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Introduction: Aiming to develop a novel 99mTc-labeled imaging agent, for angiogenesis and tumor receptors, two
peptides obtained from phage display library, namely GX1 and the heterodimer RGD-GX1, were synthesized in a
cyclic conformation. They were radiolabeled with 99mTc, employing the HYNIC chelator, for radiochemical eval-
uation and biological properties.
Methods: Radiolabeling, radiochemical control, plasma protein binding, and partition coefficient were assessed
for both radioconjugates. Biodistribution in healthy Balb/c mice was carried out, in order to evaluate the biolog-
ical behaviour of the radiocomplexes.
Results: The conjugates displayed a rather similar pharmacokinetic profile. They were prepared with high radio-

chemical purity (N96%), and both were hydrophilic (log P of −2.25 and −2.51 respectively). Preferential renal
excretion was observed. Kidney uptake (42.31 ± 5.35 %ID/g) for 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)], 1 h post-
injection was about three times higher than the uptake of 99mTc-HYNIC-PEG4-c(GX1) (11.92 ± 4.77%ID/g).
Total blood, bone and muscle values revealed a slightly slower clearance for the RGD-GX1 radiocomplex.
Conclusion: The high radiochemical purity achieved, and the similar in vivo profile observed for both
radioconjugates, make thempotential candidates for radiopharmaceuticals for tumor imaging. Further investiga-
tions of binding affinity, and uptake of GX1 and RGD-GX1 peptides in tumor models, are warranted.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

New radiopharmaceuticals with ability to improve the diagnostic
and therapeutic strategies for diseases that affect the population are de-
sirable, and the most important target is cancer [1].

Cancer has high mortality rate, partly due to the lack of convenient
screening tests for early diagnosis, as well as tumor-specific drug deliv-
ery systems. Currently, most of the drugs for cancer do not fully differ-
entiate between tumor and healthy cells, leading to systemic toxicity,
and adverse side effects. The pursuit of peptides which specifically rec-
ognize tumor cells, and tumor vasculature, has been carried out over the
years [2].

Through phage display technology, many tumor homing peptides
have been discovered, with potential to detect cancer in vivo, and deliv-
er anticancer agents specifically to the tumor site. Nowadays, several
tumor homing peptides are being tested for diagnosis and therapy in
various phases of clinical trials [2].

Radiolabelled peptides with affinity to receptors expressed in tumor
cells tend to exhibit rapid tissue penetration and low antigenicity. Their
easy availability and rapid clearance from blood and other non-target
tissues are further advantages [3].

Angiogenesis, the physiological process of new blood vessel forma-
tion, is a crucial step in cancer growth, because it supplies the tumor
55 11 31338956.
with oxygen and nutrients. Also it increases the risk of metastasis,
allowing cells which have left the original site and spread via lymphatic
or the bloodstream, to generate distant secondary malignancies [4,5].

Through in vivo screening of a phage-display peptide library, it was
previously recognized the affinity of the RGD and the GX1
(CGNSNPKSC) peptides with angiogenesis receptors [6,7]. The RGD
motif has been well studied, being known for its binding specificity to
integrin receptors, especially integrin αVβ3, which is present in angio-
genesis and also in tumors [8–12].

The GX1 motif is a novel peptide, used as a vascular marker in can-
cer. Recent studies suggest affinity with integrin α3β1 for tumor
targeting and imaging [13–17]. The creation of a heterodimer formed
by two different peptides, can improve tumor cell affinity, by means of
binding to two different kinds of receptors.

The radionuclide attached to the molecule defines the diagnostic or
therapeutic character of the radiopharmaceutical. An important feature
of radiopharmaceuticals for cancer is to accumulate only in the tumor
area, in order to achieve the required result, with damage minimization
to healthy tissues [18]. In this setting, the Technetium radioisotope, in
its metastable form, has been widely used in nuclear medicine imaging.
Technetium-99 m has ideal physical properties for image acquisition
and patient safety, such as short half-life of 6 h, and gamma-photo emis-
sion of a single energy at 140 keV. Also, its use is facilitated due to com-
mercially available generators of 99Mo/99mTc, and the chemical
properties that render easy and quick the radiolabeling of a large variety
of molecules [19].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nucmedbio.2014.09.004&domain=pdf
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The radiolabeling can be conducted with the help of a chelator,
namely HYNIC (6-Hydrazinonicotinic acid), which is widely used to in-
crease the stability and accelerate excretion,with lower accumulation in
the body [20–23].

The purpose of this study was to evaluate the radiochemical and bi-
ological properties of the GX1 peptide alone, and of the heterodimer
RGD-GX1 radiolabeled with 99mTc. They were commercially synthe-
sized with the chelator (HYNIC), and designed in a cyclic conformation
[Figs. 1 and 2], in order to improve binding ability and excretion. The es-
tablishment of the pharmacokinetic profile of both radiopharmaceuti-
cals will enable to plan future studies in tumor models.

2. Methods

2.1. Radiolabeling

Preparation and labeling procedures were identical for both
peptides, and all solutions were nitrogen-purged. In brief, it was
added to a sealed reaction vial 20 mg of tricine and 5 mg of EDDA
(ethylenediamine-N,N'-diacetic acid), dissolved in phosphate buffer 0,
1 N, 10 μL of HYNIC-PEG4-c(GX1) 774.9 μM or HYNIC-E-[c(RGDfk)-c
Fig. 1. Structural formula of HYNIC-PEG4-c(GX1) molecular weight: 1290.4, (A) HYNIC;
(B) PEG4; (C) GX1 cyclic peptide.
(GX1)] 569.5 μM (μg/mL) (CPC Scientific Inc., CA, USA), stannous chlo-
ride in HCl solution 0.1 M, and 500 μL of Na99mTcO4 (1850 MBq)
(99Mo/99mTc generator from Institute of Energy and Nuclear Research,
Sao Paulo, SP, Brazil). Reaction was induced by heating at 100 °C for
20min, subsequently cooled to room temperature. All reagentswere ac-
quired from Merck and Sigma–Aldrich (Sao Paulo, Brazil).

2.2. Radiochemical control

Radiochemical evaluation of 99mTc-HYNIC-PEG4-c(GX1) and 99mTc-
HYNIC-E-[c(RGDfk)-c(GX1)] was performed by instant thin layer chro-
matography (ITLC), using silica gel strips (ITLC-SG, Gelman Sciences,
AnnArbor, MI, USA), with a two solvent system of methylethylketone
and acetonitrile 50%. Results from ITLC experiments were confirmed
by reverse phase high performance liquid chromatography (1260 Infin-
ityHPLC system, Agilent Technologies Inc., Santa Clara, CA, USA), using a
C18 column (5.0 mm, 100A°, 4.6 x 250 mm, Waters, Milford, MA, USA)
and a flow rate of 1.0mL/min. The solvent system consisted of H2O con-
taining 0.1% trifluoracetic acid (solvent A) and acetonitrile containing
0.1% trifluoracetic acid (solvent B). The HPLC gradient system began
with a solvent composition of 95% A and 5% B, and followed a linear gra-
dient of 30% A:70% B from 0 to 25 min, and 5% A:95% B from 25 to
30 min. UV absorption of products was measured at 280 nm.

2.3. Partition coefficient

A small amount (100 μL) of each radiotracer was added to a mixture
of equal volumes of water and octanol. The tubeswith themixturewere
vigorously vortexed over a period of 15min, and centrifuged at 5000× g
for 3 min. Samples (in triplicate) from both phases were collected, and
measured in a gamma radioactivity counter, enabling log P values to
be calculated.

2.4. Plasma protein binding

The percentage of the radioconjugates bound to plasma proteins
was evaluated by the precipitationmethod. Blood sampleswere obtain-
ed from healthy Balb/c mice, under anesthesia at 5, 60 and 120 min p.i.
of 99mTc-labeled conjugates. Aliquots were collected from the heart in
heparinized tubes, and centrifuged (1877 × g) for 15 min at room tem-
perature. OnemL of trifluoroacetic acid 10% (TCA) was added to plasma
and centrifuged (2815 × g) for 15min at 4 °C. Then the supernatantwas
discarded, and the procedure was repeated three times. The pellet was
taken for gama-counting along with the standard, which corresponded
to intact plasma. The experiments were conducted in triplicate.

2.5. In vitro serum stability

The in vitro stability of the 99mTc-labeled tracers was evaluated at
different time points using the following procedure: 100 μL of 99mTc-
HYNIC-PEG4-c(GX1) or 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)] was added
to 1mL of fresh human serum at 37 °C. Aliquots werewithdrawn during
the incubation at different time intervals till 4 h. The supernatant was
subjected to HPLC using the same system used for quality control. In-
creases in the free pertechnetate were considered for the degree
of degradation.

2.6. In vivo studies

Experiments were carried out in compliance with the guidelines for
animal experimentation, Scientific Ethics Committee, IPEN/CNEN-SP.
Biodistribution of 99mTc-HYNIC-PEG4-c(GX1) and 99mTc-HYNIC-E-[c
(RGDfk)-c(GX1)] was conducted in healthy Balb/c mice (n= 5), at dif-
ferent times (5min, 30min, 1 h, 2 h, 4 h, 6 h and 24 h), post injection of
the radiotracers. Animals were injected with the radiolabeled complex
(0.05mL/18.5MBq) via the tail vein. All urethane-anesthetized animals
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Fig. 2. Structural formula of HYNIC-E-[c(RGDfk)-c(GX1)] molecular weight: 1755.9, (A) HYNIC; (B) RGDfk cyclic peptide; (C) GX1 cyclic peptide.
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were sacrificed by cervical dislocation, and organs and tissues of interest
were harvested, weighed and counted. The radioactivity in each organ
was expressed as percentage of the injected dose per gram of organ
(%ID/g). Total blood, muscle and bone uptake was calculated, assuming
7%, 40% and 10% of total body weight, respectively.

2.7. In vitro cell binding assay

Human umbilical vein endothelial cells (HUVEC) were grown in
RPMI (Roswell Park Memorial Institute-1640 Medium). Cells (5 × 105/
well) were seeded into well culture plates, and it was added the radio-
tracers 99mTc-HYNIC-PEG4-c(GX1) or 99mTc-HYNIC-E-[c(RGDfk)-c
Fig. 3. Radiochromatograms: (A) 99mTc-HYNIC-PEG4-c(GX1)
(GX1)] (0.15 mCi/well). For nonspecific binding assays, cold conjugate
(1 mmol/L/well) was also added. After incubation at 37 °C for 5, 30,
60, 90, and 120 min, cells were rinsed, for determination of surface-
bound and internalization of the radioligand. Studies were performed
in triplicate (n = 3).
2.8. Statistical analysis

All data were expressed as mean ± standard deviation (SD).
Student's t test was used for comparisons, and p b 0.05 was considered
statistically significant.
; (B) 99mTc- HYNIC-E-[c(RGDfk)-c(GX1)]; (C) 99mTcO4
−.
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Table 1
Plasma protein binding of 99mTc-HYNIC-PEG4-c(GX1) and 99mTc-HYNIC-E-[c(RGDfk)-c
(GX1)] (n = 3).

5 min 1 h 2 h

% of plasma protein
binding

GX1 12.74 ± 6.92 17.62 ± 2.15⁎ 99.24 ± 0.23⁎

RGD-
GX1

23.73 ± 8.20 34.25 ± 4.01⁎ 54.87 ± 5.49⁎

⁎ p b 0.05 between GX1 and RGD-GX1 at the same time and analysis.

Fig. 5. Serum stability of 99mTc-HYNIC-PEG4-c(GX1) at (A)1 h; (B) 2 h and (C) 4 h.
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3. Results

Radiolabeling of the conjugates was done with a specific activity of
238.74 MBq/nmol for 99mTc-HYNIC-PEG4-c(GX1) and 324.84 MBq/
nmol for 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)]. Radiochemical purity
was 98.83 ± 0.87% and 96.06 ± 1.83% respectively, obtained by ITLC.
The retention time (tR) of 8.552 min and 9.055 min, can be observed
in HPLC radiochromatogram [Fig. 3], as well the small peak of ion
99mTcO4

−, with a retention time (tR) of 2.405 min.
Mean value of the partition coefficient (log P) was−2.51± 0.04 for

99mTc-HYNIC-PEG4-c(GX1) and −2.25 ± 0.07 for 99mTc-HYNIC-E-[c
(RGDfk)-c(GX1)], with statistical significance (p b 0.05). Both results
are within the range of hydrophilicity.

Both radiotracers had an increased binding to plasma proteins with
time, reaching at 2 h 99.24±0.23% and 54.87±5.49% for 99mTc-HYNIC-
PEG4-c(GX1) and 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)], respectively
[Table 1]. Despite the high values, these percentages represents only
0.07 ± 0.03% and 0.14 ± 0.00%, respectively, of the total injected dose
in the precipitated plasma [Fig. 4], indicating that the vast majority of
the products had already cleared the blood system.

The complexes showed excellent in vitro stability under physiologi-
cal conditions in human serum remaining intact after 4h. Consequently,
no reoxidation to pertechnetate was observed, as indicated by HPLC
controls [Figs. 5 and 6].

The radioconjugates showed a comparable distribution pattern for
most organs. Remarkable blood uptake was observed at the earliest
time point (5 min) for both radiotracers, decreasing after 30 min to ap-
proximately 73.3% and 46.8% for 99mTc-HYNIC-PEG4-c(GX1) and 99mTc-
HYNIC-E-[c(RGDfk)-c(GX1) respectively. Both radiotracers were
cleared approximately 93% from blood but more slowly for the second
radiotracer [Fig. 7].

The uptake of 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)] by kidneys at 1 h
was a little more than three times higher than for 99mTc-HYNIC-PEG4-
c(GX1) (42.31 ± 5.35 %ID/g and 11.92 ± 4.77 %ID/g) [Figs. 8 and 9].
Liver uptake was very similar for both radiotracers at 5 min, 2.74 ±
0.88 %ID/g for 99mTc-HYNIC-PEG4-c(GX1), and 2.73 ± 0.20 %ID/g for
99mTc-HYNIC-E-[c(RGDfk)-c(GX1)].
Fig. 4. Plasma protein binding analysis (A) 99mTc-HYNIC-P
The uptake of 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)] in small (6.21 ±
1.27 %ID/g) and large intestine (6.34 ± 2.02 %ID/g) had values more
than two times higher than for 99mTc-HYNIC-PEG4-c(GX1), in the
same small (2.73 ± 0,81 %DI/g) and large bowel (2.63 ± 1.03 %ID/g)
at 5 min p.i., followed by a constant decrease in the course of time.

In other organs, the highest uptakes of the radiotracers were ob-
served in lungs, followed by spleen and stomach at 5min p.i., as demon-
strated in Table 2. The uptake in %ID/g of the radiotracers, diminished
EG4-c(GX1); (B) 99mTc- HYNIC-E-[c(RGDfk)-c(GX1)].
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Fig. 6. Serum stability of 99mTc- HYNIC-E-[c(RGDfk)-c(GX1)] at (A)1 h; (B) 2 h and (C) 4 h.

Fig. 8. Excretion organ uptake of 99mTc-HYNIC-PEG4-c(GX1) in Balb/c mice
(0.05 mL/18.5 MBq). The radioactivity in the intestines was evaluated after thor-
oughly removing the luminal contents.
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one hour post injection to less than 3% of the injected dose, excepted by
stomach and spleen in 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)] injected
mice, subsequently remaining around 2% in longer times. In synthesis,
the RGD-GX1 radiotracer had slower clearance and higher uptake in
tested organs. Brain uptake was very low for both radiotracers, even at
the first time of 5 min.

Percentages of total blood,muscle and bone are displayed in Table 3.
Both radioconjugates exhibited similar accumulation at blood, muscle
Fig. 7. Blood depuration in Balb/c mice. The values are express in %ID/mL
(0.05 mL/18.5 MBq).

Fig. 9. Excretion organ uptake of 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)] in Balb/c mice
(0.05mL/18.5MBq). The radioactivity in the intestineswas evaluated after thoroughly re-
moving the luminal contents.
and bone after 5. 99mTc-HYNIC-PEG4-c(GX1) quickly cleared and
reached very low levels within 1 h p.i. Although the clearance pattern
of the two radiocomplexes was rather similar, clearance of 99mTc-
HYNIC-E-[c(RGDfk)-c(GX1)] was slower, reaching negligible levels
only at 24 h p.i. for total muscle and bone.

In vitro studies with HUVEC cells are displayed at Fig. 10. Total bind-
ing of 99mTc-HYNIC-PEG4-c(GX1) had a peak at 60 min of incubation
(0.41 ± 0.04%), and approximately 51% of the tracer was internalized
at 5 min. In contrast, with 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)],
total binding reached the highest value at 120 min of incubation
(0.35 ± 0.07%), and also internalization increased with the incubation
time, reaching 54% at 120 min.

4. Discussion

Peptides are endowed with much importance in receptor targeting
of tumors, due to favorable features when compared to other agents
like monoclonal antibodies and their derivatives [24–27].

Suchmolecules are often disease-specific due to their purposeful de-
sign, primarily targeting receptors. In this preliminary study, the
radiotracers aimed instead a pathophysiological process, namely angio-
genesis, however one that is strongly expressed by rapidly growing le-
sions, thus representing a surrogate for cancer development. In the
future, these radiotracers will be evaluated in actual tumor models.

The cores of themolecules are the peptides, nominally GX1 andRGD.
Both were selected by phage display technology, a useful tool for iden-
tifying specific peptide sequences for known receptors [28].
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Table 2
Biodistribution of 99mTc-HYNIC-PEG4-c(GX1) and 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)] in healthy mice (%ID/g ± SD).

Organ/Time 5 min 30 min 1 h 2 h 4 h 6 h 24 h

Heart GX1 2.74 ± 0.69 1.31 ± 0.38 0.55 ± 0.34 0.35 ± 0.29 0.08 ± 0.04 0.06 ± 0.03 0.02 ± 0.01
RGD-GX1 2.68 ± 0.64 1.44 ± 0.28 0.85 ± 0.18 0.46 ± 0.07 0.40 ± 0.02 0.45 ± 0.08 0.27 ± 0.03

Lungs GX1 6.13 ± 1.40 2.97 ± 0.64 1.14 ± 0.59 0.78 ± 0.54 0.18 ± 0.11 0.16 ± 0.09 0.04 ± 0.01
RGD-GX1 5.79 ± 1.73 3.53 ± 0.72 2.57 ± 0.25 1.16 ± 0.19 0.97 ± 0.09 1.00 ± 0.13 0.73 ± 0.32

Spleen GX1 3.01 ± 1.15 1.33 ± 0.30 0.75 ± 0.39 0.39 ± 0.19 0.19 ± 0.06 0.20 ± 0.10 0.04 ± 0.01
RGD-GX1 4.31 ± 1.15 3.70 ± 0.38 2.39 ± 0.65 2.54 ± 0.29 1.97 ± 0.42 2.58 ± 0.71 2.20 ± 0.22

Stomach GX1 2.30 ± 0.39 1.77 ± 0.69 0.55 ± 0.35 1.38 ± 0.86 1.26 ± 0.06 0.59 ± 0.40 0.15 ± 0.02
RGD-GX1 2.25 ± 0.26 2.05 ± 0.64 1.43 ± 0.34 2.09 ± 0.26 2.20 ± 0.24 2.26 ± 0.63 1.11 ± 0.09

Pancreas GX1 2.28 ± 0.62 1.16 ± 0.49 0.77 ± 0.37 0.32 ± 0.24 0.10 ± 0.06 0.08 ± 0.05 0.03 ± 0.03
RGD-GX1 2.76 ± 0.64 1.30 ± 0.28 0.98 ± 0.13 0.50 ± 0.13 0.41 ± 0.04 0.43 ± 0.05 0.24 ± 0.02

Muscle GX1 1.36 ± 0.37 0.73 ± 0.35 0.26 ± 0.17 0.18 ± 0.16 0.08 ± 0.05 0.05 ± 0.02 0.01 ± 0.00
RGD-GX1 1.17 ± 1.10 0.85 ± 0.12 0.61 ± 0.16 0.28 ± 0.02 0.24 ± 0.01 0.26 ± 0.07 0.18 ± 0.03

Bone GX1 2.24 ± 0.69 1.52 ± 0.83 0.61 ± 0.42 0.36 ± 0.18 0.27 ± 0.19 0.24 ± 0.16 0.03 ± 0.01
RGD-GX1 2.51 ± 0.31 2.43 ± 0.74 1.61 ± 0.35 0.90 ± 0.15 0.72 ± 0.06 0.98 ± 0.15 0.68 ± 0.16

Brain GX1 0.30 ± 0.12 0.14 ± 0.08 0.06 ± 0.04 0.05 ± 0.04 0.02 ± 0.02 0.02 ± 0.02 0.00 ± 0.00
RGD-GX1 0.30 ± 0.06 0.15 ± 0.03 0.11 ± 0.02 0.06 ± 0.02 0.07 ± 0.05 0.06 ± 0.01 0.03 ± 0.01
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Linear peptides are recognized as more susceptible to degradation
in vivo, with short half-life. That could impair diagnostic ability, and
even be associated with adverse effects during treatment, imaging,
and general biological applications. Cyclization has thus represented
an alternative, to improve the binding properties of peptides
[7,13,29–31].

The option for 99mTc was based on chemical, physical and nuclear
properties, as well as cost and diagnostic energy. Nevertheless, to
link the peptide and get a stable in vivo radiotracer, a chelator agent
is required.

A variety of bifunctional chelators is available for labeling proteins,
peptides, and other biologically active molecules by 99mTc [32–34].

HYNIC (6-Hydrazinonicotinic acid) was considered the best candi-
date in the light of high specific labeling activity, favorable stability,
and lowaccumulation in the body. In associationwith various coligands,
it permits control of the hydrophilicity and pharmacokinetics of the la-
beled peptide [20–23,35–37].

Coligands are necessary to complete the coordination sphere of the
technetium core, because HYNICmay only occupy one or two coordina-
tion positions of the radionuclide [38]. Among available coligands,
tricine and EDDA (ethylenediamine diacetic acid) tend to promote the
best radiolabeling efficiency. Pegylation was also used in one molecule,
GX1, aiming at improved pharmacokinetics, despite the possibility of
creating steric hindrance. This insertion was not possible in the other
molecule (RGD-GX1), precisely because of a steric barrier.

The design of dual molecular targeting is an attractive approach, be-
cause many cancer types simultaneously express multiple receptors
[39]. That was the rationale behind the dimer RGD-GX1. Indeed, the
RGD peptide has been previously associated with other peptides, creat-
ing heterodimers such as Bombesin-RGD and RGD-αMSH (melanocyte-
stimulating hormone), with the objective of improving tumor cell affin-
ity, by means of binding to two different receptors [40–43].

Radiolabeling in the current experience was easy and fast. HPLC
analysis confirmed a single peak for each of the tracers, suggesting
that only one product was formed, without isomers, with high radio-
chemical purity, high serum stability and needless of purification
steps. Values of retention time and partition coefficient were in the
Table 3
Percentage of total injected dose of 99mTc-HYNIC-PEG4-c(GX1) and 99mTc-HYNIC-E-[c(RGDfk)-

Organ/Time 5 min 30 min 1 h

Blood GX1 13.00 ± 1.25 2.62 ± 0.60 0.64 ± 0
RGD-GX1 9.46 ± 4.20 5.06 ± 2.02 2.28 ± 0

Muscle GX1 13.44 ± 3.91 5.17 ± 1.07 1.47 ± 0
RGD-GX1 13.21 ± 2.90 9.04 ± 1.50 6.06 ± 1

Bone GX1 5.53 ± 1.32 3.01 ± 1.32 0.74 ± 0
RGD-GX1 6.74 ± 1.06 6.45 ± 1.92 4.38 ± 0
same range for both complexes, matching similar molecular size and
hidrophilicity pattern.

The rapid excretion profile, predominantly via the urinary tract,
along with liver and intestine uptake, is consistent with the hydrophilic
partition coefficient of both radiotracers. Nonetheless, a significant per-
centage of radioactivity in the hepatobiliary tract remained, indicating
the importance of this path for total elimination of the radioactive com-
plex. Lipophilicity is considered undesirable in a radiopharmaceutical
because it leads to intestinal instead of renal clearance. Yet, secondary
metabolization of the product in the digestive tract could still result in
release of radionuclide into the bloodstream, in forms which undergo
renal elimination [44].

Blood clearance was rapid, and the washout of GX1 was typically
higher than that of RGD-GX1. The larger molecule could be responsible
for the slower excretion of 99mTc-HYNIC-E-[c(RGDfk)-c(GX1)].

The results of total blood and total plasma binding support the hy-
pothesis that a very minimal percentage of radioactivity remained in
the circulatory systemat longer times, for both radiotracers. Plasma pro-
tein binding was twice as high for the monomer tracer, probably on ac-
count of pegylation of the molecule, leading to significant inhibition of
protein adsorption, less recognition by the phagocyte system, increase
in the size of the molecules, and reduced glomerular filtration
rate [45,46].

Most organs and tissues achieved good clearance by 60 min. As an
efficient tracer should exhibit good clearance from the background tis-
sue or blood, such results bode well for the development of clinically-
relevant tracers, and this time point will be adopted for future tumor-
bearing models [47].

The binding studies in HUVEC cells helped to elucidate the uptake
pattern of each radiotracer. Although the uptake values were low,
these were just a fraction of the potential binding, as the main target
is the new vasculature, which can solely be produced in vivo.

5. Conclusion

Radiolabeling of GX1 and RGD-GX1 conjugates with 99mTc was suc-
cessful, with high radiochemical purity. Both radiotracers were
c(GX1)] in healthy Balb/c mice at different times (%ID).

2 h 4 h 6 h 24 h

.26 0.39 ± 0.23 0.22 ± 0.14 0.25 ± 0.06 0.05 ± 0.01

.65 0.62 ± 0.21 0.63 ± 0.20 0.43 ± 0.14 0.09 ± 0.02

.72 0.77 ± 0.23 0.40 ± 0.13 0.37 ± 0.17 0.09 ± 0.04

.08 2.86 ± 0.33 2.54 ± 0.31 2.55 ± 0.65 1.76 ± 0.31

.37 0.65 ± 0.24 0.46 ± 0.13 0.35 ± 0.20 0.08 ± 0.02

.88 2.31 ± 0.35 1.92 ± 0.24 2.39 ± 0.32 1.67 ± 0.44



Fig. 10. Uptake binding in HUVEC cells (A) 99mTc-HYNIC-PEG4-c(GX1); (B) 99mTc- HYNIC-E-[c(RGDfk)-c(GX1)].
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hydrophilicwith preferential renal excretion, an advantageous property
for diagnostic radiopharmaceuticals. Both radioconjugates are consid-
ered potential candidates for tumor imaging, by means of nuclear med-
icine techniques. Further investigations of binding affinity and uptake of
GX1 and RGD-GX1 peptides in tumor models are warranted.
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