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Purpose:  The  main  goal  of  the  present  study  was  to  investigate  the  importance  of  the addition  of  a posi-
tively  charged  aa  in the  naturally  occurring  Bombesin  (BN)  peptide  for its  utilization  as  radiodiagnostic
agent,  taking  into  consideration  the  biodistribution  profile,  the  pharmacokinetic  characteristics  and  the
tumor  targeting  ability.
Methods:  Two  BN-derivatives  of the  general  structure  [M-chelator]-(spacer)-BN(2–14)-NH2,  where  M:
99mTc or 185/187Re,  chelator:  Gly-Gly-Cys-,  spacer:  -(arginine)3-, M-BN-A;  spacer:  -(ornithine)3-,  M-BN-O;
have  been  prepared  and  evaluated  as tumor  imaging  agents.
Results:  The  peptides  under  study  presented  high  radiolabelling  efficiency  (>98%),  significant  stability  in
human  plasma  (>60%  intact  radiolabelled  peptide  after  1  h  incubation)  and  comparable  receptor  binding
affinity  with  the  standard  [125I-Tyr4]-BN.  Their  internalization  rates  in  the prostate  cancer  PC-3  cells
cintigraphy differed,  although  the  amount  of  internalized  peptide  was  the  same.  The  biodistribution  and  the dynamic
�-camera  imaging  studies  in normal  and  PC-3  tumor-bearing  SCID  mice  have  shown  significant  tumor
uptake,  combined  with  fast  blood  clearance,  through  the urinary  pathway.
Conclusion:  The  addition  of the  charged  aa spacer  in the  BN  structure  was advantageous  for  biodistribution,
pharmacokinetics  and  tumor  targeting  ability,  because  it reduced  the  upper  abdominal  radioactivity
levels  and  increased  tumor/normal  tissue  contrast  ratios.
. Introduction
Recently radiolabelled peptides have attracted considerable
nterest due to their wide applicability in the development of
arget-specific radiopharmaceuticals. They can easily be used as

Abbreviations: aa, amino acids; AUC, area under the curve of con-
entration versus time plot; AUMC, area under the fist moment curve;
N, bombesin; Boc, tert-butyloxycarbonyl; DCM, dichloromethane; DIC,
,N′-diisopropylcarbodiimide; DIEA, diisopropylethylamine; DMF, N,N′-
imethylformamide; Fmoc, 9-fluorenylmethoxycarbonyl; GRPrs, gastrin-releasing
eptide receptors; HOBt, 1-hydroxybenzotriazole; ID, injected dose; Pbf, 2,2,4,6,7 –
entamethyldihydrobenzofuran-5-sulfonyl; p.i, post injection; MEK, Methyl Ethyl
etone; MRT, mean residence time; ROI, region of interest; Rt, Retention time;
PPS, solid phase peptide synthesis; THF, tetrahydrofurane; Trf, triphenylmethyl;
FA, trifluoroacetic acid; T1/2, half life decay time of the radionuclide.
∗ Corresponding authors at: Laboratory of Pharmacokinetics, Department of Phar-
acy, University of Patras, 26504 Patras, Greece. Tel.: +30 2610 969816,

ax: +30 2610 996302.
E-mail addresses: xliolios@upatras.gr (C.C. Liolios), gsivolap@upatras.gr

G.B. Sivolapenko).
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carriers for the delivery of radionuclides to tumors, infarcts, and
infected tissues for diagnostic imaging, as well as for radiother-
apy. Thus, many regulatory peptides are often under investigation
to determine their potential application in the field of Nuclear
Medicine (Reubi, 2003; Okarvi, 2004; Lee et al., 2010). One
of the most promising peptides for scintigraphy of tumors
over-expressing gastrin-releasing peptide receptors (GRPrs) is
the tetradecapeptide bombesin (BN), (pGlu1-Gln2-Arg3-Leu4-Gly5-
Asn6-Gln7-Trp8-Ala9-Val10-Gly11-His12-Leu13-Met14-NH2), origi-
nally isolated from the skin of the Bombina frog (Anastasi
et al., 1971, 1972). The receptors for the bombesin-like peptides
are highly homologous seven-transmembrane, G-protein coupled
receptors (Spindel, 2003; Smith et al., 2005; Jensen et al., 2008)
known to get internalized after the receptor-agonist complex has
been formed.

Several BN peptides labelled with 99mTc have already been

evaluated for preclinical testing (Spindel, 2003) and clinical appli-
cation in cancer detection (Van de Wiele et al., 2000, 2001a,b,
2008; Scopinaro et al., 2003, 2004; De Vincentis et al., 2004;
Cantorias et al., 2007). 99mTc, which emits a single 140 keV gamma

dx.doi.org/10.1016/j.ijpharm.2012.02.049
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:xliolios@upatras.gr
mailto:gsivolap@upatras.gr
dx.doi.org/10.1016/j.ijpharm.2012.02.049
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ay (T1/2 = 6.02 h), is an ideal radioisotope for SPECT imaging,
ince it is readily available from 99Mo/99mTc generators, while its
elatively short half-life allows scanning procedures, which col-
ect data rapidly, but keep total patient radiation exposure low.
he radiochemical characteristics of 99mTc are especially suit-
ble for tumor-specific radiopharmaceuticals that have biological
alf-lives well-matching the time-course of tumor uptake and
he background clearance of the radiolabelled, tumor-targeting
iomolecules, e.g. BN-like peptides (Liu and Edwards, 1999; Seo
t al., 2005).

Various approaches have been followed, aiming to provide easy,
fficient and stable labelling of BN analogues with 99mTc. This
s mainly accomplished by the covalent attachment of a bifuc-
ional chelator, for the complexation of the [Tc(V) = O]3+ core (Wong
t al., 1997; Lin et al., 2004, 2005; Blok et al., 2004; Van de Wiele
t al., 2000, 2001a,b, 2008; Smith et al., 2003a,b, Trejtnar et al.,
000; Gourni et al., 2009; Fragogeorgi et al., 2009), or the tri-
arbonyl [Tc(I)(CO)3]+ core (La Bella et al., 2002a,b; Smith et al.,
003a,b; Alves et al., 2006; Veerendra et al., 2006) to the target-

ng biomolecule with or without the presence of an intermediate
inker/spacer chain.

Among the BN analogues studied, two basic structure types
an be recognised: the first includes analogues, in which only

 small portion of natural peptide sequence is retained, usually
N(7–14), with the addition of a chelator group and a spacer chain
Decristoforo and Mather, 2002; Rogers et al., 2003; Smith et al.,
003a,b; Giblin et al., 2005; Veerendra et al., 2006; Alves et al.,
006; Yang et al., 2006; Kunstler et al., 2007; Parry et al., 2007;
rasanphanich et al., 2007; Garayoa et al., 2007, 2008; Ananias
t al., 2008; Schweinsberg et al., 2008; Lane et al., 2008; Gourni
t al., 2009), while the second type includes analogues availing the
ull length of the BN peptide chain, with one or more amino acid
esidues of the N-terminal region being selectively replaced by a
helator group and/or a spacer chain (Baidoo et al., 1998; Breeman
t al., 1999a,b; Chen et al., 2004; Lin et al., 2004, 2005; Yang et al.,
006; Fragogeorgi et al., 2009).
In general, the spacer technology seems to be one of the most
romising proposals concerning the design of new BN analogues
Garayoa et al., 2008; Schweinsberg et al., 2008; Fragogeorgi et al.,

Fig. 1. Structure and amino acid sequences of M-BN
f Pharmaceutics 430 (2012) 1– 17

2009; Lane et al., 2010) as well as of other bioactive peptides tar-
geting G-protein coupled receptors (Kolenc-Peitl et al., 2011) that
may  be applied as radiodiagnostic/radiotherapeutic agents. The
role of this spacer chain would be to prevent a possible interac-
tion between the radiometal–chelator complex and the receptor
binding region of the biomolecule, which might possibly deterio-
rate its biological integrity. Additionally, the spacer chain can also
act as a pharmacokinetic modifier of the biomolecule. For the lat-
ter, various types of spacer chains containing charged (positively
or negatively) or neutral amino acids have been utilized (Garayoa
et al., 2008; Schweinsberg et al., 2008; Fragogeorgi et al., 2009)
in an effort to reduce radioactivity accumulation in the abdominal
region. High radioactivity accumulation in the abdominal region
may  significantly deteriorate the capacity of the labelled peptide
to effectively image or to treat tumors or metastatic lesions in
this area of the body, resulting in low tumor/normal organ ratios
(Decristoforo and Mather, 2002; Smith et al., 2005; Giblin et al.,
2005). Therefore for imaging of prostate cancer, hydrophilic BN
derivatives are preferred to lipophilic ones, since they show low
uptake in the hepatobiliary tract (Ananias et al., 2008).

In previous studies of our group, we  had obtained very promis-
ing in vivo tumor targeting utilizing the full-length, C-terminally
amidated BN(2–14) attached to a N3S-type tripeptide chelator (Gly-
Gly-Cys) via various spacer groups (Gourni et al., 2009; Fragogeorgi
et al., 2009). Having established the tumor binding efficiency of
the above full-length structure, we  had investigated an analogue
which contained the positively charged, non-natural aa spacer -
(ornithine)3- (M-BN-O, M: 99mTc or 185/187Re, Fig. 1) (Fragogeorgi
et al., 2009). This analogue showed superior tumor uptake and
faster clearance compared to similar analogues without a spacer
or with a neutral one (Gourni et al., 2009; Fragogeorgi et al., 2009).
In this study, we synthesized a full-length, C-terminally amidated
BN(2–14) analogue, attached to the tripeptide chelator (Gly-Gly-
Cys) via a positively charged but more polar, than the one used
in the previous study, natural aa spacer -(arginine)3- (positively
charged at pH < 12.5) (M-BN-A, M = 99mTc or 185/187Re, Fig. 1). The

aim is to investigate whether the presence of a positively charged
and highly polar tripeptidic spacer is the decisive factor for opti-
mally high body clearance, while retaining the tumor binding

-A and M-BN-O, where M = 99mTc or 185/187Re.
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apacity. It is anticipated that this modification may lead to higher
nd earlier tumor binding with favorable tumor/non tumor ratios,
hile additionally a faster kidney clearance would limit kidney

adioactivity exposure. The radiolabelling efficiency, the in vitro
lasma stability, the prostate cancer cell binding, internalization
nd efflux, as well as the in vivo biodistribution and prostate tumor
ptake in mice of M-BN-A were investigated and compared to the
nes of M-BN-O (where M = 99mTc or 185/187Re).

. Materials and methods

.1. Materials

The Fmoc-protected amino acids were purchased from
erck/Novabiochem (Hohenbrunn, Germany). The side-chain pro-

ection groups of the amino acids were: Cys (Trt), Arg (Pbf),
rn (Boc), Trp (Boc), His (Trt). The polystyrene rink amide resin
as purchased from Novabiochem. DMF, DCM, THF, TFA and
H3CN (analytical grade) were obtained from Merck (Hohenbrunn,
ermany) or Sigma–Aldrich (GmbH, Austria). All the other chem-

cals were obtained from Merck (Hohenbrunn, Germany). 99mTc,
btained in physiological saline as Na99mTcO4, was  eluted from

 commercial 99Mo/99mTc generator (Mallinckrodt Medical, Pet-
en, Netherlands). The human prostate adenocarcinoma cell line
C-3 was obtained from the American Type Culture Collection
ATCC). The product [125I-Tyr4]-BN was purchased from Perkin-
lmer (Life Science Products, Boston MA,  USA, Inc.; specific activity,
1.4 TBq/mmol, 10 �Ci). Biodistribution studies were performed
sing female normal Swiss and SCID (Severely Compromised

mmunoDeficient) mice (15–25 g) of the same colony and age, pur-
hased from the Breeding Facilities of NCSR “Demokritos”. Reagents
nd media for cell culture were purchased from PAA Laboratories
mbH (Austria) and all other chemicals from Merck (Hohenbrunn,
ermany).

.2. Instrumentation

Analytical Reverse Phase High Performance Liquid Chromatog-
aphy (RP-HPLC) was performed on a Waters HPLC System (pump
16, UV detector 996 PDA) using a Hibar Pre-Packed Column RT
50-4, LiChrospher 100 RP-18 (5 �m)  250 mm,  ID 4 mm,  (Merck).
emi-preparative RP-HPLC was performed on a Waters (Milford,
A,  USA) HPLC System (pump 600E, detector UV-484). A 10 Nucle-

sil 7 C18 column (250 mm × 12.7 mm ID, Macherey-Nagel, Dueren,
ermany) was used. The HPLC analyses of radiolabelled peptides
ere performed on a Waters UV detector 996 PDA, Radioactivity
etector �-RAM, INSUS Systems, Inc. Mass spectra were recorded
n an ESI Navigator Finnigan spectrometer. ESI-MS analysis was
erformed using the electrospray interface mass spectrometer
innigan AQA Thermoquest. Instant Thin Layer Chromatography
ITLC) was developed on ITLC-SG (Gelman Sciences), while the mea-
urements were performed with an electronic autoradiography
ystem (Instant Imager Packard-Canberra). Gamma  decay detec-
ion of 125I for the in vitro cell binding studies was performed in a �
ounter (Model LB2111, Berthold detection system, Bad Wildbad,
ermany). For internalization, efflux and in vivo studies a multi-
ample �-counter system Packard Minaxi 5500 was  used, equipped
ith a 3 in. NaI (Tl) crystal. Scintigraphic images were acquired by

 dedicated small animal imaging system, based on 2 Position Sen-
itive Photomultiplier Tubes (Hamamatsu H8500); a pixilated NaI
Tl) scintillator with 1 cm × 1 cm × 5 cm 3 pixels and 0.2 mm pitch; a

exagonal parallel hole collimator with 1.5 mm diameter, 27.5 mm
hickness and 0.25 mm septa. Eight position signals (2X  and 2Y for
ach Photomultiplier) were transferred to a PC, equipped with 2
CI6110 cards and controlled by Kmax software. The field of view
f Pharmaceutics 430 (2012) 1– 17 3

of the system was  50 mm × 100 mm and spatial resolution equals
1.5 mm at 0 mm distance from collimators surface (Loudos et al.,
2007).

2.3. Solid phase peptide synthesis

All the BN derivatives were synthesized manually on a Rink-
amide resin employing the Fmoc strategy according to the
literature (Kimmerlin and Seebach, 2005). In brief for coupling, an
excess of the Fmoc-protected aa and HOBt were dissolved in N,N′-
dimethylformamide (DMF). The solution was  cooled on ice and then
N,N′-diisopropylcarbodiimide (DIC) was  added. The reaction mix-
ture was initially left for 10 min  in an ice bath and for another 10 min
at room temperature and then it was added to the resin. The cou-
pling efficiency was  monitored by the Kaiser ninhydrin test (Sarin
et al., 1981). Removal of the N-terminal Fmoc group was  achieved
by repetitive treatment with 20% piperidine in DMF. The final prod-
uct was  cleaved from the resin using a cocktail of trifluoroacetic acid
(TFA), thioanisol, ethanediol, phenol, H2O and triisopropylsilane
(81.5/5/2.5/5/5/1, v/v/v/v/v/v). The crude product, obtained by pre-
cipitation with cold diethylether, was  purified by semi-preparative
RP-HPLC. Elution was performed with a solvent system consisting
of 0.05% TFA in water (solvent A) and 60% CH3CN in solvent A (sol-
vent B), by applying a linear gradient from 100% to 40% solvent A in
47 min. The flow rate was  3.0 ml/min and the peptide peaks were
detected with a UV detector at 220 nm.

2.4. Preparation of 185/187Re-BN derivatives (non-radioactive
complexes)

The 185/187Re-BN derivatives were prepared by ligand exchange
reactions, starting from the preformed 185/187Re(V)O gluconate pre-
cursor (Noll et al., 1996). An aqueous solution of both crude BN
derivatives and a 185/187Re(V)O gluconate solution were allowed to
react at 67 ◦C for 2 h. The crude 185/187Re-BN complexes were puri-
fied by semi-preparative RP-HPLC. Elution was performed with a
solvent system consisting of 0.05% TFA in water (solvent A) and
60% CH3CN in solvent A (solvent B), by applying a linear gradient
from 100% to 50% solvent A in 50 min. The flow rate was 3.0 ml/min
and the peptide peaks were detected with a UV detector at 220 nm.
The pure 185/187Re-BN complexes were analysed by an analytical
RP-HPLC, in comparison to the peptide conjugates, before and after
the complexation reaction. Elution was  performed by applying a
linear gradient system from 100% to 50% solvent A in 25 min (Sol-
vent system: solvent A: 0.05% TFA in a 0.1 M NaCl water solution
and solvent B: 90%, 0.05% TFA/CH3CN, 10%, 0.05% TFA in water). The
pure 185/187Re-BN complexes were also characterized by ESI-MS.

2.5. Preparation of 99mTc-BN derivatives (radioactive complexes)

Radiolabelling of the BN derivatives was  performed by radioiso-
tope exchange from a 99mTc(V)O gluconate precursor (sodium
gluconate being used as an intermediate exchange ligand for 99mTc,
with stannous chloride as the reducing agent) (Fragogeorgi et al.,
2009). Thus, a solid mixture containing 1.0 g sodium gluconate
(C6H11NaO7), 2.0 g sodium bicarbonate (NaHCO3) and 15 mg stan-
nous chloride (SnCl2) was  homogenized and kept dry. 3.0 mg  of
the above mixture were dissolved in 1.0 ml  of a sodium pertechne-
tate solution (Na99mTcO4), containing 370–555 MBq  (10–15 mCi)
of 99mTc and was  left to react for 10 min  at room temperature.

An aliquot of 200 �l (2–3 mCi) of the above solution was  added
to 100 �l of an aqueous solution (pH 1–2) containing 10 �g of each
BN derivative. The mixture (pH 6–7) was  homogenized by vortexing
and was allowed to react at 45 ◦C for 30 min.
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.6. Radiochemical analysis

The radio labelling yield and the stability of the radiolabelled
roducts were determined by analytical RP-HPLC and by Paper
hromatography (ITLC-SG). RP-HPLC elution was performed with a
olvent system consisting of: 0.1% TFA in water (solvent A) and 0.1%
FA in methanol (solvent B), by applying the following gradient:
rom 0% to 80% solvent B (1–20 min), 80% solvent B (20–23 min),
0–0% solvent B (23–25 min) and 0% solvent B (25–30 min) at a
ow rate of 1.0 ml/min. The eluent was passed through a UV detec-
or at 220 nm and through a sodium iodide scintillation detector,
oth connected to a computer for data analysis and storage.

The 99mTc(V)O gluconate (99mTc-GL) precursor and the radioac-
ive BN derivatives were also analysed by ITLC, on Silica Gel
ITLC-SG) strips. Briefly, 5 �l of the reaction mixtures were applied
n three different strips (12 cm × 1 cm)  of SG paper (applica-
ion point: 2 cm from the bottom). The radiochromatographs
ere developed in saline (0.9% NaCl), acetone or MEK  and

yridine/CH3COOH/H2O (50/30/15) as a mobile phase over a dis-
ance of 10 cm.  After drying the strips, their radioactivity was

easured by electronic autoradiography. When normal saline was
sed, free 99mTcO4

− and 99mTc-GL migrate with the solvent front
Rf = 1.0), while peptide-bound 99mTc and colloid remain at the
pplication point (Rf = 0.0). In acetone, free 99mTcO4

− migrates with
he solvent front (Rf = 1.0), while 99mTc-GL, peptide-bound 99mTc
nd colloids remain at the spot (Rf = 0.0). In Pyridine/CH3COOH/H2O
50/30/15) (IAEA-TECDOC-1214, 1995–1999)  everything but the
olloids (Rf = 0.0–0.3) migrate with the solvent front (Rf = 1.0).

.7. Metabolic stability in mouse and human plasma

Metabolic stability of the radiolabelled BN derivatives was  stud-
ed in mouse and in human plasma. For mouse plasma a blood
ample was collected from normal Swiss mice by cardiac punc-
ure in heparinized polypropylene tubes, centrifuged at 6000 × g
4 ◦C) for 30 min  and the supernatant (plasma) was isolated. For
uman plasma stability studies a blood sample was collected from
ealthy donors in heparinized polypropylene tubes, centrifuged
t 2240 × g (4 ◦C) for 10 min  and the supernatant (plasma) was
ollected. 50 �l (7.4–14.8 MBq  or 200–400 �Ci) of each radiola-
elled BN derivative were incubated with 450 �l plasma at 37 ◦C.
ractions of 100 �l were withdrawn at 5, 15, 30 and 60 min.
he proteins were precipitated with the addition of ethanol (2:1
tOH/aliquot, v/v) (Fragogeorgi et al., 2009), and samples were cen-
rifuged at 15,000 × g at 4 ◦C for 10 min. The supernatants were
ltered through a filter (0.22 �m,  Millipore GV) and analysed with
P-HPLC as described above. Recovery of radioactivity in the super-
atant was 50–70%.

.8. Cell culture

Human androgen-independent prostate cancer cells PC-3
ere grown in DMEM Glutamax-I, supplemented with 10%

v/v) fetal bovine serum (FBS), 1% l-glutamine and 1% peni-
illin/streptomycin. Cells were incubated in a controlled humidified
tmosphere containing 5% CO2 at 37 ◦C and were subcultured
eekly after being detached from the flask surface by trypsin/EDTA

olution (0.25%).

.8.1. In vitro cell binding studies
The IC50 values of the BN derivatives were assessed by a compet-

tive cell binding assay utilizing [125I-Tyr4]-BN as the GRPr specific

adioligand and [Tyr4]-BN as a control compound. PC-3 cells sus-
ended in medium, containing 1% FBS, 0.125% BSA, 0.25 mM PMSF,

 �g/ml aprotinin and 50 �g/ml bacitracin, were distributed in 24-
ell plates and incubated at 37 ◦C for 1 h in the presence of 25000
f Pharmaceutics 430 (2012) 1– 17

cpm [125I-Tyr4]-BN (2200 Ci/mmol) and increasing concentrations
of each BN derivative or its complex with non-radioactive 185/187Re,
ranging from 10−12 to 10−6 M.  In this assay [Tyr4]-BN (in house-
synthesized) was used as the control peptide. After incubation, the
cells were washed twice with cold wash buffer and lysed with 1N
NaOH. Radioactivity bound to the cells was counted in a �-counter.
Experiments were carried out three times in duplicate. IC50 values
were calculated by non-linear regression analysis, using GraphPad
Software (San Diego, CA, USA) Prism 4 computer fitting program.

2.8.2. Internalization and efflux analysis
The PC-3 cell line was used for the in vitro internalization

and externalization assays of the BN derivatives. In detail, for the
internalization assay the PC-3 cells were distributed overnight
in six-well plates (1.0–1.5 × 106 cells per well) at 37 ◦C in a 5%
CO2 air atmosphere in culture medium (DMEM with 10% FBS,
l-glutamine and 1% penicillin/streptomycin). On  the day of the
experiment, the medium was removed and the cells were washed
twice with cold buffer and were incubated in 1.2 ml  internal-
ization medium (DMEM containing 1% FBS) in the presence of
100,000–300,000 cpm of each 99mTc radiolabelled BN derivative
(in 150 �l 0.5% BSA/PBS buffer corresponding to ∼200 fmol total
peptide) at 37 ◦C for 5, 15, 30, 60, 120 and 180 min. Specificity of
internalization was evaluated in the presence of 1 �M unlabelled
native BN (in house-synthesized). Upon completion of the incuba-
tion, cells were washed twice with cold PBS to discard unbound
peptide. Surface-bound radioactivity was  removed by washing the
cells twice, for 5 min  each time, with an acid solution (50 mM
glycine, 0.1 M NaCl, pH 2.8). The amount of internalized peptides
was recovered by solubilising the cells with 1N NaOH at 37 ◦C. The
internalized radioactivity (% of total added), was determined using
a multi-sample �-counter.

The externalization studies were performed with additional
incubation of the PC-3 cells in peptide-free medium after the max-
imum amount of internalization (plateau) was achieved. In detail,
when the maximum internalization rates of the radiolabelled pep-
tides were reached, the medium was  discarded and the cells were
washed three times with cold buffer. New medium was  added
and the cells were incubated at 37 ◦C. Sampling at 0, 15, 30, 60
and 120 min  post-internalization was  performed by an initial cold
buffer wash of the cells, followed by acid wash (for removal of sur-
face bound radioactivity), as previously described and finally by
treatment with 1N NaOH to extract the radioactivity remaining
trapped in the cells. Radioactivity was  measured using a multi-
sample �-counter.

Results for both the above assays were expressed as the mean of
3 experiments ±SD, each performed in triplicate where each time
point represents the percentage of the total cell bound radioactiv-
ity. A curve fitting was  performed using the GraphPad software,
where the “One Phase Association” and the “Dissociation–One
phase exponential decay” equations were used for the internaliza-
tion and externalization experiments respectively.

2.9. Biodistribution analysis

2.9.1. Normal Swiss mice
The in vivo behaviour was studied in normal female Swiss

mice (average weight 20 ± 2.0 g) by injecting 100 �l, (125 ng,
0.075–0.125 mCi) of each radiolabelled BN derivative diluted in
saline (pH 7), via the tail vein. Animals were sacrificed at pre-
determined time intervals of 5, 15, 30, 60, 90 and 120 min post

injection (p.i.) and the main organs were removed, weighed and
counted, together with samples of blood, muscle and urine, in a �-
counter. In reference to a standard of the injected solution, results
were expressed as a percentage of the injected dose (% ID) per
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rgan and per gram of each organ or tissue. For total blood radioac-
ivity calculation, blood is assumed to be 7% of the total body
eight. Receptor blocking studies were also carried out with co-

dministration of an excess amount (100 �l, 1 mg/ml) of native BN.
nimals were sacrificed 30 min  p.i. and the tissues were removed,
eighed and counted as previously described. In vivo studies were
erformed in compliance with the European legislation for animal
elfare. All animal protocols have been approved by the Hellenic
uthorities.

.9.2. PC-3 tumor-bearing SCID mice
For the implantation of tumors, PC-3 cells freshly suspended in

edium were subcutaneously injected in the left or right flank at
 concentration of 107 cells/animal. Tumors were allowed to grow
or two to three weeks. Animals were fed with autoclaved rodent
ood and water ad libitum, before and during the time of tumor
rowth. On the day of assay the mice (average weight 20 ± 2.0 g)
ere injected via the tail vein with 100 �l of a solution of 99mTc-
N-A (0.075–0.125 mCi  corresponding to 125 ng of total peptide)

n saline (pH 7.0) and were sacrificed at 15, 30, 60 and 120 min  p.i.
or the determination of non-specific uptake, blocking experiments
ere performed, in which three mice received excess amount of
ative BN (100 �l, 1 mg/ml) along with the 99mTc-BN-A and sacri-
ced at 30 min  p.i.

.10. Pharmacokinetic analysis

The mean of 3–4 animal concentration data (% ID/g) over time
n normal mice was used for pharmacokinetic modelling. An intra-
enous bolus administration approach was applied to model the
ime concentration data and to estimate the elimination rate con-
tants. The one and two compartment model approaches were
sed to fit the data of blood concentration with time. Selection of
odels was based on the F-test and the Akaike Information Cri-

erion (statistical analysis data for model selection are included in
upplementary material). The 99mTc-BN analogue blood concentra-
ion C0 was calculated by projection of the previously mentioned

odel for t = 0 min. A non-compartmental analysis was followed
or the rest of the organs in order to estimate the Area Under
he Curve (AUC), the Area Under the first Moment Curve (AUMC),
nd the Mean Residence Time (MRT = AUMC/AUC). Clearance was
alculated by the ratio CL = ID/AUC (ID = 100% of the injected
ose).

.11. Dynamic �-camera imaging

Evaluation of the 99mTc-BN-A was performed by dynamic
maging studies using a high resolution dedicated small animal �-
amera. PC-3 tumor-bearing SCID mice were anaesthetized with
00 �l of 10% xylazine and 5% ketamine (10 mg/kg mouse body
eight) prior to scanning and positioned to the animal bed. 100 �l

f approximately 7.4 MBq  (∼0.2 mCi) of 99mTc-BN-A were adminis-
ered through the tail-vein prior to anaesthesia. Static 2 min  images
ere obtained for 120 min  p.i. For the quantification of the obtained

esults all successive images were added, to provide a “summed”
mage with good statistics. On this image regions of interest (ROIs)

ere drawn on the tumor and several organs. In addition, a ROI
hat contains the entire mouse was used in order to allow the cal-
ulation of the percentage of total radioactivity in each organ. Data
ere corrected for 99mTc decay.

.12. Statistical data analysis
All data were expressed as the mean of values ± standard devi-
tion (mean ± SD). Data comparison was performed by using the
tudent’s t-test. P < 0.05 was considered significantly different.
f Pharmaceutics 430 (2012) 1– 17 5

The results from the IC50 in vitro cell assay were presented as
mean ± standard error of mean (SEM). For their statistical evalu-
ation one-way ANOVA was performed using GraphPad Software
(San Diego, CA, USA) Prism 4 computer program, where differences
at 95% confidence interval (P < 0.05) were considered significant.

3. Results

3.1. Synthesis and characterization

The synthesis of all the BN derivatives (Fig. 1) was performed
following an Fmoc-based SPPS protocol. The crude products were
purified by semi-preparative RP-HPLC. The chemical purity of the
final products was above 95%, as determined by analytical RP-HPLC.
Pure BN-A was obtained at a satisfactory yield, of about 39%; while
on the other hand the introduction of the -(ornithine)3- spacer in
BN-O led to a significant reduction in the yield (∼9%). The two pep-
tides presented a retention time (Rt) difference of 1.8 min  in the
RP-HPLC analysis, with BN-O eluting earlier than BN-A (Fig. 2). Both
derivatives were characterized with ESI-MS. The ESI-MS results
along with the theoretically expected charged ion values and cal-
culated MW are summarized in Table 1.

3.2. Preparation of 185/187Re-BN derivatives (non-radioactive
complexes)

The non-radioactive 185/187Re complexes of BN-A and BN-O
(Fig. 1), were synthesized via the 185/187Re(V)O-gluconate precursor,
purified by semi-preparative RP-HPLC and characterized by ESI-MS
(Table 1). Complexation with 185/187Re resulted in a slight increase
in their retention time (Rt) and their maximum UV absorbance
during the RP-HPLC analysis (Fig. 2).

3.3. Radiolabelling-radiochemical analysis

Radiolabelling of the two  new BN derivatives with 99mTc was
performed by the preconjugation approach using the Tc(V)O glu-
conate precursor, as an intermediate exchange ligand. A two-strip
ITLC-SG method for the analysis of precursor showed that no
amount of either pertechnetate 99mTcO4

− or of colloidal 99mTc was
present. The radiochemical yield for both BN derivatives was higher
than 98%, providing a single radioactive species, as detected by
both RP-HPLC and Paper Chromatography (ITLC-SG). The stability of
the new radiopeptides, tested up to 6.0 h post-labelling, remained
high (>90%). The Rt of both BN 185/187Re-derivatives, compared to
those of their respective 99mTc-radioactive complexes, were simi-
lar after their co-injection into RP-HPLC, confirming that 185/187Re
and 99mTc form complexes of similar structure (Fig. 2). During the
RP-HPLC analysis, 99mTc-BN-O was eluted earlier than 99mTc-BN-A
(Fig. 2).

3.4. Metabolic stability in plasma

3.4.1. Mouse plasma
The radio RP-HPLC analyses after the incubation of 99mTc-BN-

A and 99mTc-BN-O in mouse plasma are reported in Fig. 3. After
5 min  of incubation 42.48 ± 1.45 of 99mTc-BN-A and 44.28 ± 3.84%
of 99mTc-BN-O remained intact. Both peptides presented simi-
lar metabolic patterns. One major radioactive metabolite (M)  was
present with Rt close to that of the intact peptide. This major
metabolite (M-A for 99mTc-BN-A and M-O  for 99mTc-BN-O) proba-
bly contained a great part of the parent peptide chain, including

the chelator group still conjugated to 99mTc; further research is
necessary in order to identify the extent of the parental peptide
chain catabolism. Additionally, after 1 h incubation ∼15% 99mTc-
BN-A and ∼18% of 99mTc-BN-O still remained intact, as shown by
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Fig. 2. RP-HPLC analysis of the two  BN analogues co-injected (1:1 w/w) with their 185/187Re complexes (Ia, IIa); their 99mTc complexes (Ib, IIb); the UV-spectra of the BN
analogues and their 185/187Re complexes, (Ic, IIc).

Table 1
Data for BN peptides and their 185/187Re(V)O complexes from ESI-MS analysis.

Compound Calculated MW Charged ion (m/z) Theoretical value Experimental value

BN-O 2068.4 [M + 2H]2+ 1035.3 1035.0
[M  + 3H]3+ 690.5 690.6

185/187Re-BN-O 2267.6 [M + 2H]2+ 1134.8 1134.7
[M  + 3H]3+ 756.9 756.8

BN-A  2194.5 [M + 2H]2+ 1098.2 1098.2
[M  + 3H]3+ 732.5 732.6

+

+

t
m
f

3

h
O
i
A

185/187Re-BN-A 2393.7 [M + 2H]2

[M  + 3H]3

he RP-HPLC analysis. In conclusion 99mTc-BN-O proved slightly
ore resistant to the catabolic action of peptidases, while also the

ormation of the major metabolite (M-O) was slower.

.4.2. Human plasma
The radio RP-HPLC analysis results after 1 h of incubation in
uman plasma of the 99mTc-BN derivatives are presented in Fig. 4.
ver 60% of both tested radiolabelled BN derivatives remained

ntact (60.2 ± 1.2% for 99mTc-BN-A and 63.0 ± 1.0% for 99mTc-BN-O).
like the mouse plasma analysis 99mTc-BN-O proved slightly more
1197.8 1197.8
798.9 799.4

resistant to degradation than 99mTc-BN-A. The metabolic patterns
observed for human plasma were similar with the ones observed
in mouse plasma, although peptide degradation in human plasma
was much slower. A radioactive metabolite with Rt close to that
of the intact peptide (H) was  also present, but in lesser amounts in
comparison to the mouse plasma. This metabolite (M)  while clearly

visible for mouse plasma after the first 5 min  of incubation, for the
human plasma (H) it was visible only after 1 h of incubation. The
amounts of (H) after 1 h of incubation were similar for both peptides
(∼4–5%).
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ig. 3. RP-HPLC radioactivity detector analysis after 5 min  incubation in mouse pla
ouse  plasma for 99mTc-BN-A and 99mTc-BN-O respectively, m-A, m-O, 99mTc-radio

.5. In vitro cell binding assays

The binding affinity of BN-A and BN-O and of their 185/187Re
omplexes for the GRPr was evaluated in the PC-3 cell line. A typ-
cal sigmoid curve for displacement of [125I-Tyr4]-BN from PC-3
ells, as a function of increasing concentration of all five different
old ligands studied (i.e. [Tyr4]-BN, BN-A, BN-O, 185/187Re-BN-
, 185/187Re-BN-O), was obtained (Fig. 5). The determined IC50

alues are summarized in Table 2. All the compounds exhibited
ffinity values similar to that of the control peptide [Tyr4]-BN.
he addition of the positively charged amino acid spacer and the

able 2
he IC50 values of the tested BN analogues expressed in nM.  Significantly different
tatistically from [Tyr4]-BN according to the t-test (confidence interval 95%) are
eposted as Y, and the not statistically significant as N.

Compound IC50 (expressed
in nM)

Std. Error Statistically
significant different
from [Tyr4]-BN

BN-A 0.50 0.09 N
185/187Re-BN-A 1.58 0.16 Y
BN-O 0.46 0.04 N
185/187Re-BN-O 0.77 0.07 Y
[Tyr4]-BN 0.45 0.04 –
f 99mTc-BN-A (a) and 99mTc-BN-O (b); M-A, M-O, major radioactive metabolites in
e degradation products of high polarity.

Gly-Gly-Cys chelator group did not affect the binding affinity of the
BN derivatives, while their complexation with Rhenium resulted
in a marginally significant deterioration in affinity. The differ-
ences between the receptor affinities of BN-A and BN-O,  as well
as between their 185/187Re complexes were insignificant.

3.6. Internalization and efflux analysis

The uptake (internalization) and efflux (externalization), as a
function of time of the radiolabelled BN derivatives under study,
was assessed in a PC-3 cell line, in the presence (blocking exper-
iments) or absence of native BN. The results of this study for
99mTc-BN-A are reported in Fig. 6. The results for 99mTc-BN-O,
which was used as a reference for both assays, were similar with
the ones previously reported by Fragogeorgi et al., 2009 (data not
shown). The rate of internalized radioactivity of 99mTc-BN-A was
rapidly increased until 120 min  after the initialization of its incu-
bation with the PC-3 cell line. Between 90 and 120 min  it reached
a plateau, where it remained stable even after 3 h of incubation.
Nonspecific internalization in the presence of native BN was lower

than 5% and rather stable during the whole experiment. Comparing
the above results with those previously reported for 99mTc-BN-O
(Fragogeorgi et al., 2009) we  observed that 99mTc-BN-A needed
more time to reach the maximum of its internalization (plateau),



8 C.C. Liolios et al. / International Journal of Pharmaceutics 430 (2012) 1– 17

Fig. 4. Human plasma stability vs time for the two 99mTc-BN derivatives (a). RP-HPLC radio activity detector analysis after 1 h incubation in human plasma of 99mTc-BN-A
(b)  and 99mTc-BN-O (c); H-A, H-O, major radioactive metabolite in human plasma for 99mTc-BN-A and 99mTc-BN-O respectively; h-A, h-O, 99mTc-radioactive degradation
p

w
9

b
i

roducts of high polarity.
hich is indicative of a lower agonistic activity. More specifically,
9mTc-BN-O reached its plateau after the first 60 min  of its incu-
ation. The specific and nonspecific (in the presence of native BN)

nternalization levels were the same for both peptides.
99m
In order to evaluate the externalization rate, when Tc-BN-A
reached the maximum levels of its internalization (120 min), the
PC-3 cell line was  washed with acid buffer (removal of surface-
bound activity) and then it was further incubated in fresh medium.
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Fig. 5. Displacement curves of [125I-Tyr4]-BN bound to the GRPrs of PC-3 cells by:
[Tyr4]-BN (�, —), BN-A (�, —), 185/187Re-BN-A (�, - - -), BN-O (�, —), 185/187Re-BN-O
(

M
6
c
s

F
a
c
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�,  - - -).

easurements up to 90 min  post-incubation showed that about
8% of 99mTc-BN-A remained trapped into the cells (Fig. 6), a per-
entage similar to that obtained with 99mTc-BN-O, indicative of
imilar rates of externalization for both peptides.
ig. 6. Time course internalization of 99mTc-BN-A in PC-3 cells at 37 ◦C presented
s  the % percentage of the total added radioactivity that was internalized into the
ells (a); specific internalization (�), nonspecific internalization in the presence of
ative BN (�). Efflux determination of 99mTc-BN-A (b) in PC-3 cells at 37 ◦C pre-
ented as the % percentage of the radioactivity that remained inside the cells after

 h (time = 0 min) of initial incubation (�) against time.
f Pharmaceutics 430 (2012) 1– 17 9

3.7. Biodistribution analysis

3.7.1. Normal Swiss mice
Comparative in vivo studies in normal mice at 5, 15, 30, 60, 90,

120 min  p.i. for both derivatives studied are reported in Fig. 7. Both
99mTc-BN species showed fast blood clearance. Although 99mTc-
BN-A presented higher blood values than 99mTc-BN-O (9.47 ± 1.12
compared to 4.92 ± 0.65% ID/g respectively) 5 min  p.i., blood con-
centration rapidly decreased 15 min p.i. at values lower than the
ones of 99mTc-BN-O, indicating a faster blood clearance. Heart val-
ues displayed a similar kinetic pattern for both peptides, with
99mTc-BN-A presenting a higher value at 5 min  p.i., which was
rapidly decreased thereafter. A similar behaviour was  observed in
the lungs, where the uptake (8.91 ± 0.87% ID/g) for 99mTc-BN-A was
rapidly decreased, below 5%, at 15 min  p.i., while for 99mTc-BN-O
it remained below 5% during the whole experiment. For both pep-
tides, the values of % ID per gram for the above organs seemed
closely related to the corresponding values in blood, thus indicating
a correlation between the kinetic pattern of the peptide biodistri-
bution in those specific organs and blood clearance. Muscle and
spleen uptake for both peptides were insignificant and showed a
similar pattern. In addition, insignificant uptake was  also observed
in the stomach, indicating that there is minimal, if any, leakage
of free 99mTcO4

− due to the in vivo removal of 99mTc from the
Gly-Gly-Cys- chelating group. Liver uptake was higher for 99mTc-
BN-A, 5 min p.i. (9.90 ± 1.31% ID/g), but it was  decreased below
5% at 30 min p.i. Liver values for all the studied time-points for
99mTc-BN-O remained relatively low (<5% ID/g). Intestinal uptake
was also relatively low. The predominant excretion route for both
BN derivatives studied was via the kidneys to the urine. The high
kidney retention observed could be attributed to the increase in
their overall charge, due to the presence of positively charged
amino acids in their spacer chain. For 99mTc-BN-A, urine values
reached 63.34%ID/organ at 60 min  p.i., while a similar value (63.15%
ID/organ) was  observed for 99mTc-BN-O at 120 min  p.i. The 99mTc-
BN-O urine value at 60 min  p.i. was  30.58% ID/organ. In agreement
with the above 99mTc-BN-A displayed high kidney uptake for the
first 30 min  p.i., which was  rapidly decreased thereafter. For 99mTc-
BN-O there was  a time delay in the kidney uptake. The kidney
values observed after 30 min  p.i. were all higher than the respective
ones for 99mTc-BN-A, while the kidney clearance for 99mTc-BN-O
was slower. Finally, 99mTc-BN-A presented high uptake in the pan-
creas, a GRPr-positive tissue, with an initial value of 14.07 ± 2.18%
ID/g and values that remained above 9.0% ID/g until 120 min  p.i.
Both peptides reached their pancreas accumulation peak 15 min
p.i., which was about 24.0 (% ID/g).

3.7.2. PC-3 tumor-bearing SCID mice
The results of the in vivo analysis in PC-3 tumor-bearing mice

are presented in Fig. 8 and Table 4. Tumor sizes in this study were
between 0.2 and 0.5 g. The high blood values observed for 99mTc-
BN-A at 15 min  p.i. (7.14 ± 1.4% ID/g) were rapidly decreased within
60 min  (0.8 ± 0.16% ID/g). 99mTc-BN-A was  capable of rapidly tar-
geting the GRPr positive PC-3 tumor at 15 min  p.i. (6.94 ± 0.50%
ID/g). 99mTc-BN-A also targeted the GPRr rich pancreas, pre-
senting values around 24% ID/g, 15–30 min  p.i., which decreased
thereafter. Blocking studies for 99mTc-BN–A, performed by the
co-administration of an excess amount of native BN 30 min p.i.,
decreased pancreas accumulation. In agreement with the biodis-
tribution results of 99mTc-BN-A in normal mice, the predominant
excretion route for the PC-3 tumor-bearing SCID mice was  via the
kidney to the urine.
For 99mTc-BN-A, as can be observed in Fig. 8, the tumor/blood
contrast ratio increased until 120 min, when it reached its high-
est value (4.53). The tumor/muscle ratio, which was high already
at 15 min  p.i. (4.74), reached its peak at 30 min  p.i. (8.86),
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Fig. 7. Biodistribution results in normal female mice e

ecreased at 60 min  (5.60) and increased again at 120 min  (8.65).
he tumor/intestines ratio presented its highest value at 15 min
.i. (2.0), gradually decreasing until 120 min  p.i. (1.25). The
umor/kidneys and tumor/liver ratios presented similar and rather
table values which were also decreased 120 min  p.i. The low values
bserved for 99mTc-BN-A considering the tumor/kidneys contrast
atio were expected since it was designed to be excreted through
he urinary pathway.

Comparing these results with the ones previously reported for
he BN analogue with the ornithine spacer (Fragogeorgi et al., 2009)
e observe that for 99mTc-BN-O there was also a high load of

adioactivity in the bladder and the kidneys, while additionally the
umor and the total animal radioactivity decrease at a slower rate.

9mTc-BN-O presented comparable tumor/blood contrast values
1.57) with 99mTc-BN-A at 30 min  p.i. (1.86), which increased after-
ards (33.32 at 120 min  p.i.). The tumor/kidneys contrast ratio was
igher for 99mTc-BN-A at 60 min  p.i. and lower at 30 and 120 min
sed as % ID/g for 99mTc-BN-A (a) and 99mTc-BN-O (b).

(0.39, 0.27 and 0.28 respectively) than the respective ones of 99mTc-
BN-O (0.28, 0.52 and 0.48). The tumor/muscle ratio was  higher
for 99mTc-BN-A until 30 min  p.i. (8.86 against 6.38) and decreased
to values lower than those of 99mTc-BN-O thereafter. Tumor/liver
99mTc-BN-A contrast values were at all time-points lower than the
ones of 99mTc-BN-O. Tumor/intestines 99mTc-BN-A values were
marginally higher (1.25) than the respective ones of 99mTc-BN-O at
120 min  p.i. (1.17), while for all other time points they were lower.
Although for the intestines, factors like food uptake should also be
taken into account.

3.8. Pharmacokinetic analysis
Blood values (% ID/g) for both peptides were plotted against
time applying pharmacokinetic (PK) compartment models (Fig. 9).
The F-test and the Akaike Information Criteria (AIC) were used for
the choice of the best model (Table I of supplementary material).
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Fig. 8. Biodistribution results for 99mTc-BN-A in PC-3 tumor-bearing SCID female mice expressed as %ID/organ (a), %ID/g (b); Contrast ratios for 99mTc-BN-A in PC-3 tumor-
bearing, female SCID mice (c).
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Table 3
PK data for 99mTc-BN-A and 99mTc-BN-O.

99mTc-BN–A

Best fit model A a B b t1/2a (min) t1/2b (min)

C = A × e(a × t) + B × e(b × t) 14.4 (1.59)a −0.103 (0.012)a 0.827 (0.245)a −0.008 (0.003)a 6.73a 86.64a

Cmax
b (%ID/g) tmax (min) AUC (%ID × min/g) AUMC (%ID × min2/g) MRT  (min)

Blood – 5 220.7c 4727 21.42
Liver 9.90 (1.31) 5 560.3 29753 53.10
Heart 5.03 (0.32) 5 105.7 3278 31.01
Kidneys 17.12 (3.85) 15 1134 56458 49.79
Stomach 2.09 (0.19) 5 122.2 7141 58.44
Intestines 2.77 (0.44) 90 292.8 18257 62.35
Spleen 3.23 (1.19) 15 206.1 10914 52.95
Muscle 1.96 (0.37) 5 50.13 1848 36.86
Lungs 8.91 (0.87) 5 276.5 11328 40.97
Pancreas 24.54 (2.61) 15 1578 87078 55.18

99mTc-BN–O

Best fit model A a B b t1/2a (min) t1/2b (min)

C = A × e(a × t) 5.9 (1.5)a −0.030 (0.005)a – – 23.5a –

Cmax
b (% ID/g) tmax (min) AUC (%ID × min/g) AUMC (%ID × min2/g) MRT  (min)

Blood – 15 223.1c 6048 27.11
Liver 2.98 (0.010) 15 117.4 5013 42.70
Heart 3.08 (0.42) 15 107.7 3335 30.97
Kidneys 22.75 (0.97) 30 1730 96917 56.02
Stomach 2.40 (0.24) 15 103.7 5447 52.53
Intestines 2.99 (0.45) 15 262.2 17246 65.77
Spleen 2.86 (0.07) 15 152.0 7713 50.74
Muscle 1.91 (0.03) 15 62.43 2159 34.58
Lungs 4.70 (0.58) 15 232.8 8794 37.77
Pancreas 24.17 (1.89) 15 1275 66923 52.49

a Values calculated after the fitting of the appropriate model.
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b Experimental values expressed as a mean of 3–4 animals with the SD in the par
c For the calculation of blood AUC by the trapezoid rule for t = 0 min we  used th

.9%  ID/g.

9mTc-BN-A followed a two compartment model, while for 99mTc-
N-O the one compartment model proved a better fit. From the
ID/g–time plots the Area Under the Curve (AUC) values were cal-
ulated for each organ until 120 min, using the trapezoid rule and
he results are summarized in Table 3. For the initial (t = 0 min)
lood values, the ones calculated from the best fitting PK model
ere used, while for the other organs the initial values were con-

idered to be % ID/g = 0 (t = 0 min). The AUC, which derives from
rug concentration and time, can be used as a measure of drug
xposure. In other words it gives a measure of how much and of
ow long a drug stays into the specific organ of the body. The GRPr
ich pancreas and the kidneys presented the highest AUC values
or both peptides, while muscles the lowest one. Liver AUC was
igh for 99mTc-BN-A, with values being about 80% higher than the
espective ones for 99mTc-BN-O, a fact which indicated a higher and
onger liver accumulation of this derivative. Kidney AUC values also
howed differences between the two BN analogues, with the value
or 99mTc-BN-O (1730% ID × min/g) being 53% higher than the one
or 99mTc-BN-A (1134% ID × min/g). Although both peptides pre-
ented high kidney accumulation, the 99mTc-BN-A seemed to clear
aster. 99mTc-BN–A presented lower AUCblood (220.7% ID × min/g)
nd greater clearance (CL = 0.453% ID/g/min) values than 99mTc-
N–O (AUCblood = 223.1% ID × min/g, CL = 0.448% ID/g/min).

.9. Imaging studies
Tumor localization of 99mTc-BN-A in PC-3 tumor-bearing mice
xhibited a considerable tumor uptake as shown by �-ray scintig-
aphy. The PC-3 tumor at the right front flank was visible with clear
ontrast from the adjacent background, as early as 10 min  p.i. and
sis.
es calculated for concentration after the model fitting C0

BN-A = 14.4% ID/g; C0
BN-O =

remained observable up to 60 min  p.i. Prominent uptake was also
observed in the kidneys, while the clearance of the radioactivity
through the urinary bladder was also evident (Fig. 10). An imag-
ing analysis was  performed where two  Regions Of Interest (ROIs)
were chosen: one around the visible tumor area and one containing
normal tissue, for those ROIs the % ID were calculated as a ratio of
the counts of each ROI against the total counts and plotted against
time (Fig. 10). The results of the above imaging analysis were in
agreement with the ones obtained from the biodistribution of PC-3
tumor-bearing mice. The images from the analysis of 99mTc-BN-A
and 99mTc-BN-O were combined into animated video (Video 1) and
(Video 2) respectively.

4. Discussion

Various factors may  influence tumor uptake and body reten-
tion of radiolabelled peptides, such as: their binding affinity for the
receptors, expressed on the surface of the tumor, the population
of these receptors and the in vivo stability, as well as the phar-
macokinetic profile of the radiotracers themselves (Nanda et al.,
2010). Different approaches have recently been followed concern-
ing the improvement of the tumor-targeting ability of radiolabelled
BN analogues by using different types of peptide sequences, metal
chelators and spacer groups (Okarvi, 2004; Smith et al., 2005)

The present study is focused on the effect of incorporating a pos-
itively charged aa spacer group and a N3S-type aa chelator group

(Gly-Gly-Cys-) to the pharmacophore group BN(2–14) for the uti-
lization of BN-like peptides as radiodiagnostics. In other words, two
BN-like peptides (M-BN-A, M-BN-O; M = 99mTc or 185/187Re) with a
positively charged aa spacer chain were comparatively evaluated
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Fig. 10. A typical, 2 min  frame (34–36 min), scintigraphic image of a tumor-bearing
mouse for 99mTc-BN-A, where the tumor and the normal tissue ROIs are indicated
by  circles (a). Graph representing the ROIs’ analysis of the tumor (�)  in comparison
with the normal tissue (�) (b).

Video 1. Static images at selected time points from scintigraphic dynamic imaging
video analysis of a tumor- bearing mouse for 99mTc-BN-A.
ig. 9. The curves that best fitted the blood log(% ID/g) vs time values according to
he  compartmental analysis of 99mTc-BN-A (a), two  compartment; and of 99mTc-BN-

 (b), one compartment.

n vitro for their labelling efficiency, their plasma stability, their
inding affinity to GRPrs, their internalization/externalization rates

n PC-3 cells and in vivo for their biodistribution profile, pharma-
okinetic characteristics and tumor-targeting ability. The results of
he above study are being compared with the ones of similar BN-like
eptides referred in the literature and, whenever possible, results
oncerning structural modifications and favorable characteristics
re being drawn.

The peptide chelate sequence Gly-Gly-Cys- forms stable neu-
ral N3S complexes with the metal, M (M = 99mTc, 185/187Re), where
he M(V)oxo core coordinates via the mercapto atom (-Cys-), the
wo amide nitrogen atoms (-Gly-Cys-) and the N-terminal amine
itrogen atom (Gly-) (Lister-James et al., 1996; Jankowsky et al.,
998; Gourni et al., 2009). Both spacer chains used: -(arginine)3-
nd -(ornithine)3-, consist of positively charged amino acids. The
-carbon side chain of arginine (BN-A) is capped by a complex
uanidinium group [CH6N3]+, while the 3-carbon side chain of
rnithine (BN-O) is capped with an amino group [NH3]+. The guani-
inium group has a pKa of 12.48 and is positively charged in neutral,
cidic and even most basic environments. The [NH3]+ group, with

 pKa of 10.76, is also positively charged, although it can be con-
idered as a slightly weaker base than the former. The BN(2–14)
eptide chain has been chosen since BN analogues, which main-
ain their amidated C-terminal methionine intact, have been shown

o be agonists (Mantey et al., 1993). In contrast to radiolabelled
ntagonists, radiolabelled BN agonists are internalized into GRPr-
ositive cells (Breeman et al., 1999a,b) presenting thus a wide
otential for tumor imaging, since their internalization results in
Video 2. Static images from Gamma-ray dynamic imaging video analysis of a tumor-
bearing mouse for 99mTc-BN-O.
a higher accumulation of radioactivity into GRPr positive tissues,
provided that cell washout of the internalized radioactive species
does not occur (Van de Wiele et al., 2001a).
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Table 4
Biodistribution of 99mTc-BN-A in PC-3 tumor-bearing SCID female mice.

% ID per organ 15 min  30 min  60 min 120 min

Blood 5.75 ± 1.91 3.45 ± 0.07 1.19 ± 0.18 0.69 ± 0.13
Liver 6.45 ± 0.56 6.00 ± 0.40 4.30 ± 0.86 4.19 ± 0.95
Heart 0.22 ± 0.04 0.08 ± 0.01 0.09 ± 0.04 0.04 ± 0.02
Kidneys 5.67 ± 0.98 4.59 ± 0.82 2.21 ± 0.28 2.15 ± 0.46
Blocked kidneys ND 7.76 ± 1.50 ND ND
Stomach 0.78 ± 0.17 0.87 ± 0.01 0.63 ± 0.32 0.27 ± 0.05
Intestines 6.40 ± 1.06 5.57 ± 0.65 5.49 ± 0.58 6.02 ± 1.50
Spleen 0.32 ± 0.19 0.07 ± 0.01 0.06 ± 0.02 0.07 ± 0.02
Muscle 10.97 ± 1.82 4.45 ± 1.54 4.62 ± 0.64 2.30 ± 0.67
Lungs 0.87 ± 0.34 0.63 ± 0.10 0.45 ± 0.10 0.38 ± 0.17
Pancreas 2.69 ± 0.07 3.32 ± 0.40 1.77 ± 0.37 1.07 ± 0.27
Blocked pancreas ND 0.46 ± 0.01 ND ND
Tumor 0.56 ± 0.66 0.43 ± 0.10 0.41 ± 0.08 0.55 ± 0.80
Blocked tumor ND 0.20 ± 0.13 ND ND
Urine* 1.03 32.30 33.97 29.42

% ID per gram 15 min 30 min 60 min 120 min

Blood 7.14 ± 1.42 2.27 ± 0.05 0.80 ± 0.16 0.52 ± 0.07
Liver 9.38 ± 2.62 5.31 ± 0.22 3.55 ± 1.55 5.03 ± 1.85
Heart 2.61 ± 0.28 0.74 ± 0.11 0.50 ± 0.17 0.43 ± 0.14
Kidneys 24.01 ± 5.21 15.69 ± 3.91 7.48 ± 0.40 8.42 ± 2.29
Blocked kindeys ND 33.73 ± 4.45 ND ND
Stomach 2.87 ± 0.18 2.32 ± 0.19 1.37 ± 0.01 1.58 ± 0.33
Intestines 3.47 ± 0.05 2.29 ± 0.37 2.65 ± 0.17 1.88 ± 1.00
Spleen 4.60 ± 1.72 1.70 ± 0.15 1.31 ± 0.12 2.14 ± 0.23
Muscle 1.46 ± 0.21 0.48 ± 0.16 0.52 ± 0.13 0.27 ± 0.10
Lungs 5.55 ± 2.63 4.20 ± 0.68 3.14 ± 0.82 2.56 ± 1.32
Pancreas 24.73 ± 3.81 23.75 ± 2.83 13.51 ± 1.38 9.99 ± 1.27
Blocked pancreas ND 5.13 ± 1.0 ND ND
Tumor 6.94 ± 0.50 4.22 ± 1.17 2.90 ± 0.57 2.35 ± 0.62
Blocked tumor ND 1.1 ± 0.25 ND ND
4 C.C. Liolios et al. / International Jou

In the present study both complexes of BN-A and BN-O with
9mTc were easily formed in high yield (>98%). The claim that
85/187Re-BN and 99mTc-BN derivatives have the same structure
as also verified by their similar Rt after co-injection on a RP-HPLC

olumn (Fig. 2). The above results were consistent with previous
tudies, which demonstrated that N3S type ligand systems such as
ly-Gly-Cys- form stable 99mTc-peptide conjugates, in high yield
nd specific activity after the transchelation of 185/187Re(V)/99mTc(V)

rom the gluconate precursors (Wong et al., 1997; Alves et al.,
006; Fragogeorgi et al., 2009; Gourni et al., 2009). The addition
f the positively charged spacer chain did not seem to affect the
abelling efficiency of the Gly-Gly-Cys- chelator, while the Rt dif-
erence between the two labelled products could be attributed to
he additional MW of the -(arginine)3- spacer.

The stability of both BN derivatives was determined in vitro, in
ouse and human plasma. Over 60% of both tested radiolabelled BN

erivatives remained intact after 1 h incubation in human plasma,
hile peptide metabolism was much faster in mouse plasma. Such
ifferences between species should be considered during preclin-

cal studies, when mediocre results are observed for mice before
iscarding possible candidates for further studies. This observation

s also in agreement with similar studies in the literature on BN
nalogues, conducted in different species (Linder et al., 2009; Gu
t al., 2011), where the in vitro plasma metabolites were found to be
he same across species (mouse, rat and human plasma), but their
elative amounts were diverce. These differences are assumed to
e due to the different metabolic rates and enzymes between the
pecies. The appearance of a major radioactive metabolite, with
t close to that of the intact peptide, could probably be related
o a metabolic process, in which the amino acids of the C termi-
us are more susceptible. Previous studies on BN derivatives have
hown that cleavage could occur between His12-Leu13 (Shipp et al.,
991; Linder et al., 2009), although further proof is needed. The
light resistance of 99mTc-BN-O compared with 99mTc-BN-A, to the
atabolic action of peptidases in the plasma could be attributed to
he fact that the latter contained the natural aa arginine in its spacer
hain, which is more susceptible than ornithine to their actions.

The affinity of the radiolabelled BN derivates for the GRPrs is
rucial for their efficiency as potential radiodiagnostic or radio-
herapeutic agents. The binding affinity of BN-A, BN-O and their
85/187Re complexes for the GRPr were similar and compared to the
ne of the standard [Tyr4]-BN (Table 2). According to the results
f the internalization studies (Fig. 6), 99mTc-BN-A seems to be a
eaker agonist than 99mTc-BN-O, since it needs more time to reach

ts maximum amount of internalization (plateau). Parry et al., 2007,
ave reported the hypothesis that the incorporation of a negatively
harged glutamic acid spacer decreases the binding affinity of the
N(7–14) for the GRPr. In the present study, it has been demon-
trated that a positively charged amino acid spacer, composed
ither from arginine or ornithine, did not decrease the binding
ffinity of BN(2–14), although there was a reduction of its agonis-
ic ability, when the spacer was composed of arginine. Presumably
his could be related to the pKa value (12.48) and to the structure
f the positively charged guanidine group, capping the 3-carbon
ide chain of arginine. Consequently, the binding affinity, as well
s the agonistic ability of a BN analogue could be affected by: (i)
he type of the charge (positive/negative, pKa) and (ii) the total net
harge value of the amino acid spacer. The latter should probably
e viewed in coalition with the total net charge value of the rest of
he peptide chain and the chelator–metal complex.

Additionally to a high affinity for the target receptor the ideal
adiodiagnostic product characteristics should also include a high

umor uptake combined with rapid clearance from blood and non-
arget tissues. The preferred route of excretion in most cases is the
enal system since in this way the upper abdominal radioactivity is
educed (Van de Wiele et al., 2001a; Okarvi, 2004; Lee et al., 2010).
ND: not defined.
* The maximum values observed for urine are reported.

In the present study both BN peptides studied displayed a high
uptake in the tumor, combined with rapid blood clearance, while
the main route of excretion was the renal system. High uptake in
non target GRPr positive tissues such as the pancreas in relation
to the targeted tumor uptake could be considered a limiting fac-
tor for peptide targeted tumor therapy. The high pancreatic uptake
was to be expected for radiolabelled BN analogues since pancreas
is an organ with high GRPr expression. Previous reports have sug-
gested co- or pre- injection of excess amounts of cold BN agonists
or preferably antagonists, in order to reduce pancreatic uptake of
the radiolabelled BN analogue (Lantry et al., 2006; de Visser et al.,
2007, 2008). In this study (Table 4) as well as in previous stud-
ies of our laboratory (Gourni et al., 2009) we have also observed a
higher reduction in the pancreatic than in the tumoral radioactivity
uptake, when cold BN was pre-injected.

One of the major factors affecting kidney accumulation and
retention is the overall charge of the radiometal–chelator–spacer
conjugate and its effect on the hydrophilicity of the molecule, espe-
cially referring to peptides with similar spacer moieties (Rogers
et al., 2003; Biddlecombe et al., 2007; Parry et al., 2007). One of the
processes that can influence the residence time of radiolabelled
peptides into the kidneys is tubular reabsorption (Akizawa et al.,
2008). This can be manipulated by making use of the electrostatic
interaction between the negatively charged surface of the prox-
imal tubular cells and the cationic portion of peptides e.g. renal
accumulation of radiolabelled peptides can be reduced by lysine
treatment (de Jong et al., 1996; Bernard et al., 1997; Rolleman
et al., 2003; Gotthardt et al., 2007). According to the literature,
the re-absorption of the peptides may  be due to an interaction

between the negatively charged megalin receptor, at the proximal
tubule cell surface and the positively charged peptide. The receptor-
mediated endocytosis and peptide reabsorption could be prevented
by blocking the receptor with an external administration of
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ositively charged amino acids (Gotthardt et al., 2007; de Jong et al.,
005). However, the large amounts of charged amino acids needed
hyperosmolar solutions) to achieve the reduction of peptide renal
ptake, often result in side effects, such as hyperkalemia, vomiting,
olume overload, and local irritation at the injection site (Rolleman
t al., 2003). Thus, we decided to try the incorporation of positively
harged amino acids in the peptide backbone as a spacer chain.
dditionally in the case of the more polar arginine our goal was

he achievement of faster blood and kidney clearance which would
lso result in decreased kidney radioactivity exposure as well as
he optimum tumor/background ratios. Confirming our hypothesis
oth BN peptides studied displayed a high kidney uptake in nor-
al  mice (Fig. 7), which decreased at different rates. 99mTc-BN-A
as cleared faster from the blood and the body than 99mTc-BN-
, indicative of an improvement in its body clearance rate and its
idney retention time. The PK time delay observed for 99mTc-BN-O,
robably could be attributed to the small difference in the structure
nd pKa values between their side chains, as previously mentioned.

Blood concentration values for 99mTc-BN-A and 99mTc-BN-O fol-
owed a second (t1/2a = 6.73 min, t1/2b = 86.64 min) and a first order
limination (t1/2a = 23.5 min) model respectively. The highest AUC
nd AUMC value of 99mTc-BN-A and of 99mTc-BN-O were for the
ancreas and for the kidneys, with 99mTc-BN-A presenting its top
alues for the pancreas and 99mTc-BN-O for the kidneys (Table 3).
he high AUC, AUMC liver values of 99mTc-BN-A in comparison with
he ones of 99mTc-BN-O could probably be attributed to the sus-
eptibility of 99mTc-BN-A to liver enzymes or to the presence of a
adioactive metabolite, which follows the hepatobiliary excretion
ath. This is also supported by the fact that 99mTc-BN-A and 99mTc-
N-O presented major differences in liver and kidney MRT  values,
hile MRT  for the blood and the rest of the organs examined were

imilar. The latter is also indicative of similarities in PK pattern for
hose organs.

A direct comparison of 99mTc-BN-A and 99mTc-BN-O with other
9mTc-labelled bombesin derivatives concerning the influence of
he spacer group in the biodistribution, the PK profile and the
umor uptake, is rather difficult, since in most of the reports, the C-
erminally amidated BN(7–14) sequence or other stabilized forms
ere studied and different chelator groups were used. The long
N(2–14) peptide chain contains an additional positively charged
rginine aa residue and the different chelators apart from the total
eptide charge might also influence the peptide receptor affinity.
espite this, in some cases a number of conclusions could be drawn

or similar BN derivatives.
Data from the PK analysis of radiolabelled BN analogues are

carce in recent literature. Rogers et al. (1997) have performed a
K analysis for [125I-Tyr4]-BN and [125I]-mlP-Des-Met14-BN(7–13),
n normal mice. [125I]-mlP-Des-Met14-BN(7–13) better fitted a
wo compartment model by showing an early rapid distribution
t1/2a = 6 min) and a slower elimination phase (t1/2b = 8 h), whereas
125I-Tyr4]-BN cleared from blood and other tissues with a first
rder elimination rate (t1/2a = 132 min). A similarity concerning the
istribution phase of [125I]-mlP-Des-Met14-BN(7–13) and 99mTc-
N-A (∼6 min) can be observed, although the major structural
ifferences between those compounds and the peptides in this
tudy make a possible structural–PK correlation rather difficult.

In previous studies of our group on 99mTc-labelled BN deriva-
ives the long BN(2–14) sequence was either directly attached to
he N3S chelator (Fragogeorgi et al., 2009) (BN-N, MW = 1725.8) or
hrough a 6-aminohexanoic acid spacer (BN-Aca, MW = 1839.14)
Gourni et al., 2009). In both cases there was no addition of charges
n the total peptide charge. If the no-spacer sequence is considered

s the essential part for an effective 99mTc-labelled BN deriva-
ive, the 6-aminohexanoic acid spacer added 6.57% in the MW of
his basic structure (BN-Aca), -(arginine)3-, 27.19% (BN-A) and -
ornithine)3-, 19.85% (BN-O).
f Pharmaceutics 430 (2012) 1– 17 15

In reference to the receptor rich pancreas, the radiolabelled
peptide 99mTc-BN-N, which was  closer to the basic BN structure
and the 99mTc-BN-Aca, both presented similar values in normal
mice 30 and 60 min  p.i. (Fragogeorgi et al., 2009; Gourni et al.,
2009). Pancreatic values in normal mice for the positively charged
99mTc-BN-A and 99mTc-BN-O were also at similar levels with the
previously referred peptides at 30 min  p.i., while they remained sig-
nificantly higher even 60 min  p.i. The main route of excretion for the
positively charged spacer chain peptides was the urinary system,
thus their kidney values were significantly higher than the ones of
99mTc-BN-N and 99mTc-BN-Aca. For 99mTc-BN-A the highest kid-
ney value (24.01 ± 5.21%ID/g) was observed at 15 min  p.i. and it
decreased afterwards, while for 99mTc-BN-O the highest value was
observed at 60 min p.i. and decreased thereafter. Thus, despite the
MW increase, the addition of charged amino acid spacers in the
BN basic structure had the desirable effect on the PK characteristic
concerning their excretion route.

Considering the PC-3 tumor-bearing mice, the tumor accumu-
lation peak was  observed for 99mTc-BN-A was between 15 and
30 min  p.i. (6.94 ± 0.50; 3.40± 1.17%ID/g), while for 99mTc-BN-O
between 60 and 120 min  p.i. (7.14 ± 0.87; 7.92 ± 0.79%ID/g). For
99mTc-BN-N and 99mTc-BN-Aca the tumor accumulation peak was
observed at 30 min  p.i. (4.56 ± 0.95 and 4.9 ± 0.5% ID/g respectively,
the differences between 99mTc-BN-N and 99mTc-BN-Aca being not
statistically significant as determined by the t-test).

Although additional data are needed for a safe conclusion to be
drawn, it seems that the addition of a charged 3 carbon long spacer
led to derivatives superior than the ones without spacer or the ones
with a neutral 3 carbon spacer, since it led to higher tumor uptake
with the additional advantages of fast blood clearance and renal
excretion. Concerning the differences between the two BN-like
peptides with the positively charged spacer chains, 99mTc-BN-A
presented a faster clearance from the tumor than 99mTc-BN-O,
which was  probably due to its faster clearance from the body in gen-
eral. In conclusion, 99mTc-BN-A was  cleared faster from the body, as
well as from the tumor and presented lower kidney accumulation
and faster kidney clearance; 99mTc-BN-O while maintaining a high
tumor uptake for a longer time period, presented a higher kidney
accumulation.

The results of the present study, which examined thoroughly
the effect of the spacer chain in-between the pharmacophore pep-
tide and the radionuclide chelator site, may  be extended to other
peptides targeting the G-protein coupled receptors.

5. Conclusions

The structural changes introduced in the N3S-BN(2–14) deriva-
tives, via the addition of a charged aa spacer chain proved promising
for the visualization of GRP receptors, expressed at cell membranes
of various cancer tissues. Both derivatives studied in the present
work resulted in 99mTc-labelled BN species with high affinity for
GRPrs and optimal PK profile. In general as shown in this and pre-
vious studies of our group, tumor accumulation and contrast ratio
(tumor/normal tissues) seems to be affected by a variety of fac-
tors such as: the total peptide charge, the length of the peptide
sequence, the MW and the presence of non-natural amino acids,
which also influence the affinity, the biodistribution, and the PK
profile of the 99mTc-labelled BN like peptides. A detailed evaluation
of those factors would likely result in the optimal characteristics,
which a BN derivative should avail, in order to render effective its
clinical application, as an imaging or therapeutic agent. If the tumor

is considered as another PK compartment, it becomes clear that
tumor accumulation would be strongly influenced by the rate of
blood and body clearance of the BN peptide, apart from its affinity
for the GPRrs. Additional data are needed in order to find a way
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o further reduce non target organ (i.e. kidney, pancreas) expo-
ure without reducing tumor uptake for analogues like 99mTc-BN-A
nd 99mTc-BN-O. Research in designing novel radiolabelled BN-like
eptides should be further directed towards the determination of
ossible correlations, between the structural and the pharmacoki-
etic and pharmacodynamic characteristics.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.ijpharm.2012.02.049.
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