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a b s t r a c t 

The present study reports the synthesis, structural characterization of Ni(II) ( 1,3 ) and Cu(II) ( 2,4 ) metal 

complexes of Schiff-base ( L ) derived from 5H-[1,2,4]triazino[5,6-b]indol-3-amine and salicylaldehyde moi- 

ety. The coordination sphere of Cu(II)/Ni(II) was completed by tethering secondary ligand 2,2 ′ –Bipyridine 

and 1,10 phenanthroline to obtain the final complexes 1 –4 , respectively. The spectral analysis of com- 

plexes 1 and 3 suggested square planar geometry while complexes 2 and 4 acquire the octahedral geom- 

etry around the metal centers. In vitro DNA binding profiles of the newly synthesized metal complexes 

1 –4 with calf thymus DNA (CT DNA) were explored by employing electronic absorption titrations and 

fluorescence spectral studies. The results revealed that complexes 1 –4 bind to DNA through electrostatic 

surface binding mode along with partial intercalation in the minor groove. Moreover, complexes 3 and 4 

have stronger DNA binding propensity with higher intrinsic binding constant K b values of 1.9 × 10 4 and 

4.8 × 10 4 M 

–1 , respectively. Additionally, HSA binding studies of ligand L and metal complexes 1 –4 sup- 

port the static quenching mechanism and alterations in the microenvironment around Trp–214 residues 

causing conformational distortions in the HSA secondary structure. Furthermore, molecular docking stud- 

ies of complexes 3 and 4 with DNA and HSA confirms that both specifically binds in G–C rich regions of 

the DNA minor groove and subdomain IIA pocket of HSA near the Trp–214 residue. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The interaction of metal complexes with DNA is one of the 

ost emerging areas of inorganic medicinal chemistry. In the re- 

ent years, rapid advances has been made for the development 

f the new improved metal based drugs whose ultimate target 

s DNA [1–3] . The design of an organic framework that enhances 

he DNA binding ability of metal complexes is necessary in order 

o overcome the drawbacks related to platinum drugs. The litera- 

ure revealed that many DNA binding agents that bind with DNA 

hrough non–covalent interactions such as groove binding, interca- 

ation and electrostatic interaction is crucial for the development 

f chemotherapeutic drugs [4–6] . Therefore, an approach to im- 

rove the DNA binding potential of metal complexes is the use 

f planar aromatic pharmacophore containing heteroatom’s that 

rovides the coordinating center for the metal ion in order to 

tructurally feature the molecule for the better stacking interac- 

ion within the base pairs of the DNA helix. This brings about 

onformational changes in DNA. In this regard, 1,2,4 triazine moi- 

ties are considered as the attractive heterocyclic scaffold owing 
∗ Corresponding author. 
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o its resemblance with purines and broad biological properties 

uch as anti-inflammatory, antimicrobial and antitumor activity [7–

] . The combination of 1,2,4 triazine moieties with other hete- 

ocyclic structures such as indole, pyrazole and thiophene rings 

eads to the generation of ligand scaffold with enhanced phar- 

acological properties [10] . This synthesized triazino[5,6 b ]indole 

mine and its derivatives exhibited a wide range of biological 

ctivities such as antiparasitic, antihypertensive, antimalarial, an- 

ibacterial, and antifungal activities [11–15] . In vitro studies of tri- 

zino[5,6 b ] indoles had shown that most of them act as antivi- 

al agents specifically against rhinovirus [16] . Moreover, the for- 

ation of Schiff base molecule by the condensation of bioactive 

riazino[5,6 b ]indole amine with salicylaldehyde leads to the de- 

elopment of new chemotherapeutic agents. Furthermore, tether- 

ng the biologically active Schiff base ligand with transition metal 

ons increases the pharmacological activity manyfold, facilitates the 

NA interaction and improves the therapeutic potential [17] . In the 

ast decade, the interaction of many Schiff base transition metal 

omplexes with DNA has been investigated because DNA is eas- 

ly prone to damage thereby inducing the cellular degradation in 

iseased cells [18] . In particular, Schiff base Cu(II) and Ni(II) metal 

omplexes exhibited interesting biological properties (such as an- 

ipyretic, anti-inflammatory, anti-diabetic, anti-bacterial, anti-HIV 

https://doi.org/10.1016/j.molstruc.2021.131203
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131203&domain=pdf
mailto:mehvashzaki@gmail.com
https://doi.org/10.1016/j.molstruc.2021.131203
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nd anti-cancer), structural versatility and the ability to mimic 

etallo-enzymes used in the catalytic oxidation/reduction in bio- 

ogical reactions [19–21] . 

Apart from this, the selectivity of complexes can be further in- 

reased by using some carrier molecules that can safely deliver 

he complexes inside the tumor cells. The human serum albu- 

in (HSA), which is abundantly available biomacromolecular car- 

ier present in our circulatory system helps in the biodistribution 

f various exogenous and endogenous molecules. These molecules 

ncludes vitamins, hormones, metabolites, fatty acids, and drug 

olecules. Furthermore, HSA also contribute in the transportation 

f metal ions like Cu 

2 + and Ni 2 + to regulate the osmotic pressure of 

lood [ 22 , 23 ]. The HSA acts as biomacromolecular carrier by bind-

ng to the molecules in its binding site. In general, HSA has two 

inding sites present inside its structure called Sudlow’s site I and 

udlow’s site II present in hydrophobic cavities in subdomain IIA 

nd IIIA, respectively. But in some cases molecule also prefers a 

hird binding site III located in the hydrophobic pocket of subdo- 

ain IB [24] . Therefore, the binding interaction of metal complexes 

ith HSA is extremely important in the path of the drug develop- 

ent process as it is well known that HSA selectively accumulates 

nside the tumor cells leaving the healthy cells thereby reducing 

he toxicity caused by the drug in the human body [25] . 

Herein, we describe the synthesis, characterization of new 

u(II)/Ni(II) transition metal complexes [Ni(L)(Bipy)]1/2SO 4 ( 1 ), 

Cu(L)(Bipy)]1/2SO 4 ( 2 ), [Ni(L)(Phen)]1/2SO 4 ( 3 ) and [Cu(L)(Phen)]1/ 

SO 4 ( 4 )derived from new ligand (E)–2–(((5H–[1,2,4]triazino[5,6–

]indol–3–yl)imino)methyl)phenol( L ). This new Schiff base ligand 

caffold is not reported in the literature and thus requires exten- 

ive investigation in the field of medicinal chemistry. The newly 

esigned pharmacophoric ligand framework was mainly achieved 

y the reaction of isatin and aminoguanidine which further re- 

cted with salicylaldehyde to produce ligand L . In this regard, a 

omparative in vitro DNA binding pattern of ligand L and com- 

lexes 1 –4 was thoroughly studied by employing biophysical stud- 

es. Furthermore, in order to get insight into the delivery pro- 

ess by serum protein HSA, the in vitro HSA of ligand L and 

etal complexes 1 –4 were conducted under physiological condi- 

ions. Finally, the molecular docking studies of complex 4 showing 

tronger binding affinity with DNA and HSA were performed to de- 

ermine the specific interaction of complex within the binding site 

f biomacromolecules. 

. Experimental section 

.1. Reagents and materials 

All reagents were commercially purchased and used as provided 

ithout extra purification. Nickel sulfate hexahydrate, Copper sul- 

ate hexahydrate salicylaldehyde (Sigma–Aldrich), Isatin (Sigma–

ldrich), Aminoguanidine (Sigma–Aldrich), 1,10 Phenanthroline, 

,2 ′ –Bipyridine (Sigma–Aldrich) and disodium salt of calf thymus 

NA (purely polymerized stored at 4 °C). Trisaminomethane (TRIS) 

uffer was also handled as received from Sigma–Aldrich. The sol- 

ents were purchased from Merck in high purity. All reagents were 

f the optimal financial grade and were used without any addi- 

ional purification. 

.2. Methods and instrumentation 

Carbon, hydrogen, and nitrogen percentage were resolved using 

he CHNSO Elemental Analyzer Elementar Vario EL III model. Mo- 

ar conductance was calculated using CON 510 Bench conductivity 

DS Meter at room temperature. The melting point of compounds 

as been measured on the Sanyo GallenKamp melting point appa- 

atus. The 1 H and 

13 C NMR spectra have been recorded on Bruker 
2 
0 0 Ultrashield NMR 60 0/S4/MKS spectrometer. IR spectrum was 

easured on Interspec 2020 FTIR spectrometer in KBr pellets from 

0 0–40 0 0 cm 

–1 . Electrospray mass spectra were conducted on the 

icromass Quattro II mass spectrometer. The electronic spectrum 

as taken on Shimadzu MultiSpec–1501 UV–vis spectrophotome- 

er in DMF using 1 cm path length cuvettes. The information was 

ecorded in λmax /nm. Fluorescence measurements were resolute on 

itachi (F–70 0 0) fluorescence spectrophotometers. A complete set 

f experiments dealing with the interaction of ligand and com- 

lexes with CT–DNA was accomplished in buffer (5 mM Tris–HCl, 

0 mM NaCl, pH = 7.3). 

.3. Synthesis 

.3.1. Synthesis of the ligand ( L ) 

The solution of isatin (1.47 g, 10 mmol) dissolved in ethanol 

as added to a solution of aminoguanidine (1.10 g, 10 mmol) also 

issolved in 10 ml methanol and the resulting mixture was re- 

uxed continuously for 5 h to obtain the required ligand in good 

ield. The molecule obtained was isolated and further reacted with 

alicylaldehyde (1.22 g, 10 mmol) until the dark yellow color pre- 

ipitate of ligand L was obtained in the required amount. The 

ark yellow color precipitate was carefully filtered by Buchner and 

ashed several times with methanol and hexane, dried in a desic- 

ator. 

Yield = 92%, M.P. 285 °C. Anal. (%) Calc. for C 16 H 11 N 5 O: C,

6.43; H, 3.83; N, 24.21. Found: C, 66.35; H, 3.41; N, 24.27. IR 

KBr) ( νmax /cm 

–1 ): 3430.69 υ(O–H) stretch ; 3197.98, 3067.66 υ(C–H) 

tretch ; 1157.91 υ(C–H) bend {in–plane aromatic}; 751.60 υ(C–H) bend 

out–plane aromatic}; 1616.56 υ(C = N); 1537.86 υ(C = C); 1256.20 

(C–O). 1 H NMR (400 MHz, DMSO–d 6 , δ): 12.57 (–OH); 10.26 (–

H, indole); 8.91 (–CH = N); 6.53, 6.68, 7.0, 7.08, 7.11, 7.51, 7.67, 8.04 

aromatic–H, L ); 3.4 (CH 3 –DMSO). 13 C NMR (100 MHz, DMSO–d 6 , 

): 164.8 (–CH = N); 109.9, 113.7, 115.5, 120.1, 125.9, 129.6, 133.6, 

37.1, 143.8, 147.8, 153.4 (Ar C–triazine); 161.3, 116.1, 117.7, 122.95, 

27.3, 131.4, 133.6, (Ar C–salicylaldehyde). Uv–vis (1 × 10 –3 M, 

MF, nm): 280 ( π –π ∗, strong), 320 (n–π ∗, strong). ESI–MS (m/z, 

MF) 290.3 [C 16 H 11 N 5 O + H 

+ ] + (Fig. S2). 

.3.2. Synthesis of the complex ( 1 ) 

The solution of Triazino[5,6–b]indole ligand L (0.289 g, 1.0 

mol) was obtained in 5 ml of DMF after 10 min of heating. The 

etal salt NiSO 4 .6H 2 O (0.31 g, 1.2 mmol) dissolved in a minimum 

mount of distilled water was added to the hot solution of ligand 

 . On the addition of metal salt, the color of the solution changes 

rom orange to brown along with the appearance of some pre- 

ipitate. The resulting solution was refluxed for 3 h and the 2,2 ′ –
ipyridine (0.18 g, 1.2 mmol) dissolved in DMF was slowly added to 

he refluxing solution which causes a slight change in color along 

ith the disappearance of the precipitate. The solution obtained 

as further refluxed for 4 h at 80 °C and finally, the solution was 

educed and left for 7 days in the cupboard. After a week brown 

olor crystalline product was obtained and this complex 1 was 

ashed several times with a 1:1 methanol and dichloromethane 

olution and dried in vacuo. 

Yield = 75%, M.P. 279 °C, Anal. (%) Calc. for C 26 H 18 N 7 NiO 5 S 0.5 :

, 62.06; H, 3.61; N, 19.49. Found: C, 62.35; H, 3.41; N, 19.27. 

M 

(1 × 10 –3 M, DMF): 110 �–1 cm 

2 mol –1 . IR (KBr) ( νmax 

cm 

–1 ): 3078.14 υ(C–H) stretch ; 1099.08 υ(C–H) bend {in–plane aro- 

atic}; 765.81 υ(C–H) bend {out–plane aromatic}; 1599.91 υ(C = N); 

564.77 υ(C = C); 1262.35 υ(C–O); 417.19 υ(Ni–N), 523.16 υ(Ni–

). 1 H NMR (400 MHz, DMSO–d 6 , δ): 9.50 (–NH, indole); 8.98 

–CH = N); 7.90–6.70 (aromatic–H, L and phen); 3.44 (H 2 O); 2.49 

CH 3 –DMSO). 13 C NMR (100 MHz, DMSO–d 6 , δ): 173.0 (–CH = N); 

25.9, 129.6, 132.18, 134.2, 148.0, 156.9 (Ar C, Phenan); 110.7, 

12.0, 115.5, 117.7, 118.8, 122.0, 127.5, 128.3, 131.8, 132.1, 134.9, 
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34.4, 140.3, 143.4, 147.5, 152.8, 160.4 (Ar C–ligand L ); Uv–vis 

1 × 10 –3 M, DMF, nm): 275 ( π –π ∗), 325 (n–π ∗), 480 (LMCT), 

35 ( 1 A 1 g → 

1 A 2 g), 620 ( 1 A 1 g → 

1 B 1 g). ESI–MS (m/z, DMF) 552.03

C 26 H 18 N 7 NiO 5 S 0.5 + H 

+ ] + . 

.3.3. Synthesis of the complex ( 2 ) 

Similarly, the solution of Triazino[5,6–b]indole ligand L (0.289 

, 1.0 mmol) was obtained in 5 ml of DMF after 10 min of heat-

ng. The CuSO 4 .6H 2 O (0.32 g, 1.2 mmol) solution prepared in 3 ml

f DMF, was gradually added to the hot solution of ligand L un- 

il a dark green color solution was obtained. The resulting solution 

as refluxed for 4 h and the 2,2 ′ –Bipyridine (0.18 g, 1.2 mmol) dis-

olved in DMF was slowly added to the refluxing solutions which 

ause the appearance of the dark green color precipitate. The so- 

ution obtained was further refluxed for 2 h at 80 °C and the pre-

ipitate obtained was left overnight. The next day, the dark green 

olor product was filtered and washed several times with a 1:1 

ethanol and dichloromethane solution and dried in vacuo. 

Yield = 89%, M.P. 125 °C, Anal. (%) Calc. for C 26 H 22 N 7 CuO 5 S 0.5 :

, 57.40; H, 4.08; N, 18.02. Found: C, 57.35; H, 4.02; N, 18.10. 

M 

(1 × 10 –3 M, DMF): 112 �–1 cm 

2 mol –1 . IR (KBr) ( νmax 

cm 

–1 ): 3429.81 υ(O–H) stretch ; 3050.21 υ(C–H) stretch ; 1123.67 υ(C–

) bend {in–plane aromatic}; 770.71 υ(C–H) bend {out–plane aro- 

atic}; 1589.21 υ(C = N); 1603.08 υ(C = C); 1257.91 υ(C–O); 427.92 

(Cu–N), 525.80 υ(Cu–O). Uv–vis (1 × 10 –3 M, DMF, nm): 280 ( π
π ∗, strong), 300 (n–π ∗, strong), 4 90 (LMCT), 600, 6 80 ( 2 Eg → 

2 T 2 g,

road). ESI–MS (m/z, DMF) 595.51 [C 26 H 22 N 7 CuO 5 S 0.5 + 3H 

+ ] + . 

.3.4. Synthesis of the complex ( 3 ) 

Similar to complex 1 , Triazino[5,6–b]indole ligand L (0.289 g, 

.0 mmol) was dissolved in 5 ml of DMF after 10 min of heating.

he metal salt NiSO 4 .6H 2 O (0.31 g, 1.2 mmol) dissolved in a min-

mum amount of distilled water was added to the hot solution of 

igand L . On the addition of metal salt, the color of the solution 

hanges from orange to brown along with the appearance of the 

recipitate. The resulting solution was refluxed for 3 h and the 1,10 

henanthroline (0.21 g, 1.2 mmol) dissolved in DMF was slowly 

dded to the refluxing solution which causes the disappearance of 

he precipitate and the change in color from light brown to dark 

rown. The clear solution obtained was further refluxed for 4 h at 

0 °C and was reduced and left for 7–8 days in the cupboard. Af- 

er a week brown color product obtained was isolated and washed 

everal times with a 1:1 methanol and dichloromethane solution 

nd dried in vacuo. 

Yield = 87%, M.P. > 300 °C, Anal. (%) Calc. for C 28 H 18 N 7 NiO 3 S 0.5 :

, 63.79; H, 3.44; N, 18.60. Found: C, 63.35; H, 3.41; N, 18.27. �M 

1 × 10 –3 M, DMF): 120 �–1 cm 

2 mol –1 . IR (KBr) ( νmax /cm 

–1 ): 

054.01 υ(C–H) stretch ; 1122.67 υ(C–H) bend {in–plane aromatic}; 

53.43 υ(C–H) bend {out–plane aromatic}; 1581.38 υ(C = N); 1607.51 

(C = C); 1215.95 υ(C–O); 426.12 υ(Ni–N), 525.45 υ(Ni–O). 1 H NMR 

400 MHz, DMSO–d 6 , δ): 9.57 (–NH, indole); 8.99 (–CH = N); 7.94, 

.59, 7.39, 7.19, 6.95, 6.83 (aromatic–H, L and phen); 3.37 (H 2 O); 

.49 (CH 3 –DMSO). 13 C NMR (100 MHz, DMSO–d 6 , δ): 173.55 (–

H = N); 126.2, 129.7, 132.7, 134.5, 148.4, 156.01 (Ar C, Phenan); 

10.2, 112.0, 115.9, 117.7, 118.7, 122.2, 127.3, 128.4, 131.2, 132.7, 

33.9, 134.4, 140.1, 143.2, 147.4, 151.3, 160.7 (Ar C–ligand L ). Uv–vis 

1 × 10 –3 M, DMF, nm): 281 ( π –π ∗, strong), 319 (n–π ∗, strong), 

80 (LMCT) 550 ( 1 A 1 g → 

1 A 2 g, broad), 625 ( 1 A 1 g → 

1 B 1 g, broad).

SI–MS (m/z, DMF) 576.34 [C 28 H 18 N 7 NiO 3 S 0.5 + H 

+ ] + . 

.3.5. Synthesis of the complex ( 4 ) 

Similar to complex 2 , the solution of Triazino[5,6–b]indole lig- 

nd L (0.289 g, 1.0 mmol) was obtained in 5 ml of DMF after 10

in of heating in a round bottom flask. In the beaker CuSO 4 .6H 2 O

0.32 g, 1.2 mmol) dissolved in 3 ml of DMF was gradually added 
3 
o the hot solution of ligand L until a dark color solution was ob- 

ained. The resulting solution was refluxed for 4 h and after this, 

he 1,10 phenanthroline (0.21 g, 1.2 mmol) dissolved in DMF was 

dded drop by drop to the refluxing solution leading to the forma- 

ion of a dark green color precipitate. The solution obtained was 

urther refluxed for 2.5 h at 80 °C and the precipitate obtained 

as left overnight. The next day the dark green color precipitate 

as filtered and washed several times with a 1:1 methanol and 

ichloromethane solution and dried in vacuo. 

Yield = 90%, M.P. 195 °C, Anal. (%) Calc. for C 28 H 22 N 7 CuO 5 S 0.5 :

, 59.20; H, 3.90; N, 17.26. Found: C, 59.35; H, 3.12; N, 17.50. 

M 

(1 × 10 –3 M, DMF): 125 �–1 cm 

2 mol –1 . IR (KBr) ( νmax 

cm 

–1 ): 3430.63 υ(O–H) stretch ; 3056.98 υ(C–H) stretch ; 1164.69 υ(C–

) bend {in–plane aromatic}; 856.77 υ(C–H) bend {out–plane aro- 

atic}; 1593.42 υ(C = N); 1609.22 υ(C = C); 1220.63 υ(C–O); 420.31 

(Cu–N), 520.13 υ(Cu–O). Uv–vis (1 × 10 –3 M, DMF, nm): 285 ( π
π ∗, strong), 320 (n–π ∗, strong), 492 (LMCT), 635, 695 ( 2 Eg → 

2 T 2 g, 

road). ESI–MS (m/z, DMF) 617.43 [C 28 H 22 N 7 CuO 5 S 0.5 + H 

+ ] + . 

.4. DNA binding evaluations 

Absorption spectral study experiments were conducted by grad- 

ally adding increasing DNA concentration to a constant volume of 

omplexes (50 μM) in each set. The intrinsic binding constant ( K b ) 

ere calculated from the changes in the variations in absorbance 

t the maximum wavelength of the intra ligand band and the K b 

alue was evaluated by using Wolf–Shimmer Eq. (1) [26] ; 

[ DNA ] 

ε a − ε f 
= 

[ DNA ] 

ε b − ε f 
+ 

1 

K b ( ε a − ε f ) 
(1) 

here, [DNA], εa , εf and εb are the amount of the DNA added, 

pparent extinction coefficient, extinction coefficient, apparent ex- 

inction coefficient for free complex and fully bound complex, re- 

pectively. However, the K b values were calculated from the ratio 

f slope to intercept in the [DNA]/( ε a –ε f ) vs [DNA] graph. 

Steady state fluorescence emission studies in the range of 300–

00 nm were also performed by employing a methodology iden- 

ical to the electronic absorption titration studies and the bind- 

ng propensity of complexes were evaluated using the Scatchard 

q. (2) and (3) [27] ; 

 f = C T ( I/I o − P ) ( 1 − P ) (2) 

/C f = K ( n − r ) (3) 

here C T is the total concentration of the complex, C f is the con- 

entration of free complex, added, I and I o are fluorescence intensi- 

ies in the presence and absence of CT–DNA, respectively, and P is 

he ratio of the observed fluorescence intensity of the bound com- 

lex to that of the free complex. The value of P was determined 

rom the intercept by plotting the graph of I/I o vs. 1/[DNA], r indi- 

ates the ratio of C B ( = C T – C f ) to the concentration of DNA, where

 b represents the concentration of complex in the bounded DNA (r 

 C b /[DNA]). The binding parameters K is the binding constant was 

alculated from the slope and “n” is the binding site number was 

etermined from the intercept from the Plot of r/C f versus r. 

Similarly, in Ethidium bromide displacement studies, the EB–

NA solution was prepared by mixing 100 μM CT–DNA and 100 

M EB in an aqueous buffer incubated for 30 min before being 

sed for titrations with metal complexes. The competitive inter- 

ction studies of complexes towards CT–DNA were evaluated by 

radually adding the volume of interacting complexes to the so- 

ution of EB–DNA in each set where EB is almost fully bound to 

NA helix. The impact of the EB–DNA solution on adding the in- 

reasing concentration of ligand/ metal complexes was directly im- 

acted the change in the emission profile of EB–DNA [28] . For this 
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xperiment Stern–Volmer equation was employed to calculate the 

tern–Volmer quenching constant from the graph of F o /F versus 

Q]. In this Eq. (4) , F o and F is the fluorescence intensity in the

bsence and the presence of the complex, respectively and [Q] is 

he concentration of quencher i.e the ligand or metal complex. 

F o 

F 
= 1 + K SV [ Q ] (4) 

.5. Molecular docking studies 

The inflexible molecular docking studies were executed by us- 

ng HEX 6.1 software [29] . Structures of the ligand/complexes 

ere drawn using CHEMSKETCH ( http://www.acdlabs.com ) which 

as changed into PDB format from mol format by OPENBA- 

EL ( http://www.vcclab.org/lab/babel/ ). Furthermore, B–DNA dode- 

amer d(CGCGAATTCGCG) 2 crystal structure (PDB ID: 1BNA) was 

aken from protein data bank ( http://www.rcsb.org./pdb ). All com- 

utation studies were conducted on Intel Pentium 4 operating sys- 

em having a 2.4 GHz based system containing running MS Win- 

ows XP SP2. Finally, the insight view of docked pose model was 

isualized by using two molecular graphics programs i.e. CHIMERA 

 http://www.cgl.ucsf.edu/chimera/ ). 

. Results and discussion 

New metal-based molecular modalities 1–4 were obtained, 

ollowed by the stoichiometric addition of new (E)–2–(((5H–

1,2,4]triazino[5,6–b]indol–3–yl)imino)methyl)phenol ligand L and 

,2 ′ –Bipyridine/1,10 phenanthroline to Ni(II)/Cu(II) metal sulfates 

 Scheme 1 ). Proposed structures of the complexes were established 

y CHN analysis and various spectroscopic methods. In complexes 

 and 3 displayed square planar geometry, whereas complexes 2 

nd 4 acquired octahedral environments and were stable toward 

ir and moisture. Conductance values of all the complexes suggest 

heir 1:1 electrolytic nature in DMF solution. 

.1. IR spectra 

The IR spectrum of ligand L and metal complexes 1 –4 were 

ecorded in the range of 40 0 0–40 0 cm 

–1 at room temperature. 

he IR spectra of the ligand L shows a characteristic peak at 

616.56 cm 

–1 for the azomethine ν(C = N) group which was shifted 

o lower frequencies in metal complexes 1 –4 in the range 1599.91–

581.38 cm 

–1 confirming the coordination of azomethine group to 

he central metal ion [30] . Apart from this ligand L also shows a

edium intensity broad band at 3430.69 cm 

–1 due to the pres- 

nce of the ν(O–H) group attached with the salicylaldehyde moi- 

ty [31] . However, the absence of this ν(O–H) band in complexes 

 and 3 confirms the coordination by the deprotonation of the hy- 

roxyl group. But in complexes 2 and 4 the broadness and inten- 

ity of the ν(O–H) band nearly at ∼3429.18 cm 

–1 was increased 

ndicating the presence of coordinated water molecules thus mak- 

ng it difficult to analyze the deprotonation of the hydroxyl group 

32] . Furthermore, the band for the ν(N–H) of the triazino[5,6–

]indole ring was observed in the range of 3200.98–3262.28 cm 

–1 

n both ligand L and metal complexes 1 –4 [33] . For the heteroaro-

atic structures, the ν(C–H) stretching vibrations of the aromatic 

ing were expected in the region of 310 0–30 0 0 cm 

–1 . Therefore,

he characteristic ν(C–H) stretching vibration in ligand L was de- 

icted at 3197.98 and 30 67.6 6 cm 

–1 [34] . These –C–H stretching vi-

rations in metal complexes 1 –4 were shifted at 3078.14, 3050.21, 

054.01, 3056.98 cm 

–1 , respectively. Moreover, the peaks in the re- 

ion 1099.08–1164.69 cm 

–1 were assigned to the ν(C–H) in–plane 

ending mode of vibration. Similarly strongly intense ν(C–H) out–

f–plane bending vibrations were observed in the 751.60–856.77 
4 
m 

–1 range in ligand L and metal complexes 1 –4 . The other aro- 

atic ring stretching vibrations of the ν(C = C) bond of medium 

ntensity were found at 1537.86 cm 

–1 for ligand L and 1537.86–

603.08 cm 

–1 for metal complexes 1 –4 . The ν(C–O) stretching vi- 

rations appeared as a sharp peak at 1256.20 cm 

–1 in ligand L 

hile in metal complexes the intensity of this peak was expectedly 

educed and shifted at 1262.35–1215.95 cm 

–1 [35] . Additionally, in 

etal complexes 1 –4 weak intensity peaks in the range 417.19–

27.92 cm 

–1 and 523.16–520.13 cm 

–1 were assigned to the ν(M–

) and ν(M–O) vibrations, respectively, confirming the formation 

f complexes [ 36 , 37 ]. 

.2. NMR spectral studies 

The 1 H NMR spectra of the ligand L displayed a strong char- 

cteristic peak at 8.91 ppm due to the presence of azomethine 

HC = N proton thus confirming the formation of ligand L [38] . 

oreover, the signals at 10.25 ppm were attributed to the –NH 

roups suggesting the presence of the free –NH in ligand L [39] . 

he upfield shift of the phenolic –OH group signal at 12.57 ppm 

uggests the existence of the intramolecular hydrogen bonding be- 

ween the hydrogen atom of the phenolic –OH and the nitrogen 

tom of the azomethine group [40] . The multiplets in the range of 

.53 to 8.04 ppm corresponds to the combined signals of aromatic 

ydrogen atoms of both the triazino[5,6–b]indole ring and salicy- 

aldehyde moieties present in ligand L . However, in the 1 H NMR 

pectra of complexes 1 and 3 the peak for the azomethine –HC = N 

roton was slightly shifted downfield at 8.98 and 8.99 ppm, re- 

pectively thus suggesting the coordination of N–atom to the metal 

on [41] . In contrast, the signal for the –OH group at 12.57 ppm 

as completely disappeared in both complexes which further con- 

rms the deprotonation of the hydroxyl group and the direct co- 

rdination of the –OH group with the metal ion. In addition, the 

ignal for the –NH group present in triazino[5,6–b]indole ring was 

hifted upfield at 9.50 and 9.57 ppm in complexes 1 and 3 , respec- 

ively. Furthermore, the peaks in the aromatic region from 6.78–

.90 ppm and 6.83–7.94 ppm were broad and merged in both com- 

lexes 1 and 3 , respectively. The broadness in these signals were 

bserved mainly due to the presence of metal ions, so it is quite 

ifficult to differentiate the signals of the triazino[5,6–b]indole lig- 

nd L and 2,2 ′ –Bipyridine/1,10 phenanthroline separately in the 

romatic region. Additionally, a strong peak at 3.40 ppm in the 

ase of ligand L and a very broad peak at 3.44 and 3.37 ppm 

n complexes 1 and 3 in the 1 H NMR spectra suggested the as- 

ociation of water molecules. The strong broadening of the H 2 O 

olecule signal in the case of metal complexes indicates the dy- 

amic processes such as proton exchange or the presence of water 

olecules in the solvent [42] . On the other hand, a sharp peak ob- 

erved at 2.51 ppm, 2.45 and 2.49 ppm was due to the presence 

f DMSO solvent in ligand L and complexes 1 and 3 , respectively 

43] (Fig. S1). 

In the 13 C NMR spectra of ligand L , a characteristic peak at 

64.8 was observed for the azomethine carbon atom. The reso- 

ance signals for the aromatic triazino[5,6–b]indole ring was found 

n the range of 109.99–153.4 ppm [44] . The signals for the car- 

on atoms of the aromatic salicylaldehyde ring were observed in 

he 116.12–133.66 ppm range except for the carbon atom that is 

onded to the –OH group which was observed at 161.36 ppm 

45] . However, in complexes 1 and 3 the azomethine carbon was 

hifted downfield at ~173 ppm suggesting the formation of com- 

lexes [46] . The resonance signals for the aromatic carbon atoms 

f ligand L were assigned in the range 110.21–160.74 ppm. The 

haracteristic signatures for the aromatic 1, 10 phenanthroline ring 

ere identified in the 126.25–156.01 ppm range [47] . 

http://www.acdlabs.com
http://www.vcclab.org/lab/babel/
http://www.rcsb.org./pdb
http://www.cgl.ucsf.edu/chimera/
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Scheme 1. Synthetic route to ligand L and metal complexes 1 –4 . 
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.3. Electronic spectra 

The UV–vis spectra of the ligand L and the metal complexes 1 –

 were measured in a DMF solution (10 –3 to 10 –4 M) in the range

f 200 to 800 nm at room temperature. The ligand L exhibited 

wo strong intensity peaks at 280 and 320 nm mainly attributed to 

he intraligand transitions π –π ∗and n–π ∗ of the heterocyclic aro- 

atic framework and non-bonding electrons of the nitrogen atom 

f –C = N groups attached with the triazino[5,6–b]indole moiety, re- 

pectively [ 4 8 , 4 9 ]. Similarly, the electronic spectra of complexes

 and 4 displayed an intense absorption band in the range 280–

85 nm with a shoulder at 300–320 nm, respectively, affirming 

he presence of ligand L in metal complexes. At higher concentra- 

ion complex 2 and 4 shows two low energy d–d bands centered 

t 600,680 nm and 635,695 nm, respectively corresponding to the 
 Eg → 

2 T 2 g transitions suggesting the tetragonally distorted octahe- 

ral geometry around Cu(II) ion attributed to the John–Teller effect 

50] . However, a shoulder band at 490 and 492 nm in the elec- 
5 
ronic spectra of complexes 2 and 4 , respectively were assigned 

o the combination of LMCT (N → Cu 

2 + ) and 

2 Eg → 

2 T 2 g transitions 

51] . In addition, the effective magnetic moment of complex 4 was 

alculated from the magnetic susceptibility by using the equation 

eff = 2.828 [ χm 

.T] 1/2 where χm 

is the molar susceptibility and T 

s the absolute temperature. For complex 4 the magnetic moment 

as obtained to be 1.92 B.M which is slightly higher than the the- 

retical value (i.e 1.73 B.M) thus indicating the monomeric nature 

nd octahedral geometry of Cu(II) complex [52] . Unfortunately, the 

agnetic moment value of complex 2 cannot be recorded due to 

he slight hygroscopic nature of the complex. On the other hand, 

he Ni(II) complexes 1 and 3 exhibited a high intensity band at 

75–281 nm, respectively and a slight shoulder at 325–319 nm 

hich is more pronounced in the case of complex 3 [53] . Apart 

rom this, a strong peak at 480 nm at higher concentrations in 

omplexes 1 and 3 corresponds to the LMCT transitions. Complex 1 

xhibited two absorption bands at 535 and 620 nm whereas com- 

lex 3 shows the bands at 550 and 625 nm corresponding to the 
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pin forbidden 

1 A 1 g → 

1 A 2 g and 

1 A 1 g → 

1 B 1 g transitions character- 

stic of the square planar Ni(II) complexes. Furthermore, very low 

agnetic susceptibility values in complexes 1 and 3 suggested the 

iamagnetic nature of Ni(II) complexes consistent with the square 

lanar arrangement. 

.4. Thermal gravimetric analysis (TGA) 

To determine the thermal stability of metal complexes 1 –4 , the 

GA analysis has been carried out over the temperature range 

f 25–800 °C (Fig. S3). In complex 1 , the decomposition of the 

omplex occurs in four steps in the temperature range of 85.72–

59.96, 159.96–223.43, 223.43–46 4.93, 46 4.93–690.92 °C. However, 

n complexes 2 –4 , the weight loss has been observed in three 

teps over the temperature range of 94.03–206.23, 176.77–395.54, 

39.6 4–652.6 4 °C. In the case of complexes 1 and 3 , a loss of sul-

ate molecules accompanied by a % weight loss of 7.37% and 7.03% 

calculated%: 8.71 and 8.34) was observed in the first step in tem- 

erature range 85.72–159.96 and 108.76–206.23 °C, respectively. In 

he second step in complex 1 (159.96–223.43 °C), there was the 

limination of CO 2 from the molecule with a weight loss of 7.88% 

calculated%: 8.74) whereas in complex 3 (206.23–395.54 °C) there 

s a weight loss of 18.43% (calculated%: 19.93) corresponding to the 

emoval of salicylaldehyde moiety. However, in complex 1 (223.43–

64.93 °C) the decomposition of salicylaldehyde moiety occurs in 

he third step assigned to the weight loss of 26.71% (calculated%: 

5.94). In the last step in complexes, 1 and 3 , the weight loss of

9.22% and 20.60% (calculated%: 19.20 and 20.30) in the temper- 

ture range 395.54–690.92 °C, respectively were assigned to the 

urther decomposition of organic ligand leading to the generation 

f NiO as final residue. Similarly, in complexes 2 and 4 (94.03–

76.77), there is a loss of two coordinated water molecules caus- 

ng a weight loss of 6.76% and 5.63% (calculated%: 6.08 and 5.84), 

espectively. In the second step in complex 2 (201.57–263.46 °C) 

here is a weight loss of 16.20% (calculated%: 16.56) due to the 

limination of sulfate ion and CO 2 molecule while in complex 4 

176.77–342.04 °C), a greater weight loss of 37.41% (calculated%: 

6.40) was observed which indicated the removal of sulfate ion, 

O 2 and salicylaldehyde moiety from the molecule. In the third 

tep in the temperature range of 263.46–634.45 °C in complexes 

 and 4 there is a decomposition of the remaining organic ligand 

ccompanied with weight loss of 40.64 and 20.52% (calculated%: 

0.08 and 20.12), respectively ultimately forming the CuO at the 

nd. 

.5. Mass spectra 

The ESI mass spectra of ligand L and metal complexes 1 –4 ex- 

ibited a prominent molecular ion peak at 290.3, 552.03, 595.51, 

76.34, and 617.43, respectively in support of our chemical struc- 

ures. In the case of metal complexes 1 –4 , the loss of the counter

on (1/2SO 4 
2–) is observed leading to the formation of complex 

on observed at m/z 504.16, 543.99, 528.31 and 568.43, respec- 

ively. In complexes 1 and 3 , the complex ions [C 26 H 18 N 7 NiO] + 

nd [C 28 H 18 N 7 NiO] + were further fragmented giving peaks at m/z 

46.10 and 346.35 corresponding to the [C 26 H 18 N 7 NiO–C 10 H 8 N 2 ] 
+ 

nd [C 28 H 18 N 7 NiO–C 12 H 8 N 2 ] 
+ fragments indicating the removal of 

ipyridine and phenanthroline, respectively. The peaks at 289.10 

nd 289.62 were ascribed to [C 26 H 18 N 7 NiO–C 10 H 8 N 2 –Ni] + and 

C 28 H 18 N 7 NiO–C 12 H 8 N 2 –Ni] + fragments clearly showing the sep- 

ration of nickel metal ion leaving behind the Schiff base ligand 

 . Similarly in complexes 2 and 4 the resulting loss of the sul- 

ate counter ion in the first step give rise to the complex ions 

C 26 H 22 N 7 CuO 3 ] 
+ and [C 28 H 22 N 7 CuO 3 ] 

+ appearing at m/z 543.20

nd 568.43 in the mass spectra. In the second step, there will be 
6 
oss of both water molecules from complexes 2 and 4 correspond- 

ngs to the [C 26 H 22 N 7 CuO 3 –2H 2 O] + and [C 28 H 22 N 7 CuO 3 –2H 2 O] + 

bserved at m/z 507.20 and 532.36, respectively. In the next step, 

here will be complete removal of bipyridine/phenanthroline lig- 

nds as evidenced from the appearance of peaks at m/z 351.10 

nd 351.64 corresponding to [C 26 H 22 N 7 CuO 3 –2H 2 O–C 10 H 8 N 2 ] 
+ and

C 28 H 22 N 7 CuO 3 –2H 2 O–C 12 H 8 N 2 ] 
+ fragments. After this, the copper

etal ion is lost giving a peak at nearly m/z 288 in both com- 

lexes 2 and 4 attributed to the [C 26 H 22 N 7 CuO 3 –2H 2 O–C 10 H 8 N 2 –

u] + and [C 28 H 22 N 7 CuO 3 –2H 2 O–C 12 H 8 N 2 –Cu] + fragments, respec- 

ively. Moreover, in ligand L and metal complexes 1 –4 high inten- 

ity peaks were seen at m/z 185 and 106 due to the presence of 

ndole triazine and salicylaldehyde moiety, respectively. Therefore, 

n the metal complexes 1 –4 , the complex ions are the main species 

esponsible for the interaction with DNA and HSA as the counter 

on is very easily lost in the first step of the mass fragmentation 

rocess. 

.6. DNA binding studies 

.6.1. Electronic absorption titration 

The DNA binding interaction of ligand and metal complexes 

as commonly studied by employing the electronic absorption 

echnique. The electronic absorption spectra were evaluated for 

he ligand L and complexes 1–4 by monitoring the changes in 

he maximum absorption band at 271 nm assigned to the intrali- 

and π→ π ∗ transitions of the aromatic rings [ 54 , 55 ]. Moreover, 

 very weak band nearly in the region of 330–360 nm in ligand 

 and complexes 2 –4 was attributed to the n → π ∗ transitions of 

he heterocyclic rings. When a complex is bound to DNA, either 

ypochromism or hyperchromism was observed with or without 

ny red or blue shift in the position of the absorption band. The 

ypochromism mainly represents the stacking of the aromatic pla- 

ar residues inside the base pairs of the DNA helix thereby show- 

ng the intercalative binding mode. However, hyperchromism was 

ssociated with the electrostatic interaction of the molecule with 

he sugar phosphate backbone and the stabilization of the DNA 

econdary structure. The absorption spectra of ligand L and com- 

lexes 1–4 in the absence and presence of DNA in 5mM Tris HCl/ 

aCl buffer were depicted in Fig. 1 . The incremental addition of 

NA concentration to a constant volume of ligand L , metal com- 

lexes 1 and 2 shows hyperchromism of 44.2%, 91.5% and 67.85%, 

espectively in the absorption profile with a slight red shift of 3–5 

m in 1 and 2 in the range 265–271 nm. The spectral characteris- 

ics such as red shift and hyperchromic effect suggested both co- 

alent binding via the N7 atom of guanine and non–covalent bind- 

ng mode through the breakage of hydrogen bonds between the 

NA base pairs leading to the overall contraction and stabilization 

f the DNA secondary structure [56] . Similarly, hyperchromism of 

5.97% and 73.91% was also observed in the absorption profile of 

omplexes 3 and 4, respectively but with a strong blue shift of 6–9 

m in the maximum absorption band. The concomitant blue shift 

long with hyperchromism in the absorption intensity inferred the 

nteraction of metal complexes with DNA through the groove bind- 

ng or external contact by electrostatic interaction with the phos- 

hate backbone of the DNA helix [ 57 , 58 ]. In order to access the

inding propensity of ligand and metal complexes, the intrinsic 

inding constant K b was quantitatively determined by using the 

olfe–Shimer Eq. (1) . The value of K b evaluated from the ratio 

f slope to intercept in a plot of [DNA]/( ε a − ε f ) Vs [DNA] fol-

ows the order 4 > 3 > 2 > 1 > L ( Table 1 ). These results revealed that

ll metal complexes 1 –4 exhibited higher binding constant K b val- 

es as compared to the ligand L and thus we can say that com- 

lexation of organic ligands with metal ions increases the bind- 

ng ability thereby acting as stronger DNA binding agents. Finally, 

t can be concluded that hyperchromism in the absorption spec- 
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Fig. 1. Absorption spectra of ligand L and metal complexes 1 –4 in 5mM Tris HCl/ 50 mM NaCl buffer upon the addition of calf thymus DNA; Inset: Plots of [DNA]/( ε a –ε f ) vs 

[DNA] for the titration of CT DNA with complexes, experimental data points; full lines, linear fitting of the data. [Complex] = 6.42 × 10 –6 M, [DNA] = 1.14 × 10 –4 M. Arrow 

shows a change in intensity with increasing concentration of DNA. 

Table 1 

DNA binding parameters of ligand L and metal complexes 1 –4 obtained from the elec- 

tronic absorption studies. 

Complex/Ligand λmax (nm) �λ (nm) % Hyperchromism K b (M 

–1 ) 

L 271 6 (Blue) 44.2% 8.45 × 10 3 

1 265 5 (Red) 91.5% 1.04 × 10 4 

2 275 3 (Red) 67.85% 1.14 × 10 4 

3 269 9 (Blue) 45.97% 1.9 × 10 4 

4 265 6 (Blue) 73.91% 4.8 × 10 4 

7 
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ra in both ligand metal complexes was mainly attributed to the 

on–covalent electrostatic binding and groove binding through the 

ormation of hydrogen bonds with the –OH and –NH group of 

he ligand L with the accessible hydrogen bonding sites present 

n the major and minor grooves. However, Cu(II) complexes 2 and 

 exhibited greater binding affinity when compared to their cor- 

esponding analogs Ni(II) complexes 1 and 3 . The higher binding 

ropensity of complexes 2 and 4 is mainly due to the presence of 

elective Cu(II) endogenous metal ion which acts as a promising 

lternative to platinum-based drugs because it is highly selective 

owards N7 of guanine residue and strongly interacts with can- 

erous DNA thereby blocking the uncontrolled replication of DNA 

hich ultimately leads to cell death [59] . Apart from this, Cu(II) is 

n essential metal ion that is present at the active site of various 

roteins/enzymes which is involved in many important biological 

rocesses in the human body such as respiration, electron transfer, 

nergy metabolism and DNA synthesis [60] . Additionally, the ge- 

metry of metal complexes plays a key factor in determining the 

inding affinity of metal complexes. The literature revealed that 

ctahedral geometry of copper(II) complexes containing aromatic 

igands [ 61 , 62 ] are quite fluxional and labile that allows the inter-

alation of complex inside the DNA base pairs making it a more 

uitable DNA probe for the development of novel chemotherapeu- 

ic agents [ 63 , 64 ]. 

.6.2. Fluorescence spectral studies 

Fluorescence spectroscopy is one of the most sensitive and ac- 

urate techniques to determine the mode of binding of molecules 

ith DNA. The fluorescence emission spectra of ligand L and com- 

lexes 1–4 exhibited a strong emission band in the range 364–376 

m when excited at a maximum wavelength of 265–275 nm in 

.01 Tris–HCl/50 mM NaCl buffer at room temperature. The fluo- 

escence titration studies of ligand L and complexes 1–4 have been 

erformed in the absence and presence of CT DNA (1.10 × 10 –4 

). The changes in the fluorescence intensity and difference in the 

avelength shift determine the mode of binding of these com- 

lexes with CT DNA. As depicted in Fig. 2 , the ligand L , com-

lexes 3 and 4 show an increase in the fluorescence intensity in 

he emission peak at 380 nm on continuous addition of increasing 

oncentration of CT–DNA to a constant volume of complex 1. The 

omplexes 3 and 4 exhibited 43.84% and 51.01% hyperchromism at 

 ratio of [DNA]/[complex] is 2.4, respectively with a slight blue 

hift of 2–3 nm ( Fig. 2 ). However, the ligand L only shows hy-

erchromism with no shift in the position of the emission peak. 

he enhancement in the emission intensity and red/blue shift in- 

icates the electrostatic interaction of complexes 3 and 4 towards 

he negatively charged phosphate backbone of DNA [65] . This type 

f behavior was also expected due to the highly planar structure 

f the phenanthroline present in complexes. Furthermore, the in- 

rease in the emission intensity is the characteristic of intercalator 

olecules; therefore our complexes 3 and 4 due to the presence of 

ighly planar phenanthroline ring will also undergo partial interac- 

ion inside the adjacent base pairs of DNA helix. This will lead to a 

ecrease in the collisional frequency due to the less accessibility of 

olvent molecules at the binding site thus proving a hydrophobic 

nvironment around the complex molecule [66] . However, in the 

ase of complexes, 1 and 2 , quenching in the intrinsic fluorescence 

y 11.29% and 19.88% with a red and blue shift of 3 and 5 nm, re-

pectively was observed in the emission peak appearing at 364 nm 

n incremental addition of CT DNA. This quenching in the fluores- 

ence intensity can be either static quenching or dynamic quench- 

ng. The static quenching represents the formation of the ground 

tate complex between the fluorophore and quencher whereas dy- 

amic quenching refers to the interaction of the quencher with a 

olecule in the excited state [ 67 , 68 ]. 
8 
Moreover, the binding constant ‘K’ and number of binding sites 

n’ for ligand L and complexes 1 –4 were calculated from slope and 

ntercept of the Scatchard plot of r/C f versus r, respectively. The 

inding constant values follow the order 4 > 3 > 2 > 1 > L in agree-

ent with electronic absorption studies ( Table 2 ). This result indi- 

ated the structure–activity relationship in complexes and reveals 

hat the nature of the metal ion and the increase in molecular pla- 

arity of the ligands can affect the binding propensity of metal 

omplexes with CT DNA. 

.6.3. Ethidium bromide displacement experiment 

An ethidium bromide displacement experiment was carried out 

o further get detailed insight into the intercalative behavior of 

omplexes with DNA. The ethidium bromide (EB) is basically a sen- 

itive fluorescent probe that emits fluorescence in the presence 

f DNA; this is due to its highly planar aromatic structure that 

asily intercalates inside the stacked base pairs of the DNA he- 

ix [69] . This staking interaction of EB dye with DNA leads to a 

ery high emission intensity due to the decrease in the quench- 

ng effect by solvent molecules. However, the emission intensity 

f this EB dye decreases when replaced by another molecule at 

he same intercalating site. Therefore, any molecule that replaces 

his dye will have the intercalating mode of binding depending 

pon the ability of intercalation and hence reflected by a decrease 

n emission intensity [70] . The emission spectra of EB dye show 

n intense emission peak at 595 nm when excited at 525 nm 

avelength in the presence of the DNA molecule, thereby con- 

rming the formation of DNA–EB adducts. As shown in Fig. 3 , 

he increasing concentration of ligand L and metal complexes 1 –

 quenches the emission intensity of DNA–EB adducts [71] . The 

esults revealed only quenching of the fluorescent intensity with 

o shift in the position of the band. In both ligand and metal 

omplexes, since EB was not completely displaced from its bind- 

ng site, it can be concluded that our molecule competes with EB 

or its binding site and undergo partial intercalation [72] . There- 

ore, quenching in the fluorescence indicates the partial intercala- 

ive behavior of both ligand L and metal complexes 1 –4 , but the 

xtent of intercalative nature was determined from the quench- 

ng constant K sv by using the Stern–Volmer Eq. (1) . The quenching 

onstant was calculated from the slope of the plot of I o /I verses 

Complex] follows the order 4 > 3 > 2 > 1 > L ( Table 3 ). Furthermore,

he apparent binding constant K app values at the 50% quenching 

f the fluorescent intensity of DNA–EB adduct by ligand L and 

etal complexes 1 –4 were calculated by using the equation [73] : 

 app × [ligand/complex] 50 = K EB × [EB], where [ligand/complex] 50 

s the concentration of molecule at 50% quenching, K EB is the bind- 

ng constant of Ethidium bromide (K EB = 1.0 × 10 7 M 

–1 ) and [EB] 

s the concentration of ethidium bromide (3.33 × 10 –6 M) [74] . The 

 app values for ligand L and metal complexes 1 –4 are mentioned 

n Table 3 . These K sv and K app values suggested that complex 4 

as a stronger ability to intercalate partially inside the DNA helix 

s compared to the other complexes and ligands alone. 

.7. HSA binding studies 

.7.1. Absorption spectral studies 

To investigate the changes in the secondary structure of HSA 

n interaction with ligand/ complexes, electronic absorption stud- 

es were conducted under physiological conditions. The electronic 

bsorption spectrum of HSA shows a strong peak at 280 nm due to 

he tryptophan amino acid residues present in HSA. It is well es- 

ablished in the literature that any changes in the absorption spec- 

ra of HSA were mainly due to the formation of the ground state 

omplex and unfolding of the polypeptide chain thus supporting 

he static fluorescence quenching mechanism. However, the dy- 

amic quenching only affects the excited state of the molecule 
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Fig. 2. Emission spectra of ligand L and metal complexes 1 –4 in Tris–HCl buffer (pH 7.3) in the presence and absence of CT DNA at room temperature. The arrow shows a 

change in intensity with the increasing concentration of DNA. 

Table 2 

DNA binding constant (K) values, percent hypo–/hyperchromism and shift in the wavelength ( �λ) for the interaction of 

ligand L and metal complexes 1 –4 . 

Complex/Ligand Emission wavelength λem (nm) �λ (nm) % Hypo–/ Hyperchromism K (M 

–1 ) 

L 376 No shift 3.06% 6.56 × 10 3 

1 364 3 (Red shift) 11.29% 1.81 × 10 4 

2 364 5 (Blue shift) 19.88% 3.03 × 10 4 

3 364 8 (Red shift) 43.84% 6.03 × 10 4 

4 366 9 (Blue shift) 51.01% 7.12 × 10 4 

9 
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Fig. 3. Emission quenching spectra of CT DNA (1.10 × 10 –4 M) bound ethidium bromide (3.33 × 10 –5 M) in the presence of ligand L and metal complexes 1 –4 in buffer 5 

mM Tris–HCl/50 mM NaCl, pH = 7.2 at room temperature. The arrow depicts a change in intensity with the increasing concentration of dye ethidium bromide. 

Table 3 

Binding parameters for the competitive ethidium bromide displacement 

studies for ligand L and metal complexes 1 –4 . 

Complex/Ligand % Hypochromism K sv (M 

–1 ) K app 

L 39.61 1.73 × 10 4 1.08 × 10 6 

1 46.94 2.25 × 10 4 1.80 × 10 6 

2 41.65 2.50 × 10 4 1.92 × 10 6 

3 43.04 3.36 × 10 4 2.01 × 10 6 

4 48.87 4.38 × 10 4 2.58 × 10 6 
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10 
nd did not alter the absorption spectra of fluorophore [ 75 , 76 ].

he electronic absorption spectra were recorded of on incremen- 

al addition of ligand L and complexes 1 –4 (0.12–1.26 × 10 –5 M) 

o a fixed amount of HSA (2.27 × 10 –5 M) in 5 mM Tris– HCl/ 

aCl buffer at room temperature ( Fig. 4 ). The results revealed hy- 

erchromism in the intensity along with a blue shift of 5 nm 

n the absorption spectra of complexes 1 and 2 whereas a red 

hift of 3 nm in the case of complexes 3 and 4 . In contrast, no

hift in the wavelength was observed in the absorption profile 

f HSA showing no alteration in the microenvironment around 

he tryptophan residue on increasing the concentration of ligand 

 [77] . In complexes 1 and 2 , a substantial increase in the ab-
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Fig. 4. UV absorption spectra of the ligand L and metal complexes 1 –4 in the presence and absence of HSA in 5 mM Tris– HCl/50 mM NaCl buffer, pH 7.3, at room 

temperature: [HSA] = 2.27 × 10 –5 M; [Complex] = 0.12–1.26 × 10 –5 M. Arrows show the intensity changes upon the increasing concentration of the complex 1. Inset: Plot 

of 1/A–A o vs. 1/ [Complex]. 
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orbance and blue shift in the wavelength indicated an increase 

n the polarity around the tryptophan residues thereby reducing 

he hydrophobicity leading to conformational changes in the pep- 

ide strands of HSA [78] . Similarly, in complexes 3 and 4 , the

arked red shift and hyperchromism also indicated changes in 

he microenvironment in Trp–214 residue due to the formation 

f ground state complex with HSA leading to structural changes 

n the secondary structure of HSA [ 79 , 80 ]. Overall, we concluded

hat the observed increase in the absorption intensity suggests the 

on–covalent interaction probably through the formation of hydro- 

en bond between the complexes and HSA molecule. The intrinsic 

inding constants (K b ) for the HSA binding of ligand L and metal 

omplexes 1 –4 have been evaluated from the ratio of the inter- 
11 
ept to slope from the linear double reciprocal plot of 1/(A–A o ) 

ersus 1/[ligand/complex] by using Eq. (1 ). The K b values were 

ound to be 2.36 × 10 3 , 1.29 × 10 4 , 6.33 × 10 4 , 7.32 × 10 4 ,

.57 × 10 4 for L and complexes 1 –4 , respectively. These results 

howed that complexes 2 and 4 containing Cu(II) ions exhibited 

 stronger binding affinity towards HSA than its analogous Ni(II) 

omplexes 1 and 3 . It can be expected as 15% of the total cop-

er content in blood plasma was transported by HSA under nor- 

al conditions. Since HSA acts as a carrier and shows high se- 

ectivity towards Cu(II) ions in the human body, therefore, the 

u(II) complexes possess high HSA binding affinity [81] . It is re- 

orted that the copper-binding site in the HSA is the amino N- 

erminal site with the sequence Asp-Ala-His which binds easily to 
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Fig. 5. The fluorescence quenching spectra of HSA in the presence of ligand L and metal complexes 1 –4 at excitation wavelength at 280 nm in 5 mM Tris–HCl/50 mM NaCl 

buffer, pH 7.3, at room temperature: [HSA] is 2.27 × 10 –5 M; the concentration of complex increases from 0.73 × 10 –6 to 8.06 × 10 –6 M, respectively. The arrow shows the 

intensity changes upon the increasing concentration of the quencher at an emission wavelength of 350 nm. 
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he Cu(II) ion and delivers to the tissues and organs in the human 

ody [82] . 

.7.2. Fluorescence quenching studies 

The affinity of drug molecules to bind with the carrier protein 

SA which is freely accessible inside the blood helps in the dis- 

ribution, metabolism and pharmacological properties of the blood 

 83 , 84 ]. The binding interaction of ligand/metal complexes with 

SA protein was studied by the highly sensitive fluorescence spec- 

roscopy technique. The intrinsic fluorescence of HSA was mainly 
12 
ue to the presence of tryptophan (Trp–214) residue with a sub- 

tantial contribution from tyrosine (Tyr), and phenylalanine (Phe) 

esidues. The Trp–214 residue is located in the subdomain IIA of 

SA which also contains a large hydrophobic cavity near Trp–214 

hat acts as a binding site for many drugs [85] . The fluorescence 

pectra of HSA have been recorded in the range of 20 0–80 0 nm 

ith excitation wavelength at 280 nm in the absence and pres- 

nce of an increasing concentration of ligand L and metal com- 

lexes 1–4 ( Fig. 5 ). The HSA (2.27 × 10 –5 M) shows a strong emis-

https://www.sciencedirect.com/science/article/pii/S0020169320311610
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Table 4 

The HSA binding constants and parameters derived for ligand L and 

complexes 1 –4 . 

Compound K sv (M 

–1 ) K q (M 

–1 s –1 ) K (M 

–1 ) n 

L 6.06 × 10 4 6.06 × 10 12 0.65 × 10 4 0.82 

1 6.22 × 10 4 6.22 × 10 12 1.11 × 10 4 1.05 

2 9.89 × 10 4 9.89 × 10 12 1.31 × 10 4 1.10 

3 1.33 × 10 5 1.33 × 10 13 1.51 × 10 5 1.38 

4 2.50 × 10 5 2.50 × 10 13 1.72 × 10 5 1.40 

s

t

i

8

t

s

v

H

c  

h

H

m

a

m

p

w

s

t

t

t

q

(

c

4

g

i

w

w

b

K

o

a

g

p

a

c

u

l

a

b

q

E

s

t

w  

l  

b

r

c

l

0

i

L

H

c

a

v

g

i

t  

o

g

3

a

o

t  

o

F

o

H

d

e

H

b

t

o

s

t

n

b

c

E

W

p

d

a

c

R

W

t

o

a

s

t

J

W

o

c

t

ϕ
e  

a

b

t

c

ion peak at 355 nm which was specifically quenched along with 

he slight blue shift of 5–6 nm on gradual addition of an increas- 

ng amount of ligand L and metal complexes 1–4 (0.73 × 10 –6 to 

.06 × 10 –6 M). This quenching in the fluorescence intensity and 

he blue shift indicates Trp–214 residues are less exposed to the 

olvent molecules and are buried in the more hydrophobic en- 

ironment after binding with the ligand/ metal complexes [86] . 

owever, the quenching in the case of complex 4 was more as 

ompared to complex 1, 2, 3 and ligand L due to the presence of a

ighly planar phenanthroline ring causing greater interaction with 

SA. The overall results suggest perturbations in the microenviron- 

ent around Trp–214 residues leading to the conformational alter- 

tions in the secondary structure of HSA [87] . 

To analyze the quenching mechanism of HSA by ligand L and 

etal complexes 1–4 , the fluorescence data were evaluated by em- 

loying the Stern–Volmer Eq. (5) : 

F o 

F 
= 1 + K q τo [ Q ] = 1 + K SV [ Q ] (5) 

here F o and F are the emission intensities of HSA in the ab- 

ence and presence of quencher (ligand/metal complex), respec- 

ively, k q is a bimolecular quenching rate constant of HSA (equal 

o K q = K SV / τ o ), τ 0 is the average lifetime of fluorophore in 

he absence of quencher ( τ o = 10 −8 s), K SV is the Stern–Volmer 

uenching constant and [Q] is the concentration of a quencher 

ligand/metal complex). The Stern–Volmer quenching constant K SV 

alculated from the plot of F o /F verses [Q] follows the order 

 > 3 > 2 > 1 > L . Furthermore, bimolecular quenching rate constant K q 

iven in Table 4 was calculated from the Stern–Volmer quench- 

ng constant K sv by employing the equation K q = K SV / τ o and 

as obtained in the order of magnitude 10 12 to 10 13 , which 

as much greater than the limiting diffusion constant K dif of the 

iomolecules (K dif = 2 .0 × 10 10 M 

−1 s −1 ). The greater values of 

 q > K dif for ligand L and metal complexes 1 –4 confirmed that flu- 

rescence quenching takes place through a static quenching mech- 

nism [ 88 , 89 ]. The static quenching supports the formation of the 

round state complex between the HSA and ligand L /metal com- 

lexes 1 –4 due to specific interaction in agreement with UV–vis 

bsorption results. For a static quenching mechanism, the binding 

onstant (K) and the number of binding sites (n) can be calculated 

sing the modified Stern–Volmer Eq. (6) : 

og 

[ 
F o − F 

F 

] 
= logK + nlog [ Q ] (6) 

Where, F o and F are the fluorescence intensities of HSA in the 

bsence and presence of quencher (ligand/metal complex), K is the 

inding constant, n is the number of binding sites and [Q] is the 

uencher concentration (ligand/metal complex). By employing this 

q. (2 ), a double logarithm regression graph of log(F o − F/F) ver- 

us log[Q] has been plotted and the binding constant (K) was de- 

ermined from the intercept and the number of binding sites (n) 

as calculated from the slope ( Fig. 6 ). The values of K and n for

igand L and metal complexes 1 –4 are mentioned in Table 4 . The

inding constant K values were found to be in the appropriable 

ange of 10 4 –10 5 M 

–1 indicating the excellent interaction between 

omplex 1 –4 and HSA. Moreover, the number of binding sites for 
13 
igand L and metal complexes 1 –4 was found to be in the range 

.82–1.4 revealing that there is only one binding site available for 

nteraction with HSA. The value of binding constant K for all ligand 

 and metal complexes 1 –4 are in the optimum range to bind with 

SA molecule but quite less than the association constant of non–

ovalent avidin–ligands bonds (K ≈ 10 15 M 

−1 ) [90] . This suggests 

 possible release of the complex at the target site. The results re- 

ealed that among the metal complexes 1 –4 , complex 4 shows the 

reater interaction with HSA due to the presence of Cu(II) metal 

on which is well known for its specific interaction and transporta- 

ion by HSA inside the human body [ 91 , 92 ]. Therefore, the nature

f metal ions directly affects the bioactivity of metal complexes to- 

ether with the coexistence of the synergetic effect of ligand [93] . 

.7.3. Forster resonance energy transfer (FRET) 

The energy transfer between the donor fluorophore (HSA) and 

cceptor (metal complexes) was observed due to the significant 

verlap of the emission spectra of HSA and the absorption spec- 

ra of the metal complexes 1 –4 ( Fig. 7 ). This non–radiative transfer

f energy through intermolecular dipole–dipole is also called the 

orster resonance energy transfer (FRET). In general, FRET mainly 

ccurs due to the interaction of the acceptor molecule with donor 

SA in the excited state leading to the transfer of energy from 

onor to acceptor molecule [94] . However, the extent of the en- 

rgy transfer depends on the amount of overlap between the donor 

SA and acceptor metal complexes. For efficient energy transfer 

etween donor and acceptor molecules by FRET mainly three cri- 

eria’s are required: (a) the donor molecule must have some flu- 

rescence, (b) there must be significant overlap between emission 

pectra of donor and absorption spectra of acceptor and (c) the dis- 

ance between donor and acceptor molecule must be less than 8 

m [95] . The efficiency of energy transfer (E) and the distance (r) 

etween the tryptophan residue of donor HSA and acceptor metal 

omplexes were evaluated by employing the Eq. (7) : 

 = 1 − F 

F o 
= 

R o 
6 

R o 
6 + r o 6 

(7) 

here F and F o represent the fluorescence intensity of HSA in the 

resence and absence of the metal complexes 1 –4 , r is the actual 

istance between the donor HSA and acceptor metal complexes 

nd R o signifies the critical distance at 50% energy transfer which 

an be computed from the Eq. (8) . 

 o 
6 = 8 . 78 × 10 

−25 K 

2 N 

−4 ϕJ (8) 

here K 

2 is the spatial orientation factor of the donor and accep- 

or dipoles depending on their geometry, N is the refractive index 

f the medium, ϕ is the donor HSA fluorescence quantum yield 

nd J is the overlap integral of the HSA donor fluorescence and ab- 

orption spectrum of acceptor metal complexes calculated by using 

he Eq. (9) . 

 = 

∞ ∫ 
0 

F (λ) ε(λ) λ4 λ

∞ ∫ 
0 

F (λ) λ

(9) 

here F( λ) is the fluorescence intensity of the HSA donor with- 

ut acceptor at wavelength λ and ε( λ) is the molar absorption 

oefficient of the acceptor metal complexes at wavelength λ. In 

he present circumstances the value of K 

2 = 2/3, N = 1.336 and 

= 0.118 for HSA. The parameters of the Forster resonance en- 

rgy transfer (FRET) such as E, J, R o and r for the interaction of the

cceptor metal complexes 1 –4 with donor HSA were determined 

y using Eqs. (1) to (3) . The calculated values show that the dis- 

ance between donor and acceptor ‘r’ is less than that of the criti- 

al distance ‘R o ’ for all the metal complexes thereby confirming the 
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Fig. 6. Double logarithm regression plot of fluorescence quenching of HSA for the calculation of binding constant (K) and the number of binding (n) for ligand L and 

complexes 1 –4 with HSA at room temperature. 

14 
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Fig. 7. Spectral overlap (J( λ)) of UV absorption spectra of complexes 1 –4 with fluorescence emission spectra of HSA. The red line shows the fluorescence emission spectrum 

of HSA (0.67 × 10 –6 M), the blue line UV absorption spectrum of metal complexes 1 –4 (0.67 × 10 –6 M). 

Table 5 

Forster resonance energy transfer (FRET) obtained parameters 

for energy transfer between HSA and metal complexes 1 –4 . 

Complex J (cm 

3 M 

−1 ) R o (nm) E r (nm) 

1 1.27 × 10 13 2.11 0.107 3.12 

2 2.18 × 10 13 2.25 0.136 3.13 

3 2.48 × 10 13 2.74 0.173 3.14 

4 6.07 × 10 13 2.97 0.374 3.17 
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tatic quenching mechanism. Moreover, the good value of ‘E’ re- 

ealed the excellent transfer of energy from the tryptophan residue 

f the HSA to the metal complexes 1 –4 along with substantial in- 

eraction. For an appropriate energy transfer process the value of r 

ust obey the criteria 0.5R o < r < 1.5R o which can be simplified

n general to 2 < r < 8 nm [96] . Our all complexes have followed

his condition as their r value is observed in the range of 3.02–3.17 

m, therefore, suggesting the exemplary transfer of energy in the 

rder of 4 > 3 > 2 > 1 ( Table 5 ). 

.8. Molecular docking studies with DNA 

To further get detailed information on the binding mode 

f metal complexes with DNA biomolecules, molecular docking 

tudies have been performed for only complexes 3 and 4 due 
15 
o their higher binding propensity towards DNA. We have per- 

ormed the rigid molecular docking studies with duplex DNA 

(CGCGAATTCGCG)2 dodecamer (PDB ID: 1BNA) to study the bind- 

ng interaction and proper orientation of our complex at the bind- 

ng site of the macromolecule [97] . The minimum energy docked 

oses of our complexes 3 and 4 with DNA revealed that the com- 

lex binds in the minor groove in the GC-rich region together with 

he hydrogen bonding and van der Waal interactions in the groove 

 Fig. 8 ). Moreover, the phenanthroline ring bends in such a man- 

er to allow intercalative π–π stacking interaction with the dou- 

le helix in agreement with the EB displacement studies [98] . The 

–bonding has been observed with the oxygen atom of pheno- 

ate and the nitrogen atoms of the triazine ring with the phos- 

hate backbone present in the GC-rich region provides stabiliza- 

ion to the docked pose. Furthermore, the relative binding energy 

f complexes 3 and 4 in the docked pose of DNA was found to be

6.82 and –7.53 Kcal/mol respectively. The more negative binding 

nergy indicates a more stabilized structure in the docked posed, 

hus the values of the binding energy evidenced that complex 4 

ore strongly binds with DNA as compared to complex 3 . This 

s in agreement with the same order as obtained from the ex- 

erimental electronic absorption studies. Overall these results are 

n close correlation with the DNA binding results which confirms 

he partial intercalation along with groove binding for complexes 

 and 4 . 

https://www.dictionary.com/browse/exemplary
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Fig. 8. Molecular docked poses of complex 3 and complex 4 with DNA dodecamer of sequence d(CGCGAATTCGCG)2 (PDB ID: 1BNA). 

Fig. 9. Molecular docked poses of (a) complex 3 and (b) complex 4 lying in the hydrophobic cavity in subdomain IIA of HSA. 
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.9. Molecular docking studies with HSA 

Molecular docking studies of complexes 3 and 4 have been con- 

ucted to determine the exact binding location with HSA as it is 

onsidered as the main blood carrier protein (60%) for the trans- 

ortation of the drugs and other endogenous substances. It is well 

stablished that HSA is a helicoidal protein and contains three ho- 

ologous domains denoted as I, II and III. Each domain is further 
ivided into two subdomains A and B which shared common heli- d

16 
al motifs joined together by an extended polypeptide chain [99] . 

he binding sites for the drugs are located in the subdomain IIA 

nd IIIA also known as the Sudlow site I and II, respectively. Apart 

rom this, there is another site located in the subdomain IB which 

inds the heme, protoporphyrin IX and other synthetics porphyrins 

100] . The docked conformation of complexes 3 and 4 with HSA 

rotein revealed that both the complexes were exactly fitted into 

he hydrophobic cavity of site I located in the subdomain IIA. As 

epicted in Fig. 9 , complex 4 was more embedded in the cavity 
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s compared to complex 3 indicating the stronger interaction of 

omplex 4 with HSA. It is observed that both the molecules are 

losely located to Trp–214 residue which is also lying in the bind- 

ng pocket of subdomain IIA. Besides the hydrophobic interaction, 

he complexes were also stabilized with the pocket by the hydro- 

en bonding interactions promoted by the phenolate oxygen and 

he nitrogen atoms of the triazine ring with the various amino acid 

roups. The binding affinity score in the optimum pose was found 

o be −7.02 and −7.34 kcal/mol for complexes 3 and 4 , respec- 

ively. Overall the molecular docking studies are consistent with 

he experimental studies and help us to get insight into the bind- 

ng sites of metal complexes within the particular subdomain. 

. Conclusion 

In this investigation, we have discussed the comparative 

NA and HSA binding profile of the newly synthesized metal 

omplexes [Ni(L)(Bipy)]1/2SO 4 ( 1 ), [Cu(L)(Bipy)]1/2SO 4 ( 2 ), 

Ni(L)(Phen)]1/2SO 4 ( 3 ) and [Cu(L)(Phen)]1/2SO 4 ( 4 ) derived 

rom new ligand (E)–2–(((5H–[1,2,4]triazino[5,6–b]indol–3–

l)imino)methyl)phenol ( L ) and 2,2 ′ –Bipyridine/1,10 phenan- 

hroline. The analysis of DNA binding of ligand L and metal 

omplexes 1 –4 from vivid biophysical techniques revealed that 

etal complexes 1 –4 exhibited higher binding propensity than 

igand ( L ) and prefer the electrostatic mode of interaction followed 

y partial intercalation. Complexes 3 and 4 containing the planar 

,10 phenanthroline ring displayed greater binding affinity as 

ompared to 1 and 2 which contain bipyridine rings. Additionally, 

he HSA binding studies showed that complexes 3 and 4 interact 

fficiently with Trp–214 residues of HSA located in the subdomain 

IA. 
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