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ABSTRACT: Overexpression of human epidermal growth factor receptor 2
(HER2) is associated with more frequent cancer recurrence and metastasis.
Sensitive sensing of HER2 in living breast cancer cells is crucial in the early ProteinA
stages of cancer and to further understand its role in cells. Biomedical imaging
has become an indispensable tool in the fields of early cancer diagnosis and
therapy. In this study, we designed and synthesized platinum (Pt) nanocluster % %
bionanoprobes with red emission (Ex/Em = $35/630 nm) for fluorescence %
imaging of HER2. Our Pt nanoclusters, which were synthesized using
polyamidoamine (PAMAM) dendrimer and preequilibration, exhibited *
approximately 1% quantum yield and possessed low cytotoxicity, ultrasmall

size, and excellent photostability. Furthermore, combined with ProteinA as an - — )
adapter protein, we developed Pt bionanoprobes with minimal nonspecific =~ : =8
binding and utilized them as fluorescent probes for highly sensitive optical )
imaging of HER2 at the cellular level. More importantly, molecular probes with
long-wavelength emission have allowed visualization of deep anatomical features because of enhanced tissue penetration and a
decrease in background noise from tissue scattering. Our Pt nanoclusters are promising fluorescent probes for biomedical
applications.
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B INTRODUCTION

clusters have not been well investigated. However, because Pt

Human epidermal growth factor receptor 2 (HER2) is a
member of the transmembrane receptor family." HERs are
essential for regulating cell proliferation and differentiation.””"
However, inappropriate activation of HERs is associated with
the initiation and development of a variety of cancer types, and
their expression level displays a prognostic value. Therefore,
HER2 is a promising candidate as an early-stage cancer
prognostic indicator and anticancer therapeutic target.” "'

Biomedical imaging to specifically detect and monitor HER2
has become an indispensable tool in the field of early tumor
diagnosis.”~"" Recently, our and other research groups have
been demonstrating that fluorescent noble-metal nanoclusters
can be used as biomedical nanoprobes for highly sensitive
fluorescence imaging of cancer at both the cellular and whole
organism levels. Noble-metal nanoclusters, such as gold
(Au),"* 7' silver (Ag),"”*° copper (Cu),”' ™ and platinum
(Pt),”*™*" are composed of several to a few hundred metal
atoms, and these metal nanoclusters have ultrasmall size,
excellent photostability, and facile surface functionalization.
Furthermore, metal nanoclusters exhibit quantum confinement
effects and molecular-like properties. Metal nanoclusters with
tunable emission from ultraviolet to near-infrared (NIR) have
been reported in the last few decades.

Highly fluorescent Au nanoclusters have been popular for
the bioimaging."*™' Although Pt nanomaterials have wide
catalytic applications, the fluorescent properties of Pt nano-
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nanoclusters have excellent biocompatibility and fluorescence
properties, which are comparable to those of Au nanoclusters,
the development of these nanoclusters can tremendously
enhance the field of nanomaterials.

In our previous studies, we developed blue- and green-
emitting Pt nanoclusters’”*® and demonstrated that Pt
nanoclusters have higher biocompatibility than other metal
nanoclusters, except gold, and can be utilized as molecular
nanoprobes for bioimaging. Le Guével et al”® and Huang et

27,28
al.”"”

reported the synthesis of yellow-emitting Pt nano-
clusters and applied them to biosensing and cellular imaging.
However, because most fluorescent Pt nanoclusters reported
so far have emissions from 470 to 570 nm, far-red or NIR
emitting Pt nanoclusters, which are often preferable in vivo
imaging because of enhanced tissue penetration and reduced
background noise from tissue scattering and autofluorescence,

have never been achieved.
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In this study, we report the synthesis of Pt nanoclusters with
an emission peak in the 620—640 nm range, high
biocompatibility, and excellent stability under physiological
conditions and demonstrate that the nanoclusters can be
utilized as biomolecular probes to image HER2 in SK-BR-3
(breast cancer) cells. Polyamidoamine (PAMAM) den-
drimers,**** dimethylformamide,31 and thiolated ligand
etching®® have been utilized to synthesize Pt nanoclusters. In
particular, PAMAM dendrimers, which are used as molecular
templates to produce Pt nanoclusters, have various molecular
sizes in the generation of GO—G7 and consist of an alkyl-
diamine core, tertiary amine branches, and amidoethanol
surfaces. Tertiary amine branches trap the Pt ions by forming a
coordination bond. Therefore, increasing the generation of
PAMAM dendrimers increases the number of tertiary amine
branches, and more Pt ions are incorporated to produce larger
Pt nanoclusters with longer emission wavelengths. In this work,
we synthesized red-emitting Pt nanoclusters by using PAMAM
(GS—OH) (PAMAM dendrimers with hydroxyl surface groups
of fifth generation) because PAMAM (GS—OH) can
incorporate more Pt ions than PAMAM (G4—OH), which
we used to prepare blue- and green-emitting Pt nanoclusters in
previous works.”***

B RESULTS AND DISCUSSION

Characterization of Pt Nanoclusters. Pt nanoclusters are
generally synthesized by reducing hexachloroplatinic acid salt
(H,PtCly) with a reducing agent in the presence of PAMAM
dendrimers (Scheme 1). Preparation of the red-emitting

Scheme 1. Synthesis of Red-Emitting Pt Nanoclusters®

Pt nanoclusters

1. HPtClg O 2. Fructose
4°C, 5 days 90 °C, 2 weeks

PAMAM (G5-OH)

“Fructose was added as a reducing agent.

fluorescent Pt nanoclusters was achieved by controlling the
experimental conditions: the molecular ratio of Pt/PAMAM
(GS—OH) from 90:1 to 360:1 and the pre-equilibration time
from 1 to 8 days. The optimized molecular ratio of Pt/
PAMAM (GS—OH) for obtaining the red-emitting Pt
nanoclusters was 180:1. We observed weak fluorescence
emission from Pt nanoclusters synthesized at other molecular
ratios (Figure S1). Pt nanoclusters prepared at preequilibration
times of 1 to 8 days exhibited the most intense fluorescence in
the red region after S days of incubation for Pt/PAMAM (GS—
OH) = 180:1 (Figure S2). Under optimized conditions [Pt/
PAMAM (GS—OH) = 180:1, five days], Pt nanoclusters
displayed red fluorescence with a maximum excitation/
emission wavelength of $35/630 nm (Figure 1).

As PAMAM (GS—OH) has a large size (5.7 nm), we were
concerned that Pt nanoclusters embedded in PAMAM (GS5—
OH) would inhibit steric biomolecular mechanisms in living
organisms. To avoid this steric hindrance, we performed ligand
exchange to extract Pt nanoclusters from PAMAM (GS—OH)
using 4-aminobutyl acid (Ami). Ami was added at a molecular
ratio of Pt/Ami from 1:100 to 1:200, and these reaction
mixtures were allowed to stand for at least 1 week. The ligand-
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Figure 1. Excitation/emission matrix spectra of Pt nanoclusters.

exchanged Pt nanoclusters (PtAmi) were further purified by
anion-exchange chromatography to remove PAMAM (GS—
OH) and impurities. The eluted fractions showed bright-red
emission under visible light (488 nm). Inductively coupled
plasma mass spectrometry (ICP-MS) indicated that this
fraction included only Pt (2.67 mg/L). The quantum yields
(QY) for the Pt nanoclusters were found to be 1% in water.
However, matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF/MS, AXIMA-CFR,
SHIMADZU) showed a broad peak arising from five stable
isotopes of Pt. We were unable to estimate the cluster size and
number of Pt atoms in the Pt nanoclusters. High-angle annular
dark-field—scanning transmission electron microscopy
(HAADF—STEM) images showed the morphology of Pt
nanoclusters and dispersed Pt atoms as clear bright contrasts
because of atomic number (Z) contrast proportional to Z*
(Figure 2).

Figure 2. HAADF—STEM image of Pt nanoclusters scale bar = S nm.

Cellular Viability of PtAmi. Before applying PtAmi as a
nanoprobe for detecting and imaging HER2 in living cells, an
investigation into its cytotoxicity was carried out using a
Countess II Automated Cell Counter and SK-BR-3 breast
cancer cells. As shown in Figure 3, PtAmi (1 nM) had a
negligible effect on SK-BR-3 cell viability for up to 48 h.
Furthermore, the cells incubated with 10 and 100 nM of PtAmi
for 48 h did not show obvious cytotoxicity, indicating that
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Figure 3. Cellular viability test for PtAmi cytotoxicity in SK-BR-3 cells
using the Countess II Automated Cell Counter.

PtAmi possesses excellent biocompatibility and could poten-
tially be applied to biomedical imaging.

Development and Validation of Pt Bionanoprobes
for HER2 Detection. We conjugated PtAmi with an anti-
HER2 antibody using ProteinA, which was then confirmed by
gel electrophoresis (Figure S3). The red-emitting fluorescence
and blue bands corresponded to Pt nanoclusters and proteins
(ProteinA and anti-HER2 antibody). The charge states of
PtAmi, ProteinA, and anti-HER2 antibodies were found to be
negative, slightly negative, and positive, respectively. When
PtAmi was directly conjugated with anti-HER2 antibody, the
charge of the anti-HER2 antibody was slightly negative,
indicating that this antibody was labeled with Pt nanoclusters.
However, we also observed a large amount of aggregates and
precipitates. Next, we utilized ProteinA as an adapter protein
and observed its mobility shift, which indicated that it was
conjugated with Pt nanoclusters without the formation of
aggregates.

Imaging of HER2 In Vitro. The Pt bionanoprobe
(ProteinA conjugated Pt nanocluster) was then applied to
image HER2 in SK-BR-3, a HER2-overexpressing breast cancer
cell line.'”"" Confocal laser scanning microscopy was also
applied to study HER2 via a red fluorescence channel. After
cellular membrane labeling with a green fluorescent molecule,
SK-BR-3 cells were incubated with the anti-HER2 antibody,
followed by staining HER2 with Pt bionanoprobes (Scheme
2). As shown in Figure 4a, red fluorescence from Pt
bionanoprobes was observed at the cellular surface. This is
consistent with the distribution of the cell membrane, as shown
in Figure 4b, indicating that Pt bionanoprobes specifically
bound to HER2 via anti-HER2 antibody. The granules
observed in the cellular membrane, as shown in Figure 4a,b,
are autofluorescence. Comparatively, we did not detect any
fluorescence from the cellular surface of HeLa cells, which was
expressed at a low level of HER2 (Figure 4d—f). These results
demonstrated that our Pt bionanoprobe bound to HER2-
overexpressing SK-BR-3 cells with a greater affinity and higher
selectivity.

B CONCLUSIONS

In summary, we synthesized red-emitting Pt nanoclusters
(excitation: 535 nm, emission: 630 nm) that can be used for
detecting and imaging HER2 in SK-BR-3 breast cancer cells.
The red-emitting fluorescent Pt nanoclusters were prepared by
optimizing the experimental conditions [Pt/PAMAM (GS—
OH) = 180:1] and pre-equilibration time (S days). The
experimental results also demonstrated that the Pt nanoclusters
had excellent biocompatibility and photostability and could be
used as bionanoprobes for long-term studies, such as those
involving cell marker tracking, in vivo molecular imaging, and
medical diagnostic imaging. Furthermore, by using a higher
generation of dendrimer, we expect that more Pt ions are
coordinated with the higher generation of PAMAM dendrimer,
and larger Pt nanoclusters are also synthesized. Through this
method, we can extend their photoluminescence wavelength to
the NIR region, allowing the visualization of deep anatomical
features because of enhanced tissue penetration and a decrease
in light scattering as well as background autofluorescence.
NIR-emitting Pt nanoclusters are promising fluorescent probes
for clinical applications.

B METHODS

Synthesis of Red-Emitting Pt Nanoclusters. Pt nano-
clusters are generally synthesized by reducing hexachloropla-
tinic acid salt (H,PtCly) with a reducing agent in the presence
of PAMAM (G5—OH) (polyamidoamine dendrimers with
hydroxyl surface groups of fifth generation). In this study,
H,PtClg was first incubated with PAMAM (GS—OH) at a
molecular ratio of Pt/PAMAM (G5—OH) = 180:1 to achieve
coordination bond formation between PAMAM (GS—OH)
and Pt ions during pre-equilibration at 4 °C for five days.
Fructose was added as a reducing agent at a molecular ratio of
Pt/fructose = 1:100, and this reaction mixture was kept under
vigorous stirring at 90 °C for 2 weeks (Scheme 1). After
ultracentrifugation (see Supporting Information), to extract Pt
nanoclusters from PAMAM (GS—OH), 4-aminobutyl acid
(Ami) was added at a molecular ratio of Pt/Ami from 1:100 to
1:200. The ligand-exchanged Pt nanoclusters (PtAmi) were
further isolated by anion-exchange chromatography (see
Supporting Information). The eluted fractions showed
bright-red emission under visible light (488 nm). To
characterize Pt nanoclusters, ICP-MS (Agilent 7700x ICP-
MS, Agilent Technologies Corp., Japan) was performed for the
fractions.

Characterization of the Optical Properties. Fluores-
cence measurements were performed using a spectrofluor-
ometer (FP-8200ST, JASCO Corp.), and the absolute QYs of
the synthesized Pt nanoclusters were evaluated using a QY
measurement system (C10027, Hamamatsu Photonics). QY is
given by QY = PNem/PNab, where PNem and PNab are the

Scheme 2. Illustration of the Pt Bionanoprobe for the Sensing of HER2 in Living Cells
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Figure 4. After incubation with Pt bionanoprobes: (a) confocal red fluorescence image of SK-BR-3; (b) confocal green fluorescence image of SK-
BR-3; (c) transmission image of SK-BR-3; (d) confocal red fluorescence image of HeLa cells; (e) confocal green fluorescence image of HeLa cells;

(f) transmission image of HeLa cells. Scale bar = 30 ym.

number of photons emitted and absorbed by the fluorescent
particles, respectively.

Transmission Electron Microscopy. Pt nanoclusters
were diluted with methanol, dropped on a grid (UHR-M10,
STEM), dried, and observed with JEOL JEM-ARM200F
STEM operating at 200 kV with a CEOS aberration corrector
for the probe-forming lens. For STEM imaging, beam
convergence was set to 23 mrad in semi-angle, and atomic-
resolution HAADF—STEM images were acquired with
detector semi-angles of 68—170 mrad. The obtained images
were denoized using Fourier transform.

Cytotoxicity of PtAmi. A Countess II Automated Cell
Counter (Thermo Fisher Scientific) was used to check cellular
viability. SK-BR-3 cells (ATCC) were incubated with 1 mL of
PtAmi at different concentrations (1—100 nM in medium) for
12, 24, and 48 h in 35 mm diameter dishes. After incubation, a
SK-BR-3 cell suspension for each concentration was prepared,
and 10 uL of 0.4% trypan blue stain was added to 10 uL of
each suspension. Then, 10 uL of the sample mixture at each
concentration was loaded onto a sample slide, and these were
inserted into the cell counter to obtain the percentage of live
cells (cellular viability).

Preparation of Pt Nanocluster Bionanoprobes. PtAmi
was conjugated with ProteinA using a 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM)
couplip§ reaction. To maintain antibody activity, Protei-
nA*"*>** was used as an adapter protein for the antibody.
ProteinA can bind specifically to the Fc region of the antibody
without blocking the antigen-binding site. First, PtAmi (25.0
4M, 400 4L) was mixed with DMT-MM (0.25 M, 400 L) for
30 min at 25 °C, followed by ProteinA (100 uM, 325 uL) for 2
h at 25 °C. The molar ratio of PtAmi/ProteinA:DMT-MM was
set to 1:3.25:10,000. A gel electrophoresis assay was carried
out to assess the binding of PtAmi to ProteinA. ProteinA and
anti-HER2 antibodies were stained with Coomassie Brilliant
Blue prior to observation.

Confocal Fluorescence Microscopy. CellBrite green,
which emits a green fluorescence, was used to stain the cellular
membrane with the fluorescent molecule. For the preparation
of the staining solution, 5 yL of staining solution was added to

23721

1 mL of culture medium. For cell staining, the culture dish
containing SK-BR-3 cells (or HeLa cells) was replaced with the
CellBrite green staining solution. The cells were then
incubated for 20 min at 37 °C. The culture dish was washed
twice with phosphate-buffered saline (PBS). Then, anti-HER2
antibody (10 M, 800 uL) was added to the dish, which was
then incubated for 10 min at 37 °C. After washing twice with
PBS buffer, 100 yL of ProteinA-conjugated PtAmi was added
to the cells, and PtAmi was specifically bound to anti-HER2
antibody after 5 min incubation at 37 °C. Confocal
fluorescence imaging was performed with an FV1000 instru-
ment (Olympus) using an oil immersion objective lens
(UPlanFLN, 60X, N.A. = 1.3, Olympus). Excitation wave-
lengths of 473 and 559 nm were used to observe CellBrite
green and Pt nanoclusters, respectively. The detection
wavelengths of the green and red channels are 485—585 and
575—675 nm, respectively.

B ASSOCIATED CONTENT
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Fluorescence spectra of the synthesized Pt nanoclusters
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