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Abstract
The interactions between protein and ligand are crucial to practically every biological function in the body, and inves-
tigations of these interactions are critical from the perspective of logical medication development. In this work, several 
biophysical methods like UV–Visible spectroscopy, fluorescence spectroscopy, and in-silico studies have been explored 
to examine the interaction between aceclofenac and haemoglobin. Spectrofluorimetric data confirmed the static nature 
of the protein quenching mechanism caused by the medication. ΔG for the formation of the complex via the interaction 
was found to be − 12.65 kJ/mol. Molecular docking showed a strong interaction between aceclofenac and hemoglobin 
with a binding energy of − 31.79 kJ/mol. Further, molecular dynamics simulations using Gromacs were run to investigate 
the stability of the protein with and without aceclofenac, and the ΔG for the formation of the complex (hemoglobin-
aceclofenac) is − 105.09 kJ/mol with an error of 13.51 kJ/mol. Spectroscopic and in-silico calculations indicate the feasible 
binding of the aceclofenac with hemoglobin. Further, the interaction of haemoglobin with aceclofenac was studied by 
cyclic voltammetry.

Sandeep Yadav, Madhur Babu Singh and Shubham Sewariya have equal authorship.

 *  Prashant Singh, psingh@arsd.du.ac.in;  *  Kamlesh Kumari, kkumari@zoology.du.ac.in; Sandeep Yadav, 96y.sandeep@gmail.com; 
Madhur Babu Singh, 19madhursingh@gmail.com; Shubham Sewariya, shubhamsewariya94@gmail.com; Shyam Bharat Yadav, 
sy62407@gmail.com; Ramesh Chandra, acbrdu@hotmail.com; Shrikant Kukreti, skukreti@chemistry.du.ac.in; Sandeep Kumar Singh, 
sandeepk.singh@jgu.edu.in; Pallavi Jain, palli24@gmail.com | 1Department of Chemistry, Atma Ram Sanatan Dharma College, University 
of Delhi, New Delhi, India. 2Department of Chemistry, SRM Institute of Science and Technology, Delhi-NCR Campus, Modinagar, 
India. 3Department of Chemistry, University of Delhi, Delhi, India. 4School of Pharmacy and Biomedical Sciences, University of Central 
Lancashire, Preston, UK. 5O.P. Jindal Global Business School, OP Jindal Global University, Sonipat, India. 6Department of Zoology, University 
of Delhi, Delhi, India.



Vol:.(1234567890)

Research	 Discover Electrochemistry             (2024) 1:8  | https://doi.org/10.1007/s44373-024-00008-4

Graphical Abstract

Keywords  Haemoglobin · Aceclofenac · Spectroscopic techniques · In-silico studies · Cyclic voltammetry

1  Introduction

Aceclofenac, a nonsteroidal anti-inflammatory drug (NSAID), is widely utilized for its potent analgesic, anti-inflammatory, 
and antipyretic properties. It serves as a cornerstone in managing conditions such as rheumatic disorders, musculoskel-
etal pain, and acute inflammatory episodes like postoperative discomfort. Aceclofenac effectively suppresses prostaglan-
din synthesis by inhibiting cyclooxygenase enzymes, particularly Cox-2, Aceclofenac effectively suppresses prostaglandin 
synthesis, mitigating inflammation and alleviates pain. Its multifaceted pharmacological actions, including antioxidant 
effects and modulation of inflammatory cytokines, underscore its significance in clinical practice for providing sympto-
matic relief and improving patient outcomes.

Understanding the interactions between aceclofenac and biomolecules, particularly hemoglobin, holds paramount 
importance in pharmacological and toxicological contexts. Hemoglobin, a crucial protein responsible for oxygen trans-
port in the body, is a vital biomarker for assessing drug interactions and potential toxicity. Investigating aceclofenac’s 
binding affinity and effects on hemoglobin can shed light on its pharmacokinetic and pharmacodynamic properties, 
aiding in optimising dosing regimens and minimising adverse effects. Furthermore, elucidating the impact of aceclofenac 
on hemoglobin stability and function is essential for ensuring drug safety and efficacy, particularly in patients with under-
lying hemoglobinopathies or other haematological disorders. Therefore, comprehensive monitoring of Aceclofenac’s 
interactions with hemoglobin offers valuable insights into its therapeutic potential and safety profile, contributing to 
informed clinical decision-making and enhanced patient care.

There are several studies in which the interactions of small molecules and Hb are reported, mainly using spectro-
scopic techniques to study the interactions. Liu et al. studied the interactions of cefpiramide sodium (CPMS) with bovine 
hemoglobin (BHb) at various temperatures. Electrostatic forces contributed significantly to the conjugation process 
between BHb and CPMS. [1] In another study by Tunc et al. studied changes in human serum albumin (HSA) and human 
hemoglobin (HMG) due to chloroquine diphosphate (CQP) and phenelzine sulfate (PS). CQP showed static quenching. 
Also, electrostatic interactions were confirmed with an adverse change in enthalpy and increased entropy after com-
plex formation [2]. Several spectroscopic methods have revealed the interactions between BHb and phosmet. Cyclic 
voltammetry and UV–Vis spectroscopy were used to evaluate the binding affinity between ferrocenylmethylnitroaniline 
derivatives (Fc2N, Fc3N, and Fc4N) and DNA, revealing that the interaction is driven primarily by electrostatic attraction 
[3]. Another study by Kamaljeet et al. used UV–Vis absorbance, fluorescence spectroscopy, and molecular modeling to 
reveal that four dyes strongly interact with hemoglobin, potentially forming toxic interactions, with all dyes binding 
within hemoglobin’s central cavity [4].
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The structural changes in BHb due to phosmet were examined by employing Fourier transform infrared spectroscopy 
(FTIR) and circular dichroism (CD) [5]. Biophysical and in silico investigations gave insight into the interaction between 
BHb and substituted coumarins [6]. The binding interaction among 9-bromo-noscapine-based ionic liquid and human 
hemoglobin (Hb) was investigated using computational calculations and spectroscopic investigations and concluded 
that ionic liquid forms complex with Hb in a stoichiometric ratio of 1:1 [7]. Interaction of ionic liquids (ILs) of biological 
potential molecules with Hb has been studied, and static quenching was observed with both the ILs [MeNOS]NTf2 and 
[MeBrNOS]NTf2 [8]. Recently, our group have explored the interactions between dinotefuran (a pesticide) and ofloxacin 
(a drug) with Hb using electrochemical, spectroscopic and computational methods and observed significant structural 
changes [9, 10]. Herein, we aim to examine the interaction between aceclofenac and Hb through different spectroscopic, 
electrochemical and in silico studies.

2 � Methodology

2.1 � Materials

The PBS buffer capsules (Product ID-31390E) were procured from MOLYCHEM. Lyophilised powder of haemoglobin 
human (Product ID-H7379) was obtained from MERCK. Aceclofenac was provided by Agilent Technologies, Inc.

2.2 � Spectroscopic studies

2.2.1 � UV–Visible spectroscopy

UV–Visible spectrophotometry was employed to investigate the interaction between aceclofenac and hemoglobin (Hb) 
using a Thermo Scientific Evolution 300 spectrophotometer. UV–visible spectroscopy, a fundamental technique in analyti-
cal chemistry, was utilised to assess electronic structure and chemical environment. Initially, the UV–visible spectrum of 
pure Hb at 2.5 µM served as a baseline. Subsequently, aceclofenac was incrementally added to the Hb solution (0–50 µM), 
with spectra recorded at each step. Changes in absorbance indicated alterations in the electronic environment of Hb 
upon interaction with aceclofenac. This allowed for quantitative analysis of molecular interactions and determination 
of binding constants and stoichiometry.

2.2.2 � Fluorescence spectroscopy

The Hitachi F-7000 Fluorescence Spectrophotometer was utilised for steady-state fluorescence spectroscopy analysis. 
Excitation spectra for haemoglobin (Hb) in the presence and absence of aceclofenac were recorded at a fixed wavelength 
of 280 nm. We obtained emission spectra in the 300–500 nm region. The interaction between aceclofenac and Hb was 
studied at 298, 303, and 308 K. This allowed for the characterisation of changes in fluorescence intensity and spectral 
shifts in Hb after interaction with aceclofenac.

2.3 � Computational analysis

2.3.1 � Molecular docking

Molecular docking is an efficient tool for predicting the best binding pose of a receptor/protein–ligand complex. Vari-
ous search algorithms such as fast shape matching, incremental construction, Monte Carlo, and genetic algorithms 
are employed to run the docking simulations to generate the docking scores. Parameters like van der Waals radius, 
structure flexibility and interatomic interactions are considered while predicting the conformations of ligand binding 
at the target site of the protein. iGEMDOCK, Schrodinger, AutoDock, etc., are the computation tools that are available to 
perform molecular docking between the compound and protein. Herein, AutoDock Vina was used to perform molecular 
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docking between aceclofenac and Hb (PDB ID: 2DN1) [11, 12]. The structure of aceclofenac was drawn using ChemDraw 
[13] and the structure of the protein was taken from the RCSB database (https://​www.​rcsb.​org/) and prepared using 
Chimera 1.8 [14].

2.3.2 � Molecular dynamics simulations

Molecular dynamics (MD) simulations are used to investigate the binding of ligands with the proteins in a dynamic state. 
Movement and trajectories of atoms over a fixed period are determined using Newton’s laws of motion. MD simulations 
can reveal biomolecular processes like protein folding, conformational changes, ligand binding and movement of atoms 
from their mean positions. AMBER, GROMACS, CHARMM, NAMD, and LAMMPS are some tools generally used to perform 
MD simulations. In this work, GROMACS was used to perform MD simulations, and the CHARMM27 force field model was 
used to calculate the forces involved in interatomic interactions [15, 16]. The topology of the ligand (aceclofenac) was 
created using the SwissParam webserver (https://​www.​swiss​param.​ch/). SPC216 water model and cubic box (6.625 nm 
× 6.625 nm × 6.625 nm) type were used to perform the simulations [17]. The box volume came out to be 290.81 nm3 with 
1001.04 g/L density. 8816 water molecules were added to solvate the MD simulation box. We have used the complex 
obtained from molecular docking to run the MD simulations using GROMACS [18]. The trajectories produced from MD 
simulations were used to get root mean square deviation (RMSD), root mean square fluctuation (RMSF), and radius of 
gyration (Rg) of Hb with and without aceclofenac [19, 20].

2.3.3 � Density functional theory calculations

Density functional theory (DFT) calculations were used to investigate the electronic structure of aceclofenac and under-
stand its structure and reactivity. Quantum mechanical models are used in DFT calculations to predict the electronic 
structure and energies of the molecule. Optimised geometry, total energy, energy of frontier orbitals and dipole moment 
are obtained from the DFT calculations. VASP, Quantum ESPRESSO, Gaussian, ORCA, NWChem and Abinit are some of the 
software used to perform DFT calculations. In this work, Gaussian was employed to execute the calculations [21]. The 
B3LYP method, along with the 6311-G basis set, was used to compute the optimised geometry and various energies of 
Aceclofenac [22, 23].

2.4 � Electrochemical studies

Electrochemical analysis of the interactions occurring between aceclofenac and Hb was done by the 604E series electro-
chemical analyser of CH Instruments Inc. A three-electrode assembly was used to investigate the interactions between 
aceclofenac and Hb in aqueous medium. The experiment was conducted in an aqueous medium to closely replicate the 
natural environment of hemoglobin. 0.1 mM aceclofenac solution and 10 µM Hb solution were prepared in PBS buffer of 
7.4 pH. 1 mL of aceclofenac solution was added to 100 mL of Hb, and various electrochemical measurements were carried 
out using the mixture. Concentrations of aceclofenac and Hb were kept almost similar in the final solution. The potential 
range for the cyclic voltammetry was kept from − 1.8 to 2 V with a sensitivity of 1 × 10–4. A time-dependent study (3 h) of 
the solution containing aceclofenac and Hb was done to observe the changes occurring in the electrochemical response 
over a period of time. Multi-scan cyclic voltammograms of aceclofenac solution were recorded to characterise the reac-
tion occurring at the electrode [9, 10]. The GCE was cleaned with 0.3-micron alumina paste, followed by ultrasonication 
before each measurement, to prevent any inconsistencies caused by residual hemoglobin or aceclofenac on the electrode 
surface from prior scans.  Cyclic voltammetry was chosen for this study due to its sensitivity in detecting redox-active 
species and its ability to provide real-time insights into electron transfer processes. This technique is particularly advan-
tageous for studying protein–drug interactions as it allows for monitoring subtle changes in electrochemical behavior, 
offering valuable information about binding dynamics and the conformational changes of proteins upon drug interaction.

https://www.rcsb.org/
https://www.swissparam.ch/
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3 � Results and discussion

3.1 � Spectroscopic studies

3.1.1 � UV–visible spectroscopy

Analyzing protein–ligand interactions using UV–visible spectroscopy helps understand the conformational changes in 
Hb [24]. The three distinctive absorption peaks of Hb in the 200–500 nm range are (i) λmax = 212 nm (n to pi* transitions 
responsible for hemoglobin’s helical structure; (ii) λmax = 274 nm, which is associated with the pi to pi* transitions of the 
aryl groups of amino-acids; and λmax = 406 nm for Soret band of porphyrin [25–28]. When interacting Hb with increasing 
concentrations of aceclofenac, authors found that the absorption intensity increases at 278 nm, and a minor change 
in absorption intensity at 406 nm is observed, as shown in Fig. 1. The findings suggest a drug-protein complex forms 
within the haemoglobin protein segment upon gradually adding aceclofenac. As the concentration of aceclofenac 
increases, there is a corresponding rise in the aromatic interactions between the ligand and the protein, leading to an 
increase in the intensity of the pi to pi* peak. Thus, it is conceivable that aceclofenac exhibits significant binding affinity 
to hemoglobin.

3.1.2 � Fluorescence spectroscopy

Fluorescence spectroscopy is a well-established technique that can be used in addition to UV–visible spectroscopy to 
investigate how a drug molecule and protein interact. The tryptophan (Trp37) is particularly susceptible to structural 
modifications and is responsible for the deviation in fluorescence intensities upon aceclofenac-Hb binding. [29, 30] As 
shown in Fig. 2, authors noticed a reduction in the emission intensity of Hb at 336 nm with steadily increasing aceclofenac 
doses. As a result, the research supported our hypothesis that aceclofenac and Hb may interact around the Trp37 residue, 
as seen in absorption spectral analyses.

Then, to determine the quenching process and quantify the corresponding thermodynamic parameters, the tem-
perature has varied (Fig. 3) [31–33]. Aceclofenac-Hb interaction causes dynamic quenching, while ground-state complex 
formation indicates static quenching. Equations (1) and (2) are for the dynamic and static quenching, respectively [29, 
33]. For mixed type quenching, the dependence of F0/F on [Q] is non-linear (Fig. 3a). Types of quenching are differenti-
ated through the value of the Stern–Volmer quenching constant, Ksv and bimolecular quenching constant, Kq (Table 1). 
The relationship between F0/F and [Q] can be understood by Eq. (3) [33].

(1)
Fo

F
= 1 + Ksv[Q] = Kq�o[Q],

Fig. 1   UV–visible spectra of 
Hb against varying concen-
trations of (a) aceclofenac at 
298 K
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Authors have drawn a plot of Fo/F against [Q] shown in Fig. 3a, and for the concentrations of drug between 0 
to 45 µM, it is non-linear. For concentrations of aceclofenac ranging from 0 to 20 µM, we found that the plot was lin-
ear (Fig. 3b) It was used to determine Kq and Ksv (Table 1). We observed an increase in the value of the Stern–Volmer 
quenching constant with an increase in the temperature of the system. This observation indicates dynamic quenching 
Hb using aceclofenac. However, we have also observed the value of bimolecular quenching constants in the order of 
1012 M−1 s−1 [26, 34–36]. It corresponds to static quenchin,g and therefore, it is mixed quenching.

Literature reported several binding sites are present in the Hb, and herein, the authors have explored the modified 
Stern–Volmer equation (Eq. 4) and made a plot (Fig. 4a) to get the binding constant as well a number of interacting 
sites [32].

(2)
Fo

F
= 1 + Ks[Q],

(3)
Fo

F
= (1 + KD[Q])(1 + KS[Q]),

Fig. 2   Emission spectra of Hb with changing the concentrations (0–50 µM) of aceclofenac at (a) 298 K (b) 303 K and (c) 308 K
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In Eq. (6), Kb and n corresponds to the binding constant as well as available binding sites. At 298 K, the value of 
the binding constant is 1.26 × 105 M−1 (Table 2) for the aceclofenac-Hb complex. Further, n was found to be close to 
1 and it means aceclofenac and Hb bind in 1:1 ratio. Later, authors have determined the thermodynamic parameters 
for aceclofenac-Hb complex from the Van’t Hoff ’s plot shown in Fig. 4b using Eqs. (5) and (6).

Here, R is the universal gas constant, ΔG , ΔHandΔS are the change in Gibb’s free energy, enthalpy and entropy, 
respectively.

(4)log

(

Fo − F

F

)

= logKb + nlog[Q].

(5)lnKb = −
ΔH

RT
+

ΔS

R
,

(6)ΔG = ΔH − TΔS.

Fig. 3   Stern Volmer plot of 
Hb (a) different concentra-
tions of aceclofenac at 298 K 
(b) aceclofenac at different 
temperatures

Table 1   Stern Volmer constant 
and bimolecular quenching 
constants for the formation 
of complex at different 
temperature

Temperature (K) Ksv (M−1) × 104 Kq 
(M−1 s−1) × 1012

298 1.07 1.07
303 1.23 1.23
308 1.24 1.24
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The nature for the interaction of aceclofenac with Hb could be investigated by values of enthalpy and entropy [37]. 
From Table 2, the value of ΔG is found to − 12.64 kJmol−1 and indicates the spontaneity. The negative values of change 
in enthalpy ( ΔH) and change in entropy (ΔS) indicate that the binding was mainly driven by hydrogen bonding and 
Vander Waals interactions. Further, the negative value of ΔH disclose that the complex formation process was exother-
mic in nature and negative value of ΔS correspond to formation of a more compact resultant complex compared to free 
hemoglobin. These observations are in line with literature reports for other such studies [7, 38, 39].

3.2 � Computational studies

3.2.1 � Molecular docking

Molecular docking was performed by AutoDock. The molecule of aceclofenac was docked at an active site of 2DN1. A 
triplicate study of the docking has been done to validate its accuracy. Figure 5 contains aceclofenac’s two-dimensional 
and three-dimensional docked poses within 2DN1 obtained from a triplicate docking study. Various types of interactions 
like hydrogen bonding, pi-alkyl and electrostatic attractions were reported in all three runs. The 3D pose indicates the 
fitting of the aceclofenac in the binding site, and the 2D pose suggests the interaction of different amino acids in the 
protein cavity. In all three runs, aceclofenac binds mainly with the PHE, VAL, HIS, LEU and TYR at different positions of 
the protein. A few variations in the bonding was observed in Run 3, resulting in a slight variation in the binding energy. 

Fig. 4   a Modified Stern–Vol-
mer plot of Hb at different 
concentrations of aceclofenac. 
b Van’t Hoff’s plot for 
aceclofenac-Hb

Table 2   Thermodynamic 
parameters of Hb-aceclofenac 
complex

Temperature 
(Kelvin)

Kb (M−1) n ΔG (kJmol−1) ΔH (kJmol−1) ΔS (Jmol−1K−1)

298 1.26 × 105 1.23 − 12.64 − 30.51 − 17.86
303 79,433 1.18
308 50,119 1.14
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In Run 1 aceclofenac showed hydrophobic interactions with HIS A:58 (4.30 Å), VAL A:93 (4.30 Å), LEU A:101 (3.85 Å), HIS 
A:87 (4.19 Å, 4.83 Å), TYR A:42 (5.85 Å), PHE A:43 (5.52 Å, 4.64 Å). Electrostatic interactions were shown with VAL A:62 
(3.92 Å). Hydrogen bonding was also observed between the carboxylic group of aceclofenac and PHE A:98 amino acid 
with a bond length of 2.36 Å.

Binding energies and their RMSD obtained from the triplicate docking of aceclofenac within 2DN1 are reported in 
Table 3. The binding energy for the formation of the complex was found to be -31.79 kJ/mol in Run 1. The relative RMSD of 
the binding energies was found to be 0.635%, which is in the acceptable range, indicating the study’s accuracy. Molecular 
docking is primarily used to find the binding pose of a small molecule in a macro-molecule. The energy or binding affinity 

Fig. 5   Two-dimensional poses for the docked pose of aceclofenac within the binding pocket of Hb in (a) Run 1, (b) Run 2, (c) Run 3 and (d) 
three-dimensional view of docked pose in Run 1

Table 3   Binding energies 
obtained from the triplicate 
docking of aceclofenac within 
2DN1

Run Binding energy (kJ/mol) RMSD (kJ/mol) Relative RMSD

Run 1 − 31.79 0.203 0.635%
Run 2 − 31.79
Run 3 − 32.22
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values obtained from docking results are not considered at par with experimental values. Rather, it helps to do further 
studies like MD simulations [40, 41].

3.2.2 � Molecular dynamics simulations

To further understand the formation of complex, authors have performed molecular dynamics simulations using 
GROMACS 2022, and the thermodynamics parameters have been calculated by the MM-PBSA method. Herein, authors 
have investigated the the complex (Hb-aceclofenac) and protein (Hb) using trajectories like root mean square devia-
tion (RMSD) and root mean square fluctuation (RMSF). The data points of RMSD associated with the Hb protein and 
Hb-aceclofenac complex have been plotted (Fig. 6). It can be seen that deviations in the complex are less than that for 
the Hb alone. The significant deviations in Hb in the range of 17–19 ns and 77–81 ns are stabilised upon the addition of 
aceclofenac. Additional minor deviations at 60 ns were observed in the case of Hb-aceclofenac complex. The MD simu-
lations were performed for 100 ns, and the RMSD for the Hb and Hb-aceclofenac was below 0.25 nm and comes to an 

Fig. 6   RMSD for the Hb and 
Hb-aceclofenac complex 
obtained from 100 ns MD 
simulations

Fig. 7   Root mean square 
fluctuation for the Hb and 
Hb-aceclofenac complex 
obtained from 100 ns MD 
simulations

Table 4   Various energies for forming the complex (Hb-aceclofenac) using the MM-PBSA calculations

Evdw (kJ/mol) Eelec (kJ/mol) EPS (kJ/mol) ESASA (kJ/mol) EBinding (kJ/mol)

− 166.47 (±) 11.41 − 40.06 (±) 7.68 121.10 (±) 8.16 − 19.66 (±) 0.80 − 105.09 (±) 13.51
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acceptable value. This clearly shows the formation of the stable complex, and it is concluded that the drug (aceclofenac) 
binds with Hb [42–44].

The RMSF assessment in MD simulations evaluates the degree of protein flexibility. It quantifies the deviations of atoms 
from their mean locations. Studying the RMSF of both the protein and the protein–ligand complex facilitates the identifica-
tion of areas of elasticity and the impact of ligand attachment on the behaviour of the protein. RMSF for the Hb and Hb-
aceclofenac is given in Fig. 7. Major fluctuations of Hb protein from 580 to 760 atom numbers, were reduced significantly 
upon the addition of aceclofenac, implying increased rigidity of these amino acids due to binding of aceclofenac. Fluctua-
tions around atom numbers 1073, 1340 and 1390 were also damped. The reduction in the fluctuation can be related to the 
complex formation leading to the reduction in the movement of residues. Increased fluctuations in the atoms ranging from 
1140 to 1300 atom numbers might correspond to the opening of the protein to accommodate the incoming ligand, owing 
to the flexibility of the protein. So, it can be concluded that the complex (Hb-aceclofenac) is stable and that the aceclofenac 
binds strongly with the Hb.

Further, MM-PBSA calculations have been performed for the formation of the complex (Hb-aceclofenac) as in Table 4. The 
MM-PBSA approach is utilised to calculate interaction-free energy in biomolecular research and is progressively employed 
in Insilico drug development. The computation of interaction energies involves combining three factors: the alteration in 
potential energy in a vacuum, the energy required for desolvation, and the entropy associated with the configuration. MM-
PBSA is commonly used to research biomolecular complexes because it incorporates conformational variations, and entropy 
contributes to binding energy when paired with molecular dynamics simulations. Various energies, including van der Waal 
energies (Evdw), electrostatic energies (Eelec), polar solvation energies (EPS) and solvent-accessible surface area energies (ESASA) 
of the protein–ligand complex, were obtained from MM-PBSA calculations [45, 46].

Fig. 8   Frontier orbital con-
tours and optimised geometry 
of aceclofenac-PHE obtained 
by DFT calculations
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3.2.3 � Density functional theory calculations

Based on molecular docking, the aceclofenac showed hydrogen bonding with the phenylalanine (PHE). Therefore, the authors 
have tried to investigate the interaction of the formation aceclofenac-Phe using DFT calculations, and it can be seen clearly 
that chlorine of aceclofenac showed interaction with the aromatic hydrogen atom of PHE as well as the oxygen of aceclofenac 
showed interaction with hydrogen of methyl of PHE as well as hydrogen of amine of PHE. (Fig. 8).

Thermodynamic parameters like optimisation energy, zero-point energy, thermal energies and enthalpies, along with the 
corrections, were obtained from the DFT results (Table 5) [47, 48]. The DFT calculations were employed to investigate the 
interaction between aceclofenac and the PHE residue of Hb, as it showed significant interactions in molecular docking. The 
study highlighted specific interactions, including hydrophobic interactions between the non-polar regions of aceclofenac and 
PHE, which play a crucial role in stabilising the complex. Additionally, the significant dipole moment of 9.08 Debye indicates 
strong electrostatic interactions, suggesting a substantial attraction between the charged regions of the molecules. The 

Fig. 9   Consecutive cyclic 
voltammograms of 0.1 mM 
aceclofenac in PBS (pH = 7) 
with a scan rate of 500 mV/s

Fig. 10   Cyclic voltammograms of (a) PBS, Hb (µM), aceclofenac (0.1 mM) and Hb-aceclofenac (30 min) solutions at 100 mV/s scan rate and 
(b) zoom in view of a The time-dependent study of the interactions occurring between aceclofenac and Hb revealed that most of the bind-
ing occurred within 30 min of mixing aceclofenac and Hb solution. Figure 11 contains the cyclic voltammograms of aceclofenac + Hb solu-
tion at 0 min, 5 min, 15 min, 30 min, 60 min and 180 min of mixing. The voltammograms were taken at 100 mV/s scan rate. There was a 
significant decrease in the oxidative peak of aceclofenac at 30 min. There was no significant change in the voltammograms after 30 min of 
mixing
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negative optimisation energy value of − 2447.16 Hartree signifies a stable and favorable binding between aceclofenac and 
PHE, as lower (more negative) optimisation energy values generally indicate greater stability. The thermodynamic param-
eters, including zero-point and thermal energies, further support the stability of the complex, providing a comprehensive 
understanding of the binding mechanism. This detailed analysis enhances the understanding of how aceclofenac interacts 
with hemoglobin.

3.3 � Electrochemical analysis

The electrochemical behaviour of aceclofenac was studied using GCE (3 mm diameter) in PBS buffer (pH = 7). Figure 9 shows 
the successive cyclic voltammograms of 0.1 mM aceclofenac solution with a scan rate of 500 mV/s. Two oxidative peaks 
at + 0.7 V and + 1.3 V and two reductive peaks at − 0.3 V and − 0.7 V were reported. A remarkable decrease in the oxidative and 
reductive peak current with each successive scan was observed, which can be attributed to the blocking of the electrochemi-
cally active surface area of the electrode with each consecutive scan. Thus, in further studies, the first cyclic voltammogram 
was reported and the GCE was thoroughly cleaned with alumina paste after each scan.

The interactions of aceclofenac and Hb were studied by comparing the cyclic voltammograms of pure protein and pure 
drug with the voltammogram of the solution containing both. Figure 10 consists of cyclic voltammograms of PBS buffer, 
Hb, aceclofenac and aceclofenac + Hb solution which was kept for 30 min. 10 µM Hb solution in PBS gave a small oxidative 
peak at + 0.4 V. Another reductive peak at − 0.52 V was observed which can be attributed to the PBS as it was evident in the 
voltammogram of PBS. It is observed that upon mixing both the drug and the protein, there is a significant reduction in the 
peaks of both drug and protein. No new peaks are observed upon mixing of drug and protn. As aceclofenac binds with Hb 
protein, the number of free aceclofenac molecules in the solution was decreased resulting in the reduction of peak current 
of the drug [9, 10, 49]. Due to the binding of aceclofenac, there could be structural changes in Hb which caused the disap-
pearance of Hb oxidative peak at + 0.4 V.

Fig. 11   Cyclic voltammograms of (a) aceclofenac + Hb solution at 0 min, 5 min, 15 min, 30 min, 60 min and 180 min of mixing and (b) zoom 
in view of a UV–Visible spectra exhibited that aceclofenac bind with Hb at the α1β2 interface of the protein i.e., in the vicinity of aromatic 
amino acid residues (hyperchromic shift at 274 nm in Fig. 1). This observation was in accordance with fluorescence spectroscopy results as 
quenching was observed at 336 nm (Fig. 2) in the presence of the drug attributed to fluorescence quenching in the aromatic amino acid res-
idues. The same observations were confirmed from molecular docking displaying the interactions between aceclofenac and aromatic amino 
acid residues in Hb (namely Tyrosine, Phenylalanine and Histidine) in 2D-docked pose (Fig. 5). Moreover, the decreased deviations in RMSD 
plot of aceclofenac-Hb complex (Fig. 6) and net negative Ebinding from MM-PBSA calculations (Table 4) insinuated the formation of a stable 
complex which was consistent with the obtained negative value of ΔG (negative ΔG means the process is feasible) in Table 2 and stabilised 
fluctuations in RMSF plot (Fig.  7) implied the formation of a more compact complex structure and reduced protein flexibility which was 
coherent with obtained negative value of ΔS in Table 2. In electrochemical studies, reduced peak current of aceclofenac implied binding of 
drug molecule with Hb. All these studies collectively imply the binding of aceclofenac with Hb, highlighting the stability and feasibility of 
the drug–protein complex
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4 � Conclusion

Spectroscopic, electrochemical and in silico studies are explored to understand the interaction of aceclofenac with Hb. 
UV–Visible and fluorescence spectroscopic data revealed the stable complex formation. Value of the bimolecular quench-
ing constant is in the order of 1012 M−1 s−1, suggests static quenching. Therefore, authors inferred that the quenching 
is mixed quenching during the binding of aceclofenac with Hb. At 298 K, the binding constant in order of 105 M−1 and 
the value of n was found to be approximately 1. Further, molecular docking revealed significant interaction between 
aceclofenac and haemoglobin at molecular level. Aceclofenac mainly binds with the PHE, VAL, HIS, LEU and TYR of the Hb 
and the binding energy was found out be − 31.79 kJ/mol. Then, the molecular dynamics simulations validated binding of 
aceclofenac with Hb. Various trajectories like RMSD and RMSF confirmed the formation of stable complex (aceclofenac-
Hb) and the change in free energy for the formation of complex at molecular level was found to be − 105.09 kJ/mol with 
an error of 13.51 kJ/mol. Electrochemical studies also, confirmed the interactions between aceclofenac and Hb as the 
oxidative peaks of Hb (+ 0.4 V) and aceclofenac (+ 0.7 V and + 1.3 V) almost disappeared within 30 min.
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