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We present novel active targeting luminescent gold nanoclusters
(AuNCs), which are prepared through a one-pot procedure by using
a pentapeptide (CRGDS) for stabilization and tumor recognition.
CRGDS—AuNCs exhibit a high tumor-specific retention with an
exceptionally high tumor-to-liver uptake ratio of 9.3. Their small
hydrodynamic diameter and zwitterionic surface facilitate urinary
excretion, which reaches 82% within 24 h after injection.

Tumor-targeting fluorescence imaging presents a fast, highly
sensitive, and noninvasive method for tumor diagnosis; it stands
out, in particular, in the detection of small lesions.! In clinical
practice, this method is being applied for the identification and
localization of precancerous and cancerous tissues as well as for
image-guided therapy.”

In order to achieve a good visualization of the tumor
area, a wide range of fluorescent nanomaterials, including rare
earth-containing upconversion nanoparticles,>* semiconductor
quantum dots,>” carbon nanomaterials,® and noble metal
nanoclusters,” > have been explored as exogenous fluoro-
phores. Among these, small gold nanoclusters (AuNCs) have
attracted prime attention due to their ultra-small size, good
biocompatibility, and extraordinary stability.'®® While passive
targeting AuNCs suffer invariably from low tumor specificity
and the associated cytotoxic effects,"""*”7° the introduction
of active tumor-targeting elements requires post-synthetic
ligand modification. Unfortunately, tethering with recognition
motifs leads to large hydrodynamic diameters (HDs) which in
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turn results in poor renal clearance as well as high in vivo
toxicity - offsetting the original size advantages of AuNCs.>*!7°
The present challenge in medical diagnostics lies in the develop-
ment of novel nanomaterials which display both high tumor
specificity and efficient urinary excretion (see the ESIt). Herein,
we present novel active tumor-targeting AuNCs, which meet
these requirements.

We used the pentapeptide Cys-Arg-Gly-Asp-Ser (CRGDS,
Scheme 1) as the stabilizing and tumor-guiding ligand. This
short peptide offers not only a side-chain thiol residue as an
anchor for the Au clusters but also a binding domain (RGDS).
The short peptide structure proved to be stable under the employed
AuNC synthesis conditions, consistent with the subsequent
characterization of the formed nanoclusters (size, distribution,
surface charge) and the activity profiles (tumor cell targeting).
RGDS recognizes o,f; integrins, which are over-expressed in
both tumor and angiogenic endothelial cells.*’*° The novel
one-pot synthetic strategy not only simplifies the preparation
of active targeting AuNCs, but also ensures sufficiently small
HDs to facilitate renal clearance and to retain low in vivo
toxicity. Interestingly, although an internal cysteine residue
has been considered crucial for stabilization through peptide
modification,?” the attachment through the terminal cysteine
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Scheme 1 Direct synthesis of tumor-targeting AuNCs by using a multi-
functional peptide for stabilization and tumor recognition.
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Fig. 1 Characterization of CRGDS—-AuUNCs. (A) HRTEM image of CRGDS—
AuNCs; the scale bar in the inset is 2 nm. (B) Size distribution of CRGDS-
AuNCs. (C) UV-Vis absorption spectrum of CRGDS-AuUNCs; the inset shows a
photograph of CRGDS—-AuUNCs dispersed in different media. (D) Fluorescence
excitation (left) and emission (right) spectra of CRGDS—-AUNCs. The inset
shows an image of an aqueous CRGDS—-AUNC suspension under UV light.

residue afforded orange-emitting CRGDS-AuNCs which could
be stored for 3 months without detectable changes in their
dispersity and fluorescence properties (Fig. S1, ESIt). Their
morphology and size distribution were characterized by high-
resolution transmission electron microscopy (HRTEM) and
dynamic light scattering (DLS, Fig. 1A and B). The results
showed good dispersity and homogeneous size distribution.
The average diameter of the gold cluster core was found to be
1.76 + 0.26 nm by HRTEM, similar to the value reported for
protein- and peptide-protected AuUNCs.">'7'***?72° The HD value,
which measures also the size of the protective bioorganic layer
and which is most relevant for biocompatibility, was measured by
DLS. The resulting value, 3.23 £+ 0.30 nm, was indeed much
smaller than the values obtained for previously fabricated
active targeting AuNCs through postsynthetic ligand modifica-
tion (6-120 nm).>*>° Most importantly, the HD value falls
below the kidney filtration threshold of ca. 5.5 nm,"* a pre-
requisite for clinical applications requiring efficient and rapid
excretion, such as short-term exposure in the course of medical
diagnosis.

We used the pentapeptide recognition sequence CRGDS not
only due to its small size but also due to its zwitterionic character,
with a negative aspartate charge being balanced by a positive
arginine one (Scheme 1). Nanoparticles carrying multiple cationic
or anionic charges under physiological conditions - instead of
being rapidly excreted — are known to bind to serum proteins,
resulting in nonspecific accumulation in organs of the reticulo-
endothelial system (RES) and potential long-term toxicity.'®
Expectedly, the zwitterionic character of the ligating peptide
translated into an essentially neutral surface charge of CRGDS-
AuNCs (a zeta potential of 0.2 + 0.3 mV, measured in
phosphate-buffered saline, PBS), which should further facilitate
renal clearance and lower their potential RES toxicity.
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Critical for the intended applications are the optical proper-
ties of CRGDS-AuUNCs (Fig. 1C and D). The absorption spectra
showed an onset at 500 nm but no surface plasmon resonance
peak at 520 nm, as expected for small cluster sizes below
2 nm.?® The fluorescence emission spectra showed a maximum
at 606 nm with a shoulder at 640 nm as well as a sizable
quantum yield of 1.8%. CRGDS-AuNCs disperse well in water,
PBS, and cell medium without obvious agglomeration. In regard
to photostability, control experiments with the widely used fluor-
escein dye FITC (250-second continuous laser irradiation) showed
that the fluorescence intensity of CRGDS-AuNCs remained above
80% of their initial value while that of FITC had already decreased
sharply, below 30% (Fig. S2, ESIY).

With the pre-requisites for efficient renal clearance (small
HD, neutral surface charge) and those for fluorescence detection
(red emission, sizable quantum yield, and high photostability)
being met, we proceeded to investigate the biocompatibility and
biofunctionality. First, the cytotoxicity of CRGDS-AuNCs was
evaluated by cell viability assays using HeLa and MCF-7 cells
(Fig. S5, ESIY). Since their proliferation remained at a constant
level after 12 h or 24 h incubation, even at very high CRGDS-
AuNC concentrations (up to 500 pg mL™ "), no indications of
significant cytotoxicity could be obtained.

The active targeting properties of CRGDS-AuNCs as well as
their specificity were studied by confocal microscopy using five
different cell lines. As shown in Fig. 2, after incubation with
CRGDS-AuUNCs (300 pg mL™") for 5 h, all four o,B; integrin-
positive tumor cell lines (A549, HeLa, HepG-2, and U87) displayed
bright fluorescence signals, whereas no significant signal was
observed in the o,fB; integrin-negative cell line (MCF-7). The
qualitatively different response immediately confirmed the
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Fig. 2 Cell-labelling experiments. (A) Confocal laser scanning microscopy
images of different cancer cell lines incubated with CRGDS—-AuUNCs
(300 pg mL™Y at 37 °C for 5 h. The scale bar is 20 pm, Aex = 405 nm.
(B) Quantitative uptake of CRGDS—AUNCs by cancer cells. Data are displayed
as mean =+ standard deviation with n = 3. **P < 0.01, ***P < 0.001.
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specific recognition ability at the cellular level and indicated an
active rather than a passive targeting pathway.

The magnified images of U87 and HepG2 cells revealed a
typical endocytotic localization of CRGDS-AuUNCs in the cell
cytoplasm (Fig. S4, ESIt). The quantitative fluorescence analysis
of HeLa (+) and MCF-7 (—) cells after different incubation times
also revealed that the signal in MCF-7 cells remained negligible,
while that in HeLa increased strongly with time (Fig. S3, ESIY),
which is again consistent with an enhanced cellular uptake
through an active targeting mechanism. Active uptake was corro-
borated through a competition experiment in which the staining
by CRGDS-AuNCs was followed in the presence of excess free
CRGDS peptide as a competitor for a,B; integrin in U87 (+) cells.
Only in the absence of the free peptide did the cells produce the
desired fluorescence signal, which demonstrates the competition
of both - free and ligated — pentapeptide sequences for the same
recognition site: o, f3; integrin. Accordingly, CRGDS-AuNCs actively
target tumor cells through o,f3; integrin-mediated endocytosis.

In view of the low cytotoxicity and favorable active tumor-
targeting properties, we proceeded to in vivo imaging experi-
ments with CRGDS-AuNCs in HeLa and U87 tumor-bearing
nude male mice. As shown in Fig. 3A, B and Fig. S6 (ESIt)
strong fluorescence emission was observed at the tumor site
(indicated by circles) just 30 min after injection. Within the
next 6 hours, the fluorescence intensity increased gradually and
the tumor area became better defined. Subsequently, the signal
remained relatively invariant at a high level for ca. 24 h, while
strong fluorescence was also readily observed in the bladder,
indicating rapid renal clearance of the AuNCs. The urinary
excretion profile of CRGDS-AuNCs was further investigated in
C57 mice. The fluorescence of AuNCs appeared in the urine just
40 min after injection. The total number of excreted CRGDS-
AuNCs was calculated as the sum of the fluorescent components
in the urine and was fit with an exponential curve to determine
the kinetics of renal clearance (Fig. 3C)."”***° We found a urine
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Fig. 3 (A) In vivo fluorescence images of Hela tumor-bearing nude mice
after intravenous injection of CRGDS—AuUNCs. Red circles indicate the
tumor sites. (B) Quantification of fluorescence intensity of tumor sites; data
are displayed as mean =+ standard deviation with n = 3. (C) The urinary
excretion profile of CRGDS—-AuUNCs and the associated exponential fit
(mean + standard deviation, n = 9, three mice, three technical replicates
per time point).
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half-life of ca. 2 h in C57 mice, that is, more than 80% of
the CRGDS-AuNCs were excreted within 24 h. This efficient
urinary clearance profile is in good agreement with the renal
filtration threshold reported for extremely small inorganic,
metal-containing nanoparticles.*

The observed tumor retention times of up to 24 h and the
efficient renal clearance are ideal for potential clinical applications."”
Until now, only low molecular-weight probes can compete with
small AuNCs in terms of their renal clearance efficiency, but the
integrin-binding ability of CRGDS-AuNCs prolongs their tumor
retention time, as desired.

The bio-distribution of CRGDS-AuNCs in vital organs and
tumor tissue removed 24 h after intravenous injection was
characterized by ex vivo imaging. As shown in Fig. 4A, a very
strong fluorescence signal is found in the tumor tissue, indicating
that CRGDS-AuNCs have significant targeting capability in the
systemic circulation for the deposition in the tumor. Meanwhile,
the kidney also afforded a very strong signal, fully in line with
the highly efficient renal clearance. The CRGDS-AuNC uptake
into other vital organs was much less (Fig. 4B), which is
consistent with the in vivo imaging results. It is important to
note that the liver shows a negligible fluorescence signal, which
suggests that CRGDS-AuNCs can by-pass the first-pass extrac-
tion from the RES as a consequence of their efficient urinary
excretion. Strikingly, the tumor-to-liver uptake ratio of CRGDS-
AuNCs 24 h after intravenous injection was found to be 9.3,
much higher than the values previously reported for tumor-
targeting AuNCs (range of 1-3, both for passive targeting and
active targeting).'™'*177202630 Experiments with U87 tumor-
bearing nude mice showed that even 48 h after intravenous
injection, the tumor-to-liver uptake ratio of CRGDS-AuNCs was
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Fig. 4 (A) Ex vivo fluorescence images of organs and tumors removed
from Hela tumor-bearing mice 24 h after intravenous injection of CRGDS -
AuNCs. Upper row, from left to right: heart, liver, spleen, and lung; lower
row, from left to right: tumor, kidneys, testes, and bladder. Inset: Heart, liver,
spleen, and lung are photographed with white light to make them visible.
(B) Quantification of fluorescence intensity (mean + standard deviation).
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still as high as 3.1 (Fig. S7, ESIt). These experimental findings
confirm the synergistic improvement of efficient tumor targeting
and low liver accumulation of CRGDS-AuNCs, underlining the
diagnostic potential of the newly designed CRGDS-AuNCs.

In conclusion, we have obtained proof-of-concept that a
simple pentapeptide, CRGDS, can bestow a beneficial combi-
nation of functions and properties onto AuNCs. It not only
stabilizes the luminescent AuNCs during circulation and enables
them to be specifically taken up by the tumor cells, but also
facilitates an efficient renal clearance of the resulting AuNCs,
owing to their small HD and low surface charge. Their facile one-
step synthesis, the exceptionally high tumor-to-liver uptake ratio,
low accumulation in non-targeted cells and tissues, their low
cytotoxicity, long tumor retention time, and fast renal clearance
rates render CRGDS-AuNCs novel and promising probes for
tumor-targeting fluorescence imaging. Follow-up biological stu-
dies, including in vivo toxicity assays and tumor penetration
profiles by ICP-MS in different tumor tissues, are planned in
order to proceed towards clinical tumor diagnosis.
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