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Abstract Among the classical collagenases, matrix
metalloproteinase-13 (called MMP-13, collagenase-3) is one
of the most important components for cartilage destruction
of osteoarthritis (OA) developments. Despite many efforts,
the detection methods of MMP-13 activity have been met
with limited success in vivo, in part, due to the low sensitivity
and low selectivity by homology of MMP family. Previ-
ously, we demonstrated the use of strongly dark-quenched
fluorogenic probe allowed for the visual detection of MMP-
13 in vitro and in OA-induced rat models. In this study, we
described the optimization of MMP-13 fluorogenic probe for
OA detection in vivo. Three candidate probes demonstrated
recovered fluorescent intensity proportional with MMP-13
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concentrations, respectively; however, Probe 2 exhibited
both high signal amplification and selective recognition for
MMP-13, not MMP-2 and MMP-9 in vitro. When Probe 2
was applied to OA-induced rat models, clear visualization of
MMP-13 activity in OA-induced cartilage was obtained.
Optimized MMP-13 fluorogenic probe can be applied to
detect and image OA and have potential for evaluating the in
vivo efficacy of MMP-13 inhibitors which are being tested
for therapeutic treatment of OA.

Keywords Matrix metalloproteinase (MMP) -
Osteoarthritis - Fluorogenic probe - Optical imaging -
Peptide

Introduction

Proteases are integrally involved in tumor formation, angi-
ogenesis, local invasion and joint diseases (Afjehi-Sadat
et al. 2004; Bremer et al. 2001a, b; Takaishi et al. 2008).
Among a wide variety of proteolytic enzymes, the matrix
metalloproteinase (MMP) family has received much atten-
tion (Terp et al. 2002; Watkins et al. 2009). The MMPs are
responsible for degradation of a variety of extracellular
matrix components in both normal tissue remodeling and
pathological states. In particular, elevated levels of MMPs
have been found in pathological conditions such as rheu-
matoid arthritis (Martel-Pelletier et al. 1994), OA (Martel-
Pelletier et al. 1994; Marini et al. 2003), and tumor metastasis
(Furcht et al. 1994; Stetler-Stevenson et al. 1993) which
involve degradation of connective tissue. MMPs are a class
of secretory proteinases, including collagenases (MMP-1,
-8, and -13), gelatinases (MMP-2, and -9), and stromelysins
(MMP-3, -10 and -11), that are classified according to
location, structural similarity, and substrate preferences.
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In human OA, many MMPs including MMP-1, -2, -3,
-7, -8, -9, and -13 are expressed in articular cartilage
(Takaishi et al. 2008; Ohuchi et al. 1997). However, type 11
collagen, a major fibrillar interstitial collagen in cartilage,
is extremely resistant to most proteinases because of its
triple-helical structure (Knéuper et al. 1996; Mitchell et al.
1996). Thus, only MMPs including the classical collagen-
ases (MMP-1, -8, and -13) can degrade fibrillar collagen
for OA (Yamanaka et al. 2000; Yoshihara et al. 2000).
Among the classical collagenases, MMP-13 is thought to
be the most important for degradation of collagen within
the cartilage due to its preferential digestion of type II
collagen over type I and III collagens. Recently, many
studies demonstrated that the expression pattern of MMP-
13 is closely related with cartilage destruction in OA
developments (Kamekura et al. 2005). Thus, the excess
MMP-13 production in OA offers the possibility for suc-
cessful MMP-13 targeted OA imaging and also for detec-
tion of MMP-13 inhibition for OA treatment.

Preexistent activity assays for MMPs contain methods
based on physiological substrates (e.g. radiolabeled colla-
gen, or proteoglycans) or synthetic substrate (Beekman
et al. 1996; Knight et al. 1992; Stack and Gray 1989).
However, the former methods are mostly too insensitive for
detection of MMP activity in vivo. Recently, a variety of
fluorogenic probes for measuring activity of protease have
been described to measure activity of MMPs (Blum 2008;
Bremer et al. 2001a, b; Chen et al. 2005; Liu et al. 2010;
Nagase et al. 1994). These fluorogenic probes comprise a
fluorophore and a quencher attached to a short amino acid
sequence of target enzyme. In a normal state, the emitting
light from the fluorophore is absorbed into the quencher by
resonance energy transfer. Once target enzymes like MMPs
cleave specific peptide substrates, separating fluorophore
from the quencher, the extent of fluorescence increases
remarkably. Despite many efforts, many of these fluoro-
genic probes are thus far limited in usefulness in vivo, in
part, due to the poor specificity and in vivo stability. The
most successful of these efforts has been directed against
MMP-2 and MMP-9 (Jiang et al. 2004). However, these
probes are cleaved by various other MMPs and even other
proteases as well as MMP-2 and MMP-9. That means it is
only “more” selective for MMP-2 and MMP-9 compared
with other MMPs (Breyholz et al. 2005; Watkins et al.
2009). The MMPs are a homologous family of enzymes in
that they possess high sequence similarity and similar
three-dimensional structures (Terp et al. 2002). In fact,
catalytic domains of MMPs are known to be with sequence
similarities in the range 50-88% and identities in the range
33-79% (Sang and Douglas 1996). These properties may
hamper MMP probes to be designed highly sensitive and
specific. A highly active and selective substrate is essential
for in vivo imaging with high resolution.
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Previously, we have developed activatable near-infrared
fluorescence dark-quenched fluorogenic probe to image
MMP-13 activity in vivo (Lee et al. 2008). The use of dark-
quenched fluorogenic probe consisting of a pair of a fluo-
rophore (Cy5.5) and a quencher (black hole quencher-3;
BHQ-3) showed low fluorescence background and signifi-
cant fluorescent signal recovery, enabling sensitive visual
detection in OA-induced rat model. In this study, we
described optimization of MMP-13 fluorogenic probe for
OA detection in vivo. We investigated if three candidate
probes for OA imaging can make high signal amplification
and specific recognition by MMP-13 in vitro. Next, the
selected probe was applied to OA-induced cartilage and the
fluorescence intensity in OA-induced cartilage was com-
pared with that in normal or inhibitor-treated cartilage.
Optimized MMP-13 fluorogenic probe can be applied to
detect and image OA and has the potential for evaluating in
vivo efficacy of MMP-13 inhibitors which are being tested
for therapeutic treatment of OA.

Materials and methods
Materials

Individual peptides were synthesized in Peptron (Daejeon,
Korea), purified by reversed-phase high liquid chromato-
graphy (RP-HPLC), and characterized by mass spectrometry.
Cy5.5 mono-N-hydroxysuccinamide ester (Cy5.5-NHS) was
purchased from GE Healthcare (Piscateway, NJ), BHQ-3
mono-N-hydroxysuccinamide ester (BHQ-3-NHS) from
Biosearch Technologies, Inc. (Novato, CA), dimethyl-
formamide (DMF), N-methyl morpholine (NMM), trifluo-
roacetic acid (TFA), anisole and ethyl ether from Sigma,
MMP-2, MMP-9, MMP-13 from R&D Systems, Inc.
(Minneapolis, MN), MMP-13 inhibitor [pyrimidine-4,6-
dicarboxylic acid, bis-(4-fluoro-3-methyl-benzylamide)].

The MMP probe preparation

Three candidate probes and one control probe were prepared
by conjugating near-infrared (NIR) fluorophore, CyS5.5
(ex/em; 675/690) and black hole quencher-3 (BHQ-3, abs.
650 nm) to respective MMP substrate peptide (Table I;
Figs. 1, 2a). Peptide for Probe 1 [Gly-Pro-Leu-Gly-Val-
Arg(Pbf)-Gly-Lys(Boc)-Gly-Gly, substrate site is italicized,
the cleavage site between Gly and Val] (Bremer et al. 2001a,
b), peptide for Probe 2 [Gly-Val-Pro-Leu-Ser(tBu)-Leu-
Thr(tBu)-Met-Gly-Lys(Boc)-Gly-Gly, substrate site is itali-
cized, the cleavage site between Ser and Leu] (Turk et al.
2001) and peptide for Probe 3 [Gly-Pro-Leu-Gly-Met-
Arg(Pbf)-Gly-Leu-Gly-Lys(Boc)-Gly-Gly, substrate site is
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Table 1 Peptide sequence for MMP probes

Probe Peptide sequence
Probe-Con GPL-GMRGLGK
Probe 1 GPLG-VRGKGG
Probe 2 GVPLS-LTMGKGG
Probe 3 GPL-GMRGLGKGG

The substrate site is italicized and the cleavage site is indicated by a
hyphen

italicized, the cleavage site between Leu and Gly] (Deng
et al. 2000) were synthesized using standard solid-phase
Fmoc peptide chemistry. First, Cy5.5-NHS (8.4 umol) was
coupled to the N terminus of the peptides for Probe 1, Probe 2
and Probe 3 (4.0 pmol) in anhydrous DMF containing NMM
(10 pmol) at room temperature in the dark with shaking for
2 h. The Cy5.5-MMP substrate peptide was precipitated by
adding ethyl ether. The precipitate was washed with ethyl
ether and dried in vaccum. Removal of side chain protecting
groups was achieved by incubating in 1 ml of TFA/distil-
lated water (DW)/anisole (95:2.5:2.5, v/v). The TFA was
evaporated on the rotary evaporator and an additional 1 ml of
DW containing 0.1% TFA/acetonitrile containing 0.1% TFA
(1:1, v/v) was then added to the product in the rotary evap-
orator. The dissolved product in the rotary evaporator was
purified by C18 semi-preparative RP-HPLC; 20-90% ace-
tonitrile containing 0.1% TFA versus DW containing 0.1%
TFA over 20 min at a flow rate of 4.0 ml/min. Purity (>95%)

Fig. 1 a Schematic diagram of A

\

MMP fluorogenic probe. MMP
probe is consisted of Cy5.5,
BHQ-3 and MMP substrate
peptide. MMP probe is
quenched before the addition of
MMP-13. The addition of
MMP-13 causes recovery of
NIR fluorescent signals.

b Accessibility of probe to
MMP-13 predicted by
modeling. The molecular
surface of human MMP-13 and
Probe 1 containing peptide
substrate and two bulky
chemicals, Cy5.5 and BHQ-3,
are modeled in the binding
pocket. Glutamic acid and Zn
ion are located in the binding
pocket (glutamic acid: magenta,
Zn ion: cyan). Figures were
drawn by the program Pymol
[DeLano, W.L. The PyMOL
Molecular Graphics System
(2002) on World Wide Web
(http://www.pymol.org)]

(color figure online)

Energy transfer

AN MMP-13

)

was confirmed by analytical RP-HPLC. The appropriate
fractions were collected and lyophilized. Next, the BHQ-3-
NHS (0.90 pmol) was coupled to the primary amine of the
lysine of the Cy5.5-MMP substrate peptide (0.90 pmol) in
anhydrous DMF containing NMM (3 pmol) at room tem-
perature in the dark with shaking overnight. The product was
purified by C18 semi-preparative RP-HPLC; 30-70% ace-
tonitrile containing 0.1% TFA versus DW containing 0.1%
TFA over 20 min at a flow rate of 4.0 ml/min. The appro-
priate fractions were collected and lyophilized. Three can-
didate probes were characterized by analytical RP-HPLC
(Purity >95%), MALDI-TOF mass spectrometry (Probe 1,
m/z calculated: 2326.73, found: 2325; Probe 2, m/z calcu-
lated: 2546.03, found: 2544; Probe 3, m/z calculated:
2529.01, found: 2526), UV—vis spectra, and emission spectra
(Fig. 2b-e).

For conjugation of BHQ-3 to the primary amine of the
lysine in the peptide substrate for Probe-Con [Fmoc-Gly-
Pro-Leu-Gly-Met-Arg(Pbf)-Gly-Leu-Gly-Lys(Dde)-Resin,
substrate site is italicized, the cleavage site between Leu
and Gly], the Dde protecting group was selectively
removed by addition of 2% hydrazine in DMF (Lee et al.
2008). Dde is removed by 2% hydrazine in DMF within
minutes and deprotection of Dde with hydrazine could
readily cleave the Fmoc group (Augusjyns et al. 1998).
Reaction time with hydrazine was controlled both for
selective removal of Dde and no damage to other chemical
structure including Fmoc. After extensive washing for the

)

NO energy transfer

MMP-13

(CH5)3CO
PF6" &e N

N
}Qéi:tww@,(

NIR dye (Cy5.5) ° Quencher (BHQ-3)
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Fig. 2 a Synthetic scheme of A
Probe 2. Analytical experiments
including b HPLC, ¢ MALDI-
TOF mass spectrometry,

d UV-vis spectra, and

e emission spectra of Probe 2

Deprotection
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Cy5.5-Gly-Val-Pro-Leu-Ser- Leu-Thr-Met-Gly-Lys-Gly-Gly
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in NMM/DMF
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peptide resin, BHQ-3-NHS in anhydrous DMF was added
and reacted overnight. Subsequently, the Fmoc group was
removed from the peptide resin and Cy5.5-NHS was con-
jugated to the N-terminal glycine. After deprotecting and
cleaving the peptide from the resin using TFA, resulting
Probe-Con was further purified by semi-preparative RP-
HPLC and characterized by analytical RP-HPLC (Purity
>95%).

Structure-based probe design

The molecular surface of human MMP-13 and three probes
containing peptide substrate and two bulky chemicals,

@ Springer

Wavelength (nm)

Cy5.5 and BHQ-3 are modeled in the binding pocket to
predict the accessibility of three probes to MMP-13. From
the peptide-bound structures (PDB accession code: 20Y2,
1JAP), we built a model of human MMP-13 using the
program O (Jones et al. 1991).

Enzyme specificity of MMP probes

The specificity of the MMP probes was examined by
incubating MMP probes (20 nM) in the TCNB buffer
(50 mM TRIZMA-HC], 10 mM CaCl,-2H,0, 0.15M
NaCl, 0.05% Brij35, pH 7.5) containing 15 nM of acti-
vated MMP-2, -7, -9, and -13, respectively. MMP-2, -7,
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-9 and -13 enzymes were activated by incubating with
2.5 mM of p-aminophenyl mercuric acid in 0.1% NaOH
buffer for 1 h at 37°C before initiation of the assay.
Fluorescence intensity was monitored using a spectro-
fluorometer (F-7000 Fluorescence Spectrophotometer,
Hitach, Tokyo, Japan) every 10 min at 37°C. The exci-
tation wavelength was set at 675 nm and emission spectra
recorded from 676 to 800 nm. The same experimental
conditions were applied to various concentrations of
activated MMP-13 (1.88, 3.75, 7.5, 15, 30 nM) and
MMP-13 (15 nM) with MMP-13 inhibitor for three MMP
probes in the presence of fixed concentration of MMP
probes (20 nM).

OA-induced rat model

Sprague-Dawley rats (250-300 g) were anesthetized with
an intramuscular administration of ketamine hydrochloride
(90 mg/kg) and xylazine hydrochloride (10 mg/kg). The
right and left lower extremities were shaved and prepared
for aseptic surgery. After squeezing the leg, a sterile rubber
tourniquet was applied for avascular filed during surgery
(Kamekura et al. 2005). Under the operating microscope
(Leica, M650, USA), the right knee joint was exposed
using the anteromedial parapatellar approach. The patellar
tendon was transected. Then, the anterior/posterior cruciate
ligaments and the medial/lateral collateral ligaments were
transected. The medial/lateral menisci were totally meni-
sectomized. After copious irrigation with saline, the knee
joint capsule was repaired with an absorbable suture and
the skin was closed with a 4-0 monofilament nylon. The
animals were allowed unrestricted activity, food, and water
ad libitum.

In vivo NIR imaging

Eight weeks after surgery treatment, Probe 2 (10 ng/
100 pl/cartilage, 4 nM) was injected into OA-induced and
normal cartilages and fluorescence signals in OA-induced
and normal cartilages were imaged using in vivo fluores-
cence tomography, eXplore Optix™ (ART Advanced
Research Technologies Inc., Montreal, Canada). For
inhibitor-treated rat model, MMP-13 inhibitor was treated
into OA-induced cartilage 30 min before probe injection.
One hour after MMP probe injection, the fluorescence
recovery profiles in OA-induced and normal cartilages
were imaged by positioning rats on an animal plate heated
to 36°C in the eXplore Optix System. Laser power and
count time settings were optimized 13 pW and 0.3 s per
point. Excitation and emission spots were raster-scanned in
1 mm step over the selected region of interest to generate
emission wavelength scan. A 670 nm pulsed laser diode
was used to excite Cy5.5. NIR fluorescence emission at

700 nm was collected and detected with a fast photomul-
tiplier tube (Hamamatsu, Japan) and a single photon
counting system (Becker and Hickl GmbH, Berlin,
Germany). Quantitative data are calculated using the
region of interest function of Analysis Workstation soft-
ware (ART Advanced Research Technologies Inc.,
Montreal, Canada), and values are presented as mean £ SE
for groups of three animals.

Histological analysis

To compare the destruction of OA and normal cartilages,
the whole knee joints were dissected, and fixed in 4% (v/v)
paraformaldehyde buffered with PBS (pH 7.4) for 4 h at
4°C. Specimens were dehydrated with a series of graded
alcohol, and embedded in paraffin. Tissue sections (5 pm
thick) were cut from the joints. Sections were stained with
Safranin-O-fast green (Kamekura et al. 2005).

Results and discussion
Preparation of three MMP fluorogenic probes

Three candidate probes and one control probe were pre-
pared by conjugating NIR fluorophores (Cy5.5) and
quencher (BHQ-3) to known MMP peptide sequences
(Table 1; Figs. 1, 2a). Probe-Con, used in previous study
where Probe-Con enabled sensitive visual detection of
MMP-13 activity in OA-induced rat model, was synthe-
sized to evaluate fluorescence amplification capacity of
three candidate probes. The probe preparation was
undertaken considering that two bulky chemicals, Cy5.5
and BHQ-3 of probes may adversely affect recognition of
the peptide sequence by MMP-13, resulting in decreased
cleavage rate. Previously, the fluorogenic probe contain-
ing short peptide, Cy5.5 and BHQ-3, was predicted to fail
to access the binding pocket of human MMP-13 by
modeling (Lee et al. 2008). However, the incorporation of
several amino acid sequences enables effective binding of
the fluorogenic probe to binding pocket. Thus, we eval-
uated whether two bulky chemicals, Cy5.5 and BHQ-3, of
probes hamper recognition of the peptide sequence by
MMP-13 in three candidate probes using computer mod-
eling. The molecular surface of human MMP-13 and three
candidate probes containing peptide substrate and two
bulky chemicals, Cy5.5 and BHQ-3, are modeled in the
binding pocket (Fig. 1b). The designed MMP probes were
predicted to achieve an effective binding to MMP-13,
which may be attributed to incorporated amino acid
sequences (Probes 1 and 2: glycine and glycine-lysine-
glycine-glycine, Probe 3: glycine and leucine-glycine-
lysine-glycine-glycine).
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Specificity of MMP probes to various MMPs

Incubation of MMP probes with MMP-13 showed signifi-
cant increase of the fluorescent signals (at 690 nm) over
time (Fig. 3a) in vitro. In vitro assay can afford a tool for
rapid and continuous measurement and be performed using
a relatively small amount of probes. The initial concentra-
tion of probes was set to 20 nM. Probes (20 nM, before
activation) have the similar value in UV-vis spectra and
emission spectra. Three MMP probes were almost com-
pletely quenched before treatment of MMPs, resulting in
significantly lower fluorescent backgrounds. Approxi-
mately 32-, 36-, 6-fold increases in fluorescence intensity
occur in the Probe 1, Probe 2, Probe 3 samples after
80 min of incubation, respectively (22-fold increase in the
Probe-Con sample). Probe 3 includes glycine-glycine in
C-terminal of peptide sequence of Probe-Con, and was
synthesized using different method compared to Probe-Con,
which made significant reduction in fluorescent intensity
recovery in vitro. When three MMP probes were treated
with various concentrations of activated MMP-13, recov-
ered fluorescent intensity demonstrated the proportional
relationship with MMP-13 concentrations, respectively
(Fig. 3b). Recovered fluorescent intensities had linear
relationship with MMP-13 concentrations up to 1.88 nM in
the Probe 1 (R =0.999) and Probe 2 (R* = 0.999),
whereas up to 7.5 nM in the Probe 3 (R2 = 0.958).

To select the optimized MMP probe for OA imaging,
the specificity of three MMP probes was examined in vitro
after treatment MMP-2, -7, -9 and -13. The fluorescence
intensity was compared after cleavage of three MMP
probes via MMP-2, -7, -9 and -13, respectively. Various
MMPs were detected during OA development, including
MMP-1, -2, -7, -8, -9 and -13. However, MMP-13 is key
factor for cartilage destruction comparison with MMP-1
and -8 in OA development. Thus, optimized MMP probe
for OA imaging should have specificity for MMP-13, not
other MMPs. Furthermore, MMP-2 and -9 are not only
over-expressed in several types of cancer but also angio-
genesis which induce wrong diagnosis for OA (Bremer
et al. 2001a, b; Himelstein et al. 1994-1995). MMP-7 was
reported to be highly expressed in OA articular cartilage
and play an important role in the extracellular matrix
degradation of the OA cartilage (Ohta et al. 1998). Thus,
high specificity for MMP-7 could be advantageous to OA
imaging. The fluorescence intensity was significantly
amplified when MMP-13 was added in Probes 1 and 2,
respectively (Fig. 3c). In addition, Probe 2 showed signif-
icantly amplified recovery of fluorescence intensity in the
sample treated by MMP-13 and -7 and a small amount of
recovery of fluorescence intensity in the samples treated by
MMP-2 and -9, whereas Probe 1 demonstrated significantly
amplified recovery of fluorescence intensity in samples

@ Springer

treated by MMP-2 and -9 as well as that treated by MMP-
13. Probe 3 demonstrated a small amount of recovery of
the NIR fluorescent intensity in all samples treated by
MMP-2, -7, -9 and -13. Probe-Con showed significantly
amplified recovery of fluorescence intensity in samples
treated by MMP-2 and -13. These results suggest that
Probe 2 is cleaved effectively by MMP-13 and specific to
MMP-13 compared to other tested MMP probes. There-
fore, to achieve an efficient OA imaging, where MMP-13
expression is critical, we chose Probe 2 as the fluorogenic
MMP probe for OA imaging.

Probe-Con has similar MMP specificity with Probe 3;
however, higher reactivity for several MMPs than Probe 3,
as seen in Fig. 3c. Probe 3 has the same sequence as Probe-
Con except that the former has two glycine residues. Two
glycine residues were incorporated into three candidate
probe sequences for further modification through C-ter-
minal of peptide sequence. Spacer arm such as two glycine
residues can overcome the steric hindrance in the interac-
tion between the active peptide sequence and its target
(Chan et al. 2007; Chang et al. 2005; Massaguer et al.
2001). However, simple incorporation of two glycine res-
idues is not enough to explain why reactivity of Probe 3
toward MMPs reduced, so its reason should be studied by
further experiment using modeling.

Animal optical imaging

A rat OA model was created by ligament transection and
meniscectomy. Eight weeks after surgery treatment, his-
tological analyses in OA-induced cartilage indicated that
the cartilage was lost severely and the bone—cartilage
interface was altered significantly in all animals (Fig. 4a),
which means severe degeneration of cartilage. On the other
hand, the histological section of the normal cartilage
exhibited well-maintained structure of the cartilage layer
and regular cartilage surface.

Eight weeks after surgery treatment, we investigated the
potential use of Probe 2 in OA-induced rat model using in
vivo fluorescence tomography (eXplore Optix ™)
(Fig. 4c). Twenty minutes and 1 h after Probe 2 injection
into OA-induced and normal cartilages, respectively, NIR
fluorescence signal was monitored. Probe 2 provided
intense fluorescence signal in OA-induced -cartilage,
whereas fluorescence signal was weak in normal cartilage
1 h after probe injection. In addition, the fluorescence
signal in OA-induced cartilage was highly reduced when
MMP-13 inhibitor was treated into OA-induced cartilage
30 min before the probe injection. The FL intensity in OA-
induced cartilage increased over time, while that in normal
cartilage and inhibitor-treated cartilage kept at the same
low level over time. Fluorescence signals of Probe 2 for
OA-induced and normal cartilages 1 h after probe injection
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Fig. 3 a Recovery of NIR
fluorescence intensities of MMP
probes (20 nM) in the presence
of MMP-13 (15 nM) as a
function of time following
incubation for 80 min at 37°C.
b Fluorescence emission spectra
of MMP probes in the presence
of various concentrations of
MMP-13 following incubation
for 20 min at 37°C; inset MMP-
13 standard curve.

¢ Fluorescence intensity of three
candidate probes and Probe-Con
(20 nM) in the presence of
MMP-2, -7, -9, and -13 (15 nM)
for 80 min at 37°C

were quantified by total photon counts in the cartil-
ages. Total photon counts of OA-induced and normal
cartilages were (9.3 & 1.3) x 10° and (2.4 & 0.8) x 10°,
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respectively, which indicates that the NIR fluorescence
intensity in the OA-induced cartilage was 3.8-fold higher
than that in the normal cartilage (Fig. 4b). On the other
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Fig. 4 a Histological analysis
of normal (right) and OA (left)
joints by Safranin-O staining.
b Total photon counts in
normal, OA-induced and OA-
induced and inhibitor-treated
cartilages. ¢ In vivo NIR
fluorescence tomographic
images of normal and OA
cartilages 20 min and 1 h after
cartilage injection of Probe 2
with or without addition of
MMP-13 inhibitor in OA-
induced rat model. Left Probe 2
without MMP-13 inhibitor.
Right Probe 2 with MMP-13
inhibitor

Normal

hand, total photon counts of inhibitor-treated cartilage were
significantly reduced (3.2 + 0.5) x 10°. Taken together,
these results demonstrate that Probe 2 could monitor MMP-
13 activity in vivo, which enabled effective OA imaging.

Although fluorogenic MMPs probes are promising
candidates as various disease-selective imaging probes, the
detection methods of MMP-13 activity have met with
limited success in vivo. The first reason is low selectivity
against MMP-13 for OA imaging under in vivo condition,
i.e. due to the homologous of MMP family. Desired MMP
probes should be sensitive to targeted MMP, not other
MMP family. Preexistent MMP probes have “more” sen-
sitive to desired MMP compared with other MMP family.
Thus, herein, we optimized the MMP probes for MMP-13
for OA imaging. The second reason is low sensitivity of
fluorogenic probe for in vivo application. Optical imaging
is limited to only few millimeter-depth observations such
as for small animal models or superficial tissues of human,
because components of a tissue absorb fluorescent light.
We could envision improvements of imaging probe to
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monitor fluorescence showing the presence of target mol-
ecules in a deeper tissue of human. We anticipate that our
newly devised fluorogenic probe is simple but highly
efficient so it could be a good candidate probe used to
detect human OA and monitor therapy.

Conclusion

In summary, we have reported the optimization of MMP-
13 fluorogenic probe for the active and selective detection
of OA in vitro and in vivo. Among three candidate probes,
Probe 2 with GVPLS-LTMGKGG peptide sequence dem-
onstrated high signal amplification and selective recogni-
tion for MMP-13, not MMP-2 and MMP-9 in vitro.
Moreover, Probe 2 exhibited intense signal amplification in
OA-induced cartilage in vivo. Consequently, optimized
MMP-13 fluorogenic probe has great potential for use in
diagnosis of OA without wrong diagnosis from other
MMPs related physiological condition or disease.
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Additionally, optical probe used in this study can be
extended to other proteases simply by changing the specific
peptide substrate linker between the fluorophore and
quencher. For more specific OA imaging, optimization of
the probe substrate should be continuously researched. In
addition, other methods such as the use of several kinds of
probes together can be applicable.
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