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ABSTRACT: The biological fluorescent distribution of a
model antitumor monofunctional platinum(II) complex
bearing a 7-nitro-2,1,3-benzoxadiazole fluorophore can be
visualized in breast carcinoma MCEF-7 cells, pulmonary
carcinoma AS549 cells, kidney epithelial 293T cells, and
zebrafish larva.

A Ithough atom-based techniques such as X-ray fluorescence
re able to map the cellular distribution of an antitumor
platinum(1I) complex," molecular fluorescence imaging displays
the advantage in visualizing in situ the cellular platinum(1I)
uptake, distribution, and transportation. In fact, the intracellular
temporal/spatial platinum(II) information offered by this
noninvasive technique is especially appealing to understanding
the mechanism of action and side effects of current platinum-
(I1)-based anticancer drugs.z’3 Therefore, attempts have been
made to tether fluorophore to platinum(II) complexes to clarify
their intracellular distribution.”> However, in vivo fluorescence
platinum(II) imaging in a live animal model, which is helpful to
clarifying the actual platinum(II) transportation and distribu-
tion in tissues and organs of the live body, has not been
reported so far. This requires fluorescent platinum(II)
complexes of longer excitation wavelength to enhance the
imaging depth and reduce the UV-induced cell damage/
autofluorescence interference. Because the low stability of a
normal near-infrared (NIR) fluorophore limit its suitability to
be tethered to platinum(II)-based anticancer drugs, the more
stable visible-light-excited platinum(II) complexes become
attractive choices for in vivo platinum(II) imaging of small
transparent animal models like zebrafish. Cisplatin-derivatived
fluorescent probes of visible-light excitability such as CFDA-Pt,
FDDP, and Alexa-Fluor 546—cisplatin have been reported to
explore the intracellular distribution of cisplatin,**® while the
cyclometalated platinum(II) complexes were reported as dyes
for cell imaging because of their photostability and long
luminescence lifetime.”

We have reported a series of monofunctional anticancer
platinum(II) complexes with pyridine/quinoline derivatives as
the ligands.® Many of them display anticancer spectra different
from that of cisplatin. They show also the advantage over the
anticancer polynuclear platinum(II) complex BBR3464 for its
framework integrality in the presence of glutathione (GSH)
owing to the tridentate chelating effect.* These complexes
possess the chelated Pt centers of one positive charge and one
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leaving group. Herein, a new fluorescent platinum(1I) complex,
[PtLCI]CI, was constructed by tethering a tridentate chelating
Pt center, Pt(BPA) motif [BPA = N,N-bis(pyridin-2-
ylmethyl)amine], to a fluorophore 4-amino-7-nitro-2,1,3-
benzoxadiazole (4-amino-NBD) to explore the in vitro/in
vivo processing and distribution of monofunctional chelated
platinum(II) complexes. The visible-light excitability and
biocompatibility of an NBD fluorophore should favor the
related cell imaging to clarify the specific antitumor activity of
monofuctional chelated platinum(II) complexes.'®

The ligand L and its platinum(II) complex [PtLCI]Cl were
prepared by modified procedures.®® A single crystal of
[PtLCI]CI-H,O was obtained by evaporation of its aqueous
methanol solution in the dark. Structure resolution by X-ray
diffraction demonstrates that this complex crystallizes in a PT
space group. The Pt center is coordinated by three N atoms of
BPA and one CI™ ion in a square-planar geometry (Figure 1b
and Tables S1 and S2 in the Supporting Information, SI). An
'H NMR study in dimethyl sulfoxide (DMSO)-d® found that
platinum(II) coordination makes the singlet at 3.89 ppm for 2-
pyridylmethylene protons become two doublets at 4.98 and
540 ppm (Figure S2 in the SI), implying that the two
methylene protons become diastereotopic and no longer
equivalent. The fluorescence spectrum of L in a phosphate-
buffered saline (PBS) buffer exhibits weak fluorescence with
emission and excitation maxima at 546 and 467 nm,
respectively (Figure 1c). Platinum(II) coordination of L leads
to a S-fold emission enhancement without any distinct shift in
emission, and the mass spectrometry (MS) determination
demonstrates the signal of [PtLCl]*. Although L was reported
as a Zn?* sensor,'' the presence of 10 equiv of Zn** does not
induce any obvious change in the fluorescence (Figure S3 in
the SI) and MS spectra of [PtLCI]Cl in ambient conditions. In
addition, [PtLCI]Cl shows lower cytotoxicity to the human
pulmonary carcinoma cell (A549), breast carcinoma (MCF-7),
and ovarian cancer cell lines (COC1 and CAOV3) compared
with cisplatin. Its ICy, value against MCF-7 cells is 45.9 uM,
which is 3.4-fold higher than that of cisplatin (48 h, MTT;
Table S3 in the SI). However, lower cytotoxicity affords longer
cell survival time for cell imaging.

Confocal imaging of MCF-7 cells demonstrated a punctuated
distribution pattern in cytoplasm after 20 min of L incubation.
The costaining imaging with Hoechst 33342 confirmed that L
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Figure 1. (a) Compound L and [PtLCI]CL (b) Thermal ellipsoid plot
(30% probability) of [PtLCI]Cl-H,O. Protons, non-coordinating Cl
atom, and water molecules were omitted for clarity. (c) Excitation (---)
and emission spectra (—) of [PtLCI]Cl (black, 0.01 mM) and L (blue,
0.01 mM) in a PBS buffer containing 0.3% DMSO.

could not enter into the nucleus (Figure S4 in the SI). Upon
incubation with [PtLCI]CI, the cells show bright peripheric
dotted lines on the cell membrane in the initial 150 min (Figure
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Figure 2. Confocal fluorescence imaging of MCEF-7 cells incubated
with [PtLCI]CI (10 uM) at 25 °C (1, 488 nm; band path, 550—600
nm): (a) bright-field image; fluorescence image after 0.5 h (b), 3 h (c),
4h (d), and S h (e); (f) zoom of pane e. After 6 h of incubation, the
cells in pane e were incubated with 1X PBS buffer and images were
obtained after 15 min (g) and 60 min (h). (i) Emission profile
according to spots A—C in pane g.

2). After 3 h of incubation, more small bright vesicles and spots
appear especially around the dim nucleus (Figure 2c). Bright
spots appear in the nucleus in the later incubation procedure,
suggesting that the complex can stride into the nucleus. After
4—S5 h of incubation, many bright vacuoles were observed
inside the cells and the cells became swollen, which is a
common appearance for cell paraptosis (Figure 2f)."" Replacing
the platinum(II) solution with a PBS buffer after 6 h of

incubation leads to the quick disppearance of cytoplasmic
fluorescence in 15 min, while intranuclear fluorescence
decreases slowly and attains equilibrium in ~2 h (Figure 2i).
This result suggests the higher binding ability of [PtLCI]Cl in
the nucleus than in the cytoplasm. Although imaging on A549
and healthy kidney epithelial 293T cells displayed cell uptake,
distribution, and process behavior similar to those on MCEF-7
cells (Figures SS and S6 in the SI), the cell uptake process by
AS549 cells is much slower, which might be related to the higher
ICs, value of [PtLCI]Cl (99.4 uM) against AS49 cells (Table
S$3 in the SI).'?

After the complete disappearance of intracellular fluores-
cence induced by media replacement, the MCF-7 cells were
stained with nucleolus dye SYTO 81," and the observed bright
spots are exactly colocalized with the intranuclear bright spots
induced by [PtLCI]Cl incubation (Figure 3). The result implies

Figure 3. Confocal fluorescence images of MCEF-7 cells: (a) cells after
incubation with 10 uM [PtLCI]Cl at 25 °C for 6 h (4, 488 nm; band
path, 550—600 nm); (b) cells in part a undergoing complete
fluorescence disappearance via 1 h of PBS incubation, followed by
SYTO 81 staining (1.0 M, 4., 514 nm; band path, 520—570 nm);
(c) overlay of parts a and b; image of cells costained by Mito-tracker
NC-M7514 and [PtLCI]CI obtained via band path from S00 to 550
nm (d) and via band path from 550 to 600 nm (e) upon excitation at
488 nm; (f) overlay of parts d and e. Image d was obtained before
[PtLCI]Cl incubation, and the imaging conditions were adjusted to
make band path 550—600 nm display no fluorescence signal. Image e
was obtained at the same condition after [PtLCI]Cl incubation.

the intensive affinity of [PtLCI]Cl to nucleic acids or related
proteins in nucleolus. In fact, the circular dichroism spectrum of
CT-DNA shows the distinct reduction of both positive and
negative bands upon the addition of [PtLCI]Cl, while the
addition of L leads to the intact spectrum (Figure S7 in the SI).
The result implies that the Pt" center in the complex induces
effective DNA binding. In the meantime, DNA binding does
not induce an obvious change in the emission spectrum of
[PtLCI]C], indicating that DNA binding does not affect the
emission of [PtLCI]Cl. Given the dim nucleus in the L-stained
cells, the intranuclear fluorescence upon [PtLCI]Cl incubation
suggests that the nucleus affinity of this complex is due to its
Pt" center. However, the protein in the nucleolus might also be
involved in the binding.

The preferential affinity to mitochondria of this complex
before entering into the nucleus has been confirmed by the
colocalization pattern (overlap coefficient, 0.93) upon costain-
ing with Mito-tracker NC-M7514 on MCF-7 cells (Figure 3d—
f). This phenomenon is different from that of conventional
fluorescent-tagged cisplatin analogues, which are neutral and
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sequestered in lysosomes or other organelles.**'* Moreover,
the vacuole formation in the later incubation via the
mitochondria swelling was visualized by fluorescence imaging
(Figure S12 in the SI). This result implies that the cytotoxicity
of this complex to MCF-7 cell lines might come from cell
paraptosis, which is different from apoptosis induced by
cisplatin."®

Compared with the fluorescence throughout the cells after 30
min of CFDA-Pt incubation,* the slow enhancement of
intracellular fluorescence in our case suggests that the cell
uptake of the chelated monofunctional platinum(II) complex is
much slower than that of the cisplatin analogues bearing no
charge. Because L displays a quick uptake process, it is clear
that the Pt" center of [PtLCI]CI reduces the uptake process.
The aforementioned quick drop of cytoplasmic fluorescence
indicates that the secretion of this complex is rapid. Although
GSH triggers the emission drop of [PtLCI]Cl], its much slower
drop rate suggests that a quick decrease of cytoplasmic
fluorescence might be ascribed to the cellular efflux of
[PtLCI]CL The efficient efflux might be a factor responsible
for the lower cytotoxicity of [PtLCI]Cl against MCF-7 than
cisplatin.

As a frequently used transparent small animal model,
zebrafish larva should be suitable for construction of the in
vivo platinum(Il) imaging model, with the aid of complex
[PtLCI]Cl of visible-light excitability and intracellular platinum-
(II) imaging ability. Without [PtLCI]Cl incubation, the larva
display no clear bright region in the fluorescence image.
However, the distinct bright fluorescence can be observed only
on the liver of larva after 4 h of incubation with 50 uM [PtLCl]
Cl (Figure 4). Moreover, the in vivo distribution pattern of this

Figure 4. Images of S0 h-zebrafish larva recorded by a fluorescence
stereomicroscope after 4 h of incubation with [PtLCI]Cl (50 uM).
Right: zoom of the overlay of images in the red box.

platinum(II) complex in the larva is alterable because of the
variable complex concentration and incubation time, and the
long-term tracking at different concentrations is still under-
going.

In summary, the in vitro and in vivo fluorescence imaging of
the 3N chelated monofunctional platinum(II) complex has
been realized with the newly prepared NBD-tethered platinum-
(II) complex. Besides the slow cell uptake process and
nucleolus affinity, this positively charged monofunctional
platinum(II) complex displays preferential affinity to mitochon-
dria. The current in vivo platinum(II) imaging demonstrates a
reliable mode for in situ platinum(II) tracking in real time,
which should promote understanding of the antitumor activity
of platinum(II) complexes, favoring the development of
platinum(II)-based antitumor drugs.
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