tumor blocking
studies revealed a partial block in the uptake of 64Cu-
NO2A-TFpep in the presence of copper-NO2A-TFpep.
Such partial tumor block might be attributed to the rapid
disappearance of the competing peptide in circulation, thus
reducing its residence time, or rapid uptake in nontarget
tissues including the kidney. With the exception of the liver
and kidneys, the disappearance of radiotracer from blood
and other nontarget tissues indicated clearance of the pep-
tide complex from these tissues. However, from 1 to 24 h,
the tumor-to-liver ratio was relatively lower than tumor-to-
blood or tumor-to-muscle ratios, suggesting some 64Cu
retention in the liver. Previous studies have speculated that
the NOTA chelating ability of 68Ga is higher than that of
64Cu because of liver retention with NOTA-RGD-bombesin
peptides labeled with these radiometals (23). On the basis
of the tumor-to-liver ratio values obtained in our studies,
we speculate that some 64Cu dissociation could have oc-
curred in the liver. An earlier study reported accumula-
tion of 64Cu-NOTA-8-AOC-bombesin(7-14)NH2 in liver
that was lower than 64Cu-DOTA-AOC-bombesin(7-14)
NH2 retention in the liver (24). Also, Bass et al. observed
dissociation of the 64Cu radionuclide from DOTA or TETA
chelators in vivo and retention of radioactivity in the liver
(25).
Kidney retention of the radiolabeled peptide was high

until 2 h. Radiometal-chelated amino acids can be trapped
in the renal tubular cell lysosomes, which may result in
significant radiation dose to the kidneys (26). Vegt et al.
demonstrated that albumin fragments reduced renal uptake
of 111In-labeled octreotide, exendin, and minigastrin by
30%, 52%, and 93%, respectively (21,27). We observed a
partial block (50%) in retention of 64Cu-NO2A-TFpep in
the kidneys using similar albumin blocking studies, sug-
gesting that there are multiple mechanisms in tubular
absorption of radiolabeled peptides (28). Thus, it is likely
that a multitargeted approach may be necessary to reduce
kidney retention of 64Cu-NO2A-TFpep.
The small-animal PET/CT images obtained at 1 h after

injection in MDA-MB-435 human breast tumor–bearing
live mice agreed well with the biodistribution profile.
Tumor uptake of 64Cu-NO2A-TFpep could be easily visual-
ized in PET, confirming the uptake in the biodistribution
studies. Parallel studies with the scrambled peptide 64Cu-
NO2A-TFscr revealed no uptake in the tumor tissue. Thus,

alteration in the peptide sequence abolished tumor binding
and demonstrated specificity of 64Cu-NO2A-TFpep. Tumor
uptake with 64Cu-NO2A-TFpep was clearly visible along
with abdominal uptake at 1 h after injection. Radioactivity
in the intestines could be due to the lipophilicity of the
radiolabeled peptide and hepatobiliary clearance of 64Cu-
NO2A-TFpep. Alternatively, 64Cu that transchelated from
NOTA to serum proteins could have cleared slowly through
the liver and gastrointestinal tract. The kidney retention of
64Cu-NO2A-TFpep was also clearly visible on PET images.
Improvement in the tumor uptake and pharmacokinetics of
64Cu-labeled cyclic RGD peptides using Gly-Gly-Gly
(GGG) and polyethyleneglycol 4 (PEG4) linkers has been
reported (29). Other studies indicated that prostate tumor
uptake of 64Cu-labeled DOTA-bombesin peptide with a
GGG-linker was higher than that with a GSG-linker,
although kidney uptake was higher (30). Future work will
focus on evaluating and optimizing the pharmacokinetic
profile of 64Cu-NO2A-TFpep using more than 1 linker
group based on hydrocarbons, PEG, or amino acids.

CONCLUSION

The TF antigen–specific peptide 64Cu-NO2A-TFpep was
evaluated for its pharmacokinetics and PET properties in
MDA-MB-435 human tumor–bearing mice. Biodistribution
studies and PET demonstrated good tumor uptake with
this radioconjugate, although improvement is needed to
decrease in vivo kidney retention. Overall, 64Cu-NO2A-
TFpep could function as an effective imaging probe for
TF antigen–expressing breast and other carcinomas.
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