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Abstract In this study, we synthesized a novel Cy5.5-
labeled dimeric NGR peptide (Cy5.5-NGR2) via bioor-
thogonal click chemistry, and evaluated the utility of
Cy5.5-NGR2 for near-infrared fluorescence imaging of
CD13 receptor expression in vivo. The dimeric NGR
peptide (NGR2) was conjugated with an alkyne-containing
PEG unit followed by mixing with an azide-terminated
Cy5.5 fluorophore (Cy5.5-N3) to afford Cy5.5-NGR2. The
probe was subject to in vitro and in vivo evaluations. The
bioorthogonal click chemistry provided a rapid conjugation
of the alkyne-containing NGR2 with Cy5.5-Nj3 in a quan-
titative yield within 15 min. The laser confocal microscopy
revealed that binding of Cy5.5-NGR2 to CD13 receptor is
target-specific as demonstrated in CD13-positive HT-1080
cells, CD13-negative MCF-7 cells, and a blocking study in
HT-1080 cells. For in vivo optical imaging, Cy5.5-NGR2
exhibited rapid HT-1080 tumor targeting at 0.5 h postin-
jection (pi), and highest tumor-to-background contrast at
2 h pi. The CD13-specific tumor accumulation of Cy5.5-
NGR2 was accomplished by a blocking study with unla-
beled NGR peptide in HT-1080 tumor bearing mice. The
tumor-to-muscle ratio of Cy5.5-NGR2 at 2 h pi reached
2.65 £ 0.13 in the non-blocking group vs. 1.05 £ 0.06 in
the blocking group. The results from ex vivo imaging were
consistent with the in vivo findings. We concluded that
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Abbreviations

NIRF Near-infrared fluorescence

PET Positron emission tomography

SPECT  Single photon emission computed tomography

CT Computed tomography

MRI Magnetic resonance imaging
APN Aminopeptidase N

NGR Asparagine—glycine—arginine
HPLC High-performance liquid chromatography
PBS Phosphate-buffered saline
DBCO Dibenzocyclooctyne

NHS N-Hydroxysuccinimide

TFA Trifluoroacetic acid

DMSO Dimethyl sulfoxide

DAPI 4',6-Diamidino-2-phenylindole
PFA Paraformaldehyde

Pi Postinjection

ROI Region-of-interest

"E.FDG  '®F-Fluorodeoxyglucose

PK Pharmacokinetics
Introduction

Near-infrared fluorescence (NIRF) optical imaging is an
excellent noninvasive technique for studying diseases at
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the molecular level in living subjects (Weissleder et al.
1999; Tung 2004; Chen et al. 2004; Kobayashi et al. 2010).
As compared to nuclear imaging techniques, such as pos-
itron emission tomography (PET) and single photon
emission computed tomography (SPECT), NIRF imaging
does not employ ionizing radiation or radioactive materi-
als, rendering it cost-effective, robust, sensitive, and
straightforward over other imaging modalities (Chen et al.
2004, 2012b). Although absorption and scattering from
biological tissues may limit penetration of light through the
body, photon penetration into and out of tissue can be more
efficient in the near-infrared window (650-900 nm) with
minimal intra-tissue scattering. Recent research advances
have demonstrated that optical imaging is playing a valu-
able role in better understanding of biology, early diagnosis
of diseases, and effective assessment of treatment (Sakatani
et al. 1997; Wunderbaldinger et al. 2003; Raymond et al.
2008; Kobayashi et al. 2010).

Tumor angiogenesis is a complex, multi-step process, in
which five phases can be distinguished, including (1) endo-
thelial cell activation, (2) basement membrane degradation,
(3) endothelial cell migration, (4) vessel formation, and (5)
angiogenic remodeling (Carmeliet 2000). All these tumor
angiogenesis events are specifically mediated and controlled
by a number of biomarkers (Chen and Chen 201 1b; Ellis et al.
2001; Kuwano et al. 2001; Yancopoulos et al. 2000). Con-
sequently, biomarkers exclusively expressed in tumor angi-
ogenesis were recognized to be potential targets for cancer
diagnosis and therapy. Numerous studies have proved that
CD13 receptor is an important regulator of endothelial mor-
phogenesis during tumor angiogenesis (Bhagwat et al. 2001).
CD13 receptor, also known as aminopeptidase N (APN), is a
zinc-dependent  membrane-bound  ectopeptidase  that
degrades preferentially proteins and peptides with an N-ter-
minal neutral amino acid (Guzman-Rojas et al. 2012). The
full length of CD13 consists of 967 amino acids with a short
N-terminal cytoplasmic domain, a single transmembrane
part, and a large cellular ectodomain containing the active site
(Luan and Xu 2007). A sizable body of evidence suggests that
overexpression of CD13 is associated with the progression of
many tumors, such as prostate, colon, and pancreatic cancer
(Teranishi et al. 2008; Ikeda et al. 2003; Hashida et al. 2002).
Through in vivo screening of a phage-displayed peptide
library, a tumor vasculature-homing phage carrying sequence
CNGRCVSGCAGRC was selected by using human breast
carcinoma xenografts (Arap et al. 1998). Later, the molecular
basis behind NGR tumor-homing properties was revealed,
and NGR-containing peptide was identified as a specific
ligand for CD13 receptor (Pasqualini et al. 2000). Since then,
a number of NGR-containing derivatives have been devel-
oped for both CD13-targeted tumor imaging and therapy (von
Wallbrunn et al. 2008; Negussie et al. 2010; Wang et al.
2011).
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Recently, we made use of the bivalency principle to
develop a novel dimeric NGR peptide (NGR2), which
exhibits subnanomolar affinity to CDI13 overexpressed
tumor cells (Chen et al. 2013). We also radiolabeled the
NGR2 peptide with ®*Cu, and the resulting PET probe
displayed favorable in vivo performance in terms of high
tumor uptake and slow tumor washout in CD13-positive
tumor xenografts. We thus hypothesized that the newly
developed NGR2 peptide could be an excellent candidate
for developing an optical imaging probe, which may allow
the NIR optical imaging of CD13 overexpressed tumors and
facilitate noninvasive monitoring of CD13-targeted tumor
therapy in the near future. In this report, an alkyne-con-
taining NGR2 peptide was synthesized and conjugated
rapidly and quantitatively with Cy5.5-Nj3 through bioor-
thogonal click chemistry. The resulting Cy5.5-NGR2 pep-
tide was further evaluated by in vitro and in vivo studies to
explore its functions and utility as a CD13-specific NIRF
imaging probe.

Materials and methods
General

All chemicals (reagent grade) were obtained from com-
mercial suppliers and used without further purification. The
monomeric NGR peptide [GGGCNGRC; disulfide Cys:-
Cys = 4-8] was purchased from C S Bio, Inc. (Menlo
Park, CA, USA). The Cy5.5 azide (Cy5.5-N3) was pur-
chased from Lumiprobe Corporation (Hallandale Beach,
FL, USA). The DBCO-PEG,4-NHS ester was purchased
from Click Chemistry Tools, Inc. (Scottsdale, AZ, USA).
Mass spectra were obtained on a Q-Tof premier-UPLC
system equipped with an electrospray interface (ESI)
(Waters Corporation, Milford, MA, USA).

HPLC methods

Analytical reversed phase HPLC was accomplished on
two Waters 515 HPLC pumps, a Waters 2487 absor-
bance UV detector, which were operated by Waters
Empower 2 software. The UV absorbance was moni-
tored at 214 and 254 nm. The purification of DBCO-
conjugated NGR2 peptide was performed on a Phe-
nomenex Luna C18 reversed phase column (5 pm,
250 x 4.6 mm). The flow rate was 1 mL/min with the
mobile phase starting from 100 % solvent A (0.1 %
TFA in water) to 40 % solvent A and 60 % solvent B
(0.1 % TFA in acetonitrile) at 22.5 min. The purifica-
tion of Cy5.5-NGR2 peptide was performed on the same
HPLC column. The flow rate was 1 mL/min with the
mobile phase starting from 100 % solvent A (0.1 %
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TFA in water) to 5 % solvent A and 95 % solvent B
(0.1 % TFA in acetonitrile) at 30 min.

Synthesis of DBCO-conjugated NGR2 peptide

The dimeric NGR peptide (NGR2) was prepared according
to a procedure described previously (Chen et al. 2013). To
a solution of the NGR2 peptide (4.0 mg, 2.6 pmol) in
200 pL of sodium borate buffer (pH = 8.5) was added
DBCO-PEG4-NHS ester (2.0 mg, 3.1 umol) dissolved in
20 pL of DMSO. The mixture was adjusted to pH 8.5 and
sonicated at room temperature for 1 h. The crude peptide
was purified by HPLC. The peak containing the desired
product was collected and lyophilized to afford a fluffy
white powder (4.1 mg, yield: 76 %).

Synthesis of Cy5.5-NGR2 peptide

To a solution of the DBCO-conjugated NGR2 peptide
(1.0 mg, 0.48 umol) in 100 pL of phosphate buffered saline
(PBS) was added Cy5.5 azide (0.35 mg, 0.53 pumol) dissolved
in 10 pL of DMSO and 100 pL of acetonitrile. The mixture
was shaken in the dark at room temperature for 15 min. The
crude peptide was purified by HPLC. The peak containing the
desired product was collected, lyophilized, and stored in the
dark at —20 °C until use (1.2 mg, yield 91 %).

Absorption and emission spectra

The absorption spectrum of Cy5.5-NGR?2 peptide was recor-
ded on a Cary 14 UV-Vis spectrometer (Bogart, GA, USA).
The spectrum was scanned from 550 to 800 nm with an
increment of 1 nm. The fluorescence emission of Cy5.5-
NGR2 peptide was measured using a Shimadzu RF-5301PC
spectrofluorophotometer (Columbia, MD, USA), and the
spectrum was scanned from 550 to 800 nm with an increment
of 1 nm. The wavelength of excitation light was set at 650 nm.

Cell line and culture condition

HT-1080 human fibrosarcoma cell line and MCF-7 human
breast cancer cell line were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA).
HT-1080 and MCEF-7 cells were grown in Dulbecco’s
modified Eagle’s medium(DMEM) (USC Cell Culture
Core, Los Angeles, CA, USA) supplemented with 10 %
fetal bovine serum (FBS) at 37 °C in humidified atmo-
sphere containing 5 % CO,.

In vitro fluorescence imaging of Cy5.5-NGR2

HT-1080 and MCF-7 cells were grown in chamber slides
(VWR Corporate, Radnor, PA, USA) with a density of

2 x 10%well for 24 h. After washing with serum-free
DMEM medium for 3 min, the cells in each well were
fixed with 2 % paraformaldehyde (PFA) for 10 min, and
then washed with serum-free DMEM medium (3 times,
3 min/wash). The HT-1080 or MCEF-7 cells were incubated
with 20 nM of Cy5.5-NGR2 peptide in 200 pL of serum-
free DMEM medium at 37 °C in the dark for 15 min,
followed by the PBS wash (3 times, 5 min/wash). For the
blocking group, the HT-1080 cells were co-incubated with
20 nM of Cy5.5-NGR2 peptide and 50 uM of unlabeled
monomeric NGR peptide. The chamber slide was then
mounted with a DAPI (4’,6-diamidino-2-phenylindole)
containing mounting medium, and placed under a Zeiss
LSM 510 confocal laser scanning microscope (Carl Zeiss
Microscopy, LLC, Thornwood, NY, USA).

Animal model

All animal procedures were performed according to a
protocol approved by University of Southern California
Institutional 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 Laborato-
ries (Livermore, CA, USA). The HT-1080 tumor xeno-
grafts were generated by subcutaneous injection of 5 x 10°
HT-1080 cells suspended in 50 pL of cell culture media
and 50 pL of BD Matrigel (BD Biosciences, San Jose, CA,
USA) into the right shoulder of mice. The cells were
allowed to grow 2 weeks until tumors were 200-300 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 4.4 software (PerkinElmer Inc., Alameda,
CA, USA). A Cy5.5 filter set was used for acquiring the
fluorescence of Cy5.5-NGR2 peptide. Identical illumina-
tion 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/cm?/
sr). The mice in the non-blocking group (n = 3) received
1.5 nmol of Cy5.5-NGR2 intravenously and subjected to
optical imaging at various time points postinjection (pi).
The mice in the blocking group (n = 3) were injected with
a mixture of Cy5.5-NGR2 peptide (1.5 nmol) and unla-
beled monomeric NGR peptide (20 mg/kg). All near-
infrared fluorescence images were acquired using 1 s
exposure time (f/stop = 4). Mice from the non-blocking
and blocking groups were euthanized at 4 h pi. The tumors,
tissues, and organs were dissected and subjected to ex vivo
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fluorescence imaging. The mean fluorescence for each
sample was reported.

Data processing and statistical analysis

All of the data were presented as mean £ SD (standard
deviation) of n independent measurements. Statistical
analysis was performed with a Student’s ¢ test. Statistical
significance was assigned for P values <0.05. To deter-
mine 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 IVIS
Living Image 4.4 software. Dividing T by N yielded the
contrast between tumor and normal tissue.

Results

Syntheses and characterizations of DBCO-conjugated
NGR?2 peptide and Cy5.5-NGR2

The schematic molecular structure of Cy5.5-NGR2 peptide
was shown in Fig. 1. Preparation of Cy5.5-NGR2 peptide
was achieved in two steps starting from the dimeric NGR
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Fig. 1 Schematic structure of the Cy5.5-NGR2 peptide
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peptide (NGR2) with an overall yield of 69 %. In the first
step, the PEGylated-DBCO NHS ester was coupled onto
the amino group of the NGR2 peptide. The azide-con-
taining Cy5.5 fluorophore (Cy5.5-N3) was then reacted
with DBCO-conjugated NGR2 peptide in PBS. The cata-
lyst-free click chemistry provided a rapid conjugation of
the alkyne-containing NGR2 with Cy5.5-Nj3 in a quantita-
tive yield within 15 min. The desired Cy5.5-NGR2 was
isolated through HPLC purification and the purity was over
98 %. The retention time of DBCO-conjugated NGR2
peptide and Cy5.5-NGR2 on analytical HPLC was
16.3 min and 23.8 min, respectively. ESI mass spectrom-
etry yielded m/z = 1,044.50 ((M+2H]*") for DBCO-con-
jugated NGR2 peptide (calculated [M+2H]*" = 1,044.63
for Cg3H|190N27020S4) and m/z = 932.07 ((M+2Na]*") for
Cy5.5-NGR2  (calculated [M+2Na]3+: 932.38 for
Ci26H168N3303054).

Absorption and emission spectra

The absorption and fluorescence emission spectra of the
Cy5.5-NGR2peptide were shown in Fig. 2. The maximum
absorption and fluorescence emission wavelength of Cy5.5-
NGR?2 was determined to be 674 and 703 nm, respectively.

Binding specificity of Cy5.5-NGR2

To determine the CD13 binding specificity and subcellular
localization of Cy5.5-NGR?2, the probe was incubated with
CD13-positive HT-1080 tumor cells and laser confocal
microscopic imaging was carried out after 15 min incu-
bation at 37 °C. Intensive fluorescent signal was observed
from the membrane of HT-1080 cells, and some fluorescent
signals were also found to be in the cytoplasm of the cells
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Fig. 2 Absorption and emission fluorescence spectra of Cy5.5-NGR2
peptide
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Fig. 3 Confocal microscopy
results of Cy5.5-NGR2 with
HT-1080 cells (CD13 positive)
and MCF-7 cells (CD13
negative) (magnification x100).
The blocking study can be

achieved by adding unlabeled H'l'(-é.g:g :::"S

monomeric NGR peptide. Top: .

incubation of Cy5.5-NGR2 20 ~ Nen-blocking

nM) with CD13-positive HT-

1080 cells; Middle: incubation

of Cy5.5-NGR2 (20 nM) with

CD13-positive HT-1080 cells

blocked by an unlabeled

monomeric NGR peptide

(50 uM); Bottom: incubation of HT-1080 cells

Cy5.5-NGR2 (20 nM) with (CD13 +)

CD13-negative MCF-7 cells .
Blocking

MCF-7 cells

(CD13-)

(Fig. 3, top). In addition, the fluorescent signal from the
cells could be significantly reduced by incubation of the
HT-1080 cells with large excess of the unlabeled mono-
meric NGR peptide (50 uM) (Fig. 3, middle). Furthermore,
the staining of Cy5.5-NGR2 in low CD13-expressed MCF-
7 cells was barely visible (Fig. 3, bottom). Taken together,
the laser confocal microscopy results demonstrated that
Cy5.5-NGR?2 binds to CD13 receptor specifically.

In vivo and ex vivo near-infrared fluorescence imaging

NIR fluorescence images of nude mice bearing subcuta-
neous HT-1080 tumor were acquired after intravenous
injection of 1.5 nmol of Cy5.5-NGR2 (Fig. 4a). Cy5.5-
NGR?2 exhibited a rapid HT-1080 tumor targeting as early
as at 0.5 h pi. Good contrast to background tissue of Cy5.5-
NGR?2 in HT-1080 tumors can be visualized from 1 to 3 h
pi, and highest tumor-to-background contrast was observed
at 2 h pi. Fluorescence intensities in HT-1080 tumor and
muscle were plotted as a function of time (Fig. 4b). The
HT-1080 tumor uptake reached a maximum at 2 h pi and
slowly washed out over time. In contrast, the normal tissue
had faster probe binding and washout. The overall uptake
of Cy5.5-NGR2 in muscle was significantly lower as
compared to tumor during 4-h study period.

Cy5.5

DAPI

Merge

The CD13 specificity of Cy5.5-NGR2 was verified by a
blocking experiment. For the blocking group, each HT-
1080 tumor bearing mouse was intravenously co-injected
with 1.5 nmol of Cy5.5-NGR2 and unlabeled monomeric
NGR peptide (20 mg/kg), whereas mice in the non-block-
ing group were injected with 1.5 nmol of Cy5.5-NGR2
only. The results showed that the unlabeled monomeric
NGR peptide significantly reduced HT-1080 tumor uptake
and tumor contrast at all imaging time points. The optical
images of HT-1080 tumor bearing mice at 2 h pi from the
non-blocking and blocking group were presented in
Fig. 5a. Tumor contrast as quantified by the ROI analysis
of images indicated that the tumor-to-muscle value at 2 h
pi was reduced from 2.65 + 0.13 to 1.05 %+ 0.06
(P < 0.05) (Fig. 5b).

Furthermore, the results from ex vivo imaging were
consistent with the in vivo findings. Ex vivo evaluation of
excised organs at 4 h pi of Cy5.5-NGR2 showed predom-
inant probe uptake in the non-blocking HT-1080 tumors,
whereas significant reduction of HT-1080 uptake was
observed in the blocking group (Fig. 6a). Aside from the
HT-1080 tumor, liver uptake of Cy5.5-NGR2 remained
higher than the amounts measured in other major organs.
Quantitative data analysis using ROI of the organs was
plotted in Fig. 6b. In the non-blocking group, Cy5.5-NGR2

@ Springer



1552

G. Li et al.

7.00E+09 1

6.00E+09 -

5.00E+09 -

4.00E+09

Fluoresence Intensity
[p/sicm?isr]

—&— Tumor

- @ -Muscle

3.00E+09 |
2.00E+09 ,'f' R S B "E--o »
,;
1.00E+09 { /-
0.00E+00 ¥ . : ; .
0 1 2 3 4
Time Point (h)

Fig. 4 a Time-course fluorescence imaging of subcutaneous HT-
1080 tumor bearing nude mice after intravenous injection of 1.5 nmol
of Cy5.5-NGR2. The tumors can be clearly visualized as indicated by
an arrow from 0.5 to 4 h pi. The fluorescence intensity was recorded
as per second per centimeter squared per steradian (p/s/cm?/sr).

Non-blocking

Blocking

Fig. 5 a Representative optical imaging (at 2 h pi) of mice bearing
HT-1080 tumor on the right shoulder demonstrating blocking of
Cy5.5-NGR2 (1.5 nmol) uptake by co-injection with unlabeled
monomeric NGR peptide (20 mg/kg). b Fluorescence intensity ratio
of tumor-to-muscle based on the ROI analysis of Cy5.5-NGR2 uptake
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b Quantification and kinetics of in vivo targeting character of Cy5.5-
NGR?2 in the HT-1080 tumor vs. muscle. The Cy5.5-NGR2 uptake in
HT-1080 tumor at various time points was significantly higher than
that in muscle. Error bar was calculated as the standard deviation
(n=3)
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at 2h pi in HT-1080 tumors without (non-blocking) or with
(blocking) co-injection of unlabeled monomeric NGR peptide
(20 mg/kg). Error bar was calculated as the standard deviation
(n=23)
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Fig. 6 a Ex vivo imaging of a
tumor and normal tissues with
Cy5.5-NGR2 (1.5 nmol) after
euthanizing the mice at 4 h pi; /
Intestine, 2 liver, 3 blood, 4
muscle, 5 kidneys, 6 tumor, 7
bone, 8 spleen, 9 heart, and 70
lung. b ROI analysis of ex vivo
fluorescence intensity of major
tissues at 4 h pi of Cy5.5-NGR2
(1.5 nmol) with (blocking) and
without (non-blocking) co-
injection of NGR peptide

(20 mg/kg). Error bar was
calculated as the standard
deviation (n = 3)
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showed significantly higher HT-1080 tumor uptake as
compared to that in the blocking group (P < 0.05), sug-
gesting the CD13 specificity of Cy5.5-NGR2. Based on the
quantitative analysis of ex vivo imaging, the contrast ratios
of tumor-to-muscle for the non-blocking and blocking
groups were calculated. The tumor-to-muscle ratio at 4 h pi
of Cy5.5-NGR2 in the non-blocking and blocking group
was determined to be 2.55 £ 0.15 and 0.88 &+ 0.09,
respectively.

Discussion

In the past decade, significant advances have been made in
the field of cancer imaging for both preclinical and clinical
research (Weissleder 2006). The achievements largely
depend on the development of imaging instrumentation,
progresses of cancer molecular and cell biology, and dis-
covery of novel molecular imaging probes (Chen et al.
2004). Various imaging modalities, including PET, SPECT,
CT, MR, and optical imaging, have been extensively used to
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noninvasively evaluate anatomical abnormalities and bio-
functional changes in vivo (Atreya et al. 2010; Wagner
2008). For molecular imaging, '*F-fluorodeoxyglucose (‘*F-
FDG) PET has made tremendous success in clinical diag-
nosis of many cancers. However, '®F-FDG is not a target-
specific probe and it cannot differentiate between cells that
have a high metabolic rate associated with neoplasia, and
those for which the increased metabolic rate is associated
with other etiologies, such as infection or inflammation. In
addition, many malignancies do not exhibit high metabolic
rates and thus, are not properly diagnosed by '*F-FDG (Chen
and Chen 2011b). There is a clear demand of developing
novel molecular imaging probes to fulfill this urgent and
unmet medical need (Weissleder 2006; Shah et al. 2004).
Due to the advances in cancer molecular and cell biology, an
increasing number of potential molecular targets which are
exclusively associated with cancer progression have been
revealed. Molecular imaging probes, which can target-spe-
cific cancer biomarkers, have a great potential to uncover
biological processes in cancer biology, facilitate the indi-
vidually tailored cancer treatment, and ultimately improve

@ Springer



1554

G. Li et al.

the outcomes of cancer patients (Chen and Conti 2010). The
development of novel molecular imaging probes may focus
on not only the nuclear based techniques, but also the non-
nuclear based techniques, such as NIRF imaging.

Tumor angiogenesis is a critical process in cancer pro-
gression. Without angiogenesis, the tumor may not grow
beyond a few millimeters in diameter (Bergers and Ben-
jamin 2003). Increasing evidences have been provided that
inhibition of angiogenesis could attenuate tumor growth. A
series of angiogenesis inhibitors have shown great potential
in cancer treatment (Chen and Chen 2011a). While the
progress of the field is encouraging, the clinical benefits of
anti-angiogenic agents have been relatively modest thus
far, and key questions remain unanswered: in what tumor
types, and at what stage(s), should these agents be used?
Can novel technologies be developed to identify patients
most likely to benefit, or experience toxicities, from
treatment? The ultimate impact of anti-angiogenic therapy
in the treatment of cancer will likely be determined at least
in part by the ability of noninvasive diagnosis techniques,
such as molecular imaging, to address these questions
(Chen et al. 2012b). Research has shown that CD13
receptor is a critical regulator of angiogenesis. As a cell
surface marker, CD13 receptor is overexpressed in many
tumor cells (Teranishi et al. 2008; Ikeda et al. 2003;
Hashida et al. 2002). NGR-containing peptide has been
identified as a specific ligand binding to CD13 receptor
(Pasqualini et al. 2000). Therefore, the development of
NGR-containing derivatives for targeting CD13 in living
subjects is of particular interest, which would allow the
noninvasive detection of CDI13 expression level and
accurate assessment of CD13-targeted treatment efficacy.

In our previous study, we developed a novel dimeric
NGR peptide (NGR2), which exhibits excellent binding
affinity to CDI3 receptor (Chen et al. 2013). A ®*Cu-
labeled NGR2 probe was subsequently prepared and the
resulting **Cu-NGR2 demonstrated favorable in vivo per-
formance for PET imaging. The motivation of developing
non-nuclear-based probe using NGR2 peptide leads us to
the design of a fluorophore containing NGR2 peptide. We
selected Cy5.5 dye, a widely used and commercially
available NIR fluorescent probe, as the fluorescent moiety.
To conjugate the Cy5.5 dye with NGR2 peptide, we
employed click chemistry approach instead of using con-
ventional amide coupling method. Click chemistry offers
chemists a platform for modular and high-yielding syn-
thetic transformations for constructing highly diverse
molecules (Kolb and Sharpless 2003). The Huisgen 1,3-
dipolar cycloaddition reaction, which fuses an azide and an
alkyne together, and provides access to a variety of five-
membered heterocycles, has become of great use in the
development of new molecular probes (Nwe and Brechbiel
2009). Based on our previous experience (Chen et al.
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2012a), we chose a catalyst-free click chemistry system
using the ligation of dibenzocyclooctyne and azide (Debets
et al. 2010, 2011). To this end, the dimeric NGR peptide
(NGR2) was conjugated with an alkyne-containing PEG
unit followed by mixing with an azide-terminated Cy5.5
fluorophore (Cy5.5-N3) to afford Cy5.5-NGR2. The bio-
orthogonal click chemistry provided a rapid conjugation of
the alkyne-containing NGR2 with Cy5.5-Nj; in a quantita-
tive yield within 15 min. The newly constructed Cy5.5-
NGR2 exhibited good NIR property with the maximum
absorption and emission wavelength at 674 and 704 nm,
respectively (Fig. 2). Cy5.5-NGR2 was then subjected to
in vitro testing. The confocal microscopy results clearly
demonstrated the target specificity of Cy5.5-NGR?2. Inter-
estingly, except for the cell surface binding, the intracel-
lular localization of Cy5.5-NGR2 in HT-1080 cells was
also examined (Fig. 3). One possible explanation is the
fluorescence dye motif increases lipophilicity of the probe
and thus facilitates ligand internalization. Nevertheless, the
mechanism of cellular internalization of Cy5.5-NGR2
requires further investigation.

To examine its tumor targeting efficacy, Cy5.5-NGR2
was evaluated in the subcutaneous HT-1080 fibrosarcoma
mouse xenografts. In vivo optical imaging studies (Fig. 4)
showed that Cy5.5-NGR2 peptide exhibited a fast HT-1080
tumor targeting (as early as 0.5 h pi) and excellent tumor-
to-background contrast at 2 h pi in the non-blocking group
(Fig. 4). The Cy5.5-NGR2 peptide also displayed good
tumor retention. The probe washout in tumor was much
slower than normal tissue except for liver and kidneys,
leading to good tumor-to-normal tissue contrast at 1-4 h pi.
A blocking experiment was achieved by co-injection of
Cy5.5-NGR-dimer with unlabeled NGR peptide (20 mg/
kg). Significantly reduced tumor uptake (P < 0.05) of
Cy5.5-NGR2 was observed for the blocking group vs. the
non-blocking group at 2 h pi (Fig. 5), indicating Cy5.5-
NGR?2 peptide is a target-specific probe. Aside from the
HT-1080 tumor, liver uptake of Cy5.5-NGR2 peptide
remained higher than the amounts measured in other nor-
mal organs, suggesting the hepatic pathway as the likely
route of Cy5.5-NGR2 excretion (Fig. 6). Further methods
to optimize the NIRF NGR2 probe include careful selec-
tion of fluorescent labels and improvement of pharmaco-
kinetic 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 (Weissleder et al.
1999; Tung 2004; Chen et al. 2004, 2012b; Kobayashi et al.
2010). However, 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 dee-
per tissue penetration and a better reflection of actual dis-
tribution of the probe in vivo. Further modification is also
needed to improve pharmacokinetics (PK) of the probe. For
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example, an appropriate linker with suitable length, flexi-
bility, hydrophilicity, and charges can be carefully chosen
to further tune the PK (Chen and Chen 2010). Our future
research plan also includes the development of CD13-tar-
geted theranostics (Xing et al. 2014), which can combine
the diagnostic and therapeutic properties in one agent.
Based on the results demonstrated in this report, we envi-
sion that chemically modified NGR peptide, fluorophores,
and chemodrugs can be readily loaded onto functional
nanoparticles through bioorthogonal click chemistry. The
resulting theranostics may open up new opportunities for
CD13-targeted tumor imaging and therapy.

Conclusion

The Cy5.5 fluorophore was successfully conjugated with a
dimeric NGR peptide through bioorthogonal click chem-
istry to afford a Cy5.5-labeled dimeric NGR peptide
(Cy5.5-NGR2). The Cy5.5-NGR?2 peptide provided highly
sensitive and target-specific imaging of CD13 receptor
expression in tumors. The excellent tumor-to-normal tissue
ratio and fast tumor targeting ability of Cy5.5-NGR2 have
proved it a promising molecular probe, not only allowing
the NIR optical imaging of CDI13-overexpressed tumors,
but also having the potential to facilitate non-invasive
monitoring of CD13-targeted tumor therapy.
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