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Abstract

A series of novel nickel(ll) thiosemicarbazone ctemps(l-4) have been prepared and
characterized by various spectral, analytical tepes and X- ray crystallography. Further, their
efficacy to interact with CT-DNA/BSA has been exgd. From the binding studies, it is
inferred that complex found to be more active other complexes. The cergd bound with
CT-DNA by intercalation mode. Moreover, static qcging was observed for their interaction
with BSA. The new complexes were tested for theivitro cytotoxicity against human lung
adenocarcinoma (A549) cell line. The results showvieat the new complexes exhibited
significant degree of cytotoxicity at given expeeintal condition. Further, the results of LDH
and NO release supported the cytotoxic nature @fctimplexes. The observed cytotoxicity of
the complexes may be routed through ROS-hypergeoerand lipid-peroxidation with
subsequent depletion of cellular antioxidant p&&$H, SOD, CAT, GPx and GST) resulted in
the reduction of mitochondrial-membrane potentiaaspase-3 activation and DNA
fragmentation. Thus, the data from the presentystisclose that the complexes could induce
apoptosis in A549 cells through mitochondrial mestlafashion and inhibited the migration of
lung cancer cells and by metastasis.
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1. Introduction

Lung cancer is the leading cause of cancer-relatedality worldwide, leading to an
estimated 1.4 million death in 2010 [1]. Lung cantecommonly classified into two major
types, small cell lung carcinoma (SCLC) and noniso®l lung carcinoma (NSCLCNSCLC
constitutes 75% of lung cancer cases and is sudmtiviurther into three major histological
subtypes: adenocarcinoma (AC), squamous-cell car@n(SCC), and large-cell carcinoma. The
AC and SCC subtypes represent 85% of NSCLC ca$elrf#rgence of resistance to anticancer
drugs poses a major clinical challenge in succésgfatment of cancer [3]. There is potential to
overcome the two overriding problems in cancer attberapy the common occurrence of drug-
resistant tumor cells and the lack of selectivify cancer drugs in differentiating between
cancerous cells and normal cells [4]. Following thecovery of the anti-tumor properties of
cisplatin €is-Pt(NHs)Cl,) and related complexes, attention for the discpwefr new more
efficient complexes of other metals and ligandgettgped. Against tumors the first to be entered
for clinical trials were the analogues to cisplattomplexes of palladium(llgis-Pd(en)C} and
cissPd(DACH)CI, because palladium(ll) has a very similar chemistrplatinum(ll). Platinum
metallo-drugs are the most effective drugs usedHertreatment of tumor though its clinical
utility is restricted due to the frequent increasedrug resistance, the limited range of tumors
against which these drugs are active and severaatdissue toxicity being the nephrotoxicity
an important side effect which interfere with thdimerapeutic efficiency [5-9]. These
disadvantages have motivated the improvement dfnpla-based anticancer drugs different
from the traditional cisplatin structure and whicbuld probably have different DNA-binding
modes as well as show different biological profile8-14]. Several biological experiments have
demonstrated that DNA is the major intracellulagét of many anticancer drugs, cancerogens
and viruses [15,16]. Interactions of small molesus specific sites along a DNA strand as
reactive models for protein—nucleic acid bindinggvide paths toward rational drug design as
well as means to develop sensitive chemical proioesDNA [17,18]. Numerous metal
complexes have been used as probes of DNA, assafmnmediation of strand scission of
duplex DNA and as chemotherapeutic agents [19-ZB]losemicarbazones and their metal
complexes have been expansively studied becaugehtive a wide range of potential medical
applications [27-30]. which include notably antgsital [31], antibacterial [32], antitumor
activities [33], antiviral [34], fungicidal [35],ral antineoplastic [36]. Such potential medical



activities are owing to the strong chelating apildf thiosemicarbazones with biologically
important metal ions such as Fe, Cu, Ni and theductive capacities [37-41]. Nickel(ll)
complexes containing nitrogen and sulfur donorrdgare highly important [42-46] because
several hydrogenases and carbon monoxide dehydisgefd7] contain such nickel complexes
as their active sitdn this line, analogues nickel complexes are fotmdbe potent in various
therapeutic applications [48-50]. With the expeaotat platinum mimic nickel and palladium
complexes also exhibiting significant cytotoxicif$1-54], we have already reported the
biological evolution of 3-methoxysalicylaldehyde\d(substituted thiosemicarbazone complexes
of palladium [53]. In this article, the new palladi complexes were exposed to study their effect
on A549 and HepG2 cell lines. The MTT, LDH, NO acellular uptake studies were done.
However, in the present manuscript in additionhte &above studies, we have done a detailed
biological investigation of new nickel(ll) complexeontaining 3-methoxysalicylaldehyda\(
substituted thiosemicarbazone on lung carcinomad@izells and mechanism of drug action

leading to apoptosis has been explored.

2. Experimental section
2.1. Complex synthesis and characterization:

The ligands (hL)** and the nickel precursor [NigPPh),] were synthesized according
to the standard literature procedures [55,56]. th# reagents used were analar grade, were
purified and dried according to the standard praoed57]. The synthesis, analytical and
spectral characterization of the ligandsl(H™* were reported by our group earlier [58]T-
DNA, EB and BSA were obtained from Sigma AldriefMEM, FBS and all other cell-culture
reagents were obtained from Hi-media Laboratofiedia. Reagents for enzyme assays were
obtained from Merck speciality Chemicals, Indiaimirry antibodies used were obtained from
Cell signalling technology, USA and Upstate, USARMconjugated secondary antibodies, was
purchased from Leinco Technologies, USA. Westeat-lohembranes were obtained from
Whatman, USA. DCF was obtained from Calbiochem, UBOC6 and CCCP were obtained
from Sigma-Aldrich.Infrared spectra were measured as KBr pellets Nicalet Avatar Model
FT-IR spectrophotometer in the 400-4000trange. Elemental analysis of carbon, hydrogen,
nitrogen, and sulfur were determined using VariolEICHNS at the Department of Chemistry,
Bharathiar University, Coimbatore, India. The ealenic spectra of the complexes have been
recorded in dichloromethane using a JASCO V-63G®Bpehotometer in the 200-800 nm range.
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Emission spectra were recorded by using JASCO P 6pectrofluorometetH NMR spectra
were recorded in DMSO at room temperature with akBr 400 MHz instrument, chemical shift
relative to tetramethylsilane. Melting points wareasured in a Lab India apparatus. Single
crystal data collections and corrections for thes iNi(Il) complexeswere done at 293 K with
CCD kappaDiffractometer using graphite mono chromated MaK=0.71073 A) radiation [58-
60]. The structural solutions were done by usingeBXITL-97 [61] and refined by full matrix
least square oR? using SHELXL-97 [62].

2.1.1. Preparation of [Ni(Msal-tsc)(PPhs)].Cl (1):

An ethanolic (25 ml) solution of [NiG{PPh),] (0.200 g; 0.3058 mmol) was slowly
added to 3-methoxysalicylaldehydethiosemicarbagbheMsal-tsc] (0.068 g, 0.3058 mmol) in
dichloromethane (25 ml). The mixture was allowedstand for 4 days at room temperature.
Reddish orange crystals formed were filtered, wdskih petroleum ether (60-80 °C) and n-
hexane. Yield: 58 %. M.p. 288 °C. Anal. Calcd. @rH,sCIN3NiO,PS: C, 55.85; H, 4.34; N,
7.24; S, 5.52. Found:C, 55.02; H, 4.23; N, 7.05589 %. FT-IR (crit) in KBr: 1542 {c-n),
1318 {c.0), 770 fc=9), 1441, 1100, 694 ci(for PPh) ; UV- vis (CH.Cly), Amax 257 (24360)
nm (dnPmolcm™) (intra-ligand transition); 341 (17950), 364 (829872 (8102) nm (dfmol
lem™) (LMCT s—d); *H NMR (DMSO-d6, ppm): 8.36 (s, 1H, CH=Ny,9.12 (s, 1H, N(2)H-
C=S-) 3.77 (s, 3H, OC¥), 6.37—7.48 (m, aromatic) 7.90 and 8.08 (2s, 1H;)N
The very similar method was followed to synthesiteer complexes.

2.1.2. Preparation of [Ni(Msal-mtsc)(PPhy)](2):

The complex2 was prepared by the procedure as used 1prwith 3-methoxy
salicylaldehyde -4(N)-methylthiosemicarbazone,-Msal-mtsc] (0.074 g; 0.3058 mmol) and
[NiCl,(PPh);] (0.200 g; 0.3058 mmol). Yield: 63 %. M.p. 238 °CAnal. Calcd. for
CogH26N3NIOLPS: C, 60.24; H, 4.69; N, 7.52; S, 5.74. Foundé@18; H, 4.63; N, 7.49; S, 5.68
%. FT-IR (cm") in KBr: 1556 {c=n), 1359 {c.0), 738 §c.9, 1450, 1068, 610 ci(for PPh);
UV- vis (CH:xCly), Amax 257 (11659), 303 (8265) nm (dmol‘cm™)(intra-ligand transition); 359
(7140) nm, 371 (7000) nm (dmol‘cm®) (LMCT s—d); 410 (6900) nm (dfmol*cm™)
(forbidden (@-d) transition); ‘H NMR (DMSO-d6, ppm): 8.32 (s, 1H, CH=N), 8.30 {4,
NHCHj3), 3.80 (s, 3H, OC}), 6.45-6.99 (m, aromatic), 1.13 (t, 3H, gH



2.1.3. Preparation of [Ni(Msal-etsc)(PPh)] (3):

The complex3 was prepared by the procedure as used 19rwith 3-methoxy
salicylaldehyde-4(N)-ethylthiosemicarbazone ,JHisal-etsc] (0.078 g; 0.3058 mmol) and
[NiCI>(PPh);] (0.200 g; 0.3058 mmol). Yield: 64 %. M.p. 244 °@nal. Calcd for
CaooH2sN3O,SNIP: C, 60.86; H, 4.93; N, 7.34; S, 5.60. Found6@81; H, 4.87; N, 7.29; S, 5.52
%. FT-IR (cm®) in KBr: 3310 on), 1536¢c-n), 1276 {c.0), 795 {c.9), 1452, 1089, 697 ch
(for PPh) ; UV- vis (CHCl,), Amax: 232 (21150) nm (dfmol‘cm™) (intra-ligand transition),
362 (18560) nm, 371 (17450) nm (@mol*cm?) (LMCT s—d); ‘H NMR (DMSO-d6, ppm):
8.54 (s, 1H, CH=N), 7.78 (br s, 1H, Nhi€), 3.75 (s, 3H, OC}), 6.79-7.78 (m, aromatic),
3.13-3.14 (m, 2H, C}), 1.04 (t, 3H, CH).

2.1.4. Preparation of [Ni(Msal-ptsc)(PPhs)] (4):

The complex4 was prepared by the procedure as has been uséb) fwith 3-methoxy
salicylaldehyde-4(N)-phenylthiosemicarbazone,-Mbsal-ptsc] (0.092 g; 0.3058 mmol) and
[NiClx(PPh);] (0.200 g; 0.3058 mmol).Yield: 74 %. M.p. 261 °@nal. Calcd. for
Cs3H2sN3OSNIP: C, 63.89; H, 4.55; N, 6.77; S, 5.17. Found:68.82; H, 4.49; N, 6.73; S,
5.11%. FT-IR (crl) in KBr: 1554 {c-n), 1310 {c.0), 743 §c.9), 1435, 1096, 694 ci(for
PPh) ;UV- vis (CHCL), Amac 238 (15270) nm (dfimolcm™) (intra-ligand transition); 366
(14360), 375 (13650) nm (dmol’cm?) (LMCT s—d), 424 (12800) nm (dfmolcm™)
(forbidden (d~d) transition);'H NMR (DMSO-d6, ppm): 8.70 (s, 1H, CH=N), 9.44 (&,
NHPh), 3.41 (s, 3H, OC}ji 6.61-7.87 (m, aromatic).
2.2.DNA binding study:

Various concentrations (0.05-0.Bv) of CT-DNA solution was dissolved in a tris HCI
buffer (pH 7) were added to the nickel complekes(1 uM). Absorption spectra were recorded
after equilibrium at 20 °C for 10 min. Emission reegements were carried out by using a
JASCO FP- 6600 spectrofluorimeter. Tris—buffer we®d as a blank to make preliminary
adjustments. The excitation wavelength was fixed te emission range was adjusted before
measurements. All measurements were made &€ 2Bor emission spectral titrations, complex
concentration was maintained constant agviland the concentration of DNA was varied from
0.05 to 0.5uM. The emission enhancement factors were measyredrparing the intensities

at the emission spectral maxima under similar dorh. In order to find out the mode of



attachment of CT DNA to the complexds4) fluorescence quenching experiments of EB-DNA
were carried out by adding 10 uM nickel(ll) commexwith 10 ul every time to the samples
containing 12 uM EB, 12 uM DNA and tris-buffer (pH= Before measurements, the system
was shook and incubated at room temperature for a5 Tihe emission was recorded at 530—
750 nm.

2.3. Bovine serum albumin binding study:

The protein binding study was performed by tryp@mphfluorescence quenching
experiments using bovine serum albumin (BSA, 1uMjhee substrate in phosphate buffer (pH
7). Quenching of the emission intensity of tryptaplresidues of BSA at 347 nm (excitation
wavelength at 278 nm) was monitored using complelke$ as quenchers with increasing
complex concentration. Synchronous fluorescencetisppef BSA with various concentrations of
complexes were obtained from 300 to 400 nm wiwerrs 60 nm and from 290 to 500 nm when
AX = 15 nm. The excitation and emission slit widtheyevs and 6 nm, respectively. Fluorescence
and synchronous measurements were performed udingraquartz cell on an JASCO FP 6500
spectrofluorimeter.

2.4, Cell-culture:

Human lung adenocarcinoma cells, A549 were obtaired NCCS, Pune, India. Cells
were grown in DMEM and 10% FBS (v/v), containing01@nits/ml penicillin, 30pug/ml
streptomycin and 20pug/ml gentamycin in a;@@ubator with 5% C@

2.4.1. Cél proliferation (MTT) assay:

Effect of the complexes on the viability of humamd cancer cells (A549) was assayed
by the 3-(4,5-dimethylthiazol-2-yl)- 2,5- diphersfitazolium bromide (MTT) assay [63]. The
cells were seeded at a density of 10,000 cellswwdk, in 200 ul DMEM medium and were
allowed to attach overnight in a G@cubator. Then flick off the media and the compke (L-4)
dissolved in DMSO and diluted in cell culture medieere added to the cells at a final
concentration of 1, 10, 25 and 50 uM. After 48 Isptine wells were treated with 20 pl MTT (5
mg/ml PBS) and incubated at 37 °C for 4 hours. Ppheple formazon crystals formed were

dissolved in 200 ul DMSO and read at 570 nm in eronplate reader.



2.4.2. Release of lactate dehydrogenase (LDH):

LDH activity was determined by the linear regionafyruvate standard graph using
regression analysis and expressed as percentatgal@ége as described previously [64]. Brieflyato
set of tubes, 1ml of buffered substrate (lithiurotddée) and 0.1ml of the media or cell extract
were added and tubes were incubated at 37 °C faniB0After adding 0.2 ml of NAD solution,
the incubation was continued for another 30 mire éaction was then arrested by adding 0.1ml
of DNPH reagent and the tubes were incubated ftindu period of 15 min at 37 °C. After this,
0.1ml of media or cell extract was added to blardes after arresting the reaction with DNPH.
3.5 ml of 0.4 N sodium hydroxide was added to bB# tubes. The colour developed was
measured at 420 nm in a Shimadzu UV/visible spphtstometer. The amount of LDH released

was expressed as percentage.
2.4.3. Nitric oxide (NO) assay:

The amount of nitrite was determined by the metbib8tuehr and Marletta [65]. Nitrite
reacts with Griess Reagent to give a coloured cexpieasured at 540 nm. To 100 pl of the
medium, 50 ul of Griess reagent | was added, maatl allowed to react for 10 min. This was
followed by 50 ul addition of Griess reagent Ik tieaction mixture was mixed well and incubated for
another 10 min at room temperature. The pink cotiewreloped was measured at 540 nm in a

microguant plate reader (Biotek Instruments).

2.4.4. Wound healing assay:

For cell motility determination, A549 cells (1 X1€ells/ml) were plated in six well tissue
culture plates and grown to 80-90% confluence. rAdpirating the medium, the centers of the
cell mono layers were scraped with a sterile migrefpe tip to create a denuded zone (gap) of
constant width. Subsequently, cellular debris washed with PBS, and A549 cells were
exposed to complexds 4. The wound closure was monitored and photographd@ h with an
Olympus inverted microscope and camera.

2.4.5. Reactive Oxygen Species (ROS) generation:
Relative changes in intracellular reactive oxygpacges in A549 cells were monitored

using a fluorescent probe,, 2 -dichlorofluoresceindiacetate (DCFH-DA) [66].Theedatment



groups were maintained as described for LDH lealeagka time course for ROS generation by
complexes was done. Cells were incubated withVL@fi DCFH-DA and incubated for 30
min, followed by incubation with complexé&s4) for different time periods(15min, 30min and

1 hour). One treatment group with 50 puMORl was included to serve as a positive
control. Cells were then harvested, centrifugeashed and re suspended in PBS and read
in a Hitachi spectrofluorimeter using excitatid80 nm, emission 520 nm. The estimations
were carried out thrice in triplicate, ensuring ledicne that the number of cells per treatment
group were the same to ensure reproducibility. Vakies were expressed as % relative

fluorescence as compared to the control.

2.4.6. Cdlular antioxidant status:
After completing the treatment schedule, cell ettavere prepared by sonication in

Tris-EDTA-PMSF buffer and the protein content oé tbupernatant was determined by Lowry
method [67] and used for antioxidant assayshBeagent blanks and enzyme blanks were
measured for all assays. All assays were carri¢dhahe linear range and expressed as specific
activities of enzymes. The intracellular concetraof reduced glutathione was estimated by
the fluorometric assay as described by Pereira-€aat [68] using ortho-pthalaldehyde (OPT).
Superoxide dismutase (SOD) [69], Catalase (CAT],[@utathione-S-transferase (GST) [71],
and Glutathione peroxidase (GPx) [72] activitiesevgetermined as described previously.

2.4.7. Measurement of mitochondrial transmembrane potential:

Mitochondrial energization was determined as theent®mn of the dye 3, '3
dihexyloxacarbocyanine iodide [DiQQC3)] in normal cells and exclusion by the cellsthwi
mitochondrial membrane damage. Cells were treatigdl @@omplexesl-4 as described in LDH
leakage experiment. After the treatment periodntleeium was flicked off and washed twice with
PBS. Then the cells were treated with 50 nM [Di(B)] at 37C for 30 min and the cells were washed
twice with PBS. The cells were collected, re-sudpdnn 2 ml PBS and fluorescence intensity was
measured in a fluorescent spectrophotometer usicigpEon/Emission as 488nm/500nm.

2.4.8. Apoptotic Cell Detection by Propidium iodide:

After treatment with complexes for 48 hours, tedscwere collected, washed with PBS,

fixed overnight with 70% ethanol at’@ and incubated with propidium iodide at room

temperature for 30 minutes. Nuclear morphology @ssmined using fluorescence microscope.



2.4.9. Western blot analysis:

Cells were collected and washed twice in PBS, thsed in ice-cold lysis buffer (50 mM
Tris—HCI, pH-7.4, 150 mM NaCl, 5 mM EDTA, 50 mM NaFo Triton X-100, 1mM sodium-
orthovanadate, 1mM phenylmethanesulfonylfluorideg/bnh aprotinin, 2 pg/ml pepstatin-A,
and 2 pg/ml leupeptin) on ice for 1h. Cell lysatese then centrifuged for 15 min at 13,000 rpm
at 4°C. Proteins were separated using SDS-PAGEHransdferred to PVDF membrane. The blots
were blocked with 5% non-fat milk in TBST at RT fadh and incubated overnight with the
appropriate primary antibody af@ After wash, the blots were incubated with pedasi-
conjugated secondary antibody for 1h. Bands weneitmr@d using DAB system. GAPDH were
used as an internal control.
2.5.DNA fragmentation:

DNA fragmentation analysis was carried by the me@tbbGong et al [73]The cells are
prefixed in 70% ethanol, DNA is extracted with O/2phosphate-citrate buffer at pH-7.8, and
the extract is sequentially treated with RNase Al gmoteinase K and then subjected to
electrophoresis.

3. Results and discussion

The stoichiometric reactions of [NigPPRh);] with a series of 3-methoxy-Mj-
substituted thiosemicarbazones (H2t) in 1 : 1 ethanol/dichloromethane resulted in the
formation of new complexek-4 (Scheme 1), where the substituted thiosemicarleszanted as
a tridentate ONS ligand. Among them, H2icted as a monobasic tridentate and (F2lacted
as dibasic tridentate ligands. The analytical ddtavhich confirmed the stoichiometry of the
complexes 1-4). The structures of the complexels 2 and4) were confirmed by the X-ray
crystallographic study. The new complexés4 are soluble in common organic solvents such
as dichloromethane, chloroform, benzene, acett®itethanol, methanol, dimethylformamide

and dimethylsulfoxide.

3.1. Spectroscopic studies:

The infra red spectra of the ligands (H2tY)exhibitedv(OH) vibration in the region
3339-3458 cr, which disappeared completely after complexatioith vihe nickel(ll) ion
showing deprotonation prior to coordination throutygen atom in all the four complexes (1—
4). It is further confirmed with the downfield shiff 28—43 crit for V(c-0)[74]. An azomethine
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nitrogenvc=ny) band appeared at the region 1536-1593 amthe ligands has been shifted to
lower frequency in all the complexes (1536—1556*tnindicating the coordination of
azomethine nitrogen atoms [75]. As the ligand dosta thioamide (-NH-C=S) functional group
it may exist in thione- thiol tautomerization. Talesence of thes ) stretch in the region 2500-
2600 cnt and presence ofn-my Stretch in the region 3150-3350 ¢rim the IR spectrum of the
ligands indicate thione form in the solid stateisTis further confirmed from the presence of a
strong band in the region 771-795 tncorresponding to thec-s) stretching which was
completely disappeared in the spectra of the nemptexes2-4 and the appearance of a new
band at 738-743 cindue tovcs) vibration,indicated the coordination of the sulfur atom after
enolisation followed by deprotonation [76,77]. Haeg the absence of thegs.) stretch and
presence ok stretch at 3055 cihfor complex1 indicate the involvement of the thione
sulphur in the coordination rather than thiolat&][SMoreover, the characteristic absorption
bands corresponding to the presence of triphengjginoe were also present in the expected
region [75]. The electronic spectra of nickel(Ijneplexes displayed four to five bands in the
region around 232-424 nm. The band appeared aB@3Zxm has been assigned to intra ligand
transition and the band at 341-375 nm to LMCH( and the shoulder at 410-424 nm to
forbidden (é-d) transition [78,79]. ThéH-NMR spectra of the ligands (HZLf and the
corresponding complexed-#) recorded in DMSO showed all the expected signsthe
spectra of (H2L)™ a sharp singlet corresponding to the phenolic -gbblip has appeared at
11.34-11.76 ppm (Fig. S1-S8). However, this singleinpletely disappeared in all the four
complexes confirmed the involvement of phenolic gy in coordination [54]. The spectra of
(H2L)**showed a singlet & 9.13-10.0 ppm corresponding to (N(2)H-C=S) gro8@][ but in
complexes 2 -4 there was no resonance attributable to N(2)H,catdig coordination of the
thiolate sulphur atom of the ligand in the aniofwiom after deprotonation at N(2). However, in
the spectrum of complek, a singlet occurred &at 9.12 ppm corresponding to (N(2)H-C=S-)
group indicating the thionic form of ligand eveneafcomplexation [51]. In the spectra of H2t.
and the complexes, a complex multiplet appearesl3t—7.87 ppm was assigned to aromatic
protons of the ligands and triphenylphosphine [@B§l a singlet corresponding to the —QCH
group occurred at the 3.41-3.80 ppm range [53]. Sglets observed at 8.37-8.40 ppm and
8.37-9.40 ppm have been assigned to azomethineeemadhal -NH protons of the ligands-4

Whereas, in the complexes a singlet at 8.30-8.7 pyas observed for the presence of
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azomethine protons and another singlet observeuhdr8.12-9.20 ppm in the complex2s3
and 4 was assigned to the terminal NH protons of thands. Moreover, in complek there
were two broad singlets appeared at 7.90 and 808 gorresponding to NHprotons of the
coordinated ligand. A triplet observed around 1286 ppm in the spectra of H2LH2L® and
the complexes? and 3), was assigned to the presence of methyl groupratbns. Further, a
multiplet at 3.12—-3.58 ppm was also observed cpamrging to the methylene protons of H2L
and complex3 [53].

3.2. X-ray crystallography:

The ORTEP diagram of the compleXe£ and4 with the numbering scheme is shown in
Fig. 1-3 and S9. The most significant parametarthigse compounds are shown in Tables 1 and
2. Crystallographic analysis revealed that com@exe?2 and4 crystallized in the monoclinic
crystal system with space group, C2/c, Cc and B&ferctively. Among the ligands (H2L3 " *,
H2L' acted as monobasic tridentate whereas, (H2a0d (H2L)* acted as dibasic tridentate. In
the complexl, the ligand (H2L) coordinated to nickel by utilizing its phenolic ygen, N1
nitrogen and thione sulphur atoms by forming onermsember and another five member ring
with a bite angle of [88.0(1) (S-Ni-N(1)]. The pesee of a chloride ion outside the coordination
sphere compensates the charge of nickel &5 &{ving ionic nature to the compleg)( The Ni—
S 2.144(1) A, Ni-P 2.2130 A, Ni-N 1.892(3) A and—i 1.850(3) A bond lengths are
comparable with the values of already reportedci@meimplex [51]. From théH-NMR spectral
studies, there was a detectable proton signal@fii2 ppm corresponding to the (N(2)H-C=S)
group. However, the position of this proton (hydeny could not be located in the X-ray
crystallographic analysis. While dealing with thelfogen bonding, we could be able to find the
(D...A) distance corresponding to the N(2)...Cl(1) bdmetween the imine nitrogen and the
chloride ion which was present outside the coottthnasphere. The chloride ion involved in one
intra molecular hydrogen bonding with imine nitragand intermolecular hydrogen bonding
with (H3A) and (H3B) protons of N(3) amine of sedaend third molecules respectively (Table
S1). Interestingly, this intra and inter molecligdrogen bonding resulting a 2D network which
contains parallelogram like structure generatedviny chloride ions and two amine nitrogen
atoms (Fig. S9). The variation in the Ni-N, Ni-Oi-8land Ni-P bond distances and significant
deviation from ideal angle S(1)-Ni-O(1) [177.52(9)and P(1)-Ni-N(1) [176.8(1) °] brought a
distorted square planar geometry to the molecule.
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In the complexe® and4, the Ni(ll) ion is coordinated to the dibasic #idate ligands
through thiolate sulfur (Ni-S bond distances of132(2) A ° and 2.158(1) A °‘respectively),
phenolic oxygen (Ni—-O bond distances of 1.855(5) #nd 1.845(3) A ° respectively) and the
nitrogen atom (Ni-N bond distances of 1.911(7) And 1.889(4) A ° respectively). The
remaining binding site is occupied by the triph@mgsphine unit (Ni-P(1) bond distances of
2.224(2) A° and 2.226(1) A ° respectively) witlige angle [S(1)-Ni(1)-N(1)] of 86.4(2) ° for
2 and 85.8(1) ° fod. The Ni—S, Ni—-P, Ni-O and Ni—N bond lengths areparable with those
of the reported complexes [51,52,74,80e [S(1)-Ni(1)—O(1)] bond angles found are 178.5(2
° for 2 and 178.6(1) ° fod and [P(1)-Ni(1)-N(1)] bond angles found are 173.3(for 2 and
171.6(1) ° for4 which deviate considerably from the ideal anglel80° causing significant
distortion in the square planar geometry of the glenes. It is observed from theans angle
[P(1)-Ni(1)-N(1)] of the above said complexes, tiaviation from the ideal geometry is a bit
more in4 as compared with and?2.

3.3. DNA binding studies:

For evaluating the anticancer property of any nesyiythesized complex, DNA binding
is the predominant property looked for in pharmaggland hence, the interaction between DNA
and metal complexes is of paramount importancenetstanding the mechanism. Thus, the
mode and propensity for binding of the new nickel§bmplexesl- 4 to CT DNA were studied
with the help of electronic absorption and fluoessze quenching techniques.

The absorption spectra of complexds4) at constant concentration (1 uM) and with
different concentrations of CT-DNA (0.05-0.50 uMg ajiven in Fig. 4. The absorption spectra
of complex1 mainly consist of four resolved bands [intra ligaL) and charge transfer (CT)
transitions] centered at 257 nm (IL), 341nm, 364 amd 372 nm (CT). As the DNA
concentration is increased, the hypochromism o856 with a blue shift of 3 nm was observed
in the intra ligand band. The CT bands at 341, &éd 372 nm showed modest hyperchromism
with negligible absorption shifts. In addition, tilénding of complexl to CT DNA led to
isosbestic spectral change with the isosbestict@if02 nm. For comple®, upon addition of
DNA, the intra ligand band at 257 nm exhibited hgfp@mism of 92.79 % with a 9 nm blue
shift. The CT band at 359 nm showed 22.35 % of rgfjpemism without the wavelength shift in
the absorption maxima. The binding behaviour of plexes3 and4 is quite similar. As the

DNA concentration is increased, the intra liganaidat 258 nm (foil8) and 257 nm (fod)
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exhibited hypochromism of 93.01% and 73.84 % retbpalg with 2-5 nm blue shift. The CT
bands showed slight hyperchromism at 362, 371 on3jfand 375, 424 nm (fof) without any
shift upon addition of CT-DNA. A distinct isosbeasoint appeared at 302 nm and 300 nm for
complexes3 and4. The observed hypochromic effect with blue shifygested that complexes
(1-4) bind to CT-DNA by intercalation mode [82]. Thetrinsic binding constant Kwas
determined by using Stern volmer equation (1) [8]3,8

[DNA]/ [ea-er]) = [DNA]/ [eo-éi]+ 1/Kb[ep-e1] (1)

The absorption coefficients, ¢, ande, correspond tAgpsd[complex], the extinction
coefficient for the free complex and the extinctaoefficient for the complex in the fully bound
form, respectively. The slope and the intercepthef linear fit of the plot of [DNAJ4a - &f
versus [DNA] give 14, - &] and 1Ky[ep - &, respectively. The magnitude of the binding
strength of compounds with CT DNA was calculatedh®yintrinsic binding constant Kb (Table
3), which can be determined by monitoring the cleanig the absorbance in the IL band at the
correspondin@dmaxWith increasing concentration of DNA and is giventbe ratio of the slope to
the Y intercept in plots of [DNA]4; - &) versus [DNA] (Fig. 5). From the binding constant
values, it is inferred that compl@exhibited better binding than other complexes.

The emission spectra of new nickel (1) complete$ showed fluorescence emission at
412, 715, 509 and 409 nm respectively (Fig. S1ddi#on of CT DNA to the complex solution
resulted in hypochromism of 37.46 %, 63.97 %, 81%6and 16.69 % respectively for
complexesl-4 by decreasing intensity with 1-2 nm blue shiftshe absorption maxima. The
marked decreases in the fluorescence intensityooifptexes indicate the intercalative binding
mode of DNA. The binding of the complex&gl to CT- DNA through intercalation mode has
further been confirmed by competitive fluoresceqaenching experiments. EB (3,8-diamino-5-
ethyl-6-phenylphenanthrium bromide) is an interalahat gives a significant increase in
fluorescence emission when bound to DNA and it lsarguenched by the addition of second
DNA binding molecule by either replacing the EB &mdy accepting the excited state electron
of the EB through a photoelectron transfer mecmanldpon addition of complexels4 to CT-
DNA which was pretreated with EB caused significauuction in the emission intensity at 605
nm (Fig. S11). Which indicates that the replacemeinthe EB fluorophore by respective
complexes. The quenching extents lef were evaluated qualitatively by employing Stern—
Volmer equatior(2).

14



I o/l = Ke[Q] + 1 (2)

Where } is the emission intensity in the absence of comgouiis the emission intensity in the
presence of compound,sKis the quenching constant, and [Q] is the conediotr of the
compound. The K values have been obtained as a slope from theopletl vs. [Q] (Fig. S12).

It was found to be 4.33 x105.19 x16, 5.31 x 16 M™and 3.87 x 1D M respectively for
complexesl-4, Further, the apparent DNA binding constants (Kapere calculated using egn
3):

Kes [EB] = Kapp[complex] 3)

where [complex] is the value at 50 % reductionha fluorescence intensity of EBgK (1.0
x10" M) is the DNA binding constant of EB, [EB] is thenoentration of EB = 12 uM). 4,
values were 5.19 x £06.22 x 16, 6.37 x 16 and 4.64 x 10M™ for complexed—4respectively.
From these experimental data, it is seen thatdhgtex 3 replaces the EB more effectively than
the other complexes, which is in agreement withréseilts observed from DNA binding study.
Furthermore, the observed quenching constants aming constants of the new complexes
suggest that the interaction of all the complexik WNA may be intercalative.

3.4. Quenching mechanism of BSA by complexes:

Bovine serum albumin (BSA) is the most extensivalydied serum albumin, due to its
structural homology with human serum albumin (HSBipding of Schiff base metal complexes
with the most abundant carrier proteins (serumralbg) have also been an area of interest as
such drug—protein binding greatly influences absonp drug transport, storage, metabolism and
excretion properties of typical drugs in vertebsal85]. In addition, it has been shown that
binding of Schiff-base metal complexes to bovineuse aloumin (BSA) have enhanced the
antioxidant capacity of BSA in ROSs scavengingaioout more than 10-times [8&ince serum
albumins are well known to bind with small aromstithe possible binding interactions of the
nickel(ll) thiosemicarbzone complexe%-4) with BSA have been investigated by absorption
/emission-titration experiments at room temperatunethe absorption spectra of BSA, the
addition of 10 uM concentrations of the four compele (-4) (Fig. S13) showed enhanced
absorption intensity of BSA with a blue shift ofneplex—BSA spectrum (from 273 to 269 nm).
The formation of non-fluorescence ground-state dempnduced the change in absorption
spectrum of fluorophore and possible quenching rmeisim of BSA by complexed{4) was

found as static quenching [87].
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3.4.1. Fluorescence quenching studies of BSA:
A solution of BSA (1 uM) was titrated with varioagsncentrations of the complexes (0—

25 pM). Fluorescence spectra were recorded inathger of 290-500 nm upon excitation at 280
nm. The changes observed on the emission spedB&Afy the addition of increasing amounts
of the complexesl{4) which are shown in Fig. 6. Upon the addition omplexesl-4to BSA, a
significant decrease in the fluorescence intensayg observed at 347 nm with hypochromism of
87.74 %, 93.36 %, 93.67 % and 86.12 % respecti@etpmpanied by 1-6 nm blue shifts. The
observed quenching may be attributed to the passihnges in secondary structure of protein
and this indicating the binding of complex to BS38]. According to Stern—Volmer quenching
equation, eq 2. Thésyvalue was found to be 6.37 x°10™, 6.49 x 16 M, 1.33 x 16 Mt and
2.94 x 16 M corresponding to complexds 2, 3 and4 respectively. The observed linearity in
the plots(Fig. S14; Table 4) indicates the abilify the complexes to quench the emission
intensity of BSA. FronKsy values, the comple® exhibited better protein-binding ability with
enhanced hydrophobicity. The results obtained fprotein binding are reliable with its strong
DNA binding affinity. For the static quenching indetion, if it is assumed that there are similar
and independent binding sites in the biomolecule,inding constantkg) and the number of
binding sites (n) can be determined according éntethod [89] using the Scatchard equation
(4).

log [(lo=1)/1]=log K+ n log [Q] (4)
where, in the present cas$g, is the binding constant for the complex—proteteraction and ‘n’
is the number of binding sites per aloumin moleculeich can be determined by the slope and
the intercept of the double logarithm regressiorvewf log [(b—I1)/1] versus log[Q] (Fig. S15;
Table 4).
3.4.2. Synchronous fluorescence spectroscopic studies of BSA:

Synchronous fluorescence spectral study involvesulsaneous scanning of the
excitation and emission monochromators while maimg a constant wavelength interval
between them. It was used to obtain informatioruéliee molecular environment in the vicinity
of the fluorophore moieties of BSA [90]. Synchrosofiuorescence spectra show tyrosine
residues of BSA only at the wavelength intersal of 15 nm whereas tryptophan residues of

BSA atAi of 60 nm. The amount of complexds4) added to BSA (1uM) is increased; there is
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a decrease in the intensity of the fluorescencetsgeband corresponding to tyrosine residue
with a red shift (1-5 nm) (Fig. S16). In additiagnificant decrease of fluorescence intensity of
tryptophan residues together with a small red gh#2 nm) in the emission wavelength was also
observed for the complexes exceptwhich displayed hypochromism (Fig. S17). These
experimental results indicate that the metal corgdedo affect the microenvironment of both
tyrosine and tryptophan residues during the bingingcess and synchronous measurements
confirmed the effective binding of all the complexeith BSA.

3.5. Effect of Ni(ll) thiosemicarbazones complexesn cell proliferation:

The effect of new nickel (Il) thiosemicarbazone gbexes (-4) on A549 cell line was
determined by MTT. Cells were treated with diffdareconcentrations (1-50 pM) of
thiosemicarbazones for different time periods. Ndotoxicity was observed up to 10uM
concentration. The cell proliferation declined id@se dependent manner when the cells were
exposed to more than 10uM for an incubation peabd2 and 24 hours and there were no
significant reduction in cell proliferation by tlkemplexes when compared with control cells. In
turn, the newly synthesized complexes significadiégreased the A549 cell proliferation with
an exposure time of 48 h. Hence, we selected 48 timoe period as optimum for the action of
the nickel complexes used in the present study. (FigWhen the A549 cells were exposed to
complexes 1-4) for 48 h the IG, values were nearly 30 uM as shown in table 5. Hdricand
30 uM concentrations were used for further studdasong the four complexes, ethyl substituted
thiosemicarbazone effectively declined the prodifem of lung adenocarcinoma cell lin&®
Light microscopic analyses of the cells treatedhwitickel complexes showed significant
morphological changes as shown in Fig. 8.

3.5.1. Cytotoxic effect of Ni(l1) thiosemicarbazone on A549 cells:

The cytotoxic effect of complexek-4 on A549 cell line was determined by Lactate
dehydrogenase (LDH) leakage and nitric oxide releiaso the extracellular medium. Even
though there are several cytotoxic enzyme markersegported, their use has been limited by the
presence of low amount in many cells and hence lalposte kinetic assay is required to
measure most enzyme activities. LDH is a stableptgsmic enzyme which is released into the
culture medium following loss of membrane integnigsulting from apoptosis. LDH activity,
therefore, can be used as an indicator of cell mangbintegrity and serves as a general means to

assess cytotoxicity resulting from chemical comptsuor environmental toxic factors [91,92]. In
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the present study, significant level of LDH leakaggs observed in the cell culture medium of
A549 cell line, when the complexes were treatedh wito different concentrations for a period
of 48 hours. Complexes had the tendency to incre&d¢ leakage even at low dose such as
15uM whereas LDH liberation after treatment withu80 concentration was highly significant
in comparison with control indicating that the etfevas dose dependent. Compshowed
significant level of LDH leakage in A549 cells coampd to cisplatin. This authenticate that
complex3 was more effective than compléx2and4.

NO plays an important role in many physiologicarocesses including vascular
regulation, immune responses and neural conpation. Nitric Oxide (NO), produced
endogenously from L-Arginine by the action of NOhase (NOS), an enzyme existing in three
isoforms. Among them, two isoforms exist consiwvely and the third isoform is an inducible
form (INOS) which is expressed in response to strBsiring oxidative stress, it has been shown
that the expression of INOS was increased whidrin leads to the nitric oxide accumulation.
When excess, nitric oxide damages most of the biecates, including DNA and protein [93].
NO is extremely unstable and undergoes rapidiative degradation to the stable product
nitrite (NG,) which can be spectrophotometrically determinBake level nitric oxide release
was significantly increased by the complexied treated on lung adenocarcinoma cell line
(A549) compared with control cells. Among them cdem@B is more effective in the induction
of cytotoxicity in terms of both LDH and NO releaseA549 cells (Fig. S18).

3.5.2. A549 cell migration inhibition studies by Ni(I1) thiosemicarbazones:

Metastatic cancers have several important charsitts; including the migratory and
invasive activities of tumour cells. In order tcaexine the inhibitory effect of complexé&s4 on
cancer cell migration, A549 cells were incubatedhi& absence or presence of these complexes
for wound migration assay. As shown in Fig. 9, ctargdreatment strongly suppressed A549
cell migration to the wounded area in a concemratiependent manner. This indicates that the
complexes could suppress the A549 cell migratioergby metastasis.

3.5.3. Ni(I1) thiosemicarbazones induced ROS hypergeneration and lipid peroxidation:

Reactive oxygen species (ROS) is a term whiclompasses all highly reactive, oxygen-
containing molecules, including free radicals. Thke of oxidative stress in vascular diseases,
diabetes, renal ischemia, atherosclerosis, pulnyopathological states, inflammatory diseases,

and cancer has been well established. ROS areyhighttive metabolites generated during

18



normal cell metabolism; however, elevated intradetl ROS could be sufficient to trigger
apoptosis [94,95]. Moreover, apoptotic cell deathraéported to be preceded by the following
sequential facts: ROS production, loss of mitocl@hdrans-membrane potential, release of
cytochrome C, and activation of caspase-3 [96].d€termine whether ROS are involved in
complex induced apoptotic machinery, the level @fRin the cells treated with the complexes
1-4 was measured. The ROS generation was determimeghdot time periods (15 min, 30 min
and 1 hour) since ROS production is an early enveapoptosis. The results demonstrate that the
ROS generation was significantly increased wittbmin and peaked at 30 min (Fig. 10). With
incubation period of 60 min there was decline i@ ROS generation. Our results correlate with
the finding of Pelosi et al. [97ih which thiosemicarbazone increased ROS generaticgiiM
and SK-BR-3 cell lines. These results revealedfdloethat nickel (II) complexesl{4) mediate
apoptosis by ROS hypergeneration. Ethyl substitw@aplex induced ROS hypergeneration
more efficiently than the other substitutions.

It has been shown that lipid hydroperoxides and gexwted products of lipid
peroxidation can participate in the signal transidmccascade, control of cell proliferation and
apoptosis [98]. Hence we further examined the eftéadhe complexes on lipid peroxidation.
Lipid peroxidation was significantly increased umy cancer cell lines treated with compl&x
than other complexes (Fig. S19). The complex induBR®S hypergeneration might be the
reason for the production of peroxide free radigalhe drug treated cancer cells compared with
control cells. Level of lipid peroxidation by cispin was lower in A549 cells than the
complexes.

3.5.4. Depletion of intracellular antioxidant pool by nickel(11) thiosemicarbazones:

The presence of antioxidants in cells as aeptite mechanism during oxidative stress
and apoptotic cell death has been reported [99idddixe stress indicates an imbalance state
between production of ROS and antioxidant defen3émse defenses include superoxide
dismutase, which converts,@ H,O,, glutathione peroxidase, and/or catalase, whickuin
convert HO, to water. Antioxidants also play an important ratgainst oxidant injury induced
by an excess of ROS generation, by scavenging tlspeeies before they affect any
biomolecules. An imbalance in these oxidant defeisads to depletion of reduced glutathione
(GSH), dissipation of mitochondrial transmembrangeptial, lipid peroxidation, altered enzyme

activities, DNA damage and eventual cell death fpgp#osis [100]. Several earlier studies have
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demonstrated that the onset of apoptosis is asedamth a fall of intracellular GSH in different
cellular systems [101]. Hence we analyzed the déettalar GSH content. The total reduced
glutathione was significantly decreased in thescedposed to complexek-§) with control cells
(Fig. S20). Complex3 effectively reduced the level of reduced glutatieioin lung
adenocarcinoma cells than the other complexesisnstudy the enzymatic antioxidants such as
SOD, CAT, GPx and GST were significantly decreabgdthiosemicarbazone treated A549
cancel cell line compared with control cells. Coex® is more effective than other complexes
(Table 6). Even though the complexes could not etepthe antioxidant pool efficiently than
cisplatin, however, exert their cytotoxic effeatdtigh the depletion of cellular antioxidant pool.
3.5.5. Mitochondrial membrane potential (4yM) studies:

The collapse of the mitochondrial transmembranemal has been shown to promote
(mitochondrial permeability transition) MPT. The M a critical event in cell death following
inhibition of the mitochondrial electron transpaftain and is involved in the mechanism of
mitochondrial dysfunction in apoptosis [102]. Thé&WMinvolves the formation of a non specific
pore across the inner mitochondrial membrane, gengithe free distribution of ions, solutes,
and small molecular weight molecules (1500 Da) ssrhe membrane [103]. The opening of
MPT induces the release of proapoptotic molecutesduding AlF (apoptosis-inducing factor)
and cytochrome C, from the intermembrane spacehé dytoplasm [102]. Subsequently,
cytochrome C interacts with Apaf-1, dATP/ATP, anmgaspase-9 to form the apoptosome
leading to activation of caspase-9 and downstreffanter caspases [104]. The activated caspase
9 in turn activates the effector caspase 3 whicktherother hand induces the apoptotic signaling
cascade by activating ICAD.

To check whether the apoptosis induced by nicketpdexes is through mitochondrial
mediated pathwayhyM of the cells treated with nickel(ll) complexé&s4 was analyzed. The
results showed that the complexes are highly cafast to mitochondrial membrane and
reduces the mitochondrial membrane potential asabed by the decreased DIOC6 fluorescence
in the cells treated with these complexes in comparwith control cells (Fig. 11). It is obvious
from the results that these complexXed induces mitochondrial mediated apoptosis in human
lung adenocarcinoma cell lines.

3.5.6. Nickel complexesinduce apoptosisin lung adenocarcinoma cells:
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Cells die in response to a variety of stimuli angrimly apoptosis they do so in a
controlled, regulated fashion. Cell death can bediated through apoptosis or necrosis.
Apoptosis is a type of programmed cell death andols recognized as an important mode of
cell death in response to cytotoxic treatments [106 check whether the complexes can induce
apoptosis in lung adenocarcinoma cells, the prapidibdide staining was performed. Apoptotic
cells can be distinguished from the normal cellsd®yl membrane blebbing which is the
morphologic characteristic of apoptosis. Sincedbmplexes showed a dose dependent activity
in all the assays, the further studies were camigdusing only the higher concentration of the
complexes (30M). As shown in Fig. 12 apoptotic bodies were Misilm the cells treated with
nickel(ll) complexes 1-4. These results confirm the apoptotic inducing retwf the
thiosemicarbazone complexes.

Cleavage of nuclear DNA is regarded as a biochdniiaimark of apoptosis. DNA
fragmentation is a key feature of programmed ce#itd, and the process is characterized by the
activation of endogenous endonucleases with subs¢éqtleavage of chromatin DNA into
internucleosomal fragments [106]. In normal cellaspase-activated deoxyribonuclease (CAD)
binds with its specific inhibitor and form a complealled ICAD. During apoptosis, caspase-9
damages the nuclear pores in an unknown fashiothaoactivated caspase-3 can enter the
nucleus to cleave ICAD. This releases the CAD fith complex, which can result in DNA
degradation [107]. To further confirm the apopmtatiduction by the complexes, procaspase 3
expression levels and DNA fragmentation analysisewalso performed. From the results
obtained it was obvious that the nickel(ll) conxgle containing-3-methoxy salicylaldehyde
4(N) substituted thiosemicarbazones induce apoptosieetiucing the levels of procaspase 3
which is an indication of activation of caspasend@ &agmenting DNA molecule in the cell (Fig.
13 and S21). The extent of apoptosis induction mage with the higher concentration of the
complexes.

4. Conclusion
New nickel(ll) thiosemicarbazone complexes haventmmthesized and characterized by

various spectro and analytical techniques. The natare of coordination of the ligand with the
central metal atom was established by X-ray criggjedphic studies. From the study, it is
inferred that in complex,, the ligand coordinated as tridentate monobasicreaand the

remaining complexes the ligands coordinated asrtate bibasic nature. In order to know about
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their potential binding ability of the new complexeCT-DNA and BSA protein were taken as
models. The complexes bind to CT-DNA through irtéation mode and with BSA, the
guenching was found as static. Taken together at® dntertain the notion that the newly
synthesized nickel complexes induce cytotoxicithiiman lung cancer cells (A549) via LDH
and NO release into the culture medium. The congseould encourage ROS hyper-generation
with subsequent depletion of intracellular anti@it pool and mitochondrial membrane
depolarization leading to caspase activation and\Bfdgmentation which were the hallmarks
of apoptosis. Thus the complexes could induce rhdondrial mediated apoptosis. From all the
above studies, it is clearly evident that compBexhibited higher activity than all other
complexes. In addition, the present investigatigits up the antimetastatic effect of nickel
complexes by inhibiting A549 cell migration. Hendeyther studies on animal models to
elucidate the clear mechanism of action of the dergs are highly warranted to unveil the
nickel complexes as anticancer drugs.

Supplementary material

Crystallographic data for [Ni(Msal-tsc)(PPhCl (1) [Ni(MSal-mtsc)(PPB)] (2) and
[Ni(Msal-ptsc)(PPB)] (4) have been deposited at the Cambridge Crystallogrépdta Centre as
supplementary publicatiogCCDC No. 958106, 958104 and 958105). The datebeanbtained
free of charge at www.ccdc.cam.ac.uk/conts/retnigvitml or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cadgier CB2 1EZ, UK [fax: + 44-1223/336-

033; e-mail._deposit@ccdc.cam.ac.uk].
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Table 1 Crystallographic data of new Ni(ll) thiosenicarbazone complexes.

[Ni(Msal-tsc)(PPB)].CI (1) [Ni(MSal-mtsc)(PP¥] [Ni(Msal-ptsc)(PPB)] (4)
2)

Empirical Formula %H25CIN3N|025PS QgngNgNiOQPS Q3H23N302PNiS
Formula Weight 588.69 558.26 620.32
Crystal System Monoclinic Monoclinic Monoclinic
Space Group C2/c Cc P2
Wavelength 0.71073 A 0.71073 A 0.71073 A
Temperature 293(2) 293(2) 293(2)
a 22.4947(6)A 18.460(1)A 11.7861(3)A
b 18.1347(5)A 10.6291(7)A 8.0188(2)A
c 14.5681(4)A 13.610(1)A 15.6057(5)A
a 90° 90° 90°
B 106.329(1)° 96.013(4)° 101.696(1)°
y 90° 90° 90°
\ 5703.13)A 2655.8(3)A 1444.28(1)A
Crystal size 0.08 x0.18 x 0.18 mm 0.06 x 0.08200mm 0.08 x 0.16 x 0.22 mm
Z value 8 4 2
Limiting indices -18<h<30, -2k <19,- 0<h<25 &kk<14,-1& 0<h<16, &k<10, -2k
18<1<18 <17 | <20
Dcalc 1.371 1.396 1.426
Reflections collected 32619/7221 [R(int) 0.102] 15187/ 3374[R(int) 0.11113636/3956[R(int) 0.072]
/ unique
Theta range for data 2.25 to 29.01° 3.55 to 28.98° 2.42 t0 29.01°
collection
Fooo 2432 1160 644
Goodness-of-fit off?  1.017 1.109 1.04
Refinement method Full-matrix least-squares éll-matrix least-squares Full-matrix least-squares
F? onF? onF?
w(MoKa) 0.934 0.900 0.835
Completeness to 29.01° 28.98° 29.01°
theta Dmax
Data / restraints / 7221/0/349 3374/2/326 3956/1/371
parameters
Final R indices R1 =0.0562, wR2 =0.1298 R1=0.0552, wR2 = R1=0.0463, wR2 =
[I>2sigma(l)] 0.1234 0.0979
R indices (all data) R1=0.1414,wR2 =0.1637 RHB4,wR2=0.1524 R1=0.0695, wR2 =
0.1099
Largest diff. peak and 0.496 and -0.572 eA 0.408 and -0.877 eA 0.983 and -0.444 e A

hole




Table 2 Selected bond lengths (A) and angels (&rfNi(ll) thiosemicarbazone complexes.

Atoms

Ni-S(1)
Ni-P(1)
Ni-O(1)
Ni-N(1)

S(1)- Ni
S(1)- Ni -
S(1)- Ni
P(1)- Ni
P(1)- Ni
O(1)- Ni

-P(1)

O(1)

-N(1)
-O(1)
-N(1)
-N(1)

[Ni(Msal-tsc)(PPY)].CI (1)

2.144(1)
2.2130
1.850(3)
1.892(3)

91.65(4)
177.52(9)
88.0(1)
86.51(9)
176.8(1)
93.8(1)

[Ni(Msal-mtsc)(PP¥)] (2)

2.131(2)
2.224(2)
1.855(5)
1.911(7)

90.35(9)
178.5(2)
86.4(2)
89.7(2)
173.3(2)
93.7(3)

[Ni(MSal-ptsc)(PPH] (4)

2.158(1)
2.226(1)
1.845(3)
1.889(4)

89.86(5)
178.6(1)
85.8(1)
89.3(1)
171.6(1)
95.2(2)




Table 3 Binding constant for interaction of complers with CT-DNA.

System K (x 10 M™)
CT-DNA + 1 0.502
CT-DNA + 2 1.445
CT-DNA +3 1.697
CT-DNA + 4 0.230

Table 4 Binding constant and number of binding site for interaction of complexes

with BSA.
System K (x 10 M™) n
BSA+1 1.98 1.1971
BSA + 2 2.06 1.2151
BSA + 3 3.07 1.2388
BSA +4 1.94 1.1929




Table 5 IC50 values of complexes 1-4.

S. No.

complexes

cisplatin

1Ge(Lm)
29+1.02
30+1.01
27+0.99
28+0.97

25+0.99




Table 6 Effect of nickel (II) complexes (1-4) onhte activities of antioxidant enzymesActivities of SOD, CAT, GPx, and GST, were evaluhite A549 cells
treated with nickel (II) complexes for 48 h and ttedues were expressed as U/mg of protein. Aatisitf all the tested antioxidant enzymes were figmitly

reduced when compared with control cells.

U/mg of SoD? CAT® GPX GST
protein
15uM 30puM 15uM 30Mm 15uM 30puM 15uM 30puM
Control 6543.33+ 1.9% 0.201 +.00037 3395.86 +1.16 73.73 +0.33
1 3886.54 +0.86 | 1587.08+ 3.8 | 0.075+0.0% | 0.060 +0.004 | 2442.9 +0.47 | 1573.84+ 1.26 | 40.28 +0.5% | 29.79+ 0.35
2 3380.95+ 2.2 | 845.46 +1.78 | 0.097 +.001 | 0.040+0.01 | 2065.3 +1.6 | 1375.19+ 1.56 | 43.68 +0.50 | 15.83 +0.28
3 1091.12+ 6.2 | 748.54 £2.7 | 0.060+0.0% | 0.031+0.00% | 1751.2+1.8 | 1260.12 +1.0% | 37.22+ 0.38 | 13.23 +0.27
4 3380.2 +2.37 | 815.87 +1.31 | 0.083 +.01% | 0.039+0.002 | 2330.5+1.9 | 1458.41 +0.57 | 62.03 +0.48 | 12.07 +0.35
Cisplatin 1195.78+0.66 | 794.69+0.86 | 0.063x0.02 | 0.034%0.01 | 1784.19+0.62 | 1364.42+0.66 | 39.93+0.51 | 14.17+0.42

2For SOD, 1U corresponds to the amount of enzymeimed to give 50% inhibition of pyragallol auto-dsition,® For CAT, 1U corresponds to the amount of
enzyme that consumes 1 nmolglsl/min, ¢ For GPx, 1U corresponds to the amount of enzyraedbnverts umole GSH to GSSG in the presence eOK
/min, ® For GST, 1 U corresponds to the amount of enzymae donjugates imole CDNB /min. Results shown are Mean + SEM, Wwhice three separate
experiments performed in triplicate. Means not isttaa superscript letter differ significantly at @1 (One way ANOVA followed by Tukey’s multiple
comparison test).
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Fig. 1. ORTEP diagram dNi(Msal-tsc)(PPR)].ClI (1), (Solvent moiety is removed for clarity and
Thermal ellipsoids are shown at 50% probability).

Fig. 2. ORTEP diagram dNi(MSal-mtsc)(PPB](2) (Thermal ellipsoids are shown at 50%
probability).

Fig. 3. ORTEP diagram dNi(Msal-ptsc)(PPB)](4) (Thermal ellipsoids are shown at 50%
probability).

Fig. 4. Absorption titration spectra of 1-4 with increagiconcentrations (0.05-0,8M) of CT-
DNA (tris HCI buffer, pH 7).

Fig. 5. Binding isotherms of theomplexed -4 with CT-DNA.

Fig. 6. The emission spectrum of BSA(1 pMyc = 280 nMjemi = 346 nm) in the presence of
increasing amounts of complexes 1- 4 (0—-25uM). dihew shows the emission intensity
changes upon increasing complex concentration.

Fig. 7. The newly synthesized nickel complexes (1-4) iiitA49 cell proliferation in a dose
dependent manner.

Fig. 8. Light microscopic analysis.
Fig. 9. Complexes 1-4 prevents A549 cell migration.

Fig. 10. Treatment of complexes 1-4 resulted in hypergsitar of intracellular reactive
oxygen species (ROS).

Fig. 11. Nickel (II) complexes 1-4 can dissipate mitochaaldnembrane in A549 cells.
Fig. 12. Nickel (II) complexes 1-4 induce apoptosis in A%lls.

Fig. 13. Effect of Nickel (Il) thiosemicarbazone complexed on expression levels of
procaspase 3.



Fig. 1. ORTEP diagram gNi(Msal-tsc)(PPB)].CI (1), (Solvent moiety is removed for clarity and
Thermal ellipsoids are shown at 50% probability).




Fig. 2. ORTEP diagram gNi(MSal-mtsc)(PPB](2) (Thermal ellipsoids are shown at 50%
probability).

Fig. 3. ORTEP diagram dNi(Msal-ptsc)(PPB)](4) (Thermal ellipsoids are shown at 50%
probability).



Absorbance

Absorbance

2.0 5

1.5

1.0

0.5

0.0

Absorbance

0.5

| soshestic point
302 nm

0.0 T T 1
300 400 500

| sosbestic point Wavelength (nm)

302 rim ‘ '

T " T k
300 400 500

Wavelength (nm)

300
Wavelength (nm)



N

0.44

| sosbestic point
302 nm

o
w
!

8
s
<
.g 0.2 1
) <
(&)
8
.E 0.1+
2,
< 00 . . T T )
. 300 400 500
| sosbestic point Wavelength (nm)
302 nm
0 T T T T T |
300 400 500
Wavelength (nm)
0.5
0.4+
_ | soshestic point
300 nm
o
[s]
8
o
2 _g 0.2
0.14
8 0.0 T T 1
% 300 400 500
'8 Wavelength (nm)
a
o1
<

| sosbestic point
300 nm

T T T T |
300 400 500
Wavelength (nm)

Fig. 4. Absorption titration spectra d-4 with increasing concentrations (0.05-@8l) of CT-
DNA (tris HCI buffer, pH 7).
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Fig. 5. Binding isotherms of theomplexed-4 with CT-DNA.
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Fig. 6. The emission spectrum of BSA(1 pMyc = 280 nMiemi = 346 nm) in the presence of
increasing amounts of complexes4 (0—25uM). The arrow shows the emission intensity
changes upon increasing complex concentration.



Cell proliferation (MTT) assay
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Fig. 7. The newly synthesized nickel complexes (1-4) inhibit A549 cell proliferationin a
dose dependent manner.

A549 cells were treated with different concentnasiof complexes for 48 h, the cell
viability was determined and the results were esgd as percentage cell viability with control.
Results shown are mean+SEM, which are three sepaxaeriments performed in triplicate.
Means not sharing a superscript letter differ digantly at P<0.05 (One way ANOVA followed
by Tukey’s multiple comparison test)



ACCEPTED MANUSCRIPT

2 (15uM)

2 (30pM)

3 (15pM) 3 (30uM) 4 (15uM) 4 (30pM)

Fig. 8. Light microscopic analysis.

Compared with control, remarkable morphologic clesngf cells were observed in cells
treated with complexes. These figures are repraseatof one experiment out of three with
similar results



Cisplatin (30pM)

2 (30uM)

4 (30pM)

3 (15uM) 3 (30pM) 4 (15uM)

Fig. 9. Complexes 1-4 prevents A549 cell migration.

After overnight attachment, a wound was createddogitching with a pipette tip and the
cells were treated with complexgsl for 48 hours and light microscopic pictures wesptared
for observing cell migration. The four complexe®sgly suppressed A549 cell migration to the
wounded area in a concentration-dependent manheselfigures are representative of one
experiment out of three with similar results
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Fig. 10. Treatment of complexes 1-4 resulted in hypergeneration of intracellular reactive

oxygen species (ROS).

Intracellular ROS generation was evaluated at D5a13d 60 min after treatment with
15uM and 30uM Nickel (II) complexesl-4 and the hsswere expressed as relative DCF
fluorescence % of control. Statistical analysisvet a significant increase in ROS levels in
cells treated with all four complexes as compacecbintrol cells and it peaked with an exposure
time of 30 minutes. Results shown are meantSEMgchvigre three separate experiments
performed in triplicate. Means not sharing a sup@sletter differ significantly at P<0.05 (One
way ANOVA followed by Tukey’s multiple comparisoast)
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CCCP (50uM) Cisplatin (15pM)

Cisplatin (30pM)

1 (15uM) 1 (30pM) 2 (15uM) 2 (30puM)

3 (15uM) 3 (30uM) 4 (15uM) 4 (30pM)

Fig. 11. Nickel (11) complexes 1-4 can dissipate mitochondrial membrane in A549 cells.

Compared to control cells nickel (II) complexkg treated cells showed decrease in
DiOCs fluorescence which is an indication of mitochoalmembrane damage. These figures
are representative of one experiment out of thrigle similar results
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Control Cisplatin

Fig. 12. Nickel (1) complexes 1-4 induce apoptosisin A549 cells.

Apoptotic bodies were observed in nickel (II) coeqdsl-4 treated human lung cancer
cells (A549). Membrane blebbing indicates that ¢hesmplexes are effective in inducing
apoptosis. These figures are representative oerperiment out of three with similar results
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Fig. 13. Effect of Nickel (11) thiosemicar bazone complexes 1-4 on expression levels of
procaspase 3.

An equal amount of protein were electrophoresced @wansferred on nitrocellulose
membrane and the proteins were detected usingfepaciibodies as explained in materials and
methods. GAPDH served as loading control. Nickébdbmicarbazone complexds4 could
significantly reduce the expression levels of pspese 3 thereby indicating their cleavage to
caspase 3. These figures are one representatilieeefexperiments with similar results
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Table S1Hydrogen bonds for [Ni(Msal-tsc)(PRhCI (1) [A and °].

Fig. S1-S8."HNMR spectra of the ligands and the complexes (1-4)

Fig. S9.O0RTEP diagram of 1 with hydrogen bondi2iy network.

Fig. S10.Changes in the emission spectralofl, with increasing concentrations (0.05-Qu8l)
of CT-DNA (tris HCI buffer, pH 7).

Fig. S11.The emission spectra of the DNA-EB systegi:E 515 nmjem = 530-750 nm), in
the presence of complexgs4. [DNA] = 12 uM, [Complex] = 0-40 uM, [EB] = 12 uMhe
arrow shows the emission intensity changes upaea&sing complex concentration.

Fig. S12.Plot of b/l vs [Q].

Fig. S13.Absorption spectra of absence and presence of exepWwithBSA (1x10°M).

Fig. S14.Plot of b/l vs [Q].

Fig. S15.Plot of log [(10-1)/1] vs log [Q].

Fig. S16.Synchronous spectra of BSA (1 pM) in the preserficecoeasing amounts of
complexesdl- 4 (0-25 uM) for a wavelength difference AfA = 15 nm. The arrow shows the
emission intensity changes upon increasing coragorrof complex.

Fig. S17.Synchronous spectra of BSA (1 pM) in the preserficecoeasing amounts of
complexesl-4 (0-25 uM) for a wavelength differencefdf= 60 nm. The arrow shows the

emission intensity changes upon increasing conagorr of complex.



Fig. S18.Complexes were cytotoxic to A549 cellDH leakage and NO release in the

extracellular medium of complexés4 treated A549 cells were assayed.

Fig. S19.Effect of Nickel (II) complexes 1-4 on lipid perabtion.

Fig. S20.Effect of Nickel (II) complexes 1-4 on intracellulé@SH levels.
Fig. S21.Nickel (1) complexes 1-4 induce DNA fragmentationA549 cells.

Table S1 Hydrogen bonds for [Ni(Msal-tsc)(PP¥].CI (1) [A and °].

D-H..A
N2(A)-H........CI1(A)

N3(A)-H3(A)........CI1(B)
N3(A)-H3(B)........CI1(C)

d(D-H) d(H..A)  d(D..A) <(DHA)

: : 3.075 -
0.860  2.401 3.176 150.19
0.860  2.385 3.241 174.02

Symmetry operation: (X, y, z);

(-x, +1/2+y, 1/2-¢X,- y,- 2); (X, 1/2 -y, 1/2 + Z)



Fig. S1'H-NMR spectrum of (H2L)*

Fig. S2'H-NMR spectrum of [Ni(Msal-tsc)(PPh3)].Cl (1)
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Fig. S3'H-NMR spectrum of (H2L)?

Fig. S4'H-NMR spectrum of [Ni(Msal-mtsc)(PPh3)](2)
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Fig. S5'"H-NMR spectrum of (H2L)3

Fig. S6'"H-NMR spectrum of [Ni(Msal-etsc)(PPh3)](3)
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Fig. S8'H-NMR spectrum of [Ni(Msal-ptsc)(PPh3)] (4)
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Fig. S9. ORTEPdiagram of 1 with hydrogen bonding2D network.
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Fig. S10.Changes in the emission spectralofl, with increasing concentrations (0.05-Qu8l)
of CT-DNA (tris HCI buffer, pH 7).
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Fig. S11.The emission spectra of the DNA-EB systegi:E 515 nmjem = 530-750 nm), in
the presence of complexgs4. [DNA] = 12 uM, [Complex] = 0-40 uM, [EB] = 12 uMhe

arrow shows the emission intensity changes upaea&sing complex concentration.

1.354

11

[Ql

Fig. S12.Plot of b/l vs [Q].
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Fig. S16.Synchronous spectra of BSA (1 pM) in the preserfidecoeasing amounts of
complexesdl- 4 (0-25 uM) for a wavelength difference AfA = 15 nm. The arrow shows the

emission intensity changes upon increasing coragorrof complex.
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Fig. S17.Synchronous spectra of BSA (1 pM) in the preseificecoeasing amounts of
complexesl-4 (0-25 uM) for a wavelength differencefdf= 60 nm. The arrow shows the

emission intensity changes upon increasing coragorrof complex.



Cytotoxicity assays
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Fig. S18. Complexes were cytotoxic to A549 cells.

LDH leakage and NO release in the extracellulariomacdf complexed-4 treated
A549 cells were assayed. A549 cells treated wifhM%&nd 30uM concentrations of complexes
significantly increased the LDH leakage and NOaséewhen compared with control indicating
their cytotoxic nature. Results shown are meanzSEMch are three separate experiments
performed in triplicate. Means not sharing a sugrgsletter differ significantly at P<0.05 (One
way ANOVA followed by Tukey’s multiple comparisoadt).



Lipid peroxidation
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Fig. S19. Effect of Nickel (Il) complexes 1-4 ongid peroxidation.

TBA reactants were measured in cells treated wbihhM. and 30uM complexek-4 for
48 hours and the results were expressed as nmblEBA reactants. Lipid peroxidation was
significantly increased in nickel (II) thiosemicadone treated A549 cells when compared to
control. Results shown are meantSEM, which areetlseparate experiments performed in
triplicate. Means not sharing a superscript leddfer significantly at P<0.05 (One way
ANOVA followed by Tukey’s multiple comparison test)



Reduced glutathione
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Fig. S20. Effect of Nickel (Il) complexes 1-4 on tracellular GSH levels.

The level of non enzymatic antioxidant GSH was mea$in A549 cells treated for 48h
with nickel (1) complexed-4 (15uM and 30uM) the results were expressed asesmdlGSH
released/mg of protein. When compared to controltla four complexes significantly
decreased the level of reduced glutathione in Agell®. Results shown are mean+zSEM, which
are three separate experiments performed in taf@icMeans not sharing a superscript letter
differ significantly at P<0.05 (One way ANOVA folied by Tukey’'s multiple comparison
test).



Cisplatin

Fig. S21. Nickel (II) complexes 1-4 induce DNA fragentation in A549 cells.

The fragmented DNA bands were observed in nicki¢l qdmplexesl-4 A549 cells.
Cleavage of DNA by the nickel complexes proves ahdity of these complexes to induce
apoptosis in human lung adenocarcinoma cells.



