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A Near-Infrared-Fluorescence-Quenched Gold-Nanoparticle Imaging
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Nanoscale fluorescence optical imaging probes are paving the
way for novel methods to sense and spot live molecular
targets.!] Various probes have been developed, including
semiconductor quantum dots,”) magnetofluorescent nano-
particles,”! polymer conjugates,’! nanocomplexes,” and gold
nanoparticles (AuNPs).! The application of conventional
fluorescent probes is limited because they generally display
only modest fluorescence changes, thus providing insufficient
resolution. The limited degree of resolution is mainly
attributed to the low fluorescence-quenching efficiency and
specificity of the probes. Therefore, a high quenching
efficiency and specific recognition properties by the target
biomolecules are essential for the development of super-
sensitive fluorescence-based probes. Among the diverse
candidates, biocompatible AuNPs(! offer a considerable
advantage in obtaining optical images through their near-
infrared-fluorescence (NIRF) quenching properties. Chro-
mophores in close proximity to AuNPs experience strong
electronic interactions with the surface, which results in
donation of excited electrons to the metal nanoparticles and
almost perfect quenching of the fluorescence.”®! However, the
use of AuNP probes for in vivo visual biomolecular detection
and real-time fluorescence tomography remains to be
explored.
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Herein, we describe the development of a protease-
sensitive self- and AuNP-quenched NIRF probe. Proteases—
or their inhibitors—are mainly involved in cancer, inflamma-
tion, and vascular disease.”’] Sensitive, convenient, and
accurate protease-detection systems constitute a crucial tool
for the development of drug-screening systems and the early
diagnosis of diseases, such as cancer. The most common
detection method for protease activity is the use of small
peptide substrates containing chromophores at their termini.
We previously reported protease- and kinase-activating
sensory systems based on the fluorescence resonance energy
transfer (FRET) properties of NIRF Cy or isothiocyanate
dyes.* Although these systems are sensitive, their applica-
tions are limited because of the modest fluorescent changes
(which are too weak to be used in vivo). Therefore, a decrease
in the noise intensity of the quenched state—to an undetect-
able level—is required to maximize the fluorescent changes
and achieve an efficient in vivo detection of small amounts of
protease. Herein, we propose an alternative, simple, robust,
and one-step optical fluorescence nanoprobe to be used in:
1) inhibitor drug screening, 2) the detection of target pro-
teases, and 3) the early diagnosis of cancer.

The system Cy5.5-substrate/AuNP is believed to induce a
strong multi-quenched state, because the AuNPs serve as
ultra-efficient quenchers of the molecular excitation energy in
a chromophore through their surface-energy-transfer proper-
ties,”*! and the Cy5.5 dye, loaded onto the AuNP surfaces,
can be self-quenched as a result of a combination of the static-
quenching and FRET mechanisms.'”’- When the target
proteases meet functionalized AuNP probes, cleavage of the
Cy5.5-substrate occurs as a consequence of the specific
substrate recognition by the protease. This cleavage is
manifested in the form of a pronounced NIRF signal recovery
caused by dequenching of the NIRF dyes (Figure 1A). To
demonstrate the utility of our rationale, we developed a
matrix metalloprotease (MMP) fluorescence imaging probe
based on AuNPs. MMPs are a family of zinc-dependent
endopeptidases that play key roles in several biological
processes."!l In particular, because of their significant role
in promoting cancer progression, MMPs have become
important targets for new drug development and in vivo
tumor diagnosis.

We prepared AuNPs (20 nm) stabilized with a Cy5.5-
substrate, namely, Cy5.5-Gly-Pro-Leu-Gly-Val-Arg-Gly-Cys-
(amide), where the core-specific substrate, that is, Pro-Leu-
Gly-Val-Arg, shows selectivity for MMP (see the Supporting
Information).*®! Transmission electron microscopy (TEM)
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Figure 1. A) The MMP-sensitive AuNP probe. B) TEM image of the
AuNP probe. C) UV/Vis spectra of AuNP, AuNP-probe, and Cy5.5-
substrate solutions. D) Bright and NIRF image of vials containing
AuNP, AuNP-probe, and Cy5.5-substrate solutions. E) Bright and NIRF
image sections of a 96-well microplate containing 0, 2.7, 7, 14, and
27nm of the AuNP probes (left to right) with and without DTT.

images reveal uniform functionalized AuNPs with an average
size of about 20 nm (Figure 1B). The AuNP-probe solutions
were analyzed by means of UV/Vis spectroscopy, thereby
exhibiting plasmon bands for the AuNPs and Cy5.5 (Fig-
ure 1C). The AuNP probes were well dispersed in the
reaction buffer (composed of 100mm Tris, 5mm calcium
chloride, 200mm NacCl, 0.1 % Brij, and 0.02% poly(ethylene
glycol) (PEG) M, 20kDa), and the NIRF signals were
completely quenched when visualized with a Kodak image
station 4000MM equipped with filter systems for Cy5.5
(Figure 1 D). The quenching properties of the AuNP probes
were also visualized using the Kodak image station. As shown
in Figure 1E, increased concentrations of the AuNP probes in
the wells did not affect the background NIRF signal.
However, addition of 1,4-dithiothreitol (DTT) caused a
displacement of the Cy5.5-substrate from the AuNPs, which
resulted in an enhanced NIRF-signal recovery that was
dependent on the AuNP-probe concentration. Furthermore,
fluorescence titration was conducted (using a spectrofluor-
ometer) to determine the amount of Cy5.5-substrate bound to
the AuNP surface. The NIRF intensity of Cy5.5 was calibrated
and the concentration of bound Cy5.5-substrate was deter-
mined from known concentrations of DTT-treated AuNPs.
DTT displacement of the Cy5.5-substrate from the AuNPs
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resulted in a significant (about 120-fold) increase of the NIRF
signals. We estimated concentrations of 114 + 3 molecules of
Cy5.5-substrate per AuNP. The quenching efficiency
(QE, [%)]) of the AuNPs was calculated by using the formula:
100x (1-8), where B is the ratio of fluorescence of the
quenched-to-completely dequenched state. The QE of a
single AuNP was calculated to be 99.17 £ 0.12.

The enzyme selectivity of the AuNP probes was evaluated
in vitro by incubation in a cuvette containing the reaction
buffer and 14 nmol L ! of activated MMP-2, MMP-3, MMP-7,
MMP-13, MMP-2 containing AuNP probes decorated with a
Cy5.5-scramble peptide (containing the same peptide in a
different sequence) or MMP-2 with an inhibitor. After
incubation for 120 min with the respective enzymes and the
inhibitor (at 37°C), the NIRF emission signals of the samples
were measured at a fixed excitation wavelength of 675 nm.
Simultaneously, each sample was moved to a 96-well micro-
plate and directly placed in the Kodak image station. As
shown in Figure 2 A, B, the AuNP probes were able to recover
strong NIRF signals against various MMPs (approximately
13.9, 12.2, 16.5, and 24.4-fold for MMP-2, -3, -7, and -13,
respectively). In contrast, no NIRF signals were recovered
upon exposure of the AuNP probes containing the scramble
control substrate to purified MMP-2. Furthermore, recovery
of the NIRF signals by the AuNP probes was strongly
disrupted (3.3-fold) in the presence of the MMP-2 inhibitor.
Among the various MMPs, measurements were performed
using the same experimental setup with different concentra-
tions of activated MMP-2 (namely, 1, 3, 7, and 14 nmolL ™",
see Figure 2C). A proportional relationship was observed
between the MMP-2 concentration and the recovered NIRF
signal. Furthermore, this procedure can be simply visualized
as NIRF images (Figure 2 D), which supports the effective use
of the AuNP probes for the quantitative and visual analysis of
the activity and function of protease. The degradation
susceptibility of bound Cy5.5-substrate decreased as a result
of the steric-hindrance induced by the bulky AuNPs.[* It was
calculated that 28.45+1.51% of the NIRF signals were
recovered by MMP-2 from the total bound peptide on the
AuNPs. We then examined the potential biological toxicity of
the AuNP probes. Our in vitro cellular toxicity studies showed
that in terms of biocompatibility, the AuNP probes are
nontoxic (see the Supporting Information). However, the
in vivo chronic toxicity of the probes must be thoroughly
investigated because larger AuNPs (with sizes above 5.5 nm)
could not be efficiently cleared by renal excretion in previous
studies.['

Mice bearing SCC7 tumors (SCC7: squamous cell carci-
noma, MMP-2 expression in the tumor cell lines) were
selected as the animal model. The SCC7 cell lines were used
because of the higher MMP-2 expression (observed by means
of zymography) relative to that of the putative MMP-2-
overexpressing cell lines, HT1080™ (see the Supporting
Information). In vivo imaging of subcutaneous-SCC7-tumor-
xenografted mice was performed at 30, 60, 120, and 240 min
after injection of the AuNP probes (with and without MMP-2
inhibitor) using the preclinical optical imaging system
eXplore Optix (ART, Montreal, Canada), which was config-
ured for NIRF probe detection (excitation and emission at
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Figure 2. A) NIRF emission spectra of AuNP probes in the presence of various stimuli (14 nmolL™" of
activated MMP-2, -3, -7, -13, and MMP-2 with inhibitor) following incubation for 120 min at 37°C.

B) Fluorescence intensity of an AuNP probe as a function of time at 37°C. C) Fluorescence emission
spectra of AuNP probes in the presence of various concentrations of MMP-2 following incubation for
120 min at 37°C. Inset: MMP-2 standard curve. D) Corresponding bright and NIRF image sections of a
96-well microplate of the AuNP probes containing various stimuli (top) and MMP-2 concentrations

of tumor-bearing mice, the
AuNP probes produced a high
NIRF signal intensity, thus ena-
bling clear visualization. How-
ever, tumor contrast was sig-
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nificantly reduced when the
MMP-2 inhibitor was adminis-
tered 30 min before injection
of the AuNP probe.

To further characterize the increased NIRF signals
in the tumor region, the tumors were excised and
analyzed using a Kodak image station (Figure 3B). The
total NIRF signal of the tumors excised from the
animals treated with the AuNP probes was stronger
than that of the inhibitor-treated animals, which is
consistent with the invivo imaging data. Next, we
analyzed selected tumor sections (Figure 3C). Hema-
toxylin/eosin and anti-MMP-2 antibody staining
revealed the presence of multiple mitotic figures in
the proliferating SCC7 carcinoma as well as a strong
MMP-2 expression in the SCC7 tumors. The results of

Figure 3. A) NIRF tomographic images of normal and subcuta-
neous-SCC7-tumor-bearing mice after injection of the AuNP

intensity). B) NIRF images of excised AuNP-probe-treated SCC7
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slices of the image from (A) reconstructed in the z direction
(blue: low concentration, red: high concentration). E) Quantita-
tive image analysis performed by counting the total number of
photons in the tumors as a function of time.
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NIRF imaging were confirmed by means of fluorescence
microscopy, which revealed a significant difference between
the two groups. Furthermore, images were constructed
showing the intensity in slices cut along the z axis (Figure 3 A)
and represented in the form of 2D slices (Figure 3D). The
total photon counts in tumoral and normal tissues as a
function of time for each case are depicted in Figure 3E. An
increased NIRF intensity ratio between the tumoral and
normal tissues (T/N) was detected as early as 30 min after
injecting the AuNP probes. This ratio gradually increased (up
to 7.0 £0.6 at 240 min), whereas the inhibitor-treated tissue
presented a significantly reduced T/N value (of 2.5+0.3).
Unfortunately, intravenously injected AuNP probes did not
show increased NIRF signals in the tumor region. Moreover,
it has been reported that intravenously injected AuNPs with
larger sizes (that is, greater than 5.5nm) may lead to
precipitation and clearance from the bloodstream because
of uptake by the liver.'>"! Therefore, we are currently
undertaking measures to further improve the AuNP probes
by reducing the size of the antibiofouling surfaces and the
tumor targeting moieties. Our results collectively confirm the
feasibility of using the new AuNP probes for the in vitro and
in vivo detection and visualization of targeted MMP-2—
following intratumoral injection—in MMP-2-positive tumor-
bearing mice.

The AuNP-based multi-quenched NIRF probes allow a
simple visual monitoring of the activities of both protease and
the inhibitor (in vitro and in vivo). Moreover, this platform
can be applied to any target protease by using the appropriate
peptide substrate spacer. Our AuNP-based fluorescent-probe
system does not require expensive instrumentation and is able
to identify target proteases in a rapid and efficient fashion—
both in vitro and in vivo. The outstanding properties of this
system highlight its potential as a novel molecular imaging
probe.
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