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ABSTRACT: Maloplatin-B, a cisplatin-based complex, namely [ ] oI
[Pt(A-BOD)(NH;),](NO;) (Pt-A-BOD) with a pendant boron- [ / LR B ne et oxyeen generation
dipyrromethene (BODIPY) moiety, where HA-BOD is a methyl = -

malonyl chloride derived monostyryl BODIPY ligand, was designed P/ i Yo

and developed as near-IR light (600—720 nm) organelle-targeting A > 615 nm

photodynamic therapy agent. The complex [Pt(acac)(NHj;),](NO;)

(Pt-Ac) was used as a control. Pt-A-BOD displayed an absorption bl
band at 616 nm (& = 2.9 X 10* M~ cm™) in 10% dimethyl sulfoxide/ lt
Dulbecco’s Modified Eagle’s Medium (DMSO/DMEM, pH 7.2).  Jrerifemitkitasy
This complex displayed a broad emission band within 650—850 nm
with a 4, value of 720 nm in 10% DMSO—DMEM (pH 7.2) upon
excitation (4,,) at 615 nm with a large Stokes shift. The fluorescence
quantum yield (@) value for Pt-A-BOD is 0.032 and for the ligand
HA-BOD is 0.24. The BODIPY complex and ligand showed the formation of singlet oxygen as the ROS (reactive oxygen species) on
irradiation with near-IR red light of 660 nm, as evidenced from a 1,3-diphenylisobenzofuran (DPBF) assay. The complex displayed
remarkable apoptotic NIR light-induced PDT activity with half-maximum inhibitory concentration values (ICy,) of 1.6—2.4 uM in
AS49 lung and HeLa cervical cancer cells, while it was less active in the dark. The cellular ROS generation by the complex in red
light was ascertained by a DCFDA (2/,7'-dichlorofluorescein diacetate) assay. Cellular imaging showed its localization primarily in
the mitochondria of A549 cancer cells. The JC1 and Annexin-V FITC/PI assays carried out for A549 cancer cells treated with the
BODIPY complex showed the alteration of mitochondrial membrane potential and apoptotic cell death on near-IR red light (600—
720 nm) irradiation, respectively.

B INTRODUCTION drugs showed reduced therapeutic activity in comparison to

. . 15,16
The serendipitous discovery of cisplatin (CP) has led to the the bifunctional CP analogues.

foundation of the chemistry of metal-based anticancer agents, Su.bsequently, to address tk}e sp'eciﬁcit}f and efficacy of CP
and this has propelled the later discovery of two other and its analogues, apparently inactive platinum(IV) complexes

platinum-based drugs: namely, carboplatin and oxaliplatin.'~* have E’f_e?g developed. ?n(li' repgrte.d b);l researc}éers in }1;ecden’;
The impetus to search for new Pt-based drugs originates from years. T.WO axial ligands in the pseudo-octahe e
the major side effects associated with CP due to rapid geomety derived from the CP core have tumor-targeting
intracellular Pt—Cl bond dissociation kinetics thus necessitat- PI:OP ertles.}l[‘hesehcomP llexes are suitable folr targeted chﬁmlo-
ing the design and synthesis of new CP analogues having the t erapy, where the axia 'bonds can be released on cellufar
Pt-Cl bond replaced by other ligands, with the complex reduction of Pt(IV) by thiols to Pt(II), thus generating active
generating the active platinum species at a slower rate in platinum(II) species. In a different approach, Sadler and co-
comparison to CP, thus enhancing the efficacy of the drug. > workers have developed platinum(IV) complexes as prodrug

For example, oxaliplatin and carboplatin having O,0-donor molecules wh?ch can generate the Aactiv§ ch-em‘othgrapeutic
dianionic ligands release the active platinum species at a slower dru.g CP or its analogue on UV light irradiation.” Photo-
rate in comparison to CP and display better anticancer activated chemotherapy (PACT) has been developed as an
properties.”’”® A few other CP analogues such as nedaplatin,
heptaplatin, lobaplatin, aroplatin, spiroplatin, enloplatin, Received:  January 15, 2021
zeniplatin, miboplatin, picoplatin, ormaplatin, iproplatin, etc. Published: April 12, 2021
have been reported to show promising activity to make them

suitable for the treatment of cancer.” ' In a parallel

development, Lippard and co-workers have enriched the

chemistry of monofunctional platinum-based drugs, but such
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effective modality to selectively activate a drug in the cancer
cells by light irradiation while the noncancerous cellular
environment is protected.””>* A simultaneous development
has occurred with the use of transition-metal complexes in the
photodynamic therapy (PDT) of cancer.”””>° PDT was
developed before to CP as an alternate therapeutic modality
different from chemotherapy and radiation therapy but got
FDA (Food and Drug Administration) approval after CP. In
the conventional PDT, a photosensitizer, namely Photofrin, in
the cancer cell is photoirradiated with red light in the presence
of molecular oxygen (*0,) to generate highly cytotoxic singlet
oxygen ('O,) that kills the photoexposed cancer cells, thus
leaving the unexposed healthy cells unaffected.”*~*’

A combination of PDT- and CP-based chemotherapy can be
achieved by designing a new generation of cisplatin-derived
platinum(II) complexes having a dissociable ligand tagged with
a photosensitizer as a “chemo-PDT” agent that can generate
singlet oxygen on irradiation using near-IR red light.”* " The
light within the PDT spectral window has the advantage of the
highest penetration to reach the cancer cells in deep tissues for
better efficacy, and red-light-absorbing tissue chromophores
are generally absent in the human body. Although Photofrin is
the FDA-approved PDT drug, it suffers from selectivity, post-
treatment skin sensitivity, and hepatotoxicity.”' ~>* Reports
from our group have shown that boron-dipyrromethene-
appended transition-metal complexes can be used as photo-
sensitizers for (generating singlet oxygen in high yield on light
activation.”>~*" BODIPY dyes have good photostability, and
their core is amenable for tuning the absorption and emission
properties within a broad spectral window ranging from the
visible to the near-IR region.*"** In addition, BODIPY dyes
can be tuned to localize into different cellular or§anelles, thus
specifically enhancing their therapeutic potential.”*~*° We have
recently reported a diplatinum(II) catecholate, [{Pt-
(dach)},(u-Derb)] (DP), where dach is 1,2-diaminocyclohex-
ane and Dcrb is a tetraanionic morpholine-conjugated
BODIPY-linked dicatecholate base, as a lysosome-targeting
PDT agent in red light.”” This complex acts more as an
organelle-targeting PDT agent localizing in lysosomes than as a
chemotherapeutic agent with ICy, values of 0.6 M in HeLa
cells in red light (600—720 nm) and 105 uM in the dark with a
remarkable PI (phototoxic index) value. The present work
stems from our interest in improving the model by using
{Pt(NH,),}*" of CP bonded to an O,0-donor chelating ligand
having an appended red-light-active BODIPY moiety. The
0,0-donor ligand derived from the methyl malonyl chloride
(methyl chloroformylacetate) framework is a suitable replace-
ment for oxalic or dicarboxylic acid in comparison to aromatic
catecholate base.*® Herein, we present a platinum(II) complex,
[Pt(A-BOD)(NH;),](NO;) (Pt-A-BOD), having a red-light-
activatable BODIPY ligand that could release an active
platinum(II) species for chemotherapeutic action while it
initiates PDT activity involving the monostyryl BODIPY unit
in red light (Figure 1). The complex Pt-A-BOD as a “chemo-
PDT” agent has a cisplatin-like backbone structure with a
chelating methyl malonate tagged to a monostyryl BODIPY.
The use of a malonyl-based O,0-donor ligand in a platinum
complex is to ensure slow release of the active platinum species
{Pt(NH,),}*" that can possibly bind to DNA (nuclear and/or
mitochondrial) and act as a transcription inhibitor. Significant
results of this study include high PDT activity of the complex
in red light, giving submicromolar ICs, values, while being
essentially nontoxic in the dark, mitochondrial localization, a
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Figure 1. Chemical structures of the ligand HA-BOD, [Pt(A-
BOD)(NH;),](NO;) (Pt-A-BOD) as an active platinum(II)
complex, and [Pt(acac)(NH;),](NO;) (Pt-Ac) as a control species.

high yield of singlet oxygen generation, and apoptotic cellular
death promoted by reactive oxygen species (ROS). In addition,
the ligand HA-BOD alone is significantly less toxic than the
complex, justifying the importance of coordination to the
heavy metal platinum that is needed to promote facile
intersystem crossing (ISC) in a type II process for the
activation of molecular oxygen. The complex Pt-A-BOD,
denoted Maloplatin-B, derived from a cisplatin framework
exemplifies a rare chemo-PDT agent due to its dual activity.

B EXPERIMENTAL SECTION

Materials and Methods. All of the chemicals and reagents were
obtained from commercial sources (see the Supporting Information).
The ligand HA-BOD and complexes Pt-A-BOD and Pt-Ac were
prepared by following literature reports with some modifications.>”**
'H, !B, and *C NMR spectra were recorded using a Bruker Avance
400 MHz NMR spectrometer. An Agilent Model 6538 Ultra High
Definition Accurate Mass-Q-TOF (LC-HRMS) instrument was used
to obtain mass spectral data. A Thermo Finnigan Flash EA 1112
CHNS analyzer was employed for elemental analysis. The platinum
complex showed a marginally lower carbon percentage in the
elemental analysis possibly due to poor or insufficient combustion
of the sample under the standard conditions used. Bruker Alpha and
PerkinElmer Spectrum 750 spectrophotometers were used for
recording UV—visible spectra. A HORIBA Jobin Yvon IBH TCSPC
fluorimeter (fitted with FluoroHub analysis software) was used to
record emission spectra. The geometries of the platinum complexes
were optimized using the B3LYP/LANL2DZ level of theory. By
standard protocols, a red-light photoreactor (Waldmann PDT 1200
L) was used for the red-light experiments. Cytotoxic data were
obtained from a TECAN microplate reader by using GraphPad Prism
6 software. Flow cytometry experiments were done using a Becton
Dickinson fluorescence-activated cell sorting (BD-FACS) Verse
instrument (BD Biosciences). It was configured with a MoFLo
XDP cell sorter, three lasers of wavelengths 488, 365, and 640 nm,
and 10-color parameters. FACS data acquisition and analysis were
done using the Windows 7 operating system and BD-FACS suite
software. Confocal microscopy images were obtained from a Zeiss
LSM 880 with Airyscan confocal microscope. It had an oil immersion
lens with a magnification of 63X. The images were processed by using
Zeiss software.

Synthesis. Ligand HA-BOD, namely 4-(4-(3-((E)-4-
(dimethylamino)styryl)-S,5-difluoro-1,7,9-trimethyl-SH-414,514-
dipyrrolo[1,2-c:2/,1'-f][1,3,2]diazaborinin-10-yl) phenyl) but-3-yn-1-yl
(E)-3-hydroxy-3-methoxyacrylate, and the platinum complexes,
namely Pt-A-BOD and Pt-Ac, were synthesized by following the
literature procedures.””***’ The steps involved in the synthesis of the
ligand HA-BOD and the complexes are provided as Schemes S1 and
S2 in the Supporting Information. The detailed procedures employed
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in the synthesis of the ligand and the complexes along with the
characterization data are given below.

HA-BOD. The precursor BODIPY compound mBOD-OL, namely
4-(4-(3-(4-(dimethylamino)styryl)-S,5-difluoro-1,7,9-
trimethyldipyrrolo[1,3,2]diazaborinin-10-yl)phenyl)but-3-yn-1-ol
(212 mg, 0.5 mmol, 1 equiv), was dissolved in 10 mL of freshly
distilled dichloromethane. Under an N, atmosphere, pyridine (11 mg,
0.14 mmol) was added. After the resulting mixture was cooled in an
ice bath for 15 min, methyl malonyl chloride (17 mg, 0.13 mmol) in §
mL of distilled dichloromethane was added dropwise. The resulting
mixture was further warmed to room temperature followed by
continuous stirring for 12 h. The reaction mixture was filtered and
extracted with dichloromethane. It was concentrated using a rotavap,
and the product was isolated by silica gel column chromatography
using dichloromethane/hexane as eluent in the ratio of 65/35 (v/v).

Blue solid (158 mg). Yield: ~54%. Anal. Calcd for C3sH;BF,N;0,
(M, : 623.508): C, 69.35; H, 5.82; N, 6.74. Found: C, 68.92; H, 5.50;
N, 6.68. ESI-MS m/z: calcd, 624.2749; found [M + H]*, 624.2849.
'"H NMR (400 MHz, DMSO-dg): § (ppm) 7.57 (s, 2 H), 7.53 (s, 2
H),7.32 (s, 1 H), 7.28 (s, 1 H), 7.24 (s, 1 H), 7.12 (s, 1 H), 6.72 (s, 1
H), 6.70 (s, 1 H), 6.62 (s, 1 H), 5.99 (s, 1 H), 5.04 (s, 1 H), 4.40 (t, 2
H, 4 Hz), 3.63 (s, 3 H), 3.05 (s, 6 H), 2.85 (t,2 H, 4 Hz), 1.47 (s, 3
H), 1.44 (s, 6H) (s, singlet; d, doublet; t, triplet). BC NMR (100
MHz, DMSO-dg): 6 (ppm) 152.38, 139.73, 138.5S, 135.67, 138.27,
132.71, 129.04, 125.07, 124.32, 123.95, 118.33, 116.35, 114.74,
112.48, 63.70, 53.04, 41.71, 35.19, 34.30, 32.10, 29.40, 23.16, 20.30,
15.06, 14.61. UV—vis (10% DMSO/DMEM at pH 7.2): 4., nm (g,
M™! cm™) 614 (4.4 X 10*). Emission spectrum (10% DMSO/DPBS
at pH 7.2): Ay (Adey Pp) 720 nm (615 nm, 0.24).

[Pt(A-BOD)(NH;),1(NO;), (Pt-A-BOD). cis-[Pt(NH,),Cl,] (cis-
platin, 190 mg, 0.5 mmol, 1 equiv) was treated with AgNO; (162 mg,
0.98 mmol) in 5 mL of distilled water and stirred at room temperature
for 24 h in the dark and then filtered twice to remove AgCl. The
yellowish filtrate was added to a solution of the ligand HA-BOD
(165.5 mg, 0.25 mmol, 1 equiv) and 1 mL of freshly distilled
triethylamine in a dropwise manner and stirred for 4 h in the dark at
room temperature in methanol (30 mL). Using a rotavap the
methanol solvent was removed and the solid was dissolved in DMF (2
mL). The desired complex was precipitated by adding excess diethyl
ether. To eliminate any unreacted starting materials, the precipitated
complex was repetitively treated with water and diethyl ether to
obtain the pure product.

Dark blue solid (172 mg). Yield: ~54%. Anal. Calcd for
Cy6Hy BE,N(O,Pt (M,: 914.657): C, 47.27; H, 4.63; N, 9.29.
Found: C, 45.29, H, 4.44; N, 9.50. ESI-MS m/z: calcd, 852.2900;
found, 852.2616 [M — NO,]*. '"H NMR (400 MHz, DMSO-dy): §
(ppm) 7.56 (s, 2 H), 7.49 (s, 1 H), 7.45 (s, 2 H), 7.37 (s, 1 H), 7.36
(s,2H),7.24 (s, 1 H),7.20 (s, 1 H), 6.91 (s, 1 H), 6.12 (s, 1 H), 5.30
(s, 1 H), 4.76 (s, 3 H), 4.66 (s, 3 H), 4.26 (s, 2 H), 3.16 (s, 3 H), 2.98
(s, 6 H), 2.81 (s, 2 H), 1.40 (s, 3H), 1.33 (s, 6 H). '*C NMR (100
MHz, DMSO-di): 6 (ppm) 167.43, 167.01, 143.18, 138.25, 132.56,
129.52, 129.15, 123.95, 123.85, 118.89, 112.98, 112.60, 63.22, 52.65,
46.24, 41.37, 31.70, 29.39, 22.52, 14.86, 14.39, 9.03. UV—vis (10%
DMSO/DMEM at pH 7.2): 4., nm (&, M~ cm™) 616 (2.9 x 10%).
Emission spectrum (10% DMSO/DPBS at pH 7.2): Aey (Aey Pr) 720
nm (615 nm, 0.032). Ay in DMF: 76 S m* mol™".

Cellular Experiments. HeLa (human cervical cancer cell line),
A549 (human lung adenocarcinoma cell line), and HPL1D
(immortalized human lung epithelial cell line) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) under a 5% CO, atmosphere at 37 °C.
A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was carried out to determine the photocytotoxicities
of the complexes in red light. Approximately 8000 cells of HeLa,
AS549, and HPL1D were plated separately in two different 96-well
culture plates. After ~24 h, the cells were treated with various
concentrations of the compounds, namely HA-BOD, Pt-A-BOD, and
Pt-Ac, from 0.195 to 100 uM in 1% DMSO/DMEM and the cells
were further incubated for 4 h under a 5% CO, atmosphere at 37 °C
in the dark. The DMEM-buffer-containing compounds were removed
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in one set of the cells and washed with DPBS buffer, and the cells
were then subjected to red-light irradiation for 1S min (4 = 600—720
nm, light dose 30 J cm™2, Waldmann PDT 1200 L). Meanwhile, the
DMEM-buffer-containing compounds were replaced with fresh
DMEM from the other set of cells. After irradiation the PBS buffer
was replaced with fresh DMEM in the irradiated cells and both sets of
cells were further incubated for 16 h in dark. Data were obtained by
carrying out experiments with three independent sets. For each
concentration, the experiment was done in triplicate and the ICs,
(half maximum inhibitory concentration) values were obtained by
using Graph Pad Prism 6 and employing a nonlinear regression
analysis. The DNA binding experiments were performed in Tris-HCI
buffer (S mM, pH 7.2) using a DMF solution of the complex and calf
thymus DNA (complete experimental details are provided in the
Supporting Information).

For the confocal laser scanning microscopy (CLSM) experiments,
AS549 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS under a 5% CO, atmosphere at 37 °C.
Approximately 1 X 10° cells were seeded onto 35 mm round glass
bottom dishes. After 24 h, A549 cells were incubated with the
compounds HA-BOD and Pt-A-BOD (2 M) in 1% DMSO/DMEM
for 4 h. Before imaging, the cells were washed with DPBS and were
treated with Mitotracker Green (MTG, 200 nM, 15 min) and 4/,6-
diamidino-2-phenylindole (DAPI) as respective mitochondria- and
nucleus-selective trackers. The CLSM images were recorded in fresh
DMEM by maintaining a 5% CO, atmosphere at 37 °C in the dark by
using a Zeiss LSM 880 with Airyscan microscope with an oil
immersion lens having a magnification of 63X. For the cells incubated
with the compounds HA-BOD and Pt-A-BOD, the CLSM images
were captured with a band path of 650—750 nm upon excitation at
633 nm. The fluorescence of Mito Tracker Green in AS549 cells was
captured with a band path of $20—560 nm upon excitation at 508 nm,
and for DAPI, the emission detection band path was set to 420—460
nm with an excitation of 408 nm. To confirm the results, multiple
CLSM images were obtained and the experiments were carried out in
duplicate.

For the detection of singlet oxygen generation inside the cells, the
cells were treated with Pt-A-BOD (2 uM) in 1% DMSO/DMEM for
4 h. Further, the cells were rinsed with DPBS and were incubated with
singlet oxygen sensor green (SOSG) (10 uM, 30 min), washed with
DPBS before red-light irradiation (4 = 600—720 nm, light dose 30 |
cm™?) for the light case and subjected to CLSM for the dark set of
cells. For the determination of mitochondrial membrane potential
disruption in AS49 cells, the cells were treated with Pt-A-BOD (2
uM) in 1% DMSO/DMEM for 4 h. Further, the cells were rinsed
with DPBS, incubated with JC1 (5,5,6,6'-tetrachloro-1,1’,3,3'-
tetraethylbenzimidazoylcarbocyanine iodide) dye (100 uM, 4 h),
washed with DPBS before red-light irradiation (4 = 600—720 nm,
light dose 30 ] cm™ in the case of light), and subjected to CLSM for
the dark set of cells. For an analysis of the extent of bleaching of the
complex Pt-A-BOD in AS549 cells, the cells were treated with Pt-A-
BOD (2 uM) in 1% DMSO/DMEM for 4 h and subjected to CLSM
to record images at time intervals of 30 s for 20 min. The live cellular
uptake of the complex Pt-A-BOD (1 yM) in 1% DMSO/DMEM was
determined under a 5% CO, atmosphere at 37 °C in the dark.

The flow cytometry analysis experiments were performed with
approximately 2 X 10° A549 cells seeded in six-well plates using
DMEM supplemented with 10% FBS maintained under a 5% CO,
atmosphere at 37 °C. The generation of reactive oxygen species
(ROS) inside AS49 cells was detected by a 2’,7’-dichlorofluorescein
diacetate (DCFDA) assay. AS549 cells were treated with the
compounds Pt-A-BOD and HA-BOD (2 uM) in 1% DMSO/
DMEM for 4 h in the dark. After incubation, the medium was
removed, the cells were harvested by trypsinization, and a single cell
suspension was prepared. The cells were subsequently treated with 1
uM DCFDA (solution prepared with DMSO) in the dark for 10 min
at room temperature. The distribution of DCFDA-stained AS49 cells
was obtained by flow cytometry in the FL-1 channel by a BD-FACS
Verse instrument. Cellular uptake experiments were carried out for
the fluorescent compounds Pt-A-BOD and HA-BOD (2 uM) in 1%
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DMSO/DMEM in A549 cells. The distribution of the compounds in
stained cells was observed in the APC channel. The mode of cell
death induced by the compounds in AS49 cells was determined by an
AnnexinV-FITC (fluorescein isothiocyanate) experiment. Two sets of
cells were treated with both compounds (2 M) in 1% DMSO/
DMEM for 4 h. One of the plates was exposed to red-light
photoirradiation (4 = 600—720 nm, light dose 30 ] cm™*) in DPBS
with subsequent addition of fresh media. The cells were further
incubated for 19 h, trypsinized, and washed twice with DPBS. The
cells were resuspended in 400 uL of 1X binding buffer, and 1.0 uL of
Annexin V-FITC and 1.0 L of PI (propidium iodide) were added to
each cell suspension. These tubes were then incubated at room
temperature for 10 min in the dark and were further subjected to a
FACS analysis.

B RESULTS AND DISCUSSION

Synthesis and General Properties. The ligand HA-BOD
and its platinum(II) complex [Pt(A-BOD) (NH;),](NO;)
(Pt-A-BOD), as a cisplatin analogue, were synthesized as
stable species in moderate yields. The compounds were
characterized with NMR and mass spectral data (Figures S1—
S8 in the Supporting Information). The purity of the
compounds was ascertained from the 'H NMR spectral and
elemental analysis data. The complex Pt-A-BOD displayed a
peak in the mass spectrum at m/z 852.2616 in methanol along
with the characteristic isotopic distribution of platinum (Figure
S2 in the Supporting Information). The 'H NMR spectra of
the complex Pt-A-BOD and ligand HA-BOD displayed peaks
characteristic of monosubstituted styryl BODIPY (Figures S3
and S4 in the Supporting Information). The characteristic
peaks for the ammine protons were observed in the "H NMR
spectra of the complex Pt-A-BOD within the range 4.6—4.8
ppm, and the aromatic protons were shifted downfield from
6.6—7.6 ppm to 6.9—7.6 ppm, which indicated the formation
of the platinum(II) complex. The *C NMR spectra of both
the complex and ligand showed peaks corresponding to the
carbon atoms in the monosubstituted styryl BODIPY (Figures
SS and S6 in the Supporting Information). The ''B NMR
spectra of both the complex and ligand displayed respective
characteristic triplet peaks at 0.84 and 0.927 ppm correspond-
ing to a BF, unit in a monosubstituted styryl boron-
dipyrromethene (BODIPY) moiety (Figures S7 and S8 in
the Supporting Information). The solution conductivity
measurements gave a molar conductivity value of ~76 S m*
M™' in dimethylformamide, suggesting a 1/1 electrolytic
behavior of the complex. Both the complex and ligand are fairly
soluble in solvents such as as chloroform, dichloromethane,
methanol, dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO).

The UV—visible spectroscopic study was done in pH 7.2
10% DMSO/DMEM buffer (v/v). HA-BOD and Pt-A-BOD
displayed absorption bands at 614 nm (¢ = 4.4 X 10* M™'
em™) and 617 nm (e = 2.9 X 10* M™' cm™), respectively
(Figure 2a). The lowest energy absorption bands were
assigned to electronic transitions involving a monostyryl
BODIPY unit having a dimethylamino group; the attachment
of two 4-(dimethylamino)phenylethynyl moieties results in the
shift in the absorption and emission bands toward the red
region from the core BODIPY. The UV-—visible absorption
spectrum of Pt-A-BOD was recorded in methanol and
acetonitrile solvents, and the extent of the shift was analogous
with that observed for 4-(dimethylamino)phenylethynyl
BODIPY analogues (Figures S9 and S10 in the Supporting
Information). The broadening of the absorption spectra of Pt-
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Figure 2. (a) Electronic absorption and (b) emission (4, = 615 nm)
spectra of the complexes Pt-Ac (nonemissive) and Pt-A-BOD and the
ligand HA-BOD in 10% DMSO—DMEM (pH 7.2).

A-BOD in more polar solvents was observed, suggesting a
weak charge transfer character (Figure S9 in the Supporting
Information). Such high values of the absorption coefficients
for the absorption bands within the PDT spectral window are
conducive for a desirable photosensitizing effect. The presence
of platinum as a heavy metal in Pt-A-BOD makes this complex
suitable as a photosensitizer for PDT activity. The control
complex Pt-Ac, lacking any visible band, is not a PDT-active
species. Both Pt-A-BOD and HA-BOD upon excitation at 615
nm displayed a broad emission band within 650—850 nm with
a maximum at 720 nm in pH 7.2 10% DMSO—DMEM (Figure
2b). A partial charge transfer effect, observed in BODIPY
moieties having dimethylamino groups as styryl units, resulted
in large Stokes shifts in the emission spectra of Pt-A-BOD and
HA-BOD. The complex Pt-A-BOD gave a fluorescence
quantum yield (®@g) value of 0.032. This is much lower in
comparison to the @y value of the ligand (®p = 0.24). This
reduction is attributed to the presence of platinum(II) bonded
to the ligand facilitating ISC. The ligand and complex both
generated singlet oxygen under red-light irradiation with a
singlet oxygen quantum yield (@, ) value of 0.19 for the ligand
and 0.48 for the complex. Time- and temperature-dependent
UV—visible measurements were also done to ascertain the
stability of the BODIPY complex and its ligand in 10%
DMSO/DMEM, 1% DMSO/DMEM, and also DMSO alone
for a time period of up to 48 h in dark. The temperature-
dependent UV—visible absorption spectra of Pt-A-BOD kept
at 4 and 37 °C for 4 h displayed no significant change in
absorbance from that kept at room temperature. The results
displayed a very negligible decrease in the absorbance of Pt-A-
BOD in 10% DMSO/DMEM and DMSO, but a small
decrease was observed in 1% DMSO/DMEM (Figure S10 in
the Supporting Information). Both the complex and ligand
were thus found to be stable.

The energy -optimized structure of the complex Pt-A-BOD
was obtained by density functional theory (DFT) by using the
B3LYP/LANL2DZ level of theory (Figure 3 and Tables SI
and S2 in the Supporting Information).””" For the atoms, the
electronic charge density distributions pertaining to the
frontier molecular orbitals were obtained through DFT. The
energy-minimized structure of Pt-A-BOD showed a square-
planar geometry with platinum(II) bonded to two ammine
groups in a cis disposition and the O,0-donor methyl
malonate moiety of the monoanionic A-BOD ligand bonded
to the metal in a chelating mode. The HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) are shown in Figure 3. The HOMO of the
complex Pt-A-BOD was found to be on the BODIPY-
appended methyl malonate unit, while the LUMO was
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Figure 3. Energy-minimized structure (a) and the FMOs, namely the HOMO (b) and LUMO (c), of the ligand HA-BOD and complex Pt-A-BOD

using density functional theory.

localized on the Pt—O bonds. Both the HOMO and LUMO of
the ligand HA-BOD were localized on monostyryl BODIPY.
The DFT data were useful toward an understanding of the
spectral properties of the compounds.

Photocytotoxicity in Red Light. The complex Pt-A-
BOD, ligand HA-BOD, and control Pt-Ac were studied by an
MTT assay for their photoinduced cytotoxicity in red light
(600—720 nm) with a 4 h preincubation of the compounds in
lung cancer cells (AS49), an immortalized lung epithelial cell
line (HPLID), and human cervical cancer cells (HeLa)
followed by 20 h postincubation. The results of the MTT assay
in the form of ICs, values are given in Table 1 (Figures S11

Table 1. MTT Assay Data (ICso/uM) of the Complexes Pt-
Ac and Pt-A-BOD and the Ligand HA-BOD

cell line conditions Pt-Ac Pt-A-BOD HA-BOD

HeLa Le >100 24 +02 400 + 02
D" >100 79.0 + 3.2 102.0 + 32

A549 L¢ >100 1.6 + 02 520 + 0.2
D” >100 85.0 + 0.4 97.0 + 0.4
D¢ 72.0 + 02 440 + 0.4 >100

HPL1D L 92.1 + 1.1 334 + 0.4 63.0 + 0.6
D" >100 101.0 + 1.2 >100

“ICqo values are in yM with 4 h preincubation in dark with
subsequent to red light exposure (L, 600—720 nm, light dose of 30 |
cm™* using Waldmann PDT 1200 L). Post incubation period was of
19 h. bICSO values are in yM for samples in the dark. “On 24 h
incubation under dark.

and S12 in the Supporting Information). The values for the
complex Pt-Ac in red light (1 = 600—720 nm, light dose 30 J
cm™?) and in the dark for an incubation time of 24 h were
above 100 uM in these cells. In contrast, the same complex
displayed noticeable dark toxicity with an ICy, value of 72 uM
for 24 h of incubation in AS49 cells, indicating its
chemotherapeutic action due to the presence of the platinum-
(1I) center (Figure S11 in the Supporting Information). The
complex Pt-A-BOD having a monostyryl BODIPY moiety
displayed remarkable near-IR light (4 = 600—720 nm, light
dose 30 J cm™2) photocytotoxicity with ICg, values of 1.6—2.4
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UM in the cancer cells with low dark cytotoxicity (ICs, = 79—
85 uM). The ligand HA-BOD in comparison showed low
cytotoxicity in the cancer cells in red light (1 = 600—720 nm,
light dose 30 J cm™2), giving IC, values within 40—52 uM,
possibly due to lower singlet oxygen production. The
chemotherapeutic activity of the complex Pt-A-BOD, assumed
to be occurring due to the presence of the active “cisplatin”
unit, was determined from an MTT assay, and the ICs, value
was 44 uM for 24 h of incubation with the complex. The IC,
value of the ligand HA-BOD was >100 uM for 24 h incubation
in the dark. The possibility of any interaction of the complex
Pt-A-BOD with DNA was studied by UV—visible absorption
spectral studies using calf thymus (ct) DNA. The ct-DNA
binding constant (K;,) for Pt-A-BOD was found to be ~3.9 X
10°M™" in 5% DME-Tris buffer (pH 7.2), implying that the
complex interacts with DNA through groove binding and/or
an intercalative mode (Figure S13 in the Supporting
Information).”” The results indicate the utility of platinum in
Pt-A-BOD for singlet oxygen generation and the remarkable
PDT effect along with a DNA binding interaction with the
possibility of inducing a chemotherapeutic effect. The complex
Pt-A-BOD and ligand HA-BOD both showed lower
cytotoxicity in immortalized human lung epithelial HPL1D
cells in the dark and with light (red light, A = 600—720 nm,
light dose 30 J cm™).

Cellular Uptake. The mode of cellular uptake and the
time-dependent cellular internalization ability of a drug being
of importance, the time-dependent cellular uptake of the
complex was analyzed from a fluorescence-activated cell
sorting (FACS) analysis in AS49 cells. The cells were
incubated with the fluorescent compounds Pt-A-BOD and
HA-BOD (2 uM) for different time periods of incubation:
namely, 2, 4, and 6 h. The cellular fluorescence of the complex
and ligand was detected through the APC channel (4., = 633
nm). There was a large shift in the histogram of both types of
treated cells in comparison to the histogram of untreated cells,
clearly indicating the cellular uptake of these compounds. For
the complex Pt-A-BOD, the fluorescence slightly increased as
the time of incubation increased from 2 to 4 h but there was no
significant difference in the fluorescence emission between 4
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and 6 h (Figure 4a). This indicated the maximum uptake of Pt-
A-BOD (2 uM) at 2 h. However, for the ligand, the
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Figure 4. (a) Quantitative analysis of cellular uptake of the
compounds by flow cytometry upon incubating AS549 cells with Pt-
A-BOD (2 uM) at 37 °C at different time intervals along with
untreated cells used as a control. (b) Confocal images of HeLa (left
panels) and AS549 (right panels) cells incubated with Pt-A-BOD (2

uM) at two different temperatures, namely 37 and 4 °C, for 4 h. Scale
bar: 20 um.

fluorescence gradually increased with increasing time from 2
to 6 h. To determine the uptake pathway, AS49 cells were
treated with the complex and ligand (2 uM) in 1% DMSO/
DMEM at the two temperatures 37 and 4 °C. The compounds
were incubated for two time periods of 2 and 4 h and subjected

to confocal laser scanning microscopy (CLSM) following
standard protocols. Cells treated with both the complex and
ligand showed almost no fluorescence emission, indicating no
apparent cellular uptake on incubation at 4 °C, whereas
fluorescence emission was observed on incubation at 37 °C.
The results suggest that the complex and ligand follow an
energy-dependent pathway of cellular uptake (Figure 4b).
Further, even after a prolonged incubation of the complex and
ligand for 4 h, no increase in emission intensity was found in
the treated cells incubated at 4 °C (Figure S14 in the
Supporting Information).

The red fluorescence emission property at 720 nm from the
complex Pt-A-BOD in 1% DMSO/DMEM enabled us to carry
out real-time imaging in live cells. This property is useful to
understand the cellular uptake mechanism of a drug in live cells
by recording pictures constantly at different time intervals or at
no time intervals. The cellular entry of the complex Pt-A-BOD
(1 pM) in 1% DMSO/DMEM was visualized in AS549 cells
through live cell imaging by maintaining a 5% CO, atmosphere
at 37 °C. Images were recorded immediately after treatment
with the complex Pt-A-BOD (1 M) with no time interval and
a band path of 660—750 nm by using 4., = 633 nm. The entry
of the complex was observed within 100 s of incubation from
fluorescence emission and complete localization, and the
maximum uptake was reached 750 s after the treatment.
Further, the cells did not show any major increase in
fluorescence or varied localization (Figure SIS in the
Supporting Information). The CLSM images also indicated
punctate fluorescence, suggesting that the uptake pathway is
possibly through endocytosis. The results indicated a rapid
cellular uptake of the BODIPY complex in AS49 cells,
suggesting a high cell membrane permeability of the complex.

Singlet Oxygen as a Cytotoxic Agent. The objective of
appending a monostyryl BODIPY moiety on {Pt(NH,),}*"
coordinated to a O,0-donor ligand was to generate reactive
oxygen species (ROS) on red-light irradiation. The complex

500 1.0,
(a) == Cells only (b)
400 Cells + DCFDA 3 0.84
2300 — Cells + Pt-A-BOD (D) 5 10s
§ — Cells + Pt-A-BOD (L) = 0.6
O
S 200 Zo4
100 <«
o 0.2 HA-BOD
10° 104 105 0.0 e
DCFDA 600 700
Bright field Pt-A-BOD SOS: Blue SOS: Green A/nm
1.0
@
20.8
5 l Ss
S0 W
3
=0.4
<«
02 Pt-A-BOD
0.0 M e
: 400 500 600 700
. A/nm

Figure S. (a) Cellular ROS generation by a DCFDA assay in Pt-A-BOD (2 uM, 4 h)-treated AS49 cells under red light of 600—720 nm (L, light
dose 30 J cm™2) and in the dark (D). (b) Spectral variations of DPBF at 417 nm on treatment with the ligand HA-BOD and the complex Pt-A-
BOD in DMF at § s intervals under red light irradiation (4 = 600—720 nm). (c) Cellular detection of 'O, generated by Pt-A-BOD (2 uM, 4h) in
AS49 cells in red light of 600—720 nm (light dose 30 J cm™) and in the dark by an SOS analysis kit (SOS is a singlet oxygen sensor).
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Figure 6. Confocal images of A549 cells incubated with red-emitting Pt-A-BOD (2 uM) for 4 h at 37 °C along with Mito Tracker Green (MTG).
DAPI (4',6-diamidino-2-phenylindole) was used as a blue -emitting nuclear staining dye. Scale bar: 20 ym. Lower panels are the expanded region of

the highlighted portion (see box) of the top panels.

Pt-A-BOD and ligand HA-BOD were developed as novel NIR-
PDT photosensitizers for therapeutic applications. To
determine the formation of any reactive oxygen species
under red-light photoirradiation (600—720 nm) in a cellular
environment, a DCFDA (2,7'-dichlorofluorescein diacetate)
assay in AS49 cells was carried out. DCFDA is a non-
fluorescent compound that has the ability to penetrate the cell
membrane and react with any ROS to form green fluorescent
2',7'-dichlorodihydrofluorescein with a A, value of 525 nm
(Aex = 488 nm) upon oxidation. Hence, any generation of ROS
can be determined using a flow cytometry analysis by
measuring the green fluorescence of 2/,7'-DCF in the FL-1
channel, which would indicate the cell population generating
ROS. Two sets of A549 cells were treated with the complex Pt-
A-BOD and the ligand HA-BOD at their ICy, concentrations
(Pt-A-BOD, 2 uM; HA-BOD, 40 uM) for 4 h followed by
irradiation with red light (A = 600—720 nm, light dose 30 |
cm™2) for one set and samples kept in the dark for the other
set. Both sets of cells were further incubated with DCFDA (1
M, 10 min) and subjected to a FACS analysis. The cells
treated with only DCFDA and the cells treated with the
complex Pt-A-BOD but kept in the dark showed only a small
shift in the histogram. In contrast, Pt-A-BOD-treated cells on
irradiation with red light displayed a large shift in fluorescence,
indicating the ability of Pt-A-BOD to generate cytotoxic
reactive oxygen species (Figure Sa). A similar observation was
made for the cells treated with HA-BOD at its ICy,
concentration (Figure S16 in the Supporting Information).
BODIPY dyes as photosensitizers are well-known to generate
singlet oxygen as the ROS upon photoexcitation via a type II
process in which the photosensitizer in its triplet state transfers
energy to triplet oxygen to generate singlet oxygen. To
ascertain the nature of ROS generated from Pt-A-BOD and
HA-BOD in red light, a 1,3-diphenylisobenzofuran (DPBF)
assay was done in DMF. The absorption spectral intensity of
DPBF as a singlet oxygen scavenger in DMF in the presence of
the complex and ligand at 417 nm was examined by employing
a 660 nm continuous-wave diode laser as the excitation source.
At intervals of S s, a gradual decrease in the absorbance of
DPBF treated with the complex Pt-A-BOD at 417 nm was
observed in the UV—visible spectral assay. A similar experi-
ment with the ligand HA-BOD with 10 s intervals of light
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irradiation did not show any significant changes. The results
indicate much a higher efficacy of singlet oxygen generation by
the complex in comparison to the ligand (Figure Sb and Figure
S16 in the Supporting Information). The singlet oxygen
generation ability of the complex Pt-A-BOD inside the cellular
medium was determined in AS549 cells using a singlet oxygen
specific dye: namely, singlet oxygen sensor green (SOSG).
SOSG is a dye that displays weak blue fluorescence inside the
cellular medium, but in the presence of singlet oxygen the
fluorescence emission shifts from blue to green (4., = 525 nm,
Aex = 488 nm). Two sets of AS49 cells were incubated with the
complex Pt-A-BOD (2 uM) for 4 h followed by treatment with
SOSG dye (100 uM) for 20 min. After the removal of the
buffer containing SOSG, one set of cells was subjected to
irradiation using red light (4 = 600—720 nm, light dose 30 |
cm™2), while the other set was kept in the dark. The cells were
subjected to CLSM. The complex-treated cells without red
light irradiation displayed a weak blue fluorescence inside the
cells, but no fluorescence was observed in the green region
(Figure Sc). In contrast, the cells treated with the complex and
irradiated under red light (4 = 600—720 nm, light dose = 30 |
cm™?) displayed bright green fluorescence in the green channel
but no blue fluorescence. The results unequivocally showed
the cellular generation of singlet oxygen by the complex Pt-A-
BOD in red light.

Mitochondrial Localization. The appended BODIPY
moiety enabled us to employ complex Pt-A-BOD for cellular
imaging as a NIR fluorophore that would inhibit the
intervention of background signals occurring due to tissue
autofluorescence. To determine the target organelle of the
complex (2 uM), AS549 cells were incubated for 2 h at 37 °C in
the dark and were later subjected to confocal laser scanning
microscopy. The cells retained good morphology after 24 h of
incubation, and the CLSM images of the complex-incubated
cells were captured with a band path of 650—750 nm upon
excitation at 633 nm. A study on the localization of the
compounds using their fluorescence along with trackers,
namely Mito Tracker Green (MTG) and the nucleus-specific
dye 4’,6-diamidino-2-phenylindole (DAPI), was carried out for
AS49 cells. The CLSM merged images of the complex and
DAPI clearly indicated its localization in the cytoplasm rather
than the nucleus. The red fluorescence emission caused by the
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Figure 7. AnnexinV-FITC and propidium iodide (PI) staining of AS49 cells that undergo apoptosis/necrosis caused by the compounds Pt-A-BOD
(2 uM) and HA-BOD (40 uM) in red light of 600—720 nm (L, light dose 30 J cm™*) and in the dark (D) by FACS analysis. The percent cell
population can be viewed in the respective quadrants: lower left for live cells, lower right for early apoptotic cells, upper right for late apoptotic cells,

and upper left for dead cells.

complex merged with the green fluorescence of MTG, showing
a strong overlapping with an overlap coefficient value of 93%.
This indicated significant localization of the complex in the
mitochondria of AS49 lung cancer cells (Figure 6 and Figure
S17 in the Supporting Information). Similar results were
obtained with the merged images of the ligand HA-BOD and
the trackers MTG and DAPI, with a clear indication that the
complex Pt-A-BOD is localized in the mitochondria due to the
presence of the coordinated ligand A-BOD (Figure S18 inthe
Supporting Information). The mitochondrial localization
achieved by both the ligand and the complex can be attributed
as well to the presence of N,N-dimethylaniline as a monostyryl
unit in the BODIPY ligand HA-BOD. For a fluorophore to be
employed for cellular imaging, the bleaching of the dye should
be at a minimum with negligible effects on the cellular
morphology. A549 cells were incubated with the complex Pt-
A-BOD (2 uM) for 2 h and then subjected to CLSM. A frame
of the red fluorescence image of the complex was fixed, images
were recorded constantly at time intervals of 1 min for a period
of 20 min. With no signs of morphological changes in the cells,
we observed a minor decrease in the fluorescence intensity
from the first recorded image to the last image, clearly
indicating negligible bleaching of complex Pt-A-BOD as a dye
inside the live cellular medium under 5% CO, at 37 °C (Figure
S19 in the Supporting Information). This property of the
complex can be effectively employed for the intracellular
imaging and tracking of a drug to gain complete insight into
the mechanism of drug action.

Cellular Apoptosis. The cellular death pathway induced
by the complex Pt-A-BOD and the ligand HA-BOD under
red-light photoirradiation was determined by an AannexinV-
FITC/PI assay in AS49 cells. Two sets of AS49 cells were
treated with the complex (2 M) and the ligand (40 uM) at
their IC, values and incubated for 4 h in the dark. One set of
cells after removal of the compounds was kept in the dark (D),
while the other set of cells was irradiated with red light of
600—720 nm (L, light dose 30 J cm™). With the untreated
cells, the FITC fluorescence and PI fluorescence were

6417

stabilized to a minimum level. The results showed that
~74% of the cells in the Pt-A-BOD-treated set of cells in light
(L) were in an early apoptotic phase and ~15% of the cells
were in a late apoptotic phase with no cells being found to have
a necrotic death pathway (Figure 7). For the Pt-A-BOD-
treated set of cells in the dark (D), ~17% of the cells were in
an early apoptotic phase, while ~8.3% of the cells were in the
late apoptosis phase and ~4% cells in the necrotic death
pathway. In contrast, for HA-BOD-treated set of cells in the
light (L), ~1% of the cells were in an early apoptosis phase,
~21% of the cells were in a late apoptotic phase, and
remarkably ~47% of the cells were in a necrotic death pathway
(Figure 7). There was not much change in the results of the
ligand HA-BOD-treated set of cells in the dark (D) in
comparison to the set of cells that were untreated. The results
clearly suggest apoptotic cellular death induced by complex Pt-
A-BOD in light, while the pathway is predominantly necrotic
for the ligand HA-BOD.

Mitochondrial Membrane Potential. Complex Pt-A-
BOD in AS549 cells induced an apoptotic pathway of cell death
on irradiation with red light. The confocal imaging results
indicated specific mitochondrial localization. To further
determine the possible damage that would occur in the
mitochondria of AS49 cells treated with this complex, a JC1
assay was performed to study the mitochondrial membrane
integrity. Two sets of AS549 cells were treated with the complex
(2 M) at its ICg, value and incubated for 4 h in the dark. One
set of the cells after removal of the complex was kept in the
dark (D), while the other set of cells was irradiated with red
light of 600—720 nm (L, light dose 30 J cm™2). JC1 dye is
known to show red fluorescence inside the cells when the
mitochondrial membrane potential remains intact. The dye,
however, displays green fluorescence when the mitochondrial
membrane potential is altered. The complex-treated set of cells
in the light (L) exhibited bright green fluorescence of the JC1
dye with negligible red fluorescence (Figure 8). However, the
complex-treated set of cells kept in the dark (D) showed red
fluorescence of the JC1 dye with negligible green fluorescence,
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Figure 8. Confocal microscopic images of the JC-1 assay showing the
fluorescence images of JC-1 dye in both red and green channels in
AS549 cells incubated with the complex Pt-A-BOD (2 yuM) for 4 h at
37 °C in the dark and on red-light photoirradiation (4 = 600—720
nm; light dose 30 J cm™). The scale bar is 20 ym in all of the panels.

clearly indicating that the complex did not alter the
mitochondrial membrane potential in the dark but altered it
on irradiation with red light.

Bl CONCLUSIONS

A platinum(II) complex, [Pt(A-BOD)(NH,),](NO;) (Pt-A-
BOD, Maloplatin-B), as a cisplatin analogue having mono-
anionic O,0-donor methyl malonyl moiety-conjugated to
monostyryl BODIPY ligand (HA-BOD) was designed,
synthesized, and exemplified as an efficient near-IR red-light-
active photodynamic therapy (PDT) agent against cancer cells,
while it is dormant against immortalized human lung epithelial
cells. The non-BODIPY complex [Pt(acac)(NH;),](NO;)
(Pt-Ac) was used as a control, which showed no significant
activity in the dark or light. The complex Pt-A-BOD showed
rapid cellular uptake in lung cancer AS49 cells through an
energy-dependent pathway. It predominantly localized in the
mitochondria of the cancer cells and produced singlet oxygen
('0,) as the ROS, targeting this specific organelle under NIR
light irradiation (600—720 nm). In HeLa and AS49 cancer
cells, the BODIPY complex induced remarkable photo-
cytotoxicity in the PDT spectral window of 650—850 nm
with ICg, values within 1.6—2.4 yM while being effectively
nontoxic in dark. The PDT activity is based on the high-yield
generation of singlet oxygen inside the cells on red-light
irradiation. The ligand HA-BOD, due to its lower singlet
oxygen quantum yield and lower cellular uptake in comparison
to its complex, gave relatively higher ICy, values, thus
indicating its reduced photocytotoxicity. The ligand followed
a necrotic pathway of cell death, while the complex primarily
showed the desirable apoptotic pathway. The complex caused
significant changes in the mitochondrial membrane potential,
leading to apoptotic cell death in AS549 cancer cells. It showed
higher stability with lower bleaching properties, thus making it
a potential therapeutic agent suitable for dual application:

6418

namely, near-IR-light cellular imaging and PDT activity. This
work exemplifies a rare cisplatin analogue having monostyryl
BODIPY as a near-IR-light PDT agent localizing in
mitochondria and causing cellular apoptosis on singlet oxygen
generation.
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