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Abstract. Oxidovanadium(IV) complexes, [VO(acac)(L)Cl] (1),
[VO(cur)(L)CI] (2), and [VO(scur)(L)Cl] (3) {acac = acetylacetonate,
cur = curcumin monoanion, scur = diglucosylcurcumin monoanion,
L = 11-(9-acridinyl)dipyrido[3,2-a:2’,3’-c|phenazine (acdppz)}, were
prepared and characterized. The complexes are non-electrolytic in
DMF and 1:1 electrolytic in aqueous DMF. The one-electron paramag-
netic complexes showed a d-d band near 725 nm in aqueous DMF
and green emission near 520 nm in aqueous DMSO. The complexes
exhibited an irreversible VIV/V!! redox response near —0.85 V versus
SCE in aqueous DMF. The complexes showed good binding strengths

to calf thymus DNA (Ky: 3.1 X 10°-9.6 X 10° m~!) and efficient pUC19
DNA photocleavage activity in red light of 705 and 785 nm by singlet
oxygen ('0,) pathway. Complexes 1 and 2 exhibited significant photo-
cytotoxicity (ICsy’ 0.1-1.0 uM) in visible light (400-700 nm) with low
dark toxicity (ICso: >20 uM) in HeLa and HaCaT cells. Complex 3
was cytotoxic in both light and dark. DNA ladder formation experi-
ments indicated cell death via apoptotic pathway. Confocal microscopy
done with 1 and 2 revealed primarily cytosolic localization of the com-
plexes with significant presence of the complex in the mitochondria
as evidenced from the imaging data using mitotracker red.

Introduction

Curcumin, the major ingredient of turmeric, is used as tradi-
tional herbal medicine to treat infections, bite, burns, and skin
diseases.l!! It is known to show a wide range of biological
activities.!?! It exhibits anticancer activity due to its ability to
induce apoptosis in cancer cells without any significant cyto-
toxic effects on normal cells.®! Curcumin is reported to inter-
fere with the activity of the transcription factor NF-xB which
is a protein complex involved in the transcription of DNA and
known to enhance the activity of the tumor suppressor
protein p53.>*51 However, clinical application of curcumin
[Heur = 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta-diene-
3,5-dione] is limited due to its poor bioavailability and phar-
macokinetic profile resulting from its hydrolytic instability un-
der physiological conditions.!! This is largely attributed to the
presence of a reactive -diketone moiety in its structure. Bind-
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ing of this moiety to an oxophilic metal ion is reported to
increase the hydrolytic stability and bioavailability of curcu-
min.[”:8! Although several studies on the anticancer properties
of curcumin and its metal complexes are reported, their utility
as photodynamic therapy (PDT) agents remains virtually unex-
plored.[3-6:91

The motivation to explore the medicinal chemistry of curcu-
min in light has led us to design and synthesize new ternary
oxidovanadium(IV) complexes of curcumin and its glyc-
osylated derivative showing photo-induced cytotoxicity in vis-
ible light in cancer cells. Vanadium is a biocompatible metal
ion and its complexes have earlier been used as insulin mi-
metics and antitumor agents.!'!!! Bleomycin oxidovanadi-
um(IV) and [VO(phen)(H,0),]** are known to show chemical
nuclease activity in the presence of H,0,.l>!31 There are few
reports on oxidovanadium(V) and peroxidovanadium(V) com-
plexes cleaving DNA on photo-activation using UV light
source, which is undesirable in photodynamic therapy (PDT)
due low tissue penetration of UV light.'*!51 In contrast, oxido-
vanadium(IV) complexes displaying a low energy d-d absorp-
tion band in the red light window are suitable for PDT con-
sidering greater tissue penetration of red light.1'®17! Besides,
the green emission of 11-(9-acridinyl)dipyrido[3,2-a:2",3"-c]-
phenazine (acdppz) and curcumin (Hcur) complexes designed
in this work could be utilized to study the cellular uptake and
localization of the complexes in cancer cells by confocal
fluorescence microscopy. We have designed and prepared new
ternary oxidovanadium(IV) complexes based on our dual strat-
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egy of combining imaging with therapy. Glycosylation of cur-
cumin is done to increase the aqueous solubility of the re-
sulting complexes.!'8! In addition, appending a glucose moiety
has proved to be successful in augmenting the cellular uptake
of the compounds into the cancer cells having high density of
glucose receptors compared to that in the normal cells.l"! We
have chosen acdppz ligand in the ternary structure for its green
emissive and strong DNA intercalating property. The increased
planarity and conjugation in this ligand is expected to enhance
the photocytotoxicity of the resulting complexes.?°!

Herein we present the synthesis, characterization, and vis-
ible light-induced photocytotoxicity of three new oxidovanadi-
um(IV) complexes, [VO(acac)(L)CI] (1), [VO(cur)(L)CI] (2)
and [VO(scur)(L)CI] (3) {acac = acetylacetonate (in 1), Hcur
= curcumin (in 2), Hscur = diglucosylcurcumin (in 3), and
L = 11-(9-acridinyl)dipyrido[3,2-a:2',3"-c]phenazine (acdppz)
(in 1-3)} (Figure 1). Significant results of this study include
remarkable photocytotoxicity of the complexes at nanomolar
concentration in human cervical cancer cell line (HeLa) (ICs:
0.3-1.0 pM) and human skin keratinocyte cell line (HaCaT)
(ICs0: <0.4 uM) in visible light of 400-700 nm with low dark
toxicity thus showing similar activity as the clinically approved
PDT drug Photofrin®.[2!1 The cellular imaging studies showed
desirable cytosolic uptake of the complexes (1, 2) within 4 h
of incubation, which compares well with that of Photofrin®.
Observation of mitochondrial localization of the complexes is
significant considering that the pathway of apoptosis largely

R=H(2), HO
H

OH

Figure 1. Schematic drawing of the complexes 1-3 and the ligands
used.

involves the mitochondria as is known for the PDT drug Pho-
tofrin®.[22-251 The mitochondria targeting PDT agents could
overcome any resistance mechanism that are involved for con-
ventional chemotherapeutic agents targeting the nuclear DNA.
In addition, the present complexes show cellular damage in
light generating singlet oxygen ('0,) as the reactive oxygen
species (ROS) like Photofrin® as evidenced from the mechan-
istic data obtained from the plasmid DNA photocleavage ex-
periments. Having many functional similarities with the PDT
drug Photofrin®, complex 2 is unique in the chemistry of 3d
metal-based PDT agents.[2°!

Results and Discussion

Synthesis and Characterization

The complexes were prepared in good yield by treating van-
adyl sulfate with barium chloride in aqueous ethanol (1:5 v/v
water-ethanol) and the filtrate after removal of barium sulfate
was subsequently reacted with acdppz base in chloroform-eth-
anol (2:3 v/v) and respective acetylacetone (Hacac), curcumin
(Hcur), or glycosylated curcumin (Hscur) ligand in acetoni-
trile-ethanol mixture. The complexes were characterized from
the analytical and physicochemical data (Table 1). The ESI-
MS of the complexes showed essentially a single peak corre-
sponding to the [M — CI]* in MeOH. The complexes were
found to be stable in the solution phase as five-coordinate spe-
cies [VO(cur)(L)]CI as evidenced from the mass spectroscopic
data. The complexes gave molar conductance values of approx.
20 and approx. 95 S'm*M~! in pure DMF and 20 % aqueous
DMEF, respectively, suggesting their non-electrolytic behavior
in DMF and 1:1 electrolytic nature in aqueous medium due to
dissociation of the chloride ligand.?”! The room temperature
magnetic moment (u.¢) values of 1.6 pg implied one-electron
paramagnetic nature of the 3d'-V'Y complexes. The IR spectra
of the complexes showed three bands centred around 1588,
1495, and 965 cm™! for the C=0, C=C (B-diketonate), and
V=0 stretching vibrations, respectively.8! The strong inten-
sity IR band at 1588 cm™' (C=0 stretching) indicates bidentate
coordination mode of the B-diketone (acac/cur/scur) ligand to
the central metal atom. The complexes displayed a d—d band
in the electronic spectra in the wavelength range of 717-
729 nm in 20% DMF-water (Figure 2, Table 1). Complex 2
showed an intense curcumin-based visible band at 437 nm due
to T — 7* transition with a shoulder at around 454 nm.”®! The

Table 1. Selected physicochemical data and ct-DNA binding parameters of the complexes 1-3.

Complex IR /cm™ Electronic : Jem (D) gy © A @ ISM>*M™ EO VK, DM AT, ® /°C
V(C=0) V¥(V=0) Amax /nm
(e /dm*M'.cm™)
1 1591 965 717 (47) 523(0.02) 1.63 111 -1.01 (3.1+0.2) X 10° 5.1
2 1586 967 725 (51) 520(0.03) 1.65 92 -0.84 (8.9+0.4)Xx10° 6.5
3 1589 962 729 (54) 516(0.026) 1.62 81 -0.82 (9.6 0.1) X 10° 7.4

a) Visible electronic spectral band in 20 % DMF-water. b) Emission spectra and quantum yield of 1-3 in aqueous DMSO (1:20 v/v), Aoy (nm)
= 390. ¢) Magnetic moment (i) in uB obtained by NMR method at 298 K. d) Ay, molar conductivity in 20 % aqueous DMF at 25 °C. The
complexes are non-electrolytic in pure DMF. e) Cathodic peak potential in 20% aq. DMF-0.1 M TBAP at 50 mV+s~! scan rate. f) Equilibrium
ct-DNA binding constant from the UV/Vis absorption experiments. g) Change in the ct-DNA melting temperature.

2 www.zaac.wiley-vch.de

© 0000 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Z. Anorg. Allg. Chem. 0000, 0-0



Job/Unit: Z13569 /KAP1 Date: 12-03-14 18:51:14

Mitochondria targeting Photocytotoxic Oxidovanadium(IV) Complexes

Pages: 11

n — ¥ band for the diglucosylcurcumin complex 3 was ob-
served at 426 nm. The acdppz ligand in the complexes showed
two additional bands near 362 nm and 390 nm assignable to the
n-7* transition of the dppz and acridine chromophores.2%-2°]

8.‘.
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Yt =
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Figure 2. Electronic absorption spectra of complexes 1 (—), 2 (++)
and 3 (-+-) in 20 % aqueous DMF.

The complexes showed an emission band near 520 nm in
aqueous DMSO (1:20 v/v) giving fluorescence quantum yield
(¢) values in the range of 0.02-0.03 (Figure 3, Table 1). The
curcumin ligand alone gave a ¢ value of 0.042 under similar
experimental conditions. The curcumin ligand-based fluores-
cence is thus retained in the oxidovanadium(IV) complexes
and this allowed us to study the cellular uptake and localization
of the complexes by confocal imaging. Cyclic voltammetry of
the complexes showed a reduction process assignable to the
VIV.VIT redox couple near —0.85 V versus S.C.E. in 20%
DMF-H,0O with 0.1 M [nBuyN](CIO4) (TBAP) as the support-
ing electrolyte. The complexes did not show any oxidative re-
sponse. The redox stability of the VO** moiety over a wide
potential window could reduce the dark toxicity of the com-
plexes.
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f
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Figure 3. Emission spectra of 1-3 in aqueous DMSO (1:20 v/v)
(;‘cxcilalion =390 nm).

Computational Study

To rationalize the photophysical properties of the com-
plexes, computational studies were performed for complexes 2
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and 3 using B3LYP/LANL2DZ level of DFT.*?! The energy
optimized structures of the complexes showed an oxidovanadi-
um(I'V) moiety bonded to the chelating N,N-donor acdppz,
0,0-donor monoanionic cur/scur ligand, and a chloride anion
giving a VIVN,O;Cl core in a distorted octahedral arrange-
ment. The axial V=0 bond length is 1.61 A, whereas the other
V-0 bond lengths are 1.97 A. It is evident in the optimized
structure that the chloride ligand being at the trans position of
the V=0 is labile with a V-CI bond length of 2.57 A. This
explains the dissociation of the chloride ligand in aqueous
solution phase as is evidenced from the ESI-MS and molar
conductivity data. The dihedral angle between the phenazine
ring and the acridine moiety is 68.5° and this does not allow
any effective m conjugation between two planar chromophores.
In both the structures, the HOMO is concentrated over the cur-
cumin moiety, whereas the LUMO is located over the phena-
zine ring.

Cytotoxicity

Photocytotoxicity of the complexes 1-3 was studied on hu-
man skin keratinocyte cell line (HaCaT) and human cervical
cancer cell line (HeLa) using an MTT [3-(4,5-dimethylthi-
azole-2-yl)2,5-diphenyltetrazolium bromide] assay.*!! We
have used the HaCaT cell line to know about the efficacy of
the complexes in PDT and HeLa is used as a normal cancer
cell line. The complexes were incubated for 4 h followed by
photo-irradiation in visible light (400-700 nm photoreactor,
10 J.em™) for 1.0 h (Figure 4). The ICs, values of complex 1
were found to be 0.34(£0.03)uM in HaCaT and
0.99(%£0.05) uM in HeLa cells. This complex showed no
dark cytotoxicity in both the cell lines. The ICsq values of
complex 2 in light were 0.18(*£0.02) uM in HaCaT and
0.71(%£0.07) pM in HeLa cells. Complex 3 having a curcumin
derivative containing a sugar moiety gave ICsy values of
0.13(%=0.03) uM in HaCaT and 0.33(%=0.02) uM in HeLa cells.
One reason for the higher photocytotoxicity of complex 3 may
be the presence of the sugar moiety, which possibly increases
the cellular uptake of this complex in the cancer cells. Com-

He}‘a HaFaT
304 \[ \
201
ol 1. 118
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Figure 4. Photocytotoxicity of the complexes 1-3 from the MTT assay
in HeLa and HaCaT cells on 4 h incubation in dark (black bar) and in
visible light of 400-700 nm (gray bar).
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Table 2. The ICsq /uM values of 1-3 and selected compounds in HaCaT and HeLa cells.

Compound HaCaT HeLa

in visible light ¥ in dark in visible light ® in dark
1 0.34(%+0.03) >30 0.99(%0.05) >30
2 0.18(*0.02) >10 0.71(%0.07) >10
3 0.13(%+0.03) 11.8(%0.6) 0.33(%+0.02) 4.2(%0.1)
acdppz >10 >10 9.5(%£0.3) >20
Hscur >50 >50 >50 » >50
Curcumin 19.0(%£0.2) 28.1(*£0.4) 8.2%(0.2) © 85.4(%x0.6)
Photofrin® ¢ 43*029 >41

a) Light of 400-700 nm wavelength. b) Data from Ref. [7b]. ¢) Data from Ref. [8]. d) Data from Ref. [21]. e) Red light of 633 nm.

plex 3, however, showed undesirable dark cytotoxicity giving
1C5q values of 11.8(%£0.6) uM in HaCaT and 4.23(%0.08) uM
in HeLa cells. This could be due to higher cellular uptake of
the complex. Cytotoxicity of the ligands, viz. curcumin, sugar-
appended curcumin, and acridine-dppz was measured and the
data are given in Table 2. The complexes showing photocyto-
toxicity in nanomolar concentration with minimal dark toxicity
are of importance in the chemistry of PDT.

Mechanistic Study of Cellular Damage

DNA ladder assay is a convenient way to detect pro-
grammed cell death or apoptosis. Cellular apoptosis is due to
the activation of endonuclease activity.*?! This activation leads
to the degradation of genomic DNA at inter-nucleosomal
linker region forming 180 to 185 base pair of DNA fragments.
These DNA fragments can be analyzed by gel electrophoresis.
We analyzed the mode of cell death from the DNA laddering
experiment for complexes 1 and 2. It is evident from Figure 5
that both the complexes show DNA ladder only in the presence
of visible light (400-700 nm) in HaCaT cells indicating
apoptosis as the primary mode of cell death. This experiment
was also done for the complexes in HeLa cells, but only com-
plex 2 gave ladder like pattern. No ladder formation was ob-
served in dark indicating that the complexes become cytotoxic
only on light exposure, while remaining innocuous to cells in
dark. We probed generation of any reactive oxygen species
(ROS) from 2',7'-dichlorodihydrofluorescein  diacetate
(DCFDA) assay.!*3! Cell permeable DCFDA could be oxidized

HelLa HaCaT
1 |
[ BN
M 1D IL2D 2L M 1D IL

Figure 5. DNA ladder of the complexes 1 and 2 in HeLa and HaCaT
cells showing apoptosis (D = dark, L = light, M = Marker 100 bp).
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by cellular ROS to generate fluorescent DCF with an emission
maxima at 525 nm.’* The percentage of cell population gen-
erating ROS could be determined by flow cytometry analysis.
The assay data in HaCaT cell line indicate the formation of
ROS by complex 2 on exposure to visible light, while there
was no ROS formation in dark.

Cellular Imaging and Uptake

The emission property of the complexes was used to study
their cellular uptake and localization in the HaCaT and HeLa
cells by confocal microscopy. Propidium iodide (PI) was used
as a nuclear staining dye to ascertain any nuclear uptake of the
complexes. Complexes 1-3 in HaCaT and HeLa cells showed
significant accumulation within 2 h and were retained up to 4
h. The uptake of the complexes in 4 h was found to be more
than that in 2 h. On comparing the merged image with the
green fluorescence of the complex and red fluorescence of PI
in Figure 6 (see Figure S18 for a colored image), complexes 1
and 2 were seen to localize mainly in the cytoplasm [panels
(¢), (f), (1) and (0)], whereas complex 3 localizes in the nucleus
as well as in cytoplasm [panels (i) and (r)]. The nuclear mor-
phology was found to remain intact as evident from the micro-
scopy images indicating the nontoxic nature of the complexes
in dark. The results are indeed remarkable since the complexes
could serve the dual purpose of imaging the tumor for its de-
tection and remaining passive within the cells in absence of
light and become cytotoxic on photo-irradiation damaging the
tumor.

Further study using mitochondrial tracker deep red in
HaCaT cells showed partial localization of the complexes 1
and 2 in the mitochondria as evidenced from the yellow color
in the merged image resulting from the green fluorescence of
the complex and the red fluorescence of the mitotracker red
(Figure 7, see Figure S19 for a colored image). We had to use
low concentration of the complexes 1 and 2 to avoid any light-
induced cell damage during the imaging experiments and this
resulted in low fluorescence intensity. Complex 3 could not be
used for imaging study due to its high cellular toxicity in dark.

DNA Binding Properties

With the knowledge that the complexes partially localizing
in the mitochondria and the mitochondrial DNA could be a
possible site of binding, we investigated the DNA binding
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Figure 6. Confocal images of HeLLa and HaCaT cells (after 4 h) treated
with complexes 1-3 (10 pM) and propidium iodide (PI, 10 mg'-mL~'):
panels (a), (d), (g), (j), (m) and (p) show the green emission of the
complexes; panels (b), (e), (h), (k), (n), and (q) correspond to the red
emission of PI; and panels (c), (), (i), (1), (o) and (r) show the merged
images. Scale Bar: 10 pm (for a colored image, see Figure S18).

strengths of the oxidovanadium(IV) complexes using absorp-
tion titration, DNA melting and viscosity measurements. The
equilibrium binding constants (K}) of the complexes 1-3 to
ct-DNA were obtained from UV/Vis absorption titrations by
monitoring the change in the absorbance of the ligand-based
band of the complexes at 267 nm (ct-DNA = calf thymus
DNA). Binding of a complex to DNA generally leads to hy-
pochromism along with a bathochromic shift of the electronic
spectral bands resulting from strong stacking interaction be-
tween the aromatic chromophore of the ligand in the complex
and the base pairs of DNA.[*1 The extent of hypochromism
thus gives an estimate of the binding strength. The observed
trend in hypochromism among the present oxidovanadium(IV)
complexes follows the order: 3 > 2 > 1. The equilibrium bind-
ing constant (K;) values for the complexes range within
(3.1£0.2) X 10° to (9.6 =0.1) X 10° M~! giving the same order
as observed in the trend of hypochromism (Table 1).

Thermal behavior of DNA in the presence of the complexes
provides information on the conformational changes and the
strength of the DNA complex interaction. The double-stranded
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Figure 7. Confocal images of complexes 1 and 2 (10 uM) in HaCaT
cells after 4 h showing the cellular uptake. Panels (a) and (d) show
green fluorescence of complexes 1 and 2, respectively. Panels (b) and
(e) are red fluorescence images of mitotracker red (MTR, 50 nM). Pan-
els (c) and (f) are the merged fluorescence images of the mitotracker
and the complex. Scale Bar: 10 pm (for a colored image, see Figure
S19).

DNA gradually dissociates to single strands on increasing the
solution temperature. The melting temperature 7,,, which is de-
fined as the temperature where half of the total base pairs gets
non-bonded is a valuable parameter. The DNA melting studies
in phosphate buffer (pH 7.2) showed stabilizing interaction of
all the complexes with ct-DNA (Table 1, Figure 8). The AT,,
values for the complexes lie in the range of 5.1 to 7.4 °C and
it is 10.6 °C for the DNA intercalator ethidium bromide
(EB).[*®! The ct-DNA binding strengths follow the order:
3 > 2 > 1. The DNA melting data indicate intercalative mode
of binding of the complexes to the ct-DNA.

2
10’ x dd,/dT

Figure 8. DNA melting plots of 190 uM ct-DNA alone and in the
presence of 1-3 (20 uM) in 5 mM phosphate buffer (pH 7.2).

Viscosity measurements were carried out to examine the ef-
fect on the specific relative viscosity of ct-DNA upon addition
of the complexes. DNA intercalating compounds result in a
change in the relative viscosity by unwinding and elongation
of the DNA double helix. For example, EB shows significant
increase in the relative viscosity of the ct-DNA solution on
intercalation due to an increase in the overall DNA contour
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Figure 9. Plots showing the effect of increasing the concentration of
ethidium bromide (EB) (V¥), 1 (@), 2 (A), 3 (W), and Hoechst 33258
(<) on the relative viscosity of ct-DNA (150 pM) at 37.0 = 0.1 °C in
Tris-HCI buffer (5 mM, pH 7.2).

length. In contrast, groove binding or partially intercalating
molecules cause little or no effect on the relative viscosity of
the ct-DNA solution.®”! The groove binder Hoechst 33258,
used as a reference compound, showed no apparent change in
the DNA solution viscosity. The plots of relative viscosity
(MMo)'”? vs. [complex]/[DNA] ratio for 1-3, where 1 and m
are respective specific viscosity of DNA in the presence and
absence of the complexes show significant change in the rela-
tive specific viscosity (Figure 9). Comparison of the viscosity
data with EB and Hoechst dye indicates partial intercalative
binding nature of complex 1 to ct-DNA, whereas complexes 2
and 3 show significant intercalative ct-DNA binding.

Photoinduced DNA Cleavage

The photocytotoxic effect of the complexes in the cancer
cells and their mitochondrial and nuclear (for complex 3) up-
take prompted us to study their ability to photo-cleave su-
percoiled DNA in near-IR light. The photoactivated DNA
cleavage activity of the complexes was studied using su-
percoiled (SC) pUC19 DNA in a medium of Tris-HCI/NaCl
buffer on irradiation using near-IR light diode lasers of 705 nm
and 785 nm wavelengths (Figure 10). The choice of these
wavelengths is due to the presence of a central metal atom d-
d absorption band near 725 nm in the electronic spectra of the
complexes. The complexes displayed excellent DNA cleavage
activity at these wavelengths even at very low complex con-

1 2 3 4

(9
(o))

Figure 10. Bar diagram showing the photocleavage of SC pUCI19
DNA (30 puM) by the ligands and the complexes 1-3 (30 uM). The
reactions conditions are: in dark shown by black bars, in red light of
705 nm shown by shaded bars with stripes and in red light of 785 nm
showing dark shaded bars.

centration. A 30 uM solution of 2 induced ca. 85% DNA
cleavage on exposure for 1 h. Complex 3 showed 92 % cleav-
age of the SC DNA to its nicked circular (NC) form under
similar reaction conditions (Table 3). Control experiments in
dark did not show any significant DNA cleavage activity. The
curcumin and glycosylated curcumin ligands alone showed
17 % cleavage of SC DNA at these wavelengths. The photoac-
tivity could be metal-assisted and involves the metal-based
d—d band resulting in an excited state that generates the cleav-
age active species. The results showing DNA cleavage activity
of the oxidovanadium(IV) complexes in near-IR light are of
significant importance in PDT considering that the vanadi-
um(V) complexes lacking any low energy electronic band are
unsuitable for PDT application.[3®!

The mechanistic aspects of the DNA photocleavage reac-
tions in red light of 705 nm and 785 nm were studied using
complexes 2 and 3 in the presence of various external addi-
tives. The complexes did not show any apparent DNA photo-
cleavage activity in an argon atmosphere suggesting the neces-
sity of O, to generate the ROS. The ROS could be hydroxyl
radical species generated from a photo-redox process or singlet
oxygen from the energy transfer type-II pathway. The addition
of singlet oxygen quenchers, viz. sodium azide or TEMP
showed significant reduction in the DNA cleavage activity in
red light (Figure 11). Hydroxyl radical scavengers, viz. DMSO
and KI had no apparent effect on the DNA cleavage activity
of the complexes. Hydrogen peroxide and superoxide anion

Table 3. Selected SC pUC19 DNA (0.2 pg) cleavage data of 1-3 and the ligands in red light.

Reaction conditions ¥ % NC Form % NC Form % NC Form
(in dark) (red light, 705 nm) (red light, 785 nm)

DNA control 2 5 4

DNA +1 10 69 62

DNA +2 9 88 84

DNA +3 21 94 89

DNA + curcumin (Hcur) 11 15 16

DNA + Hscur 15 18 19

a) In Tris-buffer medium (pH = 7.2). Red light from diode lasers. Photo-exposure time (f) = 1 h. Concentration of the complexes 1-3 and the

ligands used was 30 pM.
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Figure 11. Bar diagram showing the extent of photocleavage of
pUC19 DNA (0.2 pg, 30 uM) by complex 3 (30 pM) forming nicked
circular (NC) form of DNA in the presence of additives in red light of
705 nm (light shade) and 785 nm (dark shade) for an exposure time of
1 h [D,0, 16 pL; NaN3, 0.5 mM; TEMP, 0.5 mM; DMSO, 4 pL; KI,
0.5 mM; SOD, 4 units; catalase, 4 units].

radical scavengers, viz. catalase and SOD did not show any
inhibitory effect. The results suggest the involvement of singlet
oxygen ('0,) in the photocleavage reaction, which was further
confirmed from our observation of enhanced DNA photocleav-
age activity in D,O due to longer lifetime of 'O, in this sol-
vent.3%401 The DNA cleavage reaction involving molecular
oxygen (°0,) seems to proceed via a type-II process, in which
the excited electronic state of the complex through efficient
intersystem crossing generates the triplet excited state of the
photo-sensitizer that activates triplet oxygen to the reactive sin-
glet state by energy transfer.

Conclusions

We report remarkable visible light-induced photocytotoxi-
city of a new class of curcumin-based oxidovanadium(IV)
complexes in a ternary structure having 11-(9-acridinyl)dipyr-
ido[3,2-a:2",3"-c]phenazine base, while being less toxic in
dark. The photocytotoxicity of the complexes is higher than
that of the PDT drug Photofrin®. The complexes showed DNA
photocleavage activity in near-IR light via singlet oxygen path-
way and cellular damage via apoptotic pathway. The DNA
melting and viscosity data show intercalative mode of DNA
binding of the complexes. The complexes do not show any
apparent chemical nuclease activity due to their redox stability
over a wide potential range. Confocal studies reveal mainly
cytosolic localization of the complexes 1 and 2 in cancer cells
with significant mitochondrial uptake. The results showing
dual effect of the complexes in cellular imaging and light-in-
duced apoptosis by targeting mitochondria caused by singlet
oxygen generation are distinctly different from the known
metal-based PDT agents.

Complex 2 is unique in the chemistry of metal-based PDT
agents having excellent functional similarities with the PDT
drug Photofrin®, viz. (i) visible light-induced photo-cytotoxi-
city with low dark toxicity, (ii) singlet oxygen (!0,) as the
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ROS, (iii) apoptotic cell death, (iv) DNA binding and photo-
induced DNA cleavage activity in red light, (v) cytosolic local-
ization, and (vi) significant mitochondrial uptake. This work is
expected to presage designing and developing new generation
of mitochondria targeting metal-based PDT and tumor imaging
agents for their potential applications in PDT.

Experimental Section

Materials: All reagents and chemicals were procured from commer-
cial sources (s.d. Fine Chemicals, India; Aldrich, USA) and used with-
out further purification. Curcumin (95% curcuminoid content, 80 %
curcumin) was purchased from Sigma-Aldrich and purified into indi-
vidual components by following a reported procedure.'*!! Solvents
were purified by standard procedures.*?! Supercoiled (SC) pUC19
DNA (cesium chloride purified) was purchased from Bangalore Genie
(India). Tris-(hydroxymethyl)aminomethane-HCl (Tris-HCl) buffer
solution was prepared using deionized and sonicated triple distilled
water. Calf thymus (ct) DNA, agarose (molecular biology grade), dista-
mycin, catalase, superoxide dismutase (SOD), ethidium bromide (EB),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and 2',7'-dichlorofluorescein diacetate (DCFDA) were procured from
Sigma (USA). MitoTracker® Deep Red FM (Cat. n0.M22426) (MTR)
was purchased from Invitrogen BioServices India. 11-(9-Acridinyl)di-
pyrido[3,2-a:2",3"-c]phenazine (acdppz) ligand was prepared following
a literature procedure using 1,10-phenanthroline-5,6-dione as a precur-
sor.!?%l The glycosylated curcumin, viz., diglucosylcurcumin (Hscur)
and 1,7-bis(3-methoxy-4-B-D-glucopyranos-1-yloxophenyl)hepta-1,6-
diene-3,5-dione, was prepared according to a literature method.''®!
Synthesis of the complexes was carried out in a nitrogen atmosphere
using Schlenk technique. Tetrabutylammonium perchlorate (TBAP)
was prepared using tetrabutylammonium bromide and perchloric acid.

Instrumentation: The elemental analysis was done with a Thermo
Finnigan FLASH EA 1112 CHNS analyzer. The infrared and electronic
spectra were recorded with a Perkin-Elmer Lambda 35 and a Perkin-
Elmer spectrum one 55, respectively, at 25 °C. Molar conductivity
measurements were done with a Control Dynamics (India) conductiv-
ity meter. Electrochemical measurements were made at 25 °C with an
EG&G PAR model 253 VersaStat potentiostat/galvanostat with electro-
chemical analysis software 270 using a three electrode setup consisting
of a glassy carbon working, platinum wire auxiliary and a saturated
calomel reference electrode (SCE) in 20 % DME-H,O. TBAP (0.1 m)
was used as a supporting electrolyte for the electrochemical measure-
ments. Electrospray ionization (ESI) mass spectral measurements were
made with a Bruker Daltonics make Esquire 300 Plus ESI model. The
NMR spectra were recorded with a Bruker Avance 400 (400 MHz)
NMR spectrometer. Room temperature fluorescence quantum yield
measurements were done with a Perkin-Elmer LS 55 fluorescence
spectrometer using coumarin-153 laser dye as a reference with a
known @ value of 0.56 in acetonitrile.!*3! Samples were deaerated prior
to spectral measurements. The complexes and reference were excited
at 390 nm, maintaining nearly equal absorbance and the emission spec-
tra were recorded from 410 to 650 nm. The integrated emission inten-
sity was calculated using Origin Pro 8.1 software and the quantum
yield was calculated using the equation: (®g/®@g) = (As/Ag) X ((OD)s/
(OD)Rr) X (ng*/ng?), where ®g and ®y are the fluorescence quantum
yields of the sample and reference respectively, Ag and Ay are the
area under the fluorescence spectra of the sample and the reference
respectively, (OD)g and (OD)g are the respective optical densities of
the sample and the reference solution at the wavelength of excitation,
and ng and ng are the refractive indices for the respective solvents
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used for the sample and the reference.[*+*3! Room temperature mag-
netic moment of the [Dg]DMSO solutions of the oxidovanadium(IV)
complexes containing 1% TMS (v/v) as the internal reference was
obtained by a solution NMR method with a Bruker AMX-400 NMR
spectrometer.l*®47] Fluorescence microscopic investigations were car-
ried out with a Leica DM IL microscope with integrated Leica DFC400
camera and IL50 image software. Confocal microscopy was done
using confocal scanning electron microscope (Leica, TCS SP5
DMG6000).

Synthesis of [VO(acac)(L)Cl] (1), [VO(cur)(L)Cl] (2), and
[VO(scur)(L)CI] (3) (L = acdppz): Vanadyl sulfate (0.16g,
1.0 mmol) and barium chloride (0.25 g, 1.0 mmol) together were dis-
solved in aqueous ethanol (24 mL, 1:5 v/v). The mixture was stirred
at 25 °C for 2 h in a nitrogen atmosphere using Schlenk technique.
The mixture was filtered using celite to remove the barium sulfate
precipitate. The blue filtrate was de-aerated and saturated with nitro-
gen. The acdppz base (0.46 g, 1.0 mmol) taken in chloroform-ethanol
(20 mL, 2:3 v/v) was added to the filtrate. A deep greenish solution
was formed after stirring the mixture for 10 min. Ligand Hacac or
curcumin (Hcur) or glycosylated curcumin (Hscur) [Hacac, 0.10 g,
Hcur, 0.36 g, Hscur, 0.69 g (1.0 mmol)] taken in acetonitrile-ethanol
mixture (16 mL, 1:3 v/v), neutralized with Et;N (0.10 g, 1.0 mmol),
was added to the previously formed deep greenish solution. The com-
plex as a precipitate was obtained after stirring the solution for 2 h in
nitrogen atmosphere. The precipitate was filtered, isolated, washed
with cold acetonitrile, ethanol, THF, chloroform, and diethyl ether and
finally dried in vacuo over P4O;, (Yield: ca. 78 % for 1; 81 % for 2,
and 72 % for 3).

Complex 1: (M = 660.10), C36H,4NsClO3V: caled. C 65.41; H 3.66;
N 10.60 %; found: C 65.32; H 3.61; N 10.68 %. ESI-MS (CH;OH):
mlz 625.56 [M — CI]*. IR: V = 3062 w, 1591 s, 1495 vs, 1420 s, 1383
m, 1277 s, 1150 m, 1121 m, 1035 w, 965 m, 841 m, 719 m, 557 w,
459 w cm™! (vs, very strong; s, strong; m, medium; w, weak). UV/Vis
(20 % DMF-water) [Ama /nm (¢ /dm3Mm'«cm™)]: 717 (47), 387 (19
860), 362 (19 500), 269 (62 750). Ay = 111 S'm?M ! in 20 % aqueous
DMEF at 25 °C. g, g at 298 K: 1.63.

Complex 2: (M = 928.17), Cs,H34NsClO,V: caled. C 67.21; H 3.90;
N 7.54 %; found: C 67.30; H 3.86; N 7.59 %. ESI-MS (CH;OH): m/z
893.20 [M — CI]*. IR: v = 3069 w, 1586 s, 1492 vs, 1422 s, 1379 m,
1277 s, 1153 m, 1119 m, 1030 w, 967 m, 810 m, 721 m, 560 w,
462 w, 436 m cm!. UV/Vis (20% aqueous DMF) [/n.. /nm
(e /dm3Mm«cm™)]: 725 (51), 454 sh (56 830), 437 (57 370), 389 (46
170), 362 (34 600), 267 (77 800). Ay = 92 S'm? M! in 20 % aqueous
DMEF at 25 °C. g, 1g at 298 K: 1.65.

Complex 3: (M = 1252.28), C¢4Hs5¢NsClO,,V: calcd. C 61.32; H 4.50;
N 5.59 %; found: C 61.44; H 4.57; N 5.52%. ESI-MS (CH;0H): m/z
1217.23 [M - CI]*. IR: ¥ = 3301 br, 1589 s, 1504 vs, 1423 w, 1384
w, 1276 s, 1126 m, 1071 m, 1030 m, 962 m, 817 w, 725 w, 551 w,
466 w (br.,, broad) cm™'. UV/Vis (20% DMF-water) [An.x /nm
(¢ /dm3-Mem™)]: 729 (54), 427 (52 760), 391 (47 510), 363 (36
490), 266 (71 350). Ap; = 81 S'm*M ! in 20 % aqueous DMF at 25 °C.
Hefp, Mg at 298 K: 1.62.

Solubility and Stability: The complexes showed good solubility in
DMF, DMSO, MeOH, moderate solubility in water, ethanol, acetoni-
trile, and poor solubility in hydrocarbons. The diglucosylcurcumin
complex 3 having the carbohydrate moiety showed better solubility in
water than the curcumin complex 2. The complexes were found to be
stable in solution in the monocationic form. The solution stability of
the cationic species was ascertained from their time dependent molar
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conductivity and electronic absorption spectroscopic data. The absorp-
tion spectral study using curcumin and its derivative alone showed
gradual degradation with time resulting to almost complete degradation
in 24 h as evidenced from the decrease in the intensity of the absorp-
tion spectral band at 435 nm with the appearance of a new band at
252 nm in DMSO-phosphate buffer (1:1 v/v, pH = 7.2 at 37 °C). The
oxidovanadium(IV) complexes of these ligands did not show any ap-
parent spectral change even after 48 h.

Cell Culture: HelLa (human cervical carcinoma) cancer cells and
HaCaT (human skin keratinocyte) cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM), supplemented with 10 % fetal bo-
vine serum (FBS), 100 IU mL! of penicillin, 100 pgrmL" of strepto-
mycin and 2 mM Glutamax at 37 °C in a humidified incubator at 5%
CO,. The adherent cultures were grown as monolayer and passaged
once in 4-5 d by trypsinizing with 0.25% Trypsin-EDTA.

Cell Viability Assay: The photocytotoxicity of the complexes 1-3 was
studied using MTT assay, which is based on the ability of mito-
chondrial dehydrogenases of viable cells to cleave the tetrazolium
rings of MTT resulting formation of dark purple membrane imperme-
able crystals of formazan that could be quantified from spectral mea-
surements in DMSO.13!! Approximately, 8000 cells of HeLa and
HaCaT were plated in a 96 wells culture plate in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS)
and kept for 24 h incubation at 37 °C in a CO, incubator. The stock
solution of the complexes, prepared in DMSO, was first diluted in the
culture medium to the desired concentration and next added to the 96
well plates keeping the quantity of DMSO constants at 1% for all
tests. Cells were incubated for 4 h in dark. The medium that was sub-
sequently replaced with PBS was photo-irradiated with visible light
(400-700 nm) for 1 h using a Luzchem Photoreactor (Model LZC-1,
Ontario, Canada) fitted with Sylvania make 8 fluorescent white tubes
with a fluence rate of 2.4 mW-cm™2 to provide a total dose of
10 J-cm2. After photoexposure, PBS was removed and replaced with
DMEM-FBS and incubation was continued for further 20 h in dark.
After the incubation period, 20 pL of 5 mg'mL™"' of MTT was added
to each well and incubated for an additional 3 h. The culture medium
was finally discarded and 200 pL of DMSO was added to dissolve the
formazan crystals and its absorbance at 595 nm was measured using a
BIORAD ELISA plate reader. Cytotoxicity of 1-3 was measured as the
percentage ratio of the absorbance of the treated cells to the untreated
controls. The ICs, values were determined by nonlinear regression
analysis (GraphPad Prism).

DNA Fragmentation Analysis by Agarose Gel Electrophoresis: The
DNA fragmentation assay was performed to observe any apoptotic
mode of cell death induced by complexes 1 and 2 using HelLa and
HaCaT cells." 8! Briefly, 0.3 X 10° cells were taken in each 60 mm
dish, grown for 24 h and later treated with 1 (2 pM) and 2 (1 uM)
incubated for 4 h in dark. One dish containing the complex was ex-
posed to light for 1 h and again the cells were left to grow for 4 h
along with its dark control in another dish. After 4 h, cells were tryp-
sinized, washed with DPBS and re-suspended in 0.4 mL of lysis buffer
(10 mM Tris-HCI; pH, 8.0, 20 mM EDTA, 0.2% triton-X 100) with
incubation for 20 min on ice. Lysed cells were centrifuged for 20 min
at 13000 rpm and the supernatant having soluble chromosomal DNAs
including both high molecular weight DNA and nucleosomal DNA
fragments was collected. Phenol chloroform was performed to remove
the protein present. Later supernatant was precipitated with 1/10 vol-
ume of 3 M sodium acetate (pH 5.8) and 2 volume of ethanol at —20 °C
for overnight. DNA pellet was washed with 70 % alcohol and re-sus-
pended in Tris-EDTA (pH 8) containing RNAse (100 pg'-mL™") fol-
lowed by incubation at 37 °C for 2 h. DNA samples were resolved on
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1.5% agarose gel at 80 V for about 2 h and photographed under UV
light.

DCFDA Assay for Measurement of ROS Generation: DCFDA as-
say was used to detect the formation of any reactive oxygen species
(ROS) in the cancer cells. Cell permeable DCFDA on oxidation by
cellular ROS generates DCF as green fluorescent compound. The per-
centage of cells generating ROS was determined by flow cytometry
analysis. To detect ROS generation, HaCaT cells were incubated with
complex 2 (1 pM) for 4 h followed by photo-irradiation (400-700 nm)
for 1 h in serum free conditions. The cells were harvested by trypsin-
ization and a single cell suspension of 1 X 10° cells'mL~! was prepared.
The cells were treated with 1 uM DCFDA solution in DMSO in dark
for 20 min at room temperature. The distribution of DCFDA stained
HaCaT cells was determined by flow cytometry in the FL-1 channel.

Confocal Studies: Uptake and Localization: Uptake and localization
of fluorescent complexes into the cell was visualized using a confocal
scanning electron microscope (Zeiss, LSM510 apocromat).*”) HeLa
and HaCaT cells were grown on glass cover slips in each 12 well
plates at a seeding density of 50,000 cells in 1.5 mL of culture medium
for 24 h. Cells were treated with the complexes for 2 h and 4 h in dark,
fixed, and permeabilized with chilled methanol for 5 min at 20 °C.
Methanol was subsequently removed followed by washing with 1X
PBS buffer. It was later incubated with propidium iodide (1 mg-mL™")
to stain the nucleus for 2 min and visualized under a confocal scanning
electron microscope. The cell-permeant MitoTracker® deep red having
a mildly thiol-reactive chloromethyl moiety was used for labeling
mitochondria. A 50nM of MitoTracker® Deep Red FM (Cat.
n0.M22426) was used for confocal microscopy.??!

DNA Binding Methods: The experiments were done in Tris-HCl
buffer (5 mM, pH 7.2) using DMF solution of the complexes 1-3. Calf
thymus (ct) DNA (ca. 350 uM NP, nucleotide pair) in this buffer me-
dium gave a ratio of UV absorbance at 260 and 280 nm of ca. 1.9:1
indicating the DNA apparently free from any protein impurity. The
concentration of ct-DNA was estimated from its absorption intensity
at 260nm with a molar extinction coefficient value (&) of
6600 dm3-M~'«cm™'.150-511 Absorption titration experiments were done
by changing the concentration of ct-DNA while maintaining constant
complex concentration following a method as reported earlier.!!¢!7!
The intrinsic equilibrium binding constant (K},) of the complexes 1-3
to ct-DNA were obtained by the McGhee-von Hippel (MvH)
method.[5233! DNA thermal denaturation studies were carried out by
monitoring the absorption intensity of ct-DNA (190 uM) at 260 nm by
varying the temperature from 40 to 90 °C in both absence and presence
of the complexes (1-3) (20 uM) using a Cary 300 bio UV/Vis spec-
trometer with a Cary temperature controller at an increase rate of
0.5 °C per min of the solution. The viscosity measurements were done
using a Schott Gerate AVS. 310 automated viscometer attached to a
constant temperature bath at 37 °C. The concentration of the ct-DNA
stock solution was 150 uM (NP) in a 5 mM Tris-HCI buffer. The com-
plex was added gradually on increasing the concentration from 0 to
120 uM, and the viscosity was measured on each addition. The flow
times were monitored with an automated timer. The relative specific
viscosity of DNA, (7/170)""* was plotted vs. [complex]/[DNA], where
7 is the viscosity of DNA in the presence of the complex and 7, is the
viscosity of ct-DNA alone in 5 mM Tris buffer medium. The viscosity
values were calculated from the observed flow time of ct-DNA con-
taining solutions (7), duly corrected for that of the buffer alone (),
n =t - 1)t

DNA Cleavage Methods: The cleavage of supercoiled (SC) pUC19
DNA (0.2 pg, 30 uM, 2686 base-pairs) was studied by agarose gel
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electrophoresis using the complexes in 50 mM Tris-HCI buffer (pH
7.2) and 50 mM NaCl containing 10 % DMF. The photo-induced DNA
cleavage reactions were carried out in red light using diode lasers of
705 nm and 785 nm wavelengths (Model: LQC705-38E and LQC785-
100C from Newport Corporation). The laser powers were 38 mW and
100 mW, respectively, measured using Spectra Physics CW laser
power meter (Model 407A). Prior to light exposure, each sample was
incubated for 1.0 h at 37 °C and the photo-cleaved products were ana-
lyzed by gel electrophoresis as reported earlier.”* The mechanistic
studies were carried out using different additives (NaN;, 0.5 mM;
DMSO, 4 pL; KI, 0.5 mM; catalase, 4 units; SOD, 4 units; TEMP,
0.5 mM). For the D,0O experiment, this solvent was used to dilute the
sample up to 20 pL final volume. The extent of SC DNA cleavage
was measured from the intensities of the bands using UVITEC Gel
Documentation System. Due corrections were made for the low level
of nicked circular (NC) form of DNA present in the original SC DNA
sample and for the low affinity of EB binding to SC compared to NC
form of DNA.153! The observed error in measuring the band intensities
was ca. 5 %.

Supporting Information (see footnote on the first page of this article):
The supplementary data contain ESI-MS (Figures S1-S3), IR (Figures
S4-S6), cyclic voltammograms (Figure S7), energy optimized geome-
try and HOMO-LUMO diagrams (Figures S8-S10), MTT plot (Figures
S11-S16), DCFDA assay (Figure S17), confocal images (Figure S18—
S20), DNA binding plots (Figure S21), DNA cleavage data (Figures
$22-S25), spectroscopic data for measuring stability (Figure S26) and
computational data for the complexes (Tables S1 and S2).
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