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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).
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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 Ph s�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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S1. Preparation of an activatable fluorogenic peptide (ActFP) 

Based on the previously reported MT1-MMP substrate, GPLPLRSW
[1]

, we designed a MT1-MMP specific probe 

by combining the linker peptide and two fluorochromes, Cy5.5 and BHQ-3. First, a shorter fluorogenic peptide 

sequence was prepared by labeling of the N- and C-terminal ends with Cy5.5 and BHQ-3, respectively, to form 

Cy5.5-GPLPLRSW(BHQ-3) amide. Glycine and lysine were incorporated at both termini to provide chemical 

conjugation sites for the Cy5.5 dye and BHQ-3. However, the cleavaging did not allow for the bulky dye and 

quencher. Considering the bulky structures of Cy5.5 and BHQ-3, we found that a peptide containing at least a 

three-amino-acid sequence spacer was required for effective cleavaging to MT1-MMP (Figure S1). Thus, to 

achieve efficient quenching and affinity for MT1-MMP, we used a peptide substrate incorporating glycine-leucine-

lysine spacer, forming Cy5.5-GPLPLRSWGLK(BHQ-3) as the fluorogenic probe for MT1-MMP (Figure S2).
[2]

 

This peptide sequence was synthesized using standard solid-phase Fmoc peptide chemistry.
[3]

 For site-specific 

conjugation of BHQ-3 to the primary amine of the lysine adjacent to the cleavable sequence after the selective 

conjugation of BHQ-3, succinimide ester in anhydrous dimethylformamide was added and reacted overnight, 

followed by extensive washing of the peptide resin. Subsequently, the last Fmoc group was removed from the 

peptide resin and Cy5.5 succinimide ester was coupled to the N-terminal glycine (Figure S2). After deprotecting 

and cleaving the peptide from the resin, using trifluoroactic acid, the resulting product was characterized. Optical 

properties of Cy5.5 and ActFPs were confirmed at λex of 675 nm using a fluoroscence imaging tool (eXplore Optix, 

Advanced Research Technologies Inc., Montreal, Canada; Figure S3) and MT1-MMP-specific fluorogenic effects 

of ActFPs were confirmed using Optix (Figure S4). 

 

S2. Preparation of aminated magnetic nanocrystals (MNCs)  

To fabricate the fluorogenic magnetic nanoprobes [magnetic nanocrystals conjugated with activatable fluorogenic 

prptides (ActFPs), MNC-ActFPs], aminated MNCs were prepared. 10 mg of MNCs (MnFe2O4) synthesized by 

thermal decomposition,
[4]

 were dissolved in 4 mL of chloroform. Then, the organic phase was added into a 20 mL 

aqueous solution containing 100 mg of tri-aminated polysorbate.
[5] 

 After mutual saturation of the organic and 

continuous phase, the mixture was emulsified for 15 min with an ultrasonicator (Sae Han SH-2100, Korea) at 190 

W.
[4]

 After evaporation of the organic solvent, aminated MNCs were purified using a centriprep (3,000×g, 30 min, 

MWCO 10,000) and were dispersed in an aqueous phase and stored for later use. The colloidal size of aminated 

MNCs was measured by laser scattering (Otsuka Electronics ELS-8000, Osaka, Japan) and the colloidal stability of 

aminated MNCs was maintained for over 3 months. Moreover, the aminated MNCs exhibited a strong 

superparamagnetic behavior, confirmed using a vibration sample magnetometer (MODEL-7407, Lakeshore) 

(Figure S5). The unit of magnetization was described in emu g
-1

 (whole partigle weight). 

 

S3. Preparation of fluorogenic magnetic nanoprobes (MNC-ActFPs) 

The aminated MNCs were chemically conjugated with the activatable fluorogenic peptides (ActFPs). The 

aminated MNCs (400 µg MnFe) were dispersed in 1 mL of phosphate buffered saline (PBS) buffer (pH 7.4). 



Subsequently, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (1.2 mg) and sulfo-N-hydroxysulfosuccinimide 

(1.5 mg) dissolved in 100 µL of PBS (pH 7.4) were added to the MNCs solution and the reaction mixture was 

agitated for 20 min at room temperature. ActFPs (2.1 mg) was then added to the reaction solution and the reaction 

was continued at room temperature in the dark room for 6 h. By-products and unreacted peptide molecules were 

removed using a centriprep (6,000 rpm, 30 min). Anabsorption titration of the fluorogenic peptide was conducted 

to assess the amount of peptide bound to the polymeric nanoparticle surface using a UV-vis spectrometer (Optizen 

2120UV, Mecasys Co.). The absorption intensity of BHQ-3 (650 nm) was calibrated and the concentration of 

bound peptide substrate was determined from known concentrations using a standard curve. 

 

 

S4. Fluorogenic effect of MNC-ActFPs 

The fluoroscence recovery of MNC-ActFPs was examined in terms of MT1-MMP enzyme specificity and 

concentration of MT1-MMP or other MMP enzymes. Each MMP enzyme (MMP-3, 7 or MT1-MMP) was activated 

by incubation at 37°C for 1 h with a buffer solution (150 mM NaCl, 50 mM Tris-HCl, 5 mM CaCl2, and 0.025 % 

Brij-35, pH 7.5). The same amount of MNC-ActFPs was added to MMP enzyme solution and incubated at 37°C for 

an additional 1 h. The intensity of the recovered fluorescent signal, which depended on the concentration of MMP 

enzyme or probe, was monitored using theeXplore Optix system (Advanced Research Technologies Inc.) in the 

wavelength range of 680-800 nm over time, with excitation at 675 nm. 

 

 

S5. Cell viability assay by MTT 

The biocompatibility of the prepared MNC, MNC-ActFPs for target cancer cells was quantified by a colorimetric 

assay based on the mitochondrial oxidation of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT). 

In a typical experiment, HT1080 cells were harvested at a density 10
4
 cells/200 µL in a 96-well plate and incubated 

at 37°C in a 5% CO2 atmosphere. The cells were incubated for 24 h with MNC-ActFPs, rinsed with 100 µL PBS 

(pH 7.4, 1 mM), and then treated with freshly preparedMTT solution (10 µL) and incubated for an additional 4 h 

before adding 100 µL dimethyl sulfoxide. After 24 h, the plates were assayed using an enzyme-linked 

immunosorbent assay (Spectra Max 340, Molecular Devices, USA) and the results were measured at an absorbance 

wavelength of 575 nm and a reference wavelength of 650 nm (Figure S7). 

 

 

S6. In vitro targeting study 

The targeting efficiency of MNC-ActFPs was investigated by magnetic resonance (MR) and fluoroscence imaging. 

HT1080 cells (high MT1-MMP expression) and various MCF7 cells (wild-type, catalytic mutant, mock-

transfected) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) supplemented with 10% 

fetal bovine serum (FBS) and 1% antibiotics in a 5% CO2 atmosphere. Target cells (HT1080 and MCF7 cells, 

5.0×10
6
 cells) were collected and washed in triplicate using blocking buffer (0.2% FBS and 0.02% NaN3 in 

phosphate-buffered solution, pH 7.4, and 10 mM) to avoid non-specific binding. Then, they were incubated and 



treated with ActFP and ScrFPs at 4°C. For the inhibition test, 100 µM of GM6001 (1 mg/mL, galardin or 

ilomastat;Calbiochem) was pre-treated to block MT1-MMP on the cell surface. After 30 min, the solution was 

washed away three times. MR and fluoroscence imaging was performed after the cells were resuspended in 200 µL 

of 4% paraformaldehyde. 

 

 

S7. Animal model  

HT1080 cells were cultured in DMEM (Gibco) supplemented with 10% FBS(Gibco) and 1% penicillin/streptomycin (PS, 

Gibco) in a 5% CO2 atmosphereThe suspension of HT1080 cells (1×10
7
 cells) in 50 µL PBS (pH 7.4, 1 mM) was injected 

subcutaneously into the proximal thigh of male BALB/c-nude mice. All experiments were conducted with the approval of the 

Association for Assessment and Accreditation of Laboratory Animal Care International. 

 

S8. MR imaging. 

We performed MR imaging experiments with a 1.5-T clinical MRI instrument with a micro-47 surface coil 

(Intera; Philips Medical Systems, Best, the Netherlands). R2 relaxivities of MNC-ActFPs, MNC-ScrFPs, and 

MNC-ActFPs + inhibitors were measured usingthe Carr-Purcell-Meiboom-Gill sequence at room temperature: TR 

= 10 s, 32 echoes with 12 ms even echo space, number of acquisition = 1, point resolution of 156×156 µm, section 

thickness of 0.6 mm. R2 was defined as 1/T2 with units of s
-1

. For T2-weighted MR imaging of cells in vitro at 1.5 

T, the following parameters were used: point resolution: 156×156 µm, section thickness of 0.6 mm, TE = 60 ms, 

TR = 4000 ms, number of acquisitions = 1. For T2 mapping of cellsin vitro, the following parameters were used: 

point resolution of 156×156 µm, section thickness of 0.6 mm, TE = 20, 40, 60, 80, 100, 120, 140, 160 ms, TR = 

4000 ms, number of acquisitions = 2. The concentration of magnetic component was obtained and calculated with 

Fe + Mn. 

In vivo MR imaging experiments were also performed with a 3-T clinical MRI instrument with a micro-47 surface 

coil (Philips Medical Systems). The T2-weighted MR images of nude mice injected with the prepared materials at 

3T were acquired using the following parameters at room temperature: TR = 4,000 ms even echo space, number of 

acquisitions = 1, point resolution of 312×312 µm, section thickness of 0.6 mm and TE = 60 ms. The results shown 

are the average ± standard deviation. 

  

S9. In vivo fluorescence imaging  

We performed in vivofluorescence imaging and tomography using MNC-ActFPs, MNC-ScrFPs, and MNC-

ActFPs + inhibitor. After the intravenous injection of each sample, the fluorescence recovery profiles in HT1080 

tumor-bearing mice were imaged by positioning mice on an animal plate, heated to 37°C, in the eXplore Optix 

system. The animal was automatically moved to the imaging chamber for scanning. Laser power and count time 

settings were optimized at 30 µW and 0.1 s per point, respectively. Excitation and emission spots were raster-

scanned in 1 mm steps over the selected region of interest to generate emission wavelength scans. A 670-nm pulsed 

laser diode was used to excite the Cy5.5 molecules. NIR fluorescence emission data were collected at 700 nm and 

detected with a fast photomultiplier tube (Hamamatsu, Japan) and time-correlated single photon counting system 



(Becker and Hickl GmbH, Berlin, Germany). Tumor contrast was measured by dividing the fluorescence intensities 

at the tumor area (T) and normal tissue area (N). All data, including whole body and two-dimensional (2D) slice 

images, were calculated using the region of interest function of the Analysis Workstation software. To analyze the 

depth profiles from the fluorescence images, the three-dimensional (3D) images were constructed by examining the 

intensity in slices cut along the z-axis, which represented the 2D slices, starting from z = 1 to 7 mm deep (Figure 

S6). For ex vivo NIR fluoresnce imaging, tumor sections were viewed using theeXplore Optix system. The 

excitation wavelength was 650 nm. 
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Figure S1. Fluorogenic efficiency induced by MT1-MMP for Cy5.5-GPLPLRSW(BHQ-3) (blue triangle) and 

Cy5.5-GPLPLRSWGLK(BHQ-3) (red circle).  

 



 

Figure S2. Synthetic scheme for ActFPs [Cy5.5-GPLPLRSWGLK(BHQ-3)].  

 

 

Figure S3. Fluorescence intensity for Cy5.5 (red line) and ActFPs (blue line). λex = 675 nm. 

 

 



 

Figure S4. Fluorogenic effect for a) the different concentrations of ActFPs after the treatment of MT1-MMP and b) 

time-dependent fluorogenic effects for ActFP (red circle), ScrFP (yellow triangle), and ActFP with inhibitor (GM6001; 

blue square) treated with MT1-MMP. 

 

  

Figure S5. Magnetic hysteresis loops of MNC-ActFPs.  

 



 

Figure S6. MR images, fluorescence images, and fluorescence intensity graph for MNC-ActFP, MNC-ScrFP, and MNC-

ActFP with inhibitor (GM6001) treated with MT1-MMP, MMP-3, and MMP-7 after 60 min incubation at 37°C. 

 

Figure S7. Cell viability by MTT assay for MNCs and MNC-ActFPs 



 

Figure S8. Prussian blue-stained image for HT1080 cells treated with MNC-ActFP, MNC-ScrFP, and MNC-ActFP with 

inhibitor (scale bar; 100 µm). 

 

 

Figure S9. Confocal microscopic images for a) HT1080 and b) MCF7 cells treated with MNC-ActFP, MNC-ScrFP, and 

MNC-ActFP with an inhibitor, respectively (scale bar; 1 µm). MT1-MMP (red, Cy5.5) and nucleus (blue, DAPI). 

 

 



Figure S10. a) In vivo MR images of tumor-bearing mice after intravenous injection of MNC-ActFP, MNC-ScrFP, and 

MNC-ActFP + inhibitor (200 µg Fe+ Mn per mouse), respectively, at different time points (pre-injection, 15 min, 1 h, 2 h, and 

4 h) and b) △R2/R2non-treatment graph. 

 

 

 

Figure S11. a) In vivo NIR fluorescence images of tumor-bearing mice after intravenous injection of MNC-ActFP, MNC-

ScrFP and MNC-ActFP + inhibitor (200 µg Fe+ Mn per mouse), respectively, at different time points (pre-injection, 15 min, 1 

h, 2 h, and 4 h) and b) NIR fluorescence intensity graph. 

 



 

 

Figure S12. 3D construction images treated with MNC-ActFPs, 2-dimensional slices of the tumor images from 

Figure 3a reconstructed in the z direction (1-7 mm). 
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