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ABSTRACT: It is difficult to completely remove carcinomas in
unguided ablative surgery because they cannot be distinguished
with the unaided human eye. Therefore, in order to precisely
visualize tiny tumors and the borders between cancerous lesions
and normal tissues, we have been developing fluorescence
probes activatable only in cancer cells. We previously reported
the hydroxymethylrhodamine green (HMRG)-based fluores-
cence probe gGlu-HMRG for γ-glutamyltransferase (GGT),
which is overexpressed in a variety of cancer cells, and we
showed that it enables in vivo rapid detection of human ovarian
cancer SHIN-3 nodules with a high tumor-to-background (T/B)
fluorescence ratio in model mice. However, cancer cell lines with
low GGT expression could hardly be detected with gGlu-
HMRG. Here we developed two new HMRG-based fluorescence probes for the cathepsin family of cysteine proteases, including
cathepsin B (CatB) and cathepsin L (CatL), which show increased expression and/or activity, secretion, and altered localization
in many kinds of cancer cells. The developed probes, Z-Phe-Arg-HMRG and Z-Arg-Arg-HMRG, are colorless and nonfluorescent
at the physiological pH of 7.4, but are hydrolyzed to HMRG upon reaction with purified cathepsins, resulting in a more than 200-
fold fluorescence increase. These probes could visualize human ovarian cancer cell lines SHIN-3, SK-OV-3, and OVCAR-3, of
which the latter two were hardly detectable with gGlu-HMRG. Z-Phe-Arg-HMRG showed higher applicability than Z-Arg-Arg-
HMRG for in vivo imaging, and we confirmed that 0.5-mm-sized SK-OV-3 tumor nodules disseminated on the mesentery in a
mouse model could be rapidly visualized by Z-Phe-Arg-HMRG, with a T/B fluorescence ratio of 4.2. Further, intraperitoneally
disseminated tumor could be visualized in real time in vivo by fluorescence endoscopy after spraying Z-Phe-Arg-HMRG, with a
T/B ratio of 3. In conclusion, our HMRG-based activatable probes targeted to cathepsins have expanded the detectable range of
cancers, and appear to be suitable for clinical application.

■ INTRODUCTION

Visualization of cancerous tissues is one of the most important
issues in oncotherapeutics. Many difficulties in medical
treatment for cancer arise because cancerous tissue cannot be
distinguished with the unaided human eye. Several techniques
are available to visualize tumors, including MRI, CT scanning,
ultrasound imaging, PET (positron emission tomography), and
fluorescence imaging.1 Among them, fluorescence imaging is of
particular interest as an aid to guide surgery because of its high
sensitivity, high spatial resolution, low cost, portability, simple
equipment, rapidity, and absence of ionizing radiation.2 In
particular, the high sensitivity and spatial resolution of
fluorescence imaging are favorable for visualizing submillimeter
foci in ablative and resectional surgery, making it possible to
remove tiny metastatic carcinomas, which are associated with
poor prognosis and recurrence of disease. Recently, our group
developed an activatable fluorescence probe for γ-glutamyl-

transpeptidase (GGT),3 which is overexpressed in a variety of
cancer cells. The developed probe, gGlu-HMRG (HMRG:
hydroxymethylrhodamine green), is almost completely
quenched at the physiological pH of 7.4 due to intramolecular
spirocyclization, but is efficiently converted to highly
fluorescent HMRG upon reaction with GGT.3−5 We showed
that gGlu-HMRG enables rapid and sensitive in vivo imaging of
intraperitoneally disseminated tiny tumors in mouse models.
However, the applicable range of this probe is limited to GGT-
expressing cancers. For example, we could clearly visualize
SHIN-3 cells, which have high GGT activitiy,3 but could not
detect SK-OV-3 and OVCAR-3 cells, which have little GGT
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activity, even though all three cell lines are derived from human
ovarian cancer.
In order to extend the range of applicability of HMRG-based

fluorescence probes, we aimed to develop new probes targeting
other peptidases. For this purpose, we focused on the cathepsin
family of cysteine proteases, including cathepsin B6−9 (CatB)
and cathepsin L10,11 (CatL), which are lysosomal endopepti-
dases that play various roles in the maintenance of normal
cellular metabolism, but show increased expression and/or
activity, secretion and change in localization6,8,12 in breast,13

colorectal,14,15 gastric,16,17 lung,18 prostate,19 and ovarian20−22

carcinomas, gliomas,23−25 melanomas,26 and osteoclastoma.27

CatB and CatL are also known to contribute to the invasion of
tumor cells at the basement membrane via degradation of
extracellular matrix (ECM) components, including collagen I,
collagen IV, laminin, fibronectin, and elastin. Here, we designed
and synthesized two fluorescence probes targeted to cathepsins
overexpressed in cancers by incorporating enzyme substrate

peptides into the HMRG scaffold28−30 (Figure 1A,B). We
examined whether these probes can detect cancer cells with low
GGT activity by means of fluorescence imaging studies of
cultured cells, spheroids (three-dimensional clusters of cultured
cells), and intraperitoneally disseminated tumors in model
mice.

■ RESULTS AND DISCUSSION
Optical Properties of Z-Phe-Arg-HMRG and Z-Arg-

Arg-HMRG. First, we examined the optical properties of Z-
Phe-Arg-HMRG and Z-Arg-Arg-HMRG. The maximum
absorption wavelength (λabs/max) was 497 nm, and the
maximum emission wavelength (λem/max) was 521 nm for
both probes. The molar extinction coefficient at pH 7.4 was
calculated to be 130 in both cases. The absolute fluorescence
quantum yield was 0.38 for Z-Phe-Arg-HMRG, and 0.37 for Z-
Arg-Arg-HMRG. The calculated pKcycl value was 4.8 for both
probes, and this is sufficiently low that the probe solutions were

Figure 1. Activatable fluorescence probes for cathepsins based on the HMRG scaffold. (A) Chemical structures of novel cathepsin probes Z-Phe-
Arg-HMRG (1) and Z-Arg-Arg-HMRG (2). (B) Enzymatic reaction of the designed probes with cathepsins. (C) pH-dependency of absorption of
HMRG and cathepsin probes. The pKcycl value of cathepsin probes is calculated to be 4.8, so that these probes are nonfluorescent at pH 7.4, whereas
the produced HMRG is highly fluorescent at this pH. (D,E) Reactivities of Z-Phe-Arg-HMRG and Z-Arg-Arg-HMRG with cathepsin B at pH 7.4 or
5.5 (D), and with cathepsin L at pH 7.4 or 5.5 (E), at 37 °C.
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colorless and nonfluorescent at pH 7.4, in contrast to HMRG,
the hydrolysis product generated by cathepsin B/L, which is
highly fluorescent (its molar extinction coefficient at pH 7.4 is
57000, and its absolute fluorescence quantum yield is 0.81)
(Figure 1C). The photochemical properties of the probes
compared with those of HMRG are summarized in Supporting
Information (Table S1).
In Vitro Reaction with Cathepsins. Next, we examined

whether the probes react with cathepsins to produce HMRG by
monitoring the fluorescence intensity before and after addition
of the enzymes. Cathepsins are normally lysosomal proteases,
but it is known that some members of the family, including
CatB/L, show altered localization at the cell surface of cancer
cells and/or are secreted by cancer cells, serving to degrade
ECM components. Therefore, we investigated the reactivities of
the probes with these cathepsins not only at pH 5.5 (mimicking
the lysosomal pH), but also at pH 7.4 (mimicking the pH at the
cell surface). In the reaction of CatB at pH 7.4, a drastic
fluorescence increase was observed: an 800-fold increase for Z-
Phe-Arg-HMRG and a 200-fold increase for Z-Arg-Arg-HMRG
after 1 h reaction (Figure 1D, Supporting Information Figure
S1). The in vitro conversion of the probe to HMRG by CatB at
pH 7.4 was also confirmed by HPLC analysis of reaction
solutions (Supporting Information Figure S2). The probes also
reacted with CatL at pH 5.5, but hardly reacted with CatL at
pH 7.4 (Figure 1E). We also found that Z-Phe-Arg-HMRG
showed high reactivity toward cathepsin K,31 as well as weak
reactivity toward cathepsin S,32 although Z-Arg-Arg-HMRG
hardly reacted with either of these enzymes (Supporting
Information Figure S3) These results indicate that Z-Phe-Arg-
HMRG has relatively broad reactivity toward cathepsin family
members, whereas the reactivity of Z-Arg-Arg-HMRG appears
to be restricted to CatB/L in vitro.
Further, it was confirmed that Z-Phe-Arg-HMRG has higher

affinity/reactivity than a commercially available 7-amino-4-
methylcoumarin (AMC)-based CatB/L probe toward CatB; Km
and kcat of Z-Phe-Arg-HMRG were calculated to be 30.3 μM
and >0.0986 s−1 at pH 7.4 at 37 °C with CatB from bovine
spleen (Sigma-Aldrich Japan Co., Ltd.) (Supporting Informa-
tion Table S2), while those of Z-Phe-Arg-MCA28−30 were

calculated to be ≫200 μM and >0.3 s−1 under the same
conditions. Based on these results, our HMRG-based probe has
higher affinity for CatB and is more rapidly hydrolyzed than the
AMC-based probe.
Concerning the stability of our cathepsin probes in body

fluids, both probes were unstable in mouse blood serum due to
the presence of cathepsin activity in serum (Supporting
Information Figures S4, S5), indicating that intravenous
injection of the probes would not be appropriate. Z-Arg-Arg-
HMRG was also unstable in mouse intraperitoneal fluid, which
contains a variety of enzyme activity. However, Z-Phe-Arg-
HMRG was fairly stable in intraperitoneal fluid, indicating that
i.p. injection of Z-Phe-Arg-HMRG is a reasonable approach to
visualize tumor nodules disseminated in the peritoneal cavity.

Fluorescence Imaging of Monolayer-Cultured Cell
Lines. We then performed fluorescence imaging of cultured
human ovarian cancer cell lines having different GGT activities
(SHIN-3 with high GGT activity, SK-OV-3 and OVCAR-3 with
low GGT activity) with the newly developed probes (Z-Phe-
Arg-HMRG and Z-Arg-Arg-HMRG) and our previously
developed GGT-activatable probe (gGlu-HMRG). gGlu-
HMRG gave a marked fluorescence increase only in GGT-
expressing SHIN-3 cells, whereas all three cell lines were clearly
visualized with both of the cathepsin probes (Figure 2).
Further, in order to examine the enzyme specificity, cultured
SK-OV-3 cells were pretreated with cathepsin inhibitor (Z-FF-
FMK, permeable: Supporting Information Figure S6) and
fluorescence imaging was performed. The fluorescence increase
with Z-Phe-Arg-HMRG was strongly suppressed, but that with
Z-Arg-Arg-HMRG was not (Figure 3A,B). These results
strongly suggested that Z-Phe-Arg-HMRG was activated by
cathepsins in cellulo, whereas Z-Arg-Arg-HMRG reacted not
only with cathepsins, but also with other intracellular
hydrolases. Based on these findings together with the results
of the stability experiment in intraperitoneal fluid (Supporting
Information Figure S4), we selected Z-Phe-Arg-HMRG for in
vivo imaging using the mouse model.
We also investigated the reaction site of Z-Phe-Arg-HMRG

with the enzyme. This probe was activated mainly by
intracellular cathepsins to produce HMRG, since HMRG-

Figure 2. Fluorescence imaging of three cultured cell lines derived from human ovarian cancer cell lines (SHIN-3, SK-OV-3, OVCAR-3) using Z-
Phe-Arg-HMRG, Z-Arg-Arg-HMRG, and gGlu-HMRG. Cells were incubated with 1 μM probe solution for 5 min and then images were captured
with a Leica TCS SP5X confocal microscopy system (λex = 497 nm, λem = 520 ± 10 nm). Scale bar, 50 μm.
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signals was observed in SK-OV-3 cells even when cell-surface
cathepsin activity was inhibited by cell-impermeable inhibitors
(CA074, CatB-selective impermeable inhibitor (N = 4, n = 60)
and Z-FY-CHO, CatL-selective impermeable inhibitor (N = 3,
n = 45)) (Figure 3, Supporting Information Figure S7). In any
case, extracellular CatL would not have been involved in
hydrolysis of the probe, because it is inactive at pH 7.4 (Figure
1E). Although fluorescence signals may be generated in
nontumor tissue due to the intrinsic activity of lysosomal
cathepsins, as described later, the tumor-to-background ratio
was sufficiently high (3−4-fold) to distinguish tumors in ex/in
vivo imaging.
Fluorescence Imaging of Cultured Spheroids of SK-

OV-3. Compared to two-dimensional monolayer cultures,
spheroids may better represent the microenvironment of actual
tumor nodules. In order to confirm that cathepsin activities in
monolayer cultures are retained in spheroids, we prepared SK-
OV-3 spheroids and performed fluorescence imaging with the
cathepsin probes. The results were similar to those in
monolayer cells (Figure 4), suggesting that the cathepsin

activities in monolayer-cultured cells are similar to those in
spheroids.

Ex Vivo Imaging of Intraperitoneally Disseminated
SK-OV-3 Cells in a Mouse Model with Z-Phe-Arg-HMRG.
The SK-OV-3 nude mouse model shows consistent growth of
implants in the peritoneal space, similar to the nodules seen in
ovarian cancer patients. To investigate whether peritoneal SK-
OV-3 ovarian cancer nodules can be detected with Z-Phe-Arg-
HMRG in this model, we performed fluorescence imaging 10
min after intraperitoneal injection of the probe. As a control,
gGlu-HMRG was similarly applied. Pseudo real color images of
normal SK-OV-3 nodules treated with 50 μM Z-Phe-Arg-
HMRG are shown in Figure 5A, in which the HMRG
fluorescence signal is shown in green pseudo color. Intra-
peritoneally disseminated SK-OV-3 tumor nodules were clearly
visualized with Z-Phe-Arg-HMRG, but not with gGlu-HMRG.
In order to confirm that the fluorescent spots observed in
Figure 5A represent tumors, we also prepared a mouse model
with SK-OV-3/RFP and examined whether the fluorescence
signal of Z-Phe-Arg-HMRG coincides with that of RFP (Figure

Figure 3. Inhibitory effects of cathepsin inhibitors in SK-OV-3 cell line. (A) Fluorescence imaging of cultured SK-OV-3 cells pretreated with 50 μM
Z-FF-FMK (cathepsin inhibitor, cell-permeable) and DMSO as a control. Then, the cells were incubated with 1 μM probe solution, and images were
captured with a Leica TCS SP5X confocal microscopy system (λex = 497 nm, λem = 520 ± 10 nm). Scale bar, 50 μm. (B) Quantitative evaluation of
ROI fluorescence in SK-OV-3 treated with Z-FF-FMK and DMSO. Error bars represent ± SEM ***P < 0.005. (C) Quantitative evaluation of ROI
fluorescence in SK-OV-3 treated with cathepsin inhibitors; Z-FF-FMK (inhibitor for cathepsins, cell-permeable, N = 3, n = 45), CA074 (selective
inhibitor for cathepsin B, cell-impermeable, N = 4, n = 60), and Z-FY-CHO (selective inhibitor for cathepsin L, cell-impermeable, N = 3, n = 45).
Error bars represent ± SEM. ***P < 0.005.
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5B). The results indicate that HMRG reliably detects almost all
cancerous tissues on the mesentery.
We further evaluated the T/B ratio of the fluorescence signal

by comparing the fluorescence intensity at tumor nodules and
at adjacent noncancerous areas on the bowel. The T/B ratio
obtained with Z-Phe-Arg-HMRG was 4.2 (Figure 5C), whereas
that with gGlu-HMRG was 0.72. The T/B ratio with Z-Phe-
Arg-HMRG is sufficiently high to distinguish tumor nodules
from normal tissue, presumably reflecting the difference in total
cathepsin activity between normal and cancerous tissues.
Therefore, we considered that Z-Phe-Arg-HMRG is potentially
suitable for clinical application.
Further, in order to confirm that Z-Phe-Arg-HMRG reacts

mainly with cathepsins to produce HMRG in vivo, we carried
out an ex vivo experiment with cathepsin inhibitor, Z-FF-FMK
(Supporting Information Figure S8). Fluorescence increase at
tumor sites was suppressed by the inhibitor, which clearly
indicates that the green fluorescence signals were due to
HMRG generated by the activity of tumor cathepsins, and were
not due to accumulation of Z-Phe-Arg-HMRG itself in cancer
cells.
Several activatable fluorescence probes for cathepsin have

been reported for tumor imaging. For example, the ProSense
series (PerkinElmer Inc.) are commercially available NIR
fluorescence probes for cathepsin B/L/S/K activity,33−36 and
have been utilized for in vivo imaging of tumors. However, their
activation often requires hours to days, which would limit their
practical utility for clinical application.35 Bogyo and coauthors
have developed fluorophore-labeled quenching activity-based
probes (qABPs) for the cathepsin family,36−38 and applied
these probes for in vivo cancer imaging. Although qABPs have
the great advantage that they bind covalently to the active site
of cysteine cathepsins, these probes also require 30 min to a few
hours39 to generate a sufficient fluorescence signal after
injection into mice via the tail vein. Compared to qABPs
probes, standard fluorophore-based activatable probes for
cathepsin would have the substantial advantage that the
fluorescence signal is amplified by enzymatic turnover. Indeed,
Z-Phe-Arg-HMRG enabled us to detect carcinoma lesions
within only 10 min.
In Vivo Fluorescence Endoscopic Study. In order to

simulate the clinical surgical situation, we performed

fluorescence imaging by means of endoscopy in the intra-
peritoneally disseminated SK-OV-3/RFP tumor model. Z-Phe-
Arg-HMRG was sprayed onto tumor nodules on the abdomen
wall through an endoscopic spray catheter. Fluorescence signals
at lesions were observed after 10 min (Figure 6, n = 3). These
results show that Z-Phe-Arg-HMRG was activated at tumor
sites in vivo within 10 min, with a T/B ratio of 3.

■ CONCLUSION

We have developed a new activatable probe, Z-Phe-Arg-
HMRG, targeting cathepsins, and showed that it can detect
disseminated tiny tumors in the abdominal cavity of model
mice that were undetectable with our previously reported gGlu-
HMRG, which targets γ-glutamyltransferase. In other words, we
have extended the detectable range of cancers by developing a
new activatable probe targeted to other peptidases that are
overexpressed in cancer cells. Z-Phe-Arg-HMRG showed very
rapid fluorescence activation at tumor sites with a high tumor-
to-background fluorescence ratio in vivo, and we were able to
detect the locations of submillimeter-size tumors within 10 min
through a fluorescence endoscopic system simply by spraying
the probe onto the target area. Preclinical studies of this probe
are already in progress.

■ MATERIALS AND METHODS

Organic Synthesis. Cathepsin probes, Z-Phe-Arg-HMRG
(1) and Z-Arg-Arg-HMRG (2) (Figure 1A), were synthesized
according to scheme S1 in the Supporting Information.
Synthetic procedures and physical data are also presented in
Supporting Information. The purified probes were prepared as
10 mM stock solutions in DMSO and stored at −20 °C.

Equipment and Materials for Optical Properties. All
absorbance spectra were recorded with a UV-2450 UV−vis
spectrophotometer (Shimadzu Co., Ltd.) and all fluorescence
spectra were recorded with an F-7000 fluorescence spectropho-
tometer (Hitachi Co., Ltd.). Quantum yield was recorded with
a Quantaurus-QY absolute PL quantum yield spectrometer
(Hamamatsu Co., Ltd.). Purified and activated cathepsin B
from bovine spleen (catalog no. C6286, E.C. 3.4.22.1) and
cathepsin L from human liver (C6854, E.C. 3.4.22.15) were
purchased from Sigma-Aldrich Japan Co., Ltd.

pKcycl Calculation. The equilibrium constant of a
compound (pKcycl) was calculated by fitting the pH profile of
normalized absorbance at λabs/max (497 nm) with the well-
known Henderson−Hasselbalch equation, as described in the
previous report.5

In Vitro Reactivity for Cathepsin B/L. 3 μM Z-Phe-Arg-
HMRG and 3 μM Z-Arg-Arg-HMRG solutions in 0.2 M
phosphate buffer at pH 7.4 or 5.5 were prepared. Each solution
was warmed to 37 °C with stirring, and 1 U of CatB was added
after 5 min. Change in fluorescence intensity was monitored
over 1 h (excitation/emission, 497/520 nm). The same
procedure was carried out with 4 mU of CatL.

Cell Culture. Three established human ovarian cancer cell
lines (SHIN-340 provided by Prof. H. Kobayashi, NIH, U.S.A.,
and SK-OV-341 and OVCAR-342 purchased from American
Type Culture Collection) were used for in vitro fluorescence
microscopy studies. Cells were grown in culture medium at 37
°C in humidified air containing 5% CO2. SHIN-3 was grown in
RPMI 1640 (Invitrogen) containing 10% fetal bovine serum
(FBS, Invitrogen), 0.03% L-glutamine, and PS (100 U/mL
penicillin and 100 μg/mL streptomycin). OVCAR-3 was grown

Figure 4. Quantitative evaluation of ROI fluorescence intensity on the
surface of SK-OV-3 spheroids treated with 1 μM Z-Phe-Arg-HMRG, 1
μM Z-Arg-Arg-HMRG, and 1 μM gGlu-HMRG (GGT-activatable
probe) for 30 min. Error bars represent ± SEM, n = 3−4, respectively.
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in RPMI 1640 containing 20% FBS, 0.03% L-glutamine, and PS.
SK-OV-3 was grown in McCoy’s 5A (Invitrogen) containing
10% FBS, 0.03% L-glutamine, and PS.
Fluorescence Microscopy of Monolayer-Cultured Cell

Lines. For fluorescence microscopy, about 10 000 cells were
seeded in each partition of an 8-well chamber (μ-Slide 8 well;
Ibidi) and incubated at 37 °C, in atmosphere of 5% CO2, for 24
h. The medium was removed and the cells were washed with
Hank’s Balanced Salt Solution (HBSS) and incubated with Z-
Phe-Arg-HMRG or Z-Arg-Arg-HMRG or gGlu-HMRG (final
concentration 1 μM) in HBSS for 5 min. Fluorescence images
were captured with a Leica Application Suite Advanced
Fluorescence (LAS-AF) microscope with a TCS SP5 unit
equipped with a 60× objective lens (excitation/emission, 497/
515−535 nm).
Inhibitory Assay. Z-FF-FMK (permeable cathepsin in-

hibitor),43−45 CA074 (impermeable CatB inhibitor),46−49 and
Z-FY-CHO (impermeable CatL inhibitor)50,51 were purchased
from Calbiochem (Merck Co., Ltd.) and used at 50 μM final
concentration. After preincubation of inhibitor solution in

HBSS (final concentration: 50 μM) for 5 min, the cultured SK-
OV-3 cells were incubated for 5 min with Z-Phe-Arg-HMRG
and Z-Arg-Arg-HMRG (final concentration: 1 μM) and
fluorescence images were captured with the LAS-AF micro-
scope as described above.

Preparation of SK-OV-3 Spheroids.52 A round-bottomed
96-well plate for cell culture was precoated with 50 μL of 0.5%
poly-HEMA (poly 2-hydroxyethyl methacrylate; Sigma, P3932)
in 95% ethanol and air-dried at room temperature overnight.
5000 to 10 000 SK-OV-3 cells in 5% Matrigel were placed in
each well. The plate was centrifuged at 1000g for 10 min, and
incubated at 37 °C under an atmosphere of 5% CO2 for 7 days.
The cells formed three-dimensional clusters with diameters of
300−400 μm.

Fluorescence Imaging of Spheroids of SK-OV-3.
Fluorescence imaging of SK-OV-3 spheroids was performed
with Z-Phe-Arg-HMRG and Z-Arg-Arg-HMRG, with gGlu-
HMRG as a control. Spheroids cultured for 7 days on round-
bottomed wells coated with poly-HEMA were transferred to an
8-well chamber, and then incubated with Z-Phe-Arg-HMRG

Figure 5. Ex vivo imaging of SK-OV-3 disseminated model mice treated with HMRG-based probes. (A) White light (left) and pseudo real color
images (right) obtained with a 465/30 nm band-pass filter for excitation and a 515 nm long-pass filter for emission. The mesentery from SK-OV-3
disseminated model mouse preincubated with 50 μM Z-Phe-Arg-HMRG or gGlu-HMRG for 10 min was spread and imaged with a Maestro In-Vivo
imaging system. Green color indicates the HMRG signal and orange color corresponds to autofluorescence from digested material in the bowel.
Yellow arrows indicate tumor locations confirmed with the naked eye. Scale bars represent 5.0 mm. (B) White light, pseudo real color, unmixed
spectra image (green, HMRG signals; red, RFP signals), and merged image of spread mesentery of SK-OV-3/RFP disseminated model mice treated
with HMRG probes. Scale bars represent 5.0 mm. (C) Quantitative evaluation of the fluorescence signal at SK-OV-3/RFP nodules on the mesentery.
Compared with adjacent noncancerous areas on the bowel, fluorescence on tumors showed 4.2-fold greater intensity with Z-Phe-Arg-HMRG. Error
bars represent ± SEM; N = 4, n = 38 with Z-Phe-Arg-HMRG; N = 3, n = 17 with gGlu-HMRG.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc5003289 | Bioconjugate Chem. 2014, 25, 1838−18461843



and Z-Arg-Arg-HMRG (final concentration: 1 μM) in HBSS
for 30 min in 37 °C. Fluorescence images were captured with
an LAS-AF microscope as described above. ROIs were drawn
within the spheroid surface, and the fluorescence intensity on
each ROI was averaged (n = 3−4) and normalized with respect
to ROI fluorescence on spheroids treated with 1 μM HMRG.
Preparation of Intraperitioneal Tumor-Bearing Model

Mice. All experimental protocols were in accordance with the
policies of the Animal Ethics Committee of the University of
Tokyo. Human ovarian cancer cell lines, SK-OV-3 and SK-OV-
3/RFP (Cell Biolabs, Inc.), were implanted by intraperitoneal
injection of 5 × 106 to 1 × 107 cells suspended in 300 to 400 μL
of PBS into female nude mice (BALB/cA Jcl-nu/nu, Clea Japan
Inc.). Experiments with tumor-bearing mice were performed
after 10 and 20 days, when disseminated peritoneal implants
had reached about 0.5−3 mm in size.
Ex Vivo Fluorescence Imaging. A 50 μM solution of Z-

Phe-Arg-HMRG in 300 μL PBS was injected intraperitoneally
into the abdominal cavity of SK-OV-3 model mice. After 10
min incubation, the mice were killed with CO2 and the
abdominal cavity was exposed. Fluorescence images were
obtained with the Maestro In-Vivo imaging system (Perki-
nElmer Inc.) equipped with a 465/30 nm band-pass filter for
excitation and a 515 nm long-pass filter for emission. The
tunable filter was automatically stepped in 10 nm increments
from 500 to 800 nm, and images at each wavelength
corresponding to each pseudo color were integrated to obtain
pseudo real color images. Fluorescence images consisting of the
spectra of HMRG and autofluorescence derived from digested
pelleted feed were also obtained as pseudo real color images.
In order to check the locations of disseminated tumors on

the mesentery, SK-OV-3 cells stably expressing RFP (SK-OV-
3/RFP) was also subjected to the above procedure.
Fluorescence images of RFP spectra were obtained using a
570/40 nm band-pass filter for excitation and a 630 nm long-
pass filter for emission. Spectral fluorescence images consisting

of HMRG and RFP spectral signals were left unmixed by the
Maestro software and were merged to confirm the precise
locations of tumors.
Tumor-to-background (T/B) ratio was also calculated. ROIs

were drawn within the tumors confirmed by RFP signals and
adjacent noncancerous areas. The average fluorescence
intensity of each ROI was calculated by Maestro software.
The number of ROIs placed in the tumor nodules was 38 for Z-
Phe-Arg-HMRG, and 17 for gGlu-HMRG. The same numbers
of ROIs were placed in noncancerous areas. The T/B ratio was
calculated as the average fluorescence intensity of tumors
divided by that of adjacent normal tissue.

In Vivo Real-Time Fluorescence Endoscopic Imaging.
A fluorescence endoscopic system (Evis Exera-II XCLV-180,
Olympus) equipped with a fiberoptic endoscope (XBF-MP60,
Olympus) was used. Excitation and emission filters were 465 to
500 nm and 516 to 556 nm, respectively. Mice were
anesthetized by intraperitoneal injection of ketamine−xylazine
solution (2 mg ketamine and 0.2 mg xylazine per mouse) and
further anesthetized by continuous flow of 0.5−2% isoflurane
gas. The endoscope was inserted into the abdominal cavity
through a small incision in the lower abdomen, and the
abdominal cavity was inflated with air. A 50 μM solution of Z-
Phe-Arg-HMRG in 400 μL PBS was sprayed inside the
abdominal cavity through the endoscopic spray catheter during
video monitoring/recording. The change in fluorescence
intensity of the cancerous tissue was monitored for 10 min,
and the T/B ratio was calculated.

■ ASSOCIATED CONTENT

*S Supporting Information
Additional characterization data on the activatable probes for
cathepsin activity are presented. This material is available free
of charge via the Internet at http://pubs.acs.org.

Figure 6. Pictures obtained with an endoscopic imaging system. (A) SK-OV-3/RFP tumors on the peritoneal wall of model mice preinjected with Z-
Phe-Arg-HMRG 10 min before imaging. Fluorescence images were obtained through excitation and emission filters of 465 to 500 nm and 516 to 556
nm, respectively. (B) Sequential fluorescence images of the cancerous area over 10 min, starting from just after spraying with 50 μM Z-Phe-Arg-
HMRG. (C) Changes in tumor-to-background (T/B) ratio. Error bars represent ± SEM, n = 3.
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