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A B S T R A C T

High-spin iron complexes [FeII(L1)(cur)]Cl (1), [FeIII(L2)(cur)]Cl (2) and [FeIII(L3)(cur)] (3), where L1 is tris(2-
pyridylmethyl)amine, HL2 is N,N-bis(2-pyridylmethyl)-N-(2-hydroxybenzyl)amine and H2L3 is N,N-dimethyl-
N’,N’-bis(4,6-ditertiarybutyl-2-hydroxybenzyl)ethylenediamine and Hcur is curcumin, were synthesized, char-
acterized and their redox-mediated and/or visible light induced release of curcumin, photo-induced DNA
cleavage and anticancer activity studied. The molecular structures of 1–3 were optimized from DFT (density
functional theory) calculations. The t2g3eg2-iron(III) complexes showed a curcumin based electronic spectral
band at∼ 425 nm in 1:1 DMF/DPBS (Dulbecco's phosphate-buffered saline) and displayed the Fe(III)-Fe(II)
redox couple near −0.36 V vs. SCE (saturated calomel electrode) in DMF-0.1 M TBAP (tetrabutylammonium
perchlorate). The complexes are avid binders to calf thymus DNA. Complex 1 showed photo-cleavage of pUC19
DNA in visible light of 446 nm forming %OH radicals as the reactive oxygen species. The complexes as curcumin
carrier showed photo-cytotoxicity in different cell lines on visible light activation. Imaging study showed their
subcellular mitochondrial localization.

1. Introduction

An important aspect in the chemistry of metal-based anticancer
agents is their delivery to the targeted cancer cells [1–3]. The che-
motherapeutic drugs like cisplatin and its analogues as transcription
inhibitors are known to suffer from their reduced efficacy and dose
limited toxicity due to their non-selective properties [4–7]. Curcumin
(Hcur), as an active component of the natural product turmeric, is well
known for its cellular activity by preventing tumor progression and
inhibiting angiogenesis in cultured endothelial vascular cells and in
animal models [8–12]. It induces apoptosis via mitochondrial pathways
involving caspases and Bcl-2 family of proteins. It also interferes with
the activity of the transcription factor NF-κB which is known to enhance
the activity of the tumor suppressor protein p53. Curcumin as a pho-
toactive molecule is known to display photo-cytotoxicity causing cell
shrinkage, membrane blebbing and apoptosis indicating its potential as
a photosensitizer and chemotherapeutic agent [13,14]. The major
drawback of curcumin is its extremely rapid metabolism in the cellular
medium and poor aqueous solubility thus severely reducing its bioa-
vailability and overall efficacy when compared to those of cisplatin
[15,16]. A daily dose of ∼10 g of curcumin gives a plasma con-
centration of less than 1.0 mgmL−1. The current approaches to improve

the pharmacokinetics of curcumin are based on (i) to alter its structural
features resulting in more soluble analogues and conjugates or (ii) en-
capsulation of curcumin in nanoparticle formulations such as lipo-
somes, micelles, and phospholipids [17–19]. A large number of syn-
thetic curcuminoids were prepared with an aim to overcome the
limitations [20]. Lipid vesicles, nanoparticles, and nanofibers are used
as delivery systems to augment the bioavailability of curcumin, but this
methodology limits the therapeutic window and leads to off-target
toxicity [16]. A more innovative strategy, as we feel, is to stabilize
curcumin on binding to a bio-friendly transition metal ion, namely iron,
using the enolic tautomeric form of the dye [21–26].

We have chosen iron for this very purpose considering the ox-
ophilicity and bio-essential nature of iron which with its rich co-
ordination chemistry is very important for human health. The well-
known clinically successful anticancer antibiotic drug of this metal is
iron-bleomycin (Fe-BLM) which is a metalloglycopeptide [27]. Iron in
its trivalent oxidation state forms stable chelates as catecholates and
hydroxamates as found in siderophores and enterobactins [28,29]. Such
ligands have, however, reduced binding affinity to the same metal in its
bivalent oxidation state. An alteration of the redox state promotes the
facile release of the oxygen-donor ligands as is known for enterobactin
and transferrin. Keeping that in mind, new iron complexes with the
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metal in +2 and +3 oxidation states are designed and prepared in this
work in which curcumin in its monoanionic O,O-donor enolic form
binds to the metal. The objective is to release curcumin by chemical
and/or photochemical means from the iron center that is additionally
bound to different tetradentate ancillary ligands. Three ligands are
chosen with NNNN (L1), NNNO (HL2) and NNOO (H2L3) donor atoms to
alter the physicochemical properties of the complexes. Herein, we
present the high-spin iron(II) and iron(III) complexes, namely, [FeII(L1)
(cur)]Cl (1), [FeIII(L2)(cur)]Cl (2) and [FeIII(L3)(cur)] (3), where L1 is
tris(2-pyridylmethyl)amine, HL2 is N,N-bis(2-pyridylmethyl)-N-(2-hy-
droxybenzyl)amine, H2L3 is N,N-dimethyl-N’,N’-bis(4,6-ditertiarybutyl-
2-hydroxybenzyl)ethylenediamine and Hcur is curcumin (Fig. 1). While
complex 1 has iron in its +2 oxidation state, complexes 2 and 3 have
the ferric ion. The effect of oxidation state of the metal and the effect of
donor atoms on the stability of the complexes relative to free curcumin
and comparative curcumin release kinetics are studied with an aim to
achieve a structure activity relationship (SAR). In addition, the DNA
photocleavage and visible light-induced anticancer activity of the
complexes are studied.

Curcumin has rich photophysical and photochemical properties. It
has an absorption spectral band within 410–430 nm and a fluorescence
spectral band within 460–560 nm in different solvents and in transition
metal complexes [30]. Curcumin as a photosensitizer is thus potentially
suitable for photo-chemotherapeutic applications [31]. The fluorescent
property of curcumin complexes emitting in green is suitable for cel-
lular imaging study to ascertain any subcellular localization of the
complexes. The photosensitizing property of curcumin is used to study
the light-induced anticancer activity of the iron complexes 1–3. The
significant results of this study include observation of photo-induced
cellular release of the iron bound curcumin dye as a potential photo-
chemotherapeutic agent, predominant mitochondrial localization of the
complexes showing photo-cytotoxicity in visible light (400–700 nm)
and photo-induced cell death forming reactive oxygen species (ROS).

2. Experimental

2.1. Materials

All the reagents and chemicals were procured from commercial
sources (S. D. Fine Chemicals, India; Sigma-Aldrich, U.S.A.) and used as
such without any further purification. The solvents were purified by
standard reported procedures [32]. Tris[(2-pyridyl)methyl] amine (L1),
N,N-bis(2-pyridylmethyl)-N-(2- hydroxybenzyl)amine (HL2) and N,N-
dimethyl-Ń,Ń-bis(4,6-ditertiarybutyl-2-hydroxybenzyl)ethylenedia-
mine (H2L3) were prepared following literature procedures [33–35].
Syntheses of the complexes were carried out under nitrogen atmosphere
using standard Schlenk technique. Supercoiled (SC) pUC19 DNA was
purchased from Bangalore Genie (India). Curcumin (Hcur), 2-picoly-
lamine, calf thymus (ct) DNA, agarose (molecular biology grade),

catalase, superoxide dismutase (SOD), 2,2,6,6-tetramethyl-4-piperidone
(TEMP), Hoechst 33,258 (bis-benzimidazole derivative), distamycin,
methyl green, MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylte-
trazolium bromide) and ethidium bromide (EB) were purchased from
Sigma-Aldrich (USA). Tris(hydroxymethyl)aminomethane-HCl (Tris-
HCl) buffer solution was prepared using deionized and double-distilled
water.

2.2. General methods

The elemental analyses were performed on Thermo Finnigan Flash
EA 1112 analyser. Electrospray ionization mass spectral measurements
were done using Esquire 3000 plus ESI (Bruker Daltonics) and Q-TOF
Mass spectrometers. 1H NMR spectral measurements were made using a
Bruker 400MHz NMR spectrometer. The FT infrared and UV–visible
spectra were recorded using Bruker Alpha and PerkinElmer Spectrum
650 spectrophotometers respectively. Emission spectral measurements
were carried out with a PerkinElmer LS 55 spectrophotometer. Cyclic
voltammetric measurements were made at 25 °C on a EG&G PAR Model
253 VersaStat potentiostat/galvanostat with an electrochemical ana-
lysis software 270 using a three electrode set up comprising a platinum
working electrode, a platinum wire auxiliary electrode and a saturated
calomel reference (SCE) electrode. Tetrabutylammonium perchlorate
(TBAP, 0.1M) was used as a supporting electrolyte in dimethylforma-
mide (DMF). The electrochemical data were uncorrected for junction
potential. Tetrabutylammonium perchlorate (TBAP) was prepared with
caution by drop-wise addition of perchloric acid to a tetra-
butylammonium bromide solution in water with vigorous stirring fol-
lowed by filtration of the white solid and thorough washing with water
to remove the acid. Necessary care was taken in handling TBAP due to
its explosive nature. Conductivity measurements were done using a
Control Dynamics (India) conductivity meter using 1.0 mM solution of
the complexes in DMF and 1:1 (v/v) aqueous DMF. Magnetic suscept-
ibility measurements at 298 K were done using dry powdered samples
of the complexes using a magnetic susceptibility balance from
Sherwood Scientific (Cambridge, U.K.) and Hg[CoII(SCN)4] as a stan-
dard.

2.3. Synthesis of the complexes 1–3

The complexes were synthesized by following a common procedure.
For iron(II) complex [Fe(L1)(cur)]Cl (1), a solution of ligand L1 (0.87 g,
3mmol) in 2mL MeOH was added drop-wise to a solution of anhydrous
FeCl2 (0.38 g, 3mmol) in 3mL MeOH. The resulting solution was
stirred at 25 °C under N2 atmosphere for 1 h. A slow evaporation of the
solvent gave a dark brown solid which was washed with hexane. The
solid (0.83 g, 2mmol) was dissolved in 3mL MeOH and a solution of
curcumin (Hcur, 0.73 g, 2mmol) in 5mL CH2Cl2:MeOH (1:1 v/v),
previously deprotonated by NEt3 (0.2 g, 2 mmol), was added drop-wise
to this with stirring at 25 °C under N2 for 3 h. Solvent was evaporated
from the resulting dark red solution by slow evaporation and a dark
brown solid was isolated, washed with diethyl ether and cold MeOH
and finally dried in vacuo over P2O5 to obtain complex 1 in analytically
pure form.

For the iron(III) complex [Fe(L2)(cur)]Cl (2), a solution of HL2

(0.92 g, 3mmol) in 2mL MeOH, previously deprotonated with NEt3
(0.3 g, 3 mmol), was added drop-wise to an anhydrous solution of FeCl3
(0.48 g, 3mmol) in 3mL MeOH at 25 °C under N2 for 1 h. The solution
was filtered to get a dark blue solid which was isolated and washed with
hexane. The blue solid (0.86 g, 2mmol) was dissolved in 10mL MeOH
and to this was added drop-wise a solution of Hcur (0.73 g, 2mmol) in
10mL CH2Cl2:MeOH (1:1), previously treated with NEt3 (0.2 g,
2 mmol), and the mixture was stirred at 25° C under nitrogen atmo-
sphere for 3 h. Slow evaporation of the solution gave a dark brown solid
of complex 2 which was isolated, washed with diethyl ether and hexane
before drying in vacuum. For the iron(III) complex 3, H2L3 (1.57 g,

Fig. 1. Schematic drawing of the iron complexes 1–3 and the ligands used.
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3mmol) was dissolved in 3mL CH2Cl2 and deprotonated by NEt3 (0.9 g,
9 mmol). Following the same reaction steps as for complex 2, a solid
was obtained first and a dark red solution in the second step which gave
a solid on slow evaporation of the solvent. The product was isolated,
washed with diethyl ether and hexane to obtain a dark brown solid of
complex 3.

2.3.1. [Fe(L1)(cur)]Cl (1)
Yield: 75%. Anal. Calcd for C39H37N4O6ClFe: C, 62.54; H, 4.98; N,

7.48. Found: C, 62.28; H, 5.02; N, 7.27. Molar conductivity (ΛM) in
DMF (dimethylformamide): 58 Sm2M−1. FT-IR [solid phase, (cm−1)]:
2936 s, 1593 s, 1485 s, 1383 s, 1268 s, 1152 s, 1130 s, 979m, 820 w,
965 w, 762 w, 455 w (s, strong; m, medium, w, weak). ESI-MS in MeCN
(m/z): 713.2059 [M−Cl]+. UV–Visible in 1:1 DMF/DPBS buffer [λmax,
nm (ε, M−1 cm−1)]: 315 (17 200), 410 (33 700), 501 (19 200).
Emission in DMSO (dimethyl sulfoxide) [λem, nm]: 530 (ΦF= 0.02).

2.3.2. [Fe(L2)(cur)]Cl (2)
Yield: 72%. Anal. Calcd for C40H37N3O7ClFe: C, 62.96; H, 4.89; N,

5.51. Found: C, 62.79; H, 4.84; N, 5.76. ΛM in DMF: 56 Sm2M−1. FT-IR
[solid phase, (cm−1)]: 2951 s, 1593 s, 1478 s, 1460 s, 1377 s, 1275 s,
1210 s, 1159 s, 1116 s, 968m, 871m, 762 w, 459 w. ESI-MS in MeOH
(m/z): 727.1981 [M−Cl]+. UV-Visible in 1:1 DMF/DPBS buffer [λmax,
nm (ε, M−1 cm−1)]: 428 (22 200), 508 (11 100). Emission in DMSO
[λem, nm]: 527 (ΦF= 0.03).

2.3.3. [Fe(L3)(cur)] (3)
Yield: 65%. Anal. Calcd for C55H73N2O8Fe: C, 69.83; H, 7.78; N,

2.96. Found: C, 69.75; H, 7.45; N, 3.25. ΛM in DMF: 3 Sm2M−1. FT-IR
[solid phase, (cm−1)]: 2951 s, 1593 s, 1492 s, 1356 s, 1290 s, 1217 s,
1152 s, 979m, 820m, 466 w. ESI-MS in MeOH (m/z): 968.4618 [M
+Na]+. UV–Visible in 1:1 DMF/DPBS buffer [λmax, nm (ε, M−1

cm−1)]: 278 (12 300), 425 (17 960), 513 (7060). Emission in DMSO
[λem, nm]: 526 (ΦF= 0.02).

2.4. Solubility and stability

The complexes were soluble in solvents such as methanol, ethanol,
dimethylformamide and dimethyl sulfoxide. They were less soluble in
water, acetonitrile and halogenated solvents, namely, chloroform and
dichloromethane. Complexes 1 and 2 were insoluble in hydrocarbons
like hexane, petroleum ether but the non-electrolytic complex 3 showed
some extent of solubility in these solvents. Complex 1 showed de-
gradation over a period of ∼3weeks of time when kept in the solid
state. Complexes 2 and 3 were, however, stable in the solid state and in
solution phase in dark. The solution stability of the complexes 1–3 was
studied by electronic spectroscopy using their 1:1 DMSO/Tris-HCl
buffer solutions.

2.5. Theoretical study

The geometries of the complexes 1–3 were optimized by density
functional theory (DFT) using the B3LYP level of theory and LanL2DZ
basis set for the iron center and the 6-311G+(d,p) basis set for all other
atoms as implemented in the Gaussian 09 program [36,37]. Conductor-
like Polarizable Continuum Model (CPCM) was used to model solvation
effects with DMSO as solvent. The electronic transitions with their
transition probability were obtained using linear response time de-
pendent density functional theory (TDDFT). The geometry of the
complexes in the excited state was optimized to get insights into any
changes in the structural features. The coordinates of the energy-
minimized structures are listed as supporting information data (vide
Appendix A).

2.6. Photocytotoxicity experiments

The photo-induced cytotoxicity of the complexes was studied using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay [38]. The estimation of the number of viable cells was obtained
from the level of the formazan formed. About 1.0× 104 human breast
carcinomas (MCF-7), human glioblastoma (LN-229) and spontaneously
immortalized human keratinocyte (HaCaT) cells were plated separately
in 96 well plate in DMEM containing 10% FBS. After 24 h of incubation
at 37 °C in a CO2 incubator, different concentrations of the complexes
dissolved in 1% DMSO were added to the cells and incubation was
continued for a period of 4 h in dark. The medium was subsequently
replaced with phosphate buffered saline (PBS) and cells were photo-
irradiated with visible light (400–700 nm) for 1 h using a Luzchem
Photoreactor (Model LZC-1, Ontario, Canada) fitted with Sylvania make
8 fluorescent white tubes with a fluence rate of 2.4 mW cm–2 to provide
a total light dose of 10 J cm−2. Post irradiation, PBS was replaced with
DMEM-FBS (FBS, fetal bovine serum) and incubation was continued for
a further period of 16 h in dark. After incubation, 25 μL of 4mgmL−1 of
MTT was added to each well and incubated for an additional 3 h. After
discarding the culture medium, 150 μL of DMSO was added to dissolve
the formazan crystals. The absorbance at 570 nm was measured using a
BIORAD ELISA plate reader. Cytotoxicity of the test compounds was
determined 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 6).

2.7. Confocal microscopy imaging

The localization of the fluorescent complexes in HaCaT cells was
visualized using a confocal microscope. The cells were plated on glass
cover slips in each 12 well plate at a seeding density of 1.0× 104 cells.
Cells were then incubated with 15 μM of the complexes 1–3 in dark for
4 h period, fixed with 4% formaldehyde for 10min at 25 °C and washed
with PBS. Permeabilization of cells was performed with chilled me-
thanol for 10min at −20 °C followed by incubation with Hoechst and
Mito-Tracker Deep Red FM (MTR) staining solution for 30min in two
different set of experiments. Cells were washed to make them free of
excess staining dye and mounted. Images were acquired using a con-
focal laser scanning microscope (Leica TCS SP5) and analysed using
ImageJ image processing software.

2.8. DNA binding experiments

The DNA binding experiments were performed in Tris–HCl buffer
(5 mM, pH 7.2) using DMF solution of the complexes 1–3 and calf
thymus DNA (ct-DNA) at an ambient temperature. Absorption titration
experiments were carried out by varying the concentration of the ct-
DNA while keeping the complex concentration as constant. The DNA
was found to be free of any protein impurity, as evidenced from the
ratio of the absorbance values of the DNA at 260 and 280 nm in Tris-
HCl buffer as 1.9:1. Concentration of the DNA was measured from its
absorption intensity at 260 nm using ε value of 6600M−1 cm−1. In
UV–visible absorption titration, Tris-HCl buffer was used and the con-
centration of ct-DNA and the complex were in the range of 150–200 µM
and 20 µM, respectively. The complex solution was titrated with the
DNA, and the absorbance of the band of the complexes at λmax was
monitored. To cancel the effect of the DNA absorption, equal quantities
of DNA were added into the reference solution during the titration. The
intrinsic binding constant (Kb) of the complexes were obtained by using
the expression: [DNA]/(εa− εf) = [DNA]/(εb− εf) + 1/Kb(εb− εf),
where [DNA] is the concentration of DNA in base pairs, εf, εa and εb are
the molar extinction-coefficient values of the free complex in solution,
complex bound to DNA at a definite concentration, and the complex in
completely DNA bound form, respectively [39,40]. Each set of data
upon fitting in the above equation gave a straight line with a slope of 1/
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(εb− εf) and y axis intercept of 1/Kb(εb− εf). Kb was determined from
the ratio of the slope to the intercept. The linear fitting analysis was
done using OriginPro 8.5.

2.9. DNA cleavage experiments

Photo-induced cleavage of supercoiled (SC) plasmid pUC19 DNA
(30 μM, 0.2 μg, 2686 base-pairs) and the chemical nuclease activity of
the complexes 1–3 in DMF-Tris-HCl buffer (pH 7.2) was studied by
agarose gel electrophoresis. Photo-irradiation was accomplished using
visible light of 446 nm wavelength from a diode laser (BLM447TA-100
from Shanghai Laser & optics Century Co. Ltd.) of 50 mW laser power.
The experiments were performed in a total volume of 20 μL containing
supercoiled (SC) DNA (1 μL, 30 μM) and the complexes (20 μM) in a
50mM Tris-HCl buffer (pH 7.2) containing 50mM NaCl. All the sam-
ples were incubated at 37 °C for one hour prior to irradiation. The
samples were exposed to light and incubated for one hour at 37 °C
followed by addition of the loading dye containing 25% bromophenol
blue, 0.25% xylene cyanol, 30% glycerol (3 μL). The solution was fi-
nally loaded on 0.8% agarose gel containing 1.0 μgmL−1 ethidium
bromide. Electrophoresis was done in a dark chamber for 2.0 h at 60 V
in TAE (Tris-acetate EDTA) buffer. The DNA bands were visualized by
UV light, photographed and the intensities of the bands quantified using
UVITECH Gel Documentation System. Due corrections were made for
the low level of nicked circular (NC) form present in the original SC
DNA sample and for the low affinity of ethidium bromide binding to SC
DNA compared to the NC and linear forms of DNA [39]. The chemical
nuclease activity was performed in dark in the presence of H2O2 (4 μL)
as an oxidant and glutathione (GSH) as a reducing agent. The me-
chanistic study was done in presence of different additives such as NaN3

(1mmol) and 2,2,6,6-tetramethyl-4-piperidone (TEMP, 1mmol) as
singlet oxygen quenchers, superoxide dismutase SOD (4 units) as su-
peroxide radical scavenger, and DMSO (4 μL), KI (1 mmol) and catalase
(4 units) as hydroxyl radical scavengers for light exposed reactions. The
observed error in measuring the band intensities ranged within 2–5%.

3. Results and discussion

3.1. Synthesis and general aspects

Ligands, namely, tris[(2-pyridyl)methyl]amine (L1), N,N-bis(2-pyr-
idylmethyl)-N-(2-hydroxybenzyl)amine (HL2) and N,N-dimethyl-
N’,N’bis(4,6-ditertiarybutyl-2-hydroxybenzyl)ethylenediamine (H2L3)
were synthesized by literature procedures [33–35]. The ternary iron(II)
and iron(III) complexes 1–3 of curcumin having tetradentate charge
neutral NNNN–, monoanionic NNNO– and dianionic NNOO-donor li-
gands were synthesized in good yields and the ligands were found to
stabilize iron in its different oxidation states (Fig. 1). The complexes
were prepared following a general method by treating the metal
chloride salt with the ligand in the first step and the isolated inter-
mediate was further treated with monoanionic curcumin in its metha-
nolic solution. The complexes were characterized from analytical and
physicochemical data (Table 1). The mass spectra of the complexes in
methanol showed molecular ion peak for 1 and 2 corresponding to the
species [M−Cl]+ and the peak for the charge neutral complex 3 cor-
responded to the species [M+Na]+. The iron(II) complex 1 and the
iron(III) complex 2 behaved as 1:1 electrolytes with respective molar
conductance value of 58 and 56 Sm2M−1 in DMF, and 114 and
93 Sm2M−1 in 1:1 (v/v) aq. DMF at 25 °C. Complex 3 was non-elec-
trolytic with molar conductance value of ∼3 Sm2M−1 in DMF and
∼5 Sm2M−1 in 1:1 (v/v) aq. DMF solution at 25 °C. The solid state
magnetic susceptibility data at room temperature revealed that the
complexes are paramagnetic with a high-spin state for the 3d6 Fe(II)
(µeff∼ 5.5 µB) in complex 1 and high-spin state of 3d5 Fe(III) for the
complexes 2 and 3 with a µeff value of ∼5.8 µB. The iron(II) complex 1
has a t2g4eg2 electronic configuration with four unpaired electrons and

significant orbital contributions thus
giving a magnetic moment that is more than the spin-only value,

while it is t2g3eg2 for the iron(III) complexes with expected spin-only
magnetic moment value. The magnetic data are of importance as high-
spin iron(II) species are known to be involved in several enzymatic
dioxygen activation reactions and for the activity of anticancer drug
bleomycins and its structural mimics [41]. The FT-IR spectra in the
solid phase of the complexes 1–3 showed characteristic strong C]O
and C]C (β-diketonate) stretching bands near 1593 and 1485 cm−1

respectively. Free curcumin in the solid phase showed intense C]O and
C=C stretching bands near 1600 and 1505 cm−1 respectively [42].
The red shift in these characteristic peaks suggests the enolate form of
curcumin bonded to iron in a bidentate fashion. The electronic spectra
of the complexes in 1:1 (v/v) DMF/DPBS solution showed a visible
band at∼420 nm which was assigned to the curcumin-based transition.
Absorption band near 500 nm for complex 1 was assigned to the MLCT
(metal to ligand charge transfer) transition which is characteristic of the
Fe(II) with π-acceptor polypyridyl ligands [43]. Complexes 2 and 3
showed LMCT (ligand to metal charge transfer) band near 510 nm due
to the presence of π -donor phenolate ligands attached to Fe(III) ion
[44]. The absorption band in the UV region are due to ligand centered
n-π * and π-π * transitions involving the aromatic rings. The emission
spectra of the complexes showed a broad band at ∼530 nm in DMSO
characteristic of the curcumin dye (Fig. 2). The fluorescence quantum
yield (ΦF) of the curcumin ligand alone is reported as 0.06 in DMSO
[45]. Upon binding to the paramagnetic iron center, the emission in-
tensity of curcumin got diminished due to the presence of low lying d-d
states that quench the fluorescence of the ligand [46]. The ΦF values of
the complexes 1–3 were found to be 0.02, 0.03 and 0.02, respectively.
Cyclic voltammogram of the iron(II) complex 1 showed a quasi-re-
versible oxidative response corresponding to the Fe(III)-Fe(II) redox
couple at 0.27 V vs. SCE in DMF-0.1 M TBAP indicating susceptibility of
the complex toward oxidation forming the Fe(III) state. The iron(III)
complexes 2 and 3 showed an irreversible voltammogram near −0.35
and −0.37 V (versus saturated calomel electrode, SCE) assignable to
the reduction of Fe(III) to Fe(II). As these reduction potentials are near
the biological redox potentials of reducing thiols, namely, glutathione
(GSH), ranging within −0.16 to −0.26 V (versus standard hydrogen
electrode), the iron(III) complexes in a hypoxic cellular medium could
get reduced to the cytotoxic Fe(II) complexes [47]. The NNOO-donor
ligand in complex 3 is found to impart marginally higher redox stability
to Fe(III) than the NNNO-donor ligand in complex 2. This is ascribed to
the oxophilic nature of the ferric ion. The tetradentate ligands with

Table 1
Selected Physicochemical Data for the Complexes 1–3.

Complex 1 2 3

IRa/cm−1 (C]O str.) 1593 1593 1593
λmax/nm (ε/M−1 cm−1)b 410 (33700) 428 (22200) 425 (17960)
λem

c/nm (ΦF) 530 (0.02) 527 (0.03) 526 (0.02)
Efd/V 0.27e −0.35f −0.37f

ΛM
g/Sm2M−1 58 56 3

μeffh/µB 5.49 5.52 5.83
Kb

i/M−1 4.4 (±
0.3)× 104

6.3 (±
0.4)×104

5.9 (±
0.6)× 104

a In solid phase.
b In 1:1 DMF/DPBS buffer (pH 7.2, 25 °C).
c In DMSO; λex= 420 nm (fluorescence quantum yield with respect to

fluorescein with a ΦF= 0.79 in 0.1M NaOH).
d In 5mL of DMF with 0.1M TBAP and 2.0 mM complexes. The formal po-

tentials (Ef) were vs. SCE at a scan rate of 50mV s−1.
e Anodic peak potential.
f Cathodic peak potential without any anodic counterpart.
h Hg[Co(SCN)4] as standard.
g Molar conductivity in DMF.
i Intrinsic ct-DNA binding constant (ct, calf thymus).
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different numbers of N- and O-donor sites could play an important role
in stabilizing the metal in different oxidation states in the ternary
structures.

3.2. Solution stability

Curcumin has low aqueous solubility and poor bioavailability due to
hydrolytic instability causing its rapid degradation in aqueous media
with a short half-life of 20min at pH 7.4 [22]. The metal complexes of
curcumin are known to stabilize curcumin under physiological condi-
tions even after 48 h in the dark [22]. The iron(II/III) complexes 1–3
showed significant solution stability in the dark as evidenced from the
UV–visible spectral measurements in 1:1 DMSO/Tris-HCl buffer (pH 7.2
at 37 °C). Complex 1 having high-spin Fe(II) in a FeIIN4O2 core is
comparatively less stable among the three. Stability of charge neutral
complex 3 with a FeIIIN2O4 core is more than complex 2 with a
FeIIIN3O3 core. The presence of more O-donor sites seems to have sta-
bilizing effect due to the oxophilicity of iron(III). Again, the complexes
showed better stability than curcumin alone under photo-irradiated
conditions.

3.3. Theoretical studies

Density functional theory (DFT) was used to derive the computed
structures of the complexes 1–3 for rationalization of their structural
and spectral aspects using B3LYP and Lanl2DZ basis sets with Gaussian
programs [36,37]. The optimized structures along with the HOMO−-
LUMO energy levels are shown in Fig. 3. From the frontier molecular
orbital (FMO) pictures it is evident that HOMO for complexes 1 and 2 is
located over the curcumin moiety with less contribution of the metal
and other ancillary ligand, while for complex 3 it is located over the
ancillary ligand. The LUMO for all the complexes is located over the
curcumin moiety only. Two M−O(cur) distances are 1.99, 2.03 Å for 1;
1.99, 1.96 Å for 2; and 2.01, 2.13 Å for 3. Energy difference between the
LUMO and HOMO of the complexes are 3.07, 2.88 and 2.75 eV for
complexes 1–3, respectively. The optimized coordinates were used for
further calculations and optimization of the excited state geometry
which showed an increase in the M−O(cur) bond length which is sig-
nificant for complex 3 compared to other two complexes. This predicts
for facile photo-induced release of curcumin from complex 3.

3.4. Glutathione dependent release of curcumin

Stability of the complexes in presence of biological reducing agent
glutathione (GSH) was studied by monitoring the fluorescence intensity

of the complexes over a period of 1 h. To prevent any degradation of the
released curcumin, DMSO solution of complexes 1–3 (20 μM) was used
with 1 eq. of glutathione (Fig. 4). Complex 2 having a reduction po-
tential within the biological potential window showed maximum re-
lease of curcumin via reduction of Fe(III) to Fe(II). A lower extent of
curcumin release from complex 3 in comparison to complex 2 is related
to their redox potentials showing relatively higher stabilization of Fe
(III) in 3 than in 2. A relatively small change in the emission intensity of
complex 1 over the time period used indicates less displacement of
curcumin from the metal in its reduced +2 oxidation state giving an
order for curcumin release as: 2 (FeIIIN3O3 core) > 3 (FeIIIN2O4

core) > > 1 (FeIIN4O2 core).

3.5. Photo-release of curcumin

The metal–ligand bond lengths are expected to elongate in the ex-
cited states of the transition metal complexes thus making ligand re-
lease more facile as well as selective [1,48]. To explore such a possi-
bility for these complexes, DMSO solutions of the complexes were
photo-irradiated with the visible light of 400–700 nm using a photo-
reactor, and the corresponding changes in the fluorescence spectra were
monitored in different time intervals (Fig. 4). Photo-irradiation caused
a steady increase in the emission intensity of curcumin indicating re-
lease of the dye from the paramagnetic complexes compared to the
intensity of its counterpart kept in dark and used as a control. Complex
3 showed maximum release of curcumin as theoretical studies shown
that the FeeO bond length in complex 3 is longer compared to those in
complexes 1 and 2 in their excited states. The emission after certain
time gap got saturated or decreased due to expected degradation of the
free curcumin in presence of photo-generated reactive oxygen species
(ROS). This observation is of significance as selective delivery of cur-
cumin inside the cancer cells and activation via photo- irradiation with
visible light is of importance in anticancer drug development. The
photo-release of curcumin from its complexes follows the order: 3
(FeIIIN2O4 core) > > 1 (FeIIN4O2 core)≥ 2 (FeIIIN3O3 core). Besides
the electronic effect, steric effect is more pronounced in the structure of
complex 3 facilitating the ligand release (Fig. 1).

3.6. Photocytotoxicity in visible light

The anti-proliferative activity of the complexes 1–3 to inhibit cel-
lular growth and induce cell death upon irradiation with visible light
(400–700 nm) in MCF-7 (breast carcinoma), LN-229 (human glio-
blastoma) and HaCaT (human skin keratinocyte) cell lines was in-
vestigated using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay. The complexes 2 and 3 were essentially non-
toxic in dark in LN-229 and HaCaT cells giving IC50 values of> 90 μM,
while the same for MCF-7 were ∼54 and ∼45 μM indicating minor
dark cytotoxicity. These two complexes, however, showed significant
light-induced cytotoxicity in all three cell lines with IC50 values ranging
within 7–21 µM. The activity of the iron(III) complexes seems to result
from light induced conversion from Fe(III) to Fe(II) for ROS generation.
Complex 1 having iron(II), in contrast, showed similar moderate toxi-
city in both light and dark with the IC50 values ranging within 6–18 µM
in all three cells. The light effect was not apparent for MCF-7, while a
marginal photocytotoxicity was observed for the other two cell lines
used. The dark toxicity for complex 1 could be attributed to the high
spin +2 oxidation state of the metal and low value of Fe(III)-Fe(II)
redox couple, that could result in the generation of ROS from dioxygen
activation in a similar way that is known for bleomycins in an oxyge-
nated medium [27]. The effect of light was thus not observed for the
metal in its reduced oxidation state. Table 2 lists the IC50 values of the
complexes 1–3 along with few reported iron complexes [49–51]. While
iron(III) complexes are generally more photoactive than the iron(II)
complexes, the high spin iron(II) complexes, in contrast, show sig-
nificant activity as chemotherapeutic agents like bleomycins and its

Fig. 2. Electronic absorption spectra of the complexes 1–3 and curcumin in 1:1
(v/v) DMF/DPBS solution. The inset shows the emission spectra of 1–3 and
curcumin in DMSO (λex = 420 nm).
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analogues [27,51]. The complexes with light-induced cytotoxicity are
potentially suitable as drug (e.g. curcumin) carrier releasing the drug
on chemical or photochemical activation.

3.7. Cellular localization

The fluorescent curcumin moiety in the complexes has enabled us to
study the cellular localization of the complexes 1–3. The HaCaT cells
were incubated with the complexes (15 μM) for 4 h in dark and sub-
jected for confocal microscopy study. Hoechst dye was used as a nuclear
staining agent. After 4 h of incubation, the complexes showed no nu-
clear localization. When mito-tracker red (MTR) was used as mi-
tochondria staining dye, the complexes showed preferential localization
in the mitochondria of the HaCaT cells as evident from the merge
images of MTR and the complexes (Fig. 5). Mitochondria being the
powerhouse of the cell and DNA repair mechanism being absent in the
mitochondria, any mitochondrial dysfunction results in apoptotic cell
death via caspases signaling. Complexes 1–3 are thus of significance as
potential mitochondria-targeting drug releasing agents [52,53].

3.8. DNA binding and cleavage

Since confocal imaging showed mitochondrial (mt) localization of
the complexes, mtDNA could be a target of the complexes for the cel-
lular activity. The interaction of the complexes with calf thymus DNA
(ct-DNA) was studied by UV–Visible absorption titration experiment.
The intrinsic ct-DNA binding constant (Kb) values for the complexes
were ∼104M−1 in 5% DMF-Tris buffer (pH=7.2) suggesting partial
intercalative mode of DNA binding giving an order: 2 > 3 > 1
(Table 1) [54]. The photo-induced DNA cleavage activity of the

Fig. 3. The optimized structures and frontier molecular orbitals (FMOs) of the complexes 1–3. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. A comparison of the fluorescence intensities of the complexes 1–3
(20 μM in DMSO) in the dark (D), in visible light of 400–700 nm (L, 10 J cm−2),
and with one eq. of glutathione (GSH) for a period of 1 h.

Table 2
IC50 valuesa,b (μM) of 1–3 and related iron complexes.c–f

Cell Type [Fe(L1)(cur)]Cl
(1)

[Fe(L2)(cur)]Cl
(2)

[Fe(L3)(cur)]
(3)

Curcumin

MCF-7 (Light) 14.2 (± 1.2) 10.3 (±1.2) 12.8 (± 1.8) 7.4 (± 0.7)
MCF-7 (Dark) 15.9 (± 1.5) 52.4 (±3.4) 44.9 (± 3.1) 15.1 (± 1.2)
LN-229

(Light)
8.8 (± 0.9) 11.3 (±1.1) 14.4 (± 1.7) 5.4 (± 0.6)

LN-229
(Dark)

20.3 (± 1.9) 90.1 (±5.6) > 100 8.7 (±1.2)

HaCaT (Light) 6.6 (± 0.8) 7.1 (± 0.6) 20.7 (± 2.1) 2.5 (± 0.5)
HaCaT (Dark) 18.1 (± 2.1) >100 >100 13.9 (± 1.3)

a In 2% dimethyl sulfoxide culture media. MCF-7 cell is human breast car-
cinoma, LN-229 is human glioblastoma cell and HaCaT is human skin kerati-
nocyte.

b Light of 400–700 nm (Luzchem photoreactor).
c [Fe(Hqpy)(CH3CN)2](ClO4)2 [51]: IC50 (µM) in light [dark] in HeLa

cells = 4 [>100], where ligand Hqpy is 2,2′:6′,2′':6′',2′'':6′'',2′'''-quinquepyr-
idine.

d [Fe(Phqpy)(CH3CN)2](ClO4)2 [51]: IC50 (µM) light [dark] in HeLa
cells = 7.74 [>100].

e [Fe(BHA)(pydpa)Cl]Cl·H2O [50]: IC50 (µM) light [dark] in HeLa
cells = 14.6 [77], where BHA and pydpa are benzhydroxamate and (pyrenyl)
dipicolylamine respectively.

f [FeL(dppzCB)] [49]: IC50 (µM) light [dark] in HepG2 cells= 7.8 [15.1] and
ligand dppzCB is 2-((2-biotinamido)ethyl) amidodipyrido[3,2-a:2′,3′-c]-phena-
zine.
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complexes was studied using supercoiled (SC) pUC19 DNA (30 μM,
0.2 μg) in Tris–HCl/NaCl (50mM, pH=7.2) buffer by taking 20 μM
concentration of each sample along with the dark controls (Fig. 6). The
agarose gel electrophoresis was done to assess the extent of nicked

circular (NC) DNA formation from the SC DNA in presence of the
complexes. Monochromatic visible light source of 446 nm (50mW
power) was used from a continuous-wave (CW) diode laser. The wa-
velength chosen for the DNA photocleavage activity is based on the
presence of an absorption band near 430 nm wavelength. Each sample
(20 μM), after treating with the DNA solution in Tris–HCl buffer
medium, was incubated for 1 h in the dark. Complexes 1–3 gave re-
spective 86, 41 and 22% of NC DNA under similar experimental con-
ditions. For the mechanistic study of ROS generation, complexes 1–3
were treated with pUC-19 DNA and photo-exposed in presence of dif-
ferent singlet oxygen quenchers (TEMP, NaN3), hydroxyl radical sca-
vengers (KI, DMSO and catalase), and SOD as superoxide radical sca-
venger. The iron(II) complex 1 in presence of H2O2 showed significant
DNA cleavage activity in dark following the Fenton-type mechanism
and this also accounted for the dark cytotoxicity of the complex in LN-
229 cells observed from the MTT assay [55]. The iron(III) complex 2
also showed DNA cleavage in presence of H2O2 as iron(III) could cat-
alyze decomposition of H2O2 forming hydroxyl radical, whereas iron
(III) complex 3 was found to be inactive in the presence of H2O2 with
less susceptibility of the metal in getting reduced. Complexes 1–3 did
not show any significant DNA cleavage activity in the presence of re-
ducing agent glutathione (GSH). The complexes in presence of hydroxyl
radical scavengers showed low DNA photocleavage activity. No sup-
pressed activity was observed in presence of other ROS quenchers/
scavengers. The complexes thus solely generated hydroxyl radicals as
the ROS on exposure to light resulting in the photo-activated anticancer
activity.

4. Conclusions

Iron complexes of curcumin with the metal in its +2 and +3 oxi-
dation states and having three different ancillary ligands with NNNN–,
NNNO– and NNOO-binding sites are prepared to explore their curcumin
releasing properties by chemical and photochemical means using glu-
tathione as a reducing agent or visible light (400–700 nm) as an acti-
vator. The neutral NNNN-donor ligand stabilized iron(II) in its high spin
with t2g4eg2 electronic configuration, while monoanionic NNNO– and
dianionic NNOO-donor ancillary ligands stabilized high spin iron(III)
with t2g3eg2 configuration in these pseudo-octahedral complexes. The
spectral, redox and biological properties of the complexes were used for
deriving a structure–activity relationship. The sterically encumbered
iron(III) complex 3 showed significant curcumin release on light acti-
vation giving an order: 3 (FeIIIN2O4 core) > > 1 (FeIIN4O2 core)≥ 2
(FeIIIN3O3 core), while the effect was less pronounced in the presence of
glutathione as a reducing agent for the iron(III) complexes giving an
overall order: 2 > 3 > > 1. The efficacy of curcumin release was
analysed from the redox properties and the DFT data on excited state
structures. The complexes showed moderate photo-cytotoxicity in MCF-
7 breast carcinoma, LN-229 human glioblastoma and HaCaT keratino-
cyte cells in visible light. Stabilization of curcumin on binding to the
metal ion and release it from the iron centre accounts for observed
moderately high IC50 values of the metal complexes. The high-spin iron
(II) complex 1 showed some dark toxicity with an IC50 value of
∼20 µM, while the iron(III) complexes are essentially non-toxic
(IC50: > 90 µM for 2 and 3 respectively) in the dark in LN-229 cells. In
other two cell lines also IC50 values are similar. The iron complexes are
thus suitable candidates for cellular delivery of curcumin as a drug.
Mechanistic study on the photocleavage of pUC19 DNA showed for-
mation of hydroxyl radicals as the reactive oxygen species with the
metal ion in different oxidation states playing important roles based on
their redox properties. A Fenton-type mechanism seems to be operative
as is known for the anticancer activity of iron-bleomycins. An important
observation of this study is the mitochondrial localization of the com-
plexes with mitochondrial DNA as the possible target instead of nuclear
DNA for which the nuclear excision repair (NER) mechanism exists for
deactivating the drug. The results showed the importance of the

Fig. 5. Confocal microscopy images of the complexes 1–3 in HaCaT cells re-
corded after 4 h of incubation using MitoTracker Deep Red (MTR) as the
staining agent for mitochondria (scale bar: 10 μm).

Fig. 6. Gel electrophoresis diagram showing (a) the visible light-induced DNA
cleavage activity of 20 µM complexes 1–3 at 446 nm (50 mW diode laser) using
SC pUC19 DNA (0.2 µg, 30 µM) for an exposure time of 1 h: lane-1, DNA control
(D); lane-2, DNA control (L); lane-3, DNA+ 1 (D); lane-4, DNA+ 1 (L); lane-5,
DNA+ 2 (D); lane-6, DNA+ 2 (L); lane-7, DNA+ 3 (D); lane-8, DNA+ 3 (L)
[D, in dark; L, in light]. (b) Chemical nuclease activity in dark for 2 h incuba-
tion: lane-1, DNA control; lane-2, DNA+glutathione (GSH); lane-3,
DNA+H2O2; lane-4, DNA+ 1; lane-5, DNA+ 1+GSH; lane-6,
DNA+ 1+H2O2; lane-7, DNA+ 2; lane-8, DNA+ 2+GSH; lane-9,
DNA+ 3+H2O2; lane-10, DNA+ 3; lane-11, DNA+ 3+GSH; lane-12,
DNA+ 3+H2O2. Mechanistic study using the complex (C) (1 in (c) and 2 in
(d); D, in dark; L, in light) and SC pUC19 DNA (0.2 µg, 30 µM): lane-1, DNA+ C
(D); lane-2, DNA+ C (L); lane-3, DNA+ C+TEMP (L); lane-4,
DNA+ C+NaN3 (L); lane-5, DNA+ C+KI (L); lane-6, DNA+ C+DMSO
(L); lane-7, DNA+ C+catalase (L); lane-8, DNA+ C+SOD (L).
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ancillary ligand in stabilizing iron in different redox states and on the
overall activity of the complexes. Significant drug release from the iron
curcumin conjugates could be achieved by photochemical means for
potential photo-chemotherapeutic applications. This work presents
further scope of designing new iron conjugates for selective cellular
delivery of metal-bound chemotherapeutic drugs using light as an ac-
tivator.
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