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We have developed a folate receptor-specific activatable
probe for near-infrared fluorescence imaging of ovarian
cancer in vivo. This probe becomes highly fluorescent only
when its linker is cleaved by tumor-associated lysosomal
enzyme cathepsin B after internalization into folate
receptor-positive cancer cells.

Ovarian cancer, the leading cause of cancer-related death in
women in the United States,' is often called the “silent lady killer”
because there are no disease-specific symptoms until the disease has
progressed to an advanced stage.”> Moreover, there is a lack of a
specific screening methods available for early diagnosis. Although
simultaneous screening with CA-125 (a serum tumor marker) and
transvaginal ultrasound can detect ovarian cancer, these methods do
not reduce ovarian cancer mortality because of high rate of false
positivity.>® As a result, 75% of patients are diagnosed with the
disease at the advanced stage, with wide-spread peritoneal
carcinomatosis, and the 5-year survival rates for stage IV cancer are
only about 30%.! Currently, residual tumor size after cytoreductive
surgery is one of the most important prognostic factors in advanced

ovarian cancer,4 with sizes of either >1 ¢cm, <1 cm, or microscopic

sizes being closely related with the survival outcome.

Fluorescence imaging technology is a useful tool for real-time in
vivo imaging with high sensitivity and resolution.” Since 90-95% of
ovarian cancers overexpress folate receptor-a (FAR), this receptor is
considered a good target for ovarian cancer imaging,” and various
types of folate-fluorochrome conjugates has been developed for
tumor-specific image-guided surgery.” Most recently, van Dam et al.
performed the first clinical trial of image-guided cytoreduction of
peritoneally seeded ovarian tumors after intravenous administration
of folate-conjugated fluorescein isothiocyante.® According to this
report, this fluorescence image-guided technique not only improved
the detection rate of ovarian tumors in the peritoneal region (four-
fold higher than that by visual observation alone), but could also
detect masses of a smaller size.

Since most of the currently developed folate-fluorochrome
conjugates are “always-on” type agents, high background
fluorescence signals of these conjugates results in a low target-to-
background ratio when circulating in the blood stream. Therefore,

This journal is © The Royal Society of Chemistry 2012

the development of near-infrared (NIR) fluorescence imaging agent
with not only target-cell specificity, but also a high tumor-to-
background ratio is required, but has been highly challenging.

Here we synthesized a folate receptor-specific activatable (FSA)
probe for in vivo fluorescence imaging of ovarian cancer (Figure 1A
and B). In contrast with “always on” type agents, the FSA probe is
expected to show an enhanced performance by maximizing the
target signals while minimizing the background signals, thereby
enabling the obtainment of a high target-to-background ratio.
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Fig. 1 (a) Schematic diagram of the folate receptor-specific fluorescence
activation of the FSA probe in ovarian cancer cells. (b) The structure of the
FSA probe. Folate and ATTO655 are connected by di-arginines (RR). (c)
Representative fluorescence spectra of the FSA probe and probes treated with
cathepsin B (Cat. B), E64-pretreated cathepsin B, cathepsin S (Cat. S), and
cathepsin L (Cat. L) (Aex. 610 nm). (d) Changes in fluorescence intensity (Aex.
610 nm, A.m 680 nm) of the FSA probe under various conditions (n = 3).

Until now, folate (FA) has been solely used to target FAR, which
is expressed on the cancer cell surface.” However, in this study, FA
is used not only as a targeting moiety for FAR, but also as a
quencher for the NIR fluorescence dye. The FSA probe was
synthesized by conjugating the ATTO655 dye to FA via a short
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peptide linker. We hypothesized that the fluorescence emission by
ATTO655 dye may be effectively controlled by the distance between
the FA and the dye. In its conjugated state, the NIR dye ATTO655 is
in close proximity to FA, and fluorescence emission from the dye is
effectively quenched (OFF). When FSA probes specifically bind to
FAR on the surface of ovarian cancer cells and become internalized
via receptor-mediated endocytosis, cleavage of the peptide linkers by
the tumor-associated lysosomal enzyme (cathepsin B)'® occurs,
resulting in the release of the NIR dye from the FSA probe and
subsequent activation of fluorescence emission (ON) of the dye.

The molecular weight of the purified FSA conjugate was 1,391
g/mol (Fig. S1 and S2). Absorption and emission peaks of FSA were
665 nm and 680 nm, respectively (Fig. S3 and Fig. 1C).

Figs. 1C and D show the activation of fluorescence emission upon
cathepsin B treatment. A 3-fold increase in fluorescence intensity
was observed for FSA treated with cathepsin B, compared to the
buffer-treated FSA probe. Pretreatment of cathepsin B with its
inhibitor (E64) completely inhibited the increase in the FSA
fluorescence. Treatment of the FSA probe with other cathepsins (i.e.,
cathepsin S and L which are lysosomal enzymes with similar
arginine selectivity)'® did not induce an increase in fluorescence
intensity, which confirmed that this effect is specific to cathepsin B.
Owing to the absence of overlap between the fluorescence emission
of ATTO655 and the absorbance of FA, fluorescence resonance
energy transfer from ATTO655 to FA should be excluded. One
potential mechanism of quenching might be photoinduced electron
transfer (PET)."!

We then checked if presence of serum proteins could induce
nonspecific activation of FSA fluorescence (Fig. S4). The FSA
probes (1 uM) were dissolved in phosphate-buffered saline (PBS,
6.7 mM, pH 7.4, 154 mM NaCl), PBS containing 20% human serum
albumin (HSA), or 100% fetal bovine serum (FBS). After incubation
for 4 h, no increase in the fluorescence intensity of FSA was
observed in either the presence of HSA or FBS, confirming that
serum proteins do not affect the fluorescence turn-on of the FSA
probe.
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Fig. 2 Fluorescence quenching and activation of FSA within target cells (left-
hand side panels). Confocal microscopy images (upper row) of SKOV3 cells
obtained using a confocal laser scanning microscope (Aex, 633 nm, A
646~753 nm). SKOV3 cells were incubated with 1 uM FSA probe solution or
ATTOG655, and fluorescence images were obtained without washing the cells
at 15 min, 1 h, and 2 h. The fluorescence intensity across the area indicated
by the white lines in the upper row was analyzed. Additional images (right-
hand side panel) were obtained after washing the cells 2 h post-incubation to

rule out the nonspecific uptake of free dyes.

Next, the utility of FSA probe in activatable NIR fluorescence
imaging of ovarian cancer cells was tested in in vitro cell studies.
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Both the FSA probe and a free dye (ATTO655) were applied to
FAR-overexpressing SKOV3 cells at a concentration of 1 puM.
Because the NIR fluorescence signals from the FSA probe were
expected to be turned-off in the extracelluar space and activated only
inside the target cancer cells, we obtained NIR fluorescence images
(Aex. 633 nm, A, 646~753 nm) of the cells without washing them at
15 min, 1 h, and 2 h using a confocal laser scanning microscope
(Fig. 2). As expected, weak fluorescence signals were detected in the
extracelluar space of the FSA-treated cells for 2 h, whereas strong
fluorescence signals were observed in the free dye-treated cancer
cells. Fluorescence intensities generated inside the FSA-treated cells
become stronger with time, indicating activation of fluorescence
emission in the target cells with time. When the cells were washed
after 2 h and NIR fluorescence images was acquired again, no
fluorescence signals was observed in the free dye-treated cells,
confirming that hydrophilic free dyes did not enter SKOV3
cells in a nonspecific manner. In the FSA-treated cells, strong
fluorescence signals were still shown inside the cells even after
washing procedure (Fig. 2, upper right). These data confirm
that FSA probe is useful in NIR fluorescence imaging of the
target cancer cells with a high target-to-background ratio.

Then we checked if the turn-on of the FSA probe fluorescence
inside SKOV3 cells (Fig. 3) was due to folate receptor-mediated
endocytosis and subsequent activation of fluorescence emission by
cathepsin B activity. As shown in Fig. 3, folate receptor-positive
SKOV3 cells showed strong fluorescence upon treatment of FSA
probe whereas folate receptor-negative A549 cells showed little to
no fluorescence. When the SKOV3 cells were treated with the FSA
probe in the presence of excess free FA as a competitor, the cells
become weakly fluorescent. In addition, pretreatment of SKOV3
cells with the cell-permeable cathepsin B inhibitor (E64d) resulted in
significant reduction of fluorescence within the cells, indicating that
the fluorescence of the internalized FSA probes could be turned-on
by this protease. These results confirm that FSA probe was
internalized within the cells via FAR-mediated endocytosis, and then
its fluorescence was activated by the lysosomal cathepsin B activity.
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Fig. 3 Receptor-mediated 1ntracellular uptake and subsequent fluorescence
activation of FSA. Confocal microscopy images of FAR-negative A549 and
FAR-positive SKOV3 cells were obtained after 2 h of FSA treatment (Aex
633 nm, Aem 646~753 nm). For competition assay, free FA (1 mM) was co-
incubated with FSA. For enzyme inhibition test, SKOV3 cells were
pretreated with E64d (cell-permeable cathepsin B inhibitor, 20 uM), and then
incubated with FSA.

Finally, we used a xenografted mouse model to assess the utility

of the FSA probe for in vivo fluorescence imaging of FAR-positive
ovarian cancer tissues. All the mice received a subcutaneous
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injection of the SKOV3 cancer cells in the hind flank, and tumors
were allowed to grow to ~60 mm’. The mice in the free dye
(ATTOG655)-treated and FSA-treated groups received intravenous
injections of the dyes at the dose of 15 nmol/20 g body weight, while
those in the control group received PBS intravenously (100
puL/mouse). NIR fluorescence images (A, 660 nm, A., 690~730
nm) were obtained 3 h post-injection. As shown in Fig. 4A, strong
fluorescence signals were observed in tumors of the FSA-treated
mice, with a high tumor-to-background ratio of 7.76 + 0.88. Since
most of the hydrophilic free dyes were rapidly eliminated via urinary
excretion within 30 min of injection (data not shown), no
accumulation of the free dye was observed at the tumor sites. As a
result, no difference in fluorescence intensities between tumor tissue
and surrounding background was observed in the PBS- and free dye-
treated mice at 3 h post-injection. Ex vivo fluorescence images of
organs also showed that the strong fluorescent signals in the FSA-
treated mice came from the tumors (Figure 4C). These results
indicate that the FSA probe selectively accumulates in the target
tumor tissues, where its fluorescence is subsequently activated.
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Fig. 4. (A) NIR fluorescence images of SKOV3 tumor-bearing mice (A 660
nm, Aem. 690~730 nm) that received intravenous injections of PBS, the free
ATTOG655 dye, or FSA. The images were obtained 3 h post-injection. Arrows
indicate tumor sites. (B) Tumor-to-background ratios of the fluorescence
intensities (n = 3). (C) Representative ex vivo fluorescence images of organs
and tumors from the SKOV3 tumor-bearing mice 3 h after PBS, free dye, or
FSA administration (Ae. 660 nm, Ae 690~730 nm).
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Based on our previous study,'? we expect that NIR fluorescence
imaging can be used with an FSA probe to detect peritoneally seeded

ovarian cancer cells located in deeper tissues (i.e., up to 9 mm depth).

Conclusions

An FSA probe was synthesized by conjugating FA with the
ATTOGS55 dye via a cathepsin B-cleavable peptide linker. This
probe showed FAR-specific uptake into SKOV3 cell, with

This journal is © The Royal Society of Chemistry 2012
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subsequent activation of NIR fluorescence by the action of
tumor-associated cathepsin B enzymes inside the cells. Utility
of FSA in the FAR-specific activiatable fluorescence imaging
was also evaluated using an in vivo xenograft model of ovarian
cancer.

This work was supported by a National Cancer Center grant
(1310160), Republic of Korea.
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