pubs.acs.org/JACS

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Activatable Oligomerizable Imaging Agents for Photoacoustic
Imaging of Furin-Like Activity in Living Subjects

Anca DragulesCu'AﬂdrélSi,T’;t Sri-Rajasekhar Kothapadli,?"j;’|| Grigory A. Tikhomirov, ! Jia nghong Rao, ot
and Sanjiv S. Gambhir® "%

"Molecular Imaging Program at Stanford and Bio-X Program, *Department of Radiology, and SDepartment of Bioengineering and
Department of Materials Science and Engineering, Stanford University School of Medicine, Stanford, California 94305, United States

© Supporting Information

ABSTRACT: Photoacoustic (PA) imaging is continuing to be
applied for physiological imaging and more recently for
molecular imaging of living subjects. Owing to its high spatial
resolution in deep tissues, PA imaging holds great potential for
biomedical applications and molecular diagnostics. There is
however a lack of probes for targeted PA imaging, especially in
the area of enzyme-activatable probes. Here we introduce a
molecular probe, which upon proteolytic processing is retained
at the site of enzyme activity and provides PA contrast. The
probe oligomerizes via a condensation reaction and accumu-
lates in cells and tumors that express the protease. We
demonstrate that this probe reports furin and furin-like activity
in cells and tumor models by generating a significantly higher
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PA signal relative to furin-deficient and nontarget controls. This probe could report enzyme activity in living subjects at depths
significantly greater than fluorescence imaging probes and has potential for molecular imaging in deep tumors.

1. INTRODUCTION

Proteases, enzymes that catalyze the hydrolytic cleavage of
peptide bonds, participate in a variety of critical biological
processes in both physiological and pathological states. In
particular, proteases enable cancer cells to adapt to the
topology of the primary and secondary sites and efficiently
alter their microenvironment." Proteases are essential for
degrading extracellular proteins and activating cofactors to
promote cell migration and invasiveness.” Because of their
involvement in progression of highly metastatic cancers,
proteases became important targets for therapeutic interven-
tions, and there has been a high interest in developing
molecular probes that enable imaging of protease activity in
living subjects.”

Owing to the high variety of photochemical mechanisms,
such as Forster resonance energy transfer (FRET), photo-
induced electron transfer and quenching, enzyme-activatable
probes (EAPs) have been successfully developed for
fluorescence imaging of numerous proteases.”* However,
these probes have major limitations particularly when imaging
in living subjects is required. For example, some of these
fluorescence-based EAPs have low specificity, inhibit the target
protease interfering with the normal function, fail to accumulate
at the target site making it very difficult to validate the target
protease, or have low sensitivity because they lack signal
amplification.* Most importantly, the fluorescence EAPs are
limited to imaging superficial depths (up to 1 mm) in living
subjects because of the high tissue autofluorescence and strong
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scattering of fluorescence light inside deep biological tissue.
While fluorescence microscopy can provide micrometer-scale
resolution at superficial depths of up to 1 mm, fluorescence
optical tomography can image several centimeters deep inside
biological tissue but provides very poor spatial resolution
(typically about one-third of the imaging depth). Therefore
fluorescence-based EAPs are not an ideal choice for probing
tumor environment. Protease-sensitive bioluminogenic sub-
strates™ can detect protease activity in cells and tumors that
constitutively express the luciferase reporter gene and offer
higher sensitivity because autofluorescence and tissue attenu-
ation associated with fluorophore excitation are absent.
Bioluminescence imaging, similar to fluorescence imaging,
also suffers from strong scattering of light from deep tissue,
rendering bioluminescence strategies not suitable for clinical
translation.

A distinctive strategy for protease activity imaging aims to
provide increased sensitivity and ease of target validation in
deep tissue using nonionizing imaging methods. We propose a
photoacoustic (PA) imaging based enzyme-sensitive probe. PA
imaging, a synergistic combination of optical and ultrasound
imaging technologies, has advanced into a noninvasive real-time
modality for preclinical biomedical imaging.”'® PA imaging
can provide high spatial resolution even at several centimeters
deep inside biological tissue (typically one-tenth of the imaging
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depth).”"" Endogenous tissue contrast can provide the means
for both anatomical and molecular PA imaging applications.
However, for discriminating between pathological and normal
states using PA imaging, exogenous contrast agents are often
required. A variety of probes that can increase the endogenous
PA signal of disease states, such as cancer, through passive or
direct targeting have been developed.'” However, there is a
scarcity of molecular probes for targeted PA imaging, especially
in the area of enzyme-sensitive probes. The classic OFF/ON
schemes of EAPs for fluorescence imaging are not directly
translatable to PA imaging. Elaborated activatable probe designs
for dual-wavelength PA imaging have been recently developed,
and their applicability was demonstrated in cells in culture'
and in vivo."*

Liang et al. employed a bioorthogonal intracellular
condensation reaction that leads to formation of nanostructures
retained at the site of target activity and allows for fluorescence
imaging of furin activity in live cells.'”” Furin is one of the
central regulators of tumor 6progression and metastasis and a
proven drug target in vitro'® and in vivo,'” and the ability to
noninvasively visualize furin and furin-like activity in small
animals is of high interest. The condensation reaction takes
place in live cells between 2-cyano-6-aminobenzothiazole
(CABT) and thiol and amino groups of a cysteine, which
become accessible after proteolytic activity of furin. The probe
carries the reactive groups and a reporter molecule
(fluorescein) coupled to the furin substrate RVRR (where R
is arginine and V is valine).

To enable deep tissue PA imaging, we redesign this protease
activity sensing platform. We introduce a PA probe, which
reports proteolytic activity via a bioorthogonal condensation
reaction followed by formation of aggregates and nanostruc-
tures, which accumulate at the target site. We demonstrate that
the oligomerizable probe produces a significantly higher PA
signal in cells and in mice tumors overexpressing furin (MDA-
MB-231) than in furin-deficient controls (LoVo). This is the
first example of a PA-based probe for directly imaging enzyme
activity in living subjects and has potential for highly specific
early detection of cancers expressing furin in vivo.

2. EXPERIMENTAL DETAILS

Reagents. All reagents and solvents were purchased from Sigma-
Aldrich with the exception of: Boc-Lys(Fmoc)-OH (AnaSpec,
Fremont, CA), Boc-Cys(SEt)-COOH-DCHA (Bachem, Torrance,
CA), 2-cyano-6-amino-benzothiazole (ICIS, China), and Atto740-
NHS ester (Atto-Tec GmbH, Siegen, Germany). Furin was purchased
from Biolabs (2000 U mL™"); one unit (U) is defined as the amount of
furin that releases 1 pmol of methylcoumarinamide (MCA) from the
fluorogenic peptide Boc-RVRR-MCA (Bachem) in 1 min at 30 °C.

ESOR-PA Probe Synthesis. The enzyme-sensitive oligomerizable
reactive photoacoustic (ESOR-PA) probes were synthesized similarly
to the previously described protocol'® and characterized by MALDI-
TOF mass spectrometry (Figures S3 and S4). Detailed description for
each synthetic step is given in Supporting Information (SI; Methods).
HPLC was performed on a Dionex HPLC System (Dionex
Corporation) equipped with a GPSO gradient pump and an inline
diode array UV—vis detector. A reversed-phase C18 (Phenomenax, S
pum, 10 X 250 mm or Dionex, 5 ym, 4.6 X 250 mm) column was used
with an acetonitrile (B)/H,0 (A) gradient mobile phase containing
0.1% trifluoroacetic acid at a flow of 1 mL/min for the analysis.

Fluorescence Spectrometry. Fluorescence spectra were recorded
using a FluoroMax-3 (Horiba Jobin Yvon) spectrofluorometer. The
signals were recorded 3 h after incubating 2 yM ESOR-PAOI and
ESOR-PA02 probe solutions in furin (100 pmol-U™") buffer (100 mM

HEPES, 1 mM CaCl,, pH 7.5) containing tris(2-carboxyethyl)
phosphine (TCEP, 1 mM) at 37 °C.

Transmission Electron Microscopy. TEM samples were
prepared by drying 5 uL of 0.3 mM ESOR-PAOQ1 probe solution on
carbon-coated 600 mesh copper grid 3 h after incubation with furin
(100 pmol-U™") buffer (pH 7.5) containing TCEP at 37 °C. The
samples were imaged on a FEI Tecnai G2 F20 X-TWIN transmission
electron microscope at 200 kV accelerating voltage.

PA Imaging. In Vitro and Cell Experiments. The PA instrument
used for in vitro cell culture experiment was described in a previous
study.">'® A tunable pulsed laser with a repetition rate of 10 Hz and a
pulse width of S ns (Nd:YAG Surelight-III-10 connected to Surelite
OPO Plus, Continuum) was focused on to the phantom sample using
a fiber optic focused ring light guide (Fiberoptic Systems Inc, 1 in.
working distance, 1 cm focal spot diameter). The average laser light
intensity at 740 nm wavelength was measured to be ~15 mJ/cm?* on
the sample surface. A S MHz focused transducer (A309S, 25.5 mm
focal length, F number of 2, Panametrics) was placed (without
intercepting the light path) inside the fiber optic ring light guide to
perform PA imaging in reflection mode. A precision xyz-stage (US00,
Aerotech Inc.) with minimum step size of 0.5 mm was used to move
the transducer and the fiber ring along a planar 2D trajectory. At every
position, the acquired PA signal (A-scan, signal as a function of depth
along z-axis) was averaged over 3 laser pulses. The intensity of the
laser pulses as a function of time was recorded using a silicon
photodiode (DET10A, Thorlabs). This information was used to
synchronize the acquisition and compensate for pulse-to-pulse
variations in laser intensity. The analog PA signals (A-scans) were
amplified using a preamplifier (Panametrics, PRS072) and digitized
using a digitizer/oscilloscope NI 5114. The A-scan from each position
of the transducer was band-pass filtered with 100% fractional
bandwidth, compensated for laser intensity variation, and envelope
detected. 2D images (B-scans) were obtained by scanning the sample
along the x direction and acquiring each corresponding 1D image (A-
scan). After each B-scan along the x axis, using the xyz-stage the
transducer/light head was returned to its original x coordinate and
further translated by one scanning step by 0.5 mm along the y axis to
start a new B-scan. Thus several B-scans were obtained by raster
scanning the sample in the x—y plane. All B-scans were combined to
reconstruct a 3D volumetric image of the phantom sample. We further
performed maximum amplitude projection (MAP) on each of the A-
lines in the 3D volumetric data. The final MAP image was obtained by
combining projections from all B-scans.

Furin-Like Activity PA Imaging in Vitro. ESOR-PA0O1 and ESOR-
PAO2 probes (2 M) were incubated at 37 °C for 3 h in the presence
and absence of furin (100 pmol-U™') in furin buffer (pH 7.5)
containing TCEP at 37 °C. The solutions were loaded into transparent
polyethylene tubes, and the tubes were sealed using heat. The filled
tubes were fixed in 1% agarose solution in PBS, and the gel was
subsequently imaged as described above.

Furin-Like Activity PA Imaging in Cells. MDA-MB-231 cells were
cultured in DMEM (high glucose) supplemented with 10% FBS and
1% penicillin/streptomycin. LoVo cells were grown in F12 nutrient
mixture supplemented with 10% FBS and 1% penicillin/streptomycin.
MDA-MD-231 and LoVo cells (plated at high density, 8 million cells
in a 10 cm dish) were incubated for 17 h at 37 °C with 5 uM ESOR-
PAO1 probe. To better mimic to an in vivo situation, we performed the
same experiments at shorter incubation time (3 h) and lower
concentration. For the short time incubation protocol, the cells were
incubated for 3 h at 37 °C with 2 yM ESOR-PAOI probe.
Subsequently, cells were washed 3X with 10 mL PBS and then 1 h
at 37 °C in 10 mL media. Cells were harvested using trypsin and
counted. Equal amounts of cells in PBS, (2.5 million for the long
incubation and 7.5 million cells for short incubation study,
respectively) mixed 1:1 with 1% ultrapure agarose (melting point 65
°C) in PBS, were added to agarose gel wells made in advance.
Afterward the wells were covered with an additional layer of warm (60
°C) agarose, cooled at room temperature and scanned using a PA
instrument with 740 nm laser excitation, as described above.
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For the experiment where furin inhibitor was required, a short
incubation protocol was used and equal moles of furin inhibitor I and
11 (EMD Biosciences) were added to a final concentration of 200 M
each in addition to the furin-positive probe. Cells were harvested and
loaded on the agarose gel phantom as describe above.

In Vivo PA Imaging. For all mice experiments we used a
commercial ENDRA Nexus128 PA tomography system (Endra Inc.,
Ann Arbor, Michigan)."”” The system houses a tunable nanosecond
pulsed laser (7 ns pulses, 20 Hz pulse repetition frequency, about 7
mJ/pulse on the animal surface, wavelength range 680—950 nm), 128
unfocused ultrasound transducers (with S MHz center frequency and 3
mm diameter) arranged in a hemispherical bowl filled with water,
animal tray on top of the bowl, data acquisition/reconstruction
console, servo motors for 3D rotation of the bowl, and a temperature
monitor of the water bath. We optimized the imaging protocol to suit
our probe experiments using 120 views and 100 pulses/view, covering
25 X 25 X 25 mm volume with a voxel size of 250 ym in x, y, and z
directions. This takes ~11 min to acquire one data set. For each
animal we first obtained precontrast data at 740 nm. After iv.
administration of the furin probe, we acquired postcontrast data every
15 min up to 1 h at 740 nm scan wavelength. Three-dimensional PA
image was reconstructed off-line using data acquired from all 128
transducers at each view using a back-projection algorithm.'® The
algorithm corrects for pulse to pulse variations in the laser intensity
and small changes in the temperature that affect acoustic velocity in
the water. The reconstructed raw data is analyzed using AMIDE 0.9.2
software.*

Furin-Like Activity PA Imaging in Mice. All animal handling was
performed in accordance with Stanford University’s Animal Research
Committee guidelines. Female nude mice (Nu/Nu, Charles River
Laboratories, Wilmington, MA) were implanted subcutaneously on the
upper thigh with 10 million cells of either MDA-MB-231 or LoVo, and
tumors developed within 3—4 weeks. Mice were used for imaging
when the tumors were 0.8—10 mm in diameter. Mice were
anesthetized using 2% isoflurane in oxygen, and a catheter was
applied to the tail vein. Afterward, they were placed in the ENDRA
Nexus128 PAT imaging system and scanned to determine the
endogenous signal of tumors at 740 nm wavelength. When the prescan
was completed (11 min acquisition time), the mice were injected via
the tail vein catheter with 25 nmol of ESOR-PAO1 probe (or furin
negative ESOR-PA02) further diluted from DMSO stock soutions (5.1
and 4.7 mM, respectively) in 150 uL of sterile PBS (167 mM, 25
nmoles). Mice were scanned every 15 min for 1 h. We imaged three
groups of mice. The first group (n = 4) included mice bearing furin-
deficient LoVo tumors and was subjected to the furin-positive probe
ESOR-PAO1; the second group (n = 4) consisted of mice with MDA-
MB-231 tumors and were injected with furin-positive probe ESOR-
PAO1; the third group of mice (n = 4), used as a second negative
control, contained mice with MDA-MB-231 tumors injected with
furin-negative probe ESOR-PA02. All three groups of mice were
handled identically. The raw 3D-data sets were reconstructed using
reconstruction algorithm available on ENDRA Nexus128."” Topo-
graphic images were visualized and quantified in AMIDE 0.9.2
software.”® The normalization was done by using the mean of the 3D
data from ¢ = 0 point to normalize the 3D data of other time points.

Furin-Like Activity Detection Using Fluorogenic Probe in Cell
Lysates. Furin-like activity was measured using Boc-RVRR-AMC,
where AMC is 7-amino-4-methyl-coumarin (Bachem). Cultured cells
were lysed directly in a 10 cm dish on ice using 500 uL passive lysis
buffer (Promega, Madison, WI). The protein concentration was
measured using the 660 nm Protein Assay (Thermo Scientific)
following the manufacturer’s instructions. Ten pg of total protein were
mixed with 10 #M total concentration of Boc-RVRR-AMC in DPBS
buffer containing Mg** and Ca®. The fluorescence of released
aminocoumarin was then measured on a microplate reader (Ex./Em. =
360 nm/460 nm) every S min for 2 h.

Statistical analysis. All cell culture and mice group comparisons
were performed using the Student’s ¢ test (two-sided, paired).

3. RESULTS

Design of ESOR-PA Probes. The design of the ESOR-PA
probes is based on a recently developed strategy, which leads to
the formation of oligomeric nanostructures inside cells upon
enzymatic processing.15

The furin probe ESOR-PAO1 consists of a short peptide furin
substrate, RVRR, linked to two pro-reactive moieties, a side-
protected cysteine and CABT, and a near-infrared (NIR)
absorber, the fluorescent dye Atto740 (fluorescence quantum
yield ¢y = 10%), on a lysine side chain, Ac-RVRRC(SEt)K-
(Atto740)-CABT (Scheme 1; R, arginine; V, valine; C,

Scheme 1. Chemical Structures of PA Activatable Furin
Probe ESOR-PAO1 and of the Negative Control
Noncleavable Probe ESOR-PA02“
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“After cellular uptake of the probe, the disulfide bond of SEt-protected
cysteine is cleaved in the reductive environment of the cells and furin
processes the peptide by cleaving RVRR sequence at the C-terminus.
Dotted lines indicate cleavage sites; Ac, acetyl group; R, arginine; V,
valine; C, cysteine; K, lysine; and SEt, ethylthio group.

cysteine; K, lysine; SEt, ethylthio group). Atto740 fluorophore
was chosen because of its NIR absorbance and exceptional
resistance to photobleaching. As control probe, we have
designed and synthesized ESOR-PA02, a probe containing a
nonfurin substrate peptide RRRV (furin negative probe: Ac-
RRRVC(SEt)K(Atto740)-CABT, Scheme 1).

The mechanism of action of the activatable ESOR-PA probe
to generate PA contrast is depicted in Figure 1. First, following
cellular uptake the disulfide bond of cysteine is cleaved in the
reductive environment of the cell. Next, furin processes the
peptide, cleaving RVRR sequence and releasing the amino
group of cysteine. The 1,2-aminothiol group undergoes a
bioorthogonal condensation reaction with the 2-cyano group of
CABT to form dimers and longer oligomers. These oligomers
containing Atto740 reporter molecule accumulate in cells and
further aggregate and form nanostructures, events accompanied
by a proximity quenching effect of the fluorophores, which
further increases the PA signal by minimizing radiative
emission. This accumulation of dyes in the cells is detected
as a strong PA signal upon excitation with laser pulses.
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Figure 1. Diagram depicting the mechanism of action of the ESOR-PA
furin probe and generation of PA contrast. After cellular internalization
the probe is processed by furin. The 1,2-thioamino group of cysteine is
activated and further reacts with the CABT component to form a
condensation product. Several condensation reactions lead to
formation of Atto740-containing oligomers, which further aggregate
and form nanostructures, trapping the reporter molecule in the cells.
After pulsed laser excitation a PA signal can be measured.

PA Imaging of Furin-Like Activity in Vitro. First, both
probes ESOR-PAO1 and the negative control ESOR-PA02 were
characterized in vitro using fluorescence spectrometry and PA
imaging. The probes (2 uM) were incubated in the presence
and absence of furin under reductive conditions, for 3 h at 37
°C and the fluorescence signal was measured (Figure 2a,c).

We noticed a significant drop (6-fold) in fluorescence after 3
h for the furin-positive probe ESOR-PAO1 incubated with furin,
relative to no furin added, in accordance with fluorophore self-
quenching mechanism after furin cleavage and oligomerization.
For the negative control probe ESOR-PA02, no significant
decrease in fluorescence signal was detected in the absence
compared with the presence of furin. The same solutions were
loaded in polyethylene tubes, fixed in agar, and used for PA
imaging (Figure 2b). An inverse trend was obtained: the ESOR-
PAO1 probe showed a significant increase in PA signal (4-fold)
in the presence of furin relative to that in the absence of the
enzyme (Figure 2c). On the other hand, for the negative
control ESOR-PA02 probe similar levels of PA signal were
detected in the absence and presence of furin (Figure 2c).

Again, this result is in agreement with the probe activation
mechanism by furin. To confirm the formation of nanoparticle
after furin cleavage, we performed TEM for ESOR-PAO1 probe
(Figure 2d). Nanoparticles of 130 + 45 nm (average size + SD,
80 nanoparticles analyzed) were formed in the presence of
furin. However no precipitate was formed, indicating high water
solubility of the oligomers.

PA Imaging of Furin-Like Activity in Cells. To
demonstrate the efficacy of the ESOR-PA probe for imaging
of furin and furin-like activity, we first tested the probe in live
cells. Furin-overexpressing breast adenocarcinoma MDA-MB-
231 cells and furin-deficient colorectal adenocarcinoma LoVo
cells were incubated with 5 yM furin-positive probe ESOR-
PAO1 for 17 h in normal culturing conditions. Subsequently,
the cells were washed, harvested, and placed in wells in 1%
agarose gel phantom. PA imaging of the phantom (Figure 3a)
revealed that the furin-positive probe ESOR-PAO1, when
incubated with MDA-MB-231 cells, produces 2.6-fold higher
PA signal than when incubated with furin-deficient LoVo cell
(Figure 3b). Additionally, a shorter probe incubation time (3 h,
2 uM ESOR-PAO1) experiment was performed in the presence
of furin inhibitors. This prevented the increase in PA signal,
which was 2.2-fold lower than in MDA-MB-231 cells incubated
with furin probe ESOR-PAO1 in the absence of furin inhibitors
(Figure 3c,d).

To further confirm that the difference in PA signal is
indicative of the furin-like activity in these cells, we used a
fluorogenic substrate Boc-RVRR-AMC, which releases the
fluorophore aminocoumarin after furin processing. MDA-MB-
231 total cell lysate showed 3.1-fold higher level of total furin-
like activity than LoVo cells (Figure 3e). This is in agreement
with the detection of furin-like activity using our furin PA probe
ESOR-PAOL.

PA Imaging of Furin-Like Activity in Tumor Bearing
Mice. We performed PA imaging experiments in living mice to
investigate the potential of the developed oligomerizable PA
probe in living subjects. We subcutaneously implanted MDA-
MB-231 (furin overexpressing) and LoVo (furin-deficient)
cells, respectively, in the upper thigh region of the left leg in
nude female mice. At 3—4 weeks after implantation, the tumors
developed to 8—10 mm in diameter, and the mice were used for
PA imaging. The first group (n = 4), which included mice
bearing furin-deficient LoVo tumors, was subjected to the furin-
positive probe ESOR-PAO1 (25 nmol in 150 uL PBS, delivered
by tail vein) followed by PA imaging. The anesthetized mice
were positioned in the instrument with the tumor placed in the
field of view. The experimental setup is shown in Figure 4a.
The second group (n = 4) consisted of mice with MDA-MB-
231 tumors, and they were tail-vein injected with the furin
probe ESOR-PA01 (25 nmol) and imaged in identical
conditions. The third group of mice (n = 4), used as a second
negative control, contained MDA-MB-231 tumors, and they
were subjected to the furin-negative probe ESOR-PA02 (25
nmol, delivered by tail vein) and imaged in a similar manner to
the previous groups. All the data sets were normalized to t = 0
min (PA signal obtained from the tumors before probe
injection). For the first group of mice (LoVo tumors and furin-
positive probe), volumetric region of interest quantification of
the PA signal in the tumors showed a minimal increase in the
PA signal at all time points post probe injection as compared to
preinjection. The peak was at 15 min postinjection (1.6-fold on
average) and gradually decreased to the initial endogenous level
after 60 min (Figure 4b). In contrast, for the second group of
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Figure 2. In vitro characterization of ESOR-PA probes. (a) Fluorescence spectrometry of ESOR-PAO1 and ESOR-PA02 probes incubated in the
presence and absence of furin. The signals were recorded 3 h after incubating 2 uM probe solutions in furin (100 pmol-U™") buffer (pH 7.5)
containing TCEP at 37 °C . (b) PA imaging of the same solutions used for fluorescence spectrometry. (c) Quantitation of the integrated
fluorescence and PA signals measured for ESOR-PAO1 and ESOR-PAOQ2 probes incubated in the presence and absence of furin. **P < 0.01, n.s. P >
0.05 (FL: n = 3, P = 0.007, P = 0.174; PA: n = 4, P = 7.24 x 1075, P = 0.11), error bars, SD. (d) Representative TEM image of ESOR-PA01
assembled nanoparticle products 3 h after incubation with furin. TEM samples were prepared by drying S uL of 0.3 mM ESOR-PAO1 solution on
carbon-coated 600 mesh copper grid. The samples were imaged using a transmission electron microscope at 200 kV accelerating voltage.

mice carrying MDA-MB-231 furin overexpressing tumors and
injected with furin probe, a significant increase (P = 0.01) in the
PA signal (2.3-fold at 60 min) was detected at all time points
post-probe injection (Figure 4c), indicating that furin
processing causes the probe to accumulate in the tumor
maintaining relatively constant PA signals during the entire
course of imaging.

For the third group, mice carrying MDA-MB-231 tumors
injected with furin-negative probe ESOR-PA02, very low levels
of PA signal were detected, similar to the first negative control
LoVo group (Figure S1). Representative PA images of the
tumors for LoVo and MDA-MD-231 groups of mice are shown
in Figure 4d (also see Movies M1—4). Furthermore, we
quantified the overall PA signal increase for all groups (Figure
4e). The PA signal increase generated by the furin probe (at 60
min after probe injection) is 7.1-fold higher in furin-positive
MDA-MB-231 tumors than in furin-deficient LoVo tumors (n =
4, P = 0.01) and 2.7-fold higher than for MDA-MB-231 tumors
exposed to the negative control probe (n = 4, P = 0.03). No
significant difference was observed for the PA signal increase of
the LoVo group subjected to furin-positive probe ESOR-PAO1
and the MDA-MB-231 group subjected to furin-negative probe
ESOR-PA02 (n = 4, P = 0.08). Furthermore, the total furin-like
activity of the subcutaneous mice tumors was assessed ex vivo

by using a fluorogenic substrate and found to be 3-fold higher
than that of LoVo tumors (Figure S2). These data support that
the PA oligomerizable probe can be successfully used to detect
quantitative differences in furin activity in vivo by PA imaging,
indicating its great potential for deep tissue imaging and
potential clinical translation.

Further, we carried out experiments to investigate the
stability of our probe to blood protease. We incubated the
ESOR-PAO1 probe in 500 uL blood collected from mice
bearing 10 mm in diameter MDA-MB-231 tumors to a final
concentration of 6 yuM. We assessed the stability of the probe
by HPLC and MALDI-TOF MS found no cleavage products
(Figure SS and S6).

4. DISCUSSION

Molecular probes are in increasing demand for visualizing
signature biomolecules and bioprocesses of cancer because they
provide detection of endogenous molecular target levels/
activity and hold great promise for clinical translation. The
development of activatable molecular probes for protease
activity assessment in living subjects is of particular interest as
proteases play key roles in cancer progression and metastasis.

Several protease-sensitive activatable probes have been
successfully developed for fluorescence imaging. Fluorescence
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Figure 3. PA imaging of furin-like activity in cells. (a) LoVo and MDA-MB-231 cells were incubated with S M solution of furin probe ESOR-PAO1
in DMEM for 17 h; cells were washed and harvested, and an equal number of cells (2.5 milion) was added to 1% agarose gel wells and embedded
into the agarose gel phantom. The phantom was imaged using a PA system with 740 nm excitation pulse laser. (b) Average PA signal quantified from
the phantom imaging; n = 4 (4 independent experiments of 2 or 3 wells each), **P = 2.58 X 107, error bars, SD. (¢) LoVo and MDA-MB-231 cells
(with and without 200 #M furin inhibitor I and II) were incubated with 2 M solution of furin probe ESOR-PAO1 in DMEM for 3 h; cells were
washed and harvested, and equal number of cells (7.5 milion) was added to agarose gel wells and embedded into the agarose gel phantom. (d)
Average PA signal quantified from the phantom imaging; (n = 6, **P = 5.24 X 107*and P = 5.74 X 1073, statistical significances calculated relative to
MDA-MB-231, error bars, SD). (e) Evaluation of total furin-like activity in cells lysates using a fluorogenic Boc-RVRR-AMC probe. Cells were lysed
on ice, and then 10 ug total protein was added in a 96-well plate and incubated with 10 uM Boc-RVRR-AMC. Fluorescence of released
aminocoumarin was measured every S min for 2 h on a microplate reader (Ex./Em. = 360 nm/460 nm).

imaging, however, has significant limitations when imaging
deep tissue, because of strong scattering of light and high tissue
autofluorescence background. To address this challenge, we
designed an enzyme-sensitive oligomerizable reactive PA
(ESOR-PA) probe for furin activity detection in living mice.
Furin is the central and best characterized member”" of a family
of pro-protein convertases” and catalyzes the C-terminal
cleavage of the RXXR' peptide sequences (where R is arginine
and X is any amino acid). A correlation between higher levels of
furin and the metastatic potentials of tumors has been already
demonstrated.”>** It has been previously shown that this type
of furin oligomerizable probes is readily taken up by cells,
probably because they are arginine rich, and that the furin-
triggered oligomerization reaction takes place inside the cells
mainly in Golgi bodies where furin is located."** The reactive
groups are CABT and thiol and amino groups of a cysteine,
which become accessible after proteolytic activity of furin. To
investigate the potential of these oligomerizable probes for
reporting protease activity using PA imaging, we synthesized a
ESOR-PA probe consisting of a short peptide furin substrate,
RVRR, linked to the two pro-reactive moieties, and a NIR
absorber PA reporter molecule, Atto740. This design extends
the application of the protease activity triggered oligomeriza-
tion imaging platform to imaging of protease activity in deep-
tissue tumors in living subjects.

11020

We demonstrated that the ESOR-PAOI probe detects furin
activity in vitro, generating a significant increase in PA signal in
the presence of furin relative to control experiments. This effect
is equally detectable in cultured cells with similar PA signal
increase. Processing of ESOR-PAO1 probe was significantly
decreased after blocking furin activity with synthetic inhibitors,
under cell culture conditions, preventing the increase in PA
signal. This demonstrates the specific response of the ESOR-
PAO1 probe to furin-like activity. Moreover, ESOR-PAO1 probe
noninvasively reports the protease activity in living subjects, as
shown by PA imaging of mice bearing subcutaneous furin-
overexpressing MDA-MB-231 cells xenografts relative to the
control experiments using mice bearing subcutaneous LoVo
cells (furin-deficient) tumors. In the negative control group,
LoVo-tumor bearing mice, we observed an increase in PA signal
at 15 min after probe injection and a decrease in PA signal to
almost preinjection levels at 60 min (Figure 4b). This indicates
that only a small amount of the probe was trapped at the tumor
site, possibly because fast wash-out of the probe and lower
levels of furin-like activity in LoVo cells. In contrast, for mice
carrying MDA-MB-231 tumors, a significant increase in the PA
signal was detected at all time points after ESOR-PAO1 probe
injection (Figure 4c), suggesting probe accumulation at the
tumor site. Mice carrying MDA-MB-231 tumors subjected to
the negative control unclevable probe, ESOR-PA02, showed
only low levels of PA signal increase similar to the LoVo-tumor
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Figure 4. PA imaging of furin-like activity in tumor-bearing mice. (a) Photographic image of a mouse placed in a positioning device for PA imaging;
the subcutaneous tumor is positioned in the dimple. The dotted yellow line corresponds to the upper part of the tumor images shown in (d).
Variation of the PA signal with time after injection of 25 nmoles furin probe ESOR-PAOI via tail vein in either mice carrying (b) LoVo (furin
negative) or (c) MDA-MB-231 (furin positive) tumors. PA signal was normalized to = 0 min preinjection time point; n = 4, error bars, SD. (d)
Representative PA images (maximum amplitude projections) of mice tumors visualized in Amide software, acquired for 11 min at t = 0 min
(preinjection) and t = 60 min after furin probe injection. (e) Increase of the PA signal quantified from 3D volumetric data of mice tumors, either
from furin probe ESOR-PAOI injection in mice carrying LoVo (n = 4) and MDA-MB-231 (n = 4) tumors, or furin negative probe ESOR-PA02 in
mice carrying MDA-MB-231 tumors (n = 4). The data represent the PA signal increase at ¢ = 60 min post-probe injection relative to the pre-probe
injection signal (¢t = 0); **P = 0.01, *P = 0.03, n.s. P = 0.08; error bars, SD.

bearing mice. We have not assessed the effect of furin inhibitors
in animals; this remains a goal for future studies.

Despite the fact that our ESOR-PA probe for protease
activity detection is not an irreversible binding inhibitor
(suicidal substrate) for furin, there is a potential for undesirable
toxic effects in vivo, given that nanoparticles are formed inside
the cells expressing furin. Furin is endogenously expressed at
high levels in liver and kidneys, and lower levels of furin are
detected in the spleen, brain, and thymus.26 However, at the
working concentrations of ESOR-PA probes for in vivo
experiments (25 nmol in 150 uL PBS), we observed no overt
signs of toxicity in mice during experiments and up to several
weeks after probe injection. Future studies may also benefit
from detailed quantitative biodistribution studies with radio-
labeled version of the probe. Additionally, we investigated the

stability of the ESOR-PAOl probe to blood protease by
incubating the probe with blood collected from mice bearing
furin overexpressing MDA-MB-231 subcutaneous tumor. By
the means of HPLC and MALDI-TOF MS, we detected no
degradation products from ESOR-PAO1 probe after incubation
with blood plasma (Figures SS and S6).

This furin-sensitive oligomerizable PA imaging probe has
potential for interrogating tissues for activity of other specific
enzymes by attaching NIR absorbers to specific substrates. For
example, the ESOR-PA probes could be used to image and
monitor other tumor-associated proteases, such as prostate
specific antigen, which manifests protease activity against
certain substrates containing a carboxy-terminal arginine
residue.”” Moreover, these ESOR-PA probes could be used to
evaluate therapy response of protease inhibitors at a molecular
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level in living subjects and for targeted photodynamic therapy
to increase the cytotoxic effect in tumors vs normal tissue, when
appropriate absorbers are attached to the protease substrate.

5. CONCLUSIONS

Employing a straightforward bioorthogonal condensation
reaction, we have expended the versatility of ESOR probe-
based imaging platform to PA imaging in cells and in vivo. We
demonstrate that the furin-sensitive activatable PA probe has
the ability to report furin and furin-like activity in cells and in
mice tumor models using PA imaging. The capacity to enhance
tumor signals with activatable oligomerizable probes makes PA
imaging an attractive modality for protease activity detection
and molecular diagnostics for preclinical and potentially clinical
applications.
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