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ABSTRACT: A convenient synthesis of a BODIPY (1,3,5,7-
tetramethyl-8-(4-pyridyl)-4,4’-difluoroboradiazaindacene) la-
beled platinum compound (BODIPY-Pt) was developed by
direct conjugation of cisplatin with the pyridine group of
BODIPY. The membrane permeability and selective uptake of
BODIPY-Pt in the mitochondria was studied using confocal
laser scanning microscopy (CLSM). The fluorescent BODIPY-
Pt conjugate showed high cellular proliferation inhibition
against human cervical carcinoma (HeLa) and human breast
cancer (MCF-7) cells, with half maximal inhibitory concen-

\ds.ptcl(NOJ(NHa) )] witoTracker Rey

trations (ICs,) of 27.37 and 12.14 uM, respectively. This work highlights the potential of using BODIPY labeled Pt compounds

to realize the visualization of Pt distribution in living cells.
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latinum compounds have emerged as powerful anticancer
drugs for decades against a variety of solid malignancies,
like bladder, ovarian, head and neck, testicular, and lung
cancers."”> Pt drugs, cisplatin and carboplatin, alone or in
combination with other drugs, are used to treat 40—80% of
cancer patients.”* Nonetheless, side effects combined with
limited pharmacokinetic properties remain significant draw-
backs.”™” Therefore, there is a growing demand for overcoming
toxicity and efficacy issues. One approach is design and
development of new Pt complexes that modulate the molecular
process and pathways associated with tumor suppression.*’
Mitochondria represent interesting targets for drug develop-
ment. A wide range of pathologies including cardiovascular
disorders,'® diabetes,"! neurodegenerative diseases,'** and
cancers are related with mitochondrial dysfunction.'"* Some of
the processes involving nucleic acids in the nuclei can also
occur in the mitochondria of human cells, and mitochondrial
DNA (mtDNA) plays significant roles in cell death and
metastatic competence. Kelley et al. have engineered the first
mitochondria targeted version of doxorubicin (Dox), which
maintains the ability to inhibit Topoll and damage mtDNA
selectively.'> Chemoresistance of cisplatin therapy may result
from several mechanisms,'®™"® which include decreased uptake
and accelerated DNA repair by nucleotide excision repair
(NER) machinery. The enhanced mtDNA mutation and lack of
NER machinery in the mitochondria of aggressive cancer cells
offers a great postulate in directing cisplatin into the
mitochondrial matrix to provide an effective therapeutic
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method."”” However, rare studies have examined cisplatin
activity on mtDNA of cancer cells.”® Therefore, it is highly
desired to develop a mitochondria-localized cisplatin formula-
tion to gain further insight into the mechanisms of action.

It is impossible to image Pt distribution and metabolism in
living cells, especially at subcellular resolution. Although
previous fluorescent Pt compounds have been reported
elsewhere using fluorescein derivatives as the fluorophore,
which are not ideal due to photobleaching and poor
fluorescence in vivo.2' ™3 Alternatively, BDP (4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene-3) derivatives have re-
ceived considerable interest in bioimaging and intravital
imaging because of their outstanding and desirable properties
such as high absorption coeflicients, sharp emissions, high
fluorescence quantum vyields, and excellent chemical and
photostability.**>* However, relatively little attention has
been paid to the use of BODIPY labeled Pt for studying their
cellular uptake and distribution, although Miller et al. have
reported Pt compounds conjugated with BDP.*® In this work,
we designed and synthesized fluorescent BODIPY-Pt conjugate
(BODIPY-Pt), then studied its cellular uptake and cytotoxicities
in human cervical carcinoma (HeLa) and human breast cancer
(MCE-7) cell lines.
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The 1,3,5,7-tetramethyl-8-(4-pyridyl)-4,4’-difluorobora-dia-
zaindacene (BODIPY) was synthesized according to the
literature,”” and BODIPY-Pt was prepared by using the
reported method (Scheme 1) in 48% yield,"”® but using

Scheme 1. Synthesis of BODIPY-Pt

[cis-PtCI(NO3)(NH3),]
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BODIPY as the imaging reporter. The structure of BODIPY-Pt
was confirmed by proton nuclear magnetic resonance ('H
NMR) (Figure S1) and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) (Figure S2). As shown in Figure S1, the signals for
protons in pyridine ring in BODIPY are at 7.5 and 8.7 ppm,
respectively, while the corresponding signals for BODIPY-Pt
are observed at 7.7 and 8.9 ppm, which are down shifted due to
the coordination of pyridyl groups to Pt. The peak at 590.2 in
the MALDI-TOF MS spectrum is ascribed to the theoretical
molecular weight of [BODIPY-Pt]*. The ultraviolet visible
(UV—vis) spectra of BODIPY and BODIPY-Pt in water are
shown in Figure S3a, the absorption band of BODIPY is
centered at 500 nm, while the absorption band of BODIPY-Pt
is at 504 nm. As shown in Figure S3b, the maximum emission
peaks are at 519 and 535 nm for BODIPY and BODIPY-Pt,
respectively. It is also noteworthy that the incorporation of Pt
makes the fluorescence quantum yield decrease from 0.23 to
0.04 by using rhodamine 6G as the reference, which is ascribed
to the oxidative photoinduced electron transfer (PET) from the
excited core of BODIPY to the pyridyl group.*”*° Pt content of
26.7 wt % determined by inductively coupled plasma mass
spectrometry (ICP-MS) was close to the theoretical content
(30 wt %). These results indicated the desired product was
obtained.

The biocompatibility of materials is very important for their
biomedical applications. Herein, the biocompatibilty of
BODIPY was evaluated by MTT (3-(4,5-dimethylthiazol-2-
yl)-2,S-diphenyltetrazolium bromide) assays toward HeLa and
MCE-7 cells. As shown in Figure S4, no obvious cytotoxicity
was observed even at a concentration of 123 uM for BODIPY
after 48 h.

In order to evaluate the biological activities of BODIPY-Pt
and to identify the key targets, subcellular localization in HeLa
cells was studied by using confocal laser scanning microscopy
(CLSM). HeLa cells were incubated with BODIPY (S uM) and
BODIPY-Pt (5 uM) at 37 °C for 2 h, respectively. The cellular
nuclei were selectively stained with 4’,6-diamidino-2-phenyl-
indole (DAPI). Interestingly, neither BODIPY nor BODIPY-Pt
was observed in the nuclei, and the fluorescence intensity of
BODIPY-Pt was apparently higher than that of BODIPY
(Figure 1la), although the fluorescence quantum yield of
BODIPY-Pt (0.04) was lower than that of BODIPY (0.23).
BODIPY-Pt exhibited significantly enhanced cellular uptake
than BOIDPY. Then, flow cytometry was used to examine
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Figure 1. (a) CLSM images of HeLa cells incubated with BODIPY
and BODIPY-Pt for 2 h at 37 °C at a concentration of 5 yuM. All
images show the nuclei (blue), BODIPY (green), and merged images.
Scale bars represent 20 ym in all images. (b) Quantitative analysis by
flow cytometry upon incubating HeLa cells with BODIPY or
BODIPY-Pt (10 uM) at 37 °C for 1 h with cells untreated as a control.

quantitatively the cellular uptake of BODIPY-Pt. HeLa cells
were incubated with 10 yM BODIPY or BODIPY-Pt at 37 °C
for 1 h with cells untreated as a control. As shown in Figure 1b,
almost all cells were able to internalize BODIPY and BODIPY-
Pt since nearly 100% of cells indicated increased fluorescence
except the control group. Compared to BODIPY, HeLa cells
treated with BODIPY-Pt after 1 h showed maximum
fluorescence intensity, which meant greater cellular uptake of
BODIPY-Pt. This result is consistent with that of CLSM. The
possible explanation for enhanced cellular uptake is that the
positively charged Pt units facilitate the cellular uptake of the
BODIPY-Pt conjugate,” because molecules with positive
charges can enter into cells easier.

To obtain insight into the intracellular fate of BODIPY-Pt,
colocalization experiments with a commercially available
mitochondria-specific dye MitoTracker Red CM-H2XRos
(MitoTracker Red) in HeLa cells were performed. HeLa cells
were separately pretreated with BODIPY and BODIPY-Pt (S
UM each) for 2 h at 37 °C, respectively. The media were then
replaced with MitoTracker Red (100 nM) and incubated for 30
min at 37 °C. The cellular nuclei were selectively stained with
DAPI In order to obtain a clear colocalization image, HeLa
cells incubated with BODIPY were viewed under higher laser
intensity relative to those incubated with BODIPY-Pt. As can
be seen from Figure 2, both of them showed a distinct
mitochondrial distribution, which was confirmed by monitoring
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Figure 2. CLSM images of HeLa cells incubated with BODIPY and
BODIPY-Pt for 2 h at 37 °C at a concentration of 5 yM. Cells are
viewed in the blue channel for DAPI, the green channel for BODIPY,
and the red channel for MitoTracker Red. The yellow areas in the
merged pictures indicate colocalization of BODIPY or BODIPY-Pt

within mitochondrial compartments. Scale bars represent 20 ym in all
images.
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colocalization with MitoTracker Red. These results indicated
that BODIPY-Pt was localized predominantly in the mitochon-
dria.

To examine whether the uptake of BODIPY-Pt was
dependent on the mitochondrial membrane potential,**
carbonyl cyanide m-chlorophenylhydrazone (CCCP) was
used to treat the cells prior to the staining procedure. CCCP
is an uncoupler that causes rapid acidification of the
mitochondria and dysfunction of ATP synthase resulting in
the decrease of the mitochondrial AY, > As shown in Figure
3a, when the cells were treated with 20 uM CCCP, weaker
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Figure 3. CLSM images (a) and flow cytometry (b) of HeLa cells
pretreated with 20 uM CCCP for 45 min, and then incubated with
BODIPY-Pt for 2 h at 37 °C at a concentration of 5 yM. Shown are
the nuclei (blue), BODIPY-Pt (green), MitoTracker Red (red), and
merged images. Scale bars represent 20 ym in all images.

mitochondria colocalization was observed, and the cellular
uptake of BODIPY-Pt was reduced after CCCP treatment
(Figure 3b). This result indicates BODIPY-Pt localizes in
mitochondria and its cellular uptake is sensitive to the
mitochondrial membrane potential.

We also quantified content of Pt in mtDNA from BODIPY-
Pt and cisplatin. The HeLa cells were incubated with each of
them at a concentration of 5§ M for 2 h. Then the collection
and purification of the mtDNA was done by using a
mitochondrial DNA isolation kit, and the Pt concentration in
mtDNA was obtained by ICP-MS.**** Agarose gel electro-
phoresis (Figure S5) demonstrated that the mtDNA (about
16.5 kb) had been isolated from the mitochondria of HeLa cells
successfully. As shown in Figure S6, the Pt contents of
BODIPY-Pt in the mtDNA are higher than that of cisplatin,
which can also give a proof for the mitochondria localization of
BODIPY-Pt.

Although the BODIPY-Pt could be internalized by HelLa
cells and localized predominantly in the mitochondria, it was
not clear whether there was still cytotoxicity of the fluorophore-
labeled cisplatin. The cytotoxicity of BODIPY-Pt was
investigated with free cisplatin as a positive control and blank
culture medium without drugs as a negative control. Figure 4
shows the cell viabilities of HeLa (Figure 4a) and MCF-7
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Figure 4. Viabilities of HeLa (a) and MCF-7 (b) cells treated with free
cisplatin and BODIPY-Pt after incubation for 48 h at 37 °C. All the
results were repeated three times and presented as mean + SD.
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(Figure 4b) cells after 48 h culture with different Pt
formulations at various Pt concentrations. It can be seen that
cytotoxicities of the tested formulations are all concentration
dependent. The half maximal inhibitory concentration (ICs,) of
cisplatin and BODIPY-Pt against HeLa and MCF-7 cell lines
are summarized in Table 1. The inhibition efficacy of BODIPY-

Table 1. Cytotoxicities (ICs, [#M]) of Cisplatin and
BODIPY-Pt for HeLa and MCF-7 Cancer Cell Lines at 48 h

compd HeLa MCE-7
cisplatin 8.75 £ 0.24 343 + 0.38
BODIPY-Pt 27.37 £ 1.14 12.14 + 2.44

Pt is slightly lower than that of cisplatin, particularly at lower
concentrations (5—25 uM). However, they exhibit similar
efficacy compared with cisplatin at a higher concentration of
100 4M.

In summary, a BODIPY labeled Pt compound was
successfully prepared via a convenient synthesis method.
BODIPY-Pt was localized predominantly in the mitochondria
and its cellular uptake is sensitive to the mitochondrial
membrane potential. The Pt units facilitated the cellular uptake
of the BODIPY-Pt conjugates. Although the cytotoxicity of
BODIPY-Pt is mildly lower than that of cisplatin, we have made
it possible to image Pt distribution in living cells. That is,
BODIPY-Pt can fulfill the cytostatic and imaging functions
simultaneously. Our proof of concept in vitro shows that
BODIPY labeled Pt compounds represent an attractive
approach to be optimized and developed in the future.
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Details of chemical synthesis, structural analysis, and biological
assays. This material is available free of charge via the Internet
at http://pubs.acs.org.
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resonance; MALDI-TOF MS, matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry; UV—vis,
ultraviolet visible; MeOH, methanol; PET, photoinduced
electron transfer; ICP-MS, inductively coupled plasma mass
spectrometry; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide; DAPI, 4',6-diamidino-2-phenylindole;
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MitoTracker Red, MitoTracker Red CM-H2XRos; CCCP,
carbonyl cyanide m-chlorophenylhydrazone; ICs, half maximal
inhibitory concentration
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