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ABSTRACT: Among the noble-metal clusters, very few reports about platinum
clusters were used as bioimaging probes of tumors except as a reducing catalyst. It is
first established herein that the biocompatible platinum nanoclusters are
spontaneously biosynthesized by cancerous cells (i.e, HepG2 (human hepatocarci-
noma), AS49 (lung cancer), and others) rather than noncancerous cells (i.e., L02
(human embryo liver cells)) when incubated with micromolar chloroplatinic acid
solutions. These in situ biosynthesized platinum nanoclusters could be readily
realized in a biological environment and emit a bright fluorescence at 460 nm, which
could be further utilized to facilitate an excellent cancer-cell-killing efficiency when
combined with porphyrin derivatives for photothermal treatment. This raises the
possibility of providing a promising and precise bioimaging strategy for specific
fluorescent self-biomarking of tumor locations and realizing fluorescence imaging-

guided photothermal therapy of tumors.
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Bl INTRODUCTION

Despite improvement of the survival rates of cancer patients
over the past few decades, cancer still remains one of the major
causes of mortality, and the incidence of cancer continues to
increase.” Effective diagnostic strategies in the early stages of
cancer are critical and result in a high chance of an efficient
cure. Medical imaging has become an indispensable tool in the
field of early tumor diagnosis, and in vivo fluorescence imaging
of tumor locations may accurately localize the diseased sites for
direct bioimaging of tumors and for precise monitoring of
specific treatment processes.z_4 Our recent studies demonstrate
that biosynthesized fluorescent gold or silver nanoclusters
(NCs) can be readily utilized as a potential probe for highly
sensitive optical imaging of cancer on both the cellular and the
animal levels.>®

It is well-known that tumors have relatively low oxygen
concentration levels, and therefore a more reducing environ-
ment compared to normal tissue. The reductive microenviron-
ment of hypoxic tumors is also related to insufficient formation
of new blood vessels during growth.”® Furthermore, compared
to normal cells, cancerous cells exhibit a relatively high amount
of GSH—GSSG, NAD(P)H, and cysteine-containing proteins
to cope with the high productions of reactive oxygen (ROS) or
nitrogen (RNS) species by cancer cells and tumors to maintain
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the cellular redox homeostasis. As a result of these properties,
an oxidizing species such as Pt(IV) actually shows the highest
activity in vivo.

In addition to being a main antitumor agent for many years,
platinum has recently drawn interest as a specific biomarker in
its insoluble forms. In particular, nonclassical platinum(IV)
antitumor complexes with octahedral structures have been
found to exhibit low side effects in the gastrointestinal tract and
blood when administered orally.”'® However, conventional
platinum fluorophores for bioimaging applications often suffer
from poor photostability, rapid photobleaching, and especially
aggregation and high plasma protein binding rates, and thus
cannot be used for long-term bioimaging. Furthermore,
sensitivity may be limited during bioimaging processes owing
to the limited number of fluorophores conjugated per ligand."’
In situ self-bioimaging of cancer cells and tumor tissues through
their spontaneous ability to biosynthesize specific fluorescent
NCs may overcome this significant difficulty. Recent reports
have shown platinum nanoparticles can be generated in plants,
bacteria, fungi, and yeasts following absorption of platinum
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Figure 1. Schematic illustration of the study rationale and design.

~ R R R N R N N N N =R R N X N X _JR_ R &R X 2 X _HN_X_J}R__N}N ™

~
N

HighV

-

7

v

(®]
=

Imaging

150# ——Pt NCS/TSPP
—+TSPP
1400

9 N
(A |

=
N
o
o
|
~

-

o

o

o
'

800

Tumor volume (mm
[=2]
o
o

'S
o
o

T T T T T T

2 0 2 4 6 81'01(21'416
Days after treatment

Photothermal treatment

~

’

ions.””™"° This bioreduction of metal salts into metallic
nanoparticles acts as an organism’s survival mechanism against
toxic metal ions and occurs via an active or passive process or a
combination of the two.'®"” Indeed, we have recently reported
in situ synthesis of fluorescent gold/silver nanoclusters in
tumor cells for target tumor imaging.”° In this study, we
explore the possibility of in situ biosynthesis of fluorescent
platinum nanoclusters in cancer cells or tumor tissues for
precise in vivo self-bioimaging of tumor locations and thereby
developing a fluorescence-guided treatment of target tumors.
This study demonstrates that when cancerous cells biosynthe-
sized in situ are cultured with micromolar chloroplatinic acid
solutions, the resulting biocompatible platinum nanoclusters
exhibit fluorescence which is suitable for bioimaging.
Furthermore, in vivo imaging of a xenografted tumor in nude
mice also established the validity of this strategy for rapid and
precise targeting as well as bioimaging of tumors by
subcutaneous injections or via intravenous injection of
chloroplatinic acid solutions, without significant dissemination
to the surrounding normal tissues. The mechanism by which

cancerous cells (in cultures or in tumors) reduce the Pt(IV)
moieties into metallic nanoclusters still remains unknown.
However, since the same does not occur in normal cells or
tissues,” the biosynthetic process appears to correlate with the
high inflammatory status of cancer cells, viz.,, with the fact that
their high metabolisms involve a much larger production of
chemical reductants.”'® In the absence of easily reducible metal
ions such as Pt(IV), this excess of reductants is removed via
reduction of dioxygen, leading to the formation of reactive
oxygen and nitrogen species. In our view, the in situ
biosynthesis from chloroplatinic acid into platinum nano-
clusters thus short-circuits the natural mechanisms operating in
cancer cells to eliminate the oxidative stress incurred by their
high metabolic activity.

Photothermal therapy (PTT), as a potential therapeutic
strategy in tumor treatments, has been well-known for the past
few decades.'®'” Porphyrins and derivatives are good
candidates as photosensitizers (PSs) for use in photodynamic
therapy (PDT) or PTT treatment.”’~>* Metal nanoparticles
such as gold nanoparticles”~** and platinum nanoparticles”**’
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Figure 2. (A) Optical microscopy characterization of platinum nanoclusters biosynthesized in situ by HepG2 cancer cells after their incubation with
H,PtCl, (0.25 mmol/L) for 24 h: (a, b) UV—vis absorption spectra of H,PtCly and the relevant platinum nanoclusters, (c) excitation spectrum, (d)
fluorescence emission spectrum (Em) with excitation at 405 nm. (B) Selected area electron diffraction of platinum nanoclusters. (C) TEM image of
biosynthesized Pt nanoclusters, showing the 0.21 nm interplanar spacing of the platinum nanoclusters (inset). (D) Hydrodynamic diameter

measured using DLS (mean value ca. 3.3 nm).

have recently been reported as potential PSs for PTT, but these
conventional metal nanoparticles prepared with chemical
modifications may exhibit inherent problems such as toxicity,
low accumulation in cancer cells, fast elimination and
accumulation in the liver and kidneys, etc., and thus may not
be useful for efficient PSs in PTT. We have therefore explored
the possible use of the in situ biosynthesis of fluorescent
platinum nanoclusters (Pt NCs) in cancer cells (i.e., HepG2
(human hepatocarcinoma), A5S49 (lung cancer), HeLa (cervical
cancer), HCT-116 (colon cancer), etc.) and tumor tissues via
their spontaneous self-building through metallic salt reduction
that certainly results from the fact that cancer cells have a
different redox homeostasis than normal cells. Moreover, we
have combined the spontaneous intracellular formation of
fluorescent platinum nanoclusters with a photothermal treat-
ment of tumors by using the water-soluble porphyrin
tetrakis(sulfonatophenyl)porphyrin (TSPP), leading to syner-
gistic effects and enhancement of the therapeutic efficacy of IR
irradiation, and thus providing a new strategy for effective
fluorescence imaging and guided photothermal therapy of
tumors. See Figure 1 for an illustration of the study design.

B EXPERIMENTAL SECTION

Characterization of in Situ Biosynthesized Pt NCs in Cells. Pt
NCs were biosynthesized in situ through incubation of different cell
lines, including cancer cells such as HepG2, HeLa, or A549 cells, with
various concentrations of H,PtCly, added to the usual cells under
culturing conditions. After 24 or 48 h of incubation, the biosynthesized
Pt NCs extracted from incubated cancer cells by a repetitive freeze—
thaw method were characterized by a UV—vis—NIR spectropho-
tometer (Shimadzu, UV3600) and a fluorescence spectrometer
(PerkinElmer, LS-S5).

The cells interspersed with Pt NCs which were immobilized on an
indium—tin oxide (ITO) glass substrate were measured by a field-
emission scanning electron microscope (Zeiss, Ultra Plus). A
transmission electron microscope (JEM-2100) was used to character-
ize the size as well as the size distribution of Pt NCs. An X-ray
photoelectron spectrometer (PHI 5000, VersaProbe) was used to
investigate the valence state of platinum atoms in the in situ
biosynthesis of Pt NCs.

In Situ and in Vivo Bioimaging Study. HepG2, HeLa, HCT-
116, AS549, or L02 cells were treated with different concentrations of
H,PtCly solutions for cellular imaging and incubated at 37 °C for 24 or
48 h. Before fluorescence imaging, the cells were washed three times
with PBS. A 405 nm excitation laser (Andor Revolution XD) was
focused using a 20X IR coated objective (Nikon).

For in vivo bioimaging of Pt NCs in the tumor, the xenograft tumor
mice were injected near the tumor location or through the mouse tails
with a S mmol/L H,PtCls solution (100 yL). By inhalation of a
mixture of oxygen with isoflurane (5%), the mice were fully
anesthetized at different times postinjection. The in vivo bioimages
were acquired on a Cri Maestroin and PerkinElmer in vivo imaging
system (excitation, 420—440 nm; emission, 570—620 nm). The ROI
(regions of interest) analysis was measured by using the CRi Maestro
Image software. The studies were approved by the National Institute
of Biological Science and Animal Care Research Advisory Committee
of Southeast University, and experiments were conducted following
the guidelines of the Animal Research Ethics Board of Southeast
University.

B RESULTS AND DISCUSSION

Different kinds of cancer cell lines (ie, HepG2 (human
hepatocarcinoma), AS49 (lung cancer), HeLa (cervical cancer),
HCT-116 (colon cancer), etc.) were selected as models to
evaluate the pertinence of platinum NCs spontaneously
biosynthesized in situ by cancer cells. For comparison, normal
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Figure 3. (a) EDS spectrum of the platinum nanoclusters biosynthesized in situ by HepG2 cancer cells after 24 h of incubation with H,PtCl,. (b) X-
ray photoelectron spectra evidencing the Pt 4f photoelectron emission from platinum nanoclusters biosynthesized in situ by HepG2 cells after 24 h

of incubation with H,PtCly.
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Figure 4. (I) Laser confocal fluorescence micrographs of L02 control cells (a) and HepG2 cells (b) incubated with DMEM in the absence of 0.25
mmol/L H,PtCl solutions for 24 h. Laser confocal fluorescence micrographs of HepG2 (c) cells and AS49 cells (d) incubated with DMEM in the
presence of 0.25 mmol/L H,PtCl, solutions for 24 h. (II) Relative fluorescence intensity variations along cross-sections of relevant cells in (I): (a) in
panel I, part a, (b) in panel I, part b, (c) in panel I, part , (d) in panel I, part d (the color gradient coding illustrates the direction of the sampling in
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cell lines (i.e., L02 liver cells) were used as controls. The cancer
cells were incubated for 24 or 48 h with chloroplatinic acid
biocompatible salts. Note that the absence of cytotoxicity of
chloroplatinic acid in cells was confirmed and measured by
MTT assay (Figure S1). The intracellular presence of
biosynthesized platinum NCs formed inside the cells was
observed by UV-—vis absorption spectroscopy, fluorescence
spectroscopy, transmission electron microscopy (TEM)
together with selected area electron diffraction (SAED) for
transmission electron microscopes and energy-dispersive spec-
troscopy (EDS), and X-ray photoelectron spectroscopy (XPS).
In the case of cancer cells, including HepG2 cells and others,
when incubated with chloroplatinic acid solutions, the
biosynthesized Pt NCs displayed excitation and emission
wavelengths of 404 and 460 nm, respectively, in agreement
with the fluorescence at 420 and 470 nm previously reported by
Tanaka™® and Kawasaki.”” The emission wavelength is also very
close to the emission wavelength of 456 nm for platinum
nanoparticle sols synthesized by chemical etching by GSH,*
suggesting that the final NCs may be capped with sulfydryl
groups. Compared with chloroplatinic acid, UV—vis absorption
spectra displayed a weak peak at 260 nm, indicating that a few

18166

Pt(IV) metal centers were still present, though most of them
had been reduced to lower valence states (Figure 2A). Our
observations of selected areas of the platinum nanoclusters by
electron diffraction established that multiple platinum nano-
crystals were biosynthesized in situ by the cancer cells. Some
very weak diffraction peaks corresponding to some crystal faces
indicated d-spacing values of 0.212, 0.133, and 0.112 nm that
match reflection from Pt(111), Pt(022), and Pt(113) planes,
and HR-TEM established that the biosynthesized Pt NCs
involved platinum atom planes with an interplane distance of
ca. 021 nm, corresponding to Pt(111), yet the spherical
platinum nanoparticles were amorphous to electron diffrac-
tion'* (Figure 2B). TEM analysis indicated that 98% of the Pt
NCs ranged between 3.0 to 3.6 nm in diameter with a
distribution peak at 3.3 nm (Figure 2C), which were almost
spherical and had no noticeable trend to agglomerate (Figure
2C, inset). As shown in Figure 3, the EDS results indicate that
there are no other elemental impurities present in the
biosynthesized nanoparticles. To further confirm the formation
and valence state of the Pt NCs inside the cancer cells, we
recorded high-resolution XPS spectra of Pt 4f. The
deconvoluted Pt 4f spectrum was composed of three spin—
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orbit doublets with the Pt 4f;/, components at 72.1, 72.8, and
73.5 eV, attributed to Pt(0), Pt(Il), and Pt(IV) phases,
respectively,’”'thus suggesting successful formation of plati-
num nanoclusters composed of Pt domains with different
oxidation states. In agreement with this result, quantitative
analysis indicated Pt(0):Pt(11):Pt(IV) atomic concentration
ratios of 1.1:1.0:5.4, consistent with nanocluster structures
involving a metallic Pt(0) core decorated by Pt(II)- and Pt(IV)-
containing phases.

The bright blue fluorescence of platinum nanoclusters
biosynthesized in situ inside different cancer cells appears to
be adequate for their use for in vivo bioimaging of live tumor
cells. In this study, confocal fluorescence microscopy (Leica
TCS SP2) measurements at an excitation wavelength of 405
nm were used to assess the potential for bioimaging of cancer
cells treated with aqueous H,PtCly. As expected, intracellular
fluorescence was clearly observable after the HeLa, HepG2,
AS549, and HCT-116 cancer cells were incubated for 24 h with
0.25 mmol/L H,PtCl, (Figure 4, Figure S2). This was further
confirmed by comparison of the quantitative spatial variations
in the fluorescence intensities across the cells for the test groups
and control groups, as shown in Figure 4, panel II. No
detectable fluorescence signal was observed when the same cells
were treated with DMEM/high-glucose medium. More
importantly, comparatively very weak fluorescence signals
could be observed when various concentrations of H,PtCl,
were added to noncancerous cells cultures (i.e, L02 cells),
indicating that biosynthesis of Pt nanoclusters from chlor-
oplatinic acid solutions could not occur as efliciently in
noncancerous cells, thus allowing kinetically controlled selective
imaging by fluorescence microscopy.

The above results established the in situ validity of the
present approach, forcing cancer cells to spontaneously
produce and confine self-imaging fluorescent markers when
incubated with chloroplatinic acid solutions. We then explored
the possible use of in vivo fluorescence imaging of tumors
based on in situ biosynthesized fluorescent Pt NCs. For this
purpose, we relied on a xenograft tumor model of cervical
carcinoma or colorectal carcinoma in nude mice. As shown in
Figure 5, Figure 6, and Figure S3, intravenous injection through
the mouse tails or subcutaneous injection of chloroplatinic acid
solution (0.1 mL, S mmol/L H,PtCly) around xenograft tumors
allowed the clear observation of bright fluorescence around the
tumor after 24 h. Conversely, control mice did not exhibit any
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Figure 5. Representative xenograft tumor mouse models of HeLa cells
observed by in vivo fluorescence imaging. (a) Xenograft tumor mouse
model of HeLa cells by in vivo fluorescence imaging 24 h after a
subcutaneous injection of 0.1 mL of a § mmol/L H,PtCly solution
near the tumor. (b) Control mouse observed by in vivo fluorescence
imaging 24 h after a subcutaneous injection of 0.1 mL of a S mmol/L
H,PtCly solution in the right side of its abdomen.
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Figure 6. Fluorescence detection of (a) a xenograft tumor mouse
model of HCT-116 cells where the mouse lies on its left side or (b) a
xenograft tumor mouse model of HeLa cells (axillary subcutaneous)
and HCT-116 cells (the lateral thigh) where the mouse lies with the
back below for its top part and on the left side for its bottom section
by tilting of its spine around the waist, observed by in vivo
fluorescence imaging 24 h after an intravenous injection of 0.1 mL
of a §$ mmol/L H,PtCly solution through the mouse tails.

fluorescent areas 24 h after subcutaneous or intravenous
injection of chloroplatinic acid solution (0.1 mL, S mmol/L
H,PtCly) in the right side of their abdomen. This indicated that
cancer cells present in tumors could readily absorb and reduce
Pt(IV) ions into Pt NCs as in in situ experiments, while this
could not occur inside noncancerous tissues. The ex vivo
observation of the excised tumors closely correlated with the in
vivo imaging, confirming that most of the fluorescence
originated from the tumor tissues, while little or low
fluorescence arose from surrounding tissues or from visceral
organs such as the liver, kidney, and others (Figure S4). In
addition, in each category (i.e., with or without xenografted
tumors) the mice submitted to the chloroplatinic treatments
did not evidence any changes in eating, drinking, exploratory
behavior, activity, physical features, and neurological status
compared to control mice, confirming the good biocompati-
bility of chloroplatinic acid solutions and the absence of
obvious toxic effects.

On the basis of the above study, we further explored the
possibility of the synergistic effect on photothermal therapy of
tumors by using biosynthesized platinum nanoclusters through
combination with TSPP, a potential PTT agent. As shown in
Figure S4, 24 h after subcutaneous injection of a H,PtClg
solution (0.1 mL, 2.5 mmol/L) of TSPP (0.1 mL, 0.1 ug/mL)
near the tumor, fluorescence could be readily detected by using
the Cri Maestro in vivo imaging system. Compared with the
control group (i.e., injection of H,PtCly alone or TSPP alone),
the fluorescence intensity in the biosynthesized platinum
nanoclusters combined with TSPP significantly changed
(Figure SS), suggesting that TSPP may readily interact with
the biosynthesized platinum nanoclusters in tumors and further
enhance the relevant treatment efficacy. As shown in Figure 7,
the synergistic effect on photothermal therapy of tumors by
using biosynthesized platinum nanoclusters in combination
with TSPP could readily be assessed by comparison of the
tumor growth and the survival period between the relevant
experimental mice exposed to infrared (IR) irradiation by using
biosynthesized platinum nanoclusters and TSPP as well as
other control mice. This provides evidence that the tumors
xenografted in mice treated by the combination of biosynthe-
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Figure 7. (A) Photographs of mice 15 days after treatment. The mice were exposed to 635 nm LED light 24 h after injection of (a) TSPP alone, (b)
H,PtCl alone (viz., with tumors exposed to biosynthesized platinum nanoclusters alone), and (c) TSPP and H,PtCl,. (B) Excised tumors from mice
shown as (a), (b), and (c) in (A) from left to right. (C) Mean tumor growth kinetics as a function of treatment.

sized platinum nanoclusters and TSPP had been reduced to a
much smaller size than those of control mice and that tumor
growth was significantly inhibited after 15 days. Furthermore,
all treated mice were in good health condition, while those
from the control groups were very emaciated or had passed
away during this period. These results demonstrated that the
combination of precise biomarking by the platinum nanocluster
for in vivo fluorescent self-biomarking of tumor locations with
photothermal treatment of tumors can readily provide a
synergistic effect and thus lead to a fluorescence-imaging-
guided photothermal therapy of tumors.

B CONCLUSIONS

In summary, our observations demonstrate the ability of tumor
cells under both in situ (cell cultures) and in vivo (xenografted
tumors in nude mice) conditions to rapidly biosynthesize Pt
NCs upon exposure to aqueous chloroplatinic solutions, while
this did not occur as fast in normal cells and tissues (controls).
The reduction of Pt(IV) appears to stem from the increased
reducing capacity of cancer cells via their propensity to generate
H,0, and ROS through dioxygen reductions. This leads to an
easy and inoffensive procedure for self-marking of cancer cells
and tumors by spontaneous fluorescence bioimaging. On the
other hand, combining such treatment with injection of
photosensitizers such as TSPP provides an efficient method
for fluorescence-imaging-guided photothermal therapy of
cancers.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
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Experimental details and results of MTT assay assess-
ment, laser confocal fluorescence micrographs of L02
control cells, A549 cells, and HCT-116 cells incubated
with or without H,PtCls solutions, representative
xenograft tumor mouse models of HeLa cells and
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relevant mean fluorescence intensity observed by in
vivo fluorescence imaging, and representative ex vivo
fluorescence images of excised HeLa tumors and other
visceral organs from H,PtCly-injected xenograft tumor
mouse (PDF)
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