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Four ternary copper(II) complexes of N-salicylyl-L.-Tryptophan (Sal-TrpH) and phenanthroline bases of general
formula [Cu(Sal-Trp)(L)], where L is 1,10-phenanthroline (phen, 1), dipyrido[3,2-d:2’,3’-f]quinoxaline (dpq, 2),
dipyrido[3,2-a:2’,3’-c]phenazine (dppz, 3) and 2-(anthracen-1-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (aip,
4), were synthesized and fully characterized. The complexes were evaluated for their affinity for biomolecules
and photocytotoxic activities. Single crystal X-ray diffraction studies of complex 1 revealed that it has a square
pyramidal CuN3O, core with the phenolate oxygen of salicylaldehyde occupying the axial coordination site in
the solid state. Complexes 1-4 displayed the Cu(II)-Cu(I) redox couples at ~—0.3V vs. Ag/AgCl reference
electrode in DMF-0.1 M [BujN1(ClO,4). A Cu(ll)-based weak d-d band ~650 nm and a moderately strong ligand to
metal charge transfer band at ~430 nm were observed in DMF-Tris-HCl buffer (pH 7.2) (1:4 v/v). The complexes
are efficient binders to calf thymus DNA and model proteins such as bovine serum albumin and lysozyme. They
cleave supercoiled plasmid DNA efficiently when exposed to 446 and 660 nm laser radiation. They are cytotoxic
to HeLa (human cervical cancer) and MCF-7 (human breast cancer) cells showing significant enhancement of
cytotoxicity upon photo-excitation with low energy visible light. The complexes are found to kill cancer cells
through generation of reactive oxygen species (ROS) as confirmed by DCFDA (2,7’-dichlorofluorescin diacetate)
assay. The apoptotic cell death induced by complex 4 was confirmed by Annexin V-Fluorescein isothiocyanate-
Propidium iodide assay. Confocal microscopic images using 4 showed its primary cytosolic localization in the

HeLa and MCF-7 cells.

1. Introduction

Metal complexes have been extensively investigated for the treatment
of various diseases such as cancer, malaria, human immunodeficiency
virus, bacterial and fungal diseases etc. among which search for metal-
based anticancer agents has received maximum attention [1-10]. Al-
though success of cisplatin and its second generation drugs in clinic
triggered extensive research in metal based anticancer agents, severe side
effects resulting from poor selectivity and drug-resistance developed by
tumors have halted progress in this direction [11,12]. To circumvent
these problems enormous efforts have been made in recent times out of
which photochemical activation of prodrug, which are otherwise non-
toxic to the cells in dark, is the most attractive one [13-17]. Photo-
dynamic activation of prodrugs provides spatiotemporal control over
drug action, which is not feasible in case of chemotherapeutic drugs [18].

However, FDA approved porphyrinic photodynamic therapy (PDT) drugs
such as Photofrin® has only limited use due to various problems such as
poor selectivity, acute allergy and toxic photo-oxidized metabolites
generation which causes jaundice [19,20]. Photoactivated chemotherapy
(PACT) employing transition metal complexes is a promising alternative
as the compounds used are less toxic in dark, selective and releases cy-
totoxic compounds or radicals only upon excitation with light [21-27].
Sadler and co-workers reported Pt(IV)-azido prodrug which on photo-
excitation generates the active compound cisplatin and are active against
a number of cell lines in in-vitro studies significantly against cisplatin
resistant cell line A2780 [26]. Turro et al. synthesized a number of
acetate-bridged di-rhodium complexes that are effective against several
cancer cell lines upon photo-irradiation [27]. Photo-induced ligand ex-
change pathways are proposed to be responsible for their activity in a
recent report by the same group [27].
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Transition metal complexes with redox active metal centers are
capable of generation of reactive oxygen species (ROS) through photo-
redox pathway [28-40]. This offers different mechanism of anticancer
activity unlike classical covalent nucleobase binding by Pt(II) com-
plexes. A number of transition metal complexes capable of generating
ROS on photoexcitation have been synthesized and evaluated for their
anticancer activities in various cancer cell lines [28-42]. A few reports
also describe metal complexes capable of formation of both covalent
linkages to DNA as well reactive oxygen species thereby showing their
activities via dual mechanism of action [41,42]. Copper, being a bio-
essential redox active element, could be tailored with suitable ligands to
design metal complexes for light activated chemotherapeutic applica-
tions [34-40]. Use of functionalized amino acids as ligands could be an
interesting strategy to prepare biocompatible transition metal com-
plexes for photodynamic activity [33-37]. As essential nutrients for
cells, amino acids have specific sodium dependent active transport
systems via membrane-bound transport proteins for their uptake into
the cells. This can potentially lead to high and rapid uptake of such
compounds into the cells [43]. The ROS generated could potentially
damage nucleic acids, proteins, lipids or other vital cellular components
in oxidative manner that eventually leads to cell death via apoptotic or
necrotic pathway.

Herein, four novel Cu(II) complexes containing a reduced Schiff
base derived from salicylaldehyde and 1-Tryptophan and phenanthro-
line bases are studied as visible light induced cytotoxic agents in HeLa
(human cervical cancer) and MFC-7 (human breast cancer) cell lines.
The synthesis, characterization, DNA and protein binding affinity and
photocytotoxic properties of copper(Il) complexes, viz. [Cu(Sal-Trp)
(L)1, where Sal-Trp is N-Salicylyl-i-Tryptophan and L is 1,10-phenan-
throline (phen in 1), dipyrido[3,2-d:2’,3’-f]lquinoxaline (dpq in 2), di-
pyrido[3,2-a:2’,3’-c]phenazine (dppz in 3) and 2-(anthracen-1-yl)-1H-
imidazo[4,5-f][1,10]phenanthroline (aip in 4) are reported (Chart 1).
The choice of L-Tryptophan based ligand is owing to the possible non-
covalent interaction of the indole moiety with various biomolecules and
its photosensitizing ability. DCFDA (2’,7’-dichlorofluorescin diacetate)
assay confirms the generation of ROS on visible light exposure by the
complexes. The cell death mechanism induced by complex 4 on ex-
posure to visible light in HeLa cells was found to be of apoptotic nature
as confirmed by Annexin V-Fluorescein isothiocyanate-propidium io-
dide (Annexin V-FITC/PI) assay. Complex 4 with the anthracenyl

H
N
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(1)
Chart 1. Schematic drawings of the complexes [Cu(Sal-Trp)(L)] (Sal-Trp = N-

Salicylyl-L-Tryptophan, L = phen, 1; dpq, 2; dppz, 3, nip, 4) and the hetero-
cyclic bases used.

61

Journal of Inorganic Biochemistry 191 (2019) 60-68

fluorophore is designed for cellular uptake studies and the confocal
microscopic images show significant cytosolic localization of the com-
plex in HeLa and MCF-7cells.

2. Experimental section
2.1. Materials and measurements

All the reagents and chemicals were obtained from commercial
sources (SD Fine Chemicals, India; Loba Chemie, India; Sigma-Aldrich,
U.S.A)) and used as such. Tris-(hydroxymethyl)aminomethane-HCI
(Tris-HCI) buffer solution was prepared using deionized and sonicated
double distilled water. Calf thymus DNA, Dulbecco's Modified Eagle's
Medium (DMEM), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide), 2’,7’-dichlorofluorescein diacetate (DCFDA), pro-
pidium iodide (PI), Dulbecco's phosphate buffered saline (DPBS) and
fetal bovine serum (FBS) were purchased from Sigma (U.S.A.). Dipyrido
[3,2-d:2’,3’-f]quinoxaline (dpq) and dipyrido[3,2-a:2’,3’-c]phenazine
(dppz) were prepared by reported literature procedures using 1,10-
phenanthroline-5,6-dione as a precursor reacting with ethylenediamine
and 1,2-phenylenediamine, respectively [44,45]. 2-(9-Anthryl)-1H-
imidazo[4,5-f1[1,10]phenanthroline (aip) was prepared following lit-
erature procedure using 1,10-phenanthroline-5,6-dione and 9-anthral-
dehyde as precursors [46].

The elemental analysis was carried out using a Thermo Finnigan
Flash EA 1112 CHN analyzer. The infrared, UV-visible and emission
spectra were recorded on Shimadzu IRAffinity-1S, Shimadzu UV-1800
and Hitachi F-2500 spectrophotometer, respectively. Room-tempera-
ture magnetic susceptibility data were obtained from a Sherwood
Scientific, Cambridge, England, using Hg[Co(NCS),] as a standard.
Experimental susceptibility data were corrected for diamagnetic con-
tributions [47]. Cyclic voltammetric measurements were carried out at
25°C on a CHI660D (CH Instruments, Inc., USA) workstation using a
three electrode set-up with a glassy carbon working, platinum wire
auxiliary and an Ag/AgCl reference electrode. Tetrabutylammonium
perchlorate (TBAP) (0.1 M) was used as a supporting electrolyte in
DMF. The electrochemical data were uncorrected for junction poten-
tials. 'H NMR spectra were recorded at room temperature on a Bruker
300 MHz NMR spectrometer. Electrospray ionization mass spectral
measurements were done using Agilent 6538 Ultra High Definition
Accurate Mass-Q-TOF (LC-HRMS) and Bruker Daltonics make Esquire
300 Plus ESI model mass spectrometers. DNA photocleavage experi-
ments were carried out using continuous-wave lasers from Shanghai
Laser and Optics Century Co. Ltd. All cellular experiments requiring
light exposure were performed with a broad-band white light using
Luzchem Photoreactor (model LZC-1, Ontario, Canada) fitted with eight
fluorescent Sylvania white tubes (A = 400-700 nm, light fluence rate:
2.4mW cm % light dose = 10J cm ™~ ?) and standard protocols. Cyto-
toxicity data were obtained with a TECAN microplate reader and fitted
using GraphPad Prism 6 software. Flow cytometric experiments were
performed using fluorescence-activated cell sorting (FACS) Verse in-
strument (BD Biosciences) fitted with a MoFLo XDP cell sorter and
analyzer with three lasers (A = 488, 365, and 640 nm) and 10-color
parameters. Confocal microscopy images were acquired from Leica
laser scanning confocal microscope (TCS, SP5 DM6000) with an oil
immersion lens with magnification of 63 X . Images were processed by
using LAS AF Lite software.

2.2. Synthesis

2.2.1. Synthesis of Sal-TrpH

L-Tryptophan (0.4g, 2.0mmol) was dissolved in dry methanol
(15mL) by addition of one equivalent NaOH (0.08 g, 2.0 mmol) with
continuous stirring. Salicylaldehyde (0.25mL, 2.0 mmol) was added
drop-wise to the above solution. The mixture was refluxed for 1h,
cooled and then treated with an excess of solid NaBH, in an ice-bath
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with constant stirring. After stirring for ~15-20 min the solvent was
removed to get a sticky mass which was dissolved in water and treated
with dilute HCl to maintain a pH of ~4-5. The ligand which pre-
cipitated out as white solid was isolated, thoroughly washed with water
and cold methanol and finally dried in vacuum over P,Os (Scheme S1,
Supplementary Information). Yield: 0.43 g (~78%).

Anal. Caled. for C;gH,gN,03: C, 69.66; H, 5.85; N, 9.03. Found: C,
69.38; H, 5.99; N, 9.23. ESI-MS in MeOH: m/z = 311.1606 [M + H]*
(Fig. S1, Supplementary Information). Selected IR data (KBr phase,
cm™1): 3428w, 3389w, 3097br, 2755w, 1623vs (COO45ym), 1599vs,
1463vs, 1410s (COOgyrm), 1372s, 12654vs, 1151 m, 1113 m, 1009 m,
946 m, 862m, 802m, 749vs, 650 m, 583 m, 523 s (vs, very strong; s,
strong; m, medium; w, weak; br, broad). (Fig. S2, Supplementary
Information). *H NMR (D0, ppm): § H™*P" (6.61-7.53, m, 9H), H®
(3.48, d, 1H, *Juy = 13.2Hz), H® (3.31, m, 2H), H**¥ (2.93, d, 1H,
3Jun = 6.3 Hz) (Fig. S3, Supplementary Information).

2.2.2. Synthesis of [Cu(Sal-Trp)(L)] (L = phen, 1; dpq, 2; dppz, 3; aip, 4)

Complexes 1-4 were prepared by a general synthetic procedure in
which a 0.2 g (1.0 mmol) quantity of copper(II) acetate.hydrate in 5 mL
of methanol was reacted with methanolic solution of the heterocyclic
base (L: phen, 0.19 g; dpq, 0.23 g; dppz, 0.29 g; aip, 0.39 g, 1.0 mmol)
while stirring at room temperature for 0.5h followed by addition of
solid Sal-TrpH ligand (1.0 mmol, 0.31 g) in small portions with con-
tinuous stirring. The reaction mixture was stirred for another 1h, and
the product was isolated as a green solid in ~85% yield on rotary
evaporation followed by washing with cold water and methanol and
finally dried under vacuum (yield: 0.44 g, 80% for 1; 0.49 g, 81% for 2;
0.58g, 88% for 3; 0.64g 83% for 4) (Scheme S2, Supplementary
Information).

Anal. Calcd. for C3oH54N405Cu (1): C, 65.27; H, 4.38; N, 10.15.
Found: C, 65.01; H, 4.47; N, 10.25. Selected IR data (KBr phase, cm ™ !):
3416br, 3208w, 2975w, 2922w, 1615vs (COOq,eym), 1569s, 1516 m,
1455 m, 14255 (COOgyy), 1387 m, 1328 m, 1265m, 1229 m, 1189 m,
1144 m, 1105m, 1007 m, 946 m, 878 m, 855s, 809w, 766 m, 743s,
718s, 650m, 574w, 506m. ESI-MS in MeOH: m/z = 552.1200
[M + H]*. UV-visible in DMF-Tris-HCI buffer (pH 7.2) (1:4 v/V) [Amax/
nm (e/M ™ em ™ 1)]: 675 (70), 415 (330), 271 (22800). [eg = 1.78 uB at
298 K.

Anal. Calcd. for C3,H54NgO3Cu (2): C, 63.62; H, 4.00; N, 13.91.
Found: C, 63.33; H, 4.21; N, 13.77. Selected IR data (KBr phase, cm™Y):
3416br, 2975w, 2922w, 1721m, 1636s (COOusym), 1562s, 1524 m,
1485s, 1463 m, 1412m (COOgyy,), 1372m, 1321w, 1253 m, 1182w,
1129 m, 1083s, 1037w, 1007 m, 931 m, 8625, 809m, 764 m, 725 m,
672m, 620m. ESI-MS in MeOH: m/z = 604.2984 [M + H]™".
UV-visible in DMF-Tris-HCl buffer (pH7.2) (1:4Vv/V) [Apax/nm (e/
M~ em™1)]: 656 (80), 410 (540), 257 (32600). pegr = 1.81 uB at 298 K.

Anal. Calcd for C36Ho6NgOsCu (3): C, 66.10; H, 4.01; N, 12.85.
Found: C, 65.87; H, 4.11; N, 13.02. Selected IR data (KBr phase, cm ™ '):
3416br, 3226 m, 2914 m, 1638vs (COO,sym), 1549 m, 1501s, 1455 m,
1423s (COOgyp,), 1356 m, 1237 m, 1182m, 1136 m, 1075s, 1052 m,
1000 m, 923w, 886w, 824 m, 766 s, 725vs, 663 m, 621 m, 566w, 528 m.
ESI-MS in MeOH: m/z = 654.1425 [M + H]*. UV-visible in DMF-Tris-
HCI buffer (pH 7.2) (1:4v/V) [Amax/nm (e/M ™' em™1)]: 660 (80), 435
(380), 378 (10800), 360 (12000), 275 (58800). eg = 1.79 uB at 298 K.

Anal. Caled for C45H3,NgO3Cu (4): C, 70.35; H, 4.20; N, 10.94.
Found: C, 70.17; H, 4.38; N, 11.12. Selected IR data (KBr phase, cm ™ '):
3416br, 2975w, 1668s, 1615s (COO,eym), 1562vs, 1509 m, 1478 m,
1417 m (COOgyy,), 1364w, 1296w, 1250 m, 1189w, 1085 m, 1052 m,
1007w, 878 m, 809m, 7255, 665 m, 589 m, 506 m. ESI-MS in MeOH:
m/z = 768.3803 [M + H]*. UV-visible in DMF-Tris-HCl buffer
(pH7.2) (1:4v/V) [Amax/nm (e/M ™' cm™)]: 665 (85), 387 (7800), 371
(8400). pegr = 1.81 uB at 298 K.
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2.3. Solubility and stability

The complex 1 was highly soluble in water whereas, complexes 2—-4
were sparingly soluble. The complexes were also soluble in MeOH,
MeCN, DMF, DMSO and aqueous mixture of the solvents; less soluble in
CHCl; and CH,Cl, and insoluble in hydrocarbon solvents. The stability
of the complexes in 20% DMF in phosphate buffer (pH7.2) was mon-
itored by recording the electronic spectra of the complexes for a period
of 24h at room temperature [48]. There were no significant spectral
changes implying that they are quite stable at physiological pH (Fig. S4,
Supplementary Information). Comparison of the absorption spectra of
the complexes to that of the ligands and metal salt present in their
formulations shows that the complexes retain their distinct spectral
features indicating that they do not degrade in aqueous buffers (Fig. S5,
Supplementary Information). To establish whether the complexes stu-
died remained stable after light irradiation, we also recorded the elec-
tronic spectra of the complexes before and after visible light
(400-700 nm) irradiation for 1 h. No significant spectral changes were
observed suggesting that the complexes are stable under visible light
exposed condition (Fig. S6, Supplementary Information).

2.4. X-ray crystallographic procedure

The crystal structure of [Cu(Sal-Trp)(phen)] (1) was obtained by
single crystal X-ray diffraction method. Crystals of 1 were obtained
from the aqueous solution of the complex on slow evaporation of the
solvent for several days. Crystal mounting was done on glass fibres with
epoxy cement. All geometric and intensity data were collected at room
temperature using an automated Bruker SMART APEX CCD dif-
fractometer equipped with a fine focus 1.75 kW sealed tube Mo-K, X-
ray source (A = 0.71073 10\) with increasing w (width of 0.3° per frame)
at a scan speed of 5s per frame. Intensity data, collected using an w-26
scan mode, were corrected for Lorentz-polarization effects and for ab-
sorption [49]. The structure solution was done by the combination of
Patterson and Fourier techniques and refined by full-matrix least-
squares method using SHELX system of programs [50]. All hydrogen
atoms belonging to the complex were in their calculated positions and
refined using a riding model. All non-hydrogen atoms were refined
anisotropically. The perspective views of the molecules were obtained
by ORTEP [51]. Selected crystallographic data are given in Table 1.

2.5. DNA and protein binding experiments

The DNA binding experiments were carried out using calf thymus
(ct) DNA by following reported procedures [52]. ct-DNA binding ex-
periments were performed in Tris-HCl buffer at an ambient tempera-
ture. In short, concentration of the DNA (in base pairs) was determined
by absorption spectroscopy using its molar absorption coefficient value
of 6600M~'cem™! at 260 nm. In UV-visible absorption titration ex-
periments, the complex solution (25uM) in 5mM Tris-HCl buffer
(pH 7.2) containing 20% DMF was titrated with the 210 yM DNA and
the intensity of the band at ~260 nm was monitored for the complexes.
Due correction was made for the absorption of DNA itself. The spectra
were recorded after equilibration for 5 min allowing the complexes to
bind to the DNA. The intrinsic equilibrium binding constant (K;) and
the fitting parameter (s) of the complexes to DNA were obtained by
McGhee-von Hippel (MvH) method using the expression of Bard and co-
workers by measuring the change of the absorption intensity of the
spectral bands with increasing concentration of DNA by regression
analysis using Eq. (1)

(ga = €0)/(ep — &) = (b — (b? — 2Ky?C([DNA]/$)/%)/ 2K Ci... @

where b = 1 + K,C; + K,[DNA]/2s, ¢, is the extinction coefficient
observed for the charge transfer absorption band at a given DNA con-
centration, g is the extinction coefficient of the complex free in solu-
tion, ¢, is the extinction coefficient of the complex when fully bound to
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Table 1
Selected crystallographic data for the complex [Cu(Sal-Trp)(phen)]-4H,O
(1-4H,0).

Empirical formula C30 H22 Cu N4 07

Fw, gM ™! 614.06
Crystal system Hexagonal
Space group P61

a, A 13.8595(11)
b, A 13.8595(11)
¢, A 29.625(3)
a, ® 90

B, ° 90

v, ° 120

v, A 4928.2(10)
Z 6

T, K 296(2)
Pealcd> & em™? 1.241

A, A (Mo-K,) 0.71073

i, cm ™t 0.712
Data/restraints/parameters 7151/253/379
F(000) 1890
Goodness-of-fit 0.972

R (F)', 1 > 20(D) [WR (F)]°
R (all data) [wR (all data)]
Largest diff. peak and hole (e A~%)

0.0618 [0.1633]
0.0857 [0.1784]
0.430, —0.378

* R =X[|F,| — |F||/Z|F,|.
® wR = {Z[w(F,> — F*)?1/ Sw(F)*1Y%
where P = (F,2 + 2F.%) /3, A = 0.1189; B = 0.

w = [0*(F,)® + (AP)*> + BP] "},

DNA, K, is the equilibrium binding constant, C, is the total metal
complex concentration, [DNA], is the DNA concentration in nucleotides
and s as the fitting parameter gives an estimate of the binding site size
in base pairs [53]. The non-linear least-squares analysis was done using
OriginPro 8.

The protein binding study was carried out by tryptophan fluores-
cence quenching experiments using bovine serum albumin (BSA, 2 uM)
or hen egg lysozyme (Lys, 2 uM) in Tris-HCI buffer (pH 7.2). Quenching
of the emission intensity of tryptophan residues (Trp 134 and Trp 214)
of BSA at 340 nm (excitation wavelength at 280 nm) was monitored
using complexes 1-4 as quenchers with increasing concentration [54].
Io/1 vs. [complex] plots were constructed. Linear fit of the data using
the equation Io/I = 1 + K[Q], where Iy and I are the emission intensity
of BSA or lysozyme in the absence of quencher and emission intensity of
BSA or lysozyme in the presence of the quencher of concentration [Q]
gave the binding constant K (Kgga or Kyys) values using OriginPro 8.

2.6. DNA cleavage experiments

The photocleavage of supercoiled pUC19 DNA (Plasmid, University
of California, 30 uM, 0.2 ug, 2686 base pairs) by the complexes 1-4
(10 uM) was studied by agarose gel electrophoresis using in 50 mM tris
(hydroxymethyl)methane-HCl (Tris-HCl) buffer (pH7.2) containing
50 mM NaCl. The DNA photocleavage reactions were performed using a
446 nm blue laser light source [Model no. BLM442TA-100 of LASER
CENTURY, Shanghai Laser and Optics Century Co. Ltd., Continuous-
Wave (CW), beam diameter 1 X 3mm and beam divergence
1 X 0.5mrad, output power 100 mW] and a 660 nm red laser light
source [Model no. of RLM20-660D-100, Continuous-Wave (CW), beam
diameter (@5 m) ~5 X 7 mm and beam divergence < 0.5 mrad, output
power 100 mW] respectively. The samples were incubated for 1h at
37 °C after light exposure and analyzed for the photo-cleaved products
using agarose gel electrophoresis following literature procedures
[55,56]. The extent of DNA cleavage was calculated from the intensities
of the bands using UVITEC Gel Documentation System. The con-
centrations of the complexes and additives corresponded to that in the
20 pL final volume of the sample using Tris-HCl buffer.
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2.7. Cell viability assay

HeLa (human cervical carcinoma) and MCF-7 (human breast ade-
nocarcinoma) cells were maintained in Dulbecco's Modified Eagle's
Medium (DMEM), supplemented with 10% fetal bovine serum (FBS),
100IU/mL of penicillin, 100pg/mL of streptomycin and 2mM
Glutamax at 37 °C in a humidified 5% CO, incubator. The adherent
cultures were grown as monolayer and were passaged once in 4-5 days
by trypsinizing with 0.25% Trypsin-EDTA. The photocytotoxicity of the
complexes was assessed using MTT assay based on the ability of mi-
tochondrial dehydrogenases in the viable cells to cleave the tetrazolium
rings of MTT and forming dark blue membrane impermeable crystals of
formazan that were measured at 540 nm giving an estimate of the
number of viable cells [57]. Approximately, 1 x 10* cells of HeLa and
MCF-7 were plated in a 96-well culture plate in DMEM supplemented
with 10% fetal bovine serum and cultured overnight. Different con-
centrations of the complexes 1-4 were added to the cells, and incuba-
tion was continued for 4 h in dark. After incubation, the medium was
replaced with 50 mM phosphate buffer, pH7.4, containing 150 mM
NaCl (PBS) and photo-irradiation was done for 1h in visible light of
400-700 nm using Luzchem Photoreactor (Model LZC-1, Ontario, Ca-
nada; light fluence rate: 2.4 mW cm™2; light dose = 10Jcm™2). PBS
was replaced with 10% DMEM after irradiation. Incubation was con-
tinued for a further period of 19 h in dark for light exposed cells and for
20h in dark for light unexposed cells followed by addition of 25 uL of
4mgmL~" of MTT to each well and incubated for an additional 3 h.
The culture medium was discarded and a 100 puL volume of DMSO was
added to dissolve the formazan crystals. The absorbance at 540 nm was
determined using an ELISA microplate reader (Bio-Rad, Hercules, CA,
USA). The cytotoxicity of the test compounds was measured as the
percentage ratio of the absorbance of the treated cells over the un-
treated controls. The ICs, values were determined by nonlinear re-
gression analysis (GraphPad Prism, version 6).

2.8. Partition coefficient of the complexes between n-octanol and water

The partition coefficients of the complexes between n-octanol and
water were determined experimentally using a modified shake-flask
method following reported literature [58]. In short, 4 mL solution of
complexes 1-4 in octanol saturated water was shaken with 4 mL of
water saturated n-octanol in a falcon tube for ~15-20 min using a
vortex. The biphasic mixture was centrifuged for ~5 min at 3000 rpm
and the layers were separated. The concentration of the 1-4 in each
layer was measured spectrophotometrically. The partition coefficients
of 1-4 were determined at three different concentrations and averaged
out.

2.9. DCFDA assay for detection of ROS

The DCFDA assay was performed to detect the generation of cellular
reactive oxygen species (ROS) following the protocols reported by E.
Eruslanov and S. Kusmartsev [59]. For flow cytometric analysis for the
detection of ROS, ~1 x 10° HelLa cells were seeded, cultured and then
incubated with the complexes 1-4 (3uM). The media was then dis-
carded and the cells were harvested by trypsinization and a single cell
suspension in PBS was made. The cells were then treated with 10 uM
DCFDA solution (in DMSO) in dark for 30 min at room temperature.
Excess media was discarded again and cell suspensions were then fur-
ther incubated for 1h in dark or irradiated with visible light source of
400-700nm (10 J cm™2) to follow the effect of complexes on DCFDA
inside cancer cells. The distribution of DCFDA stained HeLa cells was
then determined directly by flow cytometry in the FL-1 channel without
any further washing.
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2.10. Annexin V-FITC-PI assay for apoptosis

Annexin V/FITC/PI assay was carried out for complex 4 (3 uM) in
1% DMSO/DMEM [60]. Approximately 4 x 10° HeLa cells were seeded
in six-well plates and cultured for overnight. The cells were incubated
with the complex for 4h in the dark and then exposed to light (1 h,
A = 400-700 nm, light dose = 10J cm™?) in phenol red free media or
kept in dark. Cells were then kept for another 19 h and 20 h respectively
for the light exposed and unexposed plates in DMEM-10% fetal bovine
serum (FBS) buffer in the dark, after which the medium was discarded,
and the cells were trypsinized and re-suspended in 140 pL. Annexin V
binding buffer (100 mM HEPES/NaOH, pH7.4 containing 140 mM
NaCl and 2.5 mM CaCl,). Annexin-V/FITC (0.5 mL) and propidium io-
dide (PI; 1 mL) were added to the cell suspensions and incubated for
5 min. Readings were taken with the FACS instrument.

2.11. Confocal microscopy

HeLa and MCF-7 (~4 x 10%) cells, plated on cover slips, were in-
cubated with 5uM of complex 4 for 4h in dark, fixed with 4% paraf-
ormaldehyde for 10 min at room temperature and washed with PBS
[61]. This was followed by incubation with PI staining solution (50 ug/
mL RNase A, 20 ug/mL PI in PBS) for 1h at 37 °C. The cells were wa-
shed free of excess PI and mounted. Images were acquired using the
confocal scanning microscope (Leica, TCS SP5 DM6000) and analyzed
using the LAS AF Lite software.

3. Results and discussion
3.1. Synthesis and general aspects

Ternary copper(Il) complexes [Cu(Sal-Trp)(L)] (1-4) having N-
Salicylyl-i-Tryptophan (Sal-TrpH) and N,N-donor heterocyclic bases (L:
phen, 1; dpq, 2; dppz, 3; aip, 4) were designed and prepared in good
yield (—~85%) from the reaction of Sal-TrpH ligand with copper(II)
acetate monohydrate and the respective phenanthroline bases in me-
thanol (Chart 1). The imine bond of the Schiff base ligand was reduced
to ensure that the complexes do not suffer from the hydrolytic in-
stability in biological fluid [62]. The phenanthroline bases are efficient
binders to biomolecules such as DNA and proteins and also result in
optimum lipophilicity to the compounds [63]. The complexes were
characterized by various spectroscopic and analytical techniques. Se-
lected physicochemical data are given in Table 2. The stability of the
complexes 1-4 in solution phase was evidenced from their ESI-MS
spectra showing essentially the molecular ion peak as [M + H] " in
methanol (Figs. S7-S10, Supplementary Information). The IR spectra of
the complexes displayed characteristic stretching bands at
~1615-1630cm ™' and ~1400-1425cm™' due to asymmetric and
symmetric COO stretch respectively, whereas the free ligand Sal-TrpH

Table 2
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Fig. 1. The electronic spectra of [Cu(Sal-Trp)(phen)] (1, —); [Cu(Sal-Trp)
(dpq)] (2, —); [Cu(Sal-Trp)(dppz)] (3, ~+) and [Cu(Ph-Trp)(aip)] (4, ---)
(1 mM) in DMF-Tris-HCl buffer (pH7.2) (1:4 v/v). The inset shows the cyclic
voltammogram of 1 (—) in DMF-0.1 M TBAP.

showed these bands at ~1620cm™! and ~1450cm™! respectively
(Figs. S11-S14, Supplementary Information). Magnetic moment values
of ~1.8pp at 25°C suggested the presence of a one-electron para-
magnetic 3d°-Cu(ll) center in the complexes. The UV-visible spectra of
1-4, recorded in DMF-Tris-HCI buffer (pH7.2) (1:4v/v), displayed a
broad and weak copper-centered d-d band in the range of 650-680 nm
(Fig. 1). A moderately intense ligand to metal charge transfer band was
observed ~400 nm in 1-4 [64]. The ligand-centered electronic transi-
tions were observed in the UV region. Complex 4 exhibited an emission
spectral band at 468 nm on excitation at 370 nm in DMF at 25 °C (Fig.
S15, Supplementary Information). The emissive property of this com-
plex was used for cellular imaging by confocal microscopy. Complexes
1-3 showed quasi-reversible cyclic voltammetric responses in DMF-
0.1 M TBAP ~ —0.3V due to the Cu(II)-Cu(I) couple, whereas complex
4 displayed irreversible response for Cu(II)-Cu(I) couple with very large
AE,, value of 354 mV (Fig. 1, Fig. S16, Supplementary Information).

3.2. Crystal structure

Complex 1 was structurally characterized by single crystal X-ray
diffraction method. Complex 1 crystallized in the P61 space group of
the hexagonal crystal system with six molecules in the unit cell (Fig.
S17, Supplementary Information). The ORTEP view of the complex is
shown in Fig. 2. Important crystallographic parameters and selected
bond distance and angle data are given in Table 1 and Table S1 (Sup-
plementary Information) respectively. The structure of 1 consists of a
discrete complex having Cu(Ill) as the central metal atom. Cu(Il)

Selected physicochemical data for the complexes [Cu(Sal-Trp)(L)] (L = phen, 1; dpq, 2; dppz, 3; aip, 4).

Complex IR/cm ™! Amax/M E¢/V Her / l1p LogP,/w
[U(COO,5ym; COOgym]? (/M 'em™hHP (AE, / mV)*
Cu(ID-Cu(I)
1 1615; 1406 675 (70), 415 (330) —0.35 (80) 1.78 —0.468
2 1630; 1406 656 (80), 410 (540) —0.27 (86) 1.81 0.412
3 1630; 1416 660 (80), 435 (380) —0.31 (91) 1.79 0.712
4 1622; 1409 665 (85) —0.28 (354) 1.81 1.02

2 In KBr phase.

 In DMF-Tris-HCl buffer (pH7.2) (1:4v/v).

¢ Cu(IN-Cu(I) couple in DMF-0.1 M TBAP, E; = 0.5(Ep, + Epo), AE, = (Epa —
potentials are vs. Ag/AgCl electrode. Scan rate = 50 mVs ™.

4 Magnetic moment at 298 K.
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E,), where E,,, and E,,. are the anodic and cathodic peak potentials, respectively. The
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Fig. 2. An ORTEP view of the neutral complex [Cu(Sal-Trp)(phen)] (1) showing
50% probability thermal ellipsoids and the atom numbering scheme for the
metal and hetero atoms. The hydrogen atoms are omitted for clarity. Atoms
color code: Cu, red; O, blue; N, green; C, black. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

exhibits a slightly distorted square-pyramidal CuN3;O, geometry (de-
gree of trigonality, T = 0.013). The Sal-Trp ligand provides tridentate
NOO coordination to Cu(Il) center whereas, the phenanthroline base
coordinates in bidentate fashion with the Cu—N bond distances in the
range 1.981(6) to 2.015(5) A. The equatorial and axial Cu—O bond
distances are 1.952(5) and 2.325(6) /1’\, respectively. The chiral carbon
of L-Tryptophan has “S”-configuration.

3.3. DNA and protein binding property

The affinity of the complexes to bind to calf-thymus (ct) DNA was
assessed using UV-visible spectroscopy. UV-visible absorption titration
method was used to determine the intrinsic DNA binding constant (Kp)
of the complexes by monitoring the change in the absorption intensity
of the ligand-centered band of the complexes 1-4 at ~270nm.
Significant hypochromicity with minor bathochromic shift suggests
primarily groove binding mode of the complexes to ct DNA in Tris-HCl
buffer medium (Fig. S18, Supplementary Information). Classical DNA
intercalators that m- stack between two DNA base pairs cause much
larger hypochromicity and significant bathochromic shift of the spectral
bands [65]. McGhee and von Hippel method was used to evaluate the
K}, values of the complexes which range within (2.40 *+ 0.29) X 10° to
(6.38 + 0.18) x 10°M ™! giving the DNA binding affinity order as:
3 > 4 > 2 > 1 (Table S2, Supplementary Information). The complex
3 and 4 having the extended aromatic phenazine ring probably facil-
itates partial intercalation of this complex through the DNA groove
resulting in its higher binding strength compared to their phenanthro-
line or dipyridoquinoxaline analogues 1 and 2.
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The binding propensity of the complexes 1-4 for bovine serum al-
bumin (BSA) or hen egg lysozyme was evaluated by tryptophan emis-
sion-quenching experiment [37,54]. The intensity of emission of the
proteins at ~340nm was found to be quenched gradually with in-
creasing concentration of the complexes 1-4 due to their interaction
with the protein molecules in the ground state via static quenching
(Figs. S19 and S20, Supplementary Information). A linear plot of Iy/I vs.
[complex] gives the Kpsy and Kpys values with an order
4>3>2>1and 3 >4>2 > 1 respectively (Table S2, Sup-
plementary Information). The higher binding affinity of 3 and 4 is
probably due to the presence of the largely hydrophobic ligands dppz or
aip which fits well to the hydrophobic pockets of the proteins effi-
ciently. The complexes are also found to have higher binding affinity
for the extracellular model protein BSA compared to the intracellular
protein lysozyme. Therefore, human serum albumin could potentially
serve as carrier protein for this kind of metal complexes [66,67].

3.4. Photoinduced DNA cleavage study

The ability of the complexes 1-4 to cleave super-coiled (SC) pUC19
DNA (30 uM, 0.2 pg) to its nicked circular (NC) form in Tris-HCl/NaCl
(50 mM, pH7.2) buffer on irradiation with monochromatic blue and
red laser light of wavelengths 446 and 660 nm (laser power = 100 mW)
was evaluated using agarose gel electrophoresis. The wavelengths of
laser light were chosen based on the electronic absorption spectra of the
complexes. The complexes having DNA binding moieties in their for-
mulations were found to be efficient photo-cleavers of SC DNA (Fig.
S21, Supplementary Information). The complexes 3 and 4 almost
completely convert SC DNA to its NC form when irradiated at 446 nm.
The DNA photocleavage activity of the complexes follows the order:
4-3 > 2 > 1. The complexes also cleaved ~30-45% of supercoiled
DNA to its nicked circular form when exposed to 660 nm laser radia-
tion. The relatively lesser DNA photocleavage activity at 660 nm is
probably due to lower extinction coefficient of the d-d bands of the
copper complexes. The oxidative damage induced by the complexes
correlates with the DNA binding affinity and photosensitizing ability of
the complexes. Control experiments using Cu(I) salt, phen, dpq, dppz
or aip ligand did not show any significant DNA photo-damage activity
under similar experimental conditions. Therefore, the observed DNA
photocleavage by the complexes 1-4 is believed to be Cu(Il) assisted
involving their d-d and charge transfer bands.

3.5. Photocytotoxicity study

Toxicities of the complexes 1-4 against HeLa (human cervical car-
cinoma) and MCF-7 (human breast adenocarcinoma) cancer cell lines in
dark and visible light (400-700 nm) were evaluated using MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, assay (Figs. 3,
Figs. S22-S24, Supplementary Information). A dose dependent cyto-
toxic activity of the complexes was observed against both HeLa and
MCF-7 cells in dark as expected possibly due to the reduction of Cu(II)
by cellular thiols and subsequent generation of radicals by Fenton type
reaction. However, photo-irradiation with visible light (400-700 nm)
resulted in significantly enhanced cytotoxicity of the complexes. A
~1.8-8 fold enhancement in the cytotoxicity of the complexes in HeLa
cells was observed when exposed to visible light compared to the
samples in dark. The aip complex 4 was found to be most toxic to HeLa
cells with ICgq value of 3.24 uM when exposed to visible light. The ICsq
values of the complexes tested, photofrin and cisplatin are listed in
Table 3 [68-71]. The observed photocytotoxicity is comparable to that
of photofrin. Cisplatin lacking any photoactive moiety showed an ICsq
value of ~70uM in both dark and light under similar experimental
conditions. Control experiments with photo-exposure of the cells in
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Fig. 3. Cell viability plots for the cytotoxic effect of complex 4 (50-0.78 uM) in (a) HeLa cells and (b) MCF-7 cells in dark (solid symbols) and in the presence of
visible light (hollow symbols, 400-700 nm, 10 Jem ~2). Each concentration of the complex was applied in triplicate.

Table 3
The ICsq values of Photofrin®, cisplatin, [Cu(Sal-Trp)(L)] (L = phen, 1; dpq, 2;
dppz, 3; nip, 4) in HeLa and MCF-7 cells.*

Compound HeLa MCF-7

ICso (HM) ICso (HM) ICso (UM) ICso (M)

Dark” visible light® Dark” visible light*
1 9.55 + 1.59 540 = 0.87  9.13 + 1.40 3.92 + 0.60
2 9.13 * 1.62 392 + 057 9.29 + 1.89 2.80 * 0.38
3 13.50 + 3.07 3.64 + 0.57  20.33 * 550 2.15 + 0.47
4 25.09 + 4.04 3.24 + 0.63 3256 * 3.05 1.89 + 0.29
Photofrin® > 414 43(+027¢ - 2.0 (+0.2)°
Cisplatin 71.3( = 2.9)" 68.7( = 3.4)  [28.0(+3.1)]¥ -

2 The errors ICso values are standard deviations of three experiments.

> The ICs, values correspond to 24 h incubation in dark.

¢ The ICsq values correspond to 4 h incubation in dark followed by photo-
exposure to visible light (400-700 nm, 10J cm™?).

4 The Photofrin® 1Cs values (633 nm excitation; fluence rate: 5J cm ™~ ?) are
taken from reference no. 68 (converted to uM using the approximate molecular
weight of Photofrin®, 600 gM™1).

¢ The Photofrin® ICs, values (2h exposure; white bulb; fluence rate:
5.5 X 10~ 2mW cm ~?) are taken from reference no 69.

f The ICs, values for 4 h treatment are taken from reference no 70.

¢ The ICs, value for 24 h treatment is taken from reference no 71.

absence of the complexes showed no apparent reduction in the cell
viability. A similar photo-enhanced cytotoxic behavior of the complexes
was seen on the breast cancer cell line (MCF-7) on exposure to visible
light. Complex 4 was also found to be most cytotoxic towards MCF-7
cells giving ICso of ~1.9 uM when exposed to visible light while re-
maining largely non-toxic in dark. Complexes were relatively more
cytotoxic towards MCF-7 cells compared to the HeLa cells. The ligands
or the metal salt were non-toxic both in dark and visible light (Table S3,
Supplementary Information).

3.6. Measurement of lipophilicity

The passive partitioning into the cytoplasm from extracellular fluid
through cell membrane is crucial for hydrophobic drugs [72,73]. A
partition coefficient between n-octanol and water could be used to as-
sess the ability of drug candidates to diffuse through lipid bilayer
membrane of cells. To validate if the degree of lipophilicity in the
complexes correlates with their in vitro photocytotoxicity in cancer
cells, the n-octanol/water partition coefficients (expressed as log Po,w)
were determined and found to follow the order 4 > 3 > 2 > 1
(Table 2). The presence of flat planar extended aromatic groups along
with the polar Sal-Trp ligand around the copper center is found to have

66

large effect on the lipophilicity of the molecules. The data presented in
Table 2 correlates with the photocytotoxicity of the complexes in HeLa
and MCF-7 cancer cell lines. Complex 4 with highest lipophilic behavior
is likely to pass through the lipid bilayer of cell most easily and show its
activity upon activation by light. However, the higher photo-
cytotoxicity of 3 and 4 could probably also be the result of higher
photosensitizing ability of the respective phenanthroline ligands.

3.7. Cellular ROS generation

To evaluate the ability of the complexes to generate cellular ROS,
DCFDA assay was performed [59,74]. H,DCFDA or simply DCFDA is a
non-fluorescent dye which forms H,DCF by enzymatic reaction in in-
tracellular fluid, which on oxidation by ROS generates fluorescent DCF
with emission maximum at 528 nm [75]. HeLa cells were treated with
complexes 1-4 (3 uM) in dark for 4h and DCFDA (10 uM) for 30 min
followed by 1 h incubation in dark or photo-exposure (400-700 nm) in
DPBS and the assay was performed using flow cytometric analysis. A
significant shift in the emission band towards right was shown by cells
treated with complexes 1-4 upon light exposure indicates an increase in
the intensity of emission resulting from the generation of DCF by the
ROS-mediated oxidation of DCFDA (Fig. 4, Fig. S25, Supplementary
Information). Careful analysis shows that the ability of formation of
intracellular ROS correlates well with the ICs, values of complexes both
in dark and light as listed in Table 3. Complex 4 exhibited maximum
amount of ROS production after light exposure while remain most
dormant in the dark conditions. The control experiments did not show
any significant ROS formation while H,0,, the positive control, showed
maximum production of ROS (Fig. S26, Supplementary Information).

= Cells only
Cells + DCFDA

100

Cells + DCFDA + 4 (Dark)

- [ / \
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Fig. 4. Flow cytometry to detect the ROS generation using DCFDA assay for the
complex 4 (3uM) under different experimental conditions: cells only;
cells + DCFDA; cells + DCFDA + complex 4 (in dark); and
cells + DCFDA + complex 4 (in light). A greater shift in fluorescence intensity
implies higher amount of DCF and greater ROS generation.



A. Banaspati et al.

oy

Propidius lodide

Pl

Complex 4 (dark)  Complex 4 (light)
Annexin V-FITC

Fig. 5. FACScan profiles of Annexin V-FITC-PI staining of HeLa cells under-
going apoptosis induced by complex 4 (3pM) in dark and visible light
(400-700 nm).

The ROS generated by photoactivation of complexes 1-4 is believed to
be responsible for the cell death.

3.8. FACScan analysis for mechanism of cell death

Cells undergoing apoptosis expresses phosphatidylserine on the
outer surface of cells due to membrane flipping to which Annexin-V
binds selectively. The ability of the copper complexes to induce apop-
tosis in HelLa cells was determined by treating the cancer cells with the
most active complex 4 (3uM) in dark as well as in visible light
(400-700 nm) followed by staining with Annexin-V conjugated to FITC
and propidium iodide (PI). Cells treated with 4 and exposed to visible
light stained positive for Annexin-V due to membrane flipping which is
one of the earliest events of apoptotic cell death. ~27% of the total cell
population was in early stage of apoptosis showing positive Annexin-V
staining whereas, the population of cells in late stage of apoptosis was
~24% (Fig. 5). The un-irradiated cells treated with 4 did not show
significant apoptotic cell death compared to control experiment in dark
(Fig. S27, Supplementary Information). These results clearly show that
the complex 4 is capable of inducing significant apoptotic cell death on
photo-activation.

Fig. 6. Confocal microscopic images of HeLa (panels A to D) and MCF-7 (panels E to H) cells treated with complex 4 (5 uM) for 4 h and propidium iodide (PI). Panels
(B) and (F) correspond to the blue emission of complex 4 upon excitation with 405 nm laser. Panels (A) and (E) correspond to the red emission of PI. Panels (C) and
(G) are the merged images of the first two panels and (D) and (H) are the bright field images respectively. The scale bar in panel (a) corresponds to 20 pm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.9. Confocal imaging

Complex 4 bearing a fluorescent anthracenyl moiety is designed and
synthesized for cellular imaging using confocal microscopy to study its
uptake and localization in the HeLa (Fig. 6, panels A-D) and MCF-7
(Fig. 6, panels E-H) cells. HeLa cells, on treatment with complex 4
(5uM) for a time period of 4h, were observed to show predominant
cytosolic localization as evident from the blue fluorescence (Fig. 6,
panel B). Complex 4 (5uM) displayed similar cellular localization be-
havior in MCF-7 cells as well (Fig. 6, panel F). The cells were co-stained
with propidium iodide (PI) which stains only the nucleus in presence of
RNase which degrades the cellular RNA (Fig. 6, panels A and E). The
merged images (panels C and G) clearly indicate cytosolic localization
of complex 4 in both the cancer cell lines. The bright field images are
shown in panels D and H.

4. Conclusion

Four ternary copper(II) complexes containing a reduced Schiff base
ligand derived from L-Tryptophan and salicylaldehyde and phenan-
throline bases were synthesized, fully characterized and their cyto-
toxicity, mechanism of cell death and cellular localization studied in
cancer cells. The rationale of the design of the complexes is to attach the
N-Salicylyl-i-Tryptophan ligand into a Cu(II) center which is further
bound to a phenanthroline base which serves the dual purpose of DNA
binder and photosensitizer. The complexes exhibit efficient binding
propensity to CT DNA probably through partial intercalation. They
photo-cleave pUC19 DNA in visible laser light of 446 and 660 nm. The
complexes are remarkably cytotoxic towards cervical (HeLa) and breast
(MCF-7) cancer cells on exposure to low energy visible light. Significant
induction of apoptosis is observed in photo-irradiated HeLa cells pre-
treated with complex 4. The fluorescence emission of complex 4
bearing an anthracenyl moiety is exploited for confocal imaging which
shows primary cytosolic localization in both HeLa and MCF-7 cells. The
present investigation of optimally lipophilic copper(Il) complexes
having biocompatible ligands as efficient photocytotoxic agents opens
up new directions towards the development of 3d-metal based anti-
tumor drugs.

(©)



A. Banaspati et al.

Acknowledgments

The authors thank the Department of Science and Technology (DST)
INSPIRE Program, Government of India, for financial support (IFA14-
CH-164). We are thankful to DST and Department of SAIF, Gauhati
University for a CCD diffractometer facility. We also thank Dr. Ranjit
Thakuria and Dr. Sanjib Karmakar for helping with X-ray crystal-
lographic procedures. The authors are grateful to Ms. Aida Jameei,
Department of Biochemistry, Indian Institute of Science, Bangalore for
helping in the biological assays and Prof. Anjali A. Karande,
Department of Biochemistry, Indian Institute of Science, Bangalore for
allowing us to use the cellular facilities in her laboratory. We thankfully
acknowledge the supports of Bio-imaging and the flow cytometry fa-
cility of Division of Biological Sciences, Indian Institute of Science. AB
thanks DST INSPIRE, New Delhi, for research fellowship. AB* thanks
Council of Scientific and Industrial Research (CSIR), New Delhi, for
research fellowship.

Appendix A. Supplementary data

CIF file giving crystallographic data for complex 1, selected bond
distance and bond angle for complex 1 (Table S1), DNA and protein
binding constants (Table S2), cytotoxicity data (Table S3), synthetic
schemes (S1, S2) and figures showing mass spectra of ligand and the
complexes (S1, S7-S10), UV-visible spectra for stability measurements
(S4-S6), IR spectra (S2, S11-S14), ligand 'H NMR spectra (S3), fluor-
escence spectrum (S15), cyclic voltammograms (S16), unit cell packing
diagram (S17), DNA binding plots (S18), protein binding plots (S19,
S20), gel figures for DNA cleavage experiments (S21), cytotoxicity data
(S22-S27). Supplementary data to this article can be found online at
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