
Abstract. Background: Gastrin-releasing peptide (GRP)
receptors are overexpressed on a variety of human
carcinomas, including those of the breast. These receptors
may be targeted with bombesin (BBN), which binds to GRP
receptors with high affinity and specificity. The aim of this
study was to develop a 99mTc(I)-BBN analog with favorable
pharmacokinetic properties in order to improve the
visualization of breast cancer tissue. Materials and Methods:
Solid-phase peptide synthesis was used to produce a series
of X-Y-BBN-NH2 conjugates, where X is pyrazolyl (PZ1) or
2,3-diaminopropionic acid (DPR) and Y is a spacer
sequence. Their metallated counterparts were prepared by
reacting [99mTc-(H2O)3(CO)3]+ with the corresponding
ligand. Results: While the PZ1 conjugates exhibited higher
GRP receptor binding affinities in vitro, the DPR analogs
demonstrated superior target tissue accumulation and
pharmacokinetic properties in vivo. Conclusion: These
results demonstrate the ability of the DPR derivatives
(Y=glycylserylglycine, triserine) to clearly identify the T47-
D tumor tissue in xenografted SCID mice.

Among women in the United States, breast cancer is the
most common form of cancer and the second leading cause
of cancer death (1). For the average woman, this translates
into a 1 in 8 lifetime chance of developing invasive breast

cancer, and a 1 in 33 chance of breast cancer causing her
death (1). This trend is expected to continue into 2009, with
the diagnosis of an estimated 256,560 new cases (194,280
invasive, 62,280 in situ) and 40,610 deaths (1). While
mammography is an effective tool for the early diagnosis of
primary breast cancer in many patients, it has considerable
limitations when imaging women with breast implants, post-
surgical recurrence, or dense breast tissue (1, 2). As a result,
there is considerable interest in the development of novel
modalities that may be employed to image primary breast
carcinoma (2-10). Among these, nuclear imaging is ideally
suited for this task as it targets various physiological features
that are characteristic of human cancer cells, including
receptor overexpression, increased metabolic rate, and
angiogenesis.

Current research in the field of nuclear imaging has
focused on the development of radiolabeled peptides that
selectively target receptors uniquely overexpressed on human
cancer cells (11, 12). For breast carcinomas, a number of
potential receptor targets have been investigated including
somatostatin receptors (SST2A), neuropeptide Y receptors
(NPYY1), and gastrin-releasing peptide (GRP) receptors (13-
15). The SST2A receptor was the focus of many early studies
as it is expressed in 50-70% of in vitro breast cancer
specimens and may be targeted using the commercially
available radiotracer Octreoscan® (14). However, in vivo the
SST2A receptor is present at a low density (<2,000 dpm/mg
tissue) and is heterogeneously distributed among breast
cancer cells (14). This results in an insufficient signal for
imaging purposes and precludes the use of somatostatin as a
receptor target for routine breast cancer diagnosis. In order to
avoid these problems, current research has focused on
receptor targets that are present at a high density (>2,000
dpm/mg tissue) on the majority of breast carcinomas (14-16).
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For example, in a study conducted by Gugger et al., 69%
(53/77) of the breast cancer specimens analyzed expressed
the NPY(Y1) receptor (14). This expression was determined
to be high in 58% (45/77) of the samples, with a mean
receptor density of 9,135±579 dpm/mg tissue (14). In the
same study, the GRP receptor was determined to be present
in 71% (55/77) of the samples tested, and in 65% of these
cases, GRP receptor expression was categorized as high
(mean receptor density 9,819±530 dpm/mg tissue) (14). In
addition, the lymph node metastases from patients with GRP
receptor-positive primary breast carcinomas demonstrate a
similar receptor expression profile, indicating that a GRP
receptor-targeting radiopharmaceutical may potentially be
used to image both the primary tumor and any metastatic
sites (14). Indeed, both Scopinaro et al. and Van de Wiele et
al. have obtained such images in breast cancer patients using
technetium-99m (99mTc)-labeled GRP receptor-targeted
radiotracers (9, 10). Thus, the GRP receptor should be
considered a potential target for the development of
radiopharmaceuticals designed to image breast carcinoma.

Effective targeting of the GRP receptor may be
accomplished using bombesin (BBN), a tetradecapeptide,
initially isolated from the skin of a tree frog, that binds the
GRP receptor with high affinity and specificity (17-20). BBN
analogs have been radiolabeled with various radioactive metals
for imaging of GRP receptor-positive tumors in both rodents
and humans (2, 9, 10, 18). Among these metals, 99mTc is
frequently selected when designing radiotracers for single
photon-emission computed tomography (SPECT) imaging due
to its ideal decay characteristics (~89% IT, 140.5 keV γ,
t1/2=6.01 hours), onsite availability (99Mo/99mTc generator),
and diverse labeling chemistry (2, 12, 21). Current research
has focused on the development of organometallic,
tricarbonyl-based technetium radiopharmaceuticals due to the
kinetic inertness conferred to Tc(I) by the presence of low spin
d6 electrons, as well as the ease with which these compounds
may be synthesized using the Isolink® radiolabeling kit (21-
23). The aqua ion complex, [99mTc-(H2O)3(CO)3]+ that is
produced may be effectively stabilized in vivo by either bi- or
tridentate ligand frameworks that are composed of primary,
secondary, or aromatic amines (21, 23, 24).

In this study, we report on the synthesis, characterization,
and 99mTc radiometallation of a series of pyrazolyl (PZ1)-Y-
BBN(7-14)NH2 and 2,3-diaminopropionic acid (DPR)-Y-
BBN(7-14)NH2-based targeting vectors with high affinity
and specificity for the mammalian GRP receptor. These
conjugates underwent in vitro competitive displacement and
internalization-externalization analysis in both T47-D and
MDA-MB-231 human breast cancer cell lines prior to in vivo
evaluation in CF-1 and T47-D tumor bearing SCID mice.
Results from these experiments were used to select the most
promising analogs for molecular imaging studies in T47-D
tumor-bearing SCID mice.

Materials and Methods

Solvents were purchased from Fisher Scientific (Pittsburg, PA,
USA) and used without further purification. Fmoc-amino acids,
coupling reagents, and resin were purchased from Calbiochem-
Novabiochem Corp. (San Diego, CA, USA). All other reagents were
purchased from Fisher Scientific, Sigma-Aldrich Chemical
Company (St. Louis, MO, USA), or ACROS Organics (Geel,
Belgium) and used without further purification. 125I-Tyr4-BBN was
purchased from Perkin Elmer (Waltham, MA, USA). 99mTcO4 was
obtained as a sterile 0.9% aqueous NaCl eluant from a 99Mo/99mTc
generator (Bristol-Meyers Squibb, New York, NY, USA).

Reverse-phase high-performance liquid chromatographic (RP-
HPLC) purification and analyses of all conjugates and their
metallated complexes were performed on an SCL-10A HPLC
system (Shimadzu, Kyoto, Japan) using a binary gradient system
(solvent A=99.9% deionized (DI) water, 0.1% trifluoroacetic acid
(TFA); solvent B=99.9% acetonitrile (ACN), 0.1% TFA). This
system was equipped with an in-line SPD-10A UV-visible
absorption detector (Shimadzu; λ=280 nm), an in-line ORTEC NaI
solid crystal scintillation detector (EG & G, Salem, MA, USA), an
Eppendorf CH-30 column heater (34˚C; Hamburg, Germany), and
a reversed-phase column (Phenomenex, Belmont, CA, USA).
EZStart software (7.3; Shimadzu) was used for data acquisition of
both signals. 

Conjugate synthesis and purification. Rink amide resin (53.2 mg)
and Fmoc-protected amino acids and spacer groups were used for
solid phase peptide synthesis of the non-metallated BBN conjugates.
The sequential addition of amino acids was accomplished by reacting
O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-
phosphate (HBTU) activated carboxyl groups on the reactant with
the N-terminal amino group on the growing peptide, anchored via
the C-terminus to the resin. The peptide sequence was selected to
produce analogs with the following general structure: X-Y-Q-W-A-V-
G-H-L-M-NH2, where X indicates PZ1 or DPR, and Y indicates the
spacer group β-alanine (βAla), triglycine (GGG), glycylserylglycine
(GSG), Peg5, Peg8, serylglycylserine (SGS), or triserine (SSS). The
peptide products were cleaved by a standard procedure employing a
cocktail of thioanisol, water, ethanedithiol, and TFA (2:1:1:36)
followed by precipitation into methyl-t-butyl ether. The crude
peptides were purified by RP-HPLC using a semi-preparative C-18
reversed phase column (250×10 mm, 10 μm). The mobile phase
solvent composition was shifted from 95%A:5%B to 1%A:99%B
over a 25-minute gradient at a flow rate of 5.0 ml/min to achieve
separation. Solvents were removed using a CentriVap system
(Labconco, Kansas City, MO, USA). Electrospray ionization mass
spectrometry (ESI-MS) (SynPep; Dublin, CA, USA, or University
of Missouri-Columbia Proteomics Center, Columbia, MO, USA) was
employed to characterize all X-Y-BBN(7-14)NH2 conjugates.

99mTc-radiolabeling. The 99mTc-(CO)3-X-Y-BBN(7-14)NH2 analogs
were prepared in high radiochemical yield (~95%) via the addition
of [99mTc-(H2O)3(CO)3]+ (Isolink® kit; Tyco Healthcare, St. Louis,
MO, USA) to a vial containing 100 μg of conjugate dissolved in
100 μl of water. The yield of radiolabeled conjugate was maximized
by adjusting the pH to 7 using 0.1 M HCl prior to heating at 80˚C
for 1 hour. After incubation, the metallated complexes were purified
by RP-HPLC and the peaks collected into either 100 μl of DI H2O
containing 100 μg of bovine serum albumin solution (BSA, in vitro

ANTICANCER RESEARCH 30: 19-30 (2010)

20



analysis) or 100 μl of isotonic saline (in vivo analysis). Residual
ACN was evaporated from the solution using a stream of nitrogen.

In vitro analysis. Purified radioconjugate (100 μl) was added to
either 900 μl of 10–3 M histidine solution in phosphate-buffered
saline (PBS, pH=7.4) or 300 μl human serum albumin (HSA). The
samples were incubated at room temperature (histidine challenge)
or at 37˚C (5% CO2, HSA challenge) until RP-HPLC analysis at 1,
3, and 5 hours. This analysis was performed using an analytical C-
18 reversed phase column (250×4.6 mm, 4 μm). The mobile phase
solvent composition was shifted from 95%A:5%B to 10%A:90%B
over a 28-minute gradient at a flow rate of 1.5 ml/min.

The binding affinity of each analog was assessed using a
competitive radioligand binding assay (n=3) (25). Approximately
3×106 MBA-MD-231 or 3×105 T47-D human breast cancer cells
(ATCC, Manassas, VA, USA) suspended in 300 μl RPMI-1640
media containing 4.8 mg/ml HEPES, 0.1 μg/ml bacitracin, and 2
mg/ml BSA (pH=7.4) were incubated at 37˚C (5% CO2) for 40
minutes in the presence of 20,000 cpm of 125I-Tyr4-BBN and
increasing concentrations of non-metallated conjugate. After
incubation, the reaction medium was aspirated and the cells were
washed with media (4×). Cell-associated radioactivity was
determined by counting in a Packard Riastar gamma counting
system. The percentage of 125I-Tyr4-BBN(7-14)NH2 bound to the
cells was plotted versus the concentration of each conjugate to
determine the various 50% inhibitory concentration (IC50) values.

In vitro studies were performed to evaluate the extent of
internalization and subsequent residualization of 99mTc as a function
of time (n=3) (26). Approximately 3×106 MDA-MB-231 or 3×105

T47-D human breast cancer cells suspended in 300 μl RPMI-1640
media containing 4.8 mg/ml HEPES, 0.1 μg/ml bacitracin, and 2
mg/ml BSA (pH=7.4) were incubated in the presence of 20,000 cpm
metallated conjugate at 37˚C (5% CO2) until sampling. For
internalization analysis, sampling was performed at 15, 30, 45, 60,
90, and 120 minutes. For externalization analysis, analogs
underwent a 40-minute incubation period to allow for conjugate
internalization. After this initial incubation period, the reaction
medium was aspirated and the cells were washed with warm media.
The cells were resuspended in media and placed in the incubator
until sampling at 15, 30, 45, 60, and 90 minutes. At the time of
sampling, the reaction medium was aspirated and the cells were
washed with media (4×). Surface-bound radioactivity was removed
by washing the cells with cold (4˚C) 0.2 N acetic acid/0.5 M NaCl
(pH=2.5). The percentage of internalized cell-associated
radioactivity as a function of time was determined by counting in a
Packard Riastar gamma counting system.

In vivo biodistribution. Biodistribution studies were performed in both
CF-1 mice and severe combined immunodeficient (SCID) mice
bearing T47-D tumor xenografts (n=5). Four- to five-week-old female
CF-1 and ICR SCID outbred mice were obtained from Taconic
(Germantown, NY, USA). The mice were housed in sterile micro-
isolator cages (5 animals/cage) in a temperature- and humidity-
controlled room with a 12-hour light/12-hour dark schedule. The
animals were fed autoclaved rodent chow (Rawlston Purina Company,
St. Louis, MO, USA) and water ad libitum. SCID mice were housed
one week prior to estradiol implants and transplantation of tumor
cells. Animals were anesthetized for injections with isoflurane (Baxter
Healthcare Corporation, Deerfield, IL, USA) at a rate of 2.5% with
0.4 l oxygen through a non-rebreathing anesthesia vaporizer.

Mice receiving T47-D tumor xenografts were administered β-
estradiol supplementation (1.7 mg/pellet) (Innovative Research of
America, Sarasota, FL, USA) by making a small incision, and
implanting a 3 mm pellet subcutaneously between the shoulder
blades. The incision was closed with Vetbond tissue adhesive (3M
Animal Care Products, St. Paul, MN, USA). Approximately 5×106

T47-D human breast ductal carcinoma cells suspended in a 100 μl
solution of normal sterile saline and Matrigel (1:1) (BD Biosciences,
San Jose, CA, USA) were injected on the bilateral subcutaneous
flanks and allowed to proliferate in vivo for nine weeks post-
inoculation (p.i.). At the end of this period, tumors had developed
that ranged in weight from 0.01 to 0.41 g.

Mice were injected with either 5 μCi (1 and 4 hours) or 10 μCi (24
hours) of 99mTc-(CO)3-X-Y-BBN(7-14)NH2 conjugate in 50 μl of
isotonic saline via the tail vein. At 1, 4, and 24 hours p.i., mice were
euthanized and their tissues and organs were excised, weighed, and the
associated radioactivity counted in a Packard Riastar gamma counting
system. The percentage injected dose (%ID) and %ID/g of each organ
or tissue were calculated. The %ID in whole blood was estimated
assuming a whole-blood volume of 6.5% the total body weight.

In vivo imaging. Imaging studies for the 99mTc-(H2O)(CO)3-DPR-
GSG-BBN(7-14)NH2 and the 99mTc-(H2O)(CO)3-DPR-SSS-BBN(7-
14)NH2 analogs were performed in SCID mice bearing T47-D tumors.
Mice were injected with approximately 5 mCi conjugate in 200 μl of
isotonic saline via the tail vein. At 24 hours p.i., mice were euthanized
by CO2 administration and placed in a prone position on a custom-
built cradle mounted with image fusion markers to serve as reference
points for subsequent SPECT/CT/MRI image co-registration.

A Micro-CAT II SPECT/CT unit (Siemens Medical Solution
Incorporated, TN, USA) equipped with dual pixellated NaI
detectors, 2 mm pinhole collimators, a CCD x-ray detector, and an
80 kVp microfocus x-ray source (40 μm focal spot) was employed
for SPECT and CT image acquisition. Volumetric SPECT data were
generated with a 3-dimensional ordered-subsets expectation
maximization (OSEM) algorithm with geometric misalignment
corrections. SPECT image reconstruction used 12 iterations and 4
subsets. Concurrent microCT whole-body imaging was performed
to allow for fusion of anatomic and molecular data. Magnetic
resonance imaging (MRI) was performed using a 7 T/210 mm
Varian Unity Inova MRI system equipped with a quadrature driven
birdcage coil (38 mm I.D.) (Varian Incorporated, Palo Alto, CA,
USA) in order to correlate relative 99mTc(H2O)(CO)3-DPR-Y-
BBN[7-14]NH2 conjugate uptake with anatomical structures.
Coronal images were acquired using a fast-spin echo-multi-slice
(FSEMS) sequence. The Amira 3.1 software package (TGS,
Mercury Computer Systems, Germany) was employed for co-
registration, visualization, and analysis of the SPET/CT/MRI data.
All animal studies were conducted in accordance with the highest
standards of care as outlined in the NIH guide for Care and Use of
Laboratory Animals and the Policy and Procedures for Animal
Research at the Harry S. Truman Memorial Veterans’ Hospital.

Results

Synthesis and radiolabeling. A series of X-Y-BBN(7-14)NH2
conjugates, where X=PZ1 or DPR, and Y=βAla, GGG, GSG,
Peg5, Peg8, SGS, or SSS, were synthesized by solid-phase
peptide synthesis in yields of approximately 70% after RP-
HPLC purification. Reverse-phase chromatograms of these
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conjugates show a single species. ESI-MS analyses were
consistent with the molecular weights calculated for each
analog (Table I).

The fac-[99mTc-(H2O)3(CO)3]+ precursor was used to
prepare the metallated conjugates in high yield (~90%).
These analogs eluted two to three minutes later than their
corresponding nonmetallated counterparts, making it possible
to collect the 99mTc-(CO)3-X-Y-BBN(7-14)NH2 conjugates
as high specific activity products (Table II). These products
demonstrated in vitro stability in excess of 24 hours as
monitored by RP-HPLC, with no observable degradation or
transchelation to serum proteins. This stability was
maintained when challenged with incubation in either
histidine solution (1 mM) or HSA.

In vitro analysis. All analogs demonstrated high specificity
and affinity for the GRP receptor against 125I-Tyr4-BBN(7-
14)NH2 in competitive radioligand cell-binding assays. This
is evidenced by the fact that all derivatives exhibit IC50
values in the single-digit nanomolar range for both the T47-
D and MDA-MB-231 cell lines (Table I, Figures 1 and 2).

The rate of internalization of cell-associated radioactivity
was assessed in the T47-D and MDA-MB-231 cell lines
(Figures 3 and 4). The apex of internalization occurred
between 45 and 120 minutes, when uptake levels reached 69-
88% (PZ1=69-83%, DPR=80-88%) and 34-69% (PZ1=34-
50%, DPR=50-69%) of all cell-associated radioactivity in the
T47-D and MDA-MB-231 cell lines, respectively. This level
of internalization remained relatively constant for subsequent
time points, with no significant efflux of radiotracer observed
over a 90-minute period (PZ1=92-94% and 80-89%,
DPR=84-97% and 88-95% in the T47-D and MDA-MB-231
cell lines respectively).

In vivo biodistribution. All analogs were screened in CF-1
mice at 1 hour p.i. to provide an initial assessment of GRP
receptor-targeting capacity (Figure 5). The highest levels of

accumulation in GRP receptor-positive pancreatic tissue were
demonstrated by the DPR analogs (12.2-15.0±0.7-2.7%
ID/g). Excluding the 99mTc-(CO)3-PZ1-βAla-BBN(7-
14)NH2 conjugate, whose pancreatic uptake rivaled that of
the DPR compounds (8.5±2.2% ID/g), the PZ1 derivatives
demonstrated relatively poor uptake by the pancreas (0.8-
4.3±0.2-0.7% ID/g).

Based upon these results, 99mTc-(CO)3-PZ1-βAla-BBN(7-
14)NH2 and the 99mTc-(H2O)(CO)3-DPR-Y-BBN(7-14)NH2
series of conjugates were selected for further analysis at 1,
4, and 24 hours p.i. in CF-1 and tumor-bearing SCID mice
(Figures 6 and 7). The number of GRP receptor sites per cell
is significantly higher in the T47-D cell line (36,000) when
compared with the MDA-MB-231 cell line (2,276) (27, 28).
This served as the impetus for the selection of the T47-D line
for use in the evaluation of the in vivo biodistribution and
imaging capability of the various 99mTc-(CO)3-X-Y-BBN(7-
14)NH2 conjugates.

The accumulation and retention of radioactivity in target
pancreatic (CF-1=10.0-16.9±1.2-2.5 and 0.7-1.2±0.1% ID/g
at 1 and 24 hours p.i., respectively) and tumor (2.0-3.7±0.4-
1.8 and 0.5-1.5±0.1-1.7% ID/g at 1 and 24 hours p.i.) tissues
was highest among the DPR analogs containing amino acid
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Table II. Non-metallated and metallated X-Y-BBN[7-14]NH2 RP-HPLC
data.

X-Y-BBN Retention time (min)

Non-metallated Metallated

PZ1-βAla 13.45 17.26
PZ1-GGG 13.08 16.40
PZ1-Peg5 13.11 15.44
PZ1-Peg8 13.76 16.96
PZ1-SSS 11.72 14.14
DPR-βAla 10.68 13.16
DPR-GSG 10.73 12.73
DPR-SGS 11.46 12.31
DPR-SSS 11.08 12.77

Table III. 99mTc-(H2O)(CO)3-DPR-Y-BBN[7-14]NH2 tumor-to-background
ratios at 24 hours post-injection.

Organ GSG SGS SSS

Blood 4.4-8.3 1.7-2.4 2.9-3.5
Liver 2.2-4.2 0.7-1.0 1.7-2.1
Kidneys 1.0-1.8 0.5-0.7 0.8-0.9
S. and L. intestines 2.3-4.8 1.0-2.1 1.3-2.7
Muscle 3.2-6.0 1.2-1.7 2.5-3.0
Bone 1.3-2.4 1.0-1.3 1.1-1.3
Pancreas 0.8-1.5 0.4-0.6 0.7-0.9

Table I. X-Y-BBN[7-14]NH2 ESI-MS and IC50 data (*n=3).

X-Y-BBN ESI-MS (m/z) IC50 nmol (SD) IC50 nmol (SD) 
T47-D* MDA-MB-231*

Calculated Observed

PZ1-βAla 1261.54 1261.69 0.71 (1.86) 0.33 (1.89)
PZ1-GGG 1361.62 1361.71 6.12 (2.97) 2.01 (1.01)
PZ1-Peg5 1376.67 1376.75 1.99 (1.87) 0.65 (0.52)
PZ1-Peg8 1420.72 1420.70 3.15 (3.50) 0.78 (1.30)
PZ1-SSS 1451.69 1452.50 1.39 (0.62) 0.54 (2.16)
DPR-βAla 1097.29 1096.56 2.01 (1.11) 1.08 (1.72)
DPR-GSG 1227.40 1226.60 8.09 (1.25) 6.11 (1.51)
DPR-SGS 1257.42 1256.70 0.79 (2.10) 0.26 (1.57)
DPR-SSS 1287.45 1286.67 5.86 (0.83) 2.22 (1.19)



spacer sequences. The remaining tissues demonstrated low
levels of uptake due to the efficient clearance of these
radioconjugates from the bloodstream via the renal-urinary
system. The opposite trend was observed for the βAla
derivatives, which exhibited lower pancreatic (CF-1=8.1-

9.3±1.0-1.5 and 0.1-0.8±0.1% ID/g at 1 and 24 hours p.i.,
respectively) and tumor (1.1-2.8±0.5-1.2 and 0.4-0.8±0.3-
0.5% ID/g at 1 and 24 hours p.i., respectively) accretion, and
residualization, increased gastrointestinal uptake, and
hepatobiliary excretion. Despite the potential for in vivo
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Figure 1. PZ1-Y-BBN(7-14)NH2 IC50 analysis in (a) T47-D and (b) MDA-MB-231 cells (n=3).

Figure 2. DPR-Y-BBN(7-14)NH2 IC50 analysis in (a) T47-D and (b) MDA-MB-231 cells (n=3).



transligation associated with a bidentate ligand framework,
radioactivity in the blood pool remained relatively low,
indicating little or no complex formation with serum
proteins. Furthermore, the DPR derivatives demonstrated low
levels of radioactivity in the stomach at all time points,
indicating that there was minimal, if any, in vivo dissociation
of 99mTc to 99mTcO4.

The DPR derivatives containing the GSG and SSS amino
acid spacer sequences were selected for imaging studies at
24 hours p.i. in T47-D tumor-bearing SCID mice due to both
their moderate accumulation and retention in tumor tissue
and their rapid elimination from nontarget tissues via the
renal-urinary system. These characteristics produced
favorable tumor-to-background ratios which allowed for the
clear visualization of tumor tissue, despite the presence of

low levels of background radioactivity (Table III, Figure 8).
Although the location and intensity of this background
radioactivity fluctuated slightly among these conjugates, the
kidneys and the gastrointestinal tract were consistently the
predominant sources of this radioactivity at the time of
imaging (renal=1.0-1.8 and 0.8-0.9, gastrointestinal=2.3-4.8
and 1.3-2.7 for Y=GSG and SSS, respectively).

Discussion

Interest in developing radiopharmaceutical agents that target
the BBN receptor superfamily stems from the overexpression
of these receptors, the GRP receptor in particular, on a
number of different human cancer types (13, 18, 19). These
receptors may be targeted using BBN-based radiotracers,
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Figure 3. 99mTc-(CO)3-PZ1-Y-BBN(7-14)NH2 internalization and externalization in (a) T47-D and (b) MDA-MB-231 cells (n=3).



which have been proven to bind BBN receptors with high
affinity and specificity both in vitro and in vivo (18, 19, 29).
In fact, diagnostic and therapeutic radiopharmaceuticals
based upon BBN have been shown to hold promise for
molecular imaging and treatment of GRP receptor-positive
tumors of the breast, prostate, and lung (2, 9, 10, 30, 31). In
a series of studies, we synthesized a sequence of 99mTc-
(CO)3-X-Y-BBN(7-14)NH2 conjugates and analyzed the
influence of the bifunctional chelating agent (BFCA), X, and
the pharmacokinetic modifier, Y, on the binding affinity,
internalization, externalization, in vivo biodistribution, and
resulting scintigraphic image.

Both the PZ1 and DPR series of conjugates demonstrated
very high affinity and selectivity for the GRP receptor in
vitro. However, the affinity of the PZ1 derivatives was

frequently higher than that of the DPR conjugates. These
slight differences in binding affinity did not appear to affect
analog internalization in either cell line as the highest
internalization values were consistently exhibited by
derivatives containing either the βAla or SSS spacer sequence
regardless of the BFCA employed. With respect to conjugate
retention, it has been postulated that the incorporation of
aliphatic tethering moieties (βAla, Peg5, Peg8) will obstruct
lysosomal fragmentation and subsequent conjugation
externalization, thereby prolonging the residence time of a
derivative in target tissues. However, our in vitro results
indicate that this is not universally true. While the βAla linker
was associated with increased analog residualization, this
effect was more pronounced for the DPR conjugate than its
PZ1 counterpart. Furthermore, the incorporation of either the
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Figure 4. 99mTc-(H2O)(CO)3-DPR-Y-BBN(7-14)NH2 internalization and externalization in (a) T47-D and (b) MDA-MB-231 cells (n=3).



Peg5 or the Peg8 spacer sequences did not have any
significant effect on derivative retention. This suggests that
alternative factors such as conformation, size, hydrophilicity,
and/or enzymatic environment of an analog may play an
important role in its intracellular retention.

Contrary to the in vitro data, the 99mTc-(H2O)(CO)3-DPR-Y-
BBN(7-14)NH2 analogs where Y=GSG, SGS, or SSS
consistently demonstrated enhanced target tissue accumulation
and superior pharmacokinetic properties when compared to the
PZ1 conjugates. This may be attributed to the small size and

relatively hydrophilic nature of the DPR ligand and amino acid
linkers, which enhances both vascular permeability and renal-
urinary elimination. In contrast, the large size and hydrophobic
nature of the PZ1 BFCA and aliphatic spacer groups renders
these conjugates more susceptible to interaction with plasma
proteins as well as hepatobiliary excretion.

The production of tumor-to-background ratios adequate
for diagnostic imaging in humans requires radioactivity to be
both retained in target tissue and cleared from nontarget
tissues. As such, only the DPR conjugates containing amino
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Figure 5. (a) 99mTc-(CO)3-PZ1-Y-BBN(7-14)NH2 and (b) 99mTc-(H2O)(CO)3-DPR-Y-BBN(7-14)NH2 biodistribution screen (%ID/g, n=5) at 1 hour
post-injection in normal CF-1 mice. *%ID includes bladder, cage paper and urine. **Assumes 6.5% blood volume by weight.



Retzloff et al: Tc(I) Conjugates for Breast Cancer Diagnosis

27

Figure 6. 99mTc-(CO)3-X-Y-BBN(7-14)NH2 biodistribution data (%ID/g, n=5) at (a) 1, (b) 4, and (c) 24 hours post-injection in normal CF-1 mice.
*%ID includes bladder, cage paper and urine. **Assumes 6.5% blood volume by weight.
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Figure 7. 99mTc-(CO)3-X-Y-BBN(7-14)NH2 biodistribution data (%ID/g, n=5) at (a) 1, (b) 4, and (c) 24 hours post-injection in T47-D tumor-bearing
SCID mice. *%ID includes bladder, cage paper and urine. **Assumes 6.5% blood volume by weight.



acid spacer sequences were considered as potential
candidates for imaging studies in T47-D tumor-bearing SCID
mice. However, given that at a minimum these ratios should
be between 1 and 5, only two of the three candidates, the
GSG and SSS derivatives, were selected for further analysis
(Table III) (32). The third candidate, 99mTc-(H2O)(CO)3-
DPR-SGS-BBN(7-14)NH2, was excluded due to the fact that
it demonstrated suboptimal tumor-to-background ratios for a
number of organ systems at 24 hours p.i. including the heart,
liver, kidneys, large intestines, and bone, two of which (liver
and bone) are frequent sites of breast cancer metastasis.

The images obtained from the 99mTc-(H2O)(CO)3-DPR-
Y-BBN(7-14)NH2 conjugates where Y=GSG or SSS
reflected the tumor-to-background ratios calculated from
their in vivo biodistribution in T47-D tumor-bearing SCID
mice, with the 99mTc-(H2O)(CO)3-DPR-GSG-BBN(7-
14)NH2 analog exhibiting a slightly lower level of
background radioactivity in the gastrointestinal tract, liver,
and kidneys. However, despite these subtle differences in
biodistribution, the identification of tumor tissue was readily
achieved with both derivatives, supporting the hypothesis

that radiolabeled 99mTc(I)-BBN conjugates may be employed
to diagnose breast cancer.

BBN-based radiopharamceuticals (99mTc-RP527, 99mTc-
Cys-Aca-BBN(2-14)NH2) have been successfully employed
to image breast cancer in humans (10, 12). The technetium-
99m utilized to radiolabel these agents is in the +5 oxidation
state (10, 12). There are certain disadvantages associated with
the use of 99mTc(V) including the difficulty associated with
the production of high specific activity and well-defined
products, as well as the significant in vivo hydrophobicity
frequently demonstrated by these analogs which reduce their
clinical utility (25, 32). In the +1 oxidation state, technetium-
99m can be utilized to produce radiopharmaceuticals
demonstrating remarkable in vitro and in vivo stability against
serum-based proteins, as well as superior target tissue uptake
and retention when compared to 99mTc(V)-containing agents
(30). Therefore, 99mTc(I)-based agents could present
improved clinical efficacy with respect to breast cancer
detection and diagnosis (32). In support of this hypothesis,
the biodistribution profile of 99mTc-N3S-5Ava-BBN(7-
14)NH2 (99mTc-RP527) in a CF-1 mouse model reveals a
somewhat lower level of pancreatic uptake and a significantly
higher degree of intestinal accumulation when compared to
the 99mTc-(H2O)(CO)3-DPR-Y-BBN(7-14)NH2 conjugates
containing amino acid spacer sequences (pancreas=13.8±1.6
vs. 10.0-16.9±1.2-2.5% ID/g; intestines=22.9-25.0±7.9-11.8
vs. 1.6-7.0±0.2-1.7% ID/g at 1 hour p.i.) (33).

In summary, the data presented herein suggests that Tc(I)-
labeled targeting vectors may improve the diagnostic utility
of these agents as compared to Tc(V)-labeled conjugates.
Furthermore, ease of ligand synthesis, conjugation protocols,
and radiolabeling techniques satisfies nearly all of the
inherent requirements for production of site-directed
radiopharmaceuticals of this type.
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