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Abstract Near-infrared (NIR) fluorescence optical
imaging is an emerging imaging technique for studying
diseases at the molecular level. Optical imaging with a NIR
emitting fluorophore for targeting tumor vasculature offers
a noninvasive method for early detection of tumor angio-
genesis and efficient monitoring of response to anti-tumor
vasculature therapy. The previous in vitro results demon-
strated that the GX1 peptide, identified by phage-display
technology, is a tumor vasculature endothelium-specific
ligand. In this report, Cy5.5-conjugated GX1 peptide was
evaluated in a subcutaneous US7TMG glioblastoma xeno-
graft model to investigate tumor-targeting efficacy. The in
vitro flow cytometry results revealed dose-dependent
binding of Cy5.5-GX1 peptide to US7TMG glioma cells.
In vivo optical imaging with the Cy5.5-GX1 probe exhib-
ited rapid US7MG tumor targeting at 0.5 h p.i., and high
tumor-to-background contrast at 4 h p.i. Tumor specificity
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of Cy5.5-GX1 was confirmed by effective blocking of
tumor uptake in the presence of unlabeled GX1 peptide
(20 mg/kg). Ex vivo imaging further confirmed in vivo
imaging findings, and demonstrated that Cy5.5-GX1 has a
tumor-to-muscle ratio (15.21 £ 0.84) at 24 h p.i. for the
non-blocked group and significantly decreased ratio
(6.95 £ 0.75) for the blocked group. In conclusion, our
studies suggest that Cy5.5-GX1 is a promising molecular
probe for optical imaging of tumor vasculature.
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Abbreviations

NIRF Near-infrared fluorescence

HPLC  High performance liquid chromatography
p-i. Postinjection

GX1 Cyclo(CGNSNPKSC) peptide

PBS Phosphate buffered saline

Boc -Butoxycarbonyl

NHS N-hydroxysuccinimide

TFA Trifluoroacetic acid

TIS Triisopropylsilane

DMSO Dimethyl sulfoxide
DIPEA Diisopropylethylamine
Introduction

Near-infrared fluorescence (NIRF) optical imaging offers a
noninvasive method for studying diseases at the molecular
level in living subjects (Weissleder and Mahmood 2001;
Tung 2004; Kobayashi et al. 2010). As an excellent
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complement to nuclear imaging techniques, optical imaging
uses neither ionizing radiation nor radioactive materials and
is relatively inexpensive, robust, sensitive, and straightfor-
ward (Chen et al. 2004). The major limitations of optical
imaging are absorption and scattering that occur in bio-
logical tissues which limit penetration of light through the
body. However, biological tissues have reduced absorbance
and autofluoresence in the NIR region (650-900 nm),
which allows efficient photon penetration into and out of
tissue with lower intra-tissue scattering. In addition, the
shorter path-length of light makes optical imaging more
feasible in small animals (Cheng et al. 2005). Recent
advances in molecular imaging have demonstrated that
optical imaging, NIRF in particular, can be used to monitor
the biological activity of a wide variety of molecular tar-
gets, including cell surface receptors (Ke et al. 2003;
Achilefu et al. 2000, 2002; Chen et al. 2004; Cheng et al.
2005), intracellular enzymes (Weissleder et al. 1999; Tung
et al. 2004; Mahmood and Weissleder 2003), and antigens
(Moore et al. 2004), providing a unique opportunity to
quantitatively evaluate the biological events associated with
various diseases. As such, NIRF optical imaging can make
significant impacts in better understanding of biology, early
detection of disease, monitoring therapy response, and
guiding drug discovery and development.

Angiogenesis, the formation of new blood vessels from
pre-existing vasculature, is a fundamental process occur-
ring during tumor progression (Cai et al. 2008; Chen and
Chen 2011). Current evidence suggests tumor-vasculature
formation is a complex multi-step process that follows a
characteristic sequence of events mediated and controlled
by growth factors, cellular receptors and adhesion mole-
cules (Ellis et al. 2001; Kuwano et al. 2001; Yancopoulos
et al. 2000). Differences between tumor angiogenesis and
physiological angiogenesis exist and include aberrant vas-
cular structure, altered endothelial cell-pericyte interac-
tions, abnormal blood flow, increased permeability, and
delayed maturation (Bergers and Benjamin 2003; Hanahan
and Folkman 1996). Because tumor vasculature plays a
vital role in tumor growth and metastasis (Cai et al. 2008;
Weissleder 2006), it is of great importance to develop
molecular probes for imaging tumor vasculature in living
subjects. In vivo angiogenesis specific molecular probes
will aid in metastasis detection, tumor biology of angio-
genesis, and facilitate the development of anti-tumor vas-
culature therapy.

To date, target-specific delivery of molecular imaging
probes has employed numerous targeting moieties, includ-
ing small molecules, peptides, proteins, antibodies, anti-
body fragments, and nanoparticles (Chen and Chen 2010).
Among these targeting moieties, low-molecular-weight
small peptides demonstrate a number of distinct advantages
over others. In particular, small peptides have favorable
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pharmacokinetic and tissue distribution patterns, increased
permeability, lower toxicity, lower immunogenicity, and
considerable flexibility in chemical modification (Chen and
Chen 2010). Development of peptide-based molecular
imaging probes has customarily relied on (1) isolation of
naturally occurring peptides, (2) screening synthetic peptide
libraries, and (3) structure-based rational design. An alter-
native technique involves the screening of bacteriophage
(phage) display libraries. Since its inception almost
30 years ago, phage display has become a powerful tech-
nique that allows vast sequence space screening, providing
a means to improve peptide affinity and generate unique
peptides that bind any given target (Deutscher 2010).

Through in vivo screening of a phage-display peptide
library, we previously identified a cyclic 9-mer peptide,
CGNSNPKSC, named GX1, which binds specifically to the
human gastric cancer vasculature (Chen et al. 2009; Zhi
et al. 2004; Hui et al. 2008). Immunohistochemical stain-
ing, enzyme-linked immunosorbent assay (ELISA), and
immunofluorescence confirmed the targeting activity of
GX1 peptide, indicating that GX1 might be used as a novel
vascular marker for human cancers (Hui et al. 2008; Zhi
et al. 2004). In this report, we conjugated GX1 peptide with
NIR fluorescent dye Cy5.5. The resulting Cy5.5-GX1
probe was evaluated for NIR imaging of tumor vasculature
using the US7MG tumor xenograft mouse model.

Materials and methods
General

All chemicals (reagent grade) were obtained from com-
mercial suppliers and used without further purification. The
Boc-protected GX1 peptide was purchased from C S Bio,
Inc. (Menlo Park, CA, USA). Cy5.5 monofunctional NHS
ester (Cy5.5-NHS) was purchased from GE Healthcare
(Piscataway, NJ, USA). Analytical and semi-preparative
reversed phase HPLC was accomplished on two Waters 515
HPLC pumps, a Waters 2487 absorbance UV detector, which
were operated by Waters Empower 2 software. The UV
absorbance was monitored at 214 and 254 nm. Mass spectra
were obtained on a Q-Tof premier-UPLC system equipped
with an electrospray interface (ESIT) (Waters, USA).

Synthesis of Cy5.5-GX1 peptide

Boc-protected GX1 peptide (0.5 mg, 0.497 pmol, 1 equiv.)
was dissolved in 100 pL of DMSO and mixed with Cy5.5-
NHS (0.56 mg, 0.497 pmol. 1 equiv.) in DIPEA (10 pL) in
the dark. Sonication was performed in the dark at 45°C for
2 h. The reaction was then quenched with 50 pL of 5%
acetic acid (HOACc). Purification of the crude product was
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performed on a reversed phase HPLC system using a semi-
preparative Phenomenex Luna C;g column (250 x 10 mm).
The flow rate was 3 mL/min, with the gradient mobile
phase starting from 95% solvent A (0.1% TFA in water) and
5% solvent B (0.1% TFA in acetonitrile; 0-2 min) to 35%
solvent A and 65% solvent B at 30 min. The peak con-
taining the Boc-protected Cy5.5-GX1 peptide was collected
and lyophilized with a 66% yield (0.62 mg). The Boc-
protected Cy5.5-GX1 peptide (0.5 mg, 0.263 pmol,
1 equiv.) was dissolved in 250 pL of TFA:TIS:water
(95:2.5:2.5) solution. The mixture was stirred at room
temperature for 1 h and evaporated. The residue was
redissolved in 0.5 mL of water and the crude product was
purified on a Phenomenex Luna C,g reversed phase column
(5 pm, 250 x 10 mm). The flow rate was 3 mL/min for
semi-preparative HPLC, with the gradient mobile phase
starting from 100% solvent A (0.1% TFA in water) to 60%
solvent A and 40% solvent B at 30 min. Analytical HPLC
was performed on a Phenomenex Luna C,g reversed phase
analytic column (5 pm, 250 x 4.6 mm). The flow rate was
1 mL/min with the gradient mobile phase starting from
100% solvent A (0.1% TFA in water) to 60% solvent A and
40% solvent B at 30 min. The Cy5.5-GX1 peptide was
collected, lyophilized, and stored in the dark at —20°C until
use (0.36 mg, yield: 76%).

Cell line and culture condition

U87MG human glioblastoma cell line was obtained from
the American Type Culture Collection (ATCC, Manassas,
VA, USA). U87MG glioma cells were grown in Dul-
becco’s modified medium (USC Cell Culture Core, Los
Angeles, CA, USA) supplemented with 10% fetal bovine
serum (FBS) at 37°C in humidified atmosphere containing
5% CO,.

Flow cytometry analysis of cell binding

Human U87MG glioblastoma cells were used to determine
cell binding of Cy5.5-GX1 peptide. To minimize the non-
specific uptake of peptides by pinocytosis, incubations
were performed on ice and followed immediately by flow
cytometry. US7MG cells (1.5 x 10°) were incubated with
Cy5.5-GX1 peptide (0.5, 1 and 4 pg) for 60 min. The
control group was cells incubated without Cy5.5-GX1.
After washing with ice cold PBS (1 mL) three times, Cy5.5
fluorescence was determined using the BD™ LSR II flow
cytometer (a special order research product, BD Biosci-
ences, San Jose, CA, USA). The fluorescence profiles and
binding percentages of the cell populations were obtained
and analyzed using FACSDiva v 6.0 (BD Biosciences, San
Jose, CA, USA).

Animal model

All animal studies were performed according to a protocol
approved by the University of Southern California Insti-
tutional Animal Care and Use Committee. Female athymic
nude mice (about 4-6 weeks-old, with a body weight of
20-25 g) were obtained from Harlan (Livermore, CA,
USA). The U887MG human glioma xenograft model was
generated by subcutaneous injection of 5 x 10° U87TMG
human glioma cells suspended in 100 pL. of PBS into the
right shoulder of mice. The cells were allowed to grow
3-5 weeks until tumors were 200500 mm® in volume.
Tumor growth was measured using caliper measurements
in orthogonal dimensions.

In vivo and ex vivo near-infrared fluorescence imaging

In vivo fluorescence imaging was performed using the IVIS
Imaging System 200 Series and analyzed using the IVIS
Living Imaging 3.0 software (Caliper Life Sciences, Ala-
meda, CA, USA). A Cy5.5 filter set was used for acquiring
the fluorescence of Cy5.5-conjugated GX1 peptide. Iden-
tical illumination settings (lamp voltage, filters, f/stop, field
of views, binning) were used for acquiring all images.
Fluorescence emission images were normalized and
reported as photons per second per centimeter squared per
steradian (p/s/cmzlsr). The non-blocked mice (n = 3)
received 1.0 nmol of Cy5.5-GX1 peptide intravenously and
subjected to optical imaging at various time points post-
injection. The blocked group of mice (n = 3) were injected
with a mixture of 20 mg/kg of unlabeled GX1 peptide and
1.0 nmol Cy5.5-GX1 peptide. All near-infrared fluores-
cence images were acquired using 1 s exposure time
(f/stop = 4). Mice from non-blocked and blocked groups
were euthanized at 24 h p.i. The tumors, tissues, and
organs were dissected and subjected to ex vivo fluores-
cence imaging. The mean fluorescence for each sample was
reported.

Data processing and statistical analysis

All of the data are given as means £ SD (standard devia-
tion) of n independent measurements. Statistical analysis
was performed with a Student’s ¢ test. Statistical signifi-
cance was assigned for P values < 0.05. To determine
tumor contrast, mean fluorescence intensities of the tumor
(T) area at the right shoulder of the animal and of the
normal tissue (N) at the surrounding tissue were calculated
using the region-of-interest (ROI) function of the Living
Image 3.0 software. Dividing T by N yielded the contrast
between tumor and normal tissue.
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Results

Synthesis and characterization of Boc-protected
Cy5.5-GX1 peptide and Cy5.5-GX1 peptide

The schematic molecular structure of Cy5.5-GX1 conjugate
is shown in Fig. 1. Preparation of Cy5.5-GX1 peptide was
achieved in two steps with an overall yield of 50%. During
the first step, the Cy5.5 fluorophore was conjugated to the
N-terminal amino group of the cysteine residue while the
amino group of the lysine side chain remained protected with
tert-butyloxycarbonyl (Boc) group. After Boc deprotection
in TFA, the Cy5.5-GX1 peptide probe was isolated through
HPLC purification. The purity of the final product was over
97%. The retention time of Cy5.5-GX1 on analytical HPLC
was 20.0 min. ESI high-resolution mass spectrometry yiel-
ded m/z = 951.6077 ([MJ/2 — 1]7) for Boc-protected
Cy5.5-GX1 (calculated M, = 1,904.5349 for C;9HgsN;5
0,5S¢) and m/z = 901.5577 ((M/2 — 1]7) for Cy5.5-GX1
(Calculated Mr = 1,8045138 for C74H98N15O2656)~

Flow cytometric analysis

The binding specificity of Cy5.5-GX1 to tumor cells was
determined by flow cytometry studies. U87MG glioma
cells (1.5 x 10°) were incubated with 0—4 pg of Cy5.5-
GX1 peptide for 60 min and measured using flow cytom-
etry. The representative examples of flow cytometric
analysis with various amount of Cy5.5-GX1 are plotted in
Fig. 2a. The percentages of cells binding increased as a
function of Cy5.5-GX1 concentration as shown in the
histogram plot in Fig. 2b.

In vivo fluorescence imaging with Cy5.5-GX1

NIR fluorescence images of U87MG xenograft nude mice

were acquired after intravenous injection of 1.0 nmol of

Cy5.5-GX1 (Fig. 3a). Cy5.5-GX1 uptake in the U87TMG

tumor was imaged and showed the high contrast to
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Fig. 1 Schematic structure of the Cy5.5-GX1 conjugate

@ Springer

background tissue during 0.5-24 h p.i. The Cy5.5-GX1
probe exhibited a rapid U§7MG tumor targeting as early as
0.5 h p.i., and excellent tumor-to-background contrast at
4 h p.. Fluorescence intensities in the tumor and the nor-
mal tissues were plotted as a function of time (Fig. 3b).
The tumor tissue uptake reached a maximum at 1 h p.i. and
slowly washed out over time. In contrast, normal tissue had
faster probe binding and washout. The overall uptake of
Cy5.5-GX1 in normal tissue was much lower compared to
tumor during the 24 h period studied.

To validate the targeting specificity of the Cy5.5-GX1
probe, a blocking experiment was performed. For the
blocked group, each U87MG-tumor-bearing mouse was
intravenously co-injected with 1.0 nmol of Cy5.5-GX1 and
20 mg/kg unlabeled GX1 peptide, whereas mice in the
non-blocked group were injected with 1.0 nmol of Cy5.5-
GX1 only. In Fig. 4a, NIR fluorescence imaging of
U87MG-tumor-bearing mice at 4 h p.i. from the non-
blocked group and blocked group are presented on the left
and right, respectively. At 4 h, the non-specific binding
was probably cleared out from the animals. Unlabeled GX1
peptide significantly reduced tumor uptake in blocked
scans compared with the non-blocked group.

Furthermore, ex vivo evaluation of excised organs
showed Cy5.5-GX1 was predominantly taken up by the
US7MG tumor at 24 h p.i. (Fig. 4b), as seen in the in vivo
imaging results. Fluorescence intensities of tumor and
organs were quantified using regions of interest (ROIs) that
encompassed the entire organ. Data from quantitative
analysis are plotted in Fig. 4c. In the non-blocked group,
Cy5.5-GX1 showed excellent tumor uptake with minimal
amounts in other major organs. Co-injections of Cy5.5-
GX1 with unlabeled GX1 peptide reduced the overall
probe uptake and Cy5.5-GX1 was not noticeable in the
tumor, suggesting the targeted specificity of the Cy5.5-
GX1 probe. Based on quantitative analysis of ex vivo
imaging, the contrast ratios of tumor to normal organs for
non-blocked and blocked groups were calculated and pre-
sented in Fig. 4d. Comparison data between the groups
demonstrated that Cy5.5-GX1 has a tumor-to-muscle ratio
(15.21 £ 0.84) at 24 h p.i. in the non-blocked group and
significantly decreased ratio (6.95 % 0.75) in the blocked
group. In addition, the non-blocked group ratio of tumor-
to-liver and tumor-to-kidney uptake at 24 h p.i. was cal-
culated to be 4.02 £ 0.13 and 7.98 + 0.44, respectively,
while the corresponding values for the blocked group were
2.79 £ 0.35 and 4.67 £+ 0.55, respectively.

Discussion

Molecular imaging has emerged because of unprecedented
advances in molecular and cell biology, discovery of
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numerous molecular probes, and successful development
of small-animal imaging instrumentation (Chen et al.
2004). This emergence has created the opportunity to
bridge established in vitro findings with potential disease
interventions in the clinical setting (Chen et al. 2004). Just
as the predominant imaging modalities in nuclear medi-
cine, positron emission tomography (PET) and single
photon emission computed tomography (SPECT) gained
their power in patient management through the use of
radiolabeled probes (Chen and Conti 2010; Chen and Chen
2011), the underlying principles can also be tailored to
other molecular imaging modalities such as optical

T T J

0.5 1
Amount of Cy5.5-GX1 (ug)

imaging. With the pivotal role offered through new imag-
ing probes, the design and development of biologically
active probes has become one of the major research areas
of molecular imaging (Massoud and Gambhir 2003;
Gambhir 2002; Weissleder 2006).

One such development is to image angiogenesis, one of
the key requirements during cancer progression. Without
angiogenesis, the tumor may not grow beyond a few mil-
limeters in diameter (Bergers and Benjamin 2003; Folkman
1995). Through the leaky tumor vasculature, cancer cells
can break away or spill from a primary tumor, circulate
through the bloodstream, and undergo expansive growth to
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Fig. 3 a In vivo fluorescence imaging of subcutaneous U87MG
tumor-bearing nude mice after intravenous injection of 1.0 nmol of
Cy5.5-GX1. The tumor can be clearly visualized as indicated by
arrows from 0.5 to 24 h p.i. The fluorescence intensity was recorded

metastasize within the parenchyma of other organ(s). The
fact that tumor progression is dependent on angiogenesis
has inspired scientists to search for anti-angiogenic mole-
cules and design anti-angiogenic strategies for cancer
treatment and prevention of cancer recurrence/metastasis
(Cai and Chen 2006; Folkman 2007; Kerbel and Folkman
2002). During the last two decades, the research field of
angiogenesis has rapidly expanded and provided an
increasing body of evidence that inhibition of angiogenesis
could attenuate tumor growth. A large series of inhibitors
of angiogenesis have shown great potential in the treatment
of cancer in preclinical research and clinical studies. To
evaluate the effects of these new anti-angiogenic agents, it
would be of great interest to image the process of angio-
genesis in tumors. To date, several markers have been
identified that express on newly formed blood vessels in
tumors and in the extracellular matrix surrounding newly
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as per second per centimeter squared per steradian (p/s/cm?/sr).
b Quantification and kinetics of in vivo targeting character of Cy5.5-
GX1. Tumor fluorescence washout was slower than that in normal
tissue

formed blood vessels (Charnley et al. 2009; Ocak et al.
2007; Beer and Chen 2010).

Using angiogenesis as a target, phage-display technol-
ogy was used to identify our molecular probe. Phage dis-
play technology is a powerful approach for the generation
of peptides that target specific organ- or tumor-structures
(Ueberberg and Schneider 2010). Since its inception almost
30 years ago, phage display has been utilized in vitro, in
situ, and in vivo to isolate peptides that bind numerous
targets (Deutscher 2010). The GX1 peptide (sequence of
CGNSNPKSC) was previously identified through in vivo
screening using a phage-display peptide library and results
showed the GX1 peptide bound specifically to the human
gastric cancer vasculature (Chen et al. 2009; Zhi et al.
2004; Hui et al. 2008). The immunohistochemical staining,
ELISA, and immunofluorescence studies indicate that GX1
might be used as a novel vascular marker for human
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Fig. 4 a Representative optical imaging (acquired at 4 h p.i.) of mice
bearing subcutaneous US7MG tumor on the right shoulder demon-
strating blocking of Cy5.5-GX1 (1.0 nmol) uptake by co-injection
with GX1 peptide (20 mg/kg). b Ex vivo imaging of tumor and
normal tissues of Cy5.5-GX1 after euthanizing the mice at 24 h p.i.; /
Tumor, 2 Heart, 3 Lung, 4 Liver, 5 Kidney, 6 Spleen, 7 Blood 8 Bone

cancers (Hui et al. 2008; Zhi et al. 2004). Considering all of
above factors, we hypothesized that fluorophore-conju-
gated GX1 peptide would generate a novel molecular probe
for optical imaging of tumor vasculature.

To create the probe, we chose the Cy5.5 dye to conju-
gate with the GX1 peptide. The resulting Cy5.5-GX1 probe
was subjected to in vitro testing. Flow cytometry analysis
demonstrated Cy5.5-GX1 bound to U87MG glioma cells in
a dose-dependent manner and suggest binding saturation
did not occur from the 0.5—4 pg amounts of labeled pep-
tide. In addition, the intracellular localization of Cy5.5-
GX1 was also examined using confocal microscopy (data
not shown). The results showed Cy5.5-GX1 was internal-
ized into the US7MG cells rather than bound to the cell
surface. This observation is in contrast to other peptide-
based ligands that target to tumor vasculature receptors.
For example, the internalization of integrin targeted probes,
such as cyclic RGD peptide, does occur after binding to
tumor cells yet in a very limited extent (Castel et al. 2001;
Sancey et al. 2009). One possible explanation is the fluo-
rescence dye motif increases lipophilicity of the probe and
thus, facilitates ligand internalization. Nevertheless, the

Tumor/Muscle

TumoriLiver Tumor/Kidney

9 Muscle. ¢ ROI analysis of fluorescence intensity in ex vivo of major
tissues with (Blocking) and without (Non-blocking) co-injection of
GX1 peptide (20 mg/kg). d Fluorescence intensity ratio of tumor-to-
normal tissue based on the ROI analysis. Error bar was calculated as
the standard deviation (n = 3)

mechanism of cellular internalization of Cy5.5-GX1
requires further investigation. Identification of the specific
binding receptor for GX1 peptide is underway to unveil the
mechanism. The approaches used in identifying the specific
target include in vitro receptor-based screening and in sil-
ico bioinformatic analysis. Ongoing work also contains
CD31 staining of U87MG tumor sections to further
investigate the tumor vasculature status.

Cy5.5-GX1 was evaluated in the subcutaneous US7MG
glioblastoma xenograft mouse model to examine its tumor-
targeting efficacy. In vivo optical imaging studies showed
US7MG tumors were clearly visible with high contrast to
contralateral background at all measured time points after
injection. The Cy5.5-GX1 probe exhibited a fast US7TMG
tumor targeting (as early as 0.5 h p.i.) and excellent tumor-
to-background contrast at 4 h p.i. Both the tumor and
normal tissue demonstrated rapid probe uptake. However,
the probe washout in tumor is much slower than normal
tissue, leading to excellent tumor-to-normal tissue contrast
at later time points (after 4 h p.i.). For the non-blocked
group, Cy5.5-GX1 exhibited the high contrast tumor-to-
tissue ratios for imaging and detection. Scans of dissected
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tissues and organs were consistent with in vivo imaging
findings. Aside from the U887MG tumor, liver uptake of
Cy5.5-GX1 remained higher than the amounts measured in
other major organs, including kidneys, suggesting the
hepatic pathway as the likely route of excretion. A block-
ing experiment was achieved by co-injection of Cy5.5-
GX1 with unlabeled GX1 peptide (20 mg/kg). Significant
reduced tumor uptake (P < 0.05) of Cy5.5-GX1 was
observed for the blocked group at 4 h p.i., indicating
Cy5.5-GX1 is a target-specific probe. Reduced uptake of
Cy5.5-GX1 was observed in tissues during blocked
experiments, mainly in the liver, kidneys, lung, spleen, and
US87MG tumor, with the largest decrease in fluorescence in
the tumor (Fig. 4c). Results suggest receptors of GX1 were
sufficiently blocked in these organs using the 25 mg/kg
amount of GXI1.

Further methods to optimize the NIRF GXI1 probes
include careful selection of fluorescent labels and
improvement of pharmacokinetic profile. We and others
have showed that NIR fluorescent dye Cy5.5 can be used as
a promising contrast agent for in vivo demarcation of
tumors (Cheng et al. 2005; Chen et al. 2004; Weissleder
et al. 1999; Ke et al. 2003; Petrovsky et al. 2003). How-
ever, the emission maximum of Cy5.5 at 694 nm is at the
lower limit of NIRF region. Fluorescent dyes with more
red-absorbing character may provide deeper tissue pene-
tration and a better reflection of actual distribution of the
probe in vivo. Quantum dots (QDs) would be a good
alternative to the fluorescent dyes. As compared to organic
fluorophores, QDs present unique optical and electronic
properties, including size-tunable fluorescence emission
from visible to NIR wavelength and high levels of
brightness and photostability (Cheng et al. 2005; Gao and
Nie 2005). Thus, the conjugation of GX1 peptide with QDs
will be explored in further investigation. In addition, the
optical imaging of Cy5.5-GX1 in U87MG tumor-bearing
mice showed a considerable uptake in liver. Further mod-
ification is also needed to improve the pharmacokinetics of
probe. For example, an appropriate linker may be incor-
porated into GX1 probe. However, the factor of length,
flexibility, hydrophilicity, and charges (cationic, anionic,
and neutral) of the linker needs to be carefully considered
(Chen and Chen 2010). Finally, to obtain quantitative
tumor-targeting and distribution patterns of the GX1-based
probes, radionuclide imaging modalities such as PET or
SPECT are warranted for future quantitative studies.

Conclusion
The Cy5.5 fluorophore was successfully conjugated with

GX1 to image tumor vasculature. Cy5.5-GX1 provided
highly sensitive and target-specific molecular imaging of

@ Springer

tumors. It demonstrated excellent tumor-to-normal tissue
ratio, fast tumor targeting ability, and rapid normal tissue
clearance. Thus, Cy5.5-GX1 is a promising probe for
imaging tumor vasculature in living subjects.
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