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ABSTRACT: Herein we demonstrate for the first time that a
fluorogenic probe can be used as an in vivo imaging agent for
visualizing activities of membrane-tethered, membrane-type
matrix metalloproteinases (MT-MMPs). An MT-MMP
fluorogenic probe that consisted of an MT1-MMP (MMP-
14) substrate and near-infrared (NIR) dye-quencher pair
exhibited rapid, efficient boosts in fluorescence upon cleavage
by MT1-MMP in tumor-bearing mice. In particular, unlike
similar fluorogenic probes designed to target extracellular,
soluble-type MMPs (EC-MMPs)which can be cleared from
the bloodstream after activationthe fluorescence signals
activated by MT1-MMP enable clear visualization of MT1-
MMP-positive tumors in animal models for up to 24 h. The results indicate that a simple form of a fluorogenic probe that is less
effective in EC-MMP imaging is an effective probe for imaging MT-MMP activities in vivo. These findings can be widely applied
to designing probes and to applications targeting various membrane-anchored proteases in vivo.
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1. INTRODUCTION

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases and play a crucial role in various
physiological processes, including extracellular matrix (ECM)
remodeling, inflammatory processes, and in diseases such as
cancer.1−3 For example, MMPs are predominantly associated
with tumorigenesis and control, and they regulate signaling
pathways of angiogenesis and cancer cell growth and migration.
MMPs have been well-documented to be related to cancer. To
date, a total of 23 human MMPs have been characterized. Since
deregulation of various MMPs is associated with multiple
cancers, different types of MMPs have been important targets
to understand MMP-related cancer mechanisms and treatment.
In fact, a number of clinical trials using MMP inhibitors were
started 20 years ago by several major pharmaceutical
companies; however, the results of these trials turned out to
be unsuccessful in phase III, since the trials failed to improve
the survival rate of cancer patients.4,5 After careful reevaluation
of clinical studies, and based on the recent understanding of the
role of MMPs in clinical cancer biology, it is now clear that the
MMP function is more complex than originally thought, and
the previous clinical studies were inappropriately designed.3,6

Very recently, to improve understanding of the physiological

roles of MMPs, a noninvasive, in vivo molecular imaging
approach has been adopted, and its development has markedly
advanced the utilization of MMP imaging probes.7,8

Noninvasive imaging of MMP proteolytic activity may
provide valuable answers to fundamentally important biological
questions, as well as information vital to drug development and
clinical practice. For example, molecular imaging of MMP
activity in animal models of tumors will help improve
understanding of the physiological roles of MMPs in tumor
microenvironments.9 Since MMPs can be specific biomarkers,
they can be used for early diagnosis and identification of tumors
or to screen and monitor the efficacy of new anticancer
therapeutic regimens by real-time imaging of MMP activities.10

Recently, an MMP imaging probe has been applied to
intraoperative, optical-imaging-guided surgery, which is an
attractive new tool in the field of surgical oncology.11

Successful in vivo imaging of MMP activities largely depends
on the utilization of MMP-specific molecular imaging probes.
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To date, various kinds of MMP imaging probes have been
developed for different imaging modalities and tested in animal
models of disease. These probes have included fluorogenic
substrate-based probes for optical imaging,12,13 radiolabeled
MMP inhibitors or antibodies for positron emission tomog-
raphy (PET) and single photon emission computed tomog-
raphy (SPECT),14 and gadolinium-labeled MMP inhibitors for
magnetic resonance imaging (MRI).15 The most prominent
imaging probes used for MMP imaging are fluorogenic, so-
called molecular beacons or activatable probes.16,17 The
simplest form of fluorogenic probe consists of a near-infrared
(NIR) fluorophore and a quencher conjugated to opposite ends
of an MMP substrate. However, many of the reported
fluorogenic probes have demonstrated limited in vivo
applications, since the peptide substrates are often nonspecifi-
cally activated, providing high background signals, or are
unstable and/or washed away in the bloodstream. To overcome
these drawbacks, various types of MMP imaging probes have
been reported that conjugate fluorogenic probes to linear
poly(amino acids),18 cell-penetrating peptides,19 poly(ethylene
glycols),20 polymeric nanoparticles,21 or dendrimers.22 These
probes have shown promising results in vivo with improved
MMP-sensitivity; however, it should be pointed out that their
target MMPs were mostly extracellular, soluble-type MMPs,
such as MMP-2, -7, -9, and -13.
MMPs can be categorized into two types: secreted soluble-

type (extracellular MMPs, EC-MMPs) and membrane-tethered
type (membrane-type MMPs, MT-MMPs).3 EC-MMPs are
popular targets for in vivo imaging, because (i) their
mechanisms are well-established, (ii) they are abundantly
overexpressed in various tumors, and (iii) they are easily
accessible, as they are located around the tumor tissues,

compared to other overexpressing proteases on cellular
membranes or in cells. Recent discoveries of MT-MMPs have
been accompanied by descriptions of novel mechanisms of their
roles in cancer biology, and MT-MMPs are the new focus of
research to develop novel targets for MMP-related cancer
therapy and imaging.9,23 MT-MMPs are tethered to the plasma
membrane via either a glycosylphosphatidyl inositol linkage or
a transmembrane domain.24 The physical location of MT-
MMPs confers regulatory and functional mechanisms that are
different than the EC-MMPs. Among the MT-MMPs, MT1-
MMP (MMP-14) has been intensively studied because of its
critical roles in EC-MMP activations, multiple signaling
pathways, and tumor development.3,25−28 For example; MT1-
MMP activates EC-MMPs such as pro-MMP-2 and pro-MMP-
13 and regulates their expression. In addition, MT1-MMP is
also involved in the cleavage of cell surface receptors including
tissue transglutaminase, CD44, pro-αv integrin, syndecan-1,
low-density lipoprotein (LDL) receptor-related protein, and L-
glycan. The expression of MT1-MMP is crucial for cancer cell
growth in a 3D collagen-based matrix, suggesting that MT1-
MMP has important roles not only in cancer invasion but also
in overall tumor progression. Such unique features of MT1-
MMP over typical EC-MMPs make it an interesting target as a
biomarker and for tumor imaging. EC-MMPs have been
extensively targeted for in vivo imaging; however, MT-MMP
imaging has not been reported except for a few SPECT studies
using a radiolabeled endogenous tissue inhibitor of MMP-2
(TIMP-2) in tumor-bearing mice and MT1-MMP antibodies in
an atherosclerotic rabbit model, both of which showed limited
resolution.29,30 Therefore, the development of MT1-MMP
specific probes could offer distinctive physiological information
in vivo, which EC-MMP targeted probes cannot provide.

Figure 1. (A) Chemical structure of a MT-MMP-specific fluorogenic probe, MT-P. The cleavage site is between Phe and Leu. (B) HPLC and UV−
vis (inset) spectra of MT-P. (C) LC/MS spectrum of MT-P.
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In this study, we report a new in vivo method for rapid,
efficient visualization of MT-MMP activity. From the known
core substrate of MT1-MMP, we synthesized a new type of
MT-MMP-targeted fluorogenic probe and characterized its
physicochemical properties in vitro. MT-MMPs specificity in
vivo was tested in MT1-MMP-overexpressing tumor-bearing
mouse models by using a small animal optical imaging
instrument, and the probe's efficacy was further confirmed by
ex vivo biodistribution and immnuohistological studies.

2. MATERIALS AND METHODS
2.1. MT1-MMP Fluorogenic Probe (MT-P). A synthetic

scheme is described in the Supporting Information (Scheme
S1). Intermediate compound 3 Gly-Arg(Pbf)-Ile-Gly-Phe-Leu-
Arg(Pbf)-Thr-Ala-Lys(Boc)-Gly-Gly was synthesized on an
automatic peptide synthesizer (C S Bio Co., Menlo Park, CA)
by fluorenylmethoxycarbonyl (Fmoc) chemistry at a 0.1 mmol
scale using a Gly-2-ClTrt resin (0.43 meq/g). O-Benzotriazole-
N,N,N′,N′-tetramethyl-uronium-hexafluoro-phosphate (HBTU)
and hydroxybenotriazole (HOBt) were used as the activating
reagents. Crude peptide was cleaved from the resin by 1%
trifluoroacetic acid (TFA) in dichloromethane, followed by
precipitation in cold ethyl ether. Crude peptide was purified by
preparative reversed-phase high performance liquid chromatog-
raphy (RP-HPLC, Dionex, Sunnyvale, CA), using 20% to 90%
acetonitrile containing 0.1% TFA versus distilled water
containing 0.1% TFA over 30 min at a flow rate of 10 mL/
min. The proper fraction was collected and lyophilized. Then
the fluorescence donor, Cy5.5 mono-N-hydroxysuccinamide
ester (Cy5.5-NHS, 10 μM), was reacted with 3 in anhydrous
dimethylformamide (200 μL) containing 2% diisopropylethyl-
amine (DIPEA) at room temperature in the dark. The reaction
was monitored by analytical RP-HPLC. Crude product 4 was
precipitated by the addition of cold ethyl ether and then
lyophilized. The side chain protecting groups were then
removed by a TFA/water/triisopropylsilane/1,2-ethanedithiol
(92.5:2.5:2.5:2.5, v/v/v/v) cleavage cocktail. 5 was purified by
preparative RP-HPLC (C18 column, 5 μm, 250 × 20 mm) and
lyophilized as described above. Finally, the NHS ester of Black
Hole Quencher 3 (BHQ-3-NHS) was coupled to the ε-amino
group of lysine, and 6, MT-P, was purified and lyophilized. The
purity was confirmed by analytical RP-HPLC (C18 column, 5
μm, 250 × 4.6 mm), and the molecular weight was confirmed
by LC/MS (Figure 1).
2.2. Enzyme Specificity. The fluorogenic property of MT-

P was examined by incubating 50 nM of MT-P in reaction
buffer (50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 0.05%
Brij35, pH 7.8) containing, variously, 40 nM of activated MMP-
2, MMP-9 (R&D Systems Inc., Minneapolis, MN), MT1-MMP
(MMP-14), MT2-MMP (MMP-15), or MT3-MMP (MMP-
16). MT-MMPs were constructed and purified as described
previously.23 Inactive MMPs were activated by incubation with
2.5 mM of p-aminophenyl mercuric acid (APMA) in the
reaction buffer for 2 h at 37 °C. After incubation in the reaction
buffer at 37 °C for 60 min with respective MMPs, the NIR
fluorescence emission signals of the samples were measured
using a spectrofluorometer (F-7000 fluorescence spectropho-
tometer, Hitach, Tokyo, Japan). The excitation wavelength was
set at 675 nm, and the emission spectrum was recorded from
680 to 800 nm.
2.3. Cell Culture and Animal Models. MDA-MB-435

cancer cells acquired from American Type Culture Collection
(Rockville, MD) was cultured under standard culture

conditions in L-15 medium containing 10% (v/v) fetal bovine
serum (Invitrogen, Carlsbad, CA) supplemented with penicillin
(100 μg/mL) and streptomycin (100 μg/mL). All animal
studies were conducted in accordance with the principles and
procedures outlined in the National Institutes of Health Guide
for the Care and Use of Animals and under protocols approved
by the NIH Clinical Center Animal Care and Use Committee
(CC/ACUC). For the MDA-MB-435 tumor model, tumor cells
(5 × 106) were subcutaneously injected into the right shoulder
of female athymic nude mice (5−6 weeks old, Harlan
Laboratories, Frederick, MD) at a volume of 80 μL. The
mice were used for optical imaging studies when the tumor
volume reached 100−300 mm3.
2.4. Western Blot Analysis. The expression of MT1-

MMP in MDA-MB-435 cells was analyzed by Western blot
analysis with an MT1-MMP antibody.23 The cell lysates were
prepared in radioimmunoprecipitation assay (RIPA) buffer
(Sigma), and the concentration of the whole cell protein was
determined by the Bradford method. Cell proteins were
subjected to 10% sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE), and 20 μL samples were loaded
in each lane. Proteins separated in the gel were transferred to a
nitrocellulose membrane by wet blotting at 300 mA for 2 h and
subsequently treated with 0.5% bovine serum albumin (BSA) in
Tris-buffered saline (TBS) to saturate nonspecific protein-
binding sites. The membranes were then incubated with rabbit
anti-MT1-MMP primary antibody (1:5000, Abcam Inc.,
Cambridge, MA) at a concentration of 10 μg/mL at 4 °C
overnight. The membranes were washed, and protein was
detected by an horseradish peroxidase (HRP)-conjugated
donkey antirabbit secondary antibody. The bands on the blot
were developed using an electrochemiluminescence (ECL) kit
at room temperature.
2.5. In Vivo Imaging and Ex Vivo Biodistribution. In

vivo imaging was performed and analyzed using a Maestro 2.10
in vivo imaging system (Cambridge Research & Instrumenta-
tion, Woburn, MA; excitation = 675 nm, emission = 695 nm).
MT-P (100 μL in PBS, 5 nmol) was injected intravenously into
MDA-MB-435 tumor-bearing mice via a tail vein, and imaging
was performed at 1, 2, 3, 4, and 24 h after the injection of the
probe (n = 3/group). During the injection and image
acquisition process, the mice were anesthetized with 2.5%
isoflurane in oxygen delivered at a flow rate of 1.5 L/min. To
inhibit MMP expression, 1 μmol of a broad spectrum MMP
inhibitor (MMPI IV, EMD Chemicals Inc., Gibbstown, NJ) was
injected intratumorally 30 min prior to injection of MT-P. All
images were normalized and analyzed using Maestro software.
For quantitative comparison, regions of interest (ROI) were
drawn over tumors and muscle, and the average signal (106

photons × cm−2 × s−1) for each area was measured.
For the ex vivo biodistribution study, mice were sacrificed 24

h postinjection, and tumor tissues and major organs were
carefully harvested. All samples were rinsed with saline, placed
on black paper, and immediately imaged using Maestro. For
quantitative comparison, ROIs were calculated as described
above.
2.6. Immunohistology. MDA-MB-435 tumors from the

tumor-bearing mice were frozen in optimal cutting temperature
(OCT) embedding medium. Cryosections were cut into 4 μm
slices and stained. Briefly, tumor slides were dried in the air and
fixed with cold acetone for 20 min and dried again in air for 30
min at room temperature. After blocking with 10% BSA for 30
min, the sections were incubated with rabbit anti-MT1-MMP

Molecular Pharmaceutics Article

dx.doi.org/10.1021/mp2002297 |Mol. Pharmaceutics 2011, 8, 2331−23382333



antibody (10 μg/mL) for 60 min at room temperature in the
dark and then visualized with fluorescein isothiocyanate
(FITC)-conjugated donkey antirabbit secondary antibody.
Finally, the slices were mounted with 4′,6-diamidino-2-phenyl-
indole (DAPI)-containing mounting medium under an
epifluorescence microscope (Olympus, X81). For NIR
fluorescence imaging, tumor sections were imaged by a
fluorescence microscope equipped with a Cy5.5 filter setting.
2.7. Statistical Analysis. Quantitative data were expressed

as mean ± SD (standard deviation). Two-tailed paired and
unpaired Student's t tests were used to test differences within
groups and between groups, respectively. P values of less than
0.05 were considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Design of MT1-MMP-Specific Fluorogenic Probe.
As described in Figure 1, the MT-MMP fluorogenic probe MT-
P is composed of NIR dye (Cy5.5), MT-MMP substrate, and
BHQ-3 (as the NIR dark-quencher). The MT1-MMP cleavable
substrate, Gly-Arg-Ile-Gly-Phe-Leu-Arg-Thr-Ala-Lys-Gly-Gly,
was synthesized by standard solid-phase Fmoc peptide
chemistry. The recognition site is indicated by italics, and the
cleavage site is between Phe and Leu. Since all of the MMPs
share a high degree of domain structural homology, it is
important to use a highly selective substrate for a target MMP
in probe design. Optimal peptide substrates for specific MMP
can be identified using a substrate phage display technique. The
core substrate of MT1-MMP, Arg-Ile-Gly-Phe-Leu-Arg, was
adopted from a previous report. Kridel et al. reported several
peptides, selected from a phage display peptide library, with
high MT1-MMP specificity, and we chose the substrate with
the highest specificity and selectivity for MT1-MMP.31 This
substrate was reported as highly selective for MT1-MMP,
among the commonly studied extracellular MMPs associated
with tumor generation and development, such as MMP-2 and
MMP-9 (with specificity constants (kcat/Km) for MT1-MMP
and MMP-9 of 777 200 and 20 000 M−1 s−1, respectively).31

Amino acids including Gly and Lys were incorporated in a core
substrate as residues for dye conjugation and as spacers
between substrate and dye molecules. MT-P showed a purity

greater than 95% by RP-HPLC and UV−vis spectra with two
absorption maxima at 630 and 685 nm in PBS for BHQ-3 and
Cy5.5, respectively (Figure 1B). The mass was confirmed by
LC/MS (m/z calculated, 2662.13; found, [M + 2H]2+) (Figure
1C).
3.2. In Vitro Studies: MT1-MMP Specificity. The NIR

fluorescent signal amplification of MT-P against MT1-MMP
was evaluated in vitro by incubating MT-P with different
concentrations of MT1-MMP (0, 4, 20, and 40 nM) with and
without a broad spectrum MMP inhibitor in the reaction buffer.
NIR fluorescence emission signals of MT-P were measured by
spectrofluorometer for 60 min. As shown in Figure 2A, MT-P
demonstrated a proportional relationship between recovered
NIR fluorescent signals and MT1-MMP concentrations. The
spectrofluorimetry plots clearly indicate that MT1-MMP was
able to activate NIR fluorescent signals of MT-P up to 10-fold
over the probe without MT1-MMP. The activation of MT-P
was inhibited in the presence of an inhibitor MMP-I, suggesting
evidence for the selectivity of the probe. The activation process
was simply visualized by NIR fluorescence after each sample
was transferred to a 96-well microplate and subjected to
Maestro 2 imaging (Figure 2A). MT1-MMP selectivity was
measured under the same experimental setup with different
MMPs including MT1, MT2, MT3-MMPs (MMP-14, 15, 16),
MMP-2, and MMP-9. The pro form of both MMP-2 and
MMP-9 were activated by p-aminophenyl mercuric acid
(APMA) in the reaction buffer before use as previously
described.21 As shown in Figure 2B, MT-P demonstrated
significantly higher activation folds when incubated with MT-
MMPs than with extracellular MMPs (activation folds for MT1,
2, 3-MMP, and MMP-2,-9 were 9.3 ± 1.2, 8.5 ± 0.9, 8.9 ± 0.6,
1.2 ± 0.4, and 1.3 ± 0.4, respectively). The recognition of
MT1-MMP substrate by different MT-MMPs, such as MT2-
and MT3-MMP, was not previously reported,31 and this may be
related to the sharing of similar catalytic domains among the
MT-MMPs. Since MT-P was shown to be recognized and
activated significantly by different MT-MMPs, but not by
extracellular MMPs such as MMP-2 and -9, it can be used as an
MT-MMP specific probe.

Figure 2. Recovery of fluorescence of MT-P in the presence of various activated MMPs. (A) Fluorescence emission kinetic spectra of MT-P in the
presence of various concentrations of activated MT1-MMP (0, 4, 20, and 40 nM) and MT1-MMP (40 nM) with a broad spectrum MMP inhibitor
(MMP-I) following a 60 min incubation at 37 °C. (B) Fluorescence activation of MT-P in a solution containing various activated MMPs following a
60 min incubation at 37 °C. Means ± SD (n = 3). *P < 0.05 for MT-MMPs relative to EC-MMPs.
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3.3. In Vivo Studies: Imaging of MT1-MMP Expression
in Tumor-Bearing Mice. After validation of MT-P's utility in
vitro, the potential for its in vivo application was investigated
using tumor-bearing mice models and a small animal optical
imaging system, Maestro 2. Before performing in vivo imaging,
we evaluated the overexpression of MT1-MMP in MDA-MB-
435 cells and in xenografted tumors by Western blot and
immunohistochemistry, respectively. MT1-MMP (64 kDa) was
strongly expressed in MDA-MB-435 cells (Figure 3A). As

expected, MT1-MMP was also highly expressed in MDA-MB-
435 tumor sections, verified by fluorescent immunostaining
using a MT1-MMP antibody (Figure 3B−D).
To evaluate whether MT-P can image the MT1-MMP

activities in vivo, MT-P was administered intravenously into
MT1-MMP-positive MDA-MB-435-tumor-bearing mice. In vivo
imaging was performed over 24 h. Figure 4A shows

representative in vivo whole-body images of animals at selected
time points (1, 2, 3, 4, and 24 h) after injection. MT-P
demonstrated strong NIR fluorescent activations in the MT1-
MMP-positive tumor region. It should be noted that the probe
clearly showed early onset of activation (in less than 1 h) and
the high fluorescent signals in the tumor were maintained up to
24 h. When a MMP-I was injected intratumorally 30 min before
the probe injection to inhibit the MT1-MMP activity, the NIR
fluorescent signals were significantly reduced (Figure 4A).
MMP-I is a broad spectrum, hydroxamate-based MMP
inhibitor and known to inhibit MMPs including MMP-2 and
MMP-9.32 Their inhibition specificities against MT-MMPs
were not reported; based on our experimental results (Figure
2A), MMP-I inhibited MT-MMP activity as like other
hydroxamate-based MMP inhibitor reported previously.33 The
ratio of the signal in the ROI of the tumor compared to the
muscle region (T/M ratio) revealed that fluorescent signals
gradually increased up to 4 h after the probe injection and
could accumulate and remain sustained (Figure 4B) for 24 h. In
contrast, the activation of MT-P was suppressed at all time
points when the activity of MT1-MMP was restrained by the
MMP inhibitor (T/M ratio of MT-P without and with the
MMP inhibitor at 24 h postinjection, 3.0 ± 0.2 and 1.2 ± 0.1,
respectively).
3.4. Ex Vivo Studies: Biodistribution and Histology.

Ex vivo imaging of excised tumors and other organs was also
performed after 24 h of in vivo imaging to confirm the specific
activation of MT-P in tumors. As shown in Figure 5A−C,
biodistribution studies indicated that MT-P without an
inhibitor activated predominantly in the tumor and liver over
other organs. These were unexpected results, because strong
activation of fluorogenic probe in the liver was not observed in
our previous report.20,21 When animals are placed in a prone
position for whole body imaging, the fluorescent signals from
the liver can be undervalued due to the depth resolution limit in
optical imaging. In our previous report, where the biodis-
tribution studies were performed at 4 h postinjection, all of the
fluorogenic probes designed for extracellular MMPs showed at
least 2 to 5-fold higher fluorescent intensity in the tumor

Figure 3. (A) Representative Western blot analyses of MDA-MB-435
cell lysates for MT1-MMP (64 kDa). (B−D) Fluorescent
immunostaining of MT1-MMP expression in an MDA-MB-435
tumor section counterstained with (B) DAPI (blue, marks the
nucleus), (C) primary antibody for MT1-MMP, and (D) their merged
images.

Figure 4. Whole-mouse optical imaging. (A) Representative serial in vivo NIR fluorescence images of MT1-MMP-positive MDA-MB-435 tumor-
bearing mice injected intravenously with MT-P under conditions without and with MMP inhibitor (MMP-I). Images were acquired at the indicated
time points and were normalized by the maximum average value. The color bar indicates radiant efficiency (low, 0; high, 0.139 × 106). Arrows
indicate tumors. (B) Tumor ROI T/M ratio (the ratio of the signal in the ROI of the tumor compared to the muscle region) analysis of MDA-MB-
435 tumor in vivo. Means ± SD (n = 3−6 per group). *P < 0.05.
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compared to the liver signal. Strong signals from the liver might
be a result of specific proteolytic degradations of MT-P by
certain proteases in the liver, and/or the probe is structurally
suited to localize in the liver and nonspecifically degrade. Even
though MT-P showed nonspecific activation in the liver, the
probe clearly demonstrated in vivo imaging of MT1-MMP
activity; a fluorescence microscope showed strong fluorescence
signals in tumor sections (taken from areas that fluoresced
during in vivo imaging), when the sections were injected with
MT-P, but not when the sections were simultaneously injected
with an MMP-I (Figure 6).

We initially thought that MT-P would provide only marginal
NIR fluorescent signals in tumors in vivo because (i) MT1-
MMP is tethered to the cellular membrane, which requires the

probe be activated on the tumor cell membrane and, thus, with
a lower accessibility than the soluble type of extracellular
MMPs, which is freely available around the tumor cells, and (ii)
the probe is simply comprised of peptide substrate and dyes
without any further modification. A solely peptide-based
fluorogenic probe, without modification with polymers and/
or nanomaterials, typically has limited applications due to
modest fluorescent changes in vivo with low T/M ratios, due to
poor physicochemical properties such as stability and solubility
and unfavorable pharmacokinetics. However, as our results
demonstrated, a simple form of fluorogenic peptide is
recognized and activated by a target protease expressed on
the cellular membrane in vivo. More importantly, an activated
probe enabled apparent visualization of MT1-MMP activity in
the tumor region in less than one hour, and the strong signals
were maintained for up to 24 h. It has been reported that an
amphiphilic dye, such as Cy5.5, can remain localized in the
tissues instead of being washed away by the blood once it is
activated in the tumor region.20 Interestingly, Cy5.5 released
from MT-P accumulated within the tumor over a longer time
(∼24 h) compared to a fluorogenic probe activated by
extracellular MMPs (∼ 12 h). The fluorescent signal in the
tumor was not detectable at 48 h postinjection. It is possible
that the amphiphilic Cy5.5 dye, when activated by membrane-
bound MMPs in tumor cells, diffuses more efficiently through
the plasma membrane than a dye activated by MMPs around
the tumor cells. This may explain why a small peptide-based
fluorogenic probe shows clear and bright fluorescent signals
and allows rapid identification of in vivo MT1-MMP activity in
tumors. Although MT-P showed good specificity in an MT1-

Figure 5. (A) Representative images of dissected organs and tissues of MDA-MB-435 tumor-bearing mice sacrificed at 24 h after intravenous
injection of MT-P without (left) and with (right) MMP-I. The color bar indicates radiant efficiency (low, 0; high, 0.133 × 106). (B) Biodistribution
of MT-P at 24 h postinjection. (C) Tumor ROI T/M analysis of fluorescence intensity in excised tumor. Means ± SD (n = 3−6 per group). *P <
0.05.

Figure 6. NIR fluorescence images of tumor sections injected with
MT-P (red) without and with MMP-I. Tumor sections were
counterstained with DAPI (blue). Scale bar, 10 μm.
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MMP-positive tumor, its nonspecific activation and accumu-
lation in the liver not only diminishes the future utilities of the
probe but also can result in possible liver toxicity. Therefore,
the probe should be optimized and screened further for
improved in vivo specificity and selectivity followed by careful
metabolic and toxicity studies of MT-P in the liver. In addition,
the correlation between fluorescent signal intensities and tumor
volume should be verified in vivo.

4. CONCLUSIONS
In this report, we describe the design of an MT-MMP-specific
probe and demonstrate for the first time the possibility of using
a fluorogenic probe to monitor expression and inhibition of
MT-MMPs in vivo. The probe is able to recover strong
fluorescent signals against different types of MT-MMPs, but
not against EC-MMPs such as MMP-2 and MMP-9.
Importantly, we show that a fluorogenic probe can be activated
rapidly and efficiently by membrane-tethered proteases in vivo,
just as by soluble-type extracellular proteases. In addition,
fluorogenic probes targeting MT-MMPs retain prolonged and
strong fluorescent signals in tumors when compared to similar
probes targeting EC-MMPs. We expect that any of the reported
membrane-tethered protease substrate can be incorporated
successfully into a fluorogenic probe constructed to serve as an
imaging agent, such as the one reported here, to visualize and
monitor protease activities on plasma membranes. Our findings
offer the design of new types of membrane-bound protease
targeting probes that have the potential to improve under-
standing of the roles of membrane-associated proteases and the
capability to screen in vivo for more specific protease inhibitors.
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