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ABSTRACT: Platinum(II) complexes [Pt(L')(R-BODIPY)]CI
(1) and [Pt(L?)(R-BODIPY)]CI (2), where R-BODIPY is 8-(4-
ethynylphenyl)-distyryl-4,4-difluoro-$,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3, L' is 4’-phenyl-2,2":6',2"-terpyridine, and L
is (2,2:6',2"-terpyridin-4'-oxy)ethyl--p-glucopyranoside, were syn-
thesized and characterized, and their photocytotoxicity was studied.
The phenylacetylide complex [Pt(L')(C=CPh)]Cl (3) was pre-
pared and used as a control. Complexes 1 and 2 showed near-IR
absorption bands at 713 nm (& = 347 X 10* M™! cm™) and 715 nm
(32 x 10* M em™) in 10% dimethyl sulfoxide (DMSO)—
Dulbecco’s Modified Eagle’s Medium (DMEM) (pH 7.2). The
BODIPY complexes are emissive in 10% DMSO—DMEM at pH
7.2 with Ay, (Ao @p) = 822 nm (710 nm, 0.022) for complex 1 and
Aem (Aew @p) = 825 nm (710 nm, 0.026) for complex 2. They gen-

PDT in Red Light

erated singlet oxygen ('O,) in red light as evidenced from 1,3-diphenylisobenzofuran (DPBF) titration experiments. The singlet
oxygen quantum yield (®,) values for 1 and 2 were ~0.6 signifying their photosensitizing ability. They were remarkably
photodynamic therapy (PDT) active in red light showing significant red light-induced cytotoxicity in cervical HeLa, lung cancer
AS549, and breast cancer MCF-7 cells (ICs;: 2.3—24.7 uM in light) with negligible dark toxicity (IC5, > 100 #M). A significant
enhancement in cellular uptake was observed for 2 having glucose-appended terpyridine ligand compared to 1. The confocal
microscopy showed significant mitochondrial localization of the complexes as evidenced from the JC-1 assay. The complexes
released the photoactive R-BODIPY ligand upon red light-irradiation as evidenced from the mass and 'H NMR spectral studies.

Complex 2 is remarkable in satisfying the essential requirements of targeted PDT in red light.

B INTRODUCTION

Targeted chemotherapy has emerged as a viable alternative to
chemotherapy to eliminate the drawbacks associated with the
chemotherapeutic drugs such as cisplatin and its analogues, which
lack specificity.' > To overcome these limitations, platinum(IV)
prodrugs were designed as an alternative method to minimize
the side effects of the platinum-based drugs, which have the
ability to generate the active platinum(II) species either upon
photoactivation or cellular reduction through a process of photo-
activated chemotherapy (PACT).*”® Photodynamic therapy
(PDT) has developed as a viable photochemotherapeutic method,
where a photosensitizer, namely, Photofrin as a drug is specif-
ically activated inside the cancer cells under red light for the
generation of reactive oxygen species (ROS) that damages the
cancer cells without affecting the unexposed normal cells.”* In
contrast to the conventional therapy, PDT enables selective drug
action and improved drug specificity.”'® Currently, platinum-
(II)-based PDT agents with photoimaging properties are stud-
ied to get insight about the drug distribution in vivo and for
probable therapeutic use.'' ™" In this context, near-infrared
(NIR) light PDT agents are of particular importance, as NIR
light within therapeutically relevant 700—850 nm region
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possesses deep tissue penetration capability and can effectively
eliminate tissue auto fluorescence interference. In addition, NIR
light-based platinum compounds with photoimaging function
could provide insights about cellular drug distribution."*~"°
By appending sugar, peptides, folic acid, etc. on the ligands of
the desired complexes selective accumulation of drugs inside the
tumor cells can be achieved, which would greatly enhance the
targeting efficacy of an anticancer agent.'” " A large variety of
tumors have glucose transporter GLUT-1 overexpressed, and
higher cellular uptake of the complexes into tumors can be ensured
by appending a glucose moiety to the ligand, which provides
targeting efficacy while increasing the drug aqueous solubil-
ity.”>*" In addition, directing the anticancer agent to mitochon-
drial DNA is likely to augment its anticancer potential by over-
coming the resistance due to enhanced mitochondrial DNA
(mtDNA) mutation and lack of nuclear excision repair (NER)
machinery in the mitochondria of the cancer cells.””** There
are reports of platinum(II) ring-fused chlorins and platinum(II)
conjugates appended with macrocyclic PDT-based photosensitizers
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as near-IR PDT agents.”* The recent reports have shown that
combination therapy involving a platinum chemotherapeutic
drug and a photosensitizer as a PDT agent increases the efficacy
of the platinum drugs as antitumor agents by reducing the dark
toxici'fy.zs_27 4,4-Difluoro-$,7-dimethyl-4-bora-3a,4a-diaza-s-in-
dacene-3 (BODIPY) derivatives as photosensitizers are of inter-
est for their excellent photophysical properties, and few of the
BODIPY dyes are reported to gredominantly localize in the
mitochondria of the cancer cells.””*” We recently reported Pt-
BODIPY conjugates as mitochondria targeting PDT agents that
are suitable for cellular imaging.30’31

In the present work, we aimed to achieve two objectives
by designing a new class of platinum(II) complexes, namely,
[Pt(L")(R-BODIPY)]CI (1), [Pt(L*)(R-BODIPY)]CI (2) (R-
BODIPY = 8-(4-ethynylphenyl)-distyryl- BODIPY) having can-
cer cell targeting glucose moiety on the terpyridine (tpy)
moiety (in L*) for targeted chemotherapy and a photoactive
BODIPY ligand (R-BODIPY) for generating singlet oxygen on
activation with red light for PDT activity (Figure 1). Complex
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Figure 1. (a) Perspective view of the ligand R-BODIPY showing 50%
probability thermal ellipsoids. Color codes: F purple, B orange, N
green, H and C, black. H atoms other than the acetylenic proton are
omitted for clarity. (b) Chemical structures of the platinum(II)
complexes 1-3.

[Pt(L")(phenylacetylide)]Cl (3) was used as a control. The com-
plexes 1 and 2 are suitable for cellular imaging. The R-BODIPY
ligand is incorporated in the structure of the complexes to
achieve predominant localization in the mitochondria in prefer-
ence to the nucleus. The addition of glucose moiety in L* is for
higher cellular uptake of the complex besides increasing its
aqueous solubility. The photolability of the Pt"—C=CR bond
enabled us to release the R-BODIPY ligand as a PDT agent on
red light activation with the released monofunctional platinum-
(II) unit acting as a potential DNA intercalator.”” The cytotox-
icity of the complexes and R-BODIPY ligand was studied by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and crystal violet (CV) assay, which showed
noticeable photocytotoxicity upon red light photoirradiation
(4 = 600—720 nm; 30 J cm™?) with negligible dark toxicity.
To determine the positive role of the glucose moiety in targeting
the cancer cells over the normal cells in complex 2 over complex
1, cellular uptake study in A549 and HPL1D normal cells under
analogous experimental conditions was performed. Dichloro-
fluorescein diacetate (DCFDA) assay indicated ROS generation
for both 1 and 2. Co-localization experiments with mitochon-
dria-specific dye MitoTracker Green (MTG) in AS49 lung
cancer cells by confocal laser scanning microscopy (CLSM)

showed that complexes 1 and 2 were localized significantly in
the mitochondria of the cells. JC-1 assay in AS49 cancer cells
studied by CLSM indicated alterations in mitochondrial trans-
membrane potential (Ay,,).

B EXPERIMENTAL SECTION

Materials and Methods. K,PtCl, was obtained from Arora
Matthey, India. 4’,6-Diamidino-2-phenylindole (DAPI) and Mito-
Tracker Green FM (MTG) were purchased from Invitrogen. From
S.D. Fine Chemicals and Sigma-Aldrich all other chemicals and reagents
were purchased. Ligands and complexes were synthesized by following
previous reports.”” >* '"H NMR spectra were recorded by using a
Bruker Avance 400 MHz NMR spectrometer. To obtain the mass
spectral data Agilent 6538 Ultra High Definition Accurate Mass-Q-
TOF (LC-HRMS) instrument was used. Elemental analysis was done
with a Thermo Finnigan Flash EA 1112 CHNS analyzer. UV—visible,
IR, and emission spectra were recorded with Bruker Alpha and
PerkinElmer Spectrum 750 spectrophotometers and HORIBA Jobin
Yvon IBH TCSPC fluorimeter (fitted with FluoroHub software analysis).
The geometries of the complexes were optimized using basis sets
B3LYP/LANL2DZ level of theory calculations.>® A red light photo-
reactor, namely, Waldmann PDT 1200 L, was used for all the experi-
ments that required photoirradiation using standard protocols. Cytotoxic
data by MTT and CV assay were obtained with a TECAN microplate
reader and GraphPad Prism 7 software. Flow cytometric experiments
were performed by using Becton Dickinson fluorescent activated cell
sorting (BD-FACS) Verse instrument (BD Biosciences) configured
with a MoFLo XDP cell sorter and analyzer with three lasers (1 = 488,
365, and 640 nm) and 10-color parameters. Windows 7 operating sys-
tem with BD-FACS suite software for acquisition and analysis was
used for FACS analysis. Inductively coupled plasma mass spectroscopy
(ICP-MS) method was employed to evaluate the cellular platinum
content Thermo X series II. Zeiss LSM 880 with Airyscan confocal
microscope was used to acquire confocal microscopy images using an
oil immersion lens with magnification of 63X, and Zeiss soft-
ware was used for processing of images.

Synthesis. Synthetic steps employed for the preparation of the R-
BODIPY and the complexes are given in Schemes S1 and S2 (Supporting
Information). Ligands L', L% the precursor complexes, namely,
[Pt(L")CI]Cl (P') and [Pt(L?)CI]CI (P*), and the phenylacetylide con-
trol complex (3) were synthesized and characterized using reported
methods (Figures S1—S3, Supporting Information).**** The syn-
thetic method for the complexes and the characterization data are
given below.

[Pt(L)(R-BODIPY)]Cl (1, 2). The monofunctional platinum(II)
complexes were synthesized by following literature procedures.**°
R-BODIPY (200 mg, 0.33 mmol) ligand in anhydrous DMF (4 mL)
was initially treated with freshly distilled triethylamine (TEA, S mL)
for 1 h under nitrogen atmosphere. A solution of the respective precur-
sor complex P1 (94 mg, 0.165 mmol) for complex 1 or P2 (118 mg,
0.165 mmol) for complex 2 was added in anhydrous dimethylforma-
mide (DMF; 8 mL) along with Cul (10 mol %, catalytic amount).
The resulting mixture was stirred under nitrogen for 72 h in dark and
then concentrated using reduced pressure by using rotavac evaporator.
A 2 mL aliquot of DMF was added to redissolve the residue, and
excess of diethyl ether (60 mL) was added to precipitate the desired com-
pound as solid. The product was isolated, washed twice with SO mL of
diethyl ether, vacuum-dried, and kept in the dark.

[Pt(L)(R-BODIPY)]C| (1). Greenish-black solid. Yield: 54%. Anal.
Calcd for CgHsBCIF,N.Pt (M,: 1148.3603): C, 62.70; H, 4.47; N,
8.53. Found: C, 62.89; H, 4.50; N, 8.65%. ESL-MS m/z: Caled [M-Cl] *,
1113.3903. Found: 1113.3238. 'H NMR (400 MHz, deuterated
dimethyl sulfoxide (DMSO-dg)): § (ppm) 8.98 (s, 2 H), 8.87 (d, 6 H,
J=6.5Hz),851(d 4H,]=7.6Hz), 820 (d, 4H,]=32Hz), 792
(t, SH,J=6.5Hz),7.68 (d, 6 H, J = 3.2 Hz), 7.45 (d, 2 H, ] = 16 Hz),
724 (d,2 H, ] = 16 Hz), 6.79 (s, 1 H), 6.77 (s, 1 H), 3.04 (s, 12 H),
1.41 (s, 6 H). IR data (cm™): 3300 (br, w), 2920 (br, w), 2352 (w),
1600 (s), 1540 (s), 1410 (s), 1350 (sh), 1220 (s), 762 (m), 536 (w)
(br, broad; w, weak; sh, shoulder; s, strong). UV—visible (10% dimethyl
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sulfoxide (DMSO)—Dulbecco’s Modified Eagle’s Medium (DMEM)
at pH 7.2): A, nm (g, M™! em™) = 713 (34 700), sh 654 (27 400),
512 (11 900), 407 (20 700), 338 (35 200), 265 (35 000). Emission spec-
tral data (10% DMSO—Dulbecco’s phosphate-buffered saline (DPBS) at
PH 72): Au (Aey @) = 822 nm (710 nm, 0.022).

[Pt(L?)(R-BODIPY)]Cl (2). Greenish-black solid. Yield: 46%. Anal.
Caled for CgHgBCIE,N,O.Pt (M,: 1295.5528): C, 57.48; H, 4.75;
N, 7.57. Found: C, 57.30; H, 4.69; N, 7.61%. ESI-MS m/z: Calcd
[(M-Cl)*-H+K]*, 1297.3176; Found, 1297.3176. "H NMR (400 MHz,
DMSO-dg): 6 (ppm) 8.86 (s, 4 H), 8.68 (s, 4 H), 8.51 (s, 4 H),
8.32 (s, 4 H), 7.93 (s, 4 H), 7.45 (s, 4 H), 7.29 (s, 2 H), 6.88 (s, 2 H),
6.79 (s,2 H), 5.16 (s, 1 H), 5.1 (s, 1 H), 5.03 (s, 1 H), 4.98 (s, 1 H),
4.58 (s,3H), 4.43 (s,2 H), 4.31 (s, 1 H), 4.21 (s, 1 H), 3.85 (s, 2 H),
3.04 (s, 6 H), 2.99 (s, 3 H), 2.89 (s, 3 H), 1.17 (s, 6 H). IR data
(em™): 3300 (br, s), 1610 (s), 1475 (sh), 1421 (s), 1340 (sh), 1210
(s), 1168 (sh), 780 (m), 600 (w). UV/Visible (10% DMSO—DMEM
at pH 7.2): A, nm (g, M~ ecm™) = 715 (32 000), sh 651 (19 500),
512 (9500), 436 (18 500), 300 (64 000). Emission spectral data (10%
DMSO—DPBS at pH 7.2): Ay (Aey ®;) = 825 nm (710 nm, 0.026).

X-ray Crystallographic Procedure. The crystal structure of ligand
R-BODIPY was obtained by single-crystal X-ray diffraction method. The
deep green colored rectangular block crystals of R-BODIPY were
obtained on slow evaporation from a mixture of CH,Cl, and meth-
anol. The crystal was mounted on loop with paratone oil. All the
intensity and geometric data were collected at S s frame™" scan rate by
an automated Bruker SMART APEX CCD diffractometer fitted with a
fine focus 1.75 kW sealed-tube Mo Ka X-ray source (4 = 0.71073 A)
with increasing @ (width of 0.3° per frame). Intensity data were col-
lected with ®-26 scan mode and then corrected for Lorentz polar-
ization and absorption effects.”” WinGx suite of programs (version
1.63.04a) and SHELXL-2013 were used to solve the structure and for
refinement.*” The non-hydrogen atoms were refined with anisotropic
displacement coefficients, and their coordinates were permitted to ride
on their respective carbon atoms. Final refinement was performed by
including atomic positions of all the atoms, anisotropic thermal param-
eters for all the non-hydrogen atoms, and isotropic thermal parameters
for all the hydrogen atoms. ORTEP was used to obtain the perspective
view.”” Selected crystallographic parameters, bond distances, and angles
are provided in Tables SI and S2 (Supporting Information). The
CCDC deposition number is 1563252.

Cellular Experiments. The CV assay and MTT assays were used
for the determination of photocytotoxicity of the complexes in human
cervical cancer (HeLa), human lung adenocarcinoma cell line (AS49),
human breast adenocarcinoma cell line (MCF-7), and immortalized
human lung epithelial cell line (HPL1D) following the reported proce-
dures.*® The cell lines HeLa, A549, and MCE-7 cancer cell lines were
preferentially selected, as these cell lines were reported to have
overexpression of GLUT-1 glucose transporter.”’ Cells were incubated
at several concentrations of 1-3 from 0.718 to 100 M in 1%
DMSO—DMEM in the dark for 4 h. By replacing DMEM buffer with
DPBS one of the sets of cells was exposed to red light for 40 min (4 =
600—720 nm; 30 J cm™) using Waldmann PDT 1200 L photoreactor
keeping the other set of cells in dark. Data were obtained employing
standard protocols with three independent sets of experiments per-
formed in triplicate for each concentration. Cytotoxicity of the complexes
in terms of ICg, values was determined by nonlinear regression analysis
(Graph Pad Prism 6). Confocal microscopy experiment was done for the
intracellular localization of fluorescent complexes 1 and 2 (10 uM) in
1% DMSO—DMEM in A549 cells (Zeiss LSM 880 with Airyscan)
with an oil immersion lens having a magnification of 63X. Mitotracker
Deep Green and DAPI were used for cellular localization study as
mitochondria and nucleus selective trackers, respectively. To ascertain
the results, confocal microscopy experiments were performed in dupli-
cate, and multiple CLSM images were analyzed. Cellular ROS was
detected by DCFDA assay in AS49 and HPL1D cells. Cellular uptake
of the fluorescent complexes 1 and 2 was studied in A549 and HPL1D
cells by FACS analysis. The cellular platinum content in complexes
1- and 2-treated AS49 cells was measured by ICP-MS. The effect of
the complexes on mitochondrial transmembrane potential (Ay,) in
AS549 cells was measured by JC-1 assay.

B RESULTS AND DISCUSSION

Synthesis and General Aspects. The ligand R-BODIPY
and the complexes [Pt(L')(R-BODIPY)]CI (1) and [Pt(L?)(R-
BODIPY)]Cl (2) were synthesized in moderate yields and
characterized from their physicochemical data (Figure 1 and
Table 1). The corresponding phenylacetylide complex [Pt(L')-

Table 1. Selected Physiochemical Data for R-BODIPY,
Complexes 1 and 2

complex 1 complex 2 R-BODIPY
Ay®/S m* M 79 82
UV—vis:” 4,... /nm 713 (3.5),sh 715 (3.2),sh 720 (4.4), sh
(I1x10*e/M* em™) 654 (2.7), 651 (1.95), 656 (1.9),
512 (1.2) 512 (0.95) 514 (1.3)
emission:” A, /nm (@) 822 (0.022) 825 (0.026) 826 (0.18)°
10, quantum yield? (®,) 0.57 0.58
'"H NMR § (ppm) of 6.77, 6.79 6.79, 6.88 6.69, 6.72
p-protons®

“Molar conductivity in DMF. “In 10% DMSO—DMEM solution.
“®; of RBODIPY from ref 33. “In DMSO with Rose Bengal as
standard (®@,: 0.76). “Chemical shift of S-protons of BODIPY in
DMSO-d,.

(C=CPh)]CI (3) was prepared and used as a control. The 'H
NMR spectral and elemental analysis data ascertained the purity
of the complexes. Complexes 1 and 2 showed respective mass
spectral (HR-MS) peaks in methanol at 1113.3238 and
12973176 assignable to [M-Cl]" and [(M-Cl)+K—H]"* along
with isotopic distribution of platinum in the peaks (Figures S4 and
SS, Supporting Information). The "H NMR spectra of 1 and 2
showed the characteristic signals corresponding to the tpy,
R-BODIPY, and glucose moieties; the disappearance of acet-
ylenic proton of R-BODIPY and the shift in proton signals of
R-BODIPY on complexation suggest the formation of the
complexes (Figures S6—S10, Supporting Information). The **C
NMR signals of the complexes could not be observed, despite a
prolonged acquisition time, due to insufficient solubility of the
complexes. The IR spectra of both the complexes showed two
intense peaks within 1620—1590 cm™" and 1540—1475 cm ™" due
to respective C=N and conjugated C=C of pyrrole ring
stretching frequencies corresponding to R-BODIPY (Figure S11,
Supporting Information). Complex 2 showed an intense broad
peak at 3300 cm™" corresponding to OH group stretching due
to the presence of the glucose moiety. The molar conductivity
values of ~82 S m* M™" in DMF at 25 °C suggest 1:1 electro-
lytic nature of the complexes (Table 1). The solubility of the
complexes was moderate in common organic solvents. The
solution stability of the complexes at pH 7.2 was determined in
the dark and light (400—700 nm) in 10% DMSO—DMEM
solution by UV—visible measurements up to 48 h (Figure S12,
Supporting Information).

Electronic Spectroscopy. The UV—visible spectra of the
complexes recorded in 10% DMSO—DMEM at pH 7.2 showed
strong absorption bands corresponding to the electronic tran-
sitions relating to the R-BODIPY and terpyridine moieties in
the ranges of 713—715 nm and 250—350 nm, respectively
(Figure 2a)."* Both the complexes have lowest-energy absorp-
tion in the red region due to the dimethylamino donor groups as
chromophore in styryl substituents in R-BODIPY.** In addi-
tion, both complexes 1 and 2 showed shoulder peaks at 654 and
651 nm, respectively. The bands in the 250—350 nm range are
due to the contribution of the intraligand (IL) 7 — z* transitions
of the tpy and alkynyl ligands, particularly noticeable for complex
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Figure 2. (a) The electronic absorption spectra of the complexes 1—3
and (b) emission spectra (1., = 710 nm) of R-BODIPY, complexes 1
and 2 in 10% DMSO—DMEM at pH 7.2.

2 in comparison to 1.** The complexes 1 and 2 displayed broad
fluorescence emission spectra with emission maximum at 822 and
825 nm on exciting with 4., = 710 nm similar to the emission of
R-BODIPY (Figure 2b). There is a noticeable Stoke shift in the
emission spectra of both the complexes due to partial charge trans-
fer character of the emission of the dimethylamino-containing
species.””" Both the complexes showed BODIPY-based fluo-
rescence quantum yields with @y value of 0.022 for complex 1
and 0.026 for complex 2 that are significantly lower compared to
R-BODIPY with the reported ®; value of 0.18.** The lower fluo-
rescence quantum yield of the complexes provides an indirect
evidence of having better photosensitizing ability in platinum(II)
bound form in comparison to only R-BODIPY ligand.**
Energy-Minimized Structure from Density Functional
Theory. The quantum calculation analysis was used to opti-
mize the structures of the complexes by employing B3LYP/
LANL2DZ level of theory for all the atoms (Figure 3, Table S3,
and Figures S13 and S14, Supporting Information).” Frontier
orbitals were mapped on the atoms from the electronic charge den-
sity distribution. The highest occupied molecular orbital (HOMO)
for the complexes 1 and 2 is localized on the R-BODIPY moi-
ety, while the lowest unoccupied molecular orbital (LUMO) is
primarily localized on the terpyridine-Pt core. The dipole-allowed
transitions for the complexes are registered in Table S4, Sup-
porting Information. The structures exhibited a strongly favored

transition band at 682 nm with oscillator strength of 0.85 for
complex 1 and at 659 nm with oscillator strength of 0.68 for
complex 2. These visible region bands are due to the transitions
that are from MOs localized on R-BODIPY moiety to MOs local-
ized on R-BODIPY moiety in both the complexes.
Single-Crystal X-ray Crystallography. The solid-state
structure of the R-BODIPY ligand was determined by single-
crystal X-ray diffraction method. The ligand R-BODIPY crystal-
lized in PT space group (No. 2) with Z = 2 (Figure la). The
C=C bond distance was found to be 1.018(5) A. The bond
lengths of B(1)—F(1) and B(1)-F(2) are 1.389(4) and
1.389(4) A, respectively. The N(1)—B(1) and N(2)-B(1)
bonds are of 1.544(4) and 1.540(4). The F(1)—B(1)—F(2),
N(1)-B(1)—-N(2), and N(2)—B(1)—N(1) angles are 108.4(3)°,
110.8(3)°, and 107.0(2)°, respectively. The bond lengths and
angles compare well to the reported crystal structure of the pre-
cursor of R-BODIPY having iodine atom instead of C=C
bond, which also crystallizes in the same space group P1.** The

100 (7

80
=
= 60
@
O 40

y
20 R-BODIPY
Complex 1
0 e - Complex 2

HeLa MCF-7 AS49 HPL1D

Figure 4. Photocytotoxicity from MTT assay of R-BODIPY (brown
bars), complexes 1 (light pink bars), and 2 (red bars), in HeLa, MCF-
7, A549, and HPLID cells after 4 h of incubation in dark followed by
red light irradiation (A = 600—720 nm; 30 J cm™2). ICy, values are
greater than 90 yM in dark. Errors are within +5%.

Figure 3. Frontier molecular orbitals, namely, HOMO and LUMO of complex 1 as obtained by density functional theory using B3LYP/LanL2DZ

level of theory.

DOI: 10.1021/acs.inorgchem.7b02249
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02249/suppl_file/ic7b02249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02249/suppl_file/ic7b02249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02249/suppl_file/ic7b02249_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b02249

Inorganic Chemistry

Table 2. MTT and Crystal Violet Assay Data (ICs,/uM) of Complexes 1, 2, and R-BODIPY Ligand

complex 1 complex 2 R-BODIPY
cell MTT cv MTT cv MTT cv
HeLa L° 133 + 02 17.7 + 0.1 2.6 +02 5.5+ 0.1 515 + 0.1 67.7 + 0.4
D* >100 >100 91.4 + 02 >100 >100 >100
MCF-7 L* 247 + 02 552 + 02 6.0 + 0.4 144 + 0.1 57.7 + 0.1 81.4 + 02
D" >100 >100 >100 >100 >100 >100
A549 L7 134 + 0.1 28.8 + 0.2 23+ 0.1 7.8 + 02 352 402 62.5 + 0.1
D* >100 >100 >100 >100 >100 >100
HPLID L >100 >100 >100 >100 912 + 0.1 >100
D" >100 >100 >100 >100 >100 >100

“ICq, values (M) were for 4 h preincubated in the dark followed by 40 min of exposure to visible light (L, 600—720 nm; 30 J cm™% Waldmann
PDT 1200 L) and post incubation of 19 h in dark. ®In dark (D) with 4 h preincubation time followed by 20 h of post incubation.

unit-cell packing diagram of R-BODIPY and selected bond dis-
tances and angles are given as Supporting Information (Figure S15
and Tables S1 and S2, Supporting Information).

Cell Viability Studies. The photoinduced antitumor activ-
ity of the platinum complexes 1 and 2 along with R-BODIPY
was investigated on HeLa, MCF-7, AS49, and HPLID cells in
dark and light (red light, A = 600—720 nm, 30 ] cm™*) by MTT
assay (Figure 4 and Table 2). In this assay, the dark purple
formazan crystals that are insoluble in DMEM but soluble in
DMSO, which are formed due to the cleavage of tetrazolium
rings of MTT by mitochondrial dehydrogenases of viable cells,
can be quantified from spectral measurements. The half max-
imal inhibitory concentrations (ICs,) for complex 2 were within
2.3 to 6.0 uM and for complex 1 within 13.3 to 24.7 uM in
HeLa, AS49, and MCF7 cells upon red light photoirradiation
(4 = 600—720 nm; 30 J cm™2), respectively (Figure 4, Table 2,
and Figures S16—S18, Supporting Information). The half maximal
inhibitory concentration (ICy,) for complex 3 was above 100 uM
in all the cell lines studied both upon red light photoirradiation
(4 = 600—720 nm, 30 J cm™2) and dark. The MTT assay data
reveal that both the complexes 1 and 2 are significantly photo-
cytotoxic in red light, while being less toxic in the dark. The
higher activity of 2 than 1 is due to the appended glucose moi-
ety on the terpyridine ligand, which enhances the cellular uptake
of 2 compared to 1.

To validate that the MTT assay is a true reflection of the cyto-
toxicity by the complexes, we performed CV assay in these cells
in dark and light (4 = 600—720 nm, 30 J cm™). CV assay is one
of the direct methods that measure the DNA mass of living
cells. The metabolism-independent CV assay involves a triaryl-
methane dye that has affinity to the exterior part of the DNA,
and the quantity of dye absorbed is related to the viable cells
total DNA content.** The half maximal inhibitory concentrations
(ICs,) for complex 2 was within 5.5 to 14.4 M and for complex 1
within 17.7 to 55.2 uM in HeLa, A549, and MCF?7 cells upon
red light photoirradiation (4 = 600—720 nm; 30 J cm™2) with
ICy, value of >100 in dark (Table 2 and Figures S19—S22,
Supporting Information). The lower ICg, values obtained for
MTT assay can be accounted to disrupted MTT tetrazolium
salt reduction rate by the complexes 1 and 2. These complexes

Table 3. Cellular Uptake Data of the Complexes 1 and 2

complex platinum content” (ng per 1 X 10° cells)
1 7.6 £ 04
2 24.5 £ 0.6

“AS549 cells treated with the complexes (10 M) for 4 h in the dark.
The platinum content estimated by the ICP-MS method.

localize to mitochondria and influence its function. However,
CV staining data also suggest that both the complexes are signif-
icantly photocytotoxic in red light, with nominal dark toxicity
and higher activity of 2 than 1 as evidenced from the MTT assay.

Cellular Uptake. Flow cytometry was performed for the
determination of cellular uptake property of the complexes. Both
MTT and CV assay data showed higher cytotoxicity of complex 2

(a) 400 A
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05 102 103 104 105
APC-Cy7-A
(b) 400
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Figure S. Quantitative analysis of cellular uptake of the complexes by
flow cytometry upon incubating AS49 cells (a) and HPL1D (b) with
complexes 1 and 2 (15 uM) at 37 °C for 4 h with cells untreated used
as a control. The observed shift in the band position of complexes
1 and 2 in AS49 cells clearly indicates that 2 has higher cellular uptake
over 1. The minor shift in HPLID cells clearly suggests that complexes
1 and 2 have similar cellular uptake in the normal cells.
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Figure 6. (a) Spectral changes of DPBF with time at 417 nm treated
with complex 2 in DMF. (b) The linear plot showing a gradual decrease
in absorbance of DPBF at 417 nm with time on light exposure of the
complexes 1 (red line) and 2 (black line) at 5 s intervals. Both complexes
showed similar extent of 'O, generation.
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Figure 7. (a) "H NMR spectral changes of complex 1 in DMSO-d; in
dark (D) at different time intervals and in light (L, 600—720 nm) of
different photoexposure time. (b) Mass spectrum of 1 on red light
exposure (4 = 600—720 nm; 30 J cm™2). Peaks at 503 and 591 (m/z)
are for [(L")Pt—H]" fragment and [M-F]* of R-BODIPY, respectively.

than 1. Appendage of a glucose moiety to the terpyridine ligand
at C-1 position of glucose is likely to enhance the cellular uptake
of 2, and this was observed from this study.”” Relevant data are
given in Table 3. Nearly 100% of cells treated with complexes
showed increased fluorescence in A549 lung cancer cells and
HPLI1D normal cells by FACS analysis. Compared to 1, A549
cells treated with complex 2 after 4 h of incubation showed remark-
ably high fluorescence intensity at 5, 10, and 15 M suggesting
high cellular uptake of 2 (Figure Sa and Figures $23 and S24,
Supporting Information). Cellular uptake was lower in HPL1D
normal cells under analogous experimental conditions imply-
ing the positive role of the glucose moiety in targeting the can-
cer cells over normal cells (Figure Sb). The quantification of

cellular platinum enabled us to observe higher cellular uptake of
complex 2 compared to complex 1 by ICP-MS in AS49 cells.
The cells incubated with the complex at 10 M for 4 h were
digested to form sample solution following the standard
protocols. As can be seen from Table 3, the platinum content
in complex 2-incubated cells was determined as ~24.5 ng per
1.0 X 10° cells, while the metal content in complex 1-incubated
cells was determined as ~7.6 ng per 1.0 X 10° cells. The Pt
content got significantly enhanced in complex 2 than 1 displaying
an approximately threefold enhancement factor.

Cellular ROS Generation. The quantification of photoin-
duced cellular generation of ROS being of importance in PDT,
DCEFDA assay was performed in A549 cancer cells and HPL1D
normal cells by recording the green fluorescence of 2',7'-
dichlorodihydrofluorescein (2,7-DCF) (Ae = 525 nm, 4, =
488 nm). Cellular ROS oxidize cell-permeable DCFDA gener-
ating a fluorescent 2,7-DCF having emission maxima at 528 nm.
Flow cytometry analysis was done to determine the percentage
population of cells generating ROS. To account for the lower
cytotoxicity of the complexes in HPL1D normal cells compared
to AS49 cancer cells, DCFDA assay in both A549 cells and
HPL1D cells was performed at their ICs, values (1: 10 uM and
2: 2.5 uM for A549 cells and 1: 100 yM and 2: 100 uM for
HPLID cells) followed by 4 h of postincubation and red-light
photoirradiation (4 = 600—720 nm; 30 J cm™?). By FACS the
distribution of DCFDA-stained A549 cells and HPLID cells
was obtained in the FL-1 channel. For both A549 cells and
HPL1D cells treated with the complexes after photoirradiation,
there was a significant shift observed in the fluorescence bands

Compound Mito Tracker

Complex 1 Complex 2

R-BODIPY

Merged

Figure 8. Confocal microscopic images of A549 cells incubated with R-BODIPY (20 M), complexes 1 and 2 (10 #M) for 4 h at 37 °C. Cells were
viewed in the green channel for MTG and the red channel for R-BODIPY, complexes 1 and 2. The yellow areas in the merged panels indicate
significant colocalization of the compounds within mitochondrial compartments. Scale bar is 20 ym in all the panels.

F

DOI: 10.1021/acs.inorgchem.7b02249
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02249/suppl_file/ic7b02249_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b02249

Inorganic Chemistry

compared to the only DCFDA dye-treated cells or the complex-
treated cells kept in dark. The shifts indicated the generation of
ROS in both A549 and HPL1D cells but at lower concentra-
tions in AS49 compared to HPL1D (Figures S25—S27, Supporting
Information).

Singlet Oxygen Quantum Yield. One of the objectives of
coordinating R-BODIPY unit with platinum is to photogenerate
singlet oxygen species as the ROS for which there is no apparent
defense mechanism existing in the cellular system. The singlet
oxygen generation was studied from an experiment using 1,3-
diphenyl isobenzofuran (DPBF; 20 uM) as a 'O, scavenger
treated with both the complexes 1 and 2 (5 uM; Figure 6).
The absorption spectra of DPBF were recorded after each phot-
oirradiation for 5 s (4 = 600—720 nm; 30 J cm™2). The linear
plots of similar slopes indicate the gradual decrease in intensity of
the band at 417 nm suggesting singlet oxygen as the ROS with
nearly equal efficacy for both complexes (Figure 6b). The singlet
oxygen quantum yield of the complexes was measured using
Rose Bengal as a standard. The values are 0.57 for complex 1 and
0.58 for complex 2.

Photo Release of R-BODIPY. We recently reported that
platinum(II) acetylenic bond Pt C=CRin the conjugates can
be cleaved on photoirradiation.®” This led us to study the spec-
tral changes associated with complexes 1 and 2 upon red light
irradiation. The "H NMR spectra of complex 1 in DMSO-d
were monitored on exposure to red light (1 = 600—720 nm;
30 J cm™?). The spectral traces are shown in Figure 7a. A new
peak was found to appear at 4.01 ppm after 20 min of photo-
irradiation. This peak is assignable to an acetylenic proton of

the released R-BODIPY ligand.”**”* The complex showed its
solution stability in dark even after 48 h as demonstrated from
the "H NMR spectral study (Figure 7a). This suggests that the
spectral changes observed are due to photoirradiation of the
complex. The mass spectra of the irradiated sample recorded
after 40 min of photoirradiation showed two major peaks at
5912593 corresponding to [M-F]" of the R-BODIPY moiety
and at 503.0890 corresponding to the [(L')Pt—H]" unit
(Figure 7b and Figure S28, Supporting Information) suggesting
the cleavage of the platinum(II)—carbon bond in Pt—C=CR.”’

Cellular Localization. Selective localization and cell target-
ing being of paramount importance in targeted PDT, we per-
formed the colocalization experiments with mitochondria-spe-
cific dye MTG in A549 cancer cells by CLSM. The cells were
treated with the fluorescent complexes 1 (10 uM) and 2 (10 uM)
and R-BODIPY (20 uM) at 37 °C for 4 h. Complex 2 showed
significantly higher fluorescence intensity than 1 due to its
enhanced cellular uptake (Figure 8). The merged CLSM images
showed that R-BODIPY and the complexes were localized
significantly in the mitochondria of the cells giving Pearson’s
coefficient value measured for R-BODIPY as 0.77 and complex
2 as 0.72 (Figure S29, Supporting Information).”® Pearson’s
coefficient value of complex 1 could not be obtained due to
lower fluorescent signals. DAPI was used for selective nuclear
staining, and the CLSM images showed no apparent localiza-
tion of the complexes in the cell nucleus (Figure S30, Supporting
Information).

Mitochondrial Membrane Potential. The generation of
ROS triggered by the complexes localized in mitochondria in

Red

2 Dark

inomycin

Val

2 Light

Green

Merged

Figure 9. Confocal microscopic images of JC-1 assay showing the fluorescence images of JC-1 dye in both red and green channel in AS49 cells
incubated with complex 2 (10 uM) for 4 h at 37 °C for dark and on red light photoirradiation (4 = 600—720 nm; 30 J cm™2) for light. The last
column shows merged images of green and red channel. Scale bar is 20 ym in all the panels.
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the presence of red light could lead to variations in mitochon-
drial transmembrane potential Ay,,. The cell-permeant
5,5",6,6’-tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocya-
nine iodide (JC-1 dye) has potential dependent dual emissive
property and is employed as a probe to determine changes occur-
ring in mitochondrial potential. Inside the mitochondria, JCI
dye forms red fluorescent J-aggregates (4., = S90 nm), and a
decrease in Ay, leads to leakage of JC-1 dye into cytosol,
where it occurs as a monomer that emits green fluorescence
(A = 530 nm). AS49 cells treated with complex 2 (2.5 uM)
on red light irradiation diminished the red fluorescence signals
with the corresponding increase in green fluorescence signals of
JC-1 dye (Figure 9). As a positive control valinomycin, which is
identified to depolarize mitochondria, was used, where only
green signals of JC-1 dye was observed.”’ The cells that were
treated with complex 2 and set aside in dark displayed no appar-
ent change in red and green signals in CLSM images recorded
under similar experimental conditions.

B CONCLUSIONS

In summary, platinum(II) complexes 1 and 2 of the red-light pho-
tosensitizer R-BODIPY were successfully developed as targeted
near-IR red-light PDT agents. Complex 2 with an appended
glucose moiety showed significantly high cellular uptake in can-
cer cells compared to complex 1.”' The complexes showed
higher cellular uptake in cancer cells than in normal cells. The
R-BODIPY complexes displayed significant mitochondrial local-
ization as evidenced from CLSM images, with moderately high
Pearson’s coefficient values (~0.7) for complex 2 and R-BODIPY.
Both the complexes exhibited excellent PDT activity in near-IR
red light with low ICy, values, while showing nominal dark
toxicity. Their fluorescence property enabled us to image the
platinum complexes for distribution in the living cells. The com-
plexes belonging to the emerging class of photoactive monofunc-
tional platinum(II) complexes showed red light induced release of
the photoactive R-BODIPY ligand, which generates singlet
oxygen with high quantum yield. The complexes satisfy all the
major requirements of targeted PDT by showing low ICs,
values in red light, high ICs, values in dark, singlet oxygen as the
ROS, localizing in mitochondria over nucleus, and finally differ-
ential cellular uptake between normal versus cancer cells facil-
itated by a glucose moiety in the tpy ligand structure. The results
are of significance toward developing complex 2 as a promising
targeted PDT agent in near-IR red light.
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