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a b s t r a c t

We describe the development of biomarker-sensitive nanoprobes based on nanoparticle surface energy
transfer (NSET) effect that enabling recognition of the expression of membrane type-1 matrix
metalloproteinase (MT1-MMP) anchored on invasive cancer cells and its proteolytic activity simulta-
neously. First of all, we confirmed invasiveness of cancer cell lines (HT1080 and MCF7) via migration and
invasion assay. We also prepared gold nanoparticle (GNP) acts as a quencher for fluorescein isothiocya-
nate (FITC). This FITC is conjugated in end-terminal of activatable fluorogenic peptide (ActFP). The ActFP
attach to surface of GNP (GNP-ActFP) for a targeting moiety and proteolytic activity ligand toward MT1-
MMP. The GNP-ActFP can generate fluorescence signal when ActFP is cleaved by proteolytic activity after
targeting toward MT1-MMP. In order to study specificity for MT1-MMP, GNP-ActFP is treated to HT1080
and MCF7 cells, and then, we determine the in vitro targeting potential and fluorogenic activity of GNP-
ActFP for MT1-MMP via fluorescence multi-reader. We also confirmed fluorogenic activity of GNP-ActFP
via confocal microscopic imaging, and finally, endocytosis of GNP-ActFP is observed via cellular
transmission electron microscopic imaging.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Generally, many cancers have unique characteristics based on
their initiating tissue; abnormal mitoses and chromosomal
abnormalities are also observed in cancers (Negrini et al., 2010).
For this reason, it is necessary to classify malignant versus healthy
tissues in diagnosis and prognosis (Martin et al., 2011; Nowsheen
et al., 2012). Despite of the vast efforts in cancer research, cancer
continues to be a major cause of mortality. It is therefore

important that we develop new methods for the detection and
predicting the prognosis of cancer. One actively pursued approach
involves seeking various biomarkers of cancers (Nowsheen et al.,
2012). A biomarker is a characteristic that can be objectively
measured and evaluated in biological samples as an indicator of
conditions, such as normal biological processes, pathological
states, or pharmacological responses to a therapy, by a variety of
techniques (Sawyers, 2008). Biomarkers may then be used to
study efficacy and to evaluate safety, detect disease conditions,
and monitor health status. Cancer biomarkers have contributed
greatly to our understanding of the heterogeneous nature of
specific cancers, leading to improvements in treatment outcomes
(Georgakilas, 2011). Biological indicator-based diagnostics have
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applications for establishing disease predisposition, early detec-
tion, cancer staging, therapy selection, identifying whether a
cancer is metastatic, therapy monitoring, assessing prognosis,
and advances in the adjuvant setting (Ferrari, 2005; Lopez-Otin
and Matrisian, 2007).

Among cancer biomarkers, proteinases have long been asso-
ciated with cancer progression, because of their ability to degrade
extracellular matrices. Proteinases have also been extensively
studied because of their regulatory roles in many metabolic
processes (Edwards and Murphy, 1998; Lee et al., 2009b). Among
the proteinases, matrix metalloproteinases (MMPs) are known to
not only be important in normal tissue remodeling, but to also
play important roles in many diseases, such as atherosclerosis and
cancer (Overall and Kleifeld, 2006; Zheng et al., 2007). In the large
family of MMPs, cell membrane-anchored proteinases and
membrane-type (MT) MMPs especially draw attention because of
their fundamental roles in cancer cell metastasis and proliferation
(Deryugina et al., 2005; Zhai et al., 2005). In particular, MT1-MMP
provides a direct cellular target for molecular imaging to detect
invasive cancer cells as well as playing important and essential
roles (Hotary et al., 2003; Park et al., 2012).

Inorganic nanoparticles (NPs), including gold NPs (GNPs),
magnetic NPs, and quantum dots, have been investigated exten-
sively for nucleic acid-detecting sensors, molecular imaging
probes, and protein purification processes (Lee et al., 2006; Oh
et al., 2006a). Among the inorganic NPs, GNPs are of great interest
because of their effective fluorescence-quenching ability when
fluorescent molecules are located in their vicinity. This quenching
behavior, based on NP surface energy transfer (NSET), gives an
outstanding low signal-to-noise ratio and provides simultaneous
multiple fluorescence quenching effects at differing energies
(Guarise et al., 2006; Lee et al., 2009a; Oh et al., 2006b).

In a previous study, we developed a bimodal imaging nanop-
robe using a magnetic nanocrystal conjugated with a fluorogenic
peptide as a magnetic resonance imaging agent and an infrared
imaging agent simultaneously (Park et al., 2012). However, this

study only focused on the coincident imaging ability of the
nanoprobe and there was no effort to improve the sensitivity of
its MT1-MMP detection level. Additionally, we conducted real-
time quantitative in vitro assays using atomic force microscopy for
MT1-MMP detection, but the detecting process was delicate and
time-consuming (Lee et al., 2012).

Here, we describe the development of a nanoprobe for precise
recognition of MT1-MMP expression levels anchored in invasive
live cancer cells and its proteolytic activity (Fig. 1). For specific
targeting towards MT1-MMP anchored on the cell surface, we
used an activatable fluorogenic peptide (ActFP) that was designed
and synthesized as both a MT1-MMP-specific substrate and a
fluorescence-imaging probe, based on the NSET effect (Fig. S1).

2. Materials and methods

2.1. Characterization of cancer cell

Migration and invasion kinetics of HT1080 and MCF7 cells were
analyzed using the xCELLigence DP system (Roche Diagnostics
GmbH, Germany) (Limame et al., 2012). For monitoring of migra-
tion, cancer cells (HT1080 and MCF7 cells) were seeded in the upper
chamber in serum-free medium at a density of 4�104 cells/well.
The upper chamber was then placed on the lower part of the
CIM-Plate 16 Assembly Tool (Roche Diagnostics GmbH) containing
growth medium supplemented with 10% fetal bovine serum (FBS)
to promote migration across the membrane towards the serum
gradient. Migration of cancer cells was followed for 24 h by
tracking changes in the impedance signal in a CIM plate, measured
on the opposing side of the membrane.

For the invasion assay, protocols identical to those for migra-
tion were followed, except that the upper chamber were loaded
with 20 μL of a 1:20 dilution of Matrigel (BD Biosciences, USA) to
create a 3D biomatrix film in each well prior to cell loading. Each
experiment was performed in triplicates and repeated twice. For

Fig. 1. Schematic illustration of fluorogenic nanoprobes (gold nanoparticles conjugated with activatable fluorogenic peptide, GNP-ActFP) for detection of MT1-MMP
anchored on invasive cancer cells using fluorescence signal and imaging.
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the invasion assay with the broad-spectrum MMP inhibitor
GM6001 (CC1000, Millipore), both GM6001 and DMSO (control)
were added to the bottom and upper chambers of the wells of the
CIM-plate 16 at 20 μM final concentration. The bottom chambers
were filled with complete medium containing 10% FBS as a
chemoattractant.

To investigate the invasion ability of HT1080 cells with siRNA,
HT1080 cells were grown to 50–60% confluence in 2 mL MEM
containing 10% FBS in 6-well plates incubated for 24 h at 37 1C.
Before transfection, the growth mediumwas replaced with serum-
free Opti-MEM medium and incubated at 37 1C for a further 1 h.
Then, the cells were transfected with the siRNA duplexes (Bioneer)
for knockdown of MT1-MMP, 50-CAGGCAAAGCUGA UGCAGAUU
(dTdT)-30, and AccuTarget negative control siRNA (SN-1003, Control
siRNA; Bioneer) at 50 nM final concentration using the Lipofectamine
2000 reagent (11668, Invitrogen, Carlsbad, CA, USA) and Opti-MEM
medium following manufacturer's protocol (Invitrogen). After 5 h of
transfection, the medium was changed to growth medium and cells
were incubated for another 48 h.

2.2. Analysis of expression level of MT1-MMP

Gene expression for MT1-MMP was analyzed using quantita-
tive real-time PCR. Total RNA was extracted from cell lines using
the Ambion mirVana miRNA Isolation Kit (AM1560, Ambion, USA).
Total RNA was converted to cDNA by using High capacity RNA-to-
cDNA kit (4387406, Applied Biosystems, USA) according to the
manufacturer's recommendation. Quantitative real-time reverse
transcription-PCR (1 μg of RNA/sample) was performed using the
Roche LightCycler system (Roche Diagnostics, 20 μL/reaction) for
MT1-MMP. Quantitative RT-PCR was carried out in triplicate using
HiFast SYBR Lo-Rox (Q100240, Genepole, Korea). Thermocycling
conditions were: an initial denaturation step at 95 1C for 10 min,
followed by 45 cycles at 95 1C for 10 s and 60 1C for 30 s. Primer
sequences were designed using the Primer3 software (http://
frodo.wi.mit.edu/primer3/). The forward sequence was TTG-GAC-
TGT-CAG-GAA-TGA-GG and the reverse sequence was GCA-GCA-
CAA-AAT-TCT-CCG-TG. The 2�ΔΔCt method was used to calculate
fold-differences in gene expression, using the gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as a housekeeping reference
gene for data normalization. PCR products were subjected to
melting curve analysis to rule out the synthesis of non-specific
products.

For western blot analysis, cells were washed in ice-cold PBS and
protein extracts of the two cell lines were prepared with lysis
buffer (R2002, Biosesang, Korea) for 20 min at 4 1C. Samples were
centrifuged (10 min, 13,000 rpm). Protein concentrations in the
supernatants were determined with the Bradford assay (Bio-Rad).
For each sample, 20 μg of protein was loaded on a 10% SDS-
polyacrylamide gel, electrophoresed, and transferred to a PVDF
membrane. Each membrane was blocked for 1 h at room tem-
perature with blocking buffer (TBS containing 5% skim milk).
The primary antibody, applied overnight at 20 1C, was an anti-
MT1-MMP antibody (EP1264Y, anti-rabbit, 1:2000, Abcam). Then,
membranes were incubated for 2 h with a HRP-labeled secondary
antibody (NCI1460KR, goat anti-rabbit, 1:4000, Thermo Scientific)
and protein signals were visualized using an automatic X-ray film
processor (TAEAHN TM-300E).

2.3. Preparation of gold nanoparticles (GNPs)

GNPs were prepared as described previously (Lee et al., 2009a).
Briefly, 5 mL of sodium citrate solution (1 wt%) was added to
100 mL of deionized water (DW) in a 250-mL tall beaker on a hot
plate. The solution was heated to boiling point, and then 1 mL of
HAuCl4 solution (1 wt%) was added quickly to the boiling solution.

The solution was stirred for 2 h until the color of the solution
changed from transparent to a red-wine color.

2.4. Preparation of fluorogenic nanoprobes (GNP-ActFP)

The GNPs were conjugated chemically with the activatable fluoro-
genic peptides (ActFPs), which has specific sequence (GPLPLRSWGLK),
were purchased from Peptron, Korea. Thus, 1 mg of ActFPs was
dissolved in 10 mL of phosphate-buffered saline (PBS; pH 7.4). Then,
1 mL of dopamine solution (0.9 mg/mL) was added to the solution
and stirred vigorously for 4 h. 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (1.1 mg) and sulfo-N-hydroxysulfosuccinimide (1.2 mg)
were then added to the solution and the reaction mixture was stirred
for 4 h. Next, 106 μL of the product solution was added to the GNP
solution (106mL) and the reaction was continued at room tempera-
ture in the dark for 6 h.

2.5. Characterization of GNP-ActFP

The hydrodynamic diameter and zeta potential of GNP and
GNP-ActFP were analyzed using dynamic laser scattering (ELS-Z,
Otsuka Electronics, Japan) and the morphology of GNP and GNP-
ActFP were confirmed by transmission electron microscopy
(JEM1011, JEOL, Japan). Additionally, the absorbance and fluores-
cence spectra of GNP, ActFP, and GNP-ActFP were determined
using a UV–vis spectrometer (UV1800, Shimadzu, Japan) and
spectrofluorometer (FP6500, JASCO, Japan). The chemical structure
of the ActFP was analyzed using proton-nuclear magnetic reso-
nance (1H-NMR; JUM-ECP300, JEOL Ltd., Japan) with dideuterium
oxide as the solvent.

2.6. Fluorogenic signals in live cells

The fluorogenic GNP-ActFP was investigated using a microplate
spectrophotometer (Epoch, BioTek, USA) and confocal microscopy
(LSM700, Carl Zeiss, Germany). The cells were seeded on 96-well
assay black plates with clear bottoms (Corning Incorporated) at a
density of 1�104 cells/well and left overnight to attach. Triplicate
wells were used for each determination. Plates were incubated at
37 1C in 5% CO2. Serial two-fold dilutions of GNP-ActFP solution in
phenol red-free growth medium from the stock in the concentra-
tion range 1.6–25.0 fg/mL cell were prepared. The medium in the
wells was replaced with the suspension of GNP-ActFP and the
fluorescence signal was immediately read. To investigate the effect
of incubation time on GNP-ActFP uptake, signals from plates
without incubation and after 10, 20, and 30 min incubation were
estimated. Fluorescence signals were measured at λEx¼495 and
λEm¼520, using a microplate spectrophotometer. The proteolytic
activities of MT1-MMP were determined from the fluorescence
intensity ratio of the value of indicated time to the initial value
when the fluorogenic nanoprobes were measured immediately
and are shown as the average7standard deviation (n¼4).

For fixed cell imaging, autoclaved cover slips are put into each
well of a 4-well plate before seeding the cells in the well. After the
cells are seeded in the wells at a density of 5�104 cells/well, they
were placed in the incubator overnight. Phenol red-free 10% MEM
and 10% DMEM medium was removed and replaced by GNP-ActFP
(150 μL) and culture medium (350 μL) and incubated for 4 h. After
washing with PBS, the nuclei were counterstained with 1 μL
Hoechst in PBS (500 μL) for 30 min. The cells were then washed
with PBS and fixed with 4% paraformaldehyde for 15 min at 4 1C.
The cover slip was placed on a microscope slide and mounted and
visualized using confocal microscopy. For the inhibition test,
100 μM of GM6001 (1 mg/mL, galardin or ilomastat; Calbiochem)
was used to pretreat, to block MT1-MMP on the cell surface. After
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30 min, the solution was washed away three times and fluores-
cence images were obtained using confocal microscopy.

2.7. In vitro uptake study

An in vitro uptake study of GNP-ActFP was conducted using
transmission electron microscopy (TEM, JEM-1011, JEOL Ltd.). For
sample preparation, HT1080 and MCF7 cells (1�106) were incubated
with GNP-ActFP (25.0 fg/mL cell) for 30 min at 37 1C. After incubation,
cells were washed three times with blocking buffer (0.03% bovine
serum albumin, 0.01% NaN3 in PBS), and fixed for resin-section TEM
according to the standard fixation and embedding protocol used
previously (Cho et al., 2011). Sectioning was conducted using an
ultra-microtome (Leica Microsystems, Austria).

2.8. Characterization of cancer cells

The cell viabilities of HT1080 and MCF7 cells with GNP-ActFP
were quantified by a colorimetric assay based on the mitochon-
drial oxidation of 3-(4,5-dimethylthiazoly-2)-2,5-diphenyltetrazo-
lium bromide (MTT) (Cell Proliferation Kit I, Roche, Germany). In a
typical cell viability experiment, HT1080 and MCF7 cells (1�104

cells/well) were seeded in 96-well plates and incubated at 37 1C in
a 5% CO2 atmosphere. The cells were incubated for 2 h with GNP-
ActFP, and then the yellow MTT solution was treated, and the
formazan crystals formed were solubilized with 10% sodium
dodecyl sulfate in 0.01 M HCl. Then, the absorbance of the
resulting colored solution was measured at 584 nm and at
650 nm as a reference using a microplate spectrophotometer
(Epoch, BioTek, USA). Cell viability was determined from the
intensity ratio of treated to non-treated control cells and is shown
as the average7standard deviation (n¼4).

3. Results and discussion

First, we hypothesized that invasiveness of cancer cells would
correlate with expression levels of specific biomarkers, such as
MT1-MMP. We thus carried out characterization experiments for
cancer cells by migration and invasion assays, and polymerase
chain reaction (PCR). We conducted migration and invasion assays
for two kinds of cancer cells (MT1-MMP-normal HT1080 cells and
MT1-MMP-deficient MCF7 cells) to investigate their invasiveness
in 24 h (Fig. 2). In the migration assay, both cells migrated from
serum-free medium towards fetal bovine serum (FBS)-containing
medium because of the gradient in serum concentration, but

HT1080 cells migrated more than MCF7 cells, about 2.7-fold.
Furthermore, in the invasion assay, HT1080 cells exhibited aggres-
sive invasiveness through a biomatrix film, while MCF7 cells
scarcely passed through the film.

Next, for the analysis of expression levels in each cell line, we
conducted western blotting. As shown in Fig. S2, MT1-MMP is
expressed more in HT1080 cells than MCF7 cells. We also conducted
real-time PCR to investigate expression levels of MT1-MMP in HT1080
and MCF7 cells (Fig. S2). We selected a control gene, β-actin, in the
western blot analysis and the glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) gene in the real-time PCR because the β-actin and
GAPDH genes are uniformly expressed within most cells and are
hardly altered by drugs or other chemical agents (Barber et al., 2005).
The relative expression levels of MT1-MMP, compared with GAPDH,
were calculated using the 2�ΔΔCt equation for each cell line, and the
expression level of MT1-MMP on HT1080 cells was higher than on
MCF7 cells, by about 20-fold. These results are agreed with previous
published report (Chernov et al., 2009). Additionally, we conducted
invasion assays using theMT1-MMP inhibitor GM6001 (Fig. S3a) and a
MT1-MMP small interfering ribonucleic acid (siRNA) (Fig. S3b) to
investigate the specific relationship between MT1-MMP expression
and the invasiveness of cancer cells. GM6001 was initially dissolved in
dimethyl sulfoxide (DMSO), and an invasion assay using DMSO was
also conducted as a control. The concentration of DMSO and GM6001
was 20 μM, and that much DMSO is known to be non-cytotoxic, as
mentioned in a previous report (Knopfova et al., 2012). In the invasion
assay using GM6001, the cells incubated with DMSO alone were more
invasive than those incubated with GM6001, by about 1.4-fold. On the
other hand, in the case of the invasion assay using siRNA, cells
transfected with MT1-MMP siRNA were less invasive than those
transfected with the negative control siRNA, by about 1.8-fold. These
results were also agreed with previous reported paper (Sounni et al.,
2010). After the invasion assay with the siRNA, we analyzed mRNA
expression levels in HT1080 cells using real-time PCR (Fig. S2). The
cells transfected with the negative control siRNA showed higher
mRNA expression levels than those transfected with MT1-MMP siRNA,
about 2.1-fold. These results indicate that the expression level of the
specific biomarker, MT1-MMP, for cancer cells indicated the invasive-
ness and metastatic ability of the cancer cells.

For the sensitive detection of MT1-MMP, anchored on invasive
cancer cells, we formulated nanoprobes based on GNP conjugated
with ActFP, which is used as a specific targeting moiety for the
sensitive detection of MT1-MMP on HT1080 cells. To achieve efficient
quenching of ActFP and affinity for MT1-MMP, we used a fluorescent
dye, fluorescein isothiocyanate (FITC) and the peptide sequence FITC-
GPLPLRSWGLK (Fig. S1). For specific conjugation of ActFP to GNPs,

Fig. 2. (a) Invasion assay and (b) migration assay for HT1080 and MCF7 cells as a funtion of time.
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a bio-inspired adhesive molecule, dopamine, was used to immobilize
ActFP on the surface of GNPs, and we confirmed ActFP conjugated
with dopamine using 1H-NMR (Fig. S4). As shown in Fig. S4, the
characteristic peaks of ActFP, due to the hydrocarbon, hydrogen of
amine group, and hydrogen of hydrocarbon, were observed at 1.1, 1.9,
and 3.1 ppm. These characteristic peaks of ActFP were also detected
in GNP-ActFP. These results indicate that GNP was successfully
enveloped in ActFP. GNPs, as a transporter of ActFP and a FITC
quencher, were synthesized by a chloroauric acid-mediated reduc-
tion method (Lee et al., 2009a). After the conjugation of ActFP to
GNPs using dopamine (10 ActFPs/GNP), GNP-ActFP did not show
aggregation or precipitation (Fig. 3a). Moreover, the colloidal size of
GNP-ActFP was measured (45.371.5 nm) using dynamic laser scat-
tering, which showed it was slightly larger than bare GNPs
(37.370.9 nm), presumably because of the conjugation of ActFP.
Furthermore, GNP-ActFP exhibited a surface charge of �18.972.3
mV, a more negative surface charge than bare GNPs (�4.271.9 mV),
due to the conjugation of anionic ActFP (Fig. 3b and Fig. S5). The
morphology of GNPs and GNP-ActFP were confirmed by transmission
electron microscopy (TEM; inset in Fig. 3a). The absorbance spectra
of GNPs, ActFP, and GNP-ActFP are shown in Fig. 3c, and the
absorbance spectra of GNPs and GNP-ActFP were almost same;
however, the spectrum of GNP-ActFP was slightly red-shifted from

the absorbance spectrum of GNPs. The fluorescence spectra were also
measured and a fluorescence signal was only detectable for ActFP
(Fig. 3d). In the cases of GNP and GNP-ActFP, no fluorescence signal
was observed. Collectively, these results indicate that ActFP was
successfully conjugated with GNPs. We next carried out stability test
of GNP-ActFP using deionized water and cell culture medium for
7 days. As you can be seen in Fig. S6, the maximum wavelength of
absorbance spectra and size for the GNP-ActFP were maintained for
7 days independent of type of solvent. The fluorescence property was
also maintained during same period. Therefore, we were able to
conclude that GNP-ActFP was stable at least during 7 days.

To investigate the proteolytic activity of MT1-MMP, as a substrate
GNP-ActFP was exposed to live HT1080 and MCF7 cancer cells at
various concentrations of ActFP. The biocompatibility of GNP-ActFP
was also investigated using HT1080 cells expressing endogenous
MT1-MMP and MCF7 cells, as a control. We found that GNP-ActFP
was not toxic up to 25.0 fg/mL cell (Fig. S7), so we conducted the
fluorogenic study in live cancer cells using this concentration. For
HT1080 cells, the fluorescence intensities of ActFP increased as
concentrations of ActFP increased, from 1.6 to 25.0 fg/mL cell. How-
ever, for MCF7 cells, the fluorescence intensities were almost constant,
regardless of the concentration of ActFP and the fluorescence inten-
sities increased slightly (Fig. 4a and b). As shown in Fig. 1c, MCF7 cells

Fig. 3. (a) Photograph of GNP, and GNP-ActFP. Inset shows TEM images of GNP (left) and GNP-ActFP (right). All scale bars are 25 nm. (b) Size (bar) and zeta potential (line-
scatter) of GNP and GNP-ActFP. (c) Absorbance spectra of GNP, ActFP, and GNP-ActFP. (d) Fluorescence spectra of GNP, ActFP, and GNP-ActFP.
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also exhibited slight expression of MT1-MMP, so low fluorescence
signals were detected. Moreover, when the inhibitor (GM6001) was
co-administered with GNP-ActFP to HT1080 cells, no increase in
fluorescence signal was observed, due to the blocking of the proteo-
lysis of MT1-MMP by GNP-ActFP (Fig. 4c). For quantitative compar-
isons of each condition, the slopes of fitted lines are shown in Fig. 4d.
Additionally, we conducted a fluorogenic study in live cancer cells
treated with GNPs alone and ActFP alone (Fig. S8) as controls; in
neither case was any fluorescence signal detected. We also carried out
fluorogenic study using human umbilical vein endothelial cell
(HUVEC). As shown in Fig. S9, in the case of the HUVEC cell line, the
fluorescence intensity was almost same for the wild type MCF7 cell
line. These results indicated that GNP-ActFP can sensitively detect
proteolytic activity with MT1-MMP in invasive, live cancer cells.

To evaluate their value as optical imaging agents for prepared GNP-
ActFP induced with MT1-MMP, confocal microscopic images of
HT1080 and MCF7 cells treated with GNP-ActFP and HT1080 cells
co-treated with its inhibitor and GNP-ActFP were obtained (Fig. 5).
After 4 h, incubated HT1080 cells treated with GNP-ActFP, cellular
fluorescence from FITC was detected in the cytoplasm. In contrast,
neither of the other conditions (MCF7 cells treated with GNP-ActFP
and HT1080 cells co-treated with GNP-ActFP and inhibitor) showed
any significant FITC fluorescence signal, even after 4 h of incubation,

reflecting the high specificity and sensitivity of GNP-ActFP for MT1-
MMP-expressing cancer cells. To further confirm the specific detection
of proteolytic activity for MT1-MMP, we also investigated confocal
microscopic images of HT1080 cells treated with GNPs alone and
ActFP alone (Fig. S10), and we confirmed that there were detectable
FITC fluorescence signals.

These results indicate that GNP-ActFP has potential as a
fluorescence imaging agent specifically for detection of MT1-
MMP-expressing invasive cancer cells. After the study of proteo-
lytic activity, we performed a cellular uptake study using cellular
TEM imaging to confirm the endocytosis of GNP-ActFP. The cellular
TEM images clearly showed that GNP-ActFP was predominantly
localized within the cytoplasm (Fig. 6 and Fig. S11), likely due to
the uptake of GNP-ActFP by MT1-MMP-mediated endocytosis. As
shown in Fig. 6, a number of GNP-ActFPs are clearly distributed in
the cell. This internalization of GNP-ActFP is induced by MT1-MMP
mediated endocytosis. Although the MT1-MMP is expressed on
the cell surface, GNP-ActFP is internalized by MT1-MMP mediated
endocytosis. These results suggest that the uptake of GNP-ActFP by
MT1-MMP mediated endocytosis is successfully occurred. Subse-
quently, ActFP containing FITC is cleavage from GNP, and conse-
quently, the FITC fluorescence signal was generated from the
cytoplasm of the cells.

Fig. 4. Relative fluorescence intensities of cancer cells treated with GNP-ActFP as a function of time in each concentration for (a) HT1080 and (b) MCF7, and (c) HT1080 plus
inhibitor (GM6001). (d) Proteolytic activity values according to concentration in each condition.
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4. Conclusions

In conclusion, we have developed MT1-MMP-targetable fluoro-
genic nanoprobes, based on gold nanoparticles, for the simultaneous
detection of the expression level and proteolytic activity of MT1-MMP

anchored on invasive cancer cells. We showed that the expression
level of a specific biomarker, MT1-MMP, is one way of monitoring the
metastatic ability of cancer cells. Monitoring MT1-MMP as a target
biomarker for molecular imaging provides a matched imaging signal
for the detection of invasive cancer cells and early metastatic cancer.

Fig. 5. Confocal microscopic images for HT1080 cells, MCF7 cells and HT1080 cells plus inhibitor treated with GNP-ActFP. All scale bars are 20 μm. Nucleus (blue, DAPI) and
MT1-MMP (green, FITC). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Cellular transmission electron microscopic images for HT1080 cells treated with GNP-ActFP in 30 min. Scale bar are 10,000� : 2 μm, 50,000� : 500 nm, and
100,000� : 200 nm, respectively. The black rectangular means magnified part. The black arrowheads mean GNP-ActFP, and the red arrows mean endosome. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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A MT1-MMP-specific peptide sequence (GPLPLRSWGLK) was, thus,
designed and synthesized to provide fluorogenic activity in combina-
tion with a fluorescent dye (FITC) and a quencher (GNP) to induce a
NSET effect. We believe that the enzyme-detectable nanoprobes
developed may be useful to increase the sensitivity and specificity
of detecting invasive cancer cells in the early diagnosis and prognosis
assessment of cancer.
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