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Matrix metalloproteinases (MMPs) are attractive targets for
molecular imaging because degrading and modifying the
extracellular matrix by enzymatic activity is required for the
invasive process of cancer cells.[1] Among the large family of
MMPs, increasing evidence suggests that a subclass of the
membrane-anchored proteinases, the membrane-type (MT)
MMPs, plays dominant roles in controlling invasive cancer
cell behavior.[2] In particular, MT1-MMP not only plays a
direct and essential role in allowing tumor cells to invade into
connective tissue,[2,3] but also provides a direct cellular target
for molecular imaging to detect invasive cancer cells, in
comparison with secreted, soluble MMPs.[1a, 2, 3]

Herein, we describe the development of a bimodal
imaging probe enabling precise recognition of the expression
of MT1-MMP anchored on invasive cancer cells and its
protease activity simultaneously. MT1-MMP may be a
targetable biomarker for a specific delivery and possesses
proteolytic activity for certain substrates.[4] Activatable fluo-
rogenic peptide (ActFP) was formulated as a targeting moiety
and proteolytic ligand for MT1-MMP and conjugated with
magnetic nanocrystals (MNCs), synthesized as magnetic
resonance (MR) imaging contrast agents (Figure 1).[5] The
magnetic and fluorogenic properties, based on the fluores- cence resonance energy transfer (FRET) effect, of MNC-

ActFP and their targeting potential were investigated to
assess its capability as a multimode imaging probe.[6]

For targeted imaging of MT1-MMP anchored on invasive
cancer cells and the measurement of the prolyteolytic activity,
ActFP (Cy5.5-GPLPLRSWGLK(BHQ-3)) was designed and
synthesized as both a MT1-MMP-specific substrate and a
fluorescence imaging probe, based on the FRET effect
(Supporting Information, Figure S1). First, a shorter fluoro-
genic peptide was prepared by labeling at both ends to form
Cy5.5-GPLPLRSW(BHQ-3) amide. However, because of the
bulky structures of Cy5.5 and BHQ-3, peptide cleavage was
not observed. Considering this steric hinderance, we modified
the fluorogenic peptide by inserting three amino acid
sequence spacers (GLK) for effective cleavaging to MT1-
MMP (Supporting Information, Figure S2).[4a,7] MNCs, as MR
imaging contrast agents, were synthesized by a thermal
decomposition method and were coated with aminated
polysorbate for the solubilization into the aqueous phase
and the conjugation of ActFP.[8] After the conjugation of
ActFP to the aminated MNCs using the carbodiimide EDC,
the colloidal size of MNC-ActFP was 42.3� 1.2 nm, by laser
scattering, which was slightly larger than bare water-soluble
MNCs (37.3� 2.2 nm). Furthermore, MNC-ActFP exhibited
a negative surface charge at �8.2� 3.7 mV, which was
converted from the positive surface charge of the aminated
MNC (24� 5.2 mV) owing to the conjugation of anionic

Figure 1. The dual imaging process of activatable magnetic nanop-
robes (magnetic nanocrystals conjugated with activatable fluorogenic
peptides, MNC-ActFP) for i) molecular detection of MT1-MMP an-
chored on invasive cancer cells by MR imaging, and ii) sensitive
recognition of the proteolytic activity of MT1-MMP by fluorescence
imaging. Q = quencher, F = fluorescence dye.
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ActFP (Figure 2a). The morphology of MNC-ActFP was
confirmed by a transmission electron microscopy (TEM)
image (Figure 2 b). The relaxivity coefficient (r2) from the
spin–spin relaxation time (T2) weighted MR images for
MNC-ActFP was 404.75 mm

�1 s�1 and MR signal sensitivity
was linearly proportional to the
concentration of BHQ3 from
MNC-ActFP (Figure 2c).

To investigate the specific-
ity and proteolytic activity of
MT1-MMP, MNC-ActFP as a
substrate was treated with
MT1-MMP, MMP3, and
MMP7 at 37 8C for 1 h. As
seen in Figure 2d, MT1-MMP
exhibited over 500-fold higher
proteolytic activity for MNC-
ActFP than other proteases
(MMP3 and MMP7; Support-
ing Information, Figure S6). To
assess the selectivity for MNC-
ActFP, we also further pre-
pared a scrambled fluorogenic
peptide (ScrFP, Cy5.5-
GPLPERSWGLK(BHQ-3)).
MNC-ScrFP was formulated in
a similar manner to MNC-
ActFP. Figure 2d shows that
MNC-ScrFP did not exhibit
strong fluorescence intensity
after treatment with MT1-
MMP owing to the unrecog-
nized peptide sequence. In the

presence of the broad-spectrum MMP inhibitor GM6001, the
fluorescence intensity for MNC-ActFP was not increased,
which is consistent with the fluorescence activity depending
on the proteolytic activity of MT1-MMP. In MR images
(Figure 2d), however, there was no signal difference for
MNC-ActFP after treatment with each MMP. These results
suggest that MNC-ActFP was suitable for the intended use
with the combination of MNCs for MR imaging and the
activatable fluorogenic probe. In particular, MNC-ActFP
demonstrated specificity and sensitive proteolytic activity
with MT1-MMP for the molecular imaging of invasive
cancers.

We then determined the in vitro targeting potential and
fluorogenic activity of MNC-ActFP for MT1-MMP-express-
ing cancer cells. First, the biocompatibility of MNC-ActFP
was investigated using HT1080 cells expressing endogenous
MT1-MMP. We found that MNC-ActFP was not toxic upto
50 mgmL�1 (Supporting Information, Figure S7). MNC-
ActFP was specifically attached to MT1-MMP-expressing
HT1080 cells (Figure 3a); this was confirmed by T2-weighted
MR imaging. DR2/R2nontreatment for HT1080 cells treated with
MNC-ActFP was 263.1%, whereas MNC-ScrFP did not
exhibit a significant increase in MR signal intensity (DR2/
R2nontreatment = 18.4 %; Figure 3 b). Moreover, when the inhib-
itor (GM6001) was co-administered with MNC-ActFP to
HT1080 cells, no increase in MR signal was observed, owing
to the blocking of proteolysis of MT1-MMP by MNC-ActFP
(Figure 3a,b). On the other hand, the magnetic ion (Fe + Mn)
contents for HT1080 cells treated with MNC-ActFP, MNC-
ScrFP, and MNC-ActFP plus inhibitor were measured by
inductively coupled plasma atomic emission spectroscopy.

Figure 2. a) Size (bar) and zeta potential (line–scatter) of MNC and
MNC-ActFP. b) TEM image of MNC-ActFP. Scale bar: 50 nm. c) Corre-
lation graph for R2 (1/T2) versus the BHQ3 absorbance at 690 nm of
MNC-ActFP. d) MR images, fluorescence images, and fluorescence
intensity graph for MNC-ActFP, MNC-ScrFP, and MNC-ActFP plus
inhibitor (GM6001) treated with MT1-MMP after 60 min incubation at
37 8C.

Figure 3. a) T2-weighted MR images for HT1080 cells treated with MNC-ActFP, MNC-ScrFP, and MNC-
ActFP plus inhibitor (GM6001) and nontreated HT1080 cells. b) DR2/R2nontreatment (bar) and magnetic ion
(Fe +Mn) quantification, based on ICP-AES analysis (line scatter) for HT1080 cells treated with MNC-
ActFP, MNC-ScrFP, and MNC-ActFP plus inhibitor. c) Prussian blue stained image (left; scale bar:
100 mm) and TEM images (right; scale bar: 1 mm) for HT1080 cells treated with MNC-ActFP. Low-
magnification TEM image (inset; scale bar: 10 mm). Much MNC-ActFP was seen in the cytoplasm (red
arrows). d) Confocal microscopic images of HT1080 cells treated with MNC-ActFP, MNC-ScrFP, and
MNC-ActFP plus inhibitor (scale bar: 1 mm). MT1-MMP (red, Cy5.5) and nucleus (blue, DAPI).

.Angewandte
Zuschriften

970 www.angewandte.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2012, 124, 969 –972



MNC-ActFP exhibited over sixfold larger binding efficiency
versus the other conditions (MNC-ScrFP and MNC-ActFP
plus inhibitor; Figure 3b, right axis). As expected, these
results were consistent with the MR imaging data. Further-
more, Prussian blue stained images of HT1080 cells treated
with MNC-ActFP showed the presence of a high iron content,
compared with the other conditions (MNC-ScrFP and MNC-
ActFP plus inhibitor; Figure 3 c, left; Supporting Information,
Figure S8). In particular, the cellular TEM image clearly
showed that MNC-ActFP was predominantly localized in the
cytoplasm (Figure 3c, right), which is most likely due to the
uptake of MNC-ActFP by MT1-MMP-mediated endocytosis.

To evaluate the near infrared (NIR) fluorogenic potential
of the prepared activatable probe (MNC-ActFP) induced by
MT1-MMP, confocal microscopic images of HT1080 cells
treated with probes (MNC-ActFP, MNC-ScrFP, and MNC-
ActFP plus inhibitor, respectively) were obtained (Fig-
ure 3d). At 1 h after the incubation of HT1080 cells treated
with MNC-ActFP, cellular NIR fluorescence from Cy5.5 was
detected in the cytoplasm. In contrast, neither of the other
conditions (MNC-ScrFP and MNC-ActFP plus inhibitor)
showed any significant increase in NIR fluorescence signal
intensity, even after 60 minutes of incubation, reflecting the
high specificity and sensitivity of MNC-ActFP for MT1-
MMP-expressing cells. To further confirm the specific pro-
teolytic activity of MNC-ActFP for MT1-MMP, MCF-7 cells
(a cell type that expresses minimal levels of endogenous MT1-
MMP; Supporting Information, Figure S9) were transfected
to express wild-type MT1-MMP. Thus, MNC-ActFP exhibited
fluorogenic ability in MT1-MMP-expressing MCF-7 cells and
a significant signal change was detected over a 60 min
incubation. However, mock-transfected MCF-7 cells (vector
only) and catalytic mutant MT1-MMP-transfected MCF-7
cells[9] did not exhibit NIR fluoroscence, consistent with the
fluorogenic activity depending on the catalytic activity of
MT1-MMP. These results indicated that the MNC-ActFP had
potential as a dual imaging probe (MR and NIR fluoresence
imaging) specifically for MT1-MMP-expressing cancer cells.

To confirm the in vivo diagnostic utility of MNC-ActFP
(recognition of protease expression and proteolytic activity),
MR and NIR fluorescence imaging of molecular markers was
explored using a MT1-MMP-expressing tumor-bearing mouse
model. MR imaging for the tumor-bearing mice (1 � 107

HT1080 cells, the proximal thigh region) was performed at
different time points (preinjection, 15 min, 1 h, 2 h, and 4 h)
after the intravenous injection of MNC-ActFP (200 mg Fe +

Mn) into the tail vein. After the injection of MNC-ActFP, an
immediate MR signal increase was evident and the signal
gradually increased over 4 h. Moreover, MR signal-enhanced
microvessels from the tumor were confirmed (red arrow
heads in Figure 4a) and 49.7 % of the DR2/R2preinjection value
was confirmed at 4 h. In contrast, the control probes (MNC-
ScrFP and MNC-ActFP plus inhibitor) showed no enhanced
MR signal intensity at the tumor site (Supporting informa-
tion, Figure S10).

For the multilateral recognition of MT1-MMP-expressing
cancer cells, on the other hand, in vivo proteolytic activity
based on MNC-ActFP was investigated by NIR fluorescence
imaging. Similar to the in vivo MR imaging experiment,

MNC-ActFP was injected intravenously into the tail vein of a
MT1-MMP-expressing tumor-bearing mouse model. Sequen-
tial NIR fluorescence images (lemission = 690 nm) were
obtained for 4 h after the injection of MNC-ActFP and a
strong NIR fluorescence signal was seen in tumor sites
(Figure 4a, lower panel). The maximum Cy5.5 signal in the
tumor site was seen with 35 Phs�1 at 1 h after the injection
(Figure 4b). However, the control probes (MNC-ScrFP and
MNC-ActFP plus inhibitor) showed no enhanced NIR
fluorescence intensity (Supporting Information, Figure S11).
Furthermore, depth profiles from the NIR fluorescence
images were constructed by examining the intensity in slices
cut along the z axis, which represented the two-dimensional
slices, starting from z = 1 to 7 mm depth. The fluorescence
signal in tumor site was maximal between the depths of 3 and
5 mm (Supporting Information, Figure S12). Ex vivo NIR
fluorescence imaging for extracted tumor tissue demon-
strated that MNC-ActFP showed strong signal intensity in
the tumor tissue compared with the other conditions (MNC-
ScrFP and MNC-ActFP plus inhibitor; Figure 4c). Notably,
the MR signal from MNC-ActFP was maintained for 4 h and
the NIR fluorescence signal in tumor tissue was increased at
2 h after the injection of the fluorogenic probe. These results
are consistent with the release of Cy5.5 from ActFP after the
cleavage by MT1-MMP anchored on invasive cancer cells
acting as a NIR fluorescence imaging probe and MNC taken
up by cancer cells, by protease-mediated endocytosis, being
detected by MR imaging.

In conclusion, we have developed a MT1-MMP-target-
able fluorogenic magnetic nanoprobe (MNC-ActFP) for the
simultaneous assessment of the expression and proteolytic

Figure 4. a) In vivo MR (upper) and NIR fluorescence (lower) images
of tumor-bearing mice after intravenous injection of MNC-ActFP,
MNC-ScrFP, and MNC-ActFP plus inhibitor (200 mg Fe + Mn per
mouse) at different time points (preinjection, 15 min, 1 h, 2 h, and
4 h). Red arrowheads in the MR images indicate the signal-enhanced
sites of the tumor. b) DR2/R2nontreatment (line scatter) and NIR fluores-
cence intensity (bar graphs). c) NIR fluorescence images (upper) and
their intensity graph (lower) for excised tumors from tumor-bearing
mice 1 h after intravenous injection of MNC-ActFP, MNC-ScrFP, and
MNC-ActFP plus inhibitor.
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activity of MT1-MMP anchored on invasive cancer cells by
MR and NIR fluorescence imaging. Trafficking of MT1-MMP
as a target biomarker for the molecular imaging provides a
matched imaging signal for the detection of invasive cancer
cells and early metastatic cancer. Thus, a MT1-MMP-specific
peptide sequence (GPLPLRSWGLK) was designed and
synthesized to provide fluorogenic activity by the combina-
tion of a NIR dye and a quencher to induce a FRET effect.
Thus, we believe that the developed nanohybrid, a combined
fluorescence imaging probe and MR imaging contrast agent,
may be used to increase the sensitivity and specificity of
detecting invasive cancer cells in diagnostic and therapeutic
interventions in human cancer patients.
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