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Abstract: Herein we describe the synthesis of 2-((E)-(2-(benzo[d]thiazol-2-yl)phenylimino)methyl)-5-

methoxyphenol imine base (BMM) and its metal complexes such as [Co(BMM)2] C1, [Co(BMM)(ph)] 

C2, [Ru(BMM)2] C3 and [Ru(BMM)(ph)] C4. The ligand and its complexes were characterized by 

spectroscopic, TGA, Powder X-ray diffraction (XRD), and elemental analysis. The coordination 

number and geometry were confirmed by various experimental data. The Co(III) and Ru(III) complexes 

are assigned to be having octahedral geometry. Further, the experimental results revealed that complex 

C2 and C4 emerged as moderate DNA binding intercalators compared to standard intercalators and 

prominent nuclease activity compared with C1 and C3 complexes. The extent of interaction and 

intercalation mode was confirmed by monitoring electronic absorption studies, fluorescence quenching 

probe, and viscosity measurement. Furthermore, the complexes C1-C4 were investigated for their in 

vitro cytotoxic studies against a panel of human cancer cell lines, viz., A549, NIH3T3, MCF-7, and 

EAC. Also, the cell adhesion and migration behavior were carried out after administering the complex 

C2 and C4 to respective cancer cell lines. In mice, the toxicities and tolerabilities of the complex C2 

and C4 were also investigated through in vivo studies. The resultant complexes were screened for their 

microbial inhibition studies through the good diffusion method. All the complexes display moderate 

microbial inhibition properties compared to their uncoordinated analog. 
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1. Introduction 

Ample research attempts have been made to find the right pharmacophore to suppress 

the cancerous cells with depressing side effects. Many research findings have shown that the 

metal-based drugs are promising potentially active to halt the proliferation of cancer cells at 

the cellular level because of their biocompatibility and their endogenous involvement in several 

enzymes as co-factors. The Imine base metal complexes are low toxic, highly stable, and 

chemotherapeutically active scaffolds because of their ability to imitate bio-compounds [1].    

In the current research, benzothiazole is an active pharmacophore and most privileged 

heterocyclic moiety in medicinal chemistry [2]. In addition to this benzothiazole system serves 
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as an integral part of the various biomolecules in the living system [3]. It is also known to 

exhibit a wide range of biological properties, including anticancer, antimicrobial, antidiabetic, 

anticonvulsant, anti-inflammatory, antiviral, antitubercular, anti HIV activities with a broad 

spectrum of pharmacological properties [4-9]. Over a decade, benzothiazole chemistry was 

successfully exploited into coordination chemistry and incorporated imine base as ligand 

skeleton. This is due to the fact that the availability of active metal-binding sites such as ring 

N, S, and azomethine N together emerged as new potential metal-based drugs for various 

diseases [10], especially the 2-arylbenzothiazole [11] unit, which is under evolution for the 

promising potentially active chemotherapeutic agent [12]. This contributes to the significance 

of the benzothiazole nucleus in the line of discovering novel chemical entities towards leading 

drugs in the market to make human life more sustainable. In order to become a clinically active 

chemotherapeutic drug, the various interaction of the drug at the molecular level to the cellular 

level is essential [13]. Most of the chemotherapeutic target is DNA, so it is essential to explore 

the novel complexes for the DNA binding interaction studies from which kinetic and 

mechanistic pathways of the interaction can be understood in detail. 

Herein, we have designed, tailored, and structured a new benzothiazole based imine 

base 2-((E)-(2-(benzo[d]thiazol-2-yl) phenylimino) methyl)-5-methoxyphenol (BMM) 

complexes of Co(III) (C1, C2) and Ru(III) (C3, C4) metal ions. The binding interaction of CT-

DNA with complex C1-C4 was investigated thoroughly using Uv absorption, fluorescence 

quenching, and viscosity methods, and pBR322 DNA is used to sketch DNA incision properties 

of C4 monitored by Gel electrophoretic pattern. Moreover, the bio-efficacy of C1-C4 has been 

interrogated against Gram-positive B. subtilis, S. aureus, and Gram-negative E. coli, P. 

aeruginosa. Further, the complexes were exploited for their in vitro chronic cytotoxicities 

against a panel of human cancer cell lines A549(liver), NIH-3T3, MCF-7(breast), and EAC. 

Furthermore, the in vivo chronic toxicity profiles of complex C2 and C4 were also studied on 

male and female mice's major organs (liver, kidney).   

2. Materials and Methods 

Benzothiazole, 4-methoxy salicylaldehyde, Acetic acid, piperidine, tris HCl buffer, 

Ethidium bromide, methanol, and DMSO were procured from Sigma Aldrich and Avra 

synthesis private limited, Bangalore, India. All the chemicals and the solvents were utilized 

without exposure to any purification technique. CT-DNA and BSA were purchased from 

Merck, Hyderabad, India, and stored at 4℃. All solutions and buffers were made using triple 

distilled water to study DNA binding, DNA cleavage, and BSA interaction.  

The reactions were monitored progressively by thin-layer chromatography on the 

Aluminum plate using CHCl3: MeOH (9:1) as a mobile phase. The chemical composition of 

various elements (C, H, N, S) and their extent of distribution in Imine base and its metal 

complexes were analyzed by using Perkin Elmer 240℃ (USA) elemental analyzer. FT-IR 

spectra of ligand and complexes were monitored in the range 4000-600cm-1 on Shimadzu 8300 

spectrophotometer using KBr pellets. 1H NMR and 13C NMR spectra of Imine base(BMM) 

give valuable information regarding the chemical environment around proton and carbon were 

done using Bruker 400MHz NMR spectrophotometer in DMSO and difference in absorption 

were recorded in ppm down the field from TMS as an internal reference. The melting point of 

complexes was determined on a Thomas Hoover capillary melting point apparatus with a 

digital thermometer which is uncorrected. The molecular weight of the Imine base and their 
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metal complexes were identified from mass spectra of the compounds obtained on mass 

spectrometer through ESI technique. Electronic absorption spectra of the resultant complexes 

were recorded by UV visible spectrophotometer using DMSO as a solvent. The complexes' 

magnetic behavior was resolved using Guoy's balance with Hg[Co(CN)4] as a standard 

compound. Thermogravimetric examination (TGA and DTA) of complexes were recorded 

under dynamic nitrogen atmosphere with a heating rate of 10 ℃min-1 using the 

thermogravimetric instrument. EPR spectra are used to identify the environment of the 

magnetically active metal center in Ru(III) complexes using JES-FA200 ESR spectrometer 

(JEOL-Japan) at liquid nitrogen temperature. DNA binding studies were monitored by 

Electronic absorption titration using a Uv-visible spectrometer, fluorescence quenching 

method on Spectrofluorometer, and Viscosity measurement method using Ostwald's 

viscometer immersed in a thermostatic water bath with a temperature range of 30 ℃ ±1 ℃.  

2.1. Chemical synthesis. 

2.1.1. Synthesis of 2-((E)-(2-(benzo[d]thiazol-2-yl)phenylimino)methyl)-5-methoxyphenol 

Imine base (BMM). 

It is synthesized by heating an equimolar solution of 4-methoxy 

salicylaldehyde(5mmol) and 2-(2-aminophenyl) benzothiazole (5mmol) in 20ml hot methanol 

in the presence of the catalytic amount of acetic acid under a reflux condition over 4 hours, a 

yellow solid precipitated out. The completion of the reaction is monitored by TLC using a 

mixture of methanol and chloroform as a solvent in the ratio 9:1. The yellow crystalline solid 

precipitates were filtered, dried, and recrystallized from hot methanol. The ligand obtained in 

scheme1 is soluble in methanol, DMSO, and chloroform.  

Elemental analysis (C21H16N2O2S); Found (%)-C-69.98, H-4.47, N-7.77 O-8.88, S-

8.90; 1H-NMR (DMSO-d6, 400 MHz, ppm) δ = 5.06 (s, 2H, CH2), 7.14 (d, 2H, Ar-H), 7.43-

7.506(d, 2H, Ar-H), 7.57(s, 1H, Ar-H), 7.62 (s, 1H, Ar-H) 8.76 (s, 1H, N=CH), 12.51 (s, 1H, 

Ar-OH), 14.6 (s, 1H, NH in imidazole ring); 13C-NMR (DMSO-d6, 100 MHz, ppm) δ 50.64, 

96.02, 102.32, 109.29, 115.36, 116.96, 117.90, 120.28, 121.25, 121.34, 121.51, 124.05, 127.17, 

128.36, 131.14, 143.75, 147.22, 157.04, 157.43, 158.85, 159.33ppm (Figures S1 and S2). ESI-

LCMS m/z cal.for C21H16N2O2S 227.06 found 227.10, M+ 360.09 found 361.15, M+1 361.09 

found 362.15 (Figures S3- S7). 
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Scheme 1. Synthesis of 2-((E)-(2-(benzo[d]thiazol-2-yl)phenylimino)methyl)methoxyphenol(BMM) 

2.1.2 Synthesis of Co(III) and Ru(III) complexes in the ratio 1:2 (C1 and C3).  

A dark brown and dark green color solutions are obtained when two equimolar solutions 

of 2-((E)-(2-(benzo[d]thiazol-2-yl) phenylimino) methyl)-5-methoxyphenol (BMM) (10mmol) 

is heated with one equimolar methanolic solution of metal salts (5mmol) (RuCl3.2H2O, 
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CoCl2.6H2O) under reflux condition over 7-8hrs on a water bath. The resultant solution is 

concentrated to its half volume and evaporated to dryness for several days at room temperature. 

The solid obtained was cracked carefully and collected for further spectral characterization. 

2.1.3. Synthesis of Co(III) and Ru(III) complexes in the ratio 1:1 (C2 and C4).  

2-((E)-(2-(benzo[d]thiazol-2-yl) phenylimino) methyl)-5-methoxyphenol(5mmol) is 

dissolved in methanol and transferred to a round bottom flask containing a methanolic solution 

of metal salts (5mmol) (RuCl3.2H2O, CoCl2.6H2O) which is heated to 1hr. An auxiliary ligand 

1,10 phenanthroline is added to the reaction mixture, which is further heated under reflux 

condition on the water bath for the next 6-7hrs. The resultant solution is concentrated to its half 

volume and evaporated to dryness for several days at room temperature. The solid obtained 

was cracked carefully and collected for further spectroscopic examination. 

2.2. Biological evaluations. 

2.2.1. In vitro antimicrobial assay.  

The investigated metal complexes of Co(III) and Ru(III) metal ions derived from 

benzothiazole imine base motif (BMM) were examined for their in vitro antibacterial activity 

against Gram-positive B. subtilis (ATCC 21332), S. aureus(ATCC 700699), and Gram-

negative E.coli(ATCC 0157:H7), P. aeruginosa (ATCC 15442). In order to measure the 

antibacterial efficacy of the complexes, the disc well diffusion method was implemented by 

using a nutrient agar medium. The bacterial strain was cultured in the sterile inoculation 

medium and incubated at 37 ℃, used after one day. The nutrient medium is mixed aseptically 

to get homogeneous concentration with 24hr grown bacterial culture on inoculation medium. 

Wells (8mm in diameter) were punched into agar plates and introduced with 0.1mL of the test 

complexes (stock solution 200μM/ml in DMSO). Then the plates were incubated at 37 ℃ after 

allowing the drug solution to diffusion for an hour. The zone of inhibition in mm was measured 

by comparing all the complexes' antimicrobial activity with the commercially available 

reference drug Doxycycline(100mg/disc) for antibacterial activity [14]. Further, MIC value 

will be taken for the lowest concentration (highest dilution) (μM/mL) of complex, which 

suppresses the growth of bacteria at 37 ℃ after 24hr incubation. Separate studies were carried 

out to clarify the effects of DMSO on bacterial growth inhibition, and it was found that there 

is no indication of the reduction of microorganism growth. The given panel of resultant metal 

complexes (C1-C4) showed a moderate to significant activity in the series with MIC values 

ranging between 13 – 25μg/mL. 

2.2.2. DNA binding studies.    

2.2.2.1. Electronic absorption titration. 

UV-Visible titration experiments are the most prominent and convenient method to 

quantify the binding interaction of metal complexes with CT-DNA in different modes. All the 

measurements concerned with DNA binding studies were carried out by using Tris-HCl buffer 

(5mM Tris-HCl/50mM NaCl buffer at pH-7.2). The absorption titrations were performed by 

successive addition of CT-DNA (0.0-25µM) against a fixed concentration of metal complex 

(25µM). The data were recorded for each incremental addition of CT-DNA after dilution with 
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buffer at room temperature. The sodium salts of CT-DNA were prepared using tris -HCl buffer 

and stored at 4 ℃, which is used within 4 days. The complex free CT-DNA shows an absorption 

peak at 260nm, and 345nm indicates that the nucleic acid is completely independent of protein 

moieties. The concentration of nucleotide was determined by measuring absorbance at 260nm 

using molar extinction coefficient 6600M-1cm-1. The required stock solution of metal 

complexes was dissolved in DMSO and diluted using Tris-HCl buffer [15]. The collected data 

were fitted to equation 1 and to get intrinsic binding constant (kb) values to signify binding 

affinities of the metal complexes towards DNA. 

[DNA] (Єa − Єf)⁄  =   [DNA] (Єb − Єf)⁄   + 1 Kb(Єb − Єf)⁄     (1) 

where Kb is intrinsic binding constant can be calculated from the slope [1
(Є𝑏 − Є𝑓)⁄ ] to 

intercept [1
𝐾𝑏(Є𝑏 − Є𝑓)⁄ ] ratio obtained by making a plot of [𝐷𝑁𝐴] (Є𝑏 − Єf)⁄  against 

to [𝐷𝑁𝐴]. Where Єa, Єb, and Єf are the apparent, bound metal complex and free metal 

extinction coefficients, respectively [16].  

2.2.2.2. Fluorescence quenching assay.  

In the line of collecting strong evidence for the mechanistic pathway of binding 

behavior of metal complexes with DNA, a competitive fluorescence inhibition experiment was 

carried out. Ethidium bromide is a strong classic intercalator with DNA base pairs and shows 

strong fluorescence intensity. The enhanced fluorescence intensity can be quenched with a 

metal complex (quencher), which interacts strongly with double-stranded DNA. The quenching 

mechanism proceeds either by replacing bound ethidium bromide or spoiling the secondary 

structure of DNA through groove binding or intercalative mode of binding [17].  

The fluorescence quenching experiment was carried out by titrating a mixture of CT-

DNA (125µM) and ethidium bromide (12.5µM) against to incremental concentration metal 

complex (0.0-60µM). The fluorescence intensity can be monitored from 360nm-700nm for 

each successive addition of metal complex excited(λex) at 350nm [18]. All the solutions were 

prepared by using Tris-HCl buffer (5mM Tris-HCl/50mM NaCl buffer at pH-7.2), and triple 

distilled water was used throughout the experiment. The readings will be taken at room 

temperature. The data were used to calculate the quenching constant (Kq), a slope results by 

plotting
𝑓𝑜

𝑓
versus [Q]gives the extent of quenching by the metal complexes using the Stern-

Volmer equation 
𝑓𝑜

𝑓
 =Kq[Q]+1; fo is the fluorescence emission intensity in the absence of 

quencher, f is fluorescence intensity when binds with a quencher, Kq is the quenching constant, 

and [Q] is quencher concentration. From the equation KEB[EB]= Kapp [complex], the apparent 

binding constant can be calculated. 

2.2.2.3. Viscosity measurement. 

Viscometry is one of the least ambiguous, flexible, and easy to carry out, which gives 

certain details regarding metal DNA binding interaction through the classical intercalative 

mode of binding by ethidium bromide [19]. The viscosity measurement was carried out by 

using Ostwald's Viscometer at a constant temperature bath (26 ± 1℃ ). A series sample solution 

was prepared with a step-wise concentration of metal complex(0-60µM) against a constant 

DNA concentration (60µM). A digital stopwatch was used to record flow time and repeated 

three times for each sample to get the mean value. The resultant data were plotted as (𝜂 𝜂𝑜)⁄ 1/3 
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versus [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] [𝐷𝑁𝐴⁄ ], Where ηo and η are the specific viscosity of nucleic acid with and 

without complexity, respectively, can be calculated from Eq. 2 

η = ʈ − ʈ𝑜 ʈ𝑜⁄          (2) 

ʈ is the observed flow time of the DNA solution after each successive addition of the metal 

complex, and ʈo is the flow time of DNA solution alone. 

2.2.3. DNA Cleavage studies with pBR322 plasmid DNA. 

DNA cleavage study accompanies the relaxation of supercoiled plasmid pBR322 DNA 

to nicked circular and linear conformation. The pBR322 DNA has faster mobility compared to 

nicked and linear conformation. A solution of pBR322 DNA in 0.5mM is prepared using Tris 

buffer(pH-7.2) and metal complexes(50µM) in DMSO. The cleavage assay was accomplished 

by the agarose gel electrophoretic method. The agarose gel medium is loaded with metal 

complex (50µM), pBR322 DNA (0.5mM), and H2O2 (100µM) after incubation for 45 min at 

37 ℃. To this solution 0.25% bromophenol blue, 0.25% xylene cyanol and 30% glycerol were 

added along with 0.5µg/ml ethidium bromide. The electrophoretic experiment was carried out 

at 10V/cm for 1h in a TBE buffer [20]. The electrophoretic bands were visualized and captured 

under UV light. The band intensity after electrophoresis gives a quantitative measurement of 

cleavage efficiency. 

2.2.4. Pharmacology. 

Cytotoxicity is a measure of the ability of compound or complex to induce 

antiproliferation or cause cell death [21]. Most of the cytotoxicity measurement accompanies 

cellular necrosis [22]. To put more light on the cellular mechanism and type of cytotoxicity, 

including apoptosis and cellular necrosis, a systematic study panel based on dose and time 

dependence observation of toxic effects to the cell cycle and their reversibility is necessary. 

Cytotoxicity finds more significant towards concentration range for further in vitro testing to 

yield meaningful information on hematological and serum profile parameters. It is possible to 

compare the quantitative response of a single complex in several systems or several complexes 

in an individual system by establishing IC50 values (dose at which 50% of the cell is affected).   

The free ligand BMM and metal chelates of BMM were screened for their in vitro 

cytotoxic activity with various human cancer cell lines such as lung adenocarcinoma (A549), 

EAC (Ehrlich-Lettre Ascites), NIH-3T3 and breast adenocarcinoma (MCF-7). The complex 

C4 shows significant cytotoxic efficacy (IC50 value) against EAC cell line. Therefore, the 

investigation was extended further for hematological and serum profile analysis using reference 

protocol [1,23].  

2.2.4.1. Cell culture and in vitro spectral assay. 

The human cancer cell lines A549, EAC, NIH-3T3 and MCF-7, cells were cultured and 

grown in DMEM (Dulbecco's Modified Eagle Media) with 10% FBS (Foetal Bovine Serum) 

heat-inactivated supplement, with essential antibiotic and antimitotic solution supplied with 

NaHCO3 (0.37%) and incubated at 37°C with 98% humidified atmosphere containing 5% CO2. 

The cytotoxic behavior of C1-C4 complexes with varying concentrations (0-100μM in DMSO) 

for 48h and cytotoxic efficiency of BMM was examined, and IC50 values were calculated by 

trypan blue dye exclusion, MTT assay, and Lactate dehydrogenase (LDH) release assay as 
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indicated by previous research method [24]. Each experiment was repeated three times with 5-

Fluorouracil as a positive control and analyzed.  

2.2.4.2. Cell proliferation using MTT assay.  

The novel ligand BMM and its complexes (C1 – C4) were tested for their cytotoxicity 

against four different types of human cancer cell lines viz., A549, EAC NIH-3T3, and MCF-7 

and using a standard MTT reduction assay which described earlier [1, 3, 25]. In order to 

investigate cell viability, MTT assays were implemented. In this assay, a macro concentration 

of cells/ 200μL/ well were seeded in 96 well plates and cultured in a complete DMEM medium 

containing 10% FBS. Cells were incubated with different concentrations (5, 10, 15, 20, 25μM) 

of C1-C4 scanned individually for 24hrs. Under the same condition, cells with 0.1% DMSO as 

vehicle control and 5-fluorouracil as positive control were also cultivated separately. Once the 

48h incubation period was over, the old medium from treated cells was replaced with fresh 

medium, and further cells were incorporated with MTT reagent (5μg/mL in PBS) in each well 

for 2-3 hours at 37 ℃. After the incubation period, 100μL of DMSO was added to each well, 

followed by carefully removing the supernatant layer. The yellow tetrazolium salt (MTT) is 

reduced to form insoluble purple formazan crystals in metabolically active cells dissolved in 

DMSO. The color was measured quantitatively using a spectrophotometric method monitored 

at 560nm wavelength on a microlitre plate reader. 

2.3.4.3. Spectral probe for cancer cell adhesion. 

To monitor the cell adhesion properties of cancer cells, a spectral probe was carried out 

with cytoselect 24-well cell adhesion. A triplicate concentration of C2 and C4 was made in 

accordance with IC50 values, tested against various cancer cell lines such as EAC, A549, NIH-

3T3, and MCF-7.  To each pre-warmed adhesion well plate, cancer cells (106cells/mL) are 

suspended in free serum medium was introduced and incubated for one hour in an incubator 

saturated with CO2 and followed as for the literature protocol [3, 26]. After the incubation 

period, wells are air-dried and stained, then extracted (adhered cells) using an extraction 

medium. The extracted adhered cells were subjected to spectral observation in which the 

absorbance was made at 560nm in a microtiter reader.  

2.3.4.4. Spectral measurement of cancer cell migration. 

An absorbance experiment was performed with a cytoselect 24- well cell migration 

probe on EAC, A549, NIH3T3, and MCF-7 cancer cell lines. To induce quantitatively, the 

concentration of C2 and C4 was made in triplicate as far IC50 values were screened on EAC, 

A549, NIH3T3, and MCF-7 cancer cell lines. The test complexes were injected with a solution 

containing 10% fetal bovine serum in the lower well of the migration plate along with cell 

suspension containing 100μL of 0.5 -1.0 × 106 cells / mL is also introduced. The absorbance 

of each sample was recorded at 560nm after incubated for 8 h at 37 ℃ in a CO2 enriched 

incubator [1, 27]. 
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2.3.5. In vivo toxicity.  

2.3.5.1. Toxicity study panel. 

The complexes C2 and C4 were suspended in 0.25% carboxymethylcellulose and 

intraperitoneally administered to randomly divided different groups of mice(males) with a 

different doses of complexes C2 and C4 (0.025, 0.05, 0.075, 0.1, 0.125g/ 0.1kg). The mice 

were carefully monitored for 72 h for their toxicity and mortality indication, and LD50 was 

calculated as for the reference method [1,28]. 

2.3.5.2. Chronic Toxicity Studies. 

In order to allocate for control and test groups, a total of 30 male and 30 female Swiss 

albino mice were taken randomly. To affect the feasibility of administration, the complexes 

were mixed with drinking water due to the long treatment duration with a dose close to 1/10th 

of the LD50. The treatment was continued up to 12 weeks and then monitored for all external 

indications of body weight changes, toxicity, and mortality. Ten male and ten female rats were 

utilized in each group, having one control and two treated groups. The pregnancy outcomes 

were examined after one group of female rats allowed mat with the treated male. The urine 

sample was collected 1 or 2 days before completion of treatment. The treated rats have fasted 

for 12h, and then ether was injected to induce an anesthetic condition. The blood samples were 

collected and centrifuged for 10min at 3000rpm [29, 30]. The biochemical parameters were 

analyzed from the plasma stored at -20°C, after removing vital organs, which will be weighed 

and subjected to further investigation on toxicity signs. 

2.2.5.3. Hematological and serum profile analysis.  

In order to investigate hematological and serum profile parameters, non-centrifuged 

blood was collected. The blood samples from the treated mice were used to determine 

hematological parameters such as WBC and RBC count, platelets, hemoglobin, lymphocytes, 

and neutrophils. Further, a colorimetric method is followed to determine the biochemical 

parameters or for serum profile analysis (SGPT, SGOT, ALP, bilirubin, and lipid profile) in 

plasma [30]. 
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Figure 1. Proposed structures of complexes (C1-C4) 

3. Results and Discussion  

3.1. Physico-chemical characterization.  

The ligand and its Co(III) and Ru(III) complexes were stable at room temperature 

without undergoing any kind of decomposition. They are slightly soluble in ethanol but makes 

clear solution with DMSO and DMF. The physical parameters of the synthesized ligand and 

its metal complexes are displayed in Table 1. The elemental analysis results are in fairly agree 

with the calculated data. The metal contents of the complex were determined by following 

previous literature methods [31]. 

The Co(III) and Ru(III) complexes were subjected to molar conductivity measurement 

using 10-3M solution in DMSO at 25℃. All the complexes show appreciable molar 

conductance indicating a 1:1 electrolytic nature and consistent with the formula [M(BMM)2]Cl, 

[M(BMM)(Ph)Cl]Cl of metal complexes. The observed magnetic moment is less than the 

calculated one because of the asymmetry around ligand environment, and as we move from C1 

to C2 and C3 to C4, the magnetic moment decreases as it increases the asymmetric ligand 

parameter. The Co(III) and Ru(III) complex shows the magnetic moment in the range 1.65-

3.92BM confirms the +3 oxidation state for both metals and agrees in accordance with 

octahedral geometry. 

Table 1. Physical characterization- Elemental analysis, molar conductance, and magnetic susceptibility data of 

the ligand and its complexes 

Compounds C H N O S Cl Metal 

ions 

Molar 

conductance 

(ohm1cm2mol-1) 

Magnetic 

susceptibility 

(μeff BM) 

BBM 69.98 4.47 7.77 8.85 8.90 - - -  

C1 62.03 3.72 6.89 7.87 7.89 4.36 7.25 101 3.92 

C2 58.85 3.53 6.54 7.47 8.90 4.14 12.00 95 3.84 

C3 61.09 3.62 6.29 4.79 4.80 10.61 8.82 92 1.74 

C4 57.32 3.40 5.90 4.49 4.50 9.95 14.44 98 1.65 

3.2. Electronic absorption spectra. 

The electronic spectral probe indicates the basic features of electronic absorption 

corresponding to different transitions in the Uv-visible region. The electronic spectra of all the 

complexes were recorded by running DMSO as blank at room temperature. The electronic 

spectra of ligand characterized by the presence of two main absorption bands between the range 

260-258 and 310-325nm attributed to π-π* transition aroused mainly from the phenolic 
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chromophore and n-π* transitions located on thiazole moiety [32]. In the metal complexes, CT 

bands are observed relatively at 410-437nm, and the band at 510-554nm reflects the d-d band. 

A slight change in the absorption is observed upon complexation with Co(III) metal ions. This 

may be due to the contribution of the phenoxy oxygen atom towards the central metal atom. In 

the preceding electronic absorption, a band appears in the range of 380-430nm attributed to n-

π* transition involving azomethine moiety containing C=N chromophore (Fig. 2). In the way 

of coordination, a slight shift is observed in n-π* transition upon chelation with metal ion 

indicates subsequent involvement of nitrogen of azomethine group [33]. 

In most Ru(III) complexes, charge transfer of the type Lπy-T2g is prominent in the 

lower region due to the d-d transition [34]. All the bands that emerge in the visible region are 

charged transfer transitions of octahedral Ru(III) complexes. In the electronic absorption of the 

ESR active Ru(III) complex spectrum, a weak band observed at 480 nm reflects d-d transition 

and another band at 345-390nm assigned to CT band, which further confirms octahedral 

environment to Ru complex.  
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Figure 2. UV-Visible spectra of BMM and C1–C4 complexes in DMSO solution. 

3.3. IR spectral studies. 

IR spectral probe was used for a preliminary investigation for identifying the 

involvement of azomethine group in the chelation with Co(III) and Ru(III) metal ions. The IR 

spectrum of the metal complex displayed important evidence with an additional band at 

1610cm-1, and 1020cm-1 characteristic of νC=N and νCH=N of the azomethine group confirms 

basic skeleton of Imine base (Fig. 3). The chelation of Imine base with Co(III) and Ru(III) 

leads to a higher shift in stretching vibration νC=N  assigned to azomethine group, and significant 

alteration is observed in stretching frequency of C-O bond indicates the involvement of 

hydroxyl group for complexation [35]. No absorption peaks are observed around 3400-

3600cm-1, indicating that the complex is free from water molecules within the coordination 

sphere and lattice.  

https://doi.org/10.33263/BRIAC126.78177844
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC126.78177844  

  https://biointerfaceresearch.com/  7827 

4000 3500 3000 2500 2000 1500 1000 500

70

75

80

85

90

95

100

105

T%

Wave number (in cm
-1

)

 

 

 BMM

 C1

 C2

 C3

 C4

 
Figure 3. FT-IR spectra of BMM and C1-C4. 

3.4. Thermogravimetric analysis. 

Thermal analysis is ideal for measuring the metal complex's thermal behavior, thermal 

stability, and phase transition. TGA data have been taken under a dynamic nitrogen atmosphere 

with temperatures ranging from 20- 800°C (Fig. 4). The investigated Co(III) and Ru(III) 

complexes were found to have higher air and thermal stability, as indicated from their 

conductivity measurement taken after allowing at room temperature for a long time. The TG 

analytical and DT analytical plot of C3 and C4 as depicted in Figure 4. The thermogram of C3 

and C4 consisting three well-resolved decomposition deflection peaks, respectively. The first 

decomposition deflection point surfaced above 300 ℃ indicates that the investigated complexes 

are completely free from hydration within and outside the coordination sphere and agree with 

FT-IR spectral data [38].  

As in the case of [Ru(BMM)2]Cl, C3, the first two decomposition peaks surfaced at 

295 °C-310 °C with a net weight loss of 33.06% and 315 °C-400 °C with a net weight loss of 

21.77%. The third infection point occurs at 420 °C-650 °C with a net weight loss of 31.54%; 

above this temperature, no variation in weight loss indicates the existence of RuO2 as a stable 

solid.  
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Figure 4. TGA and DTA for C3 and C4. 

As in the complex [Ru(BMM)(Ph)]Cl, C4, the first decomposition peaks originates at 

a relatively lower temperature at 95 °C-180 °C with a net weight loss of 13.06% due to the loss 

of coordinated Cl atom and at 455 °C-450 °C with a net weight loss of 41.77% may be due to 
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the loss of phenanthroline moiety. The third infection occurs at 455 °C-850 °C with a net weight 

loss of 27.42%; above this temperature, a constant weight is recorded, indicating the existence 

of RuO2 as a thermally stable solid. 

3.5. Mass spectra. 

Mass spectral analyses were recorded at room temperature via electron spray ionization, 

and the mass spectral data were used to distinguish the different stoichiometric compositions 

of complexes. The spectra of [Co(BMM)2Cl] C1 showed molecular ion peak at 777m/z and 

M+1 peak at 778m/z, [Co(BMM)PhCl] C2  shows M+ peak at 684.9787m/z, [Ru(BMM)Cl) 

C3 shows M+ peak at 855m/z  and M+2 peak 857m/z and [Ru(BMM)PhCl] C4 gives M+ peak 

at 691.1321. All the spectral data were satisfactorily coinciding with calculated mass data. 

3.6. Paramagnetic spectra. 

The EPR spectrum of solid Ru(III) complexes, C3 was recorded at room temperature 

(300K), using X-band frequency display a classical isotropic single band with no hyperfine 

interaction suggests that unpaired electron spends no time in the vicinity of Ru nucleus or due 

to the extensive delocalization. The obtained g value is consistent with a low spin Ruthenium 

complex having d5 (t2g
5) system with S= ½. The shape of EPR spectrum reveals an octahedral 

chemical environment around the Ru nucleus. The g value obtained from EPR spectra with gx 

= gy ≠ gz  , gx = gy = 1.84, gz = 2.38  indicates tetragonal distortion from octahedral geometry 

for the EPR investigated C3 [Ru(BMM)2Cl] complex (Fig. 5).  
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Figure 5. EPR Spectrum of Ru complex C3. 

3.7. Powdered X-ray studies. 

In the line of investigation regarding the crystalline or amorphous nature of solid metal 

complex, the powder sample of Co(III) complexes were scanned for 2θ ranging from 10° to 

90° on a PANanalytical X-ray diffractometer. The powder x-ray analysis was carried as it was 

difficult to isolate a single crystal from the solvents. The powdered X-ray data is free from 

well-defined peaks, indicating that the majority contribution to the solid-state is from the 

amorphous part depicted below. The diffractogram (Fig. 6) of Co(III) reflects powder X-ray 

diffraction patterns of C3 and C4. Debye Scherrer's equation is used in order to calculate the 

crystallite size as follows 
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D = 0.9 λ / β cos θ 

where λ is the wavelength (1.54 A°) at which diffraction takes place and multiplies by shaper 

factor 0.9, θ is the angle of Bragg's diffraction, and β is the full width at half maximum 

(FWHM). The average grain size of metal complexes was experimentally found to be 45.42 

(C3), 32.15 nm (C4) [39]. 
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Figure 6. Powder XRD of complexes (a) C3 and (b) C4.  

3.8. Biologic evaluation. 

3.8.1. In vitro antimicrobial assay. 

The results displayed that the complex C1 and C3 showed moderate activity with zone 

inhibition of 15mm at a concentration of 50 μg/L, and the complex C2 and C4 emerged as an 

efficient antimicrobial agent with zone inhibition of 25mm at a concentration of 50 μg/L (Fig. 

7 and Table 2).  

 

 
Figure 7. The bactericidal activity of C2 and C4 on E. coli. 
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The Imine base ligand 2-((E)-(2-(benzo[d]thiazol-2-yl)phenylimino)methyl)-5-

methoxyphenol is actually consisting of electron-donating groups such as methoxy on aryl ring 

along with metal chelation are solely responsible for the moderate antimicrobial activity against 

E. coli and P. aeruginosa for the complex C1 and C3 [40]. For the complexes C2 and C4, the 

enhanced antibacterial activity is attributed to the presence of 1,10 phenanthroline ligand, 

which induces more planarity, flexibility, and lipophilicity to the complex [41]. This will 

facilitate the penetration of the complex into the cell membrane, which is mainly composed of 

the lipid-protein layer. On complexation with a metal ion, the polarity of metal ion diminishes 

as it shares its positive charge density towards ligand due to the ligand-metal orbital 

overlapping and the presence of co-ligand 1,10 phenanthroline increases the delocalization of 

π-electrons over the whole chelate ring and also enhances the lipophilicity of the metal 

complexes in C2 and C4 [42]. This aspect makes the point for the potent activity for significant 

antimicrobial activity of complex C2 and C4. 

Table 2. Results of antimicrobial activity of ligand and C1-C4. 

 Zone of inhibition (in "mm") 

 Gram-positive bacteria Gram-negative bacteria 

Compound  

B. subtilis 

 

S. aureus 

 

E. coli 

 

P. aeroginosa 

BMM 15 17 15 16 

C1 13 15 12 13 

C2 21 21 19 19 

C3 20 14 18 17 

C4 23 21 22 25 

Doxycycline 28 27 29 32 

3.8.2. DNA binding studies.    

3.8.2.1. Electronic absorption titration: 

Electronic spectral studies give more light on the mode and mechanistic pathways of 

interaction by the metal complexes C1 to C4 with CT DNA. The important spectral feature 

with respect to DNA and its helical structure is Hypochromism results from conformational 

changes and Hyperchromism attributed to structural damage of DNA [43]. The spectral data 

were recorded in the presence and absence of DNA that shows two Uv-bands near 290nm and 

370nm corresponding to π-π*and ligand to metal charge transfer transition (LMCT) [44], 

respectively. Upon incremental addition of CT-DNA (0.0-25µM) against a fixed concentration 

(30µM) of complex C1 to C4, the said absorption bands show hypochromic shift with a slight 

decrease in the wavelength of absorption (blue shift). The downward shift in the intensity of 

the spectra clearly indicates that the metal complexes perturb the helical structure with slightly 

affecting the conformation of CT-DNA through non-covalent intercalative binding and 

electrostatic mode [45]. But the non-intercalative mode of binding cannot be ruled out 

completely as of only a slight change in absorption bands in C3 and C4 to a certain extent. The 

observed hypochromic effect assures mainly groove mode of binding due to the strong π-π 

stacking interaction between the DNA base pairs and an aromatic moiety of the metal complex. 

The degree of groove binding correlates with the magnitude of the binding constant of the metal 

complex. The binding constant (Kb) was determined by recording changes in absorbance upon 

concomitant addition of CT-DNA using equation (1) [46].  

The intrinsic binding constant of the metal complexes was calculated as 9.5×103 M-1, 

2.3×104 M-1, 5.6×103 M-1, and 2.7×104 M-1 corresponding to the complex C1, C2, C3, and C4. 
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In comparison with classic DNA intercalators such as ethidium bromide (EB), methylene blue 

(MB), and acridine orange (AO), the complex C2 and C4 complexes show strong non-

intercalative or groove mode of binding with DNA (Fig. 8). These can be attributed to the 

presence of planar phenanthroline ligand enhancing surface binding interaction with DNA, and 

the binding efficiency follows the order C4˃C2˃C1˃C3. 
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Figure 8. The electronic absorption spectra of metal complexes C3 (left) and C4 (right) in the presence and 

absence of CT-DNA in tris/NaCl buffer (pH= 7.2). The plot shows [DNA]/εa-εf versus [DNA] 

3.8.2.2. Fluorescence quenching assay. 

A sensitive competitive fluorescence quencher has been introduced into the spectral 

probe to prove different modes of interaction by the metal complex with CT-DNA. Owing to 

the efficiency of the quencher, if the metal complex can compete firmly with ethidium bromide, 

which is bound to DNA, measures the magnitude of the quenching strength [47]. A 

concomitant decrease in the fluorescence intensity was observed at 282nm along with a slight 

red shift upon gradual increment in the metal complex, as depicted in Figure 9. This confirms 

that EB molecules are displaced partially or fully from their respective site in DNA by the 

metal complex through groove mechanism (planar, electrostatic, and H- bonded interaction) 

[48]. The intercalating efficacy Kq of the metal complex with DNA was determined using the 

classical Stern-Volmer equation  
𝑓𝑜

𝑓
 =Kq[Q]+1 from the slope by the plotting of  

𝑓𝑜

𝑓
 versus [Q]. 
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The Stern-Volmer constant (KSV=Kq) is found to be for the complex C1 6.5×103 M-1, C2 

2.1×104 M-1, C3 7.4 ×103 M-1 and C4 2.6×104 M-1, respectively. These data suggest that the 

complex C2 and C4 shows marked affinity towards DNA compared to other complexes. The 

apparent binding constant (Kapp) calculated from the relation KEB[EB]= Kapp [complex] found 

to be in the range of 2.6 ×104 M-1 indicates that the complex C4 displays a greater amount of 

ethidium bromide in EB-CT DNA adduct and is consistent with the previous conclusions. 
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Figure 9. Quenching spectra of EtBr-DNA in the presence of metal complexes C2 and C4 at the concentration 

0-25µM in tris/NaCl buffer (pH=7.2). The plot indicates the fit of fluorescence intensity versus [complex]. 

3.8.2.3. DNA binding assay in terms of Viscosity measurement. 

Upon binding with metal complexes, DNA changes its structure, conformation, and 

length of the double helix, which surely reflects a change in the viscosity. Therefore, the 

measurement of viscosity of DNA solution before and after interaction with metal complex 

makes a convenient, most critical, and less ambiguous method to interpret binding 

characteristics in the absence of crystallographic data. The intercalative mode of the binding 

shows a hike in the viscosity due to an increase in the DNA base pair separation at the point of 

DNA complex intersection, which lengthens DNA helix as in the case of ethidium bromide. 

On the other hand, the non-intercalative mode of binding results in bending of the DNA helix 

reduces the length, which in turn displays a reduction in viscosity [49]. A slight change in the 
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DNA viscosity can be attributed to the electrostatic or groove mode of binding. The overall 

effect on viscosity can be seen by plotting specific viscosity versus [𝑐𝑜𝑚𝑝𝑙𝑒𝑥] [𝐷𝑁𝐴]⁄ . The 

plot predicts that the C1 and C2 significantly reduce the viscosity, which suggests that mainly 

an intercalative mode of binding (Fig. 10). The complex C3 and C4 show minimal effect on 

DNA viscosity, indicate probably through groove binding. These results go in the same line as 

observed in the spectral assay.  

 
Figure 10. The increasing amount of complexes effect the relative viscosity of CT-DNA at 28 °C. 

3.8.3. DNA incision studies. 

An electrophoretic gel method was used to monitor the transition from naturally 

occurring circularly closed covalent form (form I) to the nicked circular form (form II) of 

pBR322 DNA after incubation with metal complex [50]. These transitions will be observed for 

all the complexes irrespective of the concentration of the sample solution during the incubation 

period. Relaxation of Supercoiled pBR322 DNA into nicked and linear form (form II) gives a 

quantitative measurement of DNA cleavage efficiency of complexes in gel agarose medium. 

Intercalation of metal complexes with DNA can damage supercoiled form with a decrease in 

its mobility and can be visualized separately as Uv photographic image. On the other hand, 

weak electrostatic interaction does not significantly affect the supercoiled form of pBR322, so 

no change in its mobility rate under an electrophoretic gel medium [51]. The nuclease activity 

of the complex C4 was scanned through a gel electrophoretic mobility assay with a 

concentration of 40µM, as depicted below (Fig. 11). From the figure, it is clear that there are 

no significant changes in mobility for controls. In the line of overall nuclease activity C4 shows 

promising cleavage properties in the presence of H2O2 attributed to electrostatic interaction 

with pBR322 and due to the formation of molecular oxygen or hydroxyl radical. The formation 

of hydroxyl radical was confirmed by the reduction in the nuclease activity upon the addition 

of DMSO [52].  Based on these data, it is concluded that the C4 has appreciable capability in 

converting supercoiled form to nicked circular form of DNA.  

 
Figure 11. Cleave of pBR 322 DNA by complex C4. Lane 1: DNA + control Plasmid; lane 2: C4 complex alone 

40µM; lane 3: Hydrogen peroxide (1mM) alone; lane 4: DNA + C4 complex (20µM) + Hydrogen peroxide 

(1mM); lane 5: DNA + C4 complex (40µM) + Hydrogen peroxide (1 mM). 
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3.8.4. Pharmacology  

3.8.4.1. In vitro cytotoxic activity of complexes. 

3.8.4.1.1. studies of cell growth suppression using MTT probe.  

The primary examination of investigated drugs was carried out to mark as a potential 

suppressor of cancerous cells; we are implementing the two new benzothiazole-based imine 

base complexes C2 and C4 via an in vitro method using MTT assay anticancer efficacy [53]. 

The cytotoxicity of the synthesized complexes was scanned on a panel of cancer cell lines and 

is displayed in terms of IC50 values, as shown in Table 3. Compared with C1 and C3, complex 

C2 and C4 show better in vitro inhibiting properties against all cancer cell lines (EAC, A549, 

NIH3T3, MCF-7) with incremental concentration (5, 10, 15, 20, 25 μM) of C2 and C4 for 24 

hours separately. The tested cells indicate that more than 50% were viable in 15 μM 

concentration while at ≥ 20 μM cells show variability in their viability as shown in Figures 

12C and 12D. EAC cell line is more sensitive to C2 and C4, followed by A549, NIH3T3, and 

MCF-7. Further, no effect on cellular suppression was seen in the case of free ligand and 

DMSO. Since C2 and C4 show more sensitive cellular viability in their action compared to C1 

and C3, we continued our in vivo studies with complex C2 and C4. 

Table 3. IC50 data for complexes C1-C4 and 5-fluorouracil against 5 human cancer cell lines (NV stands not 

viable). 

Vehicle code A549 NIH-3T3 MCF-7 EAC 

C1 27  ±  2.5 

(less viable) 

47.3  ±  3.5               

(less viable) 

35  ±  2.7               

(less viable) 

29  ±  2.8 

(less viable) 

C2 14  ±  2.5 15.4  ±  2.8 14.6  ±  2.2 12.1  ±  2.3 

C3 24  ±  2.5 36.5  ±  3.5 49.6  ±  2.7 38  ±  2.9 

C4 11.3  ±  2.5 13.4  ±  3.6 12.7  ±  2.1 9.4  ±  2.2 

5-fluorouracil 5.2  ±  0.2 4.5  ±  0.5 5.1  ±  0.4 6.2  ±  0.3 

BMM NV NV NV NV 

Vehicle control 

(0.1%DMSO) 

NV NV NV NV 

3.8.4.1.2. Studies of effect on Cancer metastasis – cellular adhesion and cellular migration.  

Cancer cells are always prone to undergo dislocation from the site of their origin to tissues and 

organs called cancer metastasis. Cancer metastasis is a fundamental hallmark in regulating cell 

movement into the bloodstream [54]. Further, analysis of growth suppression activity of C2 

and C4 was carried out in accordance with IC50 values on respective cancer cell panels. The 

behavior of complex C2 was tested at the concentration of 14 μM, 15.4 μM,  14.6μM and 12.1 

μM and C4 at 11.3 μM, 13.4 μM, 12.7 μM, and 9.4 μM against A549, NIH3T3, MCF-7, and 

EAC, respectively. Based on the IC50 values, cancer cell migration and cell adhesion studies 

were carried out, and it is found that the complex C2 inhibited cell adhesion by about 33.3-

42.4% (Figure C) and C4 by about 40- 63.6%. The cell migration assay was also carried out 

with consideration of IC50 values. Therefore, complex C2 prevents the process of cell 

migration by about 14μM (37.14%), 15.4μM (50.81%), 14.6μM (29.85%), and 12.1μM 

(47.05%) (Figure D) and C4 at 11.3μM(42.85%), 13.4μM(63.93%), 12.7 μM(43.28%) and 

9.4 μM(60.29%) against A549, NIH3T3 and MCF-7 and EAC respectively (Fig. 12D). This 

study concludes that the complex C4 has a more potential metastatic controller by affecting the 
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adhesion properties of cancer cells compared to C2. With respect to cell migration, the degree 

of inhibition varied with the nature of cell lines [55]. 

 
(Fig. C)        (Fig. D) 

Figure 12. Screening of potent anti-proliferative ligand and complexes in vitro. The IC50 value of cytotoxic 

ligand BMM and complexes (C2 and C4) were determined using MTT assay methods against various cell lines 

such as A549, NIH-3T3, MCF-7, and EAC. 

3.8.4.2. In vivo chronic Toxicity assay of C2 and C4 complex. 

3.8.4.2.1. Hematological and serum profile parameter. 

To evaluate the safety measurement in terms of the concentration of complexes C2 and 

C4, we examined their chronic toxicity in male as well as female mice. The hematology 

examination reveals that both complexes C2 and C4 increased the count of red blood cells 

(RBC) and white blood cells (WBC) in male mice, including hemoglobin, a significant change 

in the number of platelets and neutrophils for the complex C4 (Figure E). Complex C4 is more 

potent than the complex C2 in increasing the count of these cells may be due to subsequent 

involvement of the complex in stimulating bone marrow [3, 56, 57].  

In liver function analysis (Figure F), both complexes do not show any significant 

changes in liver functional mechanism except SGOT (Serum Glutamic Oxaloacetic 

Transaminase), which was slightly enhanced by both complexes with a concomitant decrease 

in blood glucose levels. The complexes can not be administered clinically to patients suffering 

from hypoglycemia. An increased level of SGPT (Serum Glutamic Pyruvic Transaminase), 

CGT (Gamma- Glutamyl Transferase), ALP (Alkaline Phosphatase), and bilirubin in male and 

female mice are indicated by both the complex C2 and C4 [1, 58]. 

Further, all the complexes enhanced urea levels significantly in male and female mice. 

Still, no changes are observed, as in the case of creatinine, and uric acid levels obtained renal 

function assay (Figure 13H). 

The effect of the complex C2 and C4 on lipid profile displayed (Fig. 13G) indicates that 

all complexes enhance triglycerides, cholesterol, LDL, VLDL levels but shrink HDL levels to 

a certain extent in both males and female mice. The complex C2 and C4 induce mild 

hepatotoxicity without altering bilirubin level, the hallmark of anticancer complexes. The 

complexes are not clinically safe. Hence, they are not administered to patients already suffering 

from hyperlipidemia and heart problems [1, 59, 60].  
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Figure 13. Hematological and serum profile of complexes C2 and C4. Fig. E Effect of complex C2 and C4 on 

blood profile. Fig. F Biochemical parameters of liver function. Fig. G Effect of complex C2 and C4 on 

biochemical parameters of Renal function. Fig H Effect of complex C2 and C4 on lipid profile. Statistical analysis 

was carried out by using two-way ANOVA in comparison with Control( C), n = 4, ( p < 0.05; # p < 0.01; ## p < 

0.005; ### p < 0.001)  including Dunnet test as the post – hoc test. A-M and A-F denote adult male and adult 

female mice, respectively. 

4. Conclusion 

This article has designed and tailored a new benzothiazole-derived imine base 

complexes of Co(III) and Ru(III) metal ions as potent biological entities. All the complexes 

were scanned for DNA binding propensity and cleavage studies, the primary hallmark for 

metal-based anticancer pharmacore. The complex C4 has more binding efficacy compared to 

C2 with CT DNA which may be due to the interaction of π-orbital of 1,10 phenanthroline with 

nucleotide base of DNA. Furthermore, the Nuclease activity of the complex C2 and C4 was 

examined on pBR322 DNA, and their plausible mechanistic pathway was elucidated with 

radical scavengers. DNA biocidal assay makes a point regarding their conversion of closed 

circular structure into nicked linear form through intercalation mode of binding by C4 more 

efficiently compared to C2 complex. The in vivo toxicity of C2 and C4 complexes and free 

ligand was examined against four different cancer cell lines. The outcome displayed that the 

complex C4 has profound cell viability compared to C2 on EAC cell line, in comparison with 

a reference drug 5-fluorouracil according to IC50 values. In the continuation of the work, we 

have analyzed the cellular metastasis with due interest to cell adhesion and cell migration 

properties of different cancer cell lines in the presence of complex C2 and C4. Our analysis 

shows that complex C4 showed promising anti-metastatic potential by preventing cell 

migration and cell adhesion of cancer cells. Overall, the present investigation requires more in 
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vivo confirmatory experiments to judge the complexes as a promising pharmacophore for 

cancer treatment.   
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Supplementary materials 

 

Figure S1. 1H- NMR spectrum of BMM. 

 

Figure S2. 13C- NMR spectrum of BMM. 

 

Figure S3. Mass spectrum of BMM. 
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Figure S4. Mass spectrum of C1. 

 

Figure S5. Mass spectrum of C2. 

 

Figure S6. Mass spectrum of C3. 
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Figure S7. Mass spectrum of C4. 
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