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The cell line OVCAR-4 was recently ranked as one of the most representative cell lines for high grade ser-
ous ovarian cancer (HGSOC). However, little work has been done to assess the susceptibility of OVCAR-4
cells and tumors to the more common types of molecular targeting. Proteome profiles suggest OVCAR-4
express high levels of integrin avb3 receptors. Using flow cytometry with fluorescent antibodies we
determined that OVCAR-4 cells have high number of integrin avb3 receptors ([9.8 ± 2.5] � 104/cell) com-
pared to the well-characterized cell line U87-MG ([5.2 ± 1.4] � 104/cell). However, OVCAR-4 cells also
have roughly three times the surface area of U87-MG cells, so the average avb3 receptor density is actu-
ally lower (11 ± 3 versus 18 ± 6 receptors/mm2). A series of new fluorescent molecular probes was pre-
pared with structures comprised of a deep-red squaraine fluorophore (�680 nm emission) covalently
attached to zero, one, or two cyclic pentapeptide cRGD sequences for integrin targeting. Microscopy stud-
ies showed that uptake of the divalent probe into cultured OVCAR-4 cells was 2.2 ± 0.4 higher than the
monovalent probe, which in turn was 2.2 ± 0.4 higher than the untargeted probe. This probe targeting
trend was also seen in OVCAR-4 mouse tumor models. The results suggest that clinically relevant
OVCAR-4 cells can be targeted using molecular probes based on avb3 integrin receptor antagonists such
as the cRGD peptide. Furthermore, deep-red fluorescent cRGD-squaraine probes have potential as tar-
geted stains of cancerous tissue associated with HGSOC in surgery and pathology settings.

� 2018 Published by Elsevier Ltd.
1. Introduction

Ovarian cancer is the 5th leading cause of cancer related deaths
among women in the United States, and is the most lethal gyneco-
logical disease.1 While many cancers have seen improvements in
survival rates in recent years due to early detection and improved
therapies, ovarian cancer survival rates have stayed mostly static.2

Detection of ovarian cancer usually occurs at stages II-IV after
metastasis, and primary treatment for ovarian cancer remains sur-
gical debulking followed by chemotherapy.3 Since the amount of
residual tumor after resection correlates with decreased survival,4,5

there is a pressing need for improved imaging strategies to facili-
tate early detection or identify the cancerous tissue for removal.
Research progress is hindered by the lack of clinically relevant
model systems6,7 that reproduce the molecular and mutational
characteristics of ovarian cancer.2,8 For example, high-grade serous
ovarian cancer (HGSOC) is responsible for approximately 80% of
ovarian cancer cases and two-thirds of ovarian cancer deaths. This
makes it the most common and deadly ovarian cancer sub-type
and a very high priority for rigorous study. However, a recent com-
parison between the molecular profiles of 47 cell lines to the
molecular and genetic changes present in 489 clinically relevant
HGSOC tumors found that the most cited cell lines (e.g. SKOV3
and A2780) are not those most likely to represent HGSOC.8,9 To
combat this problem, several recent publications have sorted an
expanded panel of ovarian cancer cell lines based on features char-
acteristic of their clinical relevance, including genomic sequences,
behaviour in 2-dimensional-cell culture, and their in vitro response
to chemotherapeutic drugs.8,10,11 Follow-up work is needed to
characterize the biological response of the most clinically relevant
cell lines to known cancer targeting ligands. This present study
focuses on OVCAR-4, a cell-line collected from a 42 year-old ovar-
ian cancer patient and found to be resistant to combination
chemotherapy.12 OVCAR-4 was ranked as one of the highest
matches to HGSOC (0.46 correlation with copy-number alterations
of HGSOC)8 and yet has a sparse 56 PubMed citations over the last
three decades. Most of these reports employed OVCAR-4 for
in vitro studies of cell toxicity caused by potential chemotherapeu-
tics. A recent in vivo study demonstrated the ability of this cell line
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to reliably form xenograft tumors in nude mice, suggesting that it
as a promising experimental model for the ovarian cancer commu-
nity.13 However, the susceptibility of OVCAR-4 cells to the more
common types of molecular targeting is not known.14

A mass spectrometry based analysis of the global proteome of
the NC-60 cell line indicates that OVCAR-4 cells overexpress inte-
grin receptors.15 More specifically, the avb3 integrin subunits av
and b3 are approximately 60% higher in OVCAR-4 cells than in
A498 cells which are considered to be integrin positive.16,17 Inte-
grins are transmembrane proteins which regulate cell adhesion
and interactions with the extracellular matrix, processes vital to
cell proliferation. The avb3 Integrin is overexpressed on many
cancer cells and also the surfaces of growing tumor blood vessels.
The high expression of integrin receptors on OVCAR-4 cells is
consistent with studies that observed cell binding to the sub-
strates, laminin and fibronectin, that bear the arginine-glycine-
aspartate (RGD) motif that is well-known to be recognized by
the avb3 integrin receptor.15,18 But no study has directly investi-
gated the propensity of OVCAR-4 cells for targeting by RGD-based
molecular probes.

The aim of this study was to determine the number and density
of avb3 receptors on the surface of OVCAR-4 cells, and then mea-
sure cell uptake of two targeted, deep-red fluorescent probes: a
monovalent probe with one RGD targeting unit and a divalent
probe with two RGD targeting units. We elucidated the cell entry
mechanism and also confirmed selective targeting of subcutaneous
OVCAR-4 tumors in a nude mouse model. Technically, the micro-
scopy and in vivo imaging studies were greatly helped by the
deep-red fluorescence emitted by the probes which provided opti-
mal tissue penetration. The results suggest a path towards poten-
tial clinical translation using fluorescent RGD-probes to stain the
cancerous tissue associated with HGSOC in surgery and pathology
settings.19–24
2. Materials and methods

2.1. Fluorescent probes

Synthesis of the fluorescent molecular probes Sq, SqRDG1, and
SqRGD2, and a summary of their photophysical properties are pro-
vided as Supplementary Information. Cy3RGD1 was purchased
from Molecular Targeting Technologies Incorporated (catalog
number RG-1002). The following dye labeled antibodies were pur-
chased from ThermoFischer, Anti-Human CD51/CD61 (Integrin
alpha/beta 3) FITC (catalog number 11-0519-42), Mouse IgG1
kappa Isotype Control FITC (catalog number 11-4714-42). Nystatin
was obtained from Alfa Aesar and amiloride was obtained from
Sigma Aldrich. TRITC-Dextran (70 kDa) was obtained from Molec-
ular Probes.
2.2. Cell culture

OVCAR-4 (CVCL_1627) human ovarian adenocarcinoma cells
were obtained from the National Cancer Institute (NCI) Division
of Cancer Treatment and Diagnosis (DCTD) Tumor Repository and
were cultured in RPMI media supplemented with 0.1 mM NEAA
and 1.5g/L NaHCO3. U-87 MG (CVCL_0022) human glioblastoma
cells and MCF-7 (CVCL_0031) human mammary adenocarcinoma
were cultured in EMEM media supplemented with 0.1 mM NEAA,
1.5g/L NaHCO3, and 1 mM sodium pyruvate. A549 (CVCL_0023)
human alveolar adenocarcinoma were cultured in F-12K media
supplemented with 0.1 mM NEAA. All media additionally con-
tained 10% (w/w) FBS and 1% streptomycin-penicillin. Culture
was done at 37 �C, 5% CO2 over air.
2.3. Flow cytometry

The OVCAR-4, U-87 MG, MCF-7, and A549 cells (3 � 105) were
dissociated from a confluent plate with a non-enzymatic cell disso-
ciation solution (Gibco). The cells were concentrated to 1.5x106

cells/mL and incubated for 30 min at 4 �C with either 3 lg/mL of
FITC-conjugated anti-avb3 antibody or 7.5 lg/mL of FITC conju-
gated IgG1 kappa isotype control. The cells were then washed
twice with flow cytometry buffer and fixed with IC fixation buffer.
Data was collected using a flow cytometer equipped with a BD
LSRFortessa X-20 analyzer. The samples were excited with a blue
laser (488 nm), and data was collected with a FITC 530/30 nm filter
(max: 10,000 events). The geometric mean fluorescence of each
sample was calculated using FlowJo software by subtracting the
isotype control fluorescence from the sample fluorescence, and
the value compared to a calibration plot created from a QuantumTM

FITC-5 MESF kit to identify the number of FITC fluorophores per
cell. Division by the number of FITC fluorophores per antibody
(avb3: 4.6 ± 0.5) identified the number of antibodies on each cell,
and thus the number of integrin receptors per cell, assuming only
one antibody per receptor. All experiments were reproduced
independently.

2.4. Microscopy

2.4.1. Sample preparation
Cells were seeded onto an 8-well chambered coverglass (Lab-

Tek, Nunc) and grown to 80% confluence (48 h). The medium was
removed and the cells were washed with PBS, then separate sam-
ples were incubated with 100 nM of Sq, SqRGD1, or SqRGD2 in
warm growth medium at 37 �C for a designated amount of time.
Competitive probe uptake experiments employed mixtures of
Cy3RGD1 (100 nM) with either Sq, SqRGD1, or SqRGD2 (100 nM).
After incubating the cells with fluorescent probe(s), each cell sam-
ple was treated with 100 mL of ice cold 4% paraformaldehyde for 5
min. The media was removed, and the cells fixed with 4%
paraformaldehyde for 20 min at room temperature, co-stained
with Hoechst dye (3 mM) for 30 min, and finally washed twice with
PBS and imaged under PBS.

2.4.2. Probe uptake inhibition studies
OVCAR-4 cells were prepared and fixed as described above with

the following modifications. Blocking with free cRGD: cells were
incubated with a mixture of free cRGD (1 mM) and fluorescent
probe (100 nM). Low temperature inhibition of active transport: cells
were chilled at 4 �C for 15 min followed by incubation with probes
at 4 �C. Depletion of intracellular ATP: cells were treated with
sodium azide (0.1%) and deoxyglucose (50 mM) in growth media
for 1 h then washed with PBS before incubation with probe. Inhibi-
tion of clathrin mediated endocytosis: cells were treated with 400
mM sucrose for 1 h then washed with PBS before incubation with
probe. Inhibition of caveolae mediated endocytosis: cells were trea-
ted with 25 lg/mL nystatin for 30 min then washed with PBS
before incubation with probe. Inhibition of micropinocytosis: cells
were treated with 3 mM amiloride for 30 min then washed with
PBS before incubation with probe. Dextran colocalization: cells were
incubated simultaneously with 1.0 mg/mL TRITC-Dextran (70 kDa)
and one of the probes.

2.4.3. Imaging of probe internalization
The treated and fixed cells were imaged using a GE Healthcare

DeltaVision Deconvolution fluorescence microscope equipped with
an X-cite 120 fluorescence illumination system. Epifluorescence
images were collected in softWoRx using a Photometrics Cascade
II:512 EMCCD camera operating in CCD mode with the following
filter sets Cy5 (Ex: 640/20, Em: 685/40), Cy3 (Ex: 490/20, Em:
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528/38), Hoechst (Ex: 360/40, Em: 457/50), 2 s acquisition times
and 1 MHz readout speed. Images were deconvolved in softWoRx,
and a 50 point rolling background was subtracted in ImageJ. The
mean fluorescence intensity for a cell population was calculated
from the average of 25 randomly generated 25x25 pixel extra-
nuclear regions of interest. Averages and SEM were calculated
and plotted in GraphPad Prism.
Fig. 1. Chemical and schematic structures of fluorescent probes.
2.4.4. Cell surface area measurements
Cells were seeded onto an 8-well chambered coverglass (Lab-

Tek, Nunc, USA) and allowed to attach and spread (12 h) before fix-
ation (4% paraformaldehyde, 20 min). The fixed cells were stained
with 200 mL of 0.10 mg/mL DiI for 48 h at 3 �C, co-stained with 3
mM Hoechst for 10 min, and finally washed 10 times with PBS
and imaged under PBS. Fluorescence microscopy was conducted
on a Nikon A1-R Confocal system with a 100 � objective at 0.20
mM lateral and axial resolution. Sufficient Z-slices (�80 per cell)
were collected to ensure complete sampling above and below the
cells. Images were collected in Nikon Elements and processed in
ImageJ by: (1) manual thresholding to remove extracellular arti-
facts, (2) applying a 1 � 1 � 1 3D Gaussian filter to reduce erro-
neous noise inflation of surface area, (3) construction of a 3D
surface model with the 3D viewer plugin, (4) exporting of the sur-
face model as a STL (ASCII) file. Netfabb was then used to measure
the surface area from the STL file. Means and SEM were plotted in
GraphPad Prism.
2.5. In vivo imaging

Following a protocol approved by the institutional animal care
committee, twelve female Foxn1 nude mice (Charles River Labora-
tories) were inoculated with OVCAR-4 tumors (106 cells, 100 lL) in
1:1 Matrigel (Corning):media, on the right rear flank. Once tumors
reached approximately 500 mm3 (�6 weeks) three separate
cohorts received intravenous injection of either Sq, SqRGD1, or
SgRGD2 (10 nmol/mouse, 100 lL, n = 3). At 3 h, the mice were
anesthetized and sacrificed via cervical dislocation. The liver, heart,
lungs, spleen, kidney, muscle, blood, skin, and the tumor were
removed and imaged using an In Vivo Imaging Station with a
Cy5.5 filter set and a 3 s acquisition time. Probe biodistribution
in each mouse was determined by processing the organ fluores-
cence images in ImageJ: (1) a 300 point rolling background was
subtracted, (2) a threshold was used to create a Region of Interest
(ROI) around each organ, (3) the Mean Pixel Intensity (MPI) of the
ROI was measured, (4) the MPI of each organ was normalized
against the MPI of the muscle, (5) the normalized MPI results from
the mice in a cohort were averaged and plotted with the SEM in
GraphPad Prism. The analysis assumes that the MPI values are pro-
portional to the molar amount of fluorescent probe in the tissue.
Table 1
avb3 receptor number per cell, average cell surface area, and receptor density.

Cell Line avb3 receptors
per cell

Cell surface area
(mm2)

Receptor density
(receptors/mm2)

A549 – 3500 ± 600 –
OVCAR-4 98000 ± 25000 8900 ± 500 11 ± 3
U87-MG 52000 ± 14000 2900 ± 500 18 ± 6
3. Results

3.1. Fluorescent probe design and synthesis

The study employed the three deep-red fluorescent probes in
Fig. 1. They have the same squaraine fluorophore whose narrow
and intense emission could be readily imaged in cell culture and
also in living subjects.25 Furthermore, the untargeted probe, Sq,
has the same brightness as the two targeted versions (Table S1)
which facilitated comparative image analysis. The targeting group
was the cyclic peptide cRGD, an antagonist for the avb3 receptor,
and there were two targeted fluorescent probes, monovalent
SqRDG1 with one cRGD targeting unit and divalent SqRGD2 with
two cRGD targeting units. A green emitting probe, Cy3RGD1, with
one cRGD targeting unit was also utilized in the competitive cell
uptake experiments.

3.2. Quantification of cell-surface integrin receptors

The expression levels of avb3 receptor were quantified by con-
ducting flow cytometry experiments. OVCAR-4 cells were treated
with FITC-conjugated anti-avb3 antibody and the cell fluorescence
intensity was detected with a flow cytometer (Fig. S4). The number
of avb3 receptors per cell was determined by comparison of the cell
fluorescence with a calibration plot created from FITC-conjugated
bead standards. The same measurements were repeated with a
positive control cell-line (U-87 MG) and two negative control
cell-lines (A549 and MCF-7). In Table 1 is the average number of
avb3 integrin receptors per cell for these cell-lines, and as expected
both OVCAR-4 and U-87 MG had high levels of avb3 receptor while
A549 and MCF-7 had no detectable expression (Figs. S4 and S5).
The high and low expression of avb3 receptor for OVCAR-4 and
A549 cells was confirmed by fluorescence micrographs of the cells
after incubation with the FITC-conjugated anti-avb3 antibody
(Fig. 2). The average cell surface area was determined using an
optical microscopy method that stained the cell plasma membrane
with a fluorescent dye (DiI) and constructed a 3-D model from con-
focal laser scanning microscopy (CLSM) slices. Representative 3-D
reconstructions of the CLSM slices for A549, OVCAR-4, and U-87
MG cell lines are shown in Fig. S5. In conjunction with the avb3
receptor count per cell, these surface area measurements gave
the receptor density. OVCAR-4 cells were found to have roughly
three times the surface area of U-87 MG cells, which means the
receptor density for the OVCAR-4 cells was �40% smaller.

3.3. Internalization in OVCAR-4 cells in vitro

A series of fluorescence microscopy experiments measured the
uptake of the cRGD-targeted probes into OVCAR-4 cells. Separate
populations of cells were treated with SqRGD1 or SqRGD2 in media
for 30 min, fixed, and imaged. Deep-red fluorescence signal from
the SqRGD1 and SqRGD2 was seen as punctate spots inside the



Fig. 2. Immunocytochemistry micrographs of cells treated with 23C6-FITC (anti
aVb3) confirming expression of avb3 in OVCAR-4 and absence in A549 cells. Scale
bar is 30 mm.

Fig. 4. Micrographs showing competitive internalization of green Cy3RGD1 probe
and a deep-red squaraine probe (each 100 nM) in OVCAR-4 cells after 30 min, with
associated quantification of intracellular fluorescence. The SqRGD2 competed better
against Cy3RGD1 than the SqRGD1. Blue fluorescence shows Hoechst nuclear stain.
Scale bar is 30 mm.

2088 S.K. Shaw et al. / Bioorganic & Medicinal Chemistry 26 (2018) 2085–2091
cells, and there was minimal uptake of untargeted Sq (Fig. 3a,b).
Both the rate and amount of cell internalization was greater for
the divalent SqRGD2 probe (Fig. 3c,d). After 20 min, the mean
deep-red fluorescence intensity of OVCAR-4 cells treated with
divalent SqRGD2 was 2.3 ± 0.7 times greater than cells treated with
SqRGD1 probe.
Fig. 3. (a) Representative micrographs comparing internalization of probe (100 nM) in OV
fluorescence. (c) Representative micrographs comparing internalization of probe (100
intracellular fluorescence. Blue fluorescence indicates Hoechst nuclear stain. Scale bar is
A second set of competitive cell uptake experiments incubated
OVCAR-4 cells for 30 min with either a binary mixture of green,
monovalent Cy3RGD1 and deep-red monovalent SqRGD1, or a bin-
ary mixture of Cy3RGD1 and divalent SqRGD2. Shown in Fig. 4 are
representative cell micrographs and quantitative analyses for each
cell uptake experiment. When competing directly against
Cy3RGD1, the divalent SqRGD2 was more competitive than the
monovalent SqRGD1. This is succinctly expressed by the ratio of
deep-red to green fluorescence inside the cells, which was 2.2-fold
greater for the SqRGD2/Cy3RGD1 competition versus the SqRGD1/
Cy3RGD1 competition.

The micrographs in Fig. 3 suggested that the probes were taken
up by endocytosis and this was confirmed by co-incubation and
CAR-4 cells after 30 min, with (b) associated quantification of deep-red intracellular
nM) in OVCAR-4 cells over time, with (d) associated quantification of deep-red
30 mm.
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imaging experiments that mixed each deep-red RGD probe with
TRITC-Dextran, a known marker for endosomes and lysosomes
(Fig. S6). In order to elucidate the uptake mechanism, a series of
cell uptake experiments were conducted under conditions that
inhibited a specific pathway. Receptor blocking experiments
showed that the presence of excess free cRGD (structure shown
in Scheme S2) lowered the cell uptake of SqRGD1 and SqRGD2
(Fig. 5), indicating that the probe uptake was mediated by avb3
receptors. Both cold temperature and ATP depletion significantly
decreased probe uptake, which are observations consistent with
an active membrane transport process (Figs. S7 and S8). Three inhi-
bitors of specific endocytosis pathways were also examined. Pre-
treatment of the cells with hyptertonic sucrose, known to inhibit
clathrin mediated endocytosis, greatly reduced probe uptake
(Fig. S9). Cell treatment with nystatin, an inhibitor of caveolae
mediated endocytosis, also inhibited cell uptake, but cell treatment
with amiloride, an inhibitor of micropinocytosis, had no effect on
probe uptake as expected.

Early in the microscopy studies we noticed that the fluorescent
images due to staining by SqRGD1 or SqRGD2 were susceptible to
bleaching if the cell samples were illuminated constantly for sev-
eral minutes (Fig. S10). This was one reason why prolonged live
cell imaging was not employed to quantify cell uptake. To ensure
that the micrograph intensities in Figs. 3–5 could be directly com-
pared, the fluorescent images were acquired with a constant 2 s
acquisition time.

3.4. Uptake in OVCAR-4 tumors in vivo

Fluorescence imaging was used to compare the biodistribution
of Sq, SqRGD1, and SqRGD2 in living nude mice bearing OVCAR-4
Fig. 5. Micrographs showing internalization of SqRGD1 or SqRGD1 (each 100 nM) in O
fluorescence. Probe internalization was inhibited by the presence of free cRGD (1.0 mM)
tumors in their rear flanks. The mice were inoculated with
OVCAR-4 cells supported in Matrigel, and the tumors were allowed
to grow over 6 weeks. Three separate cohorts were dosed with 3
nmol of either Sq, SqRGD1, or SqRGD2 by tail vein injection and
after 3 h the mice were sacrificed. The organs and tumors were col-
lected and imaged using an in vivo imaging station with a deep-red
fluorescence filter set. Shown in Fig. 6 is a representative set of
images and a quantitative summary of the imaging data. The
tumors from mice dosed with SqRGD2 were almost 3 times
brighter than the tumors from mice treated with SqRGD1, which
in turn were about 50% brighter than the tumors frommice treated
with Sq. There was also higher accumulation of SqRGD2 in the kid-
neys, liver and lungs.

4. Discussion

Most studies involving integrin expression rely on semi-quanti-
tative assays such as Western blots,26 and very few have explicitly
quantified the number of avb3 receptors per cell.27 As expected,
our flow cytometry measurements did not detect avb3 on the sur-
face of A549 or MCF-7 cells which do not express the integrin b3
subunit.27 The high number of avb3 receptors on the surface of
OVCAR-4 cells ([9.8 ± 2.5] � 104/cell) was almost twice that on
the surface of U87-MG cells, which is considered a high avb3
expression cell-line. However, OVCAR-4 cells have roughly three
times the surface area of U87-MG cells which means the average
avb3 receptor density for OVCAR-4 cells (11 ± 3 receptors/mm2) is
lower than U87-MG cells (18 ± 6 receptors/mm2). From a molecular
targeting perspective, cell surface receptor densities are more
informative than cell transcriptome or proteome profiles. The aver-
age avb3 receptor density defines the average distance between
VCAR-4 cells after 30 min, with associated quantification of deep-red intracellular
in the sample. Blue fluorescence shows Hoechst nuclear stain. Scale bar is 30 mm.



Fig. 6. (top) Deep-red fluorescence images of OVCAR-4 tumors removed from mice
3 h after intravenous injection (3 nmol/mouse) of (top row, 3 tumors) Sq, (middle
row, 4 tumors) SqRGD1, and (bottom row, 4 tumors) SqRGD2. All images were
scaled for pixel intensity of 0–1000. (bottom) Biodistribution of fluorescent probes
in excised tissue, reported as average mean pixel intensity (MPI) normalized to
excised muscle, ± SEM.
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integrin subunits which is an important parameter that influences
molecular recognition processes such clustering, signaling, and
internalization.28,29 But it must be emphasized that integrins are
often sequestered into focal adhesions and thus there is significant
deviation of receptor density across the cell surface and this varia-
tion is likely to change with cell status.30

The deep-red fluorescence of the squaraine probes matches clo-
sely with the common Cy5 filter set that is available on most
microscopes and animal imaging stations. This means the same
squaraine probes can be studied in vitro and in vivo which
improves reliability of the conclusions. Typically, squaraine dyes
are brighter and more photostable than Cy 5, but the thiophene-
derived squaraine probes used here have about the same proper-
ties as Cy 5. Photobleaching is not a performance concern for
in vivo imaging which only requires weak illumination light and
is the major application of this research. But many types of fluores-
cence microscopy experiments are facilitated by using ultrabright
and stable fluorescent probes. If this was deemed to be an impor-
tant goal, we could easily improve the squaraine brightness and
photostability by employing a well-established chemical modifica-
tion strategy that surrounds the dye with a protective
macrocycle.31

While numerous molecular imaging studies have looked at the
targeting of RGD-based probes to cancer cells and tumors, very few
have determined if probe is on the cell surface or intracellular.32,33

This is important as probe accumulation inside the cancer cells is
expected to give a higher and more sustained imaging signal.34

To ensure that the fluorescent signal was only due to probe mole-
cules inside the cell, the imaging protocol included several wash
steps to remove any probe from the external surface.35 Addition-
ally, automated focusing on the nucleus was used to view the
intracellular region, and deconvolution image processing removed
fluorescence signal from outside this region. There was substantial
internalization of SqRGD1 and SqRGD2 by OVCAR-4 cells compared
to the non-targeted control probe Sq. Furthermore, internalization
of the divalent SqRGD2 occurred faster than the monovalent
SqRGD1. In principle, this could be due to a difference in probe
avidities for the integrin receptors, or alternatively a difference in
the rate of receptor internalization after probe binding. Some
insight was gained from competitive fluorescence probe uptake
experiments in which the two deep-red probes each competed
separately against a green monovalent probe (Cy3RGD1). Uptake
of Cy3RGD1 was decreased in the presence of deep-red divalent
probe (SqRGD2) compared to the presence of deep-red monovalent
probe (SqRGD1). Presumably the divalent SqRGD2 occupied a
higher number of cell surface receptors which lowered the uptake
of Cy3RGD1. Endocytosis inhibition studies revealed that probe
uptake was primarily due to clathrin and caveolae mediated endo-
cytosis, and inhibition of either pathway decreased probe internal-
ization by �40%. Both of these pathways have been indicated as
entry routes for RGD bearing probes, however, the extent of inhibi-
tion by caveolae inhibitor nystatin was surprising.36 This may be
explained by reports that nystatin, which inhibits internalization
by binding with cholesterol, may also affect clathrin mediated
mechanisms as well.37 There is literature evidence that when mul-
tivalent probes crosslink integrins, there is a strong bias towards
clathrin mediated endocytosis.32,36 It appears that the endocytotic
pathways for uptake of monovalent SqRGD1 and divalent SqRGD2
are similar, which suggests that the enhanced uptake of divalent
SqRGD2 is not due to probe-induced integrin clustering, but rather
higher receptor avidity.

Consistent with previous reports,13 we found that subcutaneous
OVCAR-4 tumors grew slowly, but reliably in nude mice. Fluores-
cence imaging of the excised tumors from mice treated with fluo-
rescent probe showed the same trend as the cell internalization
studies. That is, there was significantly more uptake of the divalent
SqRGD2 compared to the monovalent SqRGD1. The divalent
SqRGD2 also showed higher levels in the kidney, which is not sur-
prising as prior studies of divalent RGD probes has found that com-
plete clearance requires more than four hours.38 While SqRGD2 did
show higher levels in the lung, skin, and liver compared to SqRGD1,
the liver accumulation was actually far lower than in other litera-
ture studies.38,39 Increased retention in non-tumor tissue and
organs is an attribute shared by most molecular probes with mul-
tiple peptide targeting groups.40
5. Conclusion

The number avb3 integrin receptors on the surface of OVCAR-4
cells is high ([9.8 ± 2.5] � 104/cell) and almost twice the receptor
number on the surface of U87-MG cells. But OVCAR-4 cells have
roughly three times the surface area of U87-MG cells, which means
the average avb3 receptor density for OVCAR-4 cells is actually
lower (11 ± 3 versus 18 ± 6 receptors/mm2). OVCAR-4 cell uptake
of a divalent probe with two cRGD targeting units was faster and
more extensive than cell uptake of a monovalent probe with one
cRGD. The same trend was observed for probe accumulation in
OVCAR-4 tumors in a mouse model. The results suggest that clini-
cally relevant OVCAR-4 cells can be targeted using molecular
probes based on avb3 integrin receptor antagonists such as the
cRGD peptide. Furthermore, there is extensive cell uptake of the
fluorescent probes which favours high contrast molecular imaging
and efficient drug delivery. With further development these fluo-
rescent RGD-based probes could help clinicians to identify patients
with integrin positive HGSOC that should respond to integrin-tar-
geted chemotherapy.41 A related path towards clinical translation
is fluorescence guided surgery of ovarian cancer, where an emerg-
ing paradigm employs 700 nm and 800 nm emission channels for
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simultaneous visualization of two different molecular probes that
target distinct anatomical locations (e.g., cancer and nerves.)42

The bright and narrow deep-red emission of fluorescent squaraine
probes matches very well with the 700 nm observation channel
and thus should nicely complement fluorescent molecular probes
that can be observed with the 800 nm channel.43,44
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