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a b s t r a c t

Benzhydroxamate (BHA) iron(III) complexes [Fe(BHA)(L)Cl]Cl (1, 2), where L is (phenyl)dipicolylamine
(phdpa in 1) and (pyrenyl)dipicolylamine (pydpa in 2), were prepared and their photocytotoxicity in vis-
ible (400–700 nm) and red (600–720 nm) light was studied. Complex 1 was structurally characterized by
X-ray crystallography. The complexes have high-spin iron(III) centers. Complex 2, with a pyrenyl fluoro-
phore, was used for cellular imaging, showing both mitochondrial and nuclear localization in the fluores-
cence microscopic study. The complex exhibited photocytotoxicity in red light in HeLa cancer cells, giving
IC50 value of 24.4(±0.4) lM, but remained essentially non-toxic in the dark. The involvement of reactive
oxygen species and an apoptotic nature of cell death were observed from the cellular studies.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Photodynamic therapy (PDT) is a non-invasive method for the
treatment of cancer in which an administered drug, on photo-
activation at the cancer site, generates a reactive oxygen species
(ROS) which selectively damages only the photo-exposed cancer
cells, leaving the unexposed healthy cells unaffected [1–7]. Mac-
rocyclic organic dyes based on porphyrin, phthalocyanine and re-
lated compounds have been extensively studied as potential PDT
agents with Photofrin� having FDA approval as a PDT drug. These
compounds generate singlet oxygen (1O2) as the ROS via a type-II
energy transfer pathway. The efficacy of such organic dyes thus
largely depends upon their ability to generate 1O2 in the cancer
cells [8]. The drawbacks associated with Photofrin� are prolonged
skin sensitivity and hepatotoxicity due to formation of bilirubin
as a breakdown product of the drug, thus limiting its therapeutic
potential [9,10]. An alternate and useful approach to circumvent
these predicaments could be designing and synthesizing redox
active metal-based PDT agents that are capable of showing simi-
lar therapeutic effects in red light through type-I and/or photo-
redox pathways generating ROS [11]. Biocompatible 3d-metal
complexes, with their versatile coordination geometries, varied
spectral and redox properties, could be suitably designed to
achieve the basic requirements of PDT. While several metal
complexes have been studied earlier for their PDT activity, the
potential of iron complexes in PDT remains virtually unexplored
[12–20]. The present work stems from our interest to develop
the chemistry of iron-based PDT agents. There are a few notable
recent developments in the chemistry of metal-based photocyto-
toxic agents. Sadler and co-workers have reported a six-coordi-
nate platinum(IV) complex as a photo-activated metallo-drug
with two trans-azide ligands, which is stable in the dark, but gen-
erates a trans-(diguanidine)-platinum(II) adduct on photoactiva-
tion, showing cytotoxicity [12,13]. Photocytotoxic nitrosyl
ruthenium complexes are reported for site-specific delivery of ni-
tric oxide (NO) on exposure to visible light [14]. Dirhodium(II)
complexes have been shown to cause oxidative DNA damage in
visible light through both oxygen-dependent and independent
pathways [15]. We have reported the photocytotoxicity of cop-
per(II) and oxovanadium(IV) complexes in visible light [16–19].
Although oxovanadium(IV) complexes show low dark cytotoxic-
ity, the low molar extinction coefficient (e) values of their d–d
band near 700 nm make them less effective as near-IR light
photosensitizers. Copper(II) complexes are generally unsuitable
as PDT agents due to their high dark cytotoxicity, resulting from
the reduction of the metal by glutathione and other cellular thiols
generating radical species [21,22].
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We have now designed some new iron(III) complexes having
the naturally occurring chelating biocompatible hydroxamate li-
gand and dipicolylamine with a pendant planar pyrenyl moiety
as a fluorophore. Iron is an essential bio-element and its com-
plexes, showing significant PDT activity in visible light, could have
better therapeutic utility [20]. Herein, we report the synthesis,
structure and visible light-induced cytotoxicity of two benzhydr-
oxamate (BHA) iron(III) complexes, viz. [Fe(BHA)(L)Cl]Cl (1, 2)
where L is (phenyl)dipicolylamine (phdpa in 1) and (pyrenyl)dipic-
olylamine (pydpa in 2) (Fig. 1). A significant result of this study is
the observation of mitochondrial localization of the pyrenyl com-
plex 2 from fluorescence microscopy. Photofrin� is also known to
localize in the mitochondria for drug action. With the intrinsic
pathway of apoptosis largely depending on the mitochondria, tar-
geting this cellular organelle with a suitably designed compound
could result in desirable photo-induced cytotoxicity [23–25]. Mito-
chondria targeting anticancer agents are likely to overcome the
resistance mechanism in the conventional chemotherapeutic drug
action, thus increasing the potential of the PDT drug. Complex 2
also showed a remarkable photocytotoxic effect in HeLa cancer
cells in visible light of 400–700 nm and red light of 600–720 nm,
while remaining essentially non-toxic in the dark.
2. Experimental

2.1. Materials and methods

All reagents and chemicals were purchased from commercial
sources (S.D. Fine Chemicals, India; Aldrich-Sigma, USA; Invitrogen
Bio Services, India) and were used without further purification.
Supercoiled pUC19 DNA (CsCl purified) was procured from Banga-
lore Genie (India). Calf thymus (ct) DNA, agarose (molecular biol-
ogy grade), distamycin, methyl green, catalase, SOD and ethidium
bromide were obtained from Sigma (USA). Tris–(hydroxy-
methyl)aminomethane-HCl (Tris–HCl) buffer was prepared using
deionised and sonicated triple distilled water. The solvents used
for the synthesis, electrochemical and spectral measurements were
purified by conventional procedures. The dipicolylamine deriva-
tives, viz. N-benzyl-1-(pyridin-2-yl)-N-[(pyridin-2-yl)methyl]-
methanamine (phdpa) and N-[(pyren-1-yl)methyl]-1-(pyridin-2-
yl)-N-[(pyridin-2-yl)methyl]-methanamine (pydpa) were prepared
following literature methods [26,27].

The elemental analyses were performed with a Thermo Finni-
gan FLASH EA 1112 CHNS analyzer. The infrared, absorption and
emission spectra were recorded with Perkin-Elmer Lambda 35,
Perkin–Elmer Lambda 650 and Perkin-Elmer LS 55 spectropho-
tometers, respectively, at 25 �C. Molar conductivity measure-
ments were done with a Control Dynamics (India) conductivity
meter. Electrochemical measurements were made at 25 �C with
an EG&G PAR model 253 VersaStat potentiostat/galvanostat with
electrochemical analysis software 270, using a three-electrode
setup consisting of a glassy carbon working, platinum wire
auxiliary and a saturated calomel reference electrode (SCE).
Fig. 1. Schematic drawings of the complexes 1 and 2.
Tetrabutylammonium perchlorate (TBAP, 0.1 M) was used as a
supporting electrolyte for the electrochemical measurements.
ESI-MS measurements were carried out with a Bruker Daltonics
make Esquire 300Plus ESI model. Flow cytometric analysis was
performed with a FACS Calibur (Becton Dickinson (BD)) cell ana-
lyzer at the FL2 channel (595 nm). Fluorescence microscopy
images were recorded with Olympus IX 81 microscope. Cellular
uptake measurements were performed with an inductively
coupled plasma optical emission spectrometer, Perkin–Elmer
ICP-OES (Model Optima 2000 DV).
2.2. Preparation of [Fe(BHA)(L)Cl]Cl (L = phdpa, 1; pydpa, 2)

To a methanolic solution of ferric chloride (0.16 g, 1.0 mmol)
was added the dipicolylamine base (L, 0.29 g for 1 and 0.41 g for
2, 1.0 mmol) dissolved in methanol, and the solution was stirred
for 30 min to get a precipitate of the precursor complex [Fe(L)Cl3],
which was filtered and air dried [Yield: for 1, 0.39 g (�85%); for 2,
0.52 g (�90%)]. To the suspension of the precursor complex (L,
0.45 g for 1 and 0.57 g for 2, 1.0 mmol) was added dropwise a solu-
tion of benzhydroxamic acid (0.14 g, 1.0 mmol) and triethylamine
(0.10 g, 1.0 mmol), also in methanol, to give a deep purple colored
solution, which on slow evaporation of the solvent gave a solid that
was isolated, washed with diethyl ether and finally dried in a vac-
uum over P4O10.

[Fe(BHA)(phdpa)Cl]Cl�H2O (1�H2O): Yield: 0.42 g (�75%). Anal.
Calc. for C26H27Cl2FeN4O3 (MW: 570.27): C, 54.76; H, 4.77; N,
9.82. Found: C, 54.49; H, 5.07; N, 9.53%. ESI-MS in MeOH, m/z:
512.17 [M–2Cl� + MeO�]+, 480.52 [M�2Cl� �H+]+. IR (solid phase,
cm�1): 3397 (br), 2944 (m), 2600 (m), 2490 (m), 1604 (s), 1480 (s),
1438 (s), 1345 (m), 1150 (s), 1026 (s), 913 (s), 810 (s), 760 (s), 706
(s), 540 (w), 479 (w) (br, broad; s, strong; m, medium; w, weak).
UV–Vis (DMF) kmax, nm (e, M�1 cm�1): 454 (1420), 268 (6380).
Molar conductance in DMF at 25 �C: KM = 67 S m2 M�1. leff = 5.85
lB at 298 K.

[Fe(BHA)(pydpa)Cl]Cl�H2O (2�H2O): Yield: 0.54 g (�79%). Anal.
Calc. for C36H31Cl2FeN4O3 (MW: 694.41): C, 62.27; H, 4.50; N,
8.07. Found: C, 62.50; H, 4.76; N, 8.21%. ESI-MS in MeOH, m/z:
636.27 [M�2Cl� + MeO�]+, 604.47 [M�2Cl��H+]+, 640.07
[M�Cl�]+. IR (solid phase, cm�1): 3377 (br), 2933 (m), 2666 (m),
1603 (s), 1490 (s), 1448 (s), 1345 (m), 1140 (m), 1070 (m), 1030
(m), 913 (m), 850 (s), 768 (s), 685 (s), 553 (w), 490 (w). UV–Vis
(DMF) kmax, nm (e, M�1 cm�1): 466 (1530), 345 (22,100), 328
(15,800), 315 (8340), 277 (24,190), 267 (18,480). Molar conduc-
tance in DMF at 25 �C: KM = 72 S m2 M�1. leff = 5.88 lB at 298 K.
2.3. X-ray crystallographic procedure

The crystal structure of [Fe(BHA)(phdpa)Cl]Cl�H2O (1�H2O) was
obtained by the single crystal X-ray diffraction method. Crystals
of the composition 1�H2O were isolated from a methanol solution
of the complex on slow evaporation. Crystal mounting was done
on a glass fibre with epoxy cement. All geometric and intensity
data were collected at room temperature using an automated Bru-
ker SMART APEX CCD diffractometer equipped with a fine-focus
1.75 kW sealed-tube Mo Ka X-ray source (k = 0.71073 Å) with
increasing x (width of 0.3� per frame) at a scan speed of 5 s per
frame. Intensity data, collected using the x–2h scan mode, were
corrected for Lorentz-polarization effects and for absorption [28].
The structure solution was done by a combination of Patterson
and Fourier techniques and refined by full-matrix least-squares
methods using the SHELX system of programs [29]. Hydrogen atoms
of the complex were placed in their calculated positions and re-
fined using a riding model. The non-hydrogen atoms were refined
anisotropically. A molecular view was obtained using ORTEP [30].
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2.4. Cell cytotoxicity

The photocytotoxicity of the complexes was assessed by an MTT
assay [31]. Approximately 8000 HeLa cells were plated in a 96-well
culture plate in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) [32]. After 24 h of
incubation at 37 �C, different concentrations of the complexes 1
and 2 were added to the cells and incubation was continued in
the dark for 4 h. After incubation, the medium was replaced with
phosphate buffer saline (DPBS) and irradiation was done in visible
light, 400–700 nm, using a Luzchem photoreactor (model LZC-1,
Ontario, Canada; light fluence rate = 2.4 mW cm�2; light
dose = 10 J cm�2) or a 600–720 nm red light source (Waldmann
PDT 1200 L, 100 J cm�2). DPBS was replaced with 10% FBS/DMEM
after photo-irradiation. Incubation was done in dark for 20 h, fol-
lowing which 20 lL of 5 mg ml�1 MTT was added to each well
and incubated for an additional 3 h. The culture medium was dis-
carded and 200 lL of DMSO was added to dissolve the formazan
crystals. The absorbance at 540 nm was determined using a Molec-
ular Devices Spectra Max M5 plate reader. The cytotoxicity of the
test compounds was measured as the percentage ratio of the
absorbance of the treated cells over the untreated controls. The
IC50 values were determined by non-linear regression analysis
(GraphPad Prism 5).

2.5. DNA Fragmentation analysis

Briefly, 0.3 � 106 cells were taken in each 60 mm dish, grown
for 24 h and later treated with the complex (20 lM) for 10 h in
the dark. One of the dishes was exposed to visible light (400–
700 nm, 10 J cm�2) for 1 h and the cells were left to grow for 4 h
along with its dark control. The 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 incuba-
tion of 20 min on ice. Lysed cells were centrifuged for 20 min at
13000 rpm and their supernatant was collected. Phenol/chloro-
form treatment was performed to remove the protein present. La-
ter, the supernatant was precipitated with 1/10 volume of 3 M
sodium acetate (pH 5.8) and 2 volumes of ethanol at �20 �C over-
night. The DNA pellet was washed with 70% alcohol and re-sus-
pended in TE containing RNAse (1X Tris–EDTA with 100 lg ml�1

RNAse). DNA samples were placed into the well of 1.5% agarose
gel. The agarose gels were run at 70 V for �2 h and photographed
under UV light.

2.6. DCFDA assay

The dihydro-analogue of the fluorescent probe 20,70-dichloroflu-
orescein diacetate (DCFDA) was used to detect any generation of
cellular ROS by flow cytometric analysis. Cell permeable DCFDA
on oxidation by ROS generates fluorescent DCF, having an emission
maximum at 528 nm [33]. HeLa cancer cells were incubated with
the complex (20 lM) for 4 h followed by photo-irradiation (400–
700 nm) for 30 min in serum free conditions. The cells were har-
vested by trypsinization and a single cell suspension of 1 � 106

cells ml�1 was made. The cells were treated with 1.0 lM DCFDA
solution in DMSO in the dark for �15 min. The distribution of
DCFDA stained HeLa cells was determined by flow cytometry.

2.7. Fluorescence microscopy using propidium iodide and MitoTracker
Red

Uptake of the fluorescent complex 2 into the HeLa cells was
studied using a fluorescence microscope. HeLa cells were grown
on glass cover slips in each 12-well plates at a seeding density of
5.0 � 104 cells in 1.5 ml of the culture medium for 24 h. The cells
were subsequently treated with the complex for 2 and 4 h in the
dark. The cells were then fixed and permeabilized with methanol
for 10 min at �20 �C. Methanol was removed, the cells were
washed with 1X PBS and incubated with propidium iodide (PI,
10 mg ml�1, diluted to 1:4) to stain the nucleus for 2 min and visu-
alized under a fluorescence microscope. MitoTracker� deep red,
having a mildly thiol-reactive chloromethyl moiety, was used for
labeling the mitochondria. DMEM containing 5 nM of MitoTrac-
ker� Deep Red FM (M22426) was used for 20 min. The cells after
incubation were processed for live cell imaging and were visual-
ized under a fluorescence microscope.

2.8. Cellular uptake measurements

Complexes 1 and 2 (20 lM) in DMSO were added to the cells,
giving a final DMSO concentration of 1% v/v. The cells were then
incubated for 4 h at 37 �C in a CO2 incubator. The culture medium
was subsequently discarded and the cells were washed thrice with
ice cold DPBS of pH 7.4, harvested and taken up in DPBS, followed
by centrifugation for 10 min at 3000 rpm at 4 �C. The resulting pel-
let, after discarding DPBS, was dissolved in 70% nitric acid at 65 �C
for 2 h. The samples were diluted to final a 5% nitric acid concen-
tration with water containing 0.1% Triton-X. The iron content of
the samples was determined using inductively coupled plasma
optical emission spectrometry (ICP-OES) at the emission wave-
lengths of 238.204 and 239.562 nm for iron. The protein content
was estimated after lysing the cell pellet, obtained by a similar
treatment of HeLa cells with the complexes, followed by isolation
by scraping with 1.0 N NaOH. The total iron content was expressed
as the quantity of iron in ng per mg protein.

2.9. DNA binding and cleavage experiments

DNA binding experiments were done in Tris–HCl buffer (5 mM,
pH 7.2) using a DMF solution of complexes 1 and 2 using reported
procedures [34]. Calf thymus DNA (ca. 250 lM NP) was used for
the binding studies [35,36]. The intrinsic equilibrium binding con-
stant (Kb) of 1 and 2 to ct-DNA was obtained by the McGhee–von
Hippel (MvH) method using the expression of Bard et al. by mon-
itoring the change of the absorption intensity of the spectral band
with increasing concentrations of ct-DNA [37]. Viscosity measure-
ments were made using a Schott Gerate AVS 310 automated vis-
cometer attached to a constant temperature bath at 37 �C. The
ct-DNA stock solution was 140 lM (NP, nucleotide pair) in 5 mM
Tris–HCl buffer. The complex was added gradually, increasing the
concentration from 0 to 120 lM, and the viscosity was measured
after each addition. The relative specific viscosity of DNA, (g/g0)1/3

was plotted vs. [complex]/[DNA], where g is the viscosity of DNA
in the presence of the complex and g0 is the viscosity of ct-DNA
alone in 5 mM Tris buffer medium. The viscosity values were calcu-
lated from the observed flow time of ct-DNA containing solutions
(t), duly corrected for that of the buffer alone (t0), g = (t–t0)/t0.
DNA thermal denaturation studies were done by monitoring the
absorption intensity of ct-DNA (150 lM) at 260 nm by varying
the temperature from 40 to 90 �C in both the absence and presence
of the complexes (10 lM) using a Perkin–Elmer Lambda 650
spectrometer with a temperature controller at an increase rate of
1 �C min�1 for the solution.

The cleavage of SC pUC19 DNA (0.2 lg, 30 lM, 2686 base-pairs)
was studied by agarose gel electrophoresis using the complexes in
50 mM Tris–HCl buffer (pH 7.2) and 50 mM NaCl containing 10%
DMF in red light of 647 nm using an Ar–Kr mixed gas ion laser of
Spectra Physics with a laser power 100 mW [38]. Mechanistic stud-
ies were carried out using different additives. The extent of SC DNA
cleavage was measured from the intensities of the bands using the
UVITEC Gel Documentation System. Necessary corrections were
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made for the low level of the nicked circular (NC) form of DNA
present in the original SC DNA sample and for the low affinity of
ethidium bromide (EB) binding to SC compared to the NC form of
DNA [39]. The observed error in measuring the band intensities
was ca. 5%.
Fig. 2. UV–Vis spectrum of complex 2 in DMF with the inset showing the emission
spectrum of 2 in DMSO (kex = 347 nm).
3. Results and discussion

3.1. Synthesis and general properties

The iron(III) complexes [Fe(BHA)(L)Cl]Cl (1, 2) were prepared by
reacting a methanol solution of the dipicolylamine derivative (L)
with FeCl3 to obtain a precursor complex which on further treat-
ment with benzhydroxamic acid (HBHA) and triethylamine in
methanol formed the complexes in high yield [26,27,40]. The com-
plexes were characterized from their analytical and physicochem-
ical data (Table 1). The ESI-MS of the complexes in methanol
showed a prominent peak corresponding to the species [M�2Cl�+
MeO�]+ along with the [M�2Cl��H+]+ peak of lower relative abun-
dance, suggesting substitution of the chloride ligand by a methoxy
(MeO�) group from the solvent. The complexes are 1:1 electrolytes
in DMF, giving a molar conductivity (KM) value of �70 S m2 M�1.
The electronic absorption spectra of the complexes in DMF showed
a broad and intense band near 470 nm with a tail that extends up
to 650 nm (Fig. 2). The spectral peaks in the UV region are due to
p–p⁄ transitions involving the ligands [41]. The low energy visible
band is assignable to the benzhydroxamate to iron(III) ligand-to-
metal charge transfer (LMCT) transition, involving the frontier
orbital of the hydroxamate and the dp⁄ orbital of iron(III) [40].
Complex 2 showed an emission band at 394 nm upon excitation
at 347 nm, giving a quantum yield (u) value of 0.08 in DMSO
(Fig. 2). The pydpa ligand alone gave a u value of 0.12 under sim-
ilar experimental conditions. The IR spectra of the complexes dis-
played a strong peak at 1600 cm�1 and a weak peak at
3380 cm�1 corresponding to the C@O and N–H stretching vibra-
tions of BHA [42]. The complexes gave a room temperature mag-
netic moment value of �5.85 lB, indicating the high-spin nature
of iron(III). Cyclic voltammetry of the complexes showed a quasi-
reversible Fe(III)–Fe(II) redox couple near 0.1 V vs. SCE in DMF/
0.1 M TBAP. Addition of 3-mercaptopropionic acid as a reducing
agent to a solution of complex 2 showed a gradual decrease in
the UV–Vis spectral peak absorbance with a concomitant increase
in the intensity of a new peak assignable to the formation of the
corresponding iron(II) species.
Table 1
Selected physicochemical and ct-DNA binding data of complexes 1 and 2.

1 2

IRa/cm�1 [�m (C = O)] 1604 1603
Electronicb: kmax/nm
(e/M�1 cm�1) 454 (1420) 466 (1530)
Emissionc [kem/nm] – 394
leff

d 5.85 5.88
KM

e/S m2 M�1 67 72
Ef

f/V(DEp/mV) 0.054 (316) 0.079 (191)
Kb

g/M�1 (2.6 ± 0.5) � 105 (6.4 ± 0.8) � 105

DTm
h/�C 1.0 4.0

a In KBr phase.
b Visible electronic spectral band in DMF.
c Emission peak of 2 in DMSO with kex of 347 nm.
d Magnetic moment (leff) in lB obtained by the 1H NMR method at 298 K.
e KM, molar conductance in DMF at 25 �C.
f Fe(III)–Fe(II) redox couple in DMF/0.1 M TBAP at 50 mV s�1 scan rate.
g Equilibrium DNA binding constant determined from the UV–Vis absorption

titration.
h Change in the DNA melting temperature after addition of the complexes.
3.2. X-ray crystallography

Complex 1, as a monohydrate, was structurally characterized by
single-crystal X-ray crystallography. It crystallized in the P21/n
space group of the monoclinic crystal system [29]. An ORTEP view
of the cationic complex is shown in Fig. 3 [30]. Selected crystallo-
graphic data and important bond distance and bond angle data are
given in Tables 2 and 3, respectively. The structure shows the iron
is in a six coordinate {FeIIIN3O2Cl} geometry with the metal bonded
to the tridentate N,N,N-donor (phenyl)dipicolylamine ligand in a
meridional mode of bonding, the bidentate O,O-donor mono-anio-
nic BHA and a monodentate chloride ligand [20]. The Fe(1)-N(2)
bond is longer than the other two Fe–N distances due to the sp3

hybridization of the N(2) atom. The Fe–O distances are �2.0 Å.
The Fe–Cl bond distance is 2.2649(8) Å. The coordination geometry
is significantly distorted from an ideal octahedron. The N(1)–Fe(1)–
N(3) bond angle is 150.67(8)�. The O(2)–Fe(1)–N(2) angle shows
�11� deviation from the expected trans disposition.

3.3. Solubility and stability

The complexes showed good solubility in common organic sol-
vents like methanol, ethanol, DMF, DMSO and acetonitrile, and
were moderately soluble in water. They were insoluble in hydro-
carbon solvents. A study on the solution stability of the complexes
Fig. 3. An ORTEP view of the cationic species in [Fe(BHA)(phdpa)Cl]Cl�H2O (1�H2O)
showing the atom numbering scheme for the metal and hetero-atoms. The
hydrogen atoms are omitted for clarity.



Table 2
Selected crystallographic data for [Fe(BHA)(phdpa)Cl]Cl�H2O (1�H2O).

Empirical formula C26 H27 Cl2 Fe N4 O3

Formula weight (g M�1) 570.27
Crystal system monoclinic
Space group P21/n
a (Å) 8.8604 (8)
b (Å) 14.5967 (14)
c (Å) 20.670 (2)
a = c (�) 90.00
b (�) 99.731 (6)
V (Å3) 2634.8 (4)
Z 4
T (K) 293 (2)
qcalc (g cm�3) 1.438
k (Å) (Mo Ka) 0.71073
l (mm�1) 0.810
Data/restraints/parameters 4631/0/329
F (000) 1180
Goodness-of-fit (GOF) 1.027
R(Fo) a, I > 2r(I) [wR (Fo)] b 0.0367 [0.0846]
R (all data) [wR(all data)] 0. 0575 [0.0918]
Largest difference in peak and hole (e Å�3) 0.271, �0.249

a R =
P

||Fo| � |Fc||/
P

|Fo|.
b wR = {

P
[w(Fo

2–Fc
2)2]/

P
[w(Fo)2]}1/2. w = [r2Fo

2 + (AP)2 + BP]�1, where P = (Fo
2 +

2Fc
2)/3, A = 0.0433; B = 0.7893.

Table 3
Selected bond distances (Å) and bond angles (�) for [Fe(BHA)(phdpa)Cl]Cl�H2O
(1�H2O).

Fe(1)–O(1) 2.0596(17) O(2)–Fe(1)–N(2) 168.88(7)
Fe(1)–O(2) 1.9230(16) O(2)–Fe(1)–N(3) 103.10(8)
Fe(1)–N(1) 2.132(2) O(1)–Fe(1)–Cl(1) 170.49(5)
Fe(1)–N(2) 2.2345(19) O(2)–Fe(1)–Cl(1) 92.67(5)
Fe(1)–N(3) 2.130(2) N(1)–Fe(1)–N(2) 75.50(8)
Fe(1)–Cl(1) 2.2649(8) N(1)–Fe(1)–N(3) 150.67(8)
O(1)–Fe(1)–O(2) 77.83(7) N(2)–Fe(1)–N(3) 75.53(7)
O(1)–Fe(1)–N(1) 88.26(8) N(1)–Fe(1)–Cl(1) 94.53(6)
O(1)–Fe(1)–N(2) 91.07(7) N(2)–Fe(1)–Cl(1) 98.43(5)
O(1)–Fe(1)–N(3) 87.79(8) N(3)–Fe(1)–Cl(1) 94.12(6)
O(2)– Fe(1)–N(1) 104.42(8)

Fig. 4. (A) Photocytotoxicity of complex 2 in HeLa cells after 4 h incubation in the
dark (black circle) and after irradiation with visible light of 400–700 nm (10 J cm�2,
open circle) and red light of 600–720 nm (100 J cm�2, open triangle). (b) DNA ladder
formation induced by 2 upon light exposure in HeLa cells, indicating an apoptotic
mode of cell death (D: dark, L: light, M: Marker 100 bp).

Table 4
The IC50 and iron uptake values for 1 and 2 in HeLa cells along with the IC50 values of
some related compounds.

Complex IC50 (lM) in light
(400–700 nm)

IC50 (lM) in
the dark

Iron uptake (ng mg�1

of protein) a

1b 75.9 ± 0.8 c >100 1.97
2b 14.6 ± 0.7c 77.0 2.79
[Fe(phqpy)]2+d 7.7 ± 0.1
Photofrine 4.3 ± 0.2 >41
Cisplatinf 20.5 ± 0.2
[FeL’(cat)NO3] b,g 6.2 ± 0.1 >100

a Uptake of iron inside the HeLa cell measured by ICPOES.
b The IC50 after visible light irradiation (400–700 nm, 10 J cm�2).
c The IC50 values are 24.4(±0.4) lM for 2 and >100 lM for 1 in red light of 600–

720 nm (100 J cm�2). The IC50 values are >100 lM for the ligands HBHA and pydpa
in light of 400–700 nm.

d Value taken from reference 43, phqpy = 2,20:60 ,200:600 ,20 00:60 00 ,200 00

phenylquinquepyridine.
e Value taken from reference 44.
f Ref. [43].
g Ref. [20].
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was done by UV–Vis spectroscopy in 50% aqueous DMSO. No sig-
nificant change was observed in the spectra even after 24 h, sug-
gesting that the complexes are generally stable in an aqueous
medium, making them suitable for cellular studies.
3.4. Photocytotoxicity

The cytotoxicity of the complexes was assessed in visible light,
400–700 nm (10 J cm�2), and red light, 600–720 nm (100 J cm�2),
using human cervical HeLa cancer cells by an MTT assay. HeLa
was chosen as a commonly used cancer cell for our study. The com-
plexes were essentially non-toxic in the dark, giving IC50 values of
>75 lM. Complex 2 showed significant photocytotoxicity giving
IC50 values of 14.6 ± 0.7 lM in visible light, 400–700 nm, and
24.4 ± 0.4 lM in red light, 600–720 nm (Fig 4(a)). Complex 1 did
not show any significant photocytotoxicity. The pydpa ligand alone
gave an IC50 value of >100 lM. The photocytotoxicity of complex 2
could be due to the presence of the photo-active pyrene moiety. A
comparison of the IC50 values of the present and related complexes
is made in Table 4 [20,43,44]. The fragmentation pattern of geno-
mic DNA was studied using HeLa cells to get an insight into the
mode of light-induced cell death by the complex. A 20 lM solution
of 2 on exposure to visible light, 400–700 nm, showed the forma-
tion of a DNA ladder, indicating an apoptotic mode of cell death
(Fig 4(b)). No such ladder was observed in the dark suggesting
the non-toxic nature of the complex in the absence of light.
3.5. DCFDA assay

A 20,70-dichlorodihydrofluorescein diacetate (DCFDA) assay was
carried out to study the mechanistic aspects of the cell death in
HeLa cells (Fig. 5). DCFDA is a cell permeable fluorogenic probe
which on oxidation by ROS forms 20,70-dichlorofluorescein (DCF),
having an emission maximum at 528 nm. The DCF fluorescence
was detected and quantified from fluorescence-activated cell sort-
ing (FACS) analysis. HeLa cells treated with complex 2 (20 lM) and
DCFDA in the dark did not show any increase in green fluorescence.
However, upon exposure to visible light (400–700 nm) there was a
shift in green fluorescence, indicating ROS generation.
3.6. Cellular imaging

The pyrene-based fluorescence of complex 2 was utilized to
study the cellular uptake and localization of the complex in HeLa
cells. The cells were incubated with complex 2 in the dark for 2
and 4 h. Fluorescence microscopy images showed significant up-
take of the complex in the cytosol and some in the nucleus of
the cells after 2 h, as was evident by the co-localization of 2 with
propidium iodide (PI) which stains the nucleus (Fig. 6). Interest-
ingly, the maximum retention of the complex was observed in
the cytosol rather than in the nucleus. After 4 h of incubation,
the complex was retained in the cytosol. This observation is impor-
tant because the PDT drug Photofrin� is known for cytosolic



Fig. 5. The shift in the fluorescence band position compared to only the cells under different conditions in a DCFDA assay measured by FACS analysis: (i) only cells, (ii)
cells + DCFDA, (iii) cells + complex 2 (in dark), and (iv) cells + complex 2 (on light activation).

Fig. 6. Fluorescence microscopy images of complex 2 in HeLa cells recorded after 4 h incubation using propidium iodide (PI) and Mito tracker deep red as staining agents for
the nucleus and mitochondria, respectively: panels (a) and (e) correspond to bright field images (differential interference contrast); panels (b) and (f) correspond to PI and
Mito tracker deep red; panels (c) and (g) correspond to fluorescence of complex 2 and panels (d) and (h) correspond to the merge images. Scale bar corresponds to 0.8 lm.
(Color Online.)
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localization, particularly in the mitochondria [1]. With the complex
accumulating in the cytoplasm, we explored whether the complex
was specifically targeting any cellular organelle. For that we car-
ried out dual staining experiments using mitotracker deep red
(MTR), which specifically stains mitochondria. The experiment
showed complex 2 localizing into the mitochondria in 4 h, as is vis-
ible from the merged image shown in panel (h) of Fig. 6. This
observation is of significance considering that mitochondria plays
a key role in mediating the intrinsic pathway of apoptosis. Thus
any changes in the cancer cells leading to protection from apopto-
sis could be readily targeted using mitochondria specific anticancer
agents.
3.7. Iron uptake measurements

Cellular uptake of 1 and 2 in the HeLa cells was quantified by
inductively coupled plasma optical emission spectroscopy (ICP-
OES). The total iron content in the cell lysate was estimated after
incubating the cells with complexes 1 and 2 (20 lM) for 4 h and
compared with untreated cells. There was a threefold increase
for complex 2, while a twofold increase was observed for complex
1 for the iron content in the cells. The iron uptake values in the
HeLa cells were 1.97 and 2.79 ng mg�1 of protein for 1 and 2,
respectively. The higher uptake of complex 2 could be due to lipo-
philicity, which is associated with the hydrophobic pyrene moiety.
3.8. DNA binding and cleavage properties

With the knowledge of the nuclear and mitochondrial localiza-
tion of complex 2, we were interested to study its DNA binding and
DNA cleavage activity, considering that nuclear and mitochondrial
DNA could be the potential target of the complex for cellular activ-
ity. The binding propensity of complexes 1 and 2 to calf-thymus
(ct) DNA was studied using UV–Vis titration, DNA melting and vis-
cometric methods. The equilibrium ct-DNA binding constant (Kb)
values of the complexes were obtained from the UV–Vis absorption
experiments by monitoring the change in the absorption intensity
of the ligand centred band of the complexes near 270 nm [37]. A
significant hypochromicity along with a minor bathochromic shift
of the band was observed, suggesting a groove binding nature of
the complexes to ct-DNA. The Kb values of 2.6 � 105 and
6.4 � 105 M�1 for 1 and 2 indicate their high ct-DNA binding
strengths. Viscometric titration experiments were done to deter-
mine the relative specific viscosity of ct-DNA on binding to the



Fig. 8. DNA melting plots of 150 lM ct-DNA alone and in the presence of 1, 2 and
EB in phosphate buffer (pH 6.8) with a [DNA]/[complex] ratio of 10:1.

Table 5
Selected SC DNA (pUC19, 0.2 lg) cleavage dataa,b

for complexes 1 and 2 along with the ligands
under different experimental conditions (NC,
nicked circular DNA).

Experimental condition % NC

DNA controla 2
DNA + pydpaa 5
DNA + HBHAa 2
DNA + 1b 4
DNA + 2b 3
DNA + 1 + H2O2

b 8
DNA + 2 + H2O2

b 10
DNA + 1 + MPAb 25
DNA + 2 + MPAb 33
DNA + 1a 15
DNA + 2a 90

a In red light of 647 nm.
b In the dark.

Fig. 9. Cleavage of SC pUC19 DNA (0.2 lg, 30 lM) by [Fe(BHA)(L)Cl]Cl (50 lM,
L = phdpa, 1; pydpa, 2) and the ligands in 50 mM Tris–HCl/NaCl buffer (pH 7.2)
containing 10% DMF on irradiation with red light of 647 nm (2 h exposure) (lanes
1–6) and in the dark (lanes 7–10): lane 1, DNA control; lane 2, DNA + FeCl3; lane 3,
DNA + phdpa; lane 4, DNA + pydpa; lane 5, DNA + 1; lane 6, DNA + 2; lane 7,
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complexes. The relative specific viscosity (g/g0) of DNA gives a
measure of the increase in the contour length associated with
the separation of DNA base pairs caused by intercalation. A DNA
intercalator like ethidium bromide (EB) significantly increases
the viscosity of the ct-DNA solution (g and g0 are the specific vis-
cosities of DNA in the presence and absence of the complex respec-
tively). In contrast, groove or surface binding induces only minor
changes in the effective length of DNA, causing smaller changes
in the relative viscosity of the DNA solution [45]. The viscometric
titration plot of (g/g0)1/3 versus [complex]/[ct-DNA] ratio indicates
only a partial intercalative mode of binding of complex 2 to ct-DNA
(Fig. 7). The binding interactions were also studied by DNA melting
experiments in a phosphate buffer of pH 6.8 (Fig. 8). The shift in the
DNA melting temperature (DTm) of 4.0 �C for 2 suggests groove
binding or even a partial intercalative mode of binding of this com-
plex to ct-DNA due to the presence of a planar pyrenyl moiety. The
DNA intercalator EB gave a DTm value of 13.0 �C under similar
experimental conditions.

The chemical nuclease activity of the complexes was studied in
the presence of hydrogen peroxide (H2O2, 200 lM) as an oxidizing
agent and 3-mercaptopropionic acid (MPA, 1.0 mM) as a reducing
agent using supercoiled (SC) pUC19 DNA (0.2 lg, 30 lM) in
50 mM Tris–HCl/50 mM NaCl buffer (pH 7.2). The extent of DNA
cleavage was estimated from the gel electrophoresis data. The re-
dox-active iron(III) complexes showed only moderate chemical
nuclease activity in the presence of MPA, possibly due to formation
of reactive iron(II) species which can generate hydroxyl radicals by
activating molecular oxygen, as is known for iron containing anti-
cancer agents, viz. bleomycins [46]. Control experiments using the
dipicolylamine ligand, hydroxamic acid, H2O2 and MPA alone did
not show any apparent cleavage of DNA under similar experimen-
tal conditions.

The photo-induced DNA cleavage activity of the complexes was
studied using supercoiled (SC) pUC19 DNA upon exposure to red
light of 647 nm from a CW (continuous-wave) Ar–Kr mixed gas
ion laser (Table 5, Fig. 9). Complex 2 showed efficient photoclea-
vage of SC DNA. A 50 lM solution of this complex showed essen-
tially complete cleavage of the plasmid SC DNA to its nicked
circular (NC) form upon irradiation with red light of 647 nm for
2 h. The complexes did not show any significant DNA cleavage
activity when incubated in the dark, thus ruling out any possibility
of hydrolytic cleavage of DNA. Control experiments with the metal
salt or the dipicolylamine ligands showed no apparent photoclea-
vage of DNA.

The mechanistic aspects of the DNA photocleavage reactions
were studied using different additives, viz. 1,4-diazabicy-
clo[2.2.2]octane (DABCO, 1.0 mM), 2,2,6,6-tetramethylpiperidine
Fig. 7. Plots showing the effect of addition of an increasing quantity of 1 or 2,
ethidium bromide (EB) and Hoechst dye on the relative viscosity of ct-DNA
(140 lM) at 37.0 �C (EB, ethidium bromide).

DNA + MPA; lane 8, DNA + MPA + 2; lane 9, DNA + H2O2; lane 10, DNA + H2O2 + 2.
(TEMP, 1.0 mM), sodium azide (NaN3, 1.0 mM) and L-histidine
(1.0 mM) as singlet oxygen quenchers, DMSO (4 lL), KI (1.0 mM)
and catalase (4 units) as hydroxyl radical scavengers, and superox-
ide dismutase (SOD, 4 units) as a superoxide radical scavenger. An
inhibition of the DNA photocleavage by �70% was observed in the
presence of the hydroxyl radical scavengers, while the singlet oxy-
gen quenchers showed no apparent effect on the DNA cleavage
activity (Fig. 10). The photo-induced DNA cleavage activity seems
to be metal-assisted, forming hydroxyl radicals involving the LMCT
band in the visible region. The data indicate a photo-redox mech-
anistic pathway to be operative, in which reduction of Fe(III) on
photo-activation of the LMCT band could form a charge separated
Fe2+–L�+ (BHA ligand radical cation) species that reduces O2 to O2

��

by the reactive Fe2+ ion, with subsequent formation of hydroxyl
radicals (HO�) in the reaction: 3O2

�� + 2H+ ? HO� + HO� + 2O2 [47].
Such a mechanistic pathway is known for iron(III) complexes



Fig. 10. Bar diagram showing the formation of the %NC DNA in the presence of
complex 2 (50 lM) and various additives in 10% DMF/Tris–HCl buffer (50 mM) in
red light of 647 nm [TEMP, DABCO, L-histidine, KI of 0.5 mM; DMSO = 4 lL; SOD,
catalase = 4 units].
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having phenolate ligands and for chemical nuclease activity in the
dark in the presence of MPA [48]. This pathway is facilitated in the
presence of a quasi-reversible redox couple near 0.1 V vs. SCE. The
ROS involved in the cellular damage could be reactive hydroxyl
species, as evidenced from this mechanistic study.

4. Conclusions

An iron(III) benzhydroxamate complex of a dipicolylamine li-
gand having a pendant pyrenyl moiety showed remarkable red
light-induced photo-cytotoxicity in HeLa cells with desirable mito-
chondrial localization, along with nuclear uptake. The PDT activity
is due to the presence of an intense LMCT band involving the ben-
zhydroxamate-iron(III) moiety with a tail that extended up to the
near-IR region. Photo-activation in red light generates cytotoxic
hydroxyl radical species, probably involving the LMCT band. The
complexes are non-toxic in the dark. The results are of significance
considering that metal-based PDT agents showing similar mito-
chondrial localization and photocytotoxicity within the therapeu-
tic spectral window of 600–800 nm are important in PDT. The
results are expected to presage further development of the chem-
istry of iron-based PDT agents for targeted therapeutic
applications.
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