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Abstract

:

The current study provides an in-depth analysis of the biological properties of a Cu(II) complex (C22H24Cu2N6O10) obtained from an aryl-semicarbazone ligand derived (L) from the condensation of 2,4-dihydroxy acetophenone and semicarbazide. The binding behavior of this complex with calf thymus DNA (CT-DNA) and bovine serum albumin (BSA) protein was explored using a combination of experimental and theoretical approaches. The results suggest that the complex binds with CT-DNA via a partial intercalation, and hydrophobic interaction. However, the complex binds to BSA protein predominantly through hydrogen bonding or van der Waals interactions rather than hydrophobic interactions. The molecular docking methodology was carried out to substantiate the experimental finding. Furthermore, the in vitro cytotoxicity study was conducted on human cervix uteri carcinoma (SiHa cancerous cell) lines upon exposure to the complex, and the findings reveal a considerable decrease in cell viability, when compared to the control. Overall, this study provides a comprehensive understanding of the biological potential of the Cu(II) complex and its potential as an anti-cancer agent.
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1. Introduction


The research trends for developing chemotherapy metal-based agents are now shifted from platinum-based complexes [1,2,3] to non-platinum-based complexes involving titanium, gallium, germanium, palladium, gold, cobalt, ruthenium, tin, etc., to reduce the side effects of platinum-based drugs, which had been serving predominantly as anti-cancer drugs for a long period [4,5,6]. A considerable number of research articles proved that copper(II)-based complexes are also eligible to act as promising anti-cancer agents with comparatively low toxicity and side effects [7,8]. It is essential to choose suitable ligands because the biological activity of these ligands contributes significantly to the overall properties of biologically active complexes [9,10].



For instance, semicarbazone is an important pharmacophore in the search for new drugs [9,11]. The transition metal complexes with semicarbazone exhibit significant biological activity as the ligand, semicarbazone, itself has huge potential to act as a biologically active reagent [12]. In particular, in terms of biological importance, Cu(II) complexes containing semicarbazone are found to exhibit potential anti-cancer properties by prompting apoptosis and intercalation into the DNA helix [13]. The ability of metal complexes to bind DNA is tuned by several parameters, including ligand planarity, donor atom, and coordination geometry [14]. Interaction between metal complexes and bovine serum albumin (BSA) has also gained significant momentum to explore their cytotoxic properties as BSA is highly similar to human serum albumin (HSA) and is stable, low cost, and possesses inherent fluorescence emission capability [15]. Thus, to develop a potential metal-based anti-cancer entity, it is very crucial to unveil the binding interaction of metal complexes with DNA and BSA.



The present investigation aimed to synthesize a Cu(II) complex using aryl-semicarbazone derivatives to evaluate its cytotoxicity activity against SiHa cancer cell lines and prospective binding interaction efficacy with CT-DNA and BSA protein.




2. Results and Discussions


2.1. Synthesis


The synthesis route for the ligand and the copper complex is shown in Scheme 1.



The complex formed by refluxing a Schiff-base ligand and copper nitrate [Cu(NO3)2·3H2O] in dimethyl formamide (DMF) solution in a 2:1 molar ratio. Although it started from nitrate, sodium acetate was used as base in the synthesis; and as a result, the isolated species contains acetate as a ligand. The deep green solid precipitate formed was filtered off and dried in vacuo. The complex showed good solubility in dimethyl sulfoxide (DMSO) and MeOH. The ligand to metal ratio and purity of the complex and free ligand were confirmed by the elemental analysis (given in experimental section).




2.2. Spectroscopic Studies


2.2.1. UV−Vis Spectroscopy


Due to the lack of crystals suitable for single-crystal X-ray crystallography, the structural establishment of the complex was performed by spectroscopic and semiempirical methods. The complex showed two characteristic absorption peaks between 274 and 319 nm and the ligand showed only one peak at 343 nm (Supplementary Information, Figures S1 and S2). The high-energy band at 274 nm is due to the π → π* intra-ligand charge transfer (ILCT) transition, while the band at 319 nm was assigned to the ligand-to-metal charge transfer (LMCT) transition. Therefore, the results indicate the attachment of the metal ion with the ligand.




2.2.2. FTIR Spectroscopy


In the FTIR spectrum (Figure S3a) of the complex, the four major indicative bands appeared which include ν(C=N), ν(C−O), ν(Cu−O), and ν(Cu−N). The stretching band appeared at 1656, and 1220–1227 cm−1, signifying the involvement of azomethine nitrogen and phenolic oxygen with the copper(II) center, respectively. The N-H stretching appeared at 3250 cm−1. The peaks at 3144 cm−1, and 2810 cm−1 were for aromatic C-H and aliphatic C-H stretching of the complex, respectively. The stretching bands at 477 and 444 cm−1 in the spectrum assigned to ν(Cu–O) and ν(Cu–N), respectively, indicate the phenoxide (O−) and imine (C=N) groups of ligand coordinated to Cu(II) ion in the complex formation.



The ligand’s IR spectral data (Figure S3c) reveal a distinctive absorption peak at 1611 cm−1 corresponding to the azomethine moiety (C=N), indicative of Schiff base formation. In the complex, this azomethine peak undergoes a shift to 1656 cm−1, attributed to the coordination between the azomethine nitrogen and the metal center. Additionally, the free ligand exhibits a prominent band at 1026 cm−1 associated with the phenolic Ar–O group. In the complex spectrum, this band shifts to a lower frequency (1015 cm−1), highlighting the coordination of the metal ion through the deprotonated phenolic oxygen atoms. The strong bands at 1630 and 1440 cm−1 may be assigned for acetate (−COO) symmetric and asymmetric stretching [16], respectively. Further, the absorption spectrum bands of semicarbazone ligand in infrared radiation (IR) include three characteristic bands at 1600–1650 cm−1, 1470–1570 cm−1 and 1250–1350 cm−1. All these bands strongly support the formation of the complex.




2.2.3. Mass Spectroscopy


The ESI-MS spectrum has provided more evidence for the complex’s formation (Figure S4). A clear peak at 681.0118 matches well with the m/z values of the proposed formula with Na+ ion (m/z = 681.0038), consistent with the schematic structure of the complex. Further, the intense peak at 701.49 seems to have isotopic Cu structure and as result could be the molecular one. Also, the most intense peak at m/z 274.27 is a stable fragment in mass spectra containing a monomeric structure of the complex without acetate bridging but with some adducts like methanol, ammonium ion, H+ or methyl cyanide generally occurring during the mass experiment.





2.3. Theoretical Analysis


The density functional theory (DFT) has been employed to determine the complex’s structure. The DFT is used to optimize the predicted structure and it was validated through matching of DFT-simulated and experimental IR spectra. This study reveals a binuclear copper complex of (E)-2-(1-(2,4-dihydroxyphenyl)ethylidene)hydrazine-1-carboxamide. The metal atoms are joined by two acetate bridging and the predicted structure is presented in Figure 1a. It is found that all the Cu-O and Cu-N bond lengths are in the range of experimental values (Table S1). The predicted structure of the complex was validated by matching the experimental and DFT-simulated IR spectroscopy (Figure S3b). Most of the peaks of the complex have been fitted well with the experimental data (Table S2) indicating the perfection of the structure.



Further, using the DFT method, the reactivity of the complex can also be understood. The molecular orbital having the highest energy (i.e., HOMO) is most important if the complex interacts with the molecule in its vicinity through electron donation. In this case, the HOMO is concentrated mainly on both the metal centers of the complex. Again, the complex can also interact with other molecules through electron acceptance. Here, the lowest unoccupied molecular orbital (LUMO) is the key orbital. In this complex, the LUMO is distributed over the entire molecule (both the metal ion as well as aromatic moieties). The low HOMO-LUMO gap (2.26 eV, Figure 1b) indicates that the molecule has a high capability to interact with other molecules.



The crystal of the complex is not the quality required for single-crystal X-ray crystallography. A powder X-ray crystallographic study was performed to get a structural insight into the compound. Now, in the solid state, the complex will take one of the possible space groups. Using the DFT energy minimized structure, all the possible unit cells were calculated and powder X-ray patterns were simulated for each calculated unit cell. Now the matching of the simulated powder X-ray pattern and experimental pattern will provide the most probable crystal packing and the structure of the complex. The results show that the experimental powder X-ray pattern fits very well with the powder X-ray pattern of the complex packed in a triclinic crystal system with a P-1 space group (Figure 1c). The unit cell parameters were found to be a = 23.2555, b = 8.0258, and c = 13.8639 for lengths and α = 52.3294, β = 46.4030, and γ = 44.1513 for angles. The crystal packing of the complex is shown in Figure 1d.




2.4. Solution Stability and Lipophilicity


We used UV-vis spectroscopy to confirm the stability of the metal complex before examining the DNA/BSA binding and cytotoxicity studies in solution state. The result confirms the complex’s long-term stability in a buffer solution (Figure S1).



Lipophilicity is an essential characteristic of molecules to acquire evidence about cytotoxicity, diffusion, and accumulation of the considered molecule in the cell membranes. It can be quantitatively evaluated through log Po/w values [17]. The literature review suggests that for most of the cytotoxic molecules, the lipophilicity value ranges between −0.4 to 5.6 (on average 2.52) [18]. Herein, the log Po/w value for the complex is obtained as 0.06, which is greater than the log Po/w value of cisplatin (−2.28 ± 0.07), indicating that the studied complex is significantly lipophilic. These observations are reflected in the experimental results of cytotoxicity studies performed for the complex (discussed later on).




2.5. DNA Binding


2.5.1. Electronic Absorption


The changes in the spectra of Cu(II) complex for a particular amount were noted in the presence of successive addition of CT-DNA (0–11.66 µM) (Figure 2a). Figure 2a demonstrates hyperchromism at 319 nm, which might be due to electrostatic binding [19] or partial straightening out of the DNA helix [20]. On the other hand, there was a gradual decrease in the maxima at 274 nm with the increase in the concentration of CT-DNA. Further, the intrinsic binding constant (Kib) value (4.70 × 105 M−1) has been determined from the plot of [DNA]/(εa − εf) vs. [DNA] (Figure 2b). The obtained Kib value is close to the power of ethidium bromide (a classical intercalator; 4.94 × 105 M−1). These observations suggest that the complex avidly binds to DNA [21].




2.5.2. Emission Studies


The emission studies have been monitored at 514 nm, at which the present complex shows emission in the absence of DNA. However, in the presence of CT-DNA, a significant enhancement in emission profile has been observed at different temperatures, indicating probable interaction of the complex with DNA (Figure 3). The enhancement constant could be measured using Equation (1) [22]:


F0/F = 1 − KE[E]



(1)




where F0 and F denote the fluorescence intensity in the absence and presence of the complex, respectively. KE is the enhancement constant, and [E] is the concentration of the complex. From the slope of plotting F0/F vs. [E], the KE value is determined and the enhancement constants at 298, 303, and 308 K are given in Table S3. From double-log plot Equation (2), the binding constants (Kb) at 298, 303, and 308 K were also determined (Table 1). The binding constant values obtained from the current experiments are very much comparable with the reported other Cu(II) complexes [23,24,25,26].


log [(F0 − F)/F] = log Kb + n log [complex]



(2)








2.5.3. Determination of Enthalpy and Entropy Changes (ΔH and ΔS)


The thermodynamic parameters (ΔH and ΔS) have been calculated employing van’t Hoff’s equation at studied temperatures (Figure 4). The plot of ln Kb vs. 1/T gives the value of ΔH and ΔS for complex–DNA interaction as 143.91 kJ/mol and 358.76 J/mol K, respectively. These values suggest that the studied complex interacts with DNA in a hydrophobic manner [27] rather than through hydrogen bonding or Van der Waals interactions, and the complex’s spontaneous interaction with DNA is supported by the negative ΔG value (Table 1).




2.5.4. Binding Mode


To conclude the binding mode between the complex and DNA, comparative binding analysis, fluorescence spectroscopy, helix melting viscosity measurement, and influence of salt concentration were undertaken.



We performed a comparative binding analysis with ethidium bromide (EB) (intercalating agent), and with Hoechst (groove binder) to analyze the binding mode of the complex with DNA. For this purpose, the DNA (18 µM) was mixed with the complex (119 µM) and titrated with EB to execute the fluorescence displacement assay of the complex by EB (Figure S5). Before the experiment, the samples were incubated with EB for 5 min. A similar assay of the complex by Hoechst was also monitored using DNA pre-bound with the complex (Figure S6). In this case, also DNA (18 µM) was complexed with the maximum concentration of the complex (119 µM) and titrated with Hoechst (0–28 µM).



From these comparative displacements, the DC50 values (concentration required to dislodge 50% from the complex–DNA system by the respective EB and Hoechst) were determined to assess the comparative involvement of intercalation or groove binding. It is observed that for EB, the DC50 value is near 31 µM, whereas no such significant replacement of the complex by Hoechst from DNA complex adduct is observed. This demonstrates that complex binds with DNA via a partial intercalation.



Usually, the intercalation mode of binding causes an increase in the helix melting temperature (Tm) (>5 °C) for the DNA, because it provides more stability to the DNA than the rest of the binding mode [28]. On the contrary, a subtle change in the Tm value was observed in the case of groove and electrostatic binding mode [29]. The experiment showed that upon binding with the complex, the Tm of DNA is increased by ~5.25 °C (not so high increase), which established the partial intercalation binding mode (Figure S7).



Viscosity measurement is also a reliable method to ensure the binding mode of the complex with DNA [30]. The viscosities of the DNA (0.029 µM) were determined in the absence and presence of increasing concentrations of EB (0.01–0.05 µM), complex (0.01–0.05 µM), and Hoechst (0.01–0.05 µM). The relationship between the relative solution viscosity (η/η0) and DNA length (L/L0) is shown by equation 3;


L/L0 = (η/η0) 1/3



(3)




where L and L0 are the apparent molecular lengths in the presence and absence of the compound, respectively. The obtained data are presented as (η/η0)1/3 vs. r, where η is the viscosity of the DNA in the presence of EB or the complex or Hoechst, η0 signifies the viscosity of the DNA alone in the buffer solution, and r is the [EB] or [complex] or [Hoechst]/[DNA] ratio.



The plots of relative viscosities of the CT-DNA–EB, CT-DNA–Hoechst, and CT-DNA–complex systems with increasing concentrations of EB, Hoechst, or complex shows the increase in the relative viscosity of the CT-DNA complex adduct (Figure S8). However, the observed changes for the complex–DNA interaction were less than that for EB, indicating partial intercalation.



It has been noted that certain ligands may bind to DNA in a non-specific way through electrostatic interactions in addition to intercalative and groove binding [31]. We studied the effect of salt concentration on complex–DNA binding to figure out the possible role of the electrostatic interaction between them. The association constants (Kb) of the complex (30 µM) with the gradual addition of DNA were obtained at different NaCl concentrations (25–100 µM).



The log of the binding constant Kb is represented by the Equation (4):


log (Kb) = log (Knel) − ZΨ × log[NaCl]



(4)




where Z = number of oxygen phosphate groups engaging with the ligand, ZΨ = total number of tightly bound cations released, and Ψ = 0.88, which is the number of Na+ ions released upon ligand binding per phosphate group [32].



The value of ZΨ and Z was found to be 0.962 and 1.09, respectively, reflected from the plot of log Kb vs. log [NaCl] (Figure S9). The ΔGel and ΔGnel were observed as −6.73 and −22.99 kJ/mol resulting in a total ΔG of −29.72 kJ/mol, demonstrating the spontaneity of the process. It was discovered that there was significantly less electrostatic constituent of the Gibbs free energy when compared to the non-electrostatic component, suggesting a hydrophobic rather than electrostatic character of interaction. This observation has also been obtained from thermodynamic parameter calculation.





2.6. Binding Affinity with BSA


The absorption studies were performed in the absence and presence of various concentrations of BSA (0–0.34 µM) to the fixed amount of complex (74 µM) as shown in Figure 5a. On incremental addition of BSA, the absorption intensity of the complex at 319 nm is continually increased but it decreased at 274 nm because of the interaction between the complex and BSA. Isosbestic points at 257 and 293 nm direct the occurrence of reversible binding phenomena. The apparent association constant (Kapp) was achieved by implementing the following Equation (5):


1/(Aobs − A0) = 1/(Ac − A0) + 1/Kapp(Ac − A0)[complex]



(5)




where Aobs is the observed absorbance of the solution, A0 is the absorbance of BSA alone, and Ac is the absorbance of BSA bound complex. The Kapp value calculated from the plot (Figure 5b) is 4.37 × 104, which is in consistent with the reported copper(II)-Schiff base complexes [33].



With the addition of the complex, the emission profile of BSA (at approximately 335 nm) exhibits fluorescence quenching at 298, 303, and 308 K (Figure S10). Involving Equations (6) and (7), the results were analyzed.


F0/F = KSV[Q] + 1



(6)






Ksv = Kq τ0



(7)




where τ0 is the lifetime of the fluorophore in the absence of the quencher.



The observed Stern–Volmer constants (ksv) at the three temperatures are presented in Table S4. Taking into account that the serum albumin τ0 is close to 5 × 10−9 s, the quenching constant Kq value obtained is in the order of 1014. A linear plot between F0/F vs. [Q] implies that the interaction between complex and BSA has been governed through a single quenching mechanism, which is the static mechanism (Figure S11). The binding constants (Kb) and the number of binding sites (n) per BSA calculated from equation 4 are given in Table S4. A straight line is produced when the log ((F0 − F)/F) vs. log [complex] for all three temperatures is plotted (Figure S12).



Enthalpy (ΔH) and Entropy (ΔS) Determination


By virtue of van’t Hoff’s equation, these parameters were determined at different temperatures. Figure S13 depicts the plot of log Kb vs. 1/T. The negative values for both ΔH and ΔS (−84.83 and −171.64 J/mol/K, respectively) of the complex–BSA interaction indicate hydrogen bonding or van der Waals interactions instead of hydrophobic interactions. Apart from this, negative free energy change (Table S4) shows the spontaneous nature of the interaction reaction between the complex and BSA.





2.7. Molecular Docking with DNA and BSA


Molecular docking is one of the most used computational skills to identify the binding region of a molecule in the macromolecule, the forces involved in their binding process, and the mechanism of their interaction [34]. For this reason, the method is applied to comprehend the behavior of the complex involving the DNA and BSA protein. The binding energy of the complex with the mentioned macromolecules is −6.16 and −7.35 kcal/mol, respectively. Therefore, the molecule has a higher binding affinity to the BSA concerning the DNA, which was also found in the experimental observations.



When it comes to DNA, the complex recognizes itself as the main groove (Figure 6a). Here, the molecule interacts with C3, G4, A5, A18, and T19 nucleotides (Figure 6b). It is interesting to note that the complex has hydrogen bonds with G4, A5, A18, and T19 nucleotides. However, the benzene ring and methyl group in the molecule interact with C3, G4, and A5 through π…π (pink), N-H…π (cyan), and C-H…π (light pink) interactions (Figure 6b). The number of such interactions is higher than that of the H-bond. Therefore, the molecule prefers hydrophobic interactions over H-bonding in the DNA-binding process which is also found experimentally.



For BSA, the interaction process of the complex is more interesting as it was bound at the surface of the protein (Figure 6c). Here, the polar interactions are the key factor in the binding properties of the molecule. The complex has only two π-alkyl interactions with H105 and K465 (Figure 6d). One amide…π interaction with K106 was observed here. Amino acid residues Q33, Y84, D86, and D107 (Figure 6d) interacted with the complex through H-bond. Therefore, the hydrogen bonding interactions are found to be crucial for the protein binding process of the complex as found experimentally.




2.8. Cytotoxicity Studies with SiHa Cell Lines


Using an MTT assay, the cytotoxicity and inhibition of cell proliferation were studied in vitro through incubation of the cancer cells with a fixed complex concentration for 1, 2, and 3 days. Cultured cells in the absence of specimens are used as controls. To evaluate the efficiency of the complex, a concentration of approximately 50 μg/mL was used (Figure S14). According to the cytotoxicity analysis, both ligand and complex showed moderate cytotoxicity against SiHa cells with IC50 52.18 ± 15.16 μg/mL and 41.75 ± 11.40 μg/mL, respectively. Here, the complex has better performance than that of the free ligand. Studies showed that a significant reduction in cell viability is observed on exposure of the complex in cancer cell lines than the control with cell apoptosis as evident from the fluorescent representation (Figure 7). The cell proliferation on the specimen using DNA binding dyes such as acridine orange (AO) and ethidium bromide (EB) dye reveals its cytotoxic nature. Both the dye can recognize normal cells from apoptotic cells based on the permeability of the cell membrane. Frequently, dead cells are permeable to both the dyes and fluoresce red while the living cells permeate only AO and fluoresce in green. Another interesting observation is that the cell’s color gradually changes from green to yellow after treatment, indicating cell apoptosis from day 1 to 3 [35]. That is, the complex is highly cytotoxic and has the potential to act as a chemotherapeutic moiety.





3. Experimental Section


3.1. Materials


Methanol, DMF, 2, 4-dihydroxy acetophenone, semicarbazide, Cu(NO3)2·3H2O, and sodium acetate were purchased from Merck. BSA, CT-DNA, and ethidium bromide (EB) were procured from Sigma-Aldrich Chemicals Co. (Bengaluru, India) 4-(2-419 hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer of pH 7.14 was utilized to prepare the reagent solutions needed for biological investigations. It was routinely performed to dry analytical samples at room temperature in vacuo prior to analysis. There were two Perkin-Elmer 2400 Series II C, H, N analyzers used to record microanalytical data for the current study.




3.2. Ligand Preparation


The ligand and aryl-semicarbazone were prepared from the mixture of 2, 4-dihydroxy acetophenone (0.01 mol) and semicarbazide (0.01 mol) by stirring in 30 mL methanol for 2 h. The reaction resulted in a yellowish-brown precipitate that was filtered off and dried in vacuo (Scheme 1). The ligand was characterized using 1H-NMR and 13C NMR (See Figures S15 and S16). Anal. Calcd. For C9H11N3O3: C, 51.67; H, 5.30; N, 20.09. Found: C, 51.72; H, 5.58; N, 20.25.




3.3. Copper(II) Complex


The complex was formed from the reaction of ligands in DMF with a stirred solution of Cu(NO3)2·3H2O (0.001 mol) in hot water. Then, sodium acetate (1 g) was incorporated into the mixture and refluxed for 1 h. A deep green color precipitate of the complex has resulted (Scheme 1). After filtering, the product was dried and used for testing.



Yield: 80%. Sum formula C22 H26 Cu2 N6 O10; FTIR bands (KBr, cm−1; vs. = very strong, s = strong, br = broad, m = medium): 3250 (m), 2810 (m), 1656 (vs). UV−vis spectra [λmax, nm (ε, L mol−1 cm−1); MeOH (74 µM)]: 274 (7682) and 319 (4814). Anal. Calcd. For C22H24Cu2N6O10: C, 40.06; H, 3.67; N, 12.74. Found: C, 40.19; H, 3.74; N, 12.67.




3.4. Physical Measurements


Physical measurements such as FTIR, UV, and mass of the complex were performed at Shimadzu IR Affinity (1S spectrometer) using a UV-vis spectrophotometer (Systronic, Gujarat, India), and mass spectrometer (Waters XEVO G2-XS QTOF, Waters, Milford, United States), respectively.




3.5. Theoretical Studies


The details of DFT and molecular docking have been shifted in supporting information (See the Supplementary Materials).




3.6. Stability Evaluation


For in vitro cytotoxic studies and DNA/BSA binding interaction studies, it is essential to check the complex stability in aqueous medium. Electronic absorption spectra of the complex in HEPES buffer for different times (day 1–5, and day 10) were performed to evaluate its stability in an aqueous solution. The experiments showed that there are almost no changes in the absorption maximum confirming its stability in the solution phase for a long period (Supplementary Figure S1).




3.7. Lipophilicity Check


The lipophilicity value for the molecules was determined in terms of log Po/w (partition coefficient between n-octanol and water), involving the flask-shaking technique [36]. By taking 0.0023 g of the complex into 10 mL of octanol-water mixture (1:1 v/v) at room temperature. After allowing the solution to stand, the two phases (aqueous and octanol) became separated, and the complex concentration in both the phases was calculated through Beer–Lambert law. With these concentrations, the lipophilicity value of the complex was achieved using the log Po/w = log ([complex] octanol phase/[complex] water phase) equation.




3.8. DNA Binding


An absorption titration experiment was performed on a particular concentration of the complex (74 µM) upon the addition of CT-DNA (0–11.66 µM) in the HEPES buffer medium. For the intrinsic binding constant (Kib), the following Wolfe–Shimmer equation has been followed.


[DNA] × (εa − εf)−1 = [DNA] × (εb − εf)−1 + Kib−1 × (εb − εf)−1



(8)




where εa, εf, and εb represent extinction coefficients of the complex, CT-DNA, and the bound complex, respectively. The ratio of the slope to intercept in the plot ([DNA]/(εa − εf)) vs. [DNA] represents the Kib value.



A Shimadzu RF-6000 Spectrofluorophotometer was used to record fluorometric titration at wavelengths of 200–700 nm, wherein the complex’s emission intensity was seen as the CT-DNA concentration increased.




3.9. Interaction with BSA


This interaction study was performed using both absorption and emission spectroscopic techniques. The complex’s absorbance at 319 nm changed, with increasing concentrations of BSA (0–0.34 µM) recorded.



For fluorescence emission, the changes were recorded at 334–336 nm, with a gradual increase in complex concentrations (0–12.3 µM).




3.10. Cytotoxicity


3.10.1. Culture and Maintenance of SiHa Cells


The cervical cancer cell lines (SiHa) were purchased from the National Centre for Cell Sciences (NCCS), Pune, India. Components of cell culture media viz. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), Dulbecco’s Modified Eagle Medium (DMEM), trypsin, Penicillin-Streptomycin-neomycin (PSN) antibiotic cocktail, and ethylenediaminetetraacetic acid (EDTA) were procured from HighMedia Biosciences, Bengaluru, India. Fetal bovine serum (FBS) was obtained from Thermo Fischer Scientific, India.



The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin at 310 K. The temperature was preserved during the culture process in a humidified atmosphere (5% CO2 supply).




3.10.2. Viability of the Cells


The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was utilized to assess the viability of the cells. Approximately 70–80% of cells were seeded with 0.1 mL of DMEM comprising 10% fetal bovine serum, 50 U/mL penicillin, and 50 μg/mL streptomycin. The wells were then incubated at 310 K in 5% CO2. All the treatments were performed in triplicate to obtain reproducible data. Thereafter, 100 μL of fresh medium was added to each well to remove the dead cells. To create water-insoluble formazan, 0.5 mg/mL of MTT solution in DMEM was placed in each well, and kept for incubation for 3 h at 310 K. To solubilize this formazan, each well was filled with DMSO, and the absorbance was measured at 570 nm using a microplate reader. The percentage of cell viability was evaluated by the formula.


  %   Cell   viability =   O D   o f   T e s t   O D   o f   C o n t r o l    



(9)




where OD stands for the specimen’s optical density.




3.10.3. Fluorescence Imaging


A fluorescence microscopic examination was used to see how the specimen’s cell efficiency proliferated. To eliminate floating or dead cells, test samples were twice rinsed with new phosphate buffer saline (PBS). After fixing adhered cells for 20 min with a 4% paraformaldehyde solution, they were again rinsed with PBS. Samples were stained for 10 min using the fluorescent dyes (AO and EB) (100 μg/mL). They were then twice washed with PBS and incubated for an additional 5 min in the dark. A Leica fluorescence microscope (Germany) was used to capture the images.






4. Conclusions


The current study highlights the significant cytotoxic potential of the newly synthesized binuclear copper (II) complex against SiHa cancer cells. The complex of (E)-2-(1-(2,4-dihydroxyphenyl)ethylidene)hydrazine-1-carboxamide has been validated through matching of DFT-simulated and experimental IR spectra. The complex is stable in a buffer solution and it is significantly lipophilic. Various spectroscopic techniques were employed to investigate the complex’s binding to DNA and BSA. The experimental outcomes revealed that the complex binds to CT-DNA via partial intercalation and in a hydrophobic manner. However, the complex interacts with BSA predominantly by hydrogen bonding or van der Waals interactions rather than hydrophobic interactions. Furthermore, molecular docking investigations support the location of the complex inside the DNA and BSA protein. From the cell viability studies, it was observed that the complex demonstrates in vitro anti-proliferative activities against SiHa cancerous cells. The lipophilic character and the strong binding affinity with DNA and BSA may be accountable for the cytotoxicity of the complex against cancerous cells and demonstrate its scope in chemotherapeutics as an anti-proliferative candidate.
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Scheme 1. Scheme for the synthesis of ligand and its copper(II) complex. 
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Figure 1. (a) Predicted structure of the complex, (b) HOMO-LUMO gap in the DFT study, (c) experimental and simulated powder X-ray pattern, and (d) the crystal packing of the complex. 






Figure 1. (a) Predicted structure of the complex, (b) HOMO-LUMO gap in the DFT study, (c) experimental and simulated powder X-ray pattern, and (d) the crystal packing of the complex.



[image: Inorganics 12 00019 g001]







[image: Inorganics 12 00019 g002] 





Figure 2. (a) Absorption spectrum of the complex (74 µM) in the presence of CT-DNA (0–11.66 µM). (b) Plot of [DNA]/(εa − εf) vs. [DNA] for determining Kib. 
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Figure 3. Emission profile of complex alone, and in the presence of CT-DNA at 298, 303, and 308 K. 
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Figure 4. Plot of lnKb vs. 1/T for the complex. 






Figure 4. Plot of lnKb vs. 1/T for the complex.



[image: Inorganics 12 00019 g004]







[image: Inorganics 12 00019 g005] 





Figure 5. (a) Absorption spectrum of the complex (74 µM) in the presence of BSA (0–0.34 µM). (b) Plot of 1/[BSA] vs. 1/(Aobs − A0) for the BSA to complex. 
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Figure 6. Docked pose of the complex with DNA (a,b) and BSA (c,d). 
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Figure 7. Fluorescent images of AO/EB staining of complex and control at days 1, 2, and 3. 
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Table 1. Binding parameters of complex–DNA interaction.
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	Temperature (K)
	Kb
	ΔG (kJ mol−1)





	298
	7.128 × 104
	−27.68



	303
	2.44 × 105
	−31.24



	308
	4.72 × 105
	−33.41
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