J. Chem. Sci. Vol. 127, No. 4, April 2015, pp. 609–618.
DOI 10.1007/s12039-015-0815-0

c Indian Academy of Sciences.


Polypyridyl iron(II) complexes showing remarkable photocytotoxicity
in visible light
ADITYA GARAIa , UTTARA BASUa , ILA PANTb , PATURU KONDAIAHb,∗
and AKHIL R CHAKRAVARTYa,∗
a

Department of Inorganic and Physical Chemistry, Indian Institute of Science, Bangalore 560012, India
Department of Molecular Reproduction, Development and Genetics, Indian Institute of Science,
Bangalore 560012, India
e-mail: paturu@mrdg.iisc.ernet.in; arc@ipc.iisc.ernet.in

b

MS received 11 October 2014; revised 17 November 2014; accepted 22 November 2014

Abstract. Iron(II) complexes of polypyridyl ligands (B), viz. [Fe(B)2 ]Cl2 (1 and 2) of N, N, N -donor 2-(2pyridyl)-1,10-phenanthroline (pyphen in 1) and 3-(pyridin-2-yl)dipyrido[3,2-a:2’,3’-c]phenazine (pydppz in 2),
are prepared and characterized. They are 1:2 electrolytes in aqueous DMF. The diamagnetic complexes exhibit
metal to ligand charge transfer band near 570 nm in DMF. The complexes are avid binders to calf thymus
DNA giving binding constant (Kb ) values of ∼106 M−1 suggesting significant intercalative DNA binding of the
complexes due to presence of planar phenanthroline bases. Complex 2 exhibits significant photocytotoxicity in
immortalized human keratinocyte cells HaCaT and breast cancer cell line MCF-7 giving IC50 values of 0.08
and 13 μM in visible light (400–700 nm). Complex 2 shows only minor dark toxicity in HaCaT cells but
is non-toxic in dark in MCF-7 cancer cells. The light-induced cellular damage follows apoptotic pathway on
generation of reactive oxygen species as evidenced from the dichlorofluorescein diacetate (DCFDA) assay.
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1. Introduction
Photodynamic therapy (PDT) involves selective targeting and damaging cancer cells leaving unexposed
healthy cells unaffected by photo-activating a drug in
the tumour cells with visible or near IR light.1–5 Porphyrins and phthalocyanines are extensively studied
for their photocytotoxic activity resulting from generation of singlet oxygen (1 O2 ) as the reactive oxygen species (ROS) in a type-II energy transfer pathway involving the 3 (π–π*) state of the drug and molecular oxygen in its triplet ground state (3 O2 ).6,7 The
efficacy of these PDT agents depends primarily on
the quantum yield of singlet oxygen generation and
R
is currently known as the FDA approved
Photofrin
PDT drug. The porphyrin bases generally show skin
photosensitivity and hepatotoxicity thus significantly
limiting their therapeutic potential.8,9 These predicaments have generated interests to develop the chemistry
of metal-based PDT agents as suitable alternatives to
Photofrin.10–20 Metal complexes could show photocytotoxicity via different mechanistic pathways that include
type-I and/or photo-redox pathway forming superoxide or hydroxyl radicals as the ROS besides having
∗ For
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the type-II 1 O2 pathway.7 We have recently reported
iron(III) and oxovanadium(IV) complexes as potential
3d metal-based PDT agents displaying significant lightinduced cytotoxicity.21–23 Metal-based PDT agents are
thus emerging as new generation anti-cancer agents
along with several recent advancements on platinum
based chemotherapeutic and photo-chemotherapeutic
agents.24–26 The present work stems from our interests to develop iron-based photocytotoxic agents considering the bio-essential nature of iron and its important redox and photophysical chemistry. Bleomycins
(BLMs) are the iron-based natural anti-tumour agents
which show oxidative damage of DNA in cancer cells
forming cytotoxic hydroxyl radicals.27,28
Iron complexes with the metal in its +3 oxidation
state are prone to reduction inside the cells by cellular reducing agents like glutathione (GSH). Iron(III)
complexes having azide ligand are known to show
significant DNA photocleavage activity.29 We have
reported a high spin (S=5/2) ternary iron(III) complex
[Fe(BHA)(L)Cl] of a dipicolylamine derivative (L) and
benzhydroxamic acid (HBHA) which shows photocytotoxicity giving an IC50 value of 14.6 μM upon irradiation with a visible light (400–700 nm) in HeLa cancer cells.30 The iron(III) complexes are susceptible to
show undesired chemical nuclease activity due to in situ
609
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generation of reactive iron(II) species by GSH. In contrast, the metal in its stable diamagnetic +2 oxidation
state is expected to have low dark toxicity. We have thus
designed low-spin iron(II) complexes as a new class of
photocytotoxic agents in visible light using polypyridyl
ligands that could stabilize the metal in its lower oxidation state. There are few reports on iron(II) complexes modelling the biological activity of bleomycins
(BLMs).31–34 High spin (S=2) iron(II) complexes having pentadentate polypyridyl ligands are known to show
cytotoxicity in dark giving IC50 values of 1.1 to 7.7
μM in various cancer cell lines.31 The iron(II) complexes showing the BLM activity are generally not suitable for PDT application as the primary requirement
of a PDT agent is that the complex must be less or
non-toxic in dark while being highly photocytotoxic
in visible light. Keeping that in mind, we have prepared two iron(II) complexes, viz. [Fe(B)2 ]Cl2 (1 and
2) of N, N, N-donor 2-(2-pyridyl)-1,10-phenanthroline
(pyphen in 1) and 3-(pyridin-2-yl)dipyrido[3,2-a:2’,3’c]phenazine (pydppz in 2) and the complexes show significant photo-induced cytotoxicity in immortal human
keratinocyte cell line HaCaT and breast cancer cell line
MCF-7 (figure 1).
2. Experimental
2.1 Materials and methods
All the reagents and chemicals were procured from
commercial sources (SD Fine Chemicals, India;

Aldrich, USA) and used without any further purification. Solvents used were purified by standard procedures.35 Calf thymus (ct) DNA, ethidium bromide
(EB), Hoechst 33258, 2’,7’-dichlorofluoresceindiacetate
(DCFDA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), propidium iodide (PI),
acridine orange (AO), Dulbecco’s modified eagle
medium (DMEM), Dulbecco’s phosphate buffered
saline (DPBS) and fetal bovine serum (FBS) were purchased from Sigma, USA. Tris-(hydroxymethyl)aminomethane-HCl (Tris-HCl) buffer solution was prepared
using deionized and sonicated triple distilled water
using a quartz water distillation setup. The N, N, Ndonor heterocyclic bases 2-(2-pyridyl)-1,10-phenanthroline (pyphen) and 3-(pyridin-2-yl)dipyrido[3,2-a:
2’,3’-c]phenazine (pydppz) were prepared following
literature procedures.36–38
The elemental analyses were done using a Thermo
Finnigan Flash EA 1112 CHNS analyzer. The infrared
spectra were recorded on a Bruker ALPHA FT-IR spectrometer. Electronic spectra were obtained on a PerkinElmer Lambda 650 spectrophotometer. Molar conductivity measurements were carried out using a Control
Dynamics (India) conductivity meter. Electrospray ionization mass spectra (ESI-MS) were recorded using
Bruker Daltonics make Esquire 300 Plus ESI Model.
1
H NMR spectra were recorded at room temperature on
a Bruker 400 MHz NMR spectrometer. Flow cytometry (FACS) measurements were done using Calibur
(Becton Dickinson (BD) cell analyzer) at FL1 channel. Imaging studies were done with Zeiss LSM510
apochromat confocal laser scanning microscope.
2.2 Synthesis of the complexes
Complexes 1 and 2 were prepared by following a general synthetic procedure in which a methanol solution (25 mL) of the respective base (0.514 g, pyphen;
0.718 g, pydppz; 2.0 mmol) was added dropwise to
a methanol solution (25 mL) of FeCl2 (0.125 g; 1.0
mmol). Stirring of the reaction mixture for 30 min gave
a deep purple coloured solution. The solvent was evaporated and the residue was washed with cold ethanol followed by cold diethyl ether, and finally dried in vacuum
over P4 O10 .The characterization data for the complexes
are given below.

Figure 1. Schematic representation of the polypyridyl
bases and complexes 1 and 2.

2.2a [Fe(pyphen)2 ]Cl2 (1): [Yield: 0.54 g, 85%]
Analysis: Calculated for C34 H22 Cl2 FeN6 : C, 63.68; H,
3.46; N, 13.10. Found: C, 63.53; H, 3.62; N, 12.98. ESIMS in 10% aqueous MeOH: m/z285.42 [M-2Cl]2+ . IR /
cm−1 : 2960w, 2911w, 1735w, 1607m, 1440vs, 1382vs,
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1254s, 1195w,1100m, 1000m, 843vs,730m, (vs, very
strong; s, strong; m, medium; w, weak). UV-visible
in DMF [λmax /nm (ε/ M−1 cm−1 )]: 580 (5200), 484sh
(4490), 347 (17290), 304 (34440) (sh, shoulder). Conductivity in 20% aqueous DMF (M ): 145 S cm2 M−1 .
2.2b [Fe(pydppz)2 ]Cl2 (2): [Yield: 0.76 g, 90%]
Analysis: Calculated for C46 H26 Cl2 FeN10 : C, 65.34; H,
3.10; N, 16.57. Found: C, 65.67; H, 3.31; N, 16.55. ESIMS in 10% aqueous MeOH: m/z387.63 [M-2Cl]2+ . IR
/ cm−1 : 3045w, 2912w, 1607s, 1539w, 1480w, 1401s,
1343vs, 1254m, 1118m, 1041m, 725s, 590w. UVvisible in DMF [λmax /nm (ε/ M−1 cm−1 )]: 556 (4250),
388sh (20740), 367 (30690), 289 (62320). Conductivity
in 20% aqueous DMF (M ): 142 S cm2 M−1 .
2.3 Theoretical studies
The geometry of the complexes 1 and 2 was optimized by density functional theory (DFT) method using
B3LYP/LanLD2Z level as implemented in Gaussian 09
program. The electronic transitions with their transition
probability were obtained using linear response time
dependent density functional theory (TDDFT).
2.4 DNA binding
DNA binding experiments were done in Tris-HCl/NaCl
buffer (5 mM Tris-HCl, 5 mM NaCl, pH 7.2) using
DMF solution of the complexes 1 and 2. Calf thymus
(ct) DNA (ca. 250 μM NP) in the buffer medium gave
a UV absorbance ratio of ca. 1.9:1 at 260 and 280
nm indicating that the DNA is apparently free from
any protein impurity. The concentration of ct-DNA
was estimated from its absorption intensity at 260 nm
with a known molar extinction coefficient value (ε) of
6600 M−1 cm−1 .39 The absorption titration experiments
were done by procedures as described.6 The intrinsic
equilibrium binding constant (Kb ) and the MvH equation fitting parameter (s) of 1 and 2 to ct-DNA were
obtained by McGhee-von Hippel (MvH) method using
the expression of Bard and co-workers by monitoring
the change of the absorption intensity of the spectral
bands with increasing concentration of ct-DNA.40,41
DNA melting experiments were carried out by monitoring the absorbance of ct-DNA (200 μM) at 260 nm
at various temperatures, both in the absence and presence of the complexes (25 μM). Measurements were
carried out using a Perkin-Elmer Lambda 650 spectrometer with a temperature controller at an increase
rate of 0.5◦ C per min of the solution. Ethidium bromide (EB) was used as a control. Viscometric titrations
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were performed with a Schott Gerate AVS 310 automated viscometer that was maintained at 37◦ C in a constant temperature bath. The concentration of ct-DNA
was 150 μM in NP (nucleotide pair) and the flow times
were measured using an automated timer. Each sample
was measured 3 times and an average flow time was
calculated. Data were presented as (η/η0 )1/3 vs. [complex]/[DNA], where η is the viscosity of DNA in the
presence of complex and η0 is that of DNA alone. Viscosity values were calculated from the observed flow
time of DNA-containing solutions (t) corrected for that
of the buffer alone (t0 ), η = (t − t0 )/t0 . Due corrections
were made for the viscosity of DMF solvent present in
the solution.
2.5 Cytotoxicity measurements by MTT assay
The cytotoxicity of the complexes was studied using
MTT assay in light and dark. This method is based on
the ability of mitochondrial dehydrogenases of viable
cells to cleave the tetrazolium rings of MTT, forming dark purple membrane impermeable crystals of formazan that can be estimated from the spectral measurements in DMSO.42 Approximately, 8000 cells (human
immortalized keratinocytes HaCaT cells and breast cancer MCF-7cell line) were plated separately in a 96 wells
culture plate in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% FBS. After 24 h of incubation
at 37◦ C in 5% CO2 atmosphere, various concentrations
of the complexes dissolved in 1% DMSO were added
to the cells, and incubation was continued for 4 h in
dark. The media was subsequently replaced with DPBS
and irradiated with a broad band visible light (400−700
nm, 10 J cm−2 ), using a Luzchem Photoreactor (Model
LZC-1, Ontario, Canada). After irradiation, DPBS was
removed and replaced with DMEM/FBS, and incubation was continued for a further period of 20 h in dark.
After the incubation period, 5 mg mL−1 of MTT (20
μL) was added to each well and incubation continued
for an additional 3 h. The culture medium was discarded
and 200 μL of DMSO was added to dissolve the formazan crystals. The absorbance was measured at 540
nm using a Molecular Devices Spectra Max M5 plate
reader. Cytotoxicity of the complexes was measured as
the percentage ratio of the absorbance of the treated cells
to the untreated controls. The IC50 values were determined by nonlinear regression analysis (GraphPad Prism 5).
2.6 DCFDA assay for ROS generation
DCFDA was used to detect the generation of any cellular ROS.43 Cell permeable DCFDA can be oxidized
by cellular ROS to generate fluorescent 2′ , 7′ -dichlo-
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rofluorescein (DCF) with an emission maxima at 525
nm.44 MCF-7 cells were incubated with the complexes
1 (60 μM) and 2 (5 μM) for 4 h followed by irradiation with visible light (400−700 nm) for 1 h in
DPBS. Cells treated with complexes 1 and 2 in dark
were used as controls. The cells were harvested by
trypsinization and washed with DPBS. A single cell
suspension of 1 × 106 cells per mL was made and treated with 1 μM DCFDA solution in dark for 15−20 min at
25◦ C. The distribution of DCFDA stained MCF-7 cells
was determined by flow cytometry in the FL-1 channel.
2.7 Cell cycle analysis
To investigate the effect of the complexes on the cell
cycle, 3× 106 MCF-7 cells were plated per well of a
6 wells tissue culture plate in DMEM containing 10%
FBS. After 24 h of incubation at 37◦ C in a CO2 incubator, DMSO solutions of the complexes 1 (60 μM)
and 2 (5 μM) were added to the cells, and incubation
was continued in dark for 4 h. The medium was subsequently replaced with DPBS, and photo-irradiation
was done with visible light of 400−700 nm using the
Luzchem photoreactor for 1 h. After irradiation, DPBS
was removed and replaced with DMEM containing
10% FBS, and incubation was continued in the dark for
a further period of 24 h. Cells were then trypsinized
and collected into 1.5 mL centrifuge tubes. The cells
were washed once with DPBS (pH = 7.4) and fixed by
adding 800 μL of chilled 70% methanol dropwise with
constant and gentle vortexing to prevent any cell aggregation. The cell suspensions were incubated at 20◦ C for
6 h. The fixed cells were then washed twice with 1.0 mL
of DPBS by centrifuging at 4000 rpm at 4◦ C for 5 min.
The supernatants were gently discarded, and the cell
pellets were suspended in 200 μL of DPBS containing
10 mM mL−1 DNasefree RNase at 37◦ C for 12 h. After
digestion of cellular RNA, a 20 μL volume of 1.0 mg
mL−1 propidium iodide (PI) solution was added to both
the mixtures, which were incubated at 25◦ C in the dark
for another 20 min. Flow cytometric analysis was performed using a FACS Calibur Becton Dickinson (BD)
cell analyzer at FL2 channel (595 nm), and the distribution of cells in various cell cycle phases was determined
from the histogram generated by Cell Quest Pro software (BD Biosciences). Data analysis for the percentage of cells in each cell cycle phase was performed by
using WinMDI version 2.8.
2.8 Ethidium bromide/acridine orange dual staining
The changes in chromatin organization in MCF-7 cells
after photo-irradiation were determined after treatment

with complexes 1 (60 μM) and 2 (5 μM) by dual staining method using acridine orange (AO) and ethidium
bromide (EB). About 2× 104 cells were allowed to
adhere overnight on a coverslip placed in each well
of a 12 well plate. The cells were treated with the
complex for 4 h in the dark, followed by irradiation
with visible light of 400–700 nm (10 J cm−2 ). Dark
controls were also used. The cells were then allowed
to recover for 1 h, washed with DPBS, stained with
AO/EB mixture (1:1, 10 μM) for 15 min. The cover
slips were mounted using antifade and observed with
a confocal laser scanning microscope (Zeiss LSM 510
apochromat).
3. Results and Discussion
3.1 Synthesis and characterization
Iron(II) complexes [Fe(B)2 ]Cl2 (1 and 2) of two
tridentate polypyridyl bases (B), viz. 2-(2-pyridyl)1,10-phenanthroline (pyphen) in 1 and 3-(pyridin-2yl)dipyrido[3,2-a:2’,3’-c]phenazine (pydppz) in 2 were
prepared by a general synthetic procedure in which one
equivalent of FeCl2 was reacted with two equivalents
of the corresponding base in methanol (figure 1). The
complexes were characterized from the analytical and
spectral data. Selected physicochemical data are given
in table 1. Both the complexes showed good solubility in DMF, DMSO, dichloromethane and chloroform.
They were moderately soluble in methanol, ethanol and
acetonitrile. The complexes were found to be stable in
both solid and solution phases as seen from the UVvisible absorption spectral data which remained unaltered for a period of 24 h. The ESI-MS spectra of the
complexes in aqueous methanol showed a single prominent peak corresponding to the molecular ion peak [M2Cl]2+ . The molar conductivity data showed that the
complexes are 1:2 electrolytic in aqueous DMF (∼145
S cm2 M−1 ). The electronic absorption spectra of the
complexes in DMF showed a metal to ligand charge
transfer (MLCT) transition near 580 nm. Ligand centred π → π* transition bands were observed near
280 nm (figure 2). The pydppz complex displayed two
additional bands at 390 nm and 367 nm assignable
to the n → π* transitions of the phenazine moiety.45
The complexes are redox active showing cyclic voltametric responses involving the metal centre and the
polypyridyl bases in DMF vs. SCE using 0.1 M TBAP
as the supporting electrolyte. Both the complexes show
oxidative response near 1.0 V corresponding to the
Fe(III)-Fe(II) couple. Quasi-reversible redox responses
were observed at −1.08 V for 1 and −0.8, −1.13 V for
2 corresponding to the polypyridyl base.
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Table 1.
Complex
1
2

Physicochemical data and DNA binding parameters for the complexes 1 and 2.
λ(nm) (ε / M−1 cm−1 )a

bM (S cm2 M−1 )

E c (V)

Kbd x10−6 (M−1 )[s]

Tme (◦ C)

580(5200)
556(4250)

145
142

1.01
1.0

1.1 (±0.3) [0.4]
3.4 (±0.6) [0.6]

1.0
2.7

a

In DMF. b Molar conductivity value in 20% aqueous DMF at 25◦ C. c Potential vs. SCE in DMF -0.1 M TBAP at a scan rate of
50 mV s−1 . d Intrinsic binding constant to ct-DNA (MvH eq. fitting parameter) with 10 μM complex concentration. e Change
in the ct-DNA melting temperature in phosphate buffer (pH = 6.8).

3.2 Theoretical study
Theoretical calculations were carried out using B3LYP
level of DFT (density functional theory) to understand
the photophysical and redox properties of the complexes (figure 3).46–49 Following the orbital arguments
proposed by Amouyal and co-workers, calculations
were performed on geometrically modified iron(II)
complexes. As expected, considerable d-orbital contribution from the iron was observed in the HOMO and
LUMO is found to be localized on the polypyridyl ligand. MLCT having high oscillator strength was found
to be operative in both the complexes. The electronic
transitions tallied with the theoretical assignments performed using TDDFT calculations.
3.3 DNA binding studies
Absorption spectral titration was used to monitor the
mode of interaction of the complexes 1 and 2 with ctDNA (figure 4). The intrinsic equilibrium DNA binding constant (Kb ) values of the complexes are given in
table 1. The Kb values of ∼106 M−1 follow the order:
2 > 1. The pydppz complex 2 with an extended planar

aromatic moiety showed higher DNA binding strength
than the pyphen analogue 1.50 This is in accordance
with the recently reported result that extended planarity
gives better ability to bind the DNA double helix.51 The
Kb values indicate partial intercalative DNA binding
nature of the complexes.
Thermal denaturation experiments were done to gain
insight into the stability of the DNA double helix upon
binding to 1 and 2 (figure 5a). A small positive shift
of the DNA melting temperature (Tm ) was observed
upon addition of complex 1 to ct-DNA. The moderate Tm value suggests primarily groove binding nature
of the complex to ct-DNA in preference to an intercalative mode of binding that normally results in large
positive Tm value.52,53 The Tm value for the pydppz
complex 2 is higher than that of the pyphen complex
1. It is apparent from the data that the extended aromatic rings are involved in the binding to ct-DNA. Viscosity measurements were carried out to examine the
effect of the complexes on the specific relative viscosity
of DNA (figure 5b). The relative specific viscosity
η/η0 (η and η0 are the specific viscosities of DNA in
the presence and absence of the complexes, respectively) of DNA is a measure of the increase in contour
length associated with the separation of DNA base pairs
caused by intercalation. A classical DNA intercalator
like ethidium bromide shows a significant increase in
the viscosity of the DNA solutions. In contrast, a partially intercalated DNA complex would result in less
pronounced effect on the viscosity.54 The groove binder
Hoechst 33258 was used as a reference compound that
showed insignificant increase in viscosity. While the
viscosity profile of the pydppz complex 2 is similar to
that of EB indicating partial DNA intercalative mode
of binding of the pydppz complex, the viscosity profile
of the pyphen complex 1 is suggestive of DNA groove
binding.55
3.4 MTT Assay

Figure 2. Electronic absorption spectra of the complexes 1
(—) and 2 (- - -) in DMF.

The photocytotoxicity of complexes 1 and 2 was studied in breast cancer cell line MCF-7 and keratinocyte
HaCaT cells by MTT assay. The complexes upon prior
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Figure 3. The energy optimized structures of complexes 1 and 2 along with the FMOs.

incubation for 4 h in dark and subsequent photoexposure to visible light of 400–700 nm for 1 h showed a
dose dependent decrease in cell viability with an IC50

value of complex 2 being 0.08(±0.01) μM for HaCaT
and 13.1(±1.0) μM for MCF-7 cells (figure 6). The
cells unexposed to light gave an IC50 value of 6.8 μM
for HaCaT and > 100 μM for MCF-7 indicating low
dark toxicity in MCF-7 cell line but moderate dark
toxicity in HaCaT cell line. Complex 1 gave an IC50
value of 51.3(±1.1) μM upon exposure to visible light
of 400–700 nm and > 100 μM in dark in MCF-7
cell line. Complex 2 with better photosensitizing ability showed greater photocytotoxicity in cancer cells like
MCF-7 as compared to complex 1. However, complex
2 did not show any significant photocytotoxic effect in
non-cancerous cell line HaCaT.
3.5 DCFDA Assay

Figure 4. Absorption spectral traces of complex 2 in 5 mM
Tris-HCl buffer (pH 7.2) on increasing the quantity of
ct-DNA. The inset shows the MvH fitting for the complexes
1 and 2.

DCFDA assay was done to detect formation of any cellular ROS. Cell permeable DCFDA on oxidation by cellular ROS generates the fluorescent product DCF, with
an emission maximum at 525 nm which can be detected
by flow cytometry analysis. A substantial positive shift
in the fluorescence (indicating ROS generation) was

Polypyridyl iron(II) complexes
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Figure 5. (a) Thermal denaturation plots of 200 μM ct-DNA alone and on addition of the
complexes 1 and 2; (b) Effect of increasing the concentration of the complexes1(),2 (),
ethidium bromide (EB,) and Hoechst 33258 (•) on the relative viscosities of 150 μM ctDNA in 5 mM Tris-HCl buffer at 37.0(±0.1) ◦ C.

observed for MCF-7 cells treated with complexes 1 and
2 upon irradiation with visible light of 400−700 nm
compared to dark and the untreated cells (figure 7a).
3.6 Cell cycle analysis
To examine the role of the complexes in the cell
cycle, the DNA content of MCF-7 cells treated with
complexes 1 and 2 was measured using a fluorescent

dye, viz. propidium iodide (PI) by flow cytometry
(figure 7b). The experiments were performed under
both light and dark conditions. The complexes in dark
did not induce any significant change (< 10%) in
the sub-G1 population (which indicates cell death) of
the cells. Complex 1 on photo-irradiation stimulated
modest cell death (∼10%). However, under identical
experimental conditions, complex 2 showed a marked
increase in the sub-G1 population (∼25%). These data

Figure 6. Photocytotoxicity of the complexes 1 and 2 in HaCaT[(a) and (b)] and in
MCF-7 [(c) and (d)] cells on 4 h incubation in dark followed by exposure to light of
400–700 nm (10 J cm−2 ).
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Figure 7. (a) DCFDA assay for generation of ROS in MCF7 upon exposure of visible light: (i) the fluorescence of cells alone, (ii) the fluorescence of cells + DCFDA,
(iii) the fluorescence of cells + DCFDA + 2 in dark, and (iv) the fluorescence of cells
+ DCFDA + 2 in light. (b) Cell cycle profile (sub-G1, G1, S, and G2/M phases) of
the MCF-7 cells treated with complexes 1 (60 μM) and 2 (5 μM) in dark and after
irradiation with visible light (400−700 nm, 10 J cm−2 ).

Figure 8. Confocal microscopy images of MCF-7 cell line upon AO/EB
staining: panels (a) and (d) correspond to untreated cells in dark and light (400
–700 nm), panels (b) and (e) show cells treated with 1 (60 μM) in dark and
light (400–700 nm) and panels (c) and (f) show cells treated with 2 (5 μM) in
dark and light (400–700 nm). Scale bar corresponds to 10 μm.

are in agreement with the photocytotoxicity data of the
complexes.
3.7 Ethidium bromide/acridine orange dual staining
EB/AO dual staining experiment was performed in
MCF-7 cells using complexes 1 and 2 to further investigate their ability to induce any cell death by apoptosis. The experiment was based on the discrimination
of live cells from the dead cells on the basis of membrane integrity. AO, which can pass through the plasma
membrane, stains the live cells and fluoresces green.
EB on the other hand is excluded from the cells having
intact plasma membrane and stains only the dead cells,

showing orange fluorescence. The cells incubated with
the complexes 1 (60μM) and 2 (5μM) for 4 h and
irradiated with visible light (400−700 nm, 10 J cm−2 )
showed significant reddish orange emission characteristic of the apoptotic cells (figure 8). The controls
incubated in dark displayed prominent green emission.
4. Conclusions
Iron(II) complex having planar pyridyldipyridophenazine base showed remarkable PDT effect in
visible light with low dark toxicity in cancer cell. The
pyphen and pydppz complexes are efficient binders to
ct-DNA showing partial DNA intercalative binding.

Polypyridyl iron(II) complexes

The results obtained from dual staining using acridine orange and ethidium bromide suggest apoptotic
mode of cell death. The results showing the low-spin
diamagnetic iron(II) complexes as non-toxic in dark
and significantly cytotoxic in light are of importance
considering their paramagnetic iron(III) and high-spin
iron(II) analogues are known to show significant dark
cellular toxicity.31
Supplementary Information
All additional information pertaining to characterization of the complexes using ESI-MS technique
(figures S1, S2), IR spectra (figures S3, S4), cyclic voltammograms (figures S5, S6), electronic spectra
(figures S7, S8), TDDFT data (table S1) and atomic
coordinates for the energy minimized structures
(tables S2, S3) are available at www.ias.ac.in/chemsci.
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