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ARTICLE INFO ABSTRACT

Keywords: Ibuprofen is classified as a non-steroidal anti-inflammatory drug (NSAID) that is employed as an
Tbuprofen initial treatment option for its non-steroidal anti-inflammatory, pain-relieving, and antipyretic
Cyclooxygenase properties. However, Ibuprofen is linked to specific well-known gastrointestinal adverse effects
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like ulceration and gastrointestinal bleeding. It has been linked to harmful effects on the liver,
kidney, and heart. The purpose of the study is to create novel and potential IBU analogue with
reduced side effects with the enhancement of their medicinal effects, so as to advance the overall
safety profile of the drug. The addition of some novel functional groups including CH3, F, CF3,
OCF3, Cl, and OH at various locations in its core structure suggestively boost the chemical as well
as biological action. The properties of these newly designed structures were analyzed through
chemical, physical, and spectral calculations using Density Functional Theory (DFT) and time-
dependent DFT through B3LYP/6-31 g (d,p) basis set for geometry optimization. Molecular
docking and non-bonding interaction studies were conducted by means of the human prosta-
glandin synthase protein (PDB ID: 5F19) to predict binding affinity, interaction patterns, and the
stability of the protein-drug complex. Additionally, ADMET (Absorption, Distribution, Meta-
bolism, Excretion, and Toxicity) and PASS (Prediction of Activity Spectra for Substances) pre-
dictions were employed to evaluate the pharmacokinetic and toxicological properties of these
structures. Importantly, most of the analogues displayed reduced hepatotoxicity, nephrotoxicity,
and carcinogenicity in comparison to the original drug. Moreover, molecular docking analyses
indicated improved medicinal outcomes, which were further supported by pharmacokinetic
calculations. Together, these findings suggest that the modified structures have reduced adverse
effects along with improved therapeutic action compared to the parent drug.

1. Introduction

Ibuprofen or 2- [4-(2-methyl propyl) phenyl] propanoic acid is a non-steroidal anti-inflammatory drug (NSAID) that is derived from
propionic acid. Generally, at lower over-the-counter doses (800-1200 mg/day), Ibuprofen (IBU) is prescribed for alleviating mild pain
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and inflammation, such as headaches, muscle aches, toothaches, fever, backaches, and menstrual cramps. It has been used as a first line
non-steroidal anti-inflammatory, analgesic, and antipyretic agent. It is a non-selective cyclooxygenase enzymes (COX-1 and COX-2)
inhibitor that works by the inhibition of prostaglandin synthesis [1]. Due to its anti-inflammatory properties IBU is occasionally
used for the treatment of acne, and in Japan, it is available in topical form for adult acne treatment [2,3]. Additionally, ibuprofen, like
other NSAIDs, is potentially helpful in managing severe orthostatic hypotension (low blood pressure upon standing [4]. However, the
role of NSAIDs, including ibuprofen, in preventing and treating Alzheimer’s disease remains uncertain [5,6]. Studies have produced
mixed results in this regard. Furthermore, researchers from Harvard Medical School reported in the journal Neurology that IBU may
offer neuroprotective effects that reduce the risk of developing Parkinson’s disease [7]. Furthermore, IBU can also be used in the
treatment of cancer [8].

Besides its beneficial effects, it has some potential side effects like other NSAIDs. IBU can upsurge the jeopardy of heart attack or
stroke in people with or without heart disease or the risk issues for heart disease. It has been linked to negative impacts on the kidneys
and liver, and these effects seem to be influenced by the dosage, concurrent medications, and the specific group of patients [9,10].
Occasionally, individuals using IBU have experienced severe skin circumstances like Stevens—Johnson syndrome and toxic epidermal
necrolysis [11,12]. Moreover, at elevated doses, similar to other NSAIDs, IBU can lead to significant gastrointestinal problems and
potentially trigger adverse cardiovascular events [13-18]. IBU can also worsen asthma [19].

Consequently, for diminishing the side effects with appropriate therapeutic action, alternatives of IBU have immediately required.
The aim of the current study is to explore the alternatives that possess distinct and advantageous medicinal effects especially analgesic
and antipyretic actions with reduced side effects to resolve this problem. Several research endeavors have been undertaken with the
intention of identifying substitutes that fulfill some of these specific medicinal goals. Notably, the ongoing studies distinguish
themselves from previous studies and have revealed several encouraging outcomes. Existing studies have been shown on anti-
inflammatory and pharmacological properties of IBU and some of its derivatives by means of DFT and molecular docking tactics.
The alteration of the propionic acid, aryl and/or the isobutyl moieties of ibuprofen has been observed to strengthen the anti-
inflammatory, hepatotoxic and molecular properties of the drug candidates [20]. Also, one study was performed to evaluate in sil-
ico ibuprofen with potential anti-inflammatory activity via molecular docking with the COX-2 receptor (PDB ID: 4PH9) [21]. Modi-
fying current drugs offers an easy means to quickly progress new drugs with better action and overcome difficulties like resistance and
allergies related to existing ones. Computer aided drug design (CADD) is a modern technique of emerging new therapeutic lead
compounds. It is a time saving method and it aids in understanding experimental results and enquiries into the mechanism and
atomistic facts of molecules and receptors. Furthermore, this approach is highly cost-effective and straightforward, offering a means to
discover superior compounds with targeted effects while minimizing adverse effects on both human health and the environment [22,
2.3]. Density Functional Theory (DFT) is a widespread quantum chemical technique applied to examine the molecular properties [24].
Molecular docking supports to forecast the interaction of molecules (ligand) in the active site of the protein (receptor) [25]. It is also
used to recognize various binding manners in a protein binding site [26]. Inspecting the pharmacokinetics benefits in foreseeing the
effect, fate and safety of a compound after administration in human body. The alteration of a chemical structure brings about sub-
stantial changes in the compound’s physicochemical, spectral, biological, and pharmacokinetic characteristics. This transformation
holds promise in selecting viable alternatives for subsequent investigations (Fig. 1). In this context, a variety of distinct functional
groups (such as CH3, F, CF3, OCF3, Cl, and OH) were introduced at the R1 and R2 positions of the core structure. Out of over 40 tested
derivatives, a subset of 18 derivatives has been identified as notably more favorable. These specific analogues display enhanced
chemical, biological, and medicinal attributes, presenting a valuable foundation for the design of novel potential candidates with
better therapeutic effects and abridged adverse effects. Additionally, the PASS forecast information exposed that the potential
candidate showcased fewer adverse effects in the majority of the modified analogues compared to the original IBU. As a result, it can be
concluded that this study holds significant promise in the development of new potential IBU candidates with diminished side effects.

B Physicochemical and
— i - spectral analysis
& = . %355
Structural p Modified Ibuprofen = —
‘Modification candidates
H  CHy i “Docking and
CH OH & » interaction analysis
’ 52 f -
| R -
(o] | A >
He 2 \\&
H )
Ibuprofen

Toxicological l “ Likeness
prediction S Prediction

&>

R

Fig. 1. Flow diagram of research methodology.
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This study facilitates the development of a novel drug with maximum clinical safety and efficacy. Nevertheless, some future studies and
experimental validations such as synthesis and chemical characterization, biological assay using in vitro and in vivo models to predict
and measure these properties of the designed drugs, investigation of acute and chronic toxicities, dose-response studies, formulation
studies that should be performed to evaluate the safety, and efficacy of the designed drug candidates.

2. Materials and methods
2.1. Geometry optimization

In the present era, computational methods are gaining increasing prominence and popularity in the realm of drug discovery and
development. These tools allow the prediction of formerly unknown and uncharacterized properties of new compounds. This can be
accomplished without the prerequisite of expensive laboratory experiments, as computational methods allow for the straightforward
prediction of geometrical, molecular orbital, thermodynamic, spectral, and various other biological attributes. The initial structure and
all analogues were generated using Gaussian 09 W Revision D.01 [27]. For optimization in the gas phase, Density functional theory
(DFT) with the B3LYP [28], and 6-31G (d, p) [29] basis set was employed. Amber potential was utilized for molecular dynamics and
conformational searches to identify the lowermost energy and most firm conformer. This was done by means of Gabedit software
(version 2.5.0) software [30]. Moreover, TD-DFT projections were conducted to inspect the electronic transitions of the compounds.
The attributes of the Frontier Molecular Orbitals, specifically eHOMO (Highest Occupied Molecular Orbital) and eLUMO (Lowest
Unoccupied Molecular Orbital), were computed using the same level of theory. Following this, the HOMO-LUMO gap, hardness (1),
softness (S), chemical potential (), electronegativity ()), and electrophilicity (o) were determined based on the Parr and Pearson
interpretation of DFT, as well as Koopmans’ theorem. These calculations were performed by means of the subsequent equations [31].

Gap (AE) = [eLUMO-eHOMO] (€}
LUMO- eHOMO

n= % 2)
1
LUMO + eHOMO

y = [ELUMO + eHOMO] - ) @
eLUMO + eHOMO

= [ELUMO + eHOMO] )

2
2.2. Preparation of protein, molecular docking, and interaction calculation

The 3D crystal structure of human cyclooxygenase-2 (PDB ID: 5F19) [32] was obtained in pdb form from protein data bank (PDB),
an online data archive [33]. To prepare the protein chain, heteroatoms and water molecules were removed using Discovery Studio
Visualizer 2021 software and after this, energy minimization using the conjugate gradient technique was employed which supports to
eradicate unfavorable contacts among protein molecules. Swiss-PdbViewer software (Version 4.1.0) was used for this purpose (Version
4.1.0) software [34]. Subsequently, the improved protein structures were used for molecular docking experiments with human
prostaglandin synthase protein (5F19) as the macromolecule and drugs as ligands. This process was facilitated by PyRx software
package (Version 0.8) [35]. For flexible docking, a grid box with dimensions of 64.8642 A along the x-direction, 73.2984 A along the
y-direction, and 57.9414 A along the z-direction was set up, covering the entire protein. To assess nonbonded interactions and visualize
the docking outcomes, Discovery Studio Visualizer 2021 was employed. This software was also used to analyze and interpret the results
of the molecular docking. Also, neural networks are very currently very promising model which can be employed in molecular docking
studies to predict the binding affinity of a drug candidate to its target protein. This model helps in understanding the strength of the
interaction between a drug and its intended target [36]. The higher binding interaction between the complexes reflects the improved
intermolecular forces. The lowermost binding energy stabilizes the complex [37].

2.3. Molecular dynamics simulation

Molecular dynamics simulation is commonly employed to authenticate the findings of molecular docking and to explore the sta-
bility of protein-ligand complexes [38,39]. In this study, Normal Mode Analysis (NMA) dynamics simulation was conducted specif-
ically for the C-a atoms of the receptor proteins. This simulation was carried out with the iMODS (https://imods.igfr.csic.es/) server
[40].
2.4. ADMET, biological activities and prediction of drug likeness

Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) specifications contribute a crucial role in the field of drug
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discovery. In this study, the ADMET profile was predicted using the admetSAR online server (http://Immd.ecust.edu.cn/admetsarl/
predict/) [41]. Additionally, the PASS (Prediction of Activity Spectra for Substances) online database (http://www.way2drug.com/
passonline/) [42] was utilized to predict the activity profiles of the drug-like compounds based on their structural formulas. This
program aids in forecasting the potential biological activities of the compounds. The SwissADME web means was employed to forecast
the biological and drug-likeness characteristics of the compounds [43]. The outcomes of ADMET, PASS, and drug-likeness predictions
for all investigated compounds are outlined in Table 4, Table 5, and Table 6, respectively. To provide input for ADMET and PASS
prediction, a Simplified Molecular Input Line Entry System (SMILES) was produced by means of an online server (https://cactus.nci.
nih.gov/translate/).

3. Result and discussion
3.1. Thermodynamic study

The crucial notions of free energy, enthalpy, and dipole moment are essential for elucidating tendencies related to molecular
associations and reactions. The free energy value can anticipate the extemporaneity of a chemical reaction and the constancy of the
resulting products [44]. The free energy data signifies the level of spontaneity in the adsorption method, with a negative value
indicating the favorable extemporaneity of the reaction [45]. Amongst the 18 considered analogues, 6 diverse functional groups have
been calculated by locating them at three dissimilar places. IBU (depicted in Fig. 2) possesses a free energy value of —656.491 Hartree.
In contrast, all the generated analogues exhibit comparatively higher free energy values. Among these, IBU-9, IBU-12, IBU-13, IBU-14,
and IBU-15 demonstrate significantly elevated free energy values of —1330.555, —1480.884, —1575.696, —1116.095, and —1575.693
Hartree, respectively. This is attributed to the incorporation of CF3, OCF3, and Cl functional groups into the R1 and R2 positions of the
core structure (Table 1). The trend of increasingly negative data indicates that these structures are progressively becoming more
stable. In the presence of added electronegative atoms F and Cl, IBU-9, IBU-12, IBU-13, IBU-14, and IBU-15 have the highest free
energy and enthalpy values.

The dipole moment is a crucial factor in predicting both the dielectric possessions and chemical characteristics of a solvent [46]. It
promotes the polarity, binding affinity, and non-bonding interactions within drug-protein complexes through the formation of
hydrogen bonds [47]. IBU exhibits a dipole moment value of 1.516 Debye. However, with the exception of IBU-8, IBU-14, IBU-15, and
IBU-18, all the analogues display higher dipole moment values than IBU. A higher dipole moment indicates the molecule’s strong
affinity, propensity for hydrogen bond formation, and increased potential for intermolecular interactions. Within the set of 18 com-
pounds, IBU-7 (approximately 3.541 Debye) and IBU-11 (3.098 Debye) exhibited notably high dipole moment data, largely owing to
the incorporation of CF3 and OCF3 functional groups in the R1 position. Moreover, the dipole moment values also vary based on the
distinct locations of the same functional group.

3.2. Molecular orbital analysis

The HOMO and LUMO energies, gap, hardness, softness, chemical potential, and electronegativity of all drugs are shown in Table 2.
HOMO and LUMO energy calculations can anticipate chemical reactivity, softness, chemical potential, and the shift of electrons be-
tween ground and excited states. The uppermost occupied molecular orbital (HOMO) and lowermost unoccupied molecular orbital
(LUMO), known as the frontier molecular orbitals, govern how a molecule interacts with other substances [48]. The magnitude of
HOMO-LUMO gap impacts the data of chemical softness, hardness, chemical potential, and electronegativity. A wider HOMO-LUMO
gap recommends lower chemical reactivity and increased kinetic stability. This is due to the reluctance of the addition of electron to a
higher-energy LUMO and electron elimination from a lower-energy HOMO [49]. A small HOMO-LUMO gap designates reduced kinetic
stability and higher chemical softness. This is why transitions are preferred when the HOMO-LUMO gap is smaller [50]. In the present
examination, IBU exhibits a HOMO-LUMO gap of 6.112 eV. In contrast, IBU-18 demonstrates the narrowest energy gap (5.161 eV)
along with the highest softness value (0.194 eV), indicating greater chemical activity compared to the other compounds (as depicted in
Fig. 3). Nearly all of the IBU analogues exhibit narrower HOMO-LUMO gaps and elevated chemical softness data when compared to the
original IBU compound.

R; CHsj
CH, OH

Fig. 2. Chemical structure of Ibuprofen (IBU).
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Table 1
Chemical structures, Molecular formula (MF), molecular weight (MW), enthalpy, free energy (Hartree), and dipole moment (Debye) of IBU, and its
newly designed analogues.

Name R1 R2 MF MW Enthalpy (Hartree) Free energy (Hartree) Dipole moment
IBU H H Cy13H1802 206.281 —656.431 —656.491 1.516
IBU-1 CH3 H C14H2002 220.307 —695.720 —695.784 1.742
IBU-2 H CH3 C14H2002 220.307 —695.718 —695.782 1.843
IBU-3 CHs CHs C15H220, 234.334 —735.007 —735.074 1.640
1BU-4 F H Cy3H;705F 224.271 —755.668 —755.732 1.928
IBU-5 H F Cy3H;705F 224.271 —755.671 —755.734 2.390
IBU-6 F F C13H;602F> 242.262 —854.909 —854.973 1.808
IBU-7 CF3 H Cy14H,705F3 274.279 —993.454 —993.522 3.541
1BU-8 H CF3 C14H;705F3 274.279 —993.454 —993.523 1.063
1BU-9 CF3 CF3 C15H1602F¢ 342.277 —1330.478 —1330.555 1.617
IBU-10 OCF3 H C14H,703F3 290.278 —1068.672 —1068.744 1.869
IBU-11 H OCF3 Cy14H,703F3 290.278 —1068.670 —1068.740 3.098
1BU-12 OCF3 OCF3 Ci15H1604F¢ 374.276 —1480.911 —1480.884 1.565
1BU-13 Cl H Cy3H;7,0,Cl 240.726 —1116.030 —1116.093 3.318
IBU-14 H Cl Cy3H;7,0,Cl 240.726 —1116.031 —1116.095 0.525
1IBU-15 Cl Cl C13H1602Cly 275.171 —1575.627 —1575.693 1.110
IBU-16 OH H C13H;803 222.280 —731.645 —-731.709 2.853
1BU-17 H OH Cy13H1803 222.280 —731.645 —731.708 2.136
IBU-18 OH OH Cy13H1804 238.280 —806.858 —806.924 1.483

Table 2

Energy (eV) of HOMO, LUMO, energy gap, hardness(n), softness (S) and chemical potential (i), and electronegativity ()) of all optimized structures.
Name ¢HOMO eLUMO gap n S " x
IBU —6.378 —0.267 6.112 3.056 0.164 -3.323 3.323
IBU-1 —6.249 —0.253 5.996 2.998 0.167 —3.251 3.251
IBU-2 —6.236 —0.244 5.992 2.996 0.167 —-3.240 3.240
IBU-3 —6.080 —0.224 5.856 2.928 0.171 —3.152 3.152
1BU-4 —6.461 —0.483 5.978 2.989 0.167 —3.472 3.472
IBU-5 —6.429 —0.489 5.940 2.970 0.168 —3.459 3.459
IBU-6 —6.415 —0.576 5.839 2.920 0.171 —3.495 3.495
1BU-7 —6.753 —0.844 5.908 2.954 0.169 —3.798 3.798
IBU-8 —6.770 —0.780 5.990 2.995 0.167 -3.775 3.775
1BU-9 —7.108 —1.400 5.708 2.854 0.175 —4.254 4.254
IBU-10 —6.723 —0.574 6.149 3.074 0.163 —3.649 3.649
IBU-11 —6.583 —0.609 5.975 2.987 0.167 —3.596 3.596
1BU-12 —6.860 —0.883 5.977 2.988 0.167 —3.872 3.872
IBU-13 —6.541 —0.406 6.135 3.068 0.163 —3.474 —3.474
1BU-14 —6.543 —0.570 5.974 2.987 0.167 —3.556 3.556
IBU-15 —6.563 —0.653 5.910 2.955 0.169 —3.608 3.608
IBU-16 —5.943 —0.186 5.758 2.879 0.174 —3.064 3.064
1BU-17 —5.909 —0.305 5.604 2.802 0.178 -3.107 3.107
IBU-18 —5.413 —0.252 5.161 2.581 0.194 —2.833 2.833

3.3. Molecular electrostatic potential study

The molecular electrostatic potential (MEP) elucidates the spreading of electronic charge and nuclear charge of a molecule in its
surrounding space. It also offers insights into the molecule’s partial charges, dipole moment, electronegativity, and chemical reactivity
[51,52]. The molecular electrostatic potential (MEP) can be used to understand hydrogen bonding and the process of biological
gratitude [53]. The MEP also aids in predicting the physicochemical characteristics of a drug-like molecule, allowing it to function as
both a hydrogen bond donor and acceptor within its receptor [54]. The intense red color, indicating electron-rich regions, signifies sites
favorable for electrophilic attacks due to an abundance of electrons. On the other hand, the deep blue color, representing
electron-deficient regions, suggests areas suitable for nucleophilic attacks as they lack electrons. In the MEP map (Fig. 4), the color
green signifies regions with zero potential. Within this map, hydrogen molecules exhibit the most positive potential, while oxygen
molecules possess the most negative potential. In this ongoing study, IBU showcases electrophilic potential values of —5.481e-2 and
+5.481e-2 atomic units (a.u.). Owing to the presence of OH functional groups in the R1 position of the core structure, IBU-16 exhibits
the most negative potentiality (—6.489e-2 a.u., deep red) and the highest positive potentiality (+6.489e-2 a.u., deep blue). This implies
a heightened likelihood of electrophilic and nucleophilic attacks at the targeted region.
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3.4. Vibration frequency analysis

Fourier-transform infrared (FT-IR) spectral analysis is a crucial technique for investigating chemical structures. It confirms the
existence of diverse functional groups within a molecule [55]. The FT-IR spectral value of the IBU drug and its analogues are organized
and presented in Table S1 and Fig. 5. The FT-IR spectral vibrational frequencies for all compounds are documented within the series of
400-4000 cm-1. The hydroxyl (OH) functional (carbonyl stretching of isopropionic acid group) provides vibration stretching’s in the
frequency array of 3604-3614 cm ™!, and approve the existence of carboxylic OH in these compounds. Also, C=0 (carbonyl stretching
of isopropionic acid group) group of all modified structures display stretching vibration at the range of 1756-1778 cm ™!, whereas
parent IBU exhibit at 1763 cm ™. The alteration in the IR band is owing to the existence of the diverse functional groups in a diverse
chemical atmosphere that happened owing to the variation of the functional group of IBU. The symmetrical and asymmetric vibra-
tional stretching for C-H functional group of all modified structures is found in the range of 3032-3068 cm™! and 2990-3058 cm ™!
region whereas parent IBU shows C-H group symmetrical and asymmetric vibrational stretching at 2943 cm™! and 2990 cm™!. These
considered consequences are in relatable arrangement with the experimental data (experimental data shows C=0O group stretching at
1721 ecm™!, C-H group symmetrical and asymmetric vibrational stretching at 2869 cm™! and 3090 cm ™! respectively [56]. C-O
(stretching of isopropionic acid group) group of the parent IBU displays stretching vibration at 1130.230, whereas all the modified
compounds show in the range of 1125-1163 cm ™! almost close to the experimental value (1183 cm™1). C-F bond stretching’s are found
in 1123-1252 ecm ™! in IBU-7 to IBU-12 compounds. Characteristic vibrational frequency bands are displayed at 1195-1199 cm™!
clearly signifying the existence of OCF3 functional group in IBU-10 to IBU-12 compounds. Another hydroxyl (OH) functional group
provides vibration stretching’s in the frequency range of 3682-3689 cm ™!, and approve the existence of carboxylic OH in IBU-16 to
IBU-18 compounds.

3.5. UV-Vis spectral analysis

The uv-visible spectroscopy using time-dependent density functional theory (TD-DFT) calculations were performed for all mole-
cules under investigation to understand the nature of electronic transition within the molecule [57]. In this investigation, the elec-
tronic transition bands of all altered structures, including IBU, were computed using the time-dependent (TD)-DFT-B3LYP/631G (d,p)
method. The calculated values for absorption peaks (Amax), €xcitation energies, oscillator strengths (f), and transition assignments for
all analogues were compiled and presented in Table S2. Additionally, the UV-Vis spectra for several chosen IBU analogues were
graphically represented in Fig. 6. In this present investigation, the supreme absorption wavelengths of altogether the molecules were
detected within the array of 200-400 nm in the UV-Vis area. For IBU-18, the absorption maximum was recorded at 343.64 nm in the
S0 — S1 excited state, with a configuration alignment of 0.704 (H — L) and an oscillator strength (f) of 0.0139. As IBU-18 demonstrated
an absorption peak at an extended wavelength, it has the lowermost energy and is consequently the steadiest amongst all the com-
pounds. Conversely, IBU-3 exhibited the absorption maximum at the shortest wavelength (254.44 nm), resulting in the uppermost
energy and the least stability.

3.6. Docking and interactions study

Molecular docking plays a vital role in the process of structure-based drug discovery [58]. The primary objective of docking is to
explore the binding affinities of ibuprofen (IBU) and its analogues as prostaglandin inhibitors. In terms of binding characteristics, more
negative data specify a more robust binding interaction between the ligands and the receptor protein. In this context (as presented in
Table 3), IBU demonstrates a binding affinity of —7.6 kcal/mol. Notably, the majority of the analogues exhibit notably higher binding
affinities, except for IBU-2 (—7.1 kcal/mol), IBU-3 (—6.3 kcal/mol), IBU-10 (—6.5 kcal/mol), IBU-12 (—6.8 kcal/mol), IBU-13 (—7.2
kcal/mol), IBU-15 (—7.2 kcal/mol), and IBU-18 (—7.4 kcal/mol). Augmented hydrogen bonding is a key factor contributing signifi-
cantly to the improvement of the binding affinity between ligands and receptor proteins. Existing literature indicates that hydrogen
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Fig. 6. UV-Visible spectra of some selected IBU analogues.



M.M. Rahman et al.

Table 3
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Binding affinity and nonbonding interactions of some selected compounds with the receptor protein (5F19) after molecular docking (remaining are

shown in Table S1).

Name Binding affinity (kcal/mol) Residue in contact Interaction type Bond distance (&)
IBU -7.6 ALA527 Conventional Hydrogen Bond 2.74826
TYR385 Pi-Pi T-shaped 5.19318
LEU534 Alkyl 4.10583
LEU384 Alkyl 5.11402
PHE205 Pi-Alkyl 4.61737
PHE205 Pi-Alkyl 4.83682
PHE209 Pi-Alkyl 4.82052
PHE209 Pi-Alkyl 5.05133
PHE381 Pi-Alkyl 4.89862
TYR385 Pi-Alkyl 4.67858
TYR385 Pi-Alkyl 4.94812
TRP387 Pi-Alkyl 4.87766
VAL349 Pi-Alkyl 5.37363
IBU-6 -8.2 LEU531 Conventional Hydrogen Bond 2.63582
LEU531 Conventional Hydrogen Bond 2.07968
GLY526 Halogen (Fluorine) 3.1771
ALAS527 Alkyl 3.72924
LEU352 Alkyl 4.59034
VAL523 Alkyl 3.89959
VAL523 Alkyl 3.76144
PHE518 Pi-Alkyl 5.43936
VAL349 Pi-Alkyl 5.17746
LEU352 Pi-Alkyl 5.35548
IBU-8 -8.7 LEU531 Conventional Hydrogen Bond 2.09959
ALA527 Conventional Hydrogen Bond 2.5647
PHE529 Conventional Hydrogen Bond 2.38377
VAL523 Carbon Hydrogen Bond; Halogen (Fluorine) 3.40396
GLY526 Carbon Hydrogen Bond; Halogen (Fluorine) 3.16116
MET522 Halogen (Fluorine) 2.84699
MET522 Halogen (Fluorine) 3.57285
GLY526 Halogen (Fluorine) 3.56541
ALA527 Alkyl 3.72828
LEU352 Alkyl 4.77714
VAL523 Alkyl 3.87189
VAL523 Alkyl 3.9882
MET522 Alkyl 5.26385
TRP387 Pi-Alkyl 5.32597
PHE518 Pi-Alkyl 5.23251
VAL349 Pi-Alkyl 4.95776
LEU352 Pi-Alkyl 5.18545
IBU-11 —8.4 LEU531 Conventional Hydrogen Bond 2.60075
LEU531 Conventional Hydrogen Bond 2.23707
GLY526 Conventional Hydrogen Bond 2.32071
ALA527 Conventional Hydrogen Bond 3.03655
PHE529 Conventional Hydrogen Bond 2.12904
MET522 Halogen (Fluorine) 3.184
MET522 Halogen (Fluorine) 3.2418
LEU352 Alkyl 4.31299
VAL523 Alkyl 4.03049
VAL523 Alkyl 4.24986
VAL349 Alkyl 4.61557
MET522 Alkyl 4.69333
TYR348 Pi-Alkyl 4.84769
TYR355 Pi-Alkyl 5.12332
TRP387 Pi-Alkyl 5.25298
PHE518 Pi-Alkyl 5.06436
PHES518 Pi-Alkyl 4.43109
VAL349 Pi-Alkyl 4.87816
ALA527 Pi-Alkyl 4.47287

bonds with distances less than 2.3 A have the potential to substantially enhance binding properties to varying degrees [59].
Furthermore, non-covalent interactions play a vital role as essential parameters in ligand-protein complexes. These interactions are
accountable for steadying the drug at the designated target position, thereby increasing drug efficacy and influencing the binding
affinity [60]. Non-covalent interactions, including halogen bonds, hydrogen bonds, and hydrophobic interactions, are present in
nearly altogether the studied structures involving 5F19 (Fig. 7). In this investigation, significant carbon-hydrogen bonds have been
identified with VAL523, GLY526, and PRO86 residues in the derivatives IBU-8, IBU-10, and IBU-17. Conventional hydrogen bonds
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(<2.3 A) are observed in nearly entirely derivatives. Hydrogen bonds play a crucial role in non-bonding interactions and are repre-
sented by pink and green colors, indicating hydrogen bond donors and acceptors, respectively (Fig. 8). Furthermore, the halogen bond
is comparable in significance to the hydrogen bond and holds a vital function in together chemical and biological schemes [61].
Significant halogen bonds, which have a crucial influence on designing new molecules, are present in the derivatives IBU-4 to IBU-12
involving residues GLY526, MET522, ARG120, and ASP157. Additionally, n-systems hold importance in ligand-protein recognition
within biological phenomena. In biological systems, n-bonds contribute substantially to the binding energy [62,63]. In our investi-
gation, nearly all complexes have exhibited Pi-Alkyl interactions with significant amino acid residues. Additionally, a significant
Amide-Pi-stacked interaction is observed with GLY526 and ALA527 in the analogues IBU-7, IBU-14, and IBU-15. In this context,
Pi-anion interaction is observed in IBU-15 with the PHE529 residue. Furthermore, numerous Pi-Pi-T-shaped interactions are found in
IBU-3, IBU-4, and IBU-10 with TRY387 and TYR115 residues. Another notable interaction, Pi-sigma interaction, is identified in the
analogues IBU-1, IBU-3, IBU-9, IBU-10, and IBU-18 with the LEU352, VAL89, and VAL349 residues.

3.7. ADMET study

Table 4 presents the outcomes of the AdmetSAR online server’s calculations and investigation, with “Admet” standing for ab-
sorption, distribution, metabolism, elimination, and toxicity [64]. This calculation has been accomplished to assess the absorption,
distribution, metabolism, elimination, and toxicity of both ibuprofen and its improved structures. Indeed, this topic holds great sig-
nificance in the research and development sectors, especially in the initial stages of drug discovery and development. The ADMET
analysis is crucial for exploring all aspects of a potential drug’s characteristics [65,66]. In this context, all the constructed structures
demonstrate a positive outcome for blood-brain barrier (BBB) criteria, human intestinal absorption (HIA), and Caco-2 permeability. A
positive BBB result indicates the potential for these drugs to cross the blood-brain barrier. Nevertheless, due to the risk of possible
neurotoxicity and undesirable pharmacological action, BBB permeation should be limited for central nervous system (CNS) drugs [67].
Enhanced human intestinal absorption (HIA) indicates that these compounds have an improved ability to be absorbed in the intestinal
tract following oral administration [68].

Furthermore, Caco-2 cells replicate a spectrum of transcellular trails and the metabolic transformation of trial compounds through
stating transporter proteins, phase II conjugation enzymes, and efflux proteins. It’s noteworthy that all the analogues successfully
traverse the Caco-2 monolayer [69]. CYP2C9, a crucial cytochrome P450 enzyme, exhibits no inhibition by all the projected drugs.
Inhibition of this enzyme is known to contribute to a variety of adverse drug reactions linked to its activity [70,71]. Approximately 9
out of the 18 anticipated structures are determined to be non-carcinogenic. All the projected structures fall under Category III for acute
oral toxicity, implying their safety for oral consumption. Notably, all the projected drugs are classified as P-glycoprotein
non-inhibitors, which is significant as P-glycoprotein inhibition could disrupt the absorption, permeability, and retention of the drugs
[72]. In the context of cardiac muscle function, the human ether-a-go-go-related gene (hERG) is essential for potassium channel
opening. In this study, all the newly developed drugs exhibit a non-inhibitory characteristic for the human ether-a-go-go-related gene
(hERG), signifying their safety for the heart muscle. It’s important to note that suppressing the hERG gene could potentially lead to
arrhythmia or prolonged QT intervals [73]. Approximately 9 out of the 18 compounds are classified as non-carcinogenic, and alto-
gether of them fall into Category III for acute oral noxiousness. This prediction suggests that these derivatives are relatively fewer
detrimental than the parental drug (IBU) for oral administration.

Table 4
Pharmacokinetic parameters of all IBU compounds.
Name BBB HIA C2P PGp-1 CYP4502C9 hERG Carcinogen AOT
IBU +(0.9619) 0.9927 0.8866 NI (0.9705) NI (0.9305) 0.9734 C (0.5553) 111
IBU-1 +(0.9818) 0.9891 0.8768 NI (0.9307) NI (0.9153) 0.9380 NC (0.5320) 111
IBU-2 +(0.9728) 0.9931 0.8759 NI (0.9496) NI (0.9421) 0.9653 NC (0.5621) 111
IBU-3 -+(0.9816) 0.9905 0.8647 NI (0.9371) NI (0.9323) 0.9338 NC (0.5731) 111
IBU-4 +(0.9876) 0.9929 0.8290 NI (0.9362) NI (0.6736) 0.9405 C (0.5057) 111
IBU-5 +(0.9876) 0.9929 0.8290 NI (0.9362) NI (0.6736) 0.9405 C (0.5057) 111
IBU-6 -+(0.9876) 0.9929 0.8290 NI (0.9362) NI (0.6736) 0.9405 C (0.5057) 11T
IBU-7 +(0.9896) 1.0000 0.7843 NI (0.9292) NI (0.7950) 0.9200 C (0.5212) 111
IBU-8 +(0.9896) 1.0000 0.7843 NI (0.9292) NI (0.7950) 0.9200 C (0.5212) 111
1BU-9 +(0.9896) 1.0000 0.7843 NI (0.9292) NI (0.7950) 0.9200 C (0.5212) 111
IBU-10 +(0.9531) 1.0000 0.7571 NI (0.8650) NI (0.7113) 0.9084 NC (0.6463) 111
IBU-11 +(0.9531) 1.0000 0.7571 NI (0.8650) NI (0.7113) 0.9084 NC (0.6463) 111
1BU-12 +(0.9506) 0.9933 0.6875 NI (0.8721) NI (0.6612) 0.9250 NC (0.6746) 111
IBU-13 +(0.9817) 0.9928 0.8352 NI (0.9692) NI (0.6691) 0.9541 C (0.5467) 111
IBU-14 +(0.9817) 0.9928 0.8352 NI (0.9692) NI (0.6691) 0.9541 C (0.5467) 111
IBU-15 +(0.9817) 0.9928 0.8352 NI (0.9692) NI (0.6691) 0.9541 C (0.5467) 111
IBU-16 +(0.6572) 0.9837 0.8407 NI (0.9700) NI (0.5691) 0.9487 NC (0.7569) 111
IBU-17 +(0.6252) 0.9946 0.8134 NI (0.9517) NI (0.8987) 0.9525 NC (0.7967) 11T
IBU-18 +(0.6495) 0.9671 0.6590 NI (0.9702) NI (0.6167) 0.9567 NC (0.8315) III

BBB= Blood brain barrier, HIA= Human intestinal absorption, C2P= CACO-2 permeability, P-GpI = P-glycoprotein inhibitor, hERG = human Ether-a-
go-go Related Gene, AOT = Acute oral toxicity, NI = non-inhibitor, C = carcinogen, NC = non-carcinogen.
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Table 5
Predicted biological activity of some selected IBU analogue.
Name Analgesic Anti-Inflammatory Anti-pyretic Occult bleeding Hematuria Aphthous ulcer Hepatotoxic Inflammation Neprho-toxic Hematotoxic
IBU 0.461 0.901 0.818 0.968 0.812 0.798 0.737 0.718 0.745 0.734
IBU-1 0.395 0.856 0.743 0.936 0.681 0.751 0.686 0.673 0.667 0.678
IBU-2 0.448 0.884 0.879 0.938 0.715 0.751 0.755 0.746 0.721 0.774
IBU-3 0.404 0.867 0.758 0.918 0.662 0.750 0.671 0.677 0.653 0.687
1BU-4 0.433 0.873 0.606 0.928 0.647 0.644 0.497 0.569 0.627 0.482
IBU-5 0.544 0.874 0.682 0.930 0.684 0.644 0.534 0.592 0.715 0.530
IBU-6 0.429 0.871 0.521 0.908 0.627 0.642 0.444 0.528 0.645 0.434
IBU-7 0.486 0.837 0.714 0.919 0.583 0.781 0.550 0.605 0.587 0.508
IBU-8 0.533 0.865 0.851 0.921 0.625 0.781 0.645 0.657 0.653 0.629
1BU-9 0.497 0.847 0.729 0.897 0.560 0.780 0.533 0.600 0.570 0.521
IBU-10 0.510 0.807 0.499 0.929 0.696 0.711 0.657 0.681 0.684 0.548
IBU-11 0.489 0.832 0.648 0.931 0.669 0.711 0.646 0.637 0.645 0.568
1BU-12 0.476 0.814 0.497 0.910 0.679 0.710 0.670 0.642 0.643 0.552
1BU-13 0.362 0.814 0.651 0.945 0.691 0.734 0.720 0.581 0.664 0.662
IBU-14 0.486 0.855 0.722 0.958 0.740 0.735 0.797 0.638 0.730 0.753
IBU-15 0.362 0.814 0.651 0.945 0.691 0.734 0.720 0.581 0.664 0.662
IBU-16 0.377 0.870 0.826 0.936 0.828 0.859 0.858 0.780 0.782 0.786
IBU-17 0.351 0.887 0.927 0.939 0.810 0.859 0.853 0.738 0.760 0.795
1BU-18 0.328 0.876 0.824 0.919 0.817 0.859 0.863 0.745 0.759 0.788
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3.8. PASS and prediction of drug-likeness

PASS (Prediction of Activity Spectra for Substances) and drug-likeness forecast are utilized to explore the potential biological
activities of various composites by means of the PASS online server [74]. Through structure-activity relationships study, PASS pre-
diction encompasses an extensive array of information regarding the biological effects of over 300,000 compounds. This tool cate-
gorizes organic compounds into 4000 different biological activities according to their molecular structural formulas, achieving an
accuracy level above 95% [75].

Examining Tables 5 and it becomes evident that IBU and its analogues exhibit diverse outcomes for various properties. Notably,
nearly all analogues demonstrate activity as anti-inflammatory agents (with values ranging from 0.814 to 0.901), antipyretic agents
(0.499-0.927), and analgesic agents (0.328-0.533). Moreover, the majority of the analogues (excluding IBU-16 and IBU-18) result in
lower occurrences of hematuria (presence of blood in urine) compared to IBU.

Once again, the majority of the predicted analogues derived from IBU exhibit a reduction in the effects related to occult bleeding,
hematuria (blood in the urine), hepatotoxicity, and gastrointestinal tract inflammation, as opposed to IBU which shows comparatively
higher effects in these areas. Furthermore, most of the predicted analogues demonstrate moderately diminished effects (ranging from
0.754 to 0.642) on aphthous ulcers (canker sores) compared to IBU (except for IBU-16, IBU-17, and IBU-18). Additionally, nephro-
toxicity is significantly reduced in most of the IBU analogues (ranging from 0.745 to 0.587). Furthermore, nearly all newly designed
analogues of IBU (excluding IBU-16, IBU-17, and IBU-18) exhibit markedly reduced hematotoxic effects (ranging from 0.734 to 0.434)
compared to the parent compound (IBU). In summary, these analogues demonstrate analgesic, anti-inflammatory, and antipyretic
possessions while mitigating adverse responses in the human body. To conclude, the newly developed IBU analogues perform
improved results than the original compound in minimizing the harmful action of IBU in the human body.

In drug discovery, drug-likeness can be employed to evaluate the physical and chemical characteristics of the composites and
measure their consistency, aiming to ensure that the compounds exhibit features consistent with those of recognized drugs [76].
Indeed, drug-likeness predictions involve the application of rules based on sophisticated machine learning approaches, which have
garnered substantial attention and recognition in the study domain [77]. Lipinski’s law, also known as the “Rule of Five,” was
introduced in 1997 and is one of the most established guidelines for determining a molecule’s oral activity. These rules encompass five
criteria, and if a molecule disrupts two or more of these guidelines, it is generally considered to be not orally active [78]. From Table 6,
entirely the correspondents obeyed the drug-likeness law, like Lipinski et al. [79], Ghose et al. [80], Veber et al. [81], Egan et al. [82],
and Muegge et al. [83], and contributed the bioavailability score (ranging from 0.56 to 0.85). Contrastingly, IBU-9, IBU-12, IBU-13,
and IBU-15 have exhibited violations of one or more distinct laws. The count of hydrogen bond donors and acceptors, considered as
molecular descriptors, is utilized to assess the oral bioavailability of drug molecules. Consequently, an extreme number of hydrogen
bond donors and acceptors can impact a drug’s membrane permeability and partitioning [84]. Lipinski’s rule suggests that drug
molecules might experience poor absorption or limited membrane permeability if two or more standards are met, as indicated by the
subsequent conditions: molecular weight (M.W.) > 500, computed log P value > 5, hydrogen bond donors >5, and hydrogen bond
acceptors >10 [85]. In conclusion, our study on IBU analogues has been undertaken with the goal of addressing the challenges
associated with poor drug absorption and permeation.

3.9. Molecular dynamics simulation study

Normal mode analysis (NMA) is a commonly employed technique to depict the communal functional wave of macromolecules. This
technique is employed to investigate the pliability and/or resilience of receptor proteins by monitoring variations in bond lengths,
angles, dihedral angles, torsions, vibrations, and alterations in shape across different parameters. Interaction index refer to the pro-
tein’s ability to interact with other molecules, such as ligands, cofactors, or other proteins. The ability for deformation at each of a
protein chain’s residues is measured through deformability. Indeed, flexibility or the capacity to change shape of the protein chain
evaluates the potential for distortion at individual residues along the protein chain. For the 5F19 receptor (Fig. 9 (A)), the highest
oscillation was detected for TYR 55. Some medium heights of distortion predisposition were detected for LEU 108, ARG 376, and GLU
486. The covariance map (depicted in Fig. 9(B)) illustrates the connections between amino acid residues through color coding.
Correlated interactions are represented in red, uncorrelated interactions in white, and anti-correlated interactions in blue which stands
alongside the origin sharp straight line, displays the coupling of the amino acid residues. These patterns are situated alongside the
reference line originating from the origin point. Likewise, the elastic network map (as shown in Fig. 9(C)) illustrates pairs of atoms
linked by springs. Each dot on the map corresponds to a spring connecting specific atom pairs. Darker gray dots signify stiffer springs,
while lighter gray dots indicate more flexible springs.

4. Conclusion

In this study, both IBU and its modified derivatives have been examined to delve into their physical and chemical characteristics or
attributes, and their strengths of attachment or attraction to the receptor protein. Nearly each substance under investigation dem-
onstrates thermal stability, with the majority of them exhibiting a reduced HOMO-LUMO gap and increased softness values. A sig-
nificant number of the derivatives display enhanced the affinity for binding and interactions with the receptor protein in comparison to
the original drug. Moreover, a majority of the derivatives exhibit upgraded pharmacokinetic properties, rendering them innocuous for
biological utilization. Furthermore, IBU-4, IBU-6, IBU-8, and IBU-11 exhibit higher binding affinity and significant non-bonding in-
teractions when compared to IBU. In this context, the IBU8-5F19 complex exhibits the highest binding affinity among the various
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Table 6

Drug likeness parameters of all IBU analogues.
Name Lipinski (Violation) Ghose Veber Egan Muegge Bioavailability Number of H-Bond donor Number of H-Bond acceptor

Score
IBU Y (0) Y Y Y Y 0.85 1 2
IBU-1 Y (0) Y Y Y Y 0.85 1 2
IBU-2 Y (0) Y Y Y Y 0.85 1 2
1BU-3 Y (0) Y Y Y Y 0.85 1 2
IBU-4 Y (0) Y Y Y Y 0.85 1 3
IBU-5 Y (0) Y Y Y Y 0.85 1 3
IBU-6 Y (0) Y Y Y Y 0.85 1 4
IBU-7 Y (0) Y Y Y Y 0.85 1 5
IBU-8 Y (0) Y Y Y Y 0.85 1 5
IBU-9 Y (1); MLOGP>4.15 N (1) WLOGP>5.6 Y N (1); WLOGP>5.88 N (1); XLOGP3>5 0.85 1 8
IBU-10 Y (0) Y Y Y Y 0.85 1 6
IBU-11 Y (0) Y Y Y Y 0.85 1 6
IBU 12 Y (0) N (1); WLOGP>5.6 Y N (1); WLOGP>5.88 N (1); XLOGP3>5 0.85 1 10
IBU-13 Y (1); MLOGP>4.15 Y Y Y Y 0.85 1 2
1BU-14 Y (0) Y Y Y Y 0.85 1 2
IBU-15 Y (1); Y Y Y Y 0.85 1 2
MLOGP>4.15

IBU-16 Y (0) Y Y Y Y 0.85 2 3
1BU-17 Y (0) Y Y Y Y 0.85 2 3
1BU-18 Y (0) Y Y Y Y 0.56 3 4

Y= Yes, N—NO.
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Fig. 9. Molecular dynamics simulation for receptor protein 5F19: (A) Deformability B-factor region of the ligand-protein interaction (B) Covariance
map of the ligand-receptor interaction (C) Elastic network of the ligand-protein interaction.

complexes and remains within the binding pocket of the target protein. The outcomes indicate that the introduction of halogen has
contributed to improved physicochemical and binding properties. Based on these findings, IBU-4, IBU-6, IBU-8, and IBU-11 emerge as
potential candidates with promising performance. Consequently, this study holds the potential to guide the design of novel drug
candidates that offer enhanced medicinal effects with reduced adverse impacts. However, further studies and experimental validations
that should be conducted to assess the feasibility, safety, and efficacy of the designed drug candidates.
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