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Abstract 

A mononuclear oxido-vanadium(IV) complex,  [VO(L)2], has been prepared from the reaction of 

dibenzoylmethane (HL) and VO(acac)2 in 2:1 molar ratio, and fully characterized using 

elemental analyses, molar conductivity, FT-IR, and electronic spectroscopy. The structure of this 

compound was also confirmed by single crystal X-ray diffraction. It was found that in the title 

complex, metal coordination geometry is ascribed as distorted square pyramid. DNA binding 

activities of this complex was investigated using electronic absorption titration, competitive 

fluorescence titration and cyclic voltametry studies. The obtained results showed groove binding 

of the complex to the salmon sperm DNA accompanied with a partial insertion of the ligand 

between the base stacks of the DNA with the binding constant of 2.3×103 M-1. In addition, the 

interaction of the complex with bovine serum albumin (BSA) was studied using electronic 

absorption and fluorescence spectroscopies at different temperatures indicating a good affinity of 

the complex for BSA. These experimental results were confirmed by the results of molecular 

docking. Finally, the in vitro cytotoxicity properties of the synthesized complex against MCF-7, 

HPG-2 and HT-29 cell lines were evaluated and compared with those of ligand (HL). It was 

found that complexation improved the anticancer activity significantly. IC50 values for the V(IV) 

complex against MCF-7, HPG-2 and HT-29 cell lines were obtained to be 7.8, 13.5 and 16.1 

µM, respectively 

 

Keywords: V(IV) complex, MTT assay , DNA- and BSA binding, Crystal structure, Molecular 

modeling 

 

Introduction 
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Vanadium is biocompatible and has a wide variety of biochemical and physiological functions 1 

Transition metal complexes containing vanadium(IV) have been shown to modulate the cellular 

redox potential and catalyze the generation of reactive oxygen intermediates (ROI) resulted in 

the regulation of enzymatic phosphorylation, and exertion of pleiotrophic effects in multiple 

biological systems 2-4. 

It has been reported that some oxido-vanadium complexes exhibit potent anti-HIV properties 5, 6 

Moreover, both inorganic salts and organic chelates of VO2+ have been found to be able to 

participate in glucose uptake and metabolism due to their insulin-mimetic effects 7.  

Moreover, since vanadium has the ability to assume various oxidation states, the coordination 

chemistry of this metal is versatile in biological systems and allows its interaction with different 

biomolecules 8. For example, the presence of vanadium species in several proteins including 

bromoperoxidase and nitrogenase is essential for their catalytic activities 9-11 Or as another 

example, the insulin-like properties of VO2+ chelates has been found to be dependent on the 

binding of these compounds to BSA and possibly other serum transport proteins 12. 

Serum albumin is the most abundant protein in plasma with multiple functions. This protein has 

the ability to bind reversibly to a large number of compounds so that it is known as the principal 

carrier of fatty acids, metabolic products, regulatory mediators, and nutrients 13-15.1–5  In 

addition, serum albumin neutralizes endogenous or exogenous toxins after interaction with them 

by means of hydrogen bonding 16, hydrophobic, electrostatic, and metal interactions 17. 

Vanadium ion was used earlier as an antitumor agent 18. It has been observed that oxovanadium 

(IV) complexes show striking similarities to the well-known anticancer drug, cis-platin and 

exhibit anticancer activities 19.  Both V(IV) complexes and cis-platin are toxic to cells due to 

their interactions with nuclear DNA. However, the mechanisms of these interactions are different 
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from each other. cis-platin binds covalently to DNA which makes it a potential mutagen. Unlike 

cis-platin, vanadium complexes interact with nucleotide phosphate groups and do not disturb the 

Watson-Crick hydrogen bonding 20. Accordingly vanadium complexes are potential alternatives 

to platinum-based chemotherapy with limited success due to both intrinsic and acquired drug 

resistance 21. The chemistry and biology of vanadium compounds in cancer therapeutics have 

been recently reviewed by Kioseoglou’s group 22. 

β-Diketones possess different interesting properties such as antioxidant, anti-leukemia, 

antimicrobial and anticancer activities 23. Also, they have hepatoprotective and nephroprotective 

activities, suppress thrombosis, protect against myocardial infarction and have hypoglycemic and 

antirheumatic properties 24. β-Diketones have been used as chelating agent to synthesize various 

metal copmlexes 25.  

Generally, molecules which interact with DNA affect DNA replication and transcription and 

ultimately, induce cell death and apoptosis 26. So, study of the interaction mode and mechanism 

of such compounds is of importance which helps us to provide new and even more efficient 

anticancer drugs. Two broad classes of non-covalent DNA-binding agents have been identified: 

the intercalators and the groove binders. The intercalators bind by inserting a planar aromatic 

chromophore between adjacent DNA base pairs, whereas the groove binders fit into the DNA 

minor groove causing a little perturbation of the DNA Structure 27. 

According to the above consideration, we used dibenzoylmethane as chelating agent to 

synthesize a diketone-base oxido-vanadium(IV) complex. The synthesized complex was fully 

characterized using spectroscopic and physicochemical methods. Experimental and molecular 

modeling investigations were also performed to determine the mode and mechanism of the 
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interaction between the complex and DNA and BSA. Moreover, cytotoxicity  of the V(IV) 

complex against MCF-7, HPG-2 and HT-29 cancerous cell lines were studied using MTT assays.  

 

Results and discussion 

A square pyramidal V(IV) complex was prepared by the reaction of dibenzoylmethane and 

VO(acac)2 in 2:1 molar ratio. The obtained complex was stable in air and soluble in DMSO, 

DMF and has less solubility in methanol, chloroform and acetonitrile. It was insoluble in n-

hexane and diethyl ether. Molar conductivity value of title complex was equal to 3.2 ohm-1 cm2 

mol-1 in DMSO, indicating non-electrolyte behaviors of it. The stability of the complex in PBS 

buffer was investigated using UV absorption spectroscopy (Fig. S1). No considerable change 

was observed in the spectrum of the complex during 2 h indicating the stability of [VO(L)2] in 

aqueous solution. 

Spectral characterization 

Assignments of selected prominent IR bands in the 400–4000 cm-1 region for [VO(L)2] are listed 

in the Experimental section. In the FT-IR spectrum of this compound (Fig. S2), the band with 

high intensity at 1590 cm-1 ascribed to the carbonyl (C=O) vibration 28. The band appeared at 

1480 cm-1 is correlated to C=C vibration 29. The stretching vibration of CO appears at 1318 cm-1. 

The characteristic band of V=O is located at 994 cm-1 30, 31. The band with medium intensity 

appeared at 583 cm-1 is assigned to V-O vibrations 32.  

The electronic spectra of the title complex were recorded in the DMSO (Fig. S3) and showed 

two intense peaks at 269 and 368 nm. The first band is attributed to a π→π* transition of 

aromatic rings and the latter might arise from ligand to metal charge transfer (LMCT) 

O(p)→V(d) transitions 33. Finally, the lower energy absorption band at 659 nm is related to d-d 
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transition. This band is due to 2B2→
2E transition indicating the square pyramidal geometry of an 

oxido-vanadium(IV)  chromophore. 

 

X-ray crystal structure  

The ORTEP diagram of [VO(L)2] is presented in Fig. 1. Also, the selected bond length and 

angles are listed in Table 1. The X-ray analysis shows that this complex has been crystalized in a 

monoclinic space group P 21/n with a Z value of 4. In this structure, V(IV) ion is coordinated by 

oxygen atoms of two monoanionic 1,3-Diphenyl-1,3-propanedionato while, the fifth position is 

occupied by an oxo group. Five-coordinated complexes may have two main geometries of 

trigonal bipyramidal (TBP) or square pyramidal (SP). Trigonality index (τ) used for determining 

the geometry of these compounds, is defined as (β–α)/60 where β and α are two largest bond 

angles around the metal center in the coordination environment 34. In an ideal square pyramid β 

and α equal to180º and so, τ = 0. While, an ideal trigonal-bipyramidal structure has β=180º and 

α=120º resulting in τ=1. The trigonality index for the complex synthesized here is calculated to 

be 0.055 indicating SP geometry for this complex. As can be seen from packing diagram (Fig. 

S4), the only parameter that stabilizes the lattice structure is van der waals interaction and no 

hydrogen bond exists in this compound. 

 

Titration of DNA with the complex 

The UV spectra of DNA solution recorded upon addition varying concentrations of the complex 

are given in Fig. 2. A strong absorption band at 259 nm is observed in the spectrum of the DNA 

corresponding to purine and pyrimidine bases of DNA 35. It is clear that the intensity of the 

absorption band of DNA has increased (ca. 62%) with gradual addition of the complex up to 
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[DNA]/[complex]=0.5. This hyperchromisity is due to the fact that the purine and pyrimidine 

bases of DNA are exposed because of the binding of the complex to DNA. This observation 

exhibits that the interaction between the complex and the DNA may have caused a slight change 

in the conformation of the DNA 36. So, a DNA intercalating interaction of the complex through 

the stacking interaction of the aromatic rings of the ligand and the base pairs of DNA is proposed 

37. However, no significant shift is observed in the λmax of the DNA peak which can be due to 

partial intercalation. 

 

 

Titration of the complex with DNA 

The ligand-based transition at 370 nm was used for the electronic absorption titration with the 

DNA. Any interaction between the complex and DNA can perturb the intraligand-centered 

spectral transitions. As seen in Fig. 3, the absorption band of the complex showed a 

hypochromism of 25.3% upon addition of DNA up to [complex]/[DNA]=0.083 without any 

significant shift in λmax. Generally, significant hypochromism accompanied by a red shift 

(bathochromism) is known to be a characteristic of the strong π– π stacking interaction between 

the aromatic chromophore ligand of a metal complex and the aromatic rings of DNA bases 

which is called intercalation interaction. Coupling of π orbitals which are also partially filled by 

electrons reduces the transition probability and thus results in hypochromism 38, 39. On the other 

hand, hypochromism that is manifested in terms of a small decline in absorbance and either no or 

only minor changes in λmax has been correlated to groove binding 40. Accordingly, it can be 

suggested that [VO(L)2] complex interacts with the DNA through the partial insertion of the 

aromatic rings of the ligand to the DNA duplex and it is also likely that the complex can bind to 
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the DNA helix via a groove mode 40.  It has been demonstrated that the structure of the complex 

is one of the most important factors contributing to the DNA binding affinity. However, some 

factors of ligand including size, geometry, hydrophobicity and hydrogen-bonding ability also 

influence the overall affinity 41. As can be seen from Fig. 1, the intercalation of the complex is 

very difficult because the ligands are not nearly so planar.   

Binding constant (Kb) is a useful parameter to evaluate the binding strength of the complex to the 

DNA and can be determined from the variation in the electronic spectra before and after the 

addition of DNA by applying Benesi-Hildebrand equation 42, 43 (Eq.1) given below: 

     Eq. 1.                  

Where A0 is the initial absorbance of free complex, A is the absorbance of the complex in the 

presence of DNA, εf corresponds to the extinction coefficient of the complex in its free form and 

εb refers to the extinction coefficient of the complex in the bound form. The plot of A0/(A-A0) 

versus 1/[DNA] gives a straight line with an intercept of εf /( εb - εf) and a slope of εf /Kb(εb - εf). 

The value of Kb is calculated from the ratio of the intercept to the slope. According to the results 

shown in Fig. 3 (inset), Kb for the vanadium complex is calculated to be 2.3×103 M-1. This Kb 

value here is much lower than those  reported  for  classical intercalator (ethidium bromide and 

[Ru(phen)DPPZ] whose  binding  constants  have  been  found  to  be  in  the  order of  106–

107M) 44. This low affinity may be due to the partial intercalation of the complex and the absence 

of hydrogen-bonding interactions between the complex and DNA. 
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Competitive binding experiments in the presence of ethidium bromide 

EB, a cationic conjugated planar molecule, is a well-known DNA intercalator. The fluorescence 

intensity of EB is usually weak. However, it increases upon the interaction with DNA. So, EB is 

employed as a probe for the spectroscopic study of the interaction between dsDNA and potent 

intercalating species because of 24-fold decrease in its fluorescence when displaced from an 

intercalation site 45. To examine whether the vanadium complex can displace EB from the DNA 

helix, we have investigated the fluorescence spectra of EB-DNA adduct in the presence of 

varying amounts of the complex (0-45 µM). The results obtained are shown in Fig. 4. As can be 

seen, the fluorescence intensity of DNA-EB adduct reduces upon addition of the complexes and 

this effect increases with increasing the concentration of the complex. This quenching indicates 

that the complex can drive out EB and take its place in the DNA double helix.  

Two control experiments were additionally performed; the emission spectrum of the complex 

alone, EB alone and EB mixed with the complex at the same ratios as the above experiment. The 

obtained results depicted in Fig. 4B, showed that the complex had no significant fluorescence 

contribution in the spectrum of EB. Also, no considerable quenching was observed from the 

interaction of the complex with non-intercalated EB. Accordingly, the quenching of the 

fluorescence of EB-DNA system by the complex was due to the interaction of the complex with 

DNA not EB.  

The quenching of EB bound to DNA provoked by the compound is in good agreement (R2 = 

0.786) with the linear Stern–Volmer equation (Eq. 2): 

                 Eq. 2.               

where F0 and F are the fluorescence intensities in the absence and presence of the quencher or 

complex (Q), respectively. Kq is the bimolecular quenching constant and τ0 is the lifetime of the 
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fluorophore in the absence of the quencher. Stern–Volmer constant (KSV) can be obtained from 

the slope of the plot of F0/F versus [Q] with forcing the intercept to 1 (Fig. 4A, insets). 

Accordingly, the value of KSV for the complex is 2.1×103 M-1. Kq was calculated as 2.1×1011.  

 

Electrochemical characterization of the interaction between DNA and the complex 

The interaction of the complex with DNA has been also investigated by monitoring the changes 

observed in the cyclic voltammogram of the complex in 0.02 M PBS upon addition of the DNA. 

The obtained results are depicted in Fig. 5. The cyclic voltammogram of the complex exhibits a 

quasi-reversible single electron redox process assignable to the V(VI)/V(V) couple. [VO(L)2] is 

oxidized to the mono cation [VO(L)2]
+ 46. The electron is removed from nonbonding orbitals and 

the V(V) complex is formed. Upon reversal of the scan direction, the V(V) complex is reduced to 

V(IV) 47 . 

The cathodic and anodic peak potentials appear at Epc = +0.40 V and Epa = +0.32 V with Ipc = -

7.8 µA and Ipa =4.2 µA, respectively. Also, CV of 60 µM DNA in PBS was recorded at the same 

conditions. As seen, no peak was observed in the scanned potential range.  In the presence of 60 

µM DNA, Epc shifted to +0.45 V while Epa showed no considerable change. Also, both the 

cathodic and anodic peak currents decreased to -6.1 µA and +1.8 µA, respectively due to the 

reduced diffusion rate of the complex towards the electrode surface as a result of the interaction 

with the bulky, slowly diffusing DNA. 

Peak separation (∆Ep) and half-wave potential ( ) are defined as the difference and the 

average of Epa and Epc, respectively. Using the changes made in the values of ∆Ep and  after 

addition of DNA, one can explain the ability of the interaction. It was observed that addition of 
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the DNA increased ∆Ep from 0.08 to 0.13 V and  from 0.36 V to 0.385 V. It has been 

reported that an intercalative binding mode between molecules and DNA causes a positive shift 

in the half-wave potential while an electrostatic binding mode results in a negative shift 48.  

According to the results obtained, the increase of the formal potentials of the complexes 

accompanied by the decrease of the peak currents observed in the presence of the DNA suggests 

that the complex has interacted with the DNA in an intercalative mode. 

 

BSA interaction 

UV–Vis absorption studies 

Binding to BSA involved in the transport of the complex through the blood stream may result in 

lower or enhanced biological properties of the original drug, or new paths for the drug 

transportation. 49  Absorption titration was used to examine the conformational change of BSA 

after complex formation with [VO(L)2]. Fig. 6 shows the absorption spectra of BSA in the 

presence of varying concentrations of the complex. In the spectrum of BSA, the absorption peak 

at 279.9 nm originates from the phenyl rings in aromatic acid residues (Trp, Tyr and Phe) 50. 

Upon addition of the complex, the intensity of the peak increased sharply with a blue shift of 4 

nm, suggesting an interaction between BSA and the title V(IV) complex and also change of the 

polarity of the microenvironment surrounded the aromatic amino acid residues of BSA 51.This 

can be put down to the exposure of the aromatic amino acid residues originally buried in a 

hydrophobic cavity, to an aqueous milieu. This exposure is happened after π– π stacking 

interaction between aromatic ring of the complex and those of the aromatic amino acid residues 

52. 
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Fluorescence quenching studies 

The protein binding of the complex was studied using tryptophan fluorescence quenching 

experiments for BSA as the substrate in PBS (pH 7.0). Binding of the complex to BSA results in 

some conformational changes of the protein. These changes influence the fluorescence emission 

of tryptophan residues 53. Therefore, the fluorescence spectra of tryptophan residues of BSA in 

the range of 300–470 nm (excited at 276 nm) were monitored using increasing concentrations of 

the complex as quencher. Interaction between the complex and BSA resulted in the quenching of 

the fluorescence of BSA. Fig. 7. (A, B and C) shows the fluorescence spectra of BSA in the 

absence and presence of different amounts of the complex at 291, 298 and 305 K, respectively. 

In all three temperatures, the extent of the quenching increases with increasing the concentration 

of the complex.  

The possible quenching mechanism can be interpreted using Eq. 2 54. Taking the fluorescence 

lifetime (τ0) of tryptophan at 10-8 s, the approximate quenching constant (Kq) of the complex is 

calculated. Fig. S5 reveals the plots of F0/F vs. the concentration of the complex, [Q] at different 

temperatures. The values of KSV and Kq obtained from the ratio of the slope to the intercept of 

the plot are given in Table 2. The values of KSV are of 4 magnitude order indicating a moderate 

quenching. 

 

Binding constants and binding sites 

If it is assumed that there are similar and independent binding sites in the biomolecule, the 

binding constant (Kb) and the number of the binding sites (n) can be determined using the 

slope and intercept of the double logarithm regression curve of log [(F0  F)/F] versus log [Q] 

based on Lineweavere-Burk equation (Eq. 3) 55: 
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      Eq. 3.            

where F0 and F are the fluorescence intensities of BSA in the absence and presence of the 

complex (Q), respectively. Kb is the binding constant of the complex to BSA and n is the number 

of binding sites per albumin molecule. Fig. 8  reveals the plots of  versus log[Q] for the 

binding of V(IV) complex to BSA at different temperatures. From the intercept and slope of the 

plot, Kb and n values can be calculated. The values of Kb and n obtained for BSA–V(IV) 

Complex adduct are given in Table 2. As seen, Kb value decreases with increasing temperature 

indicating the binding process is exothermic 53, 56.  

In general, the binding constant of a compound to a protein such as albumin should be high 

enough to allow transfer by the protein and on the other hand, not too high so that it can be 

released upon arrival at its target(s). A strong interaction between protein and a typical complex 

has been reported to have a binding constant ranging from 106 to 108 M–1 57-. Accordingly, the 

values of Kb obtained here for BSA-[VO(L)2] system are considered a moderate binding affinity. 

The value of n is nearly 1 at 298 and 291 K suggesting that the complex bond to BSA according 

to the molar ratio of 1:1. But at 305 K, n value decreases which is consistent to the exothermic 

nature of the interaction. 

 

Thermodynamic parameters and binding mode 

The sign and magnitude of thermodynamic parameters enthalpy change (∆H), entropy change 

(∆S) and free energy change (∆G) are useful to determine the binding mode. It has been found 

that, ∆H > 0 and ∆S > 0 arise from a hydrophobic interaction, ∆H < 0 and ∆S < 0 arise from a 
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van der Waals force or hydrogen bond formation, while ∆H ≈ 0 and ∆S > 0 arise from an 

electrostatic force 58.   

The values of ∆H and ∆S can be obtained from the van’t Hoff equation(Eq. 4):  

                  Eq. 4. 

where Kb is the binding constant, T is the absolute temperature and R is the gas constant. ∆H and 

∆S values are obtained by plotting the values of logKb vs. 1/T. 

Fig. S6 shows the van’t Hoff plot for the V(IV) complex-BSA system which is a straight line. 

From the slope and intercept of this plot, ∆H and ∆S are calculated, respectively which are given 

in Table 3. In addition, the values of ∆G at different temperatures calculated according to Eq 5. 

are shown in Table 3.  

∆G = ∆H - T∆S     Eq 5.          

The negative values of ∆G reveal that the binding process is spontaneous and also the values of 

∆H with negative signs are much greater than T∆S values indicating that BSA-V(IV) complex 

formation is mainly enthalpy-driven reaction. Moreover, both negative ∆H and ∆S values 

indicate that van der Waals force or hydrogen bond interaction plays major role in the interaction 

between BSA and the complex.  

 

Molecular docking of the V(IV) complex with DNA 

Binding sites involving in the interaction between the complex and DNA was determined using 

blind docking on a double-stranded DNA (strands A and B shown in Fig. 9) with the following 

sequence: 

A: 5'(C11, G22, C33, G44, A55, A66, T77, T88, C99, G110, C11, G112) 3' 

B: 3' (G224, C223, G222, C221, T220, T119, A118, A117, G116, C115, G114, C113) 5' 
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 The grid map set to 50×54×116 Å3 along the x, y, and z axes with 0.375 Å grid spacing. The 

conformations obtained were ranked based on the lowest free binding energy. According to the 

most stable docking conformation (Fig.9), the V(IV) complex inserted into the minor groove of 

the DNA duplex with a partial intercalation. As Fig.9 indicates, several categories of 

hydrophobic contacts are observed between the complex atoms and the bases of DNA, including, 

Guanine 224, Cytosine 223, Guanine 222 and Cytosine 221 (chain B), Adenine 66, Adenine 55 

and Guanine 44 in chain A. The resulting relative binding energy for the complex docked with 

DNA was found to be -4.48 kcal mol-1.   

Molecular docking of the V(IV) complex with BSA 

Investigating the interaction of the V(IV) complex with BSA using blind docking showed that 

the complex prefers the binding pocket of domain II. The resulting conformations were ranked 

based on their lowest free binding energies. The docking studies showed that this complex 

interacts with BSA via hydrophobic contacts to amino acid residuals (Fig. 10). Hydrophobic 

interactions were observed between O1, O3, O5, C3-C16, C18, C21, and C23-C28  of the V (IV) 

complex with Leu 454, Leu 189, Leu 112, Ile 455, Ala 193, Arg 458, Arg 196, Arg 144, Arg 

427, Ser192, Ser 109, Ser 428, Asp 108, Asp 111, pro 146, Asp 110, His 145 and Glu 424. The 

resulting relative binding energy for the complex docked with BSA was found to be -7.58 kcal 

mol1.  

Cytotoxicity Study 

The ligand and complex have been tested for their in-vitro anti-proliferative activity against 

HPG-2, HT-29 and MCF-7 cancer cell lines. The plot of the percentage of cell viability vs. 

concentration of the compound is shown in Fig.11. As seen, the viability of all cell lines 
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decreases in both ligand- and complex-treated ones as a function of concentration indicating a 

dose-dependent growth inhibitory effect. It is clear that the toxicity of the V(IV) complex against 

MCF-7 is significantly higher than that of the ligand (HL). In all tested concentrations, the free 

ligand (HL) showed less than 50% of the toxicity of [VO(L)2] indicating an enhancement in the 

anticancer property of the ligand duo to complexation and presence of the vanadium ion. As 

reported previously, the biological activity of a ligand is usually amplified after complexation 29. 

Similarly against HPG-2, the complex is much more toxic than the free ligand especially at lower 

concentrations. Surprisingly, no preference is observed between the activity of the ligand and the 

complex against HT-29. This indicates that the sensitivity of HT-29 cells to the ligand is similar 

to the complex. Moreover, at the concentrations of 0.31, 0.62, 1.25 and 2.5 µM the viability of 

HPG-2 cells is influenced by the complex more than two other cell lines. While, at higher 

concentrations of the complex this is MCF-7 which shows the lowest viability. It is worth 

mentioning that, the side effect of the compound at high concentrations should be also 

considered. 

Furthermore, IC50 values for the complex against MCF-7, HPG-2 and HT-29 cell lines were 

calculated to be 7.8, 13.5 and 16.1 µM, respectively which are smaller than those reported for the 

well-known anticancer drug, cis-platin (22.8, 16.7  and 69.4 µM , respectively) 59 and smaller 

than or comparable with other vanadium complexes (˃50 µM against MCF-7 for VO(sal-

Gly)(bipy), VO(sal-Gly)(phen), VO(sal-L-Phe)(H2O), VO(sal-L-Phe)(bipy) and VO(sal-L-

Phe)(phen) 60, ˃47 µM against HT-29 for [VO(sal-L-tryp)(acetylethTSC)] ·C2H5OH, [VO(sal-L-

tryp)(MeATSC)] and [VO(salL-tryp)( N-ethhymethohcarbthio)] ·H2O 59b and 1486 µg/cm3 

against HPG-2 for V(2-[(4 morpholinophenyl imino) methyl] phenol)2 
61. However, some more 
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effective vanadium complexes have been previously synthesized. For example, bis(4, 7-

dimethyl-1, 10- phenanthroline) sulfatooxovanadium (IV) with IC50 values smaller than 1 µM 62.    

 

Experimental 

Materials and Methods 

Salmon sperm DNA was purchased from Sigma (St. Louis, USA). A 1.0 mg/mL stock solution 

of the DNA was prepared in TE buffer (pH 7.4) and kept frozen. The concentration of the 

solution was determined using the molar extinction coefficient of DNA bases at 260 nm (ε260) 

which was found to be 6600 L mol−1 cm−1 (per P or nucleotide unit). Ethidium bromide (EB=3,8-

diamino-5-ethyl-6-phenylphenanthridinium bromide) was purchased from CinnaGen (Iran). 

Bovine serum albumin (BSA) was obtained from Merck (Germany). 3-(4,5-dimethyl-2-

thiozolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from Sigma. 

 

Instrumentation 

Elemental analyses were carried out using a Thermo Finnigan Flash Elemental Analyzer 

1112EA. FT-IR spectra were recorded at a Bruker-Tensor 27 by embedding the material in KBr 

discs in the range of 400-4000 cm-1.  Molar Conductance measurements were made by means of 

a Metrohm 712 Conductometer in DMSO. Cyclic voltammograms were obtained using an 

Autolab PGSTAT 302 electrochemical system from Metrohm (Herisau, Switzerland) interfaced 

with a personal computer for data acquisition and potential control. Electronic spectra were 

recorded on a double beam UV-vis-NIR Varian Cary 500 spectrophotometer (Victoria, 

Australia). Fluorescence measurements were performed on a Cary Eclipse fluorescence 

spectrophotometer. 
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Synthesis of bis(1,3-Diphenyl-1,3-propanedionato)-oxido-vanadium(IV) [VO(L)2] 

A mixture of dibenzoylmethane (0.045 g, 0.2 mmol) and VO(acac)2 (0.03 g, 0.1 mmol) was 

refluxed in 10 ml ethanol. After 1 h, the resulted deep green precipitate was filtered, washed with 

cold ethanol and dried in vacuum over anhydrous CaCl2. Suitable crystals for X-ray 

crystallography were obtained after slow evaporation of the mother liquor for 1 day at room 

temperature. 

Yield: 0.04 g, 78%. m.p.: 201 °C. Molar conductance (1×10-3 M, DMSO): 3.2 ohm-1 cm2 mol-1. 

Anal. Calc. for C30H22O5V (513.43 g mol-1): C, 70.18; H, 4.32; N, 15.58. Found: C, 70.03; H, 

4.25; N, 15.43% FT-IR (KBr), cm-1: ν(CHar) 2842-3057, ν(C=O) 1590, ν(C=Cring) 1480, ν(C-O) 

1318, ν(V=O) 994, ν(V-O) 583. UV/Vis (DMSO), λmax, nm (log(ε), L mol-1 cm-1): 269(4.49), 

368(4.52), 659(3.12). 

 

Crystal structure determination 

X-ray diffraction data were collected using an XCalibur diffractometer, Oxford Diffraction Ltd., 

with sapphire CCD detector in ω-scan mode. Graphite monochromated Mo Ka radiation (λ= 

0.71013 Å) has been used. The structure was solved using direct methods with SHELXS-97 and 

refined on F2 with full-matrix least squares using SHELXS-97 63.  The H atoms were positioned 

with idealized geometry using a riding model with the aromatic C-H distance restrained to 0.93 

Å and were refined with isotropic displacement parameters set at 1.2 Ueq (C-aromatic) of the 

parent atom. The crystallographic data for X-ray analysis of title complex is gathered in Table 4. 

DNA binding studies 
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UV-Vis absorption studies 

The interaction of the title complex with DNA has been studied by UV spectroscopy in order to 

investigate the possible binding mode and to calculate the binding constant (Kb). Absorption 

titration of DNA with the complex was carried out using fixed concentration of DNA (5.8×10-4 

M) in 0.02 M PBS (pH=7.4) while the concentration of the complex was gradually increased. In 

the absorption titration of the complex with DNA, the UV-Vis spectra of the complex (4.5×10-5 

M in PBS) in the presence of varying concentrations of DNA were recorded 64. It is worthy of 

note that an appropriate blank sample containing the corresponding concentrations of 

DNA/complex was used prior to each measurement. 

All experiments were carried out at room temperature. In all experiments, the incubation time for 

the DNA and the complexes to equilibrate was 5 min. 

 

Competitive fluorescence study with DNA-EB adduct 

Competitive studies of the [VO(L)2] compound with EB study was investigated by fluorescence 

emission spectroscopy in order to examine whether it is able to displace EB from DNA–EB 

adduct. In this study, a 0.02 M PBS solution (pH=7.4) containing 1.0×10-5 M EB and 7.5×10-5 M 

DNA was titrated with the complex. During the fluorescence quenching experiment, emission 

spectra of DNA-EB adduct were recorded in the range of 535–700 nm upon excitation at 525 

nm.  

 

Cyclic voltammetric measurements 

Electrochemical techniques can be employed to study the interaction of electro-active complexes 

with DNA in order to confirm the binding mode suggested by the spectroscopic studies.  Cyclic 
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voltammograms of the V(IV) complex were recorded before and after the addition of DNA to a 

fixed concentration of the complex in 0.02 M PBS at the scan rate of 100 mV/s.  

 

BSA binding studies 

UV-Vis absorption studies 

Absorption titration experiment was performed by keeping the BSA concentration constant 

(2×10-5 M) and varying that of the oxido-vanadium(IV) complex (0- 4×10-5 M). The absorption 

spectra of BSA were recorded after each successive addition of the complex and 10 min 

equilibration. Also, appropriate blank samples containing the corresponding concentrations of 

BSA/complex were used prior to all measurements. 

Fluorescence studies 

BSA possesses a strong fluorescence emission due to its aromatic amino acids (Trp, Tyr, and 

Phe). However, the intrinsic fluorescence intensity of BSA when excited at 290 nm mainly 

comes from the tryptophan residues 65, 66. A fluorescence quenching study was performed to 

investigate the interaction between BSA and [VO(L)2]. In this study, a fixed concentration of 

BSA (7.5×10-5 M in 0.02 M PBS), was titrated by successive additions of the complex. The 

mixture was allowed to equilibrate for 5 min after each addition. The fluorescence spectra were 

obtained from 300 nm to 470 nm using the excitation wavelength of 290 nm at different 

temperatures. 

 

Cell Proliferation and viability assay 

Toxicity of [VO(L)2] and ligand (HL) against three human carcinoma cell lines namely HPG-2, 

HT-29 and MCF-7 was investigated using MTT assay.  MTT is transformed into formazan by 
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the enzyme hydrogenase in mitochondria. The surviving cells can be determined by measuring 

their ability to reduce MTT (yellow) to formazan product (purple). Cytotoxicity of the compound 

against each cell line was then concluded from dose–response curves. 

The cells were placed in 96-well micro-assay culture plates at a density of 5×103 cells per well 

and grown at 37 ˚C in a humidified 5% CO2 incubator for 24 h. Then the cells were treated with 

varying concentrations (0.31, 0.62, 1.25, 2.5, 5, 10, 20 and 40 µM) of the complex and ligand for 

24 h. After that, 20 µl of MTT solution was added to each plate and incubation was performed at 

37 ˚C for 4 h. The metabolically active cells reduced MTT to blue formazan crystals. The 

crystals formed were then solubilized upon addition of DMSO and incubated at room 

temperature for 20 min. Finally, the absorbance (A) of the solution of each well was measured 

with ELISA reader at 545 nm. The absorbance was converted to percentage of cell growth 

inhibition according to the following formula: 

%Cell cytotoxicity= [1- (Adrug/Acontrol)] ×100 

The values of IC50 defined as the concentrations of test compound required to reduce the survival 

of cells by 50%, were also calculated. 

 

Molecular docking 

Molecular docking is a powerful method to predict the orientation of a ligand when binds to a 

receptor. Herein, the intermolecular interaction of the V(IV) complex with DNA and BSA were 

investigated using molecular docking. The coordination sphere of the V(IV) complex was 

generated from its X-ray crystal structure as a CIF file. Then, the CIF file was converted to the 

PDB format using Mercury software (http://www.ccdc.cam.ac.uk/). Molecular docking study 

was performed with Autodock 4.2.6 software using the implemented empirical free energy 
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function and the Lamarckian Genetic Algorithm 67. The structures of the receptors were kept 

rigid during the docking while the metal complex was allowed to have rotatable bonds. 

Discovery Studio Visualizer 4.1 package (Accelrys Inc., San Diego, CA)  was used for the 

production of molecular images and animations. The schematic two-dimensional representations 

of the docking results were performed using LIGPLOT+ 68. 

Chemical structures of DNA and BSA 

The initial structure of BSA with the PDB ID of 4F5S was taken from Protein Data Bank at a 

resolution of 2.47 Å. Also, a DNA with the sequence of d(CGCGAATTCGCG)2 was obtained 

from the Protein Data Bank (PDB ID: 1BNA) at a resolution of 1.90 Å. 

 

Conclusions 

An oxido-vanadium(IV) complex [VO(L)2], containing dibenzoylmethane ligand has been 

synthesized and fully characterized using various physicochemical and spectroscopic methods 

including single crystal X-ray diffraction. The central vanadium(IV) ion is situated in a distorted 

square pyramidal environment  (O5 chromophore). The square plane is made up of donor oxygen 

atoms of 1,3-Diphenyl-1,3-propanedionato (L-). The oxido group occupies the axial position. 

DNA binding activities of this complex have been investigated with electronic absorption, 

competitive fluorescence titration and cyclic voltammetry techniques. The obtained results have 

suggested a groove binding mode of interaction accompanied with a partial intercalation into the 

DNA helix with the DNA-binding constant in order of 103 M -1. Study of the interaction between 

the title complex and BSA indicates a good binding propensity to BSA. So, this protein can be a 

suitable carrier for the complex. The results of molecular docking reveal that the complex fits 
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into the minor groove of DNA along with partial intercalation and prefers the binding pocket in 

domain II of BSA which are in good agreement with those of experimental studies. Anticancer 

activities of [VO(L)2] against three carcinoma cell lines of MCF-7, HPG-2 and HT-29 have been 

investigated using MTT assay. The values of IC50 (7.8, 13.5 and 16.1 µM for MCF-7, HPG-2 

and HT-29, respectively) indicate that [VO(L)2] synthesized here, can be proposed as an efficient 

metal-based anticancer drug. However, further considerations including in vivo studies should be 

performed to fully evaluate the cell toxicity of the synthesized complex.  

 

Supplementary materials  

Crystallographic data for the [VO(L)2] has been deposited with the Cambridge Crystallographic 

Data Centre, CCDC No. 1034152. Copies of this information may be obtained from the Director, 

CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44-1223-336033; e-mail: 

deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk). 
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Figure Captions: 

Fig. 1. ORTEP drawing of  [VO(L)2] with the atom numbering. Thermal ellipsoids are shown at 

the 30% probability level. 

Fig. 2. Electronic absorption spectra for the titration of 5.8×10-4 M salmon sperm DNA in 20 

mM PBS (pH 7.4) with increasing amounts of [VO(L)2] (6.0×10-4 M and 1.2×10-3 M, 

respectively). Appropriate blank samples containing the corresponding concentrations of DNA 

and the complex were used. 

Fig. 3. Electronic absorption spectra for the titration of 4.5×10-5  M [VO(L)2] in 20 mM PBS (pH 

7.4) with increasing amounts of salmon sperm DNA. Appropriate blank samples containing the 

corresponding concentrations of DNA and the complex were used. 

Fig. 4. (A) Fluorescence spectra of EB-DNA adduct in the absence and presence of increasing 

amounts of [VO(L)2]. The inset shows plot of F0/F versus the concentration of [VO(L)2]. (B) 

Fluorescence spectra of [VO(L)2], EB in the absence and presence of increasing amounts of 

[VO(L)2]. 

Fig. 5. Cyclic voltammograms of DNA and [VO(L)2] in the absence and presence of salmon 

sperm DNA. 

Fig.6.  Electronic absorption spectra of 2×10-5 M BSA in the absence and presence of [VO(L)2]. 

Appropriate blank samples containing the corresponding concentrations of DNA and the 

complex were used. 

Fig. 7. Fluorescence emission spectra of BSA in the absence and presence of increasing amounts 

of [VO(L)2] at (a) 291, (b) 298 and (c) 305 K.  

Fig. 8. Plots of log [(F0  F)/F] versus log [Q] for [VO(L)2]-BSA interaction at different 

temperatures. 

Fig. 9. A molecular docking perspective of [VO(L)2] with DNA using Discovery Studio 4.1 

(left) and two-dimensional interactions generated by LIGPLOT+ (right). Groove binding of the 

complex with partial intercalation into the DNA is observed. Chain A: 5'( C11, G22, C33, G44, 

A55, A66, T77, T88, C99, G110, C11, G112) 3' and chain B: 3' (G224, C223, G222, C221, 

T220, T119, A118, A117, G116, C115, G114, C113) 5' 
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Fig. 10. The docked V(IV) complex in the binding pocket of BSA using Discovery Studio 4.1 

(left) and two-dimensional interactions generated by LIGPLOT+ (right). 

 

Fig. 11. The effect of [VO(L)2] and HL in the concentration range of 0.31-40 µM on the viability 

of  HPG-2 , HT-29  and MCF-7  cell lines. Data are expressed as mean±SEM; n=6 well for each 

group; * p<0.05, ** P<0.01 and *** p < 0.001 versus control (non-treated) cells; + p<0.05, ++ 

P<0.01 and +++ p < 0.001 versus [HL]-treated cells in the same doses. 
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Fig. 1.  
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Fig. 2. 
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Fig 3. 
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Fig. 4.  
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Fig. 5. 
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Fig.6. 
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Fig.7 
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Fig. 8. 

 

Page 38 of 46RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



39 

 

 

 

 

 

Fig. 9. 
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Fig 10. 
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Fig. 11. 
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Table 1.  Bond lengths [Å] and angles [°] for [VO(L)2].  

C(1)-O(1) 1.270(7) O(1)-V(1) 1.956(4)  
C(3)-O(3) 1.257(7) O(2)-V(1) 1.960(4) 
C(16)-O(2) 1.296(7) O(3)-V(1) 1.969(4) 
C(18)-O(4) 1.297(7) O(4)-V(1) 1.961(4) 
O(5)-V(1) 1.579(4)  
 
C(1)-O(1)-V(1) 130.8(4) O(1)-V(1)-O(2) 83.72(16)  
C(16)-O(2)-V(1) 130.0(4) O(5)-V(1)-O(4) 107.8(2)  
C(3)-O(3)-V(1) 130.9(4) O(1)-V(1)-O(4) 144.59(18) 
C(18)-O(4)-V(1) 130.8(4) O(2)-V(1)-O(4) 86.66(16) 
O(5)-V(1)-O(1) 107.6(2) O(5)-V(1)-O(3) 105.9(2) 
O(5)-V(1)-O(2) 106.2(2) O(1)-V(1)-O(3) 86.78(16) 
O(2)-V(1)-O(3) 147.90(18) O(4)-V(1)-O(3) 83.54(17) 
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Table 2. Quenching parameters and binding parameters of the complex-BSA interaction at 

different temperatures. 

T (K) 
KSV 

(104 M-1) 

Kq 

(1012 M-1 s-1) 
R2 a 

Kb 

(105 M-1) 
n R2 

291 8.41 8.41 0.9996 4.9 0.96 0.9991 

298 7.78 7.78 0.9984 3.8 0.95 0.9999 

305 8.78 8.78 0.9684 0.37 0.79 0.9967 

 a R2 is correlation coefficient 
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Table 3. Thermodynamic parameters of the complex-BSA system at three different 

temperatures. 

T (K) ∆G (kJ mol-1) ∆H (kJ mol-1) ∆S (J mol-1 K-1) R2 

291 -31.6 

-132.4 -345.4 0.9802 298 -29.2 

305 -26.8 

 

 

Page 44 of 46RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



45 

 

 

Table 4.  Crystal data and structure refinement for [VO(L)2] 

Empirical formula C30 H22 O5 V 
Formula weight 513.42 
Temperature 293(2) K 
Wavelength 0.71073 Å 
Crystal system monoclinic   
Space group P 21/n  
Unit cell dimensions a = 12.7159(9) Å 
      b = 15.199(1) Å 
      c = 12.9016(9) Å 
 α = γ =90º 
 β = 96.743(4) 
Volume 2476.2(3) Å3 
Z 4 
Density (calculated) 1.377 Mg/m3 
Absorption coefficient 0.440  mm-1 
F(000) 1060 
Crystal size 0.18 x 0.08 x 0.06 mm 
Theta range for data collection 3.12 to 25.19°. 
Index ranges -14≤h≤15 
 -17≤k≤18 
 -15≤l≤15 
Reflections collected / unique                              9435 / 4443 [R(int) = 0.0591]  
Data Completeness 0.997 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9741 and 0.9251 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4443 / 19 / 325 
Goodness-of-fit on F2 1.049 
Final R indices [I>2σ(I)] R1 = 0.0857 
 wR2 = 0.1951 
R indices (all data) R1 = 0.1894 
 wR2 = 0.2386 
Largest diff. peak and hole 0.547 and -0.247 e.Å-3 
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