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ABSTRACT

Oxovanadium(IV) complexes [VO(Fc-tpy)(acac)](ClO4) (1), [VO(Fc-tpy)(nap-acac)](ClO4) (2), [VO(Fc-
tpy)(py-acac)](ClOg4) (3) and [VO(Ph-tpy)(py-acac)](ClO4) (4) of 4'-ferrocenyl-2,2":6',2"-terpyridine (Fc-
tpy) and 4'-phenyl-2,2":6',2"-terpyridine (Ph-tpy) having monoanionic acetylacetonate (acac), naph-
thylacetylacetonate (nap-acac) or pyrenylacetylacetonate (py-acac) ligand were prepared, characterized
and their photocytotoxicity in visible light studied. The ferrocenyl complexes 1-3 showed an intense
charge transfer band near 585 nm in DMF and displayed Fc*/Fc and V(IV)/V(III) redox couples near 0.66 V
and —0.95 V vs. SCE in DMF-0.1 M TBAP. The complexes as avid binders to calf thymus DNA showed
significant photocleavage of plasmid DNA in green light (568 nm) forming *OH radicals. The complexes
that are photocytotoxic in HeLa and MCF-7 cancer cells in visible light (400—700 nm) with low dark
toxicity remain nontoxic in normal fibroblast 3T3 cells. ICP-MS and fluorescence microscopic studies
show significant cellular uptake of the complexes. Photo-irradiation of the complexes causes apoptotic
cell death by ROS as evidenced from the DCFDA assay.

Apoptosis

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) which has emerged as a non-
invasive treatment modality for various types of cancers using
the FDA approved hematoporphyrin drug Photofrin® involves
administration of the photosensitizer (PS) to the body, followed by
its activation by light at the cancer site with formation of singlet
oxygen killing the tumour cells [1-5]. The advantage of PDT over

Abbreviations: acac, acetylacetonate; ct-DNA, calf thymus DNA; DCFDA, 2,7'-
dichlorofluorescein diacetate; DMEM, Dulbecco's Modified Eagle's Medium; DMF,
dimethylformamide; DMSO, dimethyl sulfoxide; DNA, deoxyribonucleic acid;
DPPH, 2,2-diphenyl-1-picrylhydrazyl; EB, ethidium bromide; EDTA, ethylenedi-
aminetetraacetate; EPR, electron paramagnetic resonance; FBS, fetal bovine serum;
Fc, ferrocenyl; Fc-tpy, 4'-ferrocenyl-2,2":6',2"-terpyridine; ICP-MS, inductively
coupled plasma mass spectrometry; MLCT, metal-to-ligand charge transfer; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MvH, McGhee-von
Hippel; NAC, N-acetylcysteine; nap-acac, naphthylacetylacetonate; PBS, phosphate
buffered saline; PDT, photodynamic therapy; Ph-tpy, 4'-phenyl-2,2":6',2"-terpyr-
idine; PI, propidium iodide; py-acac, pyrenylacetylacetonate; ROS, reactive oxygen
species; TBAP, tetrabutylammonium perchlorate.
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other chemotherapeutic treatments is its selectivity to target only
the photo-exposed cancerous cells leaving unexposed normal cells
unaffected thus minimizing toxic side effects. Photofrin and its
analogues suffer from prolonged skin photosensitivity and hepa-
totoxicity due to formation of bilirubin on oxidative degradation of
the porphyrin core [6,7]. Non-porphyrinic transition metal com-
plexes are shown to be efficient photocytotoxic agents with low
dark toxicity [8—15]. The metal complexes could be suitably
designed to show novel PDT activity following different reaction
pathways, producing hydroxyl radicals or singlet oxygen to cause
cellular damage [16,17].

We have recently shown that ferrocenyl conjugates of transition
metals significantly enhance their photo-chemotherapeutic po-
tential compared to the one lacking the ferrocenyl unit [18—20].
Ferrocenyl derivatives with their non-toxic, redox active and lipo-
philic properties have been used to prepare novel antitumor,
antimalarial and antifungal agents [21—26]. Mechanistic studies
have shown that the anticancer activity of the ferrocenium cation is
due to generation of reactive oxygen species (ROS) including *OH
radicals and these radicals are responsible for DNA degradation and
strand-breakage [27]. We have also shown in a recent report that
ferrocene-conjugated oxovanadium(IV) complexes of
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curcuminoids are photocytotoxic in cancer cells [28]. Curcumin has
a dione moiety which in its enolized form resembles the metal
binding properties of acetylacetonates [29]. The present work
stems from our interests to extend this chemistry further by using
different acetylacetonate derivatives in a ternary structure in which
the oxovanadium(IV) moiety is bound to a tridentate ferroce-
nylterpyridine ligand and a bidentate acetylacetonate derivative.
Curcumin with its poor bioavailability is known to be susceptible to
hydrolytic degradation in the physiological medium [30]. In
contrast, the acac ligands are expected to be of higher stability in a
biological medium. The acac derivatives bearing fluorophoric
pendants like naphthyl or pyrenyl moiety could be used to study
the cellular localization of the complexes by fluorescence micro-
scopy. The 4'-ferrocenyl-2,2’:6’,2”-terpyridine (Fc-tpy) ligand with
its intense charge transfer band is used as a photosensitizer.

Herein, we report the synthesis, characterization, photo-
cytotoxicity and cellular imaging of ferrocenyl-terpyridine (Fc-tpy)
oxovanadium(IV) complexes of acetylacetone derivatives, viz.
[VO(Fc-tpy)(acac)](Cl04) (1), [VO(Fc-tpy)(nap-acac)](ClO4) (2),
[VO(Fc-tpy)(py-acac)](ClO4) (3) and [VO(Ph-tpy)(py-acac)](ClO4)
(4), where acac is acetylacetonate, nap-acac is naph-
thylacetylacetonate and py-acac is pyrenylacetylacetonate (Scheme
1). Complex 4 having the ferrocenyl moiety replaced by a phenyl
group was used as a control. Significant results of this study include
remarkable photocytotoxicity of the py-acac complexes and cyto-
solic localization of complex 3 as evidenced from the fluorescence
microscopy imaging study. The pyrenyl complex shows similar
photocytotoxicity as observed for its reported curcumin analogue
[28].

2. Results and discussion
2.1. Chemistry

The terpyridine ligands (Fc-tpy and Ph-tpy) were prepared by
reacting corresponding aldehyde with 2-acetylpyridine and NaOH
with subsequent condensation of the intermediate species with
ammonium acetate in refluxing ethanol [31]. The 1-
naphthylacetylacetone (Hnap-acac) and pyrenylacetylacetone
(Hpy-acac) were prepared by following a literature procedure [32].
1-Acetylnaphthalene or 1-acetylpyrene was refluxed with sodium
sand in dry ethyl acetate for 4 h and poured into cold water. The
aqueous layer was acidified with dilute HCI to precipitate out the
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Scheme 1. Schematic drawings of the complexes 14 and ligands used.

product. The metal precursor vanadyl perchlorate was prepared by
reacting vanadyl sulphate with calcium perchlorate. Oxovanadiu-
m(IV) complexes 1—4 were prepared by a general synthetic method
in two steps. First, the acetylacetonate derivative after neutralizing
with dilute NaOH was reacted with vanadyl perchlorate for 30 min.
Corresponding terpyridine ligand in CHCl3—MeOH was then added
and stirred for further 30 min. The complex was isolated as its
perchlorate salt.

2.2. Pharmacology

Photocytotoxicity of the oxovanadium(IV) complexes 1—4 in
HeLa and MCF-7 cells was evaluated by MTT assay in dark and
visible light (400—700 nm). The cellular uptake of the complexes
was evaluated by ICP-MS. The cellular localization studies were
carried out by fluorescence microscopy using the blue fluorescence
of the naphthyl and pyrenyl groups present in the complexes. The
mechanism of cell death on photo-irradiation was assessed by
Hoechst staining. The generation of reactive oxygen species (ROS)
in the cells on photo-irradiation was evaluated by DCFDA assay. The
oxovanadium(IV) complexes were also evaluated for their calf
thymus DNA binding strengths and plasmid DNA photocleavage
activities. The DNA binding studies were done by spectroscopic
methods, viz. electronic absorption titration, DNA melting and
viscosity measurements. The DNA cleavage activity of the com-
plexes was studied using plasmid supercoiled (SC) form of DNA.
The extent of DNA cleavage forming nicked circular (NC) DNA was
quantified by gel electrophoresis.

2.3. Synthesis and general aspects

Complexes [VO(Fc-tpy)(L)](ClO4) (1—3) of acetylacetone de-
rivatives (L: acac in 1; nap-acac in 2; py-acac in 3) and the ferro-
cenyl terpyridine ligand (Fc-tpy) were prepared in good yield.
Complex 4 was prepared using Ph-tpy instead of Fc-tpy and used as
a control species. Complexes 14 were characterized from the
analytical, mass spectral and other physicochemical data (Table 1).
The molar conductance value of ~82 S m?> M~ of the complexes in
DMF at 25 °C suggests their 1:1 electrolytic behaviour. The ESI mass
spectra of the complexes in MeCN showed a single peak corre-
sponding to the molecular ion peak (m/z) as [VO(Fc-tpy)(L)]". The
isotopic distribution pattern of the complexes is in accordance with
the calculated one. The IR spectra of the complexes in the solid state
showed C=0 and C=C bands that are shifted to lower wave-
numbers compared to the free ligands due to binding to the
metal. The complexes showed band for V=0 and ClOz within
958-963 cm~! and 1090-1096 cm, respectively [33]. The 3d'-
VO?* complexes are one-electron paramagnetic giving a magnetic
moment value of ~1.64 pg. The complexes showed broad 'H NMR
spectra due to their paramagnetic nature. The complexes showed
eight line pattern in the ESR spectra due to hyperfine coupling of
the unpaired electron with the *'V nucleus (I = 7/2), confirming the
3d'-VO(1V) oxidation state. Complexes 1—3 showed an intense
band at ~585 nm which is assignable to the metal to ligand charge
transfer transition (MLCT) (Fig. 1) [34]. This band is absent in the
spectrum of the phenyl analogue 4 indicating the involvement of
the ferrocenyl moiety for this charge transfer transition. Complex 4
showed only a weak d—d transition at 774 nm. The d—d band in 1-3
was found to be masked by the MLCT band. The complexes 2—4
showed fluorescence property (Fig. 1). Complex 2 having a naphthyl
moiety showed emission bands at 406 and 430 nm, while the
pyrenyl complexes 3 and 4 showed emission bands at 387 and
409 nm, respectively. Cyclic voltammetry of the redox active
complexes in DMF-0.1 M TBAP showed quasi-reversible Fc'/Fc
redox couple near 0.62 V (Fc = ferrocenyl unit) and the V(IV)/V(III)
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Table 1

Selected physicochemical and DNA binding data for the complexes 1—4.
Complex 1 2 3 4
IR/cm™" (in KBr) v (V=0) 958 958 960 961

v (ClOy4) 1096 1095 1096 1095

Amax/nm (g/dm® M~! cm~1)? 581 (2608) 583 (3014) 586 (3536) 777 (90)
Ef/V (AE,/mV)° 0.62 (170) 0.63 (155) 0.62 (165) —
Fc™—Fc©
E, [V]¢ —~0.93 -0.98 -1.01 -0.97
ApS/S m? M! 84 86 79 74
Siso 1.99 1.98 1.98 1.98
Kp® (4.5 +05) x 10% (32 +03) x 10° (9.6 + 04) x 10° (3.8+0.3) x 108
AT (°C) 1.1 26 49 4.4

2 Visible electronic spectral band in DMF—Tris HCI buffer (1:1 v/v).

b Redox data in DMF-0.1 M TBAP. The potentials are vs. SCE. Scan rate = 50 mV s~ Ef= (Epa + Epc)/2, AEp = (Epa — Epe), where Ej,, and E,c are the anodic and cathodic peak

potentials, respectively.
¢ Fc*[Fc redox couple.
d Cathodic peak for the VV—V" redox couple.
ef Molar conductance in DMF at 25 °C.
& Intrinsic equilibrium DNA binding constant from the UV—visible experiment.
" Change in the calf thymus DNA melting temperature.
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Fig. 1. The electronic spectra of [VO(Fc-tpy)(py-acac)](ClO4) (3) (——) and [VO(Ph-
tpy)(py-acac)](ClOy4) (4) (- - -) in DMF—Tris—HCl buffer (1:1 v/v) with the inset showing
the emission spectrum of 2—4 in DMF.

couple as an irreversible reduction in the range from -0.91
to —0.97 V. Complex 4 showed only the V(IV)—V(III) reduction peak
at —0.98 V.

In order to gain more detailed insight into the photophysical
properties of the complexes, density functional theory (DFT) and its
time-dependent version (TDDFT) were applied and the details are
presented as Supporting Information [35—37]. The calculated ab-
sorption band positions for 1-3 at 600 nm are responsible for the
experimentally observed intense band at ~585 nm. This absorption
is associated with charge transfer from the HOMO to LUMO orbital
for 1 and 2, while it is HOMO—1 to LUMO orbital of 3 (Fig. 2). No
such band was observed for the phenyl analogue 4. The HOMO of 1
and 2 and HOMO-1 of 3 have predominant contribution from the
ferrocenyl moiety (~97%). The LUMO has a major contribution from
the terpyridine (tpy) moiety (~83%) and some V=0 character (~9%).
The metal-to-ligand charge-transfer (MLCT) is from the ferrocenyl
to the terpyridine moiety in the complex. The TDDFT data are in
agreement with the experimental results.

2.4. Stability of the complexes

The stability of the complexes was studied in 1% DMSO-PBS
buffer (pH = 7.2) using UV-Visible spectroscopic technique. There
was no change in the spectral features of the complexes in 24 h

From room-temperature EPR spectra in DMF solution with DPPH as an internal standard.
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Fig. 2. Frontier orbital diagram of complexes 1—4 showing a) HOMO, HOMO-1, LUMO,
LUMO-+1 and (b) the HOMO—LUMO energy gap of the ligand (Fc-tpy) and the com-
plexes 1-4.

indicating the solution stability of the complexes. The inertness of
ferrocene moiety in complexes 1-3 in dark is established by
monitoring the cyclic voltammograms of Fc—Fc™ couple in com-
plexes with time. The cyclic voltammograms remained the same
over the period of 4 h indicating ferrocenyl moiety not undergoing
any oxidation when kept in dark. The *'V NMR of complex 3 in dark
with time showed no peaks in spectra due to paramagnetic V(IV)
moiety in 3. This suggests that the complex not undergoing any
oxidation to give diamagnetic V(V) species which is 'V NMR active.

2.5. Photocytotoxicity

The photocytotoxicity of the complexes 1—4 in cervical HelLa
cancer and breast MCF-7 cancer cells and in normal fibroblast 3T3
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Fig. 3. MTT assay showing photocytotoxicity of 3 and 4 in HeLa (a, b) and MCF-7 (c, d) cancer cells and in normal 3T3 cells (e, f) on 4 h incubation in dark (with black symbol) and on
photo-irradiation with visible light of 400—700 nm (shown as open circle), as determined from the MTT assay.

cells was studied in dark and visible light (400—700 nm) by MTT
assay (Fig. 3). To optimize the incubation time of the complexes,
MTT assay was done in HeLa cells by varying the incubation time to
2, 4, 6 and 8 h using complex 3. Cellular uptake of complex 3 into
the cancer cells was studied by FACS analysis which showed that 3
was taken up significantly within 4 h of incubation with the HeLa
cells and remained the same after 6 or 8 h. It was also observed that
increasing the incubation time resulted in an increase in the dark
toxicity and a 4 h incubation showed better photocytotoxicity.
Based on these results, a 4 h incubation period was chosen before
photo-irradiating the samples with visible light of 400—700 nm
(10 ] cm™2) to obtain the ICsq values of the complexes. The com-

their activity in dark. The ICsg values for the complexes are given in
Table 2 along with few related compounds [38—42]. The ferrocenyl
complex 3 showed better photocytotoxicity than its phenyl
analogue 4 with ICsg values of 5.4 and 2.1 uM in HeLa and MCF-7
cells, respectively. This difference could be attributed to the pres-
ence of an MLCT band in complex 3 in the visible region (590 nm)
which is absent in complex 4. We have thus observed an improved
photocytotoxicity on incorporating the ferrocenyl organometallic
moiety. The complexes in general showed better activity in MCF-7
cells than in HeLa cells. In order to see the selectivity of the com-
plexes from cancerous to the normal cells, we did MTT assay using
normal fibroblast 3T3 cell line. Interestingly, the complexes showed

plexes were found to be significantly photocytotoxic compared to 10 times less photocytotoxicity in normal 3T3 cells compared to the

Table 2

ICs0 values of 1—4 with other relevant compounds in HeLa and MCF-7 cancer cells and in normal 3T3 fibroblast cell.
Compound Hela MCF-7 3T3

ICso (uM) dark? ICs0 (uM) light” ICso (uM) dark?® ICs0 (uM) light” ICs0 (uM) dark? ICs0 (uM) light”

1 40.2 (+1.1) 244 (+1.1) 412 (£1.0) 5.6 (+0.9) >100 66.8 (+1.1)
2 45.1 (+1.2) 15.5 (+1.0) 48.7 (£1.1) 3.3 (+0.6) >100 60.5 (+1.0)
3 37,6 (£1.2) 5.4 (+0.5) 38.5 (+1.1) 2.1 (+0.3) >100 54,5 (+1.0)
4 40.1 (+1.1) 19.9 (x1.1) 424 (+1.1) 155 (+1.2) >100 96.7 (+2.1)
Fc-tpy ligand >100 39.3 (+1.8) >100 324 (+1.3) >100 >100
[VO(Fc-tpy)(dppz)](Cl04)," 35.5 (+1.0) 134 (+1.1) - - - —
[VO(Fc-pic)(Curc)](Cl04) 34.7 (+1.9) 17.8 (+1.2) - - - —
[VO(Fc-tpy)(Curc)](Cl04)° 54.2 (x1.1) 2.4 (+0.3) — — 46.4 (+1.5) 225 (x1.1)
[VOCl(dppz),]CIf >100 12.0
Photofrin®® >41 428 2.0 (+0.2)"
Cisplatin 71.3 (£2.9) 68.7 (£3.4) 2.0 (£0.3)

2 The ICsg values for complexes 1—4 and ligands correspond to 4 h incubation in the dark without any photoexposure. The ICsq values for ligands in all the above three cell
lines are given as Supplementary data.

b The ICsq values of complexes 1—4 and ligands correspond to 4 h incubation in the dark followed by photoexposure to visible light (400—700 nm, 10 ] cm

€ The ICsg values are from Ref. [18].

4 The ICsq values are from Ref. [29].

€ The ICsq values are from Ref. [28].

f The ICso values are from Ref. [38].

& The Photofrin® ICsq values (633 nm excitation; fluence rate: 5 ] cm~2) are taken from Ref. [39] (converted to uM using the approximate molecular weight of Photofrin®,
600 g M~ 1)

" The Photofrin® ICso values (2 h exposure; white bulb; fluence rate: 5.5 x 1072 mW cm™2) are taken from Ref. [40].

I The ICsq values for 4 h treatment are taken from Ref. [41].

J The ICsq values for 96 h treatment are taken from Ref. [42].

~2)for 1 h.
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Fig. 4. Cellular vanadium content as determined by ICP-MS in HeLa and MCF-7 cancer
cells upon incubation with the complexes 1—4 (30 uM) at 37 °C for 4 h.

cancerous ones (HeLa, MCF-7) and remained inactive in dark. The
complexes are thus active against only the cancerous cells leaving
the normal cells unaffected. When photo-irradiation was done in
the presence of N-acetyl cysteine as a ROS scavenger, the activity of
the complexes decreased significantly in both the cells indicating
possible involvement of ROS in the cellular damage.

2.6. Cellular uptake from ICP-MS

The observed difference in the photocytotoxic activity of the
complexes among the cancer cells could be related to their cellular
uptake. The vanadium content associated with the cancer cells
upon incubation for 4 h in dark with complexes 1—4 (30 uM) at
37 °C was measured by ICP-MS (Fig. 4). The DMSO (1% in DMEM
media) treated cells were used as a control. The uptake of the
complexes follows the order: 3 >4 > 1 > 2 in both the cell lines with
better uptake in MCF-7 compared to HeLa cells. The ferrocenyl
complex 3 (1.83 = 0.07 pg/10° cells in HelLa, 2.39 + 0.07 pg/10° cells
in MCF-7) showed better cellular uptake than its phenyl analogue 4
(0.60 + 0.04 pg/10° cells, 1.89 + 0.05 ug/10° cells) (Table 3). This
could be due to higher lipophilic nature of the ferrocenyl moiety
present in complex 3.

2.7. Measurement of intracellular ROS

Generation of any reactive oxygen species (ROS) by the com-
plexes (10 uM) was examined by dichlorofluorescein diacetate
(DCFDA) assay. DCFDA is a cell permeable fluorogenic probe that on

Table 3
Uptake of the oxovanadium(IV) complexes (1—4) by HeLa and MCF-7 cells after 4 h
incubation by ICP-MS.

Compound Vanadium content® (ug/10° cells)

Hela cells MCF-7 cells
Cells alone 0.09 + 0.04 0.10 + 0.01
1 0.59 + 0.30 1.44 + 0.04
2 0.43 +0.10 1.29 + 0.06
3 1.83 £ 0.07 2.39 + 0.07
4 0.60 + 0.04 1.89 + 0.05

2 Total accumulation of vanadium in HeLa and MCF-7 cells for complexes 1—-4
after 4 h at 37 °C.
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Fig. 5. a) DCFDA assay used for ROS generation in HeLa cells by complex 2 (10 uM) on
exposure to visible light (400—700 nm). b) A comparison of the DCF derived fluores-
cence intensity of the cells treated with complexes 1—4 in dark and light.

oxidation forms 2’,7’-dichlorofluorescein (DCF) showing an emis-
sion maximum at 528 nm. The assay was done by fluorescence-
activated cell sorting (FACS) method in which the cancer cells on
treatment with the complexes (10 uM) showed a significant posi-
tive shift in the fluorescence intensity due to formation of DCF in
the presence of ROS generated on photo-irradiation of the com-
plexes (Fig. 5). To verify further the ROS mediated cytotoxicity, the
cancer cells were treated with complex 2 and N-acetyl-L-cysteine
(NAC) as ROS quencher followed by photo-irradiation with visible
light [43]. The fluorescence intensity was found to reduce in pres-
ence of NAC. The results indicate that the complexes generate ROS
in the cellular medium only upon photo-irradiation but not in the
dark. The positive control cells (H,O0; treated cells) showed a sig-
nificant shift compared to the control cells. A comparison of the DCF
derived fluorescence intensity of the cells treated with complexes
14, the production of ROS follows the order: 3 > 4 > 2 > 1. This
trend could be related to the higher cellular uptake of complex 3
than the other complexes.

2.8. Fluorescence microscopy

Fluorescence microscopic study was done to visualize the
localization of the complexes in the cells using the emission
property of the pyrenyl and naphthyl moieties. The ICP-MS analysis
showed that the complexes were taken up effectively into the cells.
Hela cells, on treatment with complex 3 for different time intervals
(2 and 4 h), showed preferential uptake and it localized predomi-
nantly in the cytosol as seen from the blue fluorescence of 3 in
panels (e) and (h) of Fig. 6. MCF-7 cells treated with complex 3
showed the same trend of cytosolic localization. It is evident that
there is not much difference in the fluorescence intensity of the
cells treated with 3 in 2 and 4 h time point. This is in agreement
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of this article.)
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Fig. 7. Propidium lodide (PI) staining of the HeLa cells treated with complexes 3 and 4
for 4 h incubation in dark followed by light exposure to visible light (400—700 nm,
10 J cm~2) for 1 h. Panels (a), (c) and (e) are the fluorescence images of the control,
complexes 3 and 4 treated cells (PI stained) in dark respectively. Panels (b), (d) and (f)
are the fluorescence images of the control and complexes 3, 4 treated cells in light
respectively. The PDT effect is shown by arrows in panels (d) and (f). The scale bar is
20 pm.

with the cellular uptake results of complex 3 by FACS. Staining with
PI which specifically stains the nucleus revealed minor localization
of the complex within the nucleus (panels (f), (i), (o) and (r)). Cells
treated with the complexes 2 and 4 showed similar cellular local-
ization as observed for complex 3.

To see the PDT effect, complexes 3 and 4 (10 uM) were added to
the HelLa cells and incubated for 4 h in dark followed by exposure to
visible light of 400—700 nm for 1 h (Fig. 7). Fluorescence images of
the cells incubated with the complex on visible light exposure

showed nuclear fragmentation, chromatin condensation indicating
apoptotic cell death (Fig. 7, panels (d, f)). But nuclei of the cells
when kept in dark for 4 h with complexes 3 and 4 were found to be
healthy (Fig. 7, panels (a, c, e)). The results suggest that cell death
occurred only in light with no apparent cell death in the dark.

2.9. Mechanistic aspects

To identify the possibility of formation of any hydroxyl radical as
ROS by the complexes on photo-irradiation, EPR spin trapping was
done using DMPO as a spin trap. Photo-irradiation of complex 3
(100 uM) in 10% DMSO-Tris HCl buffer with visible light in the
presence of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (100 mM)
for 30 min gave a four line EPR spectrum which corresponds to
DMPO-OH adduct with a hyperfine splitting of ay = ay = 14.9 Gauss
[44]. No such EPR signal was observed when complex 4 was treated
with DMPO in dark. Addition of superoxide dismutase (SOD) prior
to irradiation led scavenging of the ROS. No DMPO-OH adduct
formation was noticed in the presence of catalase. The reduction of
DMPO-OH formation by SOD is possibly due to formation of un-
stable DMPO-03* spin adduct with reduced life time [45]. The effect
of catalase addition indicates formation of H,O, in the photo-
chemical reaction. The results suggest oxidation of the ferrocenyl
moiety to ferrocenium ion on light activation and the ferrocenium
ion which being unstable in a buffer medium degrades to form the
hydroxyl radicals [46,47]. The involvement of the Fc unit under-
going oxidation on photo-irradiation was evidenced from the
spectral studies showing the absorption maximum shifting to
590 nm with an increase of the intensity of that band with time
[20]. A similar spectral change was noticed when complex 3 was
oxidized chemically by cerric(IV) ammonium nitrate. Complex 4
lacking the ferrocenyl moiety did not show any such spectral
change.

2.10. DNA binding and photocleavage

Since the complexes showed partial localization within the
nucleus of the cells where DNA could be the possible target for
observed cytotoxicity, we studied the DNA binding and photo-
cleavage properties of the complexes. The ct-DNA binding studies
were carried out by UV-visible absorption titration, DNA melting
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and viscometric methods. Selected DNA binding data are given in
Table 1. UV—Vis absorption titration method was used to determine
the intrinsic DNA binding constant (Kp) of the complexes by
monitoring the change in the absorption intensity of the ligand-
centred band of the complexes 14 at ~280 nm. The complexes
showed significant hypochromicity. The Ky values were in the range
of 10°~10% M~ following the order: 3 > 4 > 2 > 1. The binding data
suggest partial intercalative binding mode of the complexes 3 and 4
having planar aromatic moieties, while complexes 1 and 2 have
surface and/or partial groove binding to ct-DNA. Thermal DNA
denaturation experiments showed a positive shift in the DNA
melting temperature (ATy,) upon addition of the complexes to the
ct-DNA. Again, the ATy, values suggest primarily groove binding
nature of 1 and 2 and partial intercalative mode of binding of the
pyrenyl complexes to ct-DNA. Viscosity measurements were car-
ried out to examine the effect of the complexes on the specific
relative viscosity of the ct-DNA which gave a measure on the in-
crease in its contour length associated with the separation of the
DNA base pairs caused by intercalation. The viscosity data also
indicate groove binding nature of 1 and 2 and partial intercalation
of 3 and 4 to the ct-DNA.

We have studied the DNA photocleavage activity of the com-
plexes using supercoiled pUC19 DNA in Tris-HCI/NaCl (50 mM,
pH = 7.2) buffer using green and red light of 568 and 785 nm
wavelength that were chosen based on the MLCT band of the
complexes 1-3. The ferrocenyl complexes (40 M) showed signif-
icant cleavage of SC DNA giving ~80% nicked circular (NC) DNA in
red light (Fig. 8, Table 4). Complex 4 lacking the ferrocenyl moiety is
less active in light of 568 nm. Control experiments using only DNA
in light or the complexes in dark did not show any significant DNA
cleavage activity. The complexes in red light of 785 nm showed
efficient photocleaveage of DNA giving ~70% NC DNA formation.
Mechanistic studies were carried out using complex 3 in the
presence of various additives to explore any formation of reactive
oxygen species. The complex did not show any DNA photocleavage
activity under an argon atmosphere indicating possible involve-
ment of ROS like singlet oxygen and/or hydroxyl radicals. Singlet
oxygen quenchers, viz. sodium azide and TEMP did not show any
inhibition of the DNA photocleavage activity and addition of D,0 in
which singlet oxygen has longer life time did not show any
enhancement in the DNA photocleavage activity, thus ruling out
any singlet oxygen formation [48]. The hydroxyl radical scavengers,
viz. DMSO, KI and catalase exhibited significant inhibitory effect on
the DNA photocleavage activity suggesting the formation of hy-
droxyl radical (*OH) as the ROS. Superoxide dismutase (SOD)
showed only partial inhibitory effect and this could be due to
spontaneous dismutation of superoxide radical anion to the *OH
radicals.

2 8 5 56 70 88 26 46 62 76 70 °%NC

NC
SC

1 2 3 4 5 6 7 8 9 10 11 ) Lane
Y
785 nm

568 nm

Fig. 8. Cleavage of SC pUC19 DNA (0.2 ug, 30 uM) by ligands (Hnap-acac, Hpy-acac)
and complexes 1—4 (30 uM) and ligands (30 uM) in 50 mmol Tris-HCI/NaCl buffer
(pH = 7.2) containing 10% DMF on photo-irradiation with light of 568 nm and 785 nm
wavelengths (2 h exposure): lane 1, DNA control; lane 2, DNA + Hpy-acac; lane 3,
DNA -+ Hnap-acac; lanes 4—7, DNA + 14 (40 uM, 568 nm); lanes 8—11, DNA + 14
(50 uM, 785 nm), respectively. SC and NC are the supercoiled and nicked circular forms
of the DNA.

Table 4
Selected SC pUC19 DNA (0.5 ng) cleavage data for complexes 1—4.
Reaction conditions® %NC” form %NC" form
A =568 nm A =785nm
DNA control 2 3
DNA -+ [VO(Fc-tpy)(acac)](ClO4) (1) 56 46
DNA —+ [VO(Fc-tpy)(nap- 70¢ 62
acac)](Cloy) (2)
DNA -+ [VO(Fc-tpy)(py-acac)](ClO4) 88¢ 76
(3)
DNA + [VO(Ph-tpy)(py-acac)](ClO4) 26° 70
(4)

2 In Tris-buffer medium (pH = 7.2).

P NC = nicked circular form of pUC19 DNA. }, laser wavelength. Photo-exposure
time (t) = 2 h. Concentration of complexes 1—4 was 40 pM for 568 nm and 50 pM for
785 nm experiment.

¢ The ligand Hnap-acac alone gave 5% NC form at this wavelength.

4 The ligand Hpy-acac alone gave 8% NC form at this wavelength.

€ No visible band was observed at this wavelength for this complex.

3. Conclusions

Ferrocenyl-terpyridyl oxovanadium(IV) complexes of acetyla-
cetonate derivatives having pendant fluorophores are designed,
synthesized, characterized and their DNA photocleavage and visible
light-induced cytotoxic activity studied. The ferrocenyl complexes
show significant DNA photocleavage activity compared to its
phenyl analogue. Mechanistic study revealed formation of hydroxyl
radicals as the reactive oxygen species. The complexes show high
cellular uptake. They are remarkably PDT active in MCF-7 cells
compared to HeLa cells on photo-excitation of their MLCT band. The
positive effect of the ferrocenyl moiety is evidenced from a four-
fold increase in photocytotoxicity of the ferrocenyl complex 3
compared to its phenyl analogue 4. The ICsq value of complex 3 in
light in MCF-7 cells is similar to that of Photofrin®. The ferrocenyl
complex 3 showed ~4-fold increase in cellular uptake compared to
its phenyl analogue 4 and this could be due to the lipophilic nature
of the ferrocenyl moiety. The fluorescence property of the naphthyl
and pyrenyl moieties in the complexes is used for cellular imaging
which showed localization of the complex predominantly in the
cytosol and partially in the nucleus of the HeLa and MCF-7 cells. The
photocytotoxicity of the acetylacetonate derivatives compares well
with their reported curcumin analogues. The light-induced cell
death by the complexes proceeds via an apoptotic pathway. The
results are of importance toward developing ferrocenyl conjugates
of transition metals as potential metal-based photocytotoxic
agents.

4. Experimental
4.1. Materials and methods

The reagents and chemicals were procured from commercial
sources (s.d. Fine Chemicals, India; Sigma—Aldrich, USA) and used
without further purifications. Solvents were purified by standard
procedures prior to use [49]. Synthesis of the complexes was per-
formed by standard Schlenk technique under nitrogen atmosphere.
Supercoiled (SC) pUC19 DNA (cesium chloride purified) was pur-
chased from Bangalore Genie (India). Ferrocenecarboxaldehyde,
acetyl naphthalene, pyrene, sodium perchlorate, 5,5-dimethyl-1-
pyrroline 1-oxide (DMPO), calf thymus (ct) DNA, agarose (molec-
ular biology grade), catalase, superoxide dismutase (SOD), 2,2,6,6-
tetramethyl-4-piperidone (TEMP), MTT (3-(4,5-dimethylthiazole-
2-yl)-2,5-diphenyltetrazolium bromide) and ethidium bromide
(EB)  were purchased from Sigma—Aldrich ~ (USA).
Tris(hydroxymethyl)aminomethane-HCI (Tris—HCI) buffer solution
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was prepared using deionized and sonicated triple-distilled water.
The ligands 4'-ferrocenyl-2,2":6',2"-terpyridine (Fc-tpy) and phe-
nylterpyridine (Ph-tpy), acetylacetone derivatives viz., Hnap-acac,
Hpy-acac were prepared according the literature procedures
[31,32].

4.2. General methods

The elemental analysis was done using a Thermo Finnigan
FLASH EA 1112 CHNS analyzer. The electronic, infrared and emis-
sion spectra were recorded on Perkin—Elmer Lambda 650, Per-
kin—Elmer spectrum one 55 and Horiba Jobin Yvon max4
spectrometer, respectively. Molar conductivity measurements were
carried out using a Control Dynamics (India) conductivity meter.
Cyclic voltammetric measurements were made at room tempera-
ture on an EG&G PAR 253 VersaStat potentiostat/galvanostat using
a three electrode configuration consisting of a glassy carbon
working, platinum wire auxiliary and saturated calomel reference
electrode (SCE) with 0.1 M tetrabutylammonium perchlorate as a
supporting electrolyte. Electrospray ionization (ESI) mass spectral
measurements were made using Bruker Daltonics make Esquire
300 Plus ESI model. Magnetic measurements were done in the solid
state at 25 °C using a magnetic susceptibility balance, Sherwood
Scientific, Cambridge, UK.

CAUTION: Perchlorate salts being potentially explosive, only small
quantity of the sample was used with due precautions.

4.3. Synthesis of the complexes 1—4

VO0S04 (0.16 g, 1.0 mmol) was dissolved in 1.0 ml of ethanol and
to this was added BaCl,.2H,0 (0.244 g, 1.0 mmol) taken in 1.0 ml of
ethanol and the mixture was stirred for 1.0 h at 25 °C. The mixture
was centrifuged to remove precipitated barium sulphate. The clear
solution was separated and to this was added the acetylacetone
derivative (1.0 mmol; Hacac, 0.01 g; Hnap-acac, 0.21 g; Hpy-acac,
0.27 g), previously neutralized with NaOH (0.04 g in 1.0 ml wa-
ter). The solution was stirred for 30 min. To this solution was added
Fc-tpy or Ph-tpy dissolved in CHCl3:MeOH (1:4 v/v, 5.0 ml) to get a
dark blue solution on stirring for an additional 30 min. The complex
was precipitated as its perchlorate salt by adding an excess of
aqueous NaClO4. The precipitate was isolated and washed with cold
methanol and diethyl ether followed by drying in vacuum. The
ferrocenyl complexes 1-3 were navy blue coloured amorphous
solids, while the phenyl complex 4 was golden yellow coloured
amorphous solid.

4.3.1. [VO(Fc-tpy)(acac)](ClOy) (1)

Yield: 69%. Anal. Calcd for C3gH6N307ClFeV: C,52.77; H, 3.84; N,
6.15. Found: C, 52.50; H, 3.78; N, 6.10. ESI-MS (m/z) in MeCN: 583
[M=(ClO4)]*. Ay in DMF: 84 S m? M~L. UV—Vis in DMF—Tris HCl
buffer (1:1 V/v) [Amax, DM (e, dm®> M~ cm™1)]: 581 (2608), 427
(1025), 334 (10080), 287 (15175). FI-IR (cm™'): 3424br, 3082w,
1610s, 1564s, 1516s, 1477s, 1435m, 1373s, 1290w, 1250m, 1096vs
(ClOgz), 1041m, 1026m, 958s (V=0), 902w, 830w, 794m, 766w,
732m, 700w, 676w, 660w, 623m, 570w, 555w, 515w, 478w (br,
broad; vs, very strong; s, strong; m, medium; w, weak). ueff = 1.65
up at 298 K.

4.3.2. [VO(Fc-tpy)(nap-acac)](ClO4) (2)

Yield: 79%. Anal. Calcd for C3gH3pN307ClFeV: C, 58.93; H, 3.80; N,
5.29. Found: C, 58.82; H, 3.71; N, 5.20. ESI-MS (m/z) in MeCN: 695
[M=(ClO4)]*. Aym in DMF: 86 S m? ML UV—Vis in DMF—Tris HCl
buffer (1:1 v/v) [Amax, NM (&, dm®> M~1 em™1)]: 583 (3014), 425
(1285), 330 (13175), 293 (17930). FT-IR (cm™!): 3420br, 3074w,
2922w, 1709m, 1612s, 1556s, 1516s, 1480s, 1460w, 1436m, 1376s,

1290w, 1255w, 1223w, 1143w, 1095w, 1095vs (ClOz), 1032m, 958s
(V=0), 911w, 878w, 788m, 751w, 674w, 623m, 573w, 514w, 474w.
teff = 1.68 up at 298 K.

4.3.3. [VO(Fc-tpy)(py-acac)](ClO4) (3)

Yield: 72%. Anal. Calcd for C45H3,N307CIFeV: C, 62.20; H, 3.71; N,
4.84. Found: C, 62.42; H, 3.78; N, 4.72. ESI-MS (m/z) in MeCN: 769
[M=(CIO4)]*. Ay in DMF: 79 S m? ML UV—Vis in DMF—Tris HCI
buffer (1:1 v/v) [Amax, NmM (g, dm3 M~! ecm™1)]: 586 (3536), 396
(9465), 368sh (16220), 346 (20160), 286 (35430) (sh, shoulder). FT-
IR (cm’l): 3441br, 3074w, 1610s, 1563s, 1536sm, 1517w, 1499m,
1451m, 1460w, 1435m, 1388m, 1372m, 1324w, 1267w, 1255w,
1096vs (ClOz), 1031m, 963s (V=0), 856w, 848w, 791m, 822w,
771wm 714w, 670w, 625m, 579w, 542w, 517w, 478W. peff = 1.62 up
at 298 K.

4.3.4. [VO(Ph-tpy)(py-acac)](ClO4) (4)

Yield: 74%. Anal. Calcd for C41HygN307CIV: C, 64.70; H, 3.71; N,
5.52. Found: C, 64.58; H, 3.78; N, 5.40. ESI-MS (m/z) in MeCN: 661
[M-(CIO4)]*. Ay in DMF: 74 S m? M~ UV—Vis in DMF—Tris HCl
buffer (1:1 v/v) [Amax, nm (¢, dm® M~! em™1)]: 777 (90), 392sh
(7896), 358 (11820), 280 (47850). FT-IR (cm™!): 3451br, 3072w,
1608s, 1561s, 1526sm, 1491m, 1441m, 1434m, 1372m, 1324w,
1263w, 1255w, 1095vs (ClOgz), 1032m, 961s (V=0), 851w, 791m,
822w, 710w, 672w, 622m, 532w, 482w. ueff = 1.65 up at 298 K.

4.4. Solubility

The complexes were soluble in acetonitrile, chloroform,
dichloromethane, dimethyl sulfoxide (DMSO), dimethylformamide
(DMF) and 1% DMSO-DMEM media. They were sparingly soluble in
water.

4.5. Computational methodology

All calculations were performed using GAUSSIANO9 program
suite and the geometries of the complexes were optimized at
B3LYP/6-31g (d,p) level of theory [35—37]. Details are given as
Supporting Information. Time-dependent density functional theory
(TD-DFT) calculations were carried out to investigate the optical
properties of the complexes in DMF. The lowest 40 transitions up to
400 nm were taken into account in the calculations of the ab-
sorption spectra. Molecular orbital (MO) compositions were
calculated using the Multiwfn program [50].

4.6. Cell culture

Hela (human cervical carcinoma), MCF-7 (human breast
adenocarcinoma), 3T3 (standard normal fibroblast) cells were
maintained in Dulbecco's Modified Eagle's Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 100 IU ml~! of
penicillin, 100 mg ml~! of streptomycin and 2 mM of Glutamax at
37 °C in a humidified incubator at 5% CO,. The adherent cultures
were grown as monolayer and were passaged once in 4—5 days by
exposure to 0.25% Trypsin-EDTA.

4.7. Cellular experiments

4.7.1. Cytotoxicity of the complexes

The cytotoxicity of the complexes in HeLa and MCF-7 cells was
assessed by MTT assay [51]. About 1 x 10* cells were seeded into
96-well plates in 100 pL media per well. The cells were allowed to
grow for 24 h in a CO; incubator at 37 °C. Different concentrations
of the complexes dissolved in 1% DMSO were added to the cells.
Incubation was continued for a further period of 4 h at 37 °C in the
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COy incubator. After incubation, the medium was replaced with PBS
and photo-irradiation was performed for 1 h in visible light of
400—700 nm using Luzchem Photoreactor (Model LZC-1, Ontario,
Canada; light fluence rate: 2.4 mW cm~2; light dose = 10 J cm™2).
For experiment using NAC as a ROS scavenger, photo-irradiation
was done in presence of 0.5 mM NAC containing PBS. Post irradi-
ation, PBS was replaced with 10% DMEM and cells were cultured for
a further period of 20 h in dark followed by addition of 25 pL of
4 mg ml~! of MTT to each well and incubated for an additional 3 h.
The culture medium was discarded and a 200 pL volume of DMSO
was added to dissolve the purple formazan crystals. The absorbance
at 540 nm was determined using an ELISA microplate reader
(BioRad, Hercules, CA, USA). Cytotoxicity of the test compounds
was measured as the percentage ratio of the absorbance of the
treated cells to the untreated controls. The ICsg values were
determined by nonlinear regression analysis (GraphPad Prism 5).

4.7.2. Cellular uptake by ICP-MS

Uptake of the oxovanadium(IV) complexes was determined by
measuring the cellular vanadium content using ICP-MS. HeLa and
MCEF-7 cells (~0.5 x 10° cells) were grown in 6 wells plate and
incubated at 37 °C under 5% CO, atmosphere for overnight. The
culture medium was removed and replaced with a medium con-
taining the complex (30 pM). After incubation for 4 h, the medium
was removed, washed twice with 3 ml PBS to remove any excess
complex from the extracellular media, trypsinized and digested in
concentrated nitric acid (65% HNOs3) at 70 °C for 2 h. Dilution was
done with Milli-Q water to the final volume of 10 ml and analysed
for ICP-MS. The instrument was calibrated for vanadium using
standard solutions containing 1, 10, 100 and 1000 ppb vanadium.

4.7.3. Measurement of intracellular ROS from DCFDA assay

Cell permeable DCFDA when oxidized by cellular ROS is known
to generate fluorescent DCF having an emission maximum at
528 nm [52]. To determine the intracellular ROS, ~0.5 x 10® HeLa
cells were incubated with the complexes (10 uM) for 4 h in dark.
The media was replaced with PBS followed by photo-irradiation for
1 h in serum free conditions. The cells were harvested by trypsi-
nization and a single cell suspension was made. The cells were
washed with PBS to remove any extracellular complex and treated
with 1 uM DCFDA solution in DMSO and incubated in dark for
30 min at room temperature. The intracellular fluorescence of DCF
was monitored by flow cytometry in the FL-1 channel. Control
experiments were performed for (a) untreated cells, in order to
determine the contribution from auto-fluorescence of cells and (b)
cells treated with DCFDA only. Hydrogen peroxide treated cells
were taken as a positive control.

4.7.4. Cellular uptake from fluorescence microscopy

The emissive property of the complexes 2 and 3 was utilized to
study the cellular localization of the complexes using fluorescence
microscopy. HeLa cells (~3 x 10%) were grown on glass cover slips in
each 6 well plate for 24 h. The cells were subsequently treated with
the complexes (10 uM) for 2 and 4 h in dark. Cells were then
washed with PBS to remove any extracellular complex and fixed
with 4% formaldehyde for 10 min at room temperature. This was
followed by incubation with propidium iodide (PI) staining solution
(50 pg ml~! RNase A, 20 pg ml~! Pl in PBS) for 1 h at 42 °C. The cells
were washed free of excess PI, mounted in 90% glycerol solution
containing Mowiol, an anti-fade reagent, and sealed. Images were
acquired using Apotome.2 fluorescence microscope (Carl Zeiss,
Germany) using an oil immersion lens at 63x magnification. The
images were analyzed using the AxioVision Rel 4.9.1 (Carl Zeiss,
Germany) software. Similarly, to view the PDT effect, cells treated
with complexes 3 and 4 were plated on glass cover-slip and

exposed to visible light for 1 h and images were captured.
4.8. EPR spin trap with DMPO

EPR spectra were recorded at room temperature using a Bruker
ESP 300 EPR spectrometer at 9.5 GHz (X-band) employing 100 kHz
field modulation. EPR measurements for the oxovanadium(IV)
complexes were done in 4 mM DMF solution at 25 °C. For spin-
trapping *OH, the sample solution containing complex 4 (100 pL,
1 mM), DMPO (100 pL, 0.5 M) and 800 pL phosphate buffer was
photo-irradiated with visible light for 30 min. The solution was
then transferred to an EPR quartz capillary tube to record the
spectra at 25 °C. The g values were estimated using solid DPPH as
an internal standard (g = 2.0036).

4.9. DNA binding and cleavage experiments

The ct-DNA binding experiments were done in Tris—HCI/NaCl
buffer (5 mM Tris—HCI, 5 mM NaCl, pH = 7.2) or phosphate buffer
(pH = 7.4) using DMF solution of the complexes 1—4 following
reported procedures [53,54|. DNA photocleavage studies were
carried out using DMF solutions of the complexes and supercoiled
pUC19 DNA in 50 mM Tris—HCI buffer containing 50 mM NaCl. The
DNA photocleavage studies were carried out in visible light of
568 nm of 50 mW laser power using a Spectra Physics Water-
Cooled Mixed-Gas lon Laser Stabilite® 2018-RM (continuous-wave
(CW) beam diameter at 1/e? = 1.8 mm + 10% and beam divergence
with full angle = 0.7 mrad + 10%) and in near IR 785 nm from a
diode laser (100 mW laser power, Model LQC785-100C from
Spectra Physics with LD module) [55]. Appropriate controls were
used for all the experiments and suitable inhibitors were used for
mechanistic investigations, as described above.
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