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Abstract 
The binding affinity of 2-ferrocenylbenzonitrile (2FBN) and 4-ferrocenylbenzonitrile (4FBN) 
with bovine serum albumin (BSA) has been investigated by cyclic voltammetry, absorption 
spectroscopy and molecular modelling techniques. The results indicated that both of the 
two derivatives could bind to BSA and cause conformational changes with the order 2FBN > 
4FBN. The voltammetric behavior of 2FBN and 4FBN before and after the addition of BSA 
suggests that the electrochemical reaction is kinetically controlled by the diffusion step and 
demonstrated that diffusion coefficients of 2FBN-BSA and 4-FBN-BSA complexes are lower 
than that of free compounds. Molecular docking suggested that the binding mode of the 
two compounds to BSA is of hydrophobic and hydrogen bond interactions, moreover the 
ligand 2FBN additionally show a π-cation interaction. 
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Introduction 

Nitriles and cyanides are compounds containing a -CN functional group in their molecular        

structure. In nitriles the -CN functional group is attached to an organic structure [1], but in cyanides, 

it is attached to an inorganic compound [2]. Cyanides are toxic because they denote the highly toxic 

inorganic salts of hydrogen cyanide, while nitriles are not toxic because they do not release cyanide 

ions [3,4]. The non-toxic properties of nitriles encouraged researchers to study their pharmaco-

chemistry as potential drugs. The prevalence of nitrile-containing drugs shows the biocompatibility 

of the nitrile functionality [5,6]. Recently many pharmaceuticals drugs containing nitriles are either 

prescribed for many different types of diseases or are in clinical trial [6]. 

Nitrile groups are usually known as hydrogen bond acceptors [7-9], many studies show the 

formation of hydrogen bonding between the nitrogen atom of the nitrile group and amino acids of 
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protein backbone [10-13]. The bonds are often established between the nitrile and the expected 

hydrogen bond of the donor serine or arginine amino acids.  

Serum albumin is the most important protein in blood plasma and plays a vital role in the 

transport and distribution of metals, fatty acids, hormones, and renders toxins harmless by 

transporting them to disposal sites. In addition, BSA binds to variety drugs at multiple sites in the 

body vascular system [14-16].  

BSA interactions with small molecules have become increasingly important in pharmacochemistry 

and are commonly used as key steps in the construction of medicinal compounds [17-21]. The 

research in this field provides strong support for BSA-binding studies and a deeper understanding of 

the way medicaments target and bind receptors [22,23]. BSA interactions with small molecules also 

help in understanding the toxicity, pharmacokinetics, biochemistry, pharmacodynamics, and 

distribution of molecules in the organism. Thus, the investigation of BSA interactions with small 

molecules has been an important analysis in medicinal chemistry and clinical medicine [24]. 

The pharmacochemistry of ferrocene derivatives has attracted the attention of many scientists, 

and their study has been encouraged by potential biological applications [25-27]. Many ferrocene 

derivatives that have been studied in the last decade show important biological activities, such as 

cytotoxic [28-30], antimicrobial [31,32] and antitumor [33-38] activities. 

The incorporation of the ferrocenyl moiety into the structure of biologically active molecules may 

lead to the increase of their biological activities, based on the fact that nitriles-containing ferrocenes 

are expected to be more pharmacologically active than free nitriles. In this context the present study 

surveys the interaction of two nitrile-containing ferrocene with BSA by focusing on the roles of the -

CN functional groups. The study was carried out in 0.1 M 90 % DMF/buffer phosphate solution at 

pH 7.4 using voltammetric, spectroscopic and molecular docking techniques. 

Experimental  

Synthesis 

2-ferrocenylbenzonitrile (2FBN) and 4-ferrocenylbenzonitrile (4FBN) addressed in this work are 

shown in Figure 1a and 1b, and were synthesised by the coupling reaction between ferrocene and 

the diazonium salts of the corresponding cyanoaniline, as reported previously by our group [39]. 

The crystal structure of BSA was taken from protein databank (https://www.rcsb.org/, PDB ID: 4f5s) 

(Figure 1c).  
 a b c 

   
Figure 1. Chemical structures of (a) 2-ferrocenylbenzonitrile, (b) 4-ferrocenylbenzonitrile and  

(c) structure of BSA (ID: 4f5s) 

Chemicals  

All reagents and solvents were of analytical grade and obtained from commercial sources and 

used without further purification. BSA was obtained from Merck and used as received, while its 

https://www.rcsb.org/
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concentration was determined by the extinction coefficient of 44300 M-1 cm-1 at 280 nm [40]. All 

stock solutions were used within 5 days after preparation and stored at 4 °C until use. The phosphate 

buffer solution was prepared using sodium dihydrogen phosphate and disodium hydrogen 

phosphate (Sigma Aldrich) and double-distilled water. The physiological pH (pH 7.4) was maintained 

by this phosphate buffer. N,N-Dimethylformamide (DMF) (HPLC-grade; Sigma-Aldrich) was used as 

the solvent in voltammetric and spectroscopic assays. Tetrabutylammonium tetra-fluoroborate 

(Bu4NBF4) (electrochemical grade 99 %; Sigma-Aldrich) was used as the supporting electrolyte. 

Nitrogen gas was provided from a cylinder (research grade (99.99 %); Linde gaz Algérie). 

Materials and measurements 

Voltammetric assays were performed using a PGZ301 voltammeter running on VoltaMaster 4 V 

7.08 software (Radiometer Analytical SAS, France). The concentration of the supporting electrolyte 

was kept at 0.1 M all time. The air was removed from the solution by bubbling nitrogen gas through 

it. Experiments were run in a three-electrode electrochemical cell containing a glassy carbon (GC) 

working electrode with a geometric area of 0.013 cm2, a platinum wire as counter (auxiliary) 

electrode and Hg/Hg2Cl2 paste covered wire as reference electrode.  

Absorption spectra measurements were conducted on a UV-Vis spectrometer, (Shimadzu 1800, 

Japan), using the cell of length 1 cm.  

Chemical structures of 2FBN and 4FBN were optimized by Gaussian 09 program package [41], using 

density functional theory (DFT) and the B3LYP level of theory [42,43] with 6-311++G(d,p) basis set.  

The molecular docking studies were done using AutoDock 4.2 docking software [44,45], all 

docking studies were executed on a Pentium 2.20 GHz and RAM 4.00 Go microcomputer MB 

memory with windows 10 operating system. 

Results and discussion 

Cyclic voltammetric study  

BSA-2FBN and BSA-4FBN complexes in 0.1 M 90 % DMF/buffer phosphate solution at pH 7.4 were 

used. Various concentrations of BSA were added into 12 ml solution of 100 µM of the ligand 

solutions, and the voltammograms were recorded in the potential range of 0.1 to 0.8 V vs. Hg/Hg2Cl2 

at 28 ± 1 °C.  

Many studies on the interaction of BSA with small molecules in this potential range have been 

carried out using cyclic voltammetry techniques, and all these studies have shown that BSA does 

not show any adsorption on the bare electrode surface at this potential range [46-50]. Adsorption 

of BSA can only appear at negative potential [51].   

The cyclic voltammograms (Figure 2) of 2FBN and 4FBN at different concentrations of BSA show 

respectively oxidation and reduction maximums in a reversible electrochemical process.  Addition 

of an increasing amount of BSA solution results in a decrease in peak current height with a positive 

shift in peak potential position. This decrease in anodic peak current height is exploited for the 

calculation of the binding parameters. 

The binding constant, Kb, was calculated from the observed cyclic voltammetry data, using the 

following equation [52]: 

=
−

b

BSA 0

1
log log +log

i
  K

c i i
  (1) 

http://dx.doi.org/10.5599/jese.861


J. Electrochem. Sci. Eng. 10(4) (2020) 335-346 BSA-BINDING STUDIES OF 2- AND 4-FERROCENYLBENZONITRILE 

338  

where CBSA is BSA concentration, Kb represents the binding constant, while i0 and i indicate the 

anodic peak current density of the free and BSA-bound compounds, respectively. 
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Figure 2. Cyclic voltammograms of BSA–2FBN and BSA–4FBN complexes at different 

concentration of BSA. 2FBN and 4FBN concentrations were kept at 100 µM 

Obviously, Kb can be determined from the intercept of the plot of log (1/CBSA) vs. log (i/(i0-i)). 

These plots are for 2FBN and 4FBN represented in Figure 3, from which the values of binding 

constants were determined as 7.05×105 M-1 for 2FBN and 3.44×105 M-1 for 4FBN. The binding free 

energy changes calculated using the equation G = -nRT lnKb are found equal to -33.94 and -32.14 

kJ mol-1, respectively. The order of magnitude and the sign of the obtained binding free energy 

indicate respectively the electrostatic mode and the spontaneity of interactions between the 

compounds and BSA. 
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Figure 3. Plots of log (CBSA)-1 vs. log (i/(i0-i)) used to calculate BSA binding constants: (a) 2FBN, (b) 4FBN 

Ratio of binding constants  

The ratio of the binding constants of the reaction of the reduced form FBN (FBN represents 2FBN 

or 4FBN) with BSA to that of the oxidized form [FBN]+, could be calculated from the voltammograms 

of Figure 4, which represent the cyclic voltammograms of 100 µM solution of 2FBN and 4FBN in the 

absence and presence of 0.37 μM of BSA. The shift in the anodic and cathodic peak potential values 

caused by the addition of BSA can be used to calculate the ratio of binding constants [53].  
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Figure 4. Cyclic voltammograms of the free compounds (100 µM) and their BSA complexes 

(0.37 μM), scan rate 100 mV s-1 

In such case when both the anodic and cathodic peak potential values are shifted upon the 

addition of BSA, the following equilibriums can be applied [54]: 
 

 
Figure 5. Redox process of studied compounds with BSA, FBN represents 2FBN or 4FBN. 

The application of the Nernst relation to the equilibriums of Figure 5 produces the following 

equation: 

= = −− =0 0 0 red
b

0 0
f

ox

( -BSA) ( )Δ FBN FBN 0 06logE E
K

E E E .
K  (2) 

In equation (2), Ef
0 and Eb

0 are the formal potentials of the FBN+/FBN couple of free and BSA-

bound compounds, respectively. The formal potential shift ΔE0 calculated on the basis of the 

voltammograms of Figure 4, are summarized in Table 1. The ratios of the binding constants were 

calculated from equation (2) by replacing ΔE0 taken from Table 1. 

Table 1. Electrochemical data of free and BSA-bound 2FBN and 4FBN used to calculate the ratio of the 
binding constants. 

Sample code Epa / V Epc / V E0 / V E0/ mV Kred / Kox 

2FBN 0.502 0.369 0.4355 
3.5 1.14 

2FBN-BSA 0.527 0.351 0.439 

4FBN 0.538 0.374 0.456 
4.0 1.16 

4FBN-BSA 0.572 0.348 0.46 

The obtained ratios of the binding constants indicate that the reduced form of both 2FBN and 

4FBN bind slightly stronger to BSA than their oxidized forms. 

Diffusion coefficients  

The diffusion coefficients of the free and BSA-bound 2FBN and 4FBN compounds were obtained 

from their electrochemical behavior represented in Figures 6 and 7. These cyclic voltammograms 

were obtained by varying the potential scan rates of 100 µM of the free compounds in the absence 

http://dx.doi.org/10.5599/jese.861
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and presence of 0.91 µM of BSA. All the voltammograms present well-defined stable redox peaks 

attributed to the redox process of 2FBN and 4FBN. 
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Figure 6. Cyclic voltammetric behavior of 100 µM of 2FBN and 4FBN in 0.1 M 90 % DMF/buffer 
phosphate solution at different scan rates. 
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Figure 7. Cyclic voltammetric behavior of 0.91 µM of BSA-2FBN and BSA-4FBN in 0.1 M 90 % 

DMF/buffer phosphate solution at different scan rates 

Diffusion coefficients of FBN-BSA in the solution with an excess of BSA were calculated from the 

voltammograms of Figures 6 and 7 using the following Randles–Ševčik equation [55]:  

= 
3 1 1

5 2 2 2
pa 2 69 10i . n SCD v   (3) 

In equation (3), ipa represents the anodic peak current (A), n is the number of electrons participated 

in the oxidation process, S is the surface of the working electrode (cm2), C is the concentration of the 

electroactive compounds (mol cm−3), D is the diffusion coefficient (cm2 s−1), and v is the scan rate (V s−1). 

The plots of ipa vs. v1/2 in Figure 8 suggest that the oxidation reaction is diffusion controlled. The diffusion 

coefficients of the free and BSA-bound compounds were calculated from the slopes of linear regressions 

of the plots of ipa vs. v1/2. The lower diffusion coefficients of the bound compounds as compared to the 

free once, further confirm the interaction between the studied compounds and BSA (Table 2).  

Table 2. Diffusion constant values of the free and BSA bound form of 2FBN and 4FBN.  

Sample code Equation R² D × 106/ cm2 s-1 
2FBN y = 6.94x + 44.25 0.999 3.94 

2FBN-BSA y = 5.78x + 42.97 0.999 2.73 
4FBN y = 4.89x + 24.63 0.999 1.96 

4FBN-BSA y = 4.22x + 26.40 0.999 1.46 
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Figure 8. ipa vs. v1/2 plots of 100 μM 2FBN and 4FBN in the absence and in presence of 0.91 μM 
BSA based on voltammograms in Figures 6 and 7. 

Absorption spectroscopic studies 

The interactions of 2FBN and 4FBN with BSA were also studied by absorption spectroscopic 

titration. The purpose of this study was to validate the results obtained from cyclic voltammetry 

assays. The experiments were carried out with 0.1 M 90 % DMF/buffer phosphate solution of pH 7.4. 

Incremental portions of BSA solution from 0.34 to 0.70 μM for 2FBN and from 0.15 to 2.67 μM for 

4FBN were added to the same solution containing 0.5 mM of 2FBN and 2 mM of 4FBN. The obtained 

mixture was scanned in the range of 300–600 nm. BSA does not show any absorption at this 

wavelength, while the strong peak which appeared at 434.5 nm (due to π→π* transition in the 

conjugated ring of ferrocene moiety) lowered in intensity upon continuous addition of BSA to 2FBN 

and 4FBN (Figure 9).  
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Figure 9. Absorbance spectra of 2FBN-BSA and 4FBN-BSA complexes. 2FBN and 4FBN 

concentrations were kept respectively at 0.5 and 2 mM 

The binding constant Kb was evaluated from the absorption data according to Benesi-Hildebrand 

equation [56]: 

0 f f

0 b f b f b BSA

1 

   
= +

− − −

A

A A K C
  (4) 

In equation (4), A0 and A are absorbencies of the ligands and their complexes with BSA, 

respectively, while ɛf and ɛb are their extinction coefficients. The plot of A0/(A0-A) vs. 1/CBSA gave a 
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slope of ɛf/(ɛb - ɛf)Kb, and intercept equal to ɛf/(ɛb - ɛf), where Kb is the ratio of the slope to the 

intercept (Figure 10). The value of Kb has been determined to be 7.18×105 for 2FBN-BSA and 

2.79×105 M-1 for 4FBN-BSA. The corresponding free binding energies calculated using the equation 

G = -nRT lnKb were equal to -33.77 and -31.40 kJ mol-1, respectively. These values are in good 

agreement with those obtained from cyclic voltammetry experiments.  
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Figure 10. Plots of A0/(A0-A) vs. CBSA

-1 used to calculate the binding constants of BSA-2FBN and BSA-4FBN 

Docking setup  

Geometry optimization 

Density functional theory (DFT) was used for the optimisation without imposing any symmetry 

constraints and calculations were realized with the Gaussian 09 package. The exchange functional 

of Becke, and the correlation functional of Lee, Yang and Parr (B3LYP) were employed with 6-

311++G(d,p) basis set. The optimized structures of the compounds are depicted in Figure 11. 

 

    
 2FBN 4FBN 

Figure 11. The optimized structures of 2FBN and 4FBN (ORTEP View 03, V1.08); color codes are 
carbon (grey), hydrogen (white), nitrogen (blue), iron (green). 

Molecular docking studies   

In order to confirm and interpret the results of cyclic voltammetric and spectrophotometric 

measurements and recognize the way in which 2FBN and 4FBN bind to BSA, semi flexible docking was 

carried out using AutoDock 4.2 along with the AutoDock Vina software. The crystal structure of BSA 

was taken from the protein databank (https://www.rcsb.org/, PDB ID: 4f5s). The PDB file was 

imported into AutoDock Tools, all hydrogen atoms and gassier charges were added. During all docking 

process, BSA kept rigid while all the bonds of the ligands were set free. The grid map with 0.375 Å 

spacing and 126×70×100 points were generated. The docking experiment comprised of 100 docking 

https://www.rcsb.org/
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runs with 150 individuals and 2.500.000 energy evaluations. Lamarckian genetic algorithm was used 

in the docking, and other parameters were set as default. The stable conformation which corresponds 

to the lowest binding energy was used for docking analysis. The visualization of the interaction was 

generated with PLIP web service (protein Ligand Interaction Profiler). 

Results from molecular docking suggest that hydrogen bonding, hydrophobic forces and π-cation 

interaction are involved in the binding process. Figure 12 illustrates the interaction of 2FBN and 

4FBN with the nearby residues in the active site of BSA.  

The interacting residues, distances, and type of interactions are summarised in Tables 3 and 4. 

Table 3. Hydrophobic interactions between the ligands 2FBN and 4FBN with BSA. 

Interaction type Residue Amino acid Distance, Ǻ 

BSA-BSA 

80A LEU 2.85 

81A ARG 3.45 

88A ALA 3.72 

BSA-4FBN 

115B LEU 3.99 

115B LEU 3.57 

122B LEU 3.14 

136B LYS 3.94 

137B TYR 3.15 

140B GLU 3.68 

141B ILE 3.58 

160B TYR 3.96 

Table 4. Hydrogen bonds between the ligands 2FBN and 4FBN and BSA.  

Interaction type Residue Amino acid Distance H-A, Ǻ Distance D-A, Ǻ 

2FBN-BSA 

81A ARG 3.00 3.45 

82A GLU 2.04 3.05 

82A GLU 3.22 3.71 

4FBN-BSA 137B TYR 2.38 3.32 

 

   

 BSA-2FBN BSA-4FBN 

Figure 12. Best docking poses for BSA-2FBN and BSA-4FBN generated with PLIP web service 
illustrating the hydrophobic and H-bons interactions. Elements colors: hydrogen, oxygen, 

nitrogen, and iron are represented in white, red, blue and brown, respectively  
Color code: Hydrogen bonds: bleu lines, hydrophobic interactions: gray lines,  

π-Cation interactions: beige lines. 
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The compound 2FBN formed three hydrogen bonds between amino acid residues Arg-81 and 

Glu-82 as donors and the polar groups of the ligand – nitrile group.  4FBN formed only one hydrogen 

bond between the residue Tyr-137 as acceptor and the nitrogen of the 4FBN as a donor, table 4. The 

distances in table 4 are between hydrogen and the receptor atoms (H-A), and between donor and 

receptor atoms (D-A). Furthermore, for the complex 2FBN-BSA, molecular docking results also 

suggested a π-cation interaction between the positively charged amino acid residue Arg-81 and the 

benzene ring within a distance of 5.01 Å. 

The ligand 4FBN interacted through hydrophobic interactions with the residues Leu-115, Leu-

122, Lys-136, Tyr-137, Glu-140, Ile-141, and Tyr-160,   

The binding free energy of the docked structure of 2FBN and 4FBN ligands with BSA was found 

to be -32.89 and -31.26 kJ mol-1, respectively. The binding constant Kb calculated using the equation 

G = -nRT lnKb was found to be 5.77×105 and 2.99×105 mol-1, respectively. These results are 

supported by the absorption spectroscopy and cyclic voltammetry experiments. Overall, molecular 

docking results are in good agreement with the data obtained from experimental assays. 

Conclusions 

In the present work, we applied experimental and theoretical methods for the determination of 

binding proprieties of two nitrile-containing ferrocenes with BSA. Binding free energies for the 

interaction of 2FBN and 4FBN with BSA, obtained from voltammetric experiments, were respectively 

-33.95 and -32.14 kJ mol-1, and these values are in good agreement with those obtained from 

adsorption spectroscopic assays (-33.77 and -31.40 kJ mol-1). The low diffusion coefficient values of 

the BSA-bound 2FBN and 4FBN as compared to the corresponding free 2FBN and 4FBN, further 

confirm the formation of the complexes 2FBN-BSA and 4FBN-BSA which diffuses more slowly 

compared to the free compounds due to their higher molecular weight. Molecular docking study 

further confirms the obtained experimental results and allows the visualisation of interactions and 

determination of bonds length formed between the ligands and the amino acid residues of BSA. 
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