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Introduction

Photodynamic therapy (PDT) has emerged as a prospective
alternative to chemotherapy by selectively killing tumor
cells, leaving the unexposed healthy cells minimally affect-
ed.[1–7] Photofrin is the FDA-approved PDT drug for treat-
ing cancer.[1,2] The macrocyclic porphyrin dyes suffer from
various side effects such as prolonged skin sensitivity and
hepatotoxicity.[8] This has necessitated the design of new
metal-based PDT agents fulfilling some major requirements
of PDT, such as the use of near-IR light in photoactivation.
The porphyrin derivatives follow type II pathway requiring
high quantum yield (f) of 1O2 production through energy
transfer.[9] In contrast, redox-active metal complexes could
provide an alternative reaction pathway by forming hydrox-

yl radical (COH) as the reactive oxygen species (ROS) in
a photo-redox pathway or by photo-generating other reac-
tive species.[10–14]

An important criterion for a PDT drug to be therapeuti-
cally effective is to have photoactivation in the near-IR red
light for maximum tissue penetration. Also, a desirable on-
cological aspect in PDT is to have significant localization of
the photosensitizer in the cell organelles other than in the
nucleus. Localization of the drug in cytoplasmic organelles
is preferred because it reduces the possibility of mutation
and avoids any potential damage to nuclear DNA. To ach-
ieve this, a promising target for anticancer therapy is the mi-
tochondria due to its role in the intrinsic pathway of cell
death by apoptosis.[15–17] The PDT drug photofrin is known
to accumulate in the mitochondrial region.[18]

Cancer cells with a high proliferation rate are known to
evade apoptosis and, therefore, targeting either the extrinsic
or intrinsic pathway to induce apoptosis in cancer cells by
a strategically designed PDT agent would be a new way to
regress the tumour. This targeting is likely to depend on the
sub-cellular localization of the photosensitizers in the
cells.[19] Because the intrinsic pathway of apoptosis largely
depends on the mitochondria, by targeting mitochondria
with a suitably designed compound could lead to desirable
photoinduced cytotoxicity.[20] Besides, mitochondria-target-
ing anticancer agents are likely to overcome the resistance
mechanism that are involved in the conventional chemother-
apeutic drug action and would increase the potential of the
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drug. We have been successful in designing and synthesizing
an oxidovanadium(IV) complex that shows an unprecedent-
ed dual effect of specifically targeting the mitochondria and
near-IR light-induced photocytotoxicity in HaCaT and
HeLa cancer cells with low dark toxicity.

Results and Discussion

Synthesis and general aspects : Oxidovanadium(IV) com-
plexes [VO(L1) ACHTUNGTRENNUNG(phen)]·Cl (1) and [VO(L2)(L3)]·Cl (2), in
which HL1 is 2-{[(benzimidazol-2-yl)methylimino]-methyl}-
phenol (sal-ambmz), HL2 is 2-[({1-[(anthracen-9-yl)methyl]-
benzimidazol-2-yl}methylimino)-methyl]phenol (sal-an-
ambmz), phen is 1,10-phenanthroline, and L3 is dipyrido[3,2-
a:2’,3’-c]phenazine (dppz) conjugated to a dipeptide Gly-
Gly-OMe moiety, were prepared in about 70 % yield from
a general reaction in which the Schiff-base ligand is treated
with vanadyl chloride in methanol followed by addition of
the heterocyclic base (Figure 1). Two new ligands were pre-

pared and characterized (Scheme S1 and Figure S1–S7, the
Supporting Information). The ESI-MS of 1 and 2 in MeOH
showed essentially a single mass peak at m/z= 497.33 and
961.53, respectively (Figures S8 and S9, the Supporting In-
formation). The 3d1-oxidovanadium(IV) complexes are one-
electron paramagnetic with a magnetic moment value of
�1.6 mB in the solid state at 25 8C. The complexes showed
characteristic vanadyl (V=O) band at �964 cm�1, a C=N
band at �1615 cm�1, and the amide carbonyl group of 2 at
1655 cm�1 (Figures S10 and S11, the Supporting Informa-
tion).[21] Absorption spectra of the complexes in DMF exhib-
ited a d–d band at �680 nm (Figure 2). Complex [VO(sal-
ambmz) ACHTUNGTRENNUNG(phen)]·Cl (1) showed a broad band at �400 nm
that corresponds to the LMCT (ligand-to-metal charge
transfer) from the phenolate oxygen to an empty d-orbital
of vanadium.[22] This band gets masked in complex 2 due to
intra ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand electron-transfer. Complex 2, having an anthra-
cene appended tridentate
ligand, showed intense absorp-
tion bands at �350, 370, and
390 nm (Figure 2).[23] It dis-
played emission bands of the
anthracenyl fluorophore at 397,
419, and 443 nm with a fluores-
cence quantum yield value of
0.011 (Table 1, Figure 2). The
complexes are 1:1 electrolytic

in DMF giving a LM value of 70 Sm2
m
�1. Cyclic voltammo-

grams of the complexes displayed an irreversible V(IV)/
V ACHTUNGTRENNUNG(III) redox process near �0.85 V (vs. SCE) in DMF-0.1m

tetrabutylammonium perchlorate (TBAP) and a quasi-rever-
sible ligand-based redox process at �1.06 and �1.56 V due
to dppz-Gly-Gly-OMe (Figure S12, the Supporting Informa-
tion). Lifetime measurements of the excited state of 2 gave
a value of 9.0 � 10�9 s (Figure S13, the Supporting Informa-
tion).

Crystal structure : Complex 1 as its ClO4 salt (1 a) was struc-
turally characterized by single-crystal X-ray diffraction tech-
nique. Complex 1 a·EtOH crystallized in the P1̄ space group
in the triclinic crystal system with two molecules in the unit
cell (Figure S14, the Supporting Information). An ORTEP
view of the cationic complex is shown in Figure 3.[24] The
complex with a VO2N4 core has the VO2+ moiety bonded to
the N,N-donor phen and an N,N,O-donor Schiff base. The
V(1)�O(1) distance is 1.586(4) �. The V(1)�N(2) bond of
2.326(5) � being trans to the V=O group is significantly
longer than the other V�N bonds (2.130(4)–2.072(5) �,
Table S1, the Supporting Information).[25] The V�O distance
involving the Schiff base is 1.930(4) �. The Schiff base
shows meridional binding mode and phen binds at the
axial–equatorial positions of the VO2+ moiety. The molecu-
lar structure of the complex shows that the aromatic rings of
phen are not sterically hindered by the ancillary ligand and
the phenanthroline base in the complex could efficiently
bind to DNA.

Computational studies : DFT calculations were performed
for complex 2 to obtain the energy-optimized structure and

Figure 1. A schematic drawing of complex 1 (a) and complex 2 (b).

Figure 2. a) UV/Visible spectra of [VO(L1) ACHTUNGTRENNUNG(phen)]·Cl (1) and
[VO(L2)(L3)]·Cl (2) in DMF with inset showing their d–d bands. b) Fluo-
rescence spectrum of 2 in 2 % aqueous DMF (lex, 370 nm).

Table 1. Selected physicochemical data for the complexes 1 and 2.

Complex IR[a] [cm�1] Visible[b] lmax [nm] Emission[c] lem FF
[d] LM

[e] Ef [V][f]

n ACHTUNGTRENNUNG(C=N) n ACHTUNGTRENNUNG(V=O) (e [dm3
m
�1 cm�1]) ACHTUNGTRENNUNG[S m2

m
�1]

[VO(L1) ACHTUNGTRENNUNG(phen)]·Cl (1) 1613 960 693(40) – – 70 �0.89
[VO(L2)(L3)]·Cl (2)[g] 1614 964 672 (90) 397, 419, 443 0.011 73 �0.85

[a] In KBr phase. [b] Visible spectral band in DMF. [c] Emission spectra in 2% aq. DMF using lex of 370 nm.
[d] Fluorescence quantum yield (FF) in 2% aq. DMF. [e] LM = Molar conductance in DMF at 25 8C. [f] Cyclic
voltammetric data in DMF using TBAP as a supporting electrolyte at 50 mV s�1 scan rate. [g] The lifetime of
the excited state is 9.06 � 10�9 s.
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to gain insights about its photophysical properties. The
energy-optimized views are shown in Figure 4 (see Fig-
ure S15, the Supporting Information, for the color figure).
The highest occupied molecular orbital (HOMO) and
lowest occupied molecular orbital (LUMO), and their
energy gap were calculated. The HOMO of 2 lies on the an-
thracene moiety appended to the tridentate ligand, whereas
the LUMO is located on the dppz-Gly-Gly moiety. The
LUMO on dppz moiety suggests the involvement of the
VO-dppz unit in the photoactivation process. Selected bond
distances and angles for the energy-minimized structure of
complex 2 from the DFT study are given in Table S2 (the
Supporting Information).

DNA binding : DNA melting experiments were carried out
to study the DNA-binding strengths of the complexes 1 and

2. The complexes stabilizing the DNA structure result in an
increase in the melting temperature. The DTm value thus
gives an idea about the interaction of the complex with
DNA.[26] A significant stabilization of calf thymus (ct)-DNA
was observed on treatment with complex 2 having a dppz
moiety compared with its phen analogue 1 (Figure 5 a). The
DTm values of the complexes are compared to the classical
DNA intercalator ethidium bromide (EB) in Table 2. To fur-

ther elucidate the DNA binding nature of the complexes,
viscometric titrations were carried out to see the change in
the relative viscosity of ct-DNA in presence of the com-
plexes, EB as DNA intercalator and Hoechst 33258 as DNA
groove-binder.[27] Intercalators result in an elongation of the
DNA contour length thus increasing the relative viscosity,
whereas minor-groove binder has little effect on the contour
length. The plot shown in Figure 5 b indicates partial interca-
lative nature of complex 2. The intrinsic equilibrium DNA-
binding constant (Kb) values for complexes 1 and 2 are 3.3 �
104 and 2.3 � 105

m
�1.[28,29] The dppz-Gly-Gly-OMe complex 2

showed significantly higher DNA binding strength due to
presence of an extended aromatic moiety than its phen ana-
logue. Further, the specificity of 2 towards poly ACHTUNGTRENNUNG(dAdT)2 and
poly ACHTUNGTRENNUNG(dGdC)2 was tested and complex 2 showed higher spe-
cificity towards poly ACHTUNGTRENNUNG(dAdT)2 binding giving a Kb value of
�106

m
�1 (Table 2 and the Supporting Information, Fig-

ure S16).

DNA cleavage : The activity of the complexes in photo-ACHTUNGTRENNUNGdamaging DNA was studied using 50 mm of 1 and 2 and su-
percoiled (SC) pUC19 DNA in Tris-HCl/NaCl buffer con-
taining 10 % DMF on photoirradiation with red light of
705 nm wavelength (diode laser).

Figure 3. An ORTEP view of the cationic species in [VO(sal-aebmz)-ACHTUNGTRENNUNG(phen)] ACHTUNGTRENNUNG[ClO4]·0.5EtOH (1·0.5EtOH) showing atom labeling for the
metal and hetero-atoms and 50 % probability thermal ellipsoids. The hy-
drogen atoms are not shown for clarity.

Figure 4. HOMO and LUMO of complex 2 (energy in eV).

Figure 5. a) Thermal denaturation plots of 170 mm ct-DNA alone and in
the presence of the complexes 1 and 2 (10 mm) in 5 mm Tris-HCl buffer
(pH 7.2). b) Effect of increasing the concentration of EB (*), complex
1 (!), complex 2 (&), and Hoechst dye (~) on the relative viscosity of ct-
DNA (140 mm) at (37.0�0.1) 8C in Tris-HCl buffer (5 mm, pH 7.2).

Table 2. DNA binding data for the complexes 1 and 2

Complex Kb [m�1]
ct-DNA

Kb [m�1]
Poly ACHTUNGTRENNUNG(dAdT)2

Kb [m�1]
Poly ACHTUNGTRENNUNG(dGdC)2

DTm
[a]

[8C]

1 3.3 (�0.2) � 104 – – 1.5
2 2.3 (�0.5) � 105 1.3 (�0.3) � 106 8.3 (�0.4) � 104 5.1

[a] The value for EB is 10.8 8C
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Complex 2 showed the formation of �55 % of nicked cir-
cular (NC) DNA upon photoirradiation for 2 h (Figure 6).
Complex 1 was found to be inactive showing only �10 %
NC DNA formation. Control experiments using the ligands
did not show any significant photocleavage of plasmid
DNA.

The mechanistic aspects of the DNA photocleavage reac-
tions were investigated by using complex 2 in red light of
705 nm in the presence of various additives, that is, sodium
azide and 1,4-diazobicycloACHTUNGTRENNUNG[2.2.2]octane (DABCO) as sin-
glet-oxygen quenchers and DMSO and KI as hydroxyl-radi-
cal scavengers (Figure 6). The complex showed photocleav-
age of DNA only under aerobic medium suggesting the ne-
cessity of molecular oxygen and formation of reactive
oxygen species (ROS) for its activity. Hydroxyl radical scav-
engers showed significant reduction in the DNA cleavage
activity, whereas no inhibitory effect was observed with sin-
glet-oxygen quenchers. The data suggest formation of hy-
droxyl radicals, which is also evidenced from the EPR data,
showing characteristic four line spectra of a 5,5-dimethyl-1-
pyrroline N-oxide (DMPO)-COH adduct upon photoirradia-
tion of the complex with red light (Figure S17, the Support-
ing Information).[30]

Cellular uptake : Fluorescence-activated cell-sorting (FACS)
was performed to monitor the cellular uptake of the fluores-
cent complex 2 inside human cervical carcinoma (HeLa)
and human skin keratinocyte (HaCaT) cell lines.[31] A solu-
tion of complex 2 (16 mm) was added to the cells at the inter-
val of 2 and 4 h. The uptake of 2 was found to be more in
HaCaT than in HeLa cells (Figure 7 a and the Supporting
Information, Figure S18). Complex 2 showed
�90 % uptake within 4 h in the cells. FACS data
suggest 4 h incubation time suitable for cytotoxicity
studies before exposing the samples to light. To
standardize the incubation time of the complexes
with the cells corresponding to the lowest IC50

value, we carried out the experiments using HaCaT
cells and complex 2 at different incubation times of
1, 2, 4, 6, and 8 h (Figure 7 b). We obtained the
lowest IC50 value of 9.4 mm at 4 h incubation time.
The IC50 values were 28 and 20 mm for 1 and 2 h in-
cubation time, respectively. On further increasing
the incubation time to 6 and 8 h, the IC50 value in-
creased. Thus incubation for 4 h before photoirra-

diation was chosen to obtain the IC50 values of the com-
plexes 1 and 2 in HaCaT and HeLa cells.

Cytotoxicity study : The study was carried out for complexes
1 and 2 in HeLa and HaCaT cell lines in visible light of
400–700 nm and red light of 600–720 nm. The IC50 values of
complex 2 were (9.4�0.2) and (13.5�0.1) mm in HaCaT and
HeLa cells, respectively, in visible light of 400–700 nm (Luz-
chem photoreactor, 10 J cm�2) (Table 3, Figure 8 a, and the
Supporting Information, Figures S19 and S20). We also used
a biomedical instrument for dermatological cancer or lesion
treatment; a Waldmann PDT 1200L photoreactor of 600–
720 nm wavelength range (150 J cm�2). The photocytotoxici-

Figure 6. Cleavage of SC pUC19 DNA (0.2 mg, 30 mm) by complex 2
(50 mm) in 50 mm Tris-HCl/NaCl buffer (pH 7.2) containing 10% DMF
and near-IR light of l�705 nm (40 mW diode laser power) with an expo-
sure time of 2 h: lane 1, DNA control; lane 2, DNA+1; lane 3, DNA+

2 ; lane 4, DNA+2 +D2O; lane 5, DNA +2+ NaN3; lane 6, DNA +2+

DABCO; lane 7, DNA+ 2+DMSO; lane 8, DNA+ 2+KI. Figure 7. a) Uptake studies of complex 2 (16 mm) by FACS analysis in
HaCaT and HeLa cells with the bar diagram showing % cell positivity at
2 and 4 h incubation times. b) IC50 values determined by MTT assay for
complex 2 at different interval of incubation time prior to photoirradia-
tion in HaCaT cells.

Table 3. IC50 values of the oxidovanadium(IV) complexes, photofrin, and cisplatin in
HaCaT and HeLa cells.

Compound IC50 [mm]
HaCaT HeLa

Light Dark Light Dark

[VO(L1) ACHTUNGTRENNUNG(phen)]·Cl (1) 50 50 50 50
[VO(L2)(L3)]·Cl (2) 9.4�0.2[a] 44.1�0.3 13.5�0.1[a] >50
Photofrin[b] – – 4.3�0.2 >41
Cisplatin[c] – 20.5�0.2 – –
Dppz-Gly-Gly-OMe >50 >50 >50 >50
Hsal-an-ambmz 7.7�0.3 12.1�0.2 14.1�0.4 24.9�0.1

[a] IC50 value is (15.7�0.1) in HaCaT and (16.1�0.3) mm in HeLa under red light of
600–720 nm wavelength (power: 150 J cm�2). [b] Values taken from reference [32].
[c] Values taken from reference [33].

Figure 8. a) Bar diagram showing the photocytotoxicity of 1 and 2 in
HaCaT and HeLa cells after 4 h incubation in the dark followed by 1 h
exposure to visible light of 400–700 nm (10 J cm�2) or red light of 600–
720 nm (150 Jcm�2). b) DNA ladder of complex 2 (15 mm ; D: dark, L:
light, M: Marker, 100 bp).

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 17445 – 1745517448

P. Kondaiah, A. R. Chakravarty et al.

www.chemeurj.org


ty of complex 2 in both cells with this instrument was nearly
three-fold higher in light than in dark with IC50 values of
15.7 mm in HaCaT and 16.1 mm in HeLa cells. The IC50 value
was >50 mm for HeLa and 44.1 mm in HaCaT cells in the
dark. Complex 1 was nontoxic in both light and dark. A
comparison of the IC50 values of 2 with other compounds is
made in Table 3.[32,33] Complex 2 showed comparable PDT
activity as reported for photofrin. Its dark toxicity is signifi-
cantly less than that of cisplatin. The ligand Hsal-an-ambmz
is photocytotoxic giving IC50 values of 7.7 and 14.1 mm in
light for HaCaT and HeLa cells, respectively. The ligand
alone also showed significant dark cytotoxicity with IC50

values of 12.1 and 24.9 mm. The formation of metal com-
plexes thus reduces the dark toxicity of the anthracene
ligand. Ligand L3, that is, dppz-Gly-Gly-OMe, showed low
cytotoxicity in dark and light giving IC50 value of >50 mm.

DNA-laddering assay : DNA laddering was performed for
complex 2 (15 mm) in HaCaT and HeLa cell lines to find out
the mode of cell death, particularly the apoptotic mode of
cell death. In apoptosis, the programmed cell death, the cas-
pase-activated DNase (CAD) becomes activated and cleaves
the DNA at internucleosomal linker site of approximately
180 base pairs (bp), which appears like a ladder when run in
gel electrophoresis.[34] DNA fragmentation for complex 2
was observed in both HaCaT and HeLa cells only in the
presence of light, whereas no such ladder appeared in dark
(Figure 8 b). This suggests that the complex is PDT-active
only with light exposure causing the apoptotic cell death.

Fluorescence microscopy : Fluorescence microscopy experi-
ments were conducted for complex 2 (15 mm) having anthra-
cene as a fluorescent tag in HaCaT and HeLa cell lines
(Figure 9). Microscopy data suggest cytoplasmic localization

of the complex in the cells. This observation is of impor-
tance considering that localization of the drug in cell nuclei
is undesirable in PDT to avoid any potential damage to nu-
clear DNA, mutation, and carcinogenesis. The confocal
studies were performed at two time points, that is, 2 and 4 h.
From the confocal data it is apparent that complex 2 is capa-
ble of entering inside the cell within 2 h and is retained in
the cells for 4 h. In contrast, the conjugated anthracenyl
ligand (Hsal-an-ambmz) alone showed predominantly nucle-
ar localization (Figure S21, the Supporting Information).

To visualise the PDT effect, complex 2 (15 mm) was added
to the HaCaT and HeLa cells and these were incubated for
4 h. One complex was exposed to visible light of 400–
700 nm and another set was kept in dark (Figure 10). Fluo-

rescence images with one hour exposure to visible light ex-
hibited irregular nuclear morphology on staining with propi-
dium iodide (PI, red; Figure 10, panels (e, k)). Chromatin
condensation of the nucleus was observed indicating apop-
totic cell death as bright condensed nuclei were seen in
photo-treated cells (Figure 10, panels (e, k)). In contrast, ho-
mogenously PI-stained healthy nuclei were observed in dark
after 4 h incubation for 2 (Figure 10, panels (b, h)). The re-
sults suggest cell death only in light with no apparent cell
death in the dark.

Targeting mitochondria : With the knowledge of the complex
accumulating in the cytoplasm, we were encouraged to
probe further its specificity to any cellular organelle. For
this specific purpose, we performed dual staining with mito-
tracker deep red, which stains mitochondria and complex 2
showing blue fluorescence. The experiment showed complex

Figure 9. Fluorescence microscopic images of 15 mm complex 2 in a)–f)
HaCaT cells and g)–l) HeLa cells for 2 and 4 h. Panels a), d), g), and j)
show fluorescence images of complex 2. Panels b), e), h), and k) are for
propidium iodide (PI) staining. Panels c), f), i), and l) are the merged
images. Scale bar: 10 mm.

Figure 10. Fluorescence microscopic images of 2 (15 mm) in a)–f) HaCaT
cells and g)–l) HeLa cells. Panels a), d), g), and j) show fluorescence of 2.
Panels b), e), h), and k) are for PI staining. Panels c), f), i), and l) are the
merged images. The PDT effect, visible only in light, is shown by arrow
in panels e) and k). No PDT effect is visible in the dark (panels b) and
h)). Scale bar: 10 mm.
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2 specifically localizing to the mitochondria in 4 h as evi-
denced from the merged images shown in Figure 11 (panels
(f) and (l)). This new observation is of great significance be-
cause mitochondria plays key roles in mediating the intrinsic
pathway of apoptosis. Thus, any alterations in the cancer
cells leading to protection from apoptosis could be targeted.
The results are of importance for cancer therapeutics since
mitochondria plays an important role in cell apoptosis.[35–37]

The FDA-approved drug photofrin is known to localize in
the mitochondria for its drug action.[30]

Mitochondrial membrane potential (DYm): A decrease in
the mitochondrial transmembrane potential (DYm) is one of
the earliest intracellular events that occurs following the in-
duction of apoptosis and it is an important parameter of mi-
tochondrial functions and evaluates the apoptotic cell death.
The damage of mitochondria leads to the depolarization of
mitochondria with a drop in DYm.[38] Rhodamine 123
(Rh123) dye was used as the mitochondrial fluorescence
probe to study the mechanism of mitochondrial-regulated
apoptosis for complex 2. This dye is a fluorescent-green
membrane-permeable mitochondrial dye that stains mito-
chondria in living cells. When used at higher concentrations
(�1 mm), the dye will accumulate in the inner membrane of
mitochondria and forms an aggregate resulting in the
quenching of its green fluorescence. When mitochondrial
membrane disruption occurs due to apoptosis, it leads to de-
polarization of the mitochondrial membrane potential. This
results in the leakage of the dye from the mitochondria to
the cytoplasm enhancing the green fluorescence intensity of
the Rh123 dye, which was monitored by FACS in our study.

The experiments were conducted by using complex 2
(15 mm) in HeLa and HaCaT cells by FACS analysis

(Figure 12 and the Supporting Information, Figure S22 and
S23). The auto-fluorescence of cells is indicated in (i) of
Figure 12, whereas (ii) is for the cells treated with Rh123
dye indicating quenching of Rhodamine 123 dye fluores-
cence. It was found to be similar to cells treated with 2 in
dark suggesting no depolarization of mitochondria as shown
by Figure 12 (iii). When cells treated with 2 were photoirra-
diated for 1 h, there was a shift in the peak towards right in-
dicating an increase in the fluorescence intensity as shown
by Figure 12 (iv). This proves that there is a depolarization
of mitochondrial membrane potential taking place, which is
a clear indication of apoptosis occurring on exposure to
light. This implies that induction of apoptosis by 2 is associ-
ated with the mitochondrial (intrinsic) pathway. The mecha-
nism is similar to photofrin, in which the PDT drug kills the
cell by destabilizing the mitochondrial membrane.[39]

ROS generation examined by the DCFDA assay : The gen-
eration of reactive oxygen species (ROS) by complex 2
(15 mm) was examined by dichlorofluorescein diacetate
(DCFDA) assay. DCFDA is a cell-permeable fluorogenic
probe that undergoes oxidation to form 2’,7’-dichlorofluores-
cein (DCF) showing an emission maximum at 528 nm
(Figure 13). The quantitative measurement of ROS genera-
tion was performed by this assay using the FACS method.
HeLa and HaCaT cells treated with complex 2 showed
a shift in the fluorescence intensity upon photoirradiation
compared with the cells treated with the complex but kept
in the dark. This clearly proves that the increase in the in-
tensity of fluorescence shown in Figure 13 (iv) is due to for-
mation of the DCF dye, which is only possible from oxida-
tion by ROS. To ascertain the role of ROS in mediating the

Figure 12. Flow cytometric analysis (FACS) of the mitochondrial mem-
brane potential using rhodamine (Rh123) dye (1 mm) in a) HaCaT and b)
HeLa cells: (i) corresponds to cells alone, (ii) corresponds to cells+

Rh123 dye, (iii) corresponds to cells treated with complex 2 and Rh123
dye in dark, and (iv) corresponds to cells treated with complex 2 and
Rh123 dye in visible light (400–700 nm).

Figure 11. Fluorescence microscopic images of complex 2 (15 mm) in a)–f)
HaCaT cells and g)–l) HeLa cells after 2 and 4 h showing the cellular
uptake. Panels a), d), g), and j) show the fluorescence images of complex
2. Panels b), e), h), and k) are fluorescence images of mitotracker red
(50 nm for HaCaT and 20 nm for HeLa). Panels c), f), i), and l) are the
merged fluorescence images of the mitotracker and the complex. Scale
bar: 10 mm.
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cytotoxicity, the cancer cells were treated with complex 2
and N-acetyl-l-cysteine (NAC) as the ROS quencher fol-
lowed by photoirradiation and cytotoxicity was measured by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay.[40] It was observed that addition of NAC
significantly reduced the activity of complex 2 giving an IC50

value, which is comparable to the dark cytotoxicity of the
complex (Table 4 and Figure S24, the Supporting Informa-
tion).

ROS generation in mitochondria : To assess any light-medi-
ated generation of ROS by complex 2 in the mitochondria,
we performed a DCFDA assay followed by co-localization
with the complex and the mitotracker (Figure 14). The fluo-
rescence resulting from DCF formation was observed by
using confocal microscopy. A yellow color was observed in
the merged image with the mitotracker indicating the for-
mation of ROS only in the mitochondria as shown in the
panels (i) and (s) of Figure 14. The merged images of all
three produce a pink/white color (Figure 14, panels (j) and
(t)). The fluorescence intensity of DCF dye is negligible in
dark as seen in Figure 14, panels (c) and (m). The intensity
increases significantly upon photoirradiation. The data pro-
vide a direct evidence of ROS generation in the mitochon-
dria of the cell by complex 2, possibly by releasing mito-
chondrial components and triggering an apoptotic re-
sponse.[20]

Vanadium detection in mitochondria : To further confirm
the localization of complex 2 in the mitochondria, we de-
tected the presence of vanadium in mitochondria by separat-
ing a sub-cellular fraction of HaCaT cells and isolating the
mitochondria from treated (with complex 2, 20 mm) and un-
treated cells. Isolated mitochondrial lysates were subjected
to energy-dispersive X-ray spectroscopy (EDX) and the
presence of vanadium Ka and Kb peaks at 4.9 and 5.4 KeV
were detected from the EDX spectrum only in the complex-
treated mitochondrial lysates (Figure S25, the Supporting In-
formation).[41]

Conclusion

The oxidovanadium(IV) complex 2, having an anthracenyl
fluorophore and a dipeptide moiety, showed specific binding
towards poly ACHTUNGTRENNUNG(dAdT)2 base pairs and remarkable photocyto-
toxicity in near-IR light specifically targeting the mitochon-
dria of the cancer cells. The localization of complex 2 in mi-
tochondria is associated with the induction of apoptosis,
which is caused by ROS generation on exposure to light
(Figure S26, the Supporting Information). Complex 2, show-
ing significant PDT effect in near-IR light, is distinctly differ-
ent from other known metal-based PDT agents and its activ-
ity compares well to that of the clinically approved PDT
drug photofrin. The present results are expected to open up
new avenues to develop mitochondria-targeting metal-based
photochemotherapeutic agents with potential in vivo appli-
cations.

Figure 13. DCFDA/DCF assay performed for complex 2 (15 mm) for ROS
generation in a) HaCaT and b) HeLa cells: (i) corresponds to cells alone,
(ii) corresponds to cells+DCFDA dye, (iii) corresponds to cells treated
with complex 2 and DCFDA dye in dark, and (iv) corresponds to cells
treated with complex 2 and DCFDA in visible light (400–700 nm).

Table 4. IC50 values of complex 2 after 4 h incubation followed by expo-
sure to visible light in absence and presence of NAC.

IC50 [mm]
Light
[400–700 nm]

Light+NAC
[400–700 nm]

Dark

HaCaT 9.5 ACHTUNGTRENNUNG(�0.2) 48.3 ACHTUNGTRENNUNG(�0.5) 44.0 ACHTUNGTRENNUNG(�0.1)
HeLa 14.8 ACHTUNGTRENNUNG(�0.9) >50 >50

Figure 14. Fluorescence microscopic images of complex 2 (15 mm) in a)–j)
HaCaT cells and k)–t) HeLa cells after 4 h incubation followed by expo-
sure to visible light (400–700 nm) for 1.0 h. Panels a), f), k), p) show the
fluorescence of complex 2. Panels b), g), l), q) are the fluorescence
images of the mitotracker (50 nm for HaCaT and 20 nm for HeLa).
Panels c), h), m), r) show fluorescence of DCF dye. Panels d), i), n), and
s) are merged images of the mitotracker and DCF. Panels e), j), o), and
t) are merged images of all three. Scale bar: 10 mm.
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Experimental Section

Materials and methods : All reagents and chemicals were purchased from
commercial sources (s.d. Fine Chemicals, India; Sigma–Aldrich, U.S.A.)
and used as such without further purifications. Solvents were purified by
standard procedures.[42] (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) and propidium iodide (PI), N-acetyl cysteine
(NAC), and MitoTracker Deep Red FM (Cat. no.M22426) were pur-
chased from Sigma (U.S.A.) and Invitrogen BioServices India.

The elemental analysis was done using a Thermo Finnigan Flash EA
1112 CHNS analyzer. The infrared and electronic spectra were recorded
by using Bruker Alpha and PerkinElmer Spectrum 650 spectrophotome-
ters, respectively. IR spectra signals are assigned as follows: br, broad; vs,
very strong; s, strong; m, medium; w, weak. Emission spectral measure-
ments were carried out with a PerkinElmer LS 55 spectrophotometer.
Molar conductivity measurements were performed by using a Control
Dynamics (India) conductivity meter. Cyclic voltammetric measurements
were made at 25 8C on a EG&G PAR Model 253 VersaStat potentiostat/
galvanostat with an electrochemical analysis software 270 using a three
electrode set-up comprising a glassy carbon working electrode, a platinum
wire auxiliary, and a saturated calomel reference (SCE) electrode. Tetra-
butylammonium perchlorate (TBAP, 0.1 m) was used as a supporting elec-
trolyte in DMF. The electrochemical data were uncorrected for junction
potentials. Electrospray ionization mass spectral measurements were per-
formed by using Esquire 3000 plus ESI (Bruker Daltonics) and Q-TOF
Mass spectrometers. Confocal microscopy experiments were performed
by using an Olympus 1X81 confocal electron microscope (Leica, TCS
SP5 DM6000). 1H NMR spectral measurements were made using
a Bruker 400 MHz NMR spectrometer. FACS Calibur (Becton Dickinson
(BD) cell analyzer) at FL1 channel was used in the biological study. Mag-
netic susceptibility measurement of the complex at 300 K was performed
with a powdered sample using MPMS SQUID VSM (Quantum Design,
USA). Preparation of HL1 and 9-bromomethyl anthracene was carried
out by literature methods.[22, 43]

Synthesis of dppz-Gly-Gly-OMe : tert-Butyloxycarbonyl (Boc)-protected
3,4-diaminobenzoic acid (1.0 g, 2.84 mmol) was treated with glycyl-gly-
cine methyl ester hydrochloride (0.83 g, 4.5 mmol) to form amide cou-
pling using N,N’-dicyclohexylcarbodiimide (DCC; 0.86 g, 4.2 mmol) in
15 mL of dry DMF. On subsequent deprotection of Boc, the reaction
mixture was treated with 1,10-phenanthroline dione (0.40 g, 1.9 mmol) to
isolate dppz-Gly-Gly-OMe in �50 % yield as an off-white solid
(Scheme S1, the Supporting Information). 1H NMR (400 MHz,
[D6]DMSO): d=9.24 (dd, J1 = 5.59 Hz, J2 =5.72 Hz, 1 H), 9.16–9.10 (m,
3H), 9.06 (d, J= 4.2 Hz, 1H), 8.76 (dd, J1 =5.73 Hz, J2 = 5.85 Hz, 1H),
8.46 (s, 1H), 8.18 (d, J =8.74, 1H), 8.05 (d, J =8.81 Hz, 1H), 7.86–783 (m,
1H), 7.80–7.77 ACHTUNGTRENNUNG(m, 1 H), 4.05 (d, J1 =5.69 Hz, 2 H), 4.01 (d, J1 =5.84 Hz,
2H), 3.68 ppm (s, 3H); 13C NMR (100 MHz, [D6]DMSO): d=143.05,
141.97, 141.75, 141.42, 136.28, 133.74, 133.47, 131.01, 129.98, 129.85,
129.09, 127.97, 127.10, 125.16, 116.03, 55.01, 52.79, 43.41, 37.00 ppm; MS
(ESI+, MeOH): m/z 455.74 [M+H]+ .

Synthesis of HL2 (Hsal-an-ambmz): Boc-protected glycine (1.71 g,
9.7 mmol) was treated with phenylene diamine (1.05 g, 9.7 mmol) to pre-
pare the imidazole in �82% yield as an off-white solid. The anthracene
flurophore (1.64 g, 6.1 mmol) was attached to imidazole using NaH (60 %
suspension in mineral oil) (0.71 g, 30.0 mmol) in 10 mL dry THF. Boc
was then deprotected to obtain the free amine, which was treated with
salicylaldehyde (221 mL, 2.1 mmol) to isolate the Schiff base in �75 %
yield (0.68 g) (Scheme S1, the Supporting Information). 1H NMR
(400 MHz, CDCl3): d= 12.48 (s, 1 H), 8.47 (s, 1H), 8.09 (d, J =8.6 Hz,
2H), 7.98 (d, J =6.2 Hz, 3 H), 7.74 (d, J =8 Hz, 1 H), 7.41 (dd, 1J =4.2,
2J=4 Hz, 4H), 7.28 (dd, 1J =7.6, 2J =7.4 Hz, 1 H), 7.18 (dd, 1J=7.4, 2J =

7.6 Hz, 1 H), 7.02–6.99 (m, 2H), 6.92 (d, J =8.2, 1 H), 6.84–6.76 (m, 2H),
6.30 (s, 2 H), 4.84 ppm (s, 2H); 13C NMR (100 MHz, CDCl3): d=167.84,
161.09, 151.16, 142.92, 136.20, 133.19, 132.39, 131.71, 131.56, 130.31,
130.09, 127.94, 125.75, 124.56, 123.67, 123.43, 122.70, 120.46, 119.17,
118.97, 117.33, 111.09, 55.88, 42.38 ppm; MS (ESI+): m/z : 442.51
[M+H]+ in MeOH.

Synthesis of [VO(L1) ACHTUNGTRENNUNG(phen)]·Cl (1) and [VO(L2)(L3)]·Cl (2): (HL1: Hsal-
ambmz, HL2: Hsal-an-ambmz, L3: dppz-Gly-Gly-OMe): The complexes
were prepared by following a general synthetic procedure in which va-
nadyl sulphate (0.18 g, 1.0 mmol) dissolved in MeOH (15 mL) was treat-
ed with a solution of BaCl2 (0.24 g, 1.0 mmol). The mixture was stirred at
an ambient temperature for 2 h. BaSO4 thus precipitated was removed
from the reaction mixture using Celite. The blue-coloured filtrate was ini-
tially reacted with the Schiff-base ligand HL1 (0.25 g, 1.0 mmol) for com-
plex 1 and ligand HL2 (0.44 g, 1.0 mmol) for complex 2. The solution
colour changed to brown. The above solution was stirred for 45 min. The
phenanthroline base (1.0 mmol) was added (0.29 g phen for 1 or 0.45 g
dppz-Gly-Gly-OMe for 2) and the solution was stirred further for 2 h to
obtain a transparent yellow-brown solution. The resulting solution was
filtered and the filtrate was allowed to evaporate. The filtrate on concen-
tration gave a yellow solid on addition of diethyl ether. The solid was iso-
lated, washed with cold methanol, crystallized from methanol and finally
dried in vacuum over P4O10.

[VO(L1) ACHTUNGTRENNUNG(phen)]·Cl (1): Yield: 0.39 g (�75%); LM =70 Sm2 M�1 in DMF
at 25 8C; IR (KBr): ñ=3364 (br), 3055 (w), 1614 (vs, C=N), 1539 (m),
1469 (w), 1414 (m), 1295 (m), 1199 (w), 1150 (w), 1047 (w), 960 (s, V=O),
908 (w), 850 (m), 723 (s), 616 (m), 431 (m), 574 cm�1 (w); UV/Vis
(50 % aq DMF): lmax (e): 693 (40), 400 (2460), 291 (15 660), 272 nm
(33 310 dm3 M�1 cm�1); meff =1.64 mB; ESI-MS in MeOH: m/z 497.33 [M]+ ;
elemental analysis calcd (%) for C27H20ClN5O2V: C 60.86, H 3.78, N
13.14; found: C 60.64, H 3.63, N 13.06.

[VO(L2)(dppz-Gly-Gly-OMe)]·Cl (2): Yield: 0.64 g (�65%); LM =

73 Sm2 M�1 in DMF at 25 8C; IR (KBr): ñ=3277 (br), 3047 (w), 1739 (w),
1551 (m), 1614 (vs) (C=N), 1537 (s), 1492 (m). 1443 (m), 1405 (s), 1360
(w), 1290 (m),1029 (w), 964 (s) (V=O), 904 (w), 820 (w), 734 (vs), 619
(w), 562 (w), 420 cm�1 (m); UV/Vis (50 % aq DMF): lmax (e): 672 (90),
386 (17 770), 370 (19 360), 352 (14 740), 291 sh (40 490), 276 (66 470),
256 nm (76 390 dm3

m
�1 cm�1); meff =1.63 mB; ESI-MS in MeOH: m/z

961.53 [M]+ ; elemental analysis calcd (%) for C54H40ClN9O6V: C 65.03,
H 4.04, N 12.64; found: C 64.89, H 4.17, N 12.60.

Solubility and stability : The complexes were soluble in MeOH, EtOH,
DMF and DMSO, moderately soluble in water; less soluble in MeCN,
CH2Cl2 and insoluble in hydrocarbons. They were stable in both solid
and solution phases.

Time-dependent cathodic scan for 2 showed no apparent change in the
cathodic peak current (ipc) after 8 h indicating stability of the complex
(Figure S12 e, the Supporting Information). The stability of 2 was also
studied by time-dependent UV/Visible spectroscopy in 1% DMSO in
DPBS buffer to maintain the cellular condition. The titration data
showed no apparent change in the spectral features even after 24 h. We
also checked the stability of complex 2 after and before 1 h photoirradia-
tion and the complexes were found to be stable (Figure S27, the Support-
ing Information).

X-ray crystallographic procedures : The crystal structure of complex 1 as
its perchlorate salt (1 a·EtOH) was obtained by using the single-crystal
X-ray diffraction method. Crystals were obtained on slow evaporation of
the ethanol/acetone solution of the complex in the presence of perchlo-
rate anion. Crystal mounting was done on glass fiber with epoxy cement.
All geometric and intensity data were collected at 22 8C using an auto-
mated Bruker SMART APEX CCD diffractometer equipped with a fine
focus 1.75 kW sealed tube MoKa X-ray source (l=0.71073 �) with in-
creasing w (width of 0.3 8 per frame) at a scan speed of 5 s per frame. In-
tensity data, collected using w–2q scan mode, were corrected for Lor-
entz-polarization effects and for absorption.[44] The structure was solved
by the combination of Patterson and Fourier techniques and refined by
full-matrix least-squares method by using the SHELX system of pro-
grams.[24] All hydrogen atoms belonging to the complex were in their cal-
culated positions and refined using a riding model. All non-hydrogen
atoms were refined anisotropically. CCDC-928547 (1a·EtOH), contains
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. Selected crystallographic
parameters are given in Table 5.
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DNA-binding and cleavage experiments : The DNA-binding experiments
were carried out by using calf thymus (ct)-DNA by following reported
methods.[45] DNA-melting experiments were performed by monitoring
the absorption intensity of ct-DNA at 260 nm at various temperatures,
both in the absence and presence of the oxidovanadium(IV) complexes.
The viscosity measurements were done by using a Schott Gerate AVS
310 automated viscometer attached with constant temperature bath at
37 8C. The concentration of ct-DNA stock solution was 140 mm (NP) in
nucleotide pair in 5 mm Tris-HCl buffer. UV/Vis absorption titration ex-
periments were carried out by using ct-DNA, poly ACHTUNGTRENNUNG(dAdT)2, and poly-ACHTUNGTRENNUNG(dGdC)2 (ca. 200 mm) in 5 mm Tris-HCl buffer medium with a fixed
metal-complex concentration of 25 mm. The DNA cleavage of supercoiled
pUC19 DNA (30 mm, 0.2 mg, 2686 base pairs) was studied by agarose gel
electrophoresis using complexes 1 and 2 (50 mm) in Tris-HCl buffer
(50 mm) of pH 7.2 containing NaCl (50 mm). Photoinduced DNA-cleav-
age experiments in visible light were done using a diode laser of 705 nm
wavelength (LQC705–38E of Newport Corporation, power 40 mW).
After light exposure, each sample was incubated for 30 min at 37 8C and
analyzed for the photocleaved products using gel electrophoresis. The
mechanistic studies were carried out using different singlet-oxygen
quenchers and hydroxyl-radical scavengers to detect formation of any re-
active oxygen species (ROS).

Cell cytotoxicity assay : The photocytotoxicity of 1 and 2 was studied by
using the MTT assay with quantification of formazan formed by cleavage
of the tetrazolium rings of MTT in DMSO by spectral measurements.[46]

Various concentrations of the complex dissolved in 1% DMSO were
added to the cells and incubation was continued for 4 h in dark followed
by photoirradiation with visible light of 400–700 nm (10 Jcm�2) and red
light of 600–720 nm (150 Jcm�2) by using a Luzchem Photoreactor
(Model LZC-1, Ontario, Canada) fitted with Sylvania make 8 fluorescent
white tubes and Waldmann PDT 1200L, respectively. After the incuba-
tion period of 20 h, MTT (5 mg mL�1) was added to each well and incu-
bated for an additional 3 h. The IC50 values were obtained by nonlinear
regression analysis (GraphPad Prism).

DNA fragmentation analysis by agarose gel electrophoresis : Briefly,
HaCaT and HeLa cells (0.3 � 106) were taken in each 60 mm dish.[47] They
were grown for 24 h and later treated with the complex for 4 h in the
dark. Samples were exposed to light in one of the dish for 1 h and again

the cells were allowed to grow for 12 h along with its dark control. After
12 h, cells were trypsinized, washed with DPBS and re-suspended in
0.4 mL of lysis buffer (10 mm Tris-HCl; pH, 8.0, 20 mm EDTA, 0.2 %
triton-X 100) with an incubation time of 20 min on ice. Lysed cells were
centrifuged for 20 min at 13000 rpm and their supernatant was collected.
Phenol chloroform was performed to remove the protein present. The su-
pernatant was precipitated with 1:10 volume of 3 m sodium acetate
(pH 5.8) and 2 volumes of ethanol at �20 8C overnight. The DNA pellet
was washed with 70 % ethanol and re-suspended in TE containing
RNAse (1X Tris-EDTA with 100 mgmL�1 RNAse) followed by an incuba-
tion for 2 h at 37 8C. DNA samples were loaded on 1.5 % agarose gel,
which was run at 70 V for approximately 2 h before being photographed
under UV light.

Fluorescence microscopy experiments : Localization of the fluorescent
complex 2 into the HeLa and HaCaT cells was studied by using an Olym-
pus 1X81 confocal electron microscope.[48] HeLa or HaCaT cells were
grown on glass cover slips in each 12-well plates at a seeding density of
5.0� 104 cells in the culture medium (1.5 mL) for 24 h. The cells were sub-
sequently treated with the complex for 2–4 h in dark. Cells were then
fixed and permeabilized with chilled methanol for 5 min at �20 8C. Meth-
anol was removed and the cells were stored at �20 8C for 6 h. The cells
were then washed with 1 � PBS and incubated with propidium iodide (PI,
10 mg mL�1, diluted to 1:4) to stain the nucleus for 2 min before being vi-
sualized under a confocal microscope. To view the PDT effect, we per-
formed the experiment by exposing one of the dishes to visible light for
45 min. The cell-permeable MitoTracker deep red, having a mildly thiol-
reactive chloromethyl moiety, was used for labeling mitochondria. Mito-
Tracker Deep Red FM (Cat. no.M22426, 20 nm) was used for confocal
microscopy.[20a] A confocal experiment was performed for the detection
of ROS generation in mitochondria by using a dual-staining procedure
with DCFDA dye in a similar manner as the mitotracker experiment, but
after the incubation period the cells were washed with PBS again, then
incubated with DCFDA (1 mm) for 20 min in PBS at 25 8C. Finally, cells
were washed with PBS and cover slips were mounted on slides and were
visualised under a confocal microscope.

Flow cytometry for mitochondrial membrane potential : To assess the mi-
tochondrial membrane potential, rhodamine123 (Rh123), a fluorescent-
green membrane-permeable mitochondrial dye that stains mitochondria
in living cells in a membrane potential-dependent fashion, was used. In
flow cytometric analysis for the detection of mitochondrial membrane
potential, HeLa or HaCaT cells (5.0 � 104) were plated in the culture
medium (1.5 mL) for 24 h. These cells were incubated with the complex
2 (15 mm) for 4 h followed by photoirradiation (400–700 nm) for 30 min in
PBS. The cells were harvested by trypsinization and a single cell suspen-
sion of 1 � 106 cells mL�1 was made in PBS. The cells were then treated
with a final concentration of Rh123 solution (1 mm) in PBS for 15–20 min
at room temperature. The distribution of Rh123 stained cells was deter-
mined by flow cytometry in the FL-1 channel.

ROS generation from DCFDA : The dihydro-analogue of the fluorescent
probe, 2’,7’-dichlorofluorescein diacetate (DCFDA) was used to detect
the generation of cellular reactive oxygen species (ROS). Cell-permeable
DCFDA when oxidized by cellular ROS generates a fluorescent com-
pound DCF having an emission maxima at 528 nm.[49] The percentage of
the cell population generating ROS could be determined either by flow
cytometry analysis or by fluorescence microscopy. In flow cytometric
analysis to detect ROS generation, HeLa cells were incubated with the
complex 2 (15 mm) for 4 h followed by photoirradiation (400–700 nm) for
30 min in serum free conditions. The cells were harvested by trypsiniza-
tion and a single cell suspension of 1� 106 cells mL�1 was made. The cells
were then treated with DCFDA solution (1.0 mm) in DMSO in dark for
15–20 min at room temperature. The distribution of DCFDA-stained
HeLa cells was determined by flow cytometry in the FL-1 channel.

DFT study : The geometry of complex 2 was optimized by density func-
tional theory (DFT) by using Gaussian 03.[50] For optimization, the
B3LYP functional was used employing two types of basis sets, that is, 6-
31G for lighter elements (C, N, H, O) and LanL2DZ for the heavier ele-
ment (vanadium).[51]

Table 5. Selected crystallographic data for [VO(L1) ACHTUNGTRENNUNG(phen)]ACHTUNGTRENNUNG[ClO4]·EtOH
(1a·EtOH).

Formula C29H26ClN5O7V

Crystal size [mm3] 0.40 � 0.33 � 0.19
Fw [g m

�1] 642.94
Crystal system Triclinic
Space group (No.) P1̄ (2)
a [�] 10.846(5)
b [�] 11.443(5)
c [�] 12.083(5)
a [8] 95.046(5)
b [8] 101.405(5)
g [8] 96.276(5)
V [�3] 1451.9(11)
Z 2
T [K] 293(2)
Density (calcd) [g cm�3] 1.471
l [�] (MoKa) 0.71073
m [mm�1] 0.489
Data/restraints/parameters 6280/0/388
Goodness-of-fit on F2 1.024
R (Fo)

[a] [I>2s(I)] 0.0940
wR (Fo)

[b] [I>2s(I)] 0.2553
R [all data ] (wR [all data]) 0.1806 (0.3142)
Largest diff. peak and hole [e ��3] 1.014, �0.810

[a] R=S j jFo j� jFc j j /S jFo j , [b] wR= {S[w ACHTUNGTRENNUNG(Fo
2�Fc

2)2]/S[w(Fo)
2]}

1=2 ; w=

[s2(Fo)
2 + (AP)2 +BP]�1, in which P= (Fo

2 +2Fc
2)/3; A and B values are

0.1777 and 0.0000, respectively.
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Lifetime measurement of the excited state : The lifetime of the excited
state for complex 2 was measured in DMSO solvent by Horiba Jobin
Yuvon Fluorocube-01-NL Fluorescence Lifetime System equipment. The
complex was excited at 374 nm and emission was recorded at 419 nm.

Isolation of mitochondria and EDX analysis : Isolation of mitochondria
from cells was performed following a published protocol.[52] The mito-
chondrial lysates collected from treated and control cells was subjected
to energy-dispersive X-ray spectroscopy (EDX/EDS). Purity of mito-
chondrial and nuclear lysates was determined by semi-quantitative PCR
by using human ND1 (NADH dehydrogenase subunit 1) gene specific
primer pairs (F-5’ CTAGCCATCATTCTACTATCAAC 3’and R-5’ AG-
GAGTAATCAGAGGTGTTC 3’; Amplicon 92 bp).
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