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KEYWORDS Abstract Celecoxib (CXB) is a nonsteroidal anti-inflammatory drug (NSAID) that can be used to
BN nanostructures: treat rheumatoid arthritis and ischemic heart disease. In this research, density functional theory
Drug delivery; (DFT) and molecular docking simulations were performed to study the interaction of boron nitride
Anti-inflammatory agents; nanotube (BNNT) and boron nitride nanosheet (BNNS) with CXB and its inhibitor effect on pro-
Molecular sensor; inflammatory cytokines. The calculated adsorption energies of CXB with the BNNT were deter-
DFT mined in aqueous phase. The results revealed that adsorption of CXB molecule via its SO, group

on BNNT is thermodynamically favored than the NH, and CF; groups in the solvent environment.
Adsorption of CXB on BN nanomaterials are weak physisorption in nature. This can be attributed
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to the fact that both phenyl groups in CXB are not on the same plane and require significant acti-
vation energies for conformational changes to obtain greater H-m interaction. Both BNNT and
BNNS materials had huge sensitivity in electronic change and short recovery time during CXB
interaction, thus having potential as molecular sensor and biomedical carrier for the delivery of
CXB drug. IL-1A and TNF-a were implicated as vital cytokines in diverse diseases, and they have
been a validated therapeutic target to manage cardiovascular risk in patients with inflammatory
bowel disease. A molecular docking simulation confirms that the BNNT loaded CXB could inhibit
more pro-inflammatory cytokines including IL-1A and TNF-a receptors as compared to BNNS

loaded to CXB.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the last decade, boron nitride nanotubes (BNNTSs) has been consid-
ered for a wide range of applications including nanomedicine, nano-
electronic devices and sensors for biological devices due to their
unique surface and physicochemical features (Pakdel et al., 2012; Zhi
et al., 2010). Toxicological studies have shown good biocompatibility
of BNNTSs with various cell lines like pheochromocytoma cells, human
neuroblastoma cells, myoblasts (Ciofani et al., 2013) and endothelial
cells (Lahiri et al., 2010). Moreover, BNNTSs have better biocompati-
bility than carbon nanotubes as shown by in vivo studies, indicating
no adverse effect after the injection in rabbits at a dose up to 10 mg/
kg (Ciofani et al., 2013). These properties make BNNTSs appropriate
for many applications containing nanovectors for biomolecules as
DNA (Chen et al., 2009) and for anticancer drugs (Li et al., 2013).

The adsorption of drug molecules onto the BNNTSs is a significant
subject of interest for drug delivery systems (Bezi Javan et al., 2016; Li
et al., 2013; Roosta et al., 2016; Soltani and Baei, 2019; Talla et al.,
2019). For example, Shaian and Nowroozi reported the adsorption
of 5-fluorouracil on armchair single-walled BNNTSs that are of differ-
ent sizes. They have shown that the encapsulated nanotubes are more
stable than the hybrid complexes (Shayan and Nowroozi, 2018). Xu
et al. evaluated the non-covalent interactions of BNNTs with car-
mustine and temozolomide which are brain anticancer drugs by means
of density-functional theory methods (Xu et al., 2018). Their results
have shown that adsorption of drug molecule within the inner surface
of BNNT is stronger due to confinement effect and curvature effect of
BNNT tube surface. Theoretical studies on the interaction of BNNT
with vitamins (Farmanzadeh and Ghazanfary, 2014), cathinone
(Nejati et al., 2017), metformin (Chigo Anota and Cocoletzi, 2014),
pyrazinamide (Saikia et al., 2013), hydroxycarbamide (Hesabi and
Behjatmanesh-Ardakani, 2017) and amino acids (Singla et al., 2016)
have also been reported. These studies would provide a framework
for the design of BNNT-based devices for various biomedical
applications.

Celecoxib or known as 4-[5-(4-Methylphenyl)-3-(trifluoromethyl)
pyrazol-1-yl] benzene sulfonamide) is a 1,3,5-trisubstituted pyrazole
or nitrogen-containing heterocyclic compound. CXB can be synthe-
sized via the regioselective 1,3-dipolar cycloaddition reaction between
nitrile imine and enamine where the former is formed in situ from
hydrazonoyl benzenesulphonate (Oh, 2006). Pyrazoles are commonly
known for their anti-viral, anti-parasitic, antibacterial, anti-tumor,
anti-fungal and insecticidal activities, thus making them to have exten-
sive biological applications (Emamian, 2015). Among the pyrazoles,
CXB is a nonsteroidal anti-inflammatory drug (NSAID) that sup-
presses inflammation by blocking prostaglandins (PGs) formation as
one of the major undesired effects of PGs is their inflammatory
response. This is done by inhibiting cyclooxygenase which is the
enzyme for PGs biosynthesis.

In the past, cyclooxygenase (COX) was thought to be the single
enzyme present in most cells in single isoform, leading to the belief that
its inhibition in the event of inflammation suppression would also

adversely affect prostaglandin-regulated processes. It was only in the
later studies where COX was found to be present in two isoforms:
COX-1 and COX-2, to produce prostaglandins (PGs) via cyclooxy-
genation of arachidonic acid. COX-1 is the constitutive form which
produces PGs that are physiologically necessary and commonly found
in gastrointestinal tract and kidney tissues. COX-2, on the other hand,
is the inducible form that is produced by inflammatory cytokines and
endotoxins in the event of inflammation. However, recent studies have
also shown the possibility of COX-2 synthesis under non-pathological
circumstances (Alaaeddine et al., 2021; Zhang et al., 2021).

Traditional NSAIDs were shown to possess anti-inflammatory
activities by inhibiting both COXs at higher COX-1 inhibition selectiv-
ity whereas CXB was shown to possess higher inhibition selectivity for
COX-2 than COX-1 by 375 fold (Penning et al., 1997). This enabled
CXB to produce anti-inflammatory activity with lesser gastrointestinal
side effects (Clemett and Goa, 2000). This preferential COX inhibition
has been investigated by Price and Jorgensen (Price and Jorgensen,
2001). Their study showed that both COXs have different residue iden-
tities at position 523 which affect the binding of sulfonamide moiety in
CXB. Isoleucine (Ile523) occupies position 523 in COX-1 whereas
valine (Val523) occupies position 523 in COX-2. Steric effect between
sulfonamide oxygen of CXB and ¢ methyl group of Ile523 in COX-1
was prominent, thus reducing CXB affinity for COX-1.

CXB is presently endorsed by the Food and Drug Administration
(FDA) for symptomatic treatment of adult osteoarthritis (OA) and
adult rheumatoid arthritis (RA) (Chawla et al., 2003; Lee and Lee,
2013; Abdolahi et al., 2018; Hezarkhani et al., 2014; Roshande et al.,
2018). Studies on the use of CXB as novel anticancer drug for colorec-
tal cancer were also undertaken where inhibition of polyp growth were
observed (Schonthal et al., 2008; Zhu et al., 2002). However, further
studies and clinical trials are required as the mechanism and the side
effects of CXB based cancer treatments are yet to be accurately estab-
lished (Half and Arber, 2009). The administration of celecoxib drug in
its pristine and unassisted form is challenging as it crystallizes easily
(Gupta et al., 2004). Thus, the use of biomedical carrier is necessary
to improve its dispersion and solubility in protic environment for effec-
tive drug release (Xue et al., 2021; Li and Wang, 2021; Li et al., 2020;
Zhang et al., 2016; He et al., 2021; Zhang et al., 2020; Hu et al., 2021).
Previous theoretical study on effective CXB drug transport using
B,N), fullerene has been reported (Abdolahi et al., 2018).

Suitable adsorbent features of BN nanostructures have been vali-
dated for targeted delivery of anti-inflammatory and anticancer drugs
in various experimental and theoretical studies (Zhang et al., 2012;
Feng et al., 2016; Feng et al., 2018; Khalifi et al., 2015; Duverger
and Picaud, 2020; Duverger et al., 2019; Duverger et al., 2017,
Mlaouah et al., 2018; El Khalifi et al., 2016; Palomino-Asencio
et al.,, 2021; Chigo Anota et al., 2017; Muifoz et al., 2021; Anota
et al., 2015; Escobedo-Morales et al., 2019). To the best knowledge
of authors, the interaction of BN nanostructures with celecoxib has
yet to be investigated. Thus, herein this work, we conducted a system-
atic theoretical study on the interactions of an isolated celecoxib mole-
cule with the zigzag (8,0) single-walled BN nanotube (SWBNNT) and


http://creativecommons.org/licenses/by-nc-nd/4.0/

Molecular docking evaluation of celecoxib on the boron nitride nanostructures 3

the BN nanosheet (BNNS). Molecular docking studies were also car-
ried out to investigate the interaction of CXB-BN complexes with pro-
tein structures for applications involving cardiovascular risk
management in patients with inflammatory bowel disease.

2. Computational methods

The relaxed geometries of (8,0) zigzag BNNT, BNNS, CXB
and their adsorption complexes of different orientations were
fully optimized and then evaluated by DFT study. The DFT
method used was Perdew-Burke-Ernzerhof (PBE) functional
which is a version of Grimme’s D dispersion model with 6-
311G** basis set level of theory (Perdew et al., 1996). The
hybrid PBE-D functional is suitable for applications involving
nanoscale molecular systems. Additionally, PBE-D functional
has good reliability in computing binding energies of organic
molecules on (8,0) zigzag BNNT (Alinezhad et al., 2017;
Saikia and Deka, 2014; Soltani et al., 2014; Baei et al., 2014;
Srimathi et al., 2018; Srimathi et al., 2018). Solvent effects were
studied through using polarizable continuum model (PCM)
with water (dielectric constant of 78.4) as the solvent. CXB
interaction in aqueous environment was investigated to deter-
mine the properties of the CXB/BNNT system for effective
mediation of therapeutics by nanotubes within the body
(Sukhorukova et al.,, 2015; Ghahremani et al.,, 2019;
Permyakova et al., 2017). The convergence criteria for geome-
try relaxation are 0.00045/0.0003 a.u. and 0.0018/0.0012 a.u.
for the maximum and root-mean-square forces and the maxi-
mum and root-mean-square displacements, respectively. The
spin multiplicity of the structures was set to one with relevance
to its ground state molecular orbital (its ground electronic
state is '2"). In addition, frontier molecular orbital (FMO)
and density of states (DOS) have also been undertaken to
study other important features of the computed systems. Com-
putational studies were performed using DFT formalism
implemented in Gaussian 09 package (Frisch et al., 2009).
Vibrational frequencies were also calculated at PBE functional
with 6-311G** basis set.

We evaluated the effect of BSSE (basis set superposition
error) correction using counter poise correction method in
the computations of week intermolecular interactions by
approximating the BSSE energy. All the calculations were
undertaken at T = 298.15 K. The adsorption energy (E.q4s)
of CXB on the pristine BNNT was determined by (Equation
(1):

E.is = Egnnr—cxs — (Egynt + Ecys) + Egsse (1)

where Egnn is the total energy of the pristine BNNT. Epnnr.
cxp 1s the total energy of CXB adsorbed onto the pristine
BNNT and Ecxp represents the total energy of an isolated
CXB drug. Physical and chemical properties of BNNT, BNNS
and adsorption complexes were analyzed using quantum
molecular descriptors (Hoseininezhad-Namin et al., 2020;
Soltani et al., 2017): chemical potential (), electronegativity
(%), global hardness (1), global softness (S) and electrophilicity
index (w). Koopmans’ approximation was used for the compu-
tation of quantum molecular descriptors where ionization
potential and electron affinity were respectively approximated
as the negative of HOMO and LUMO energies.

Auto Dock software package (4.2) was used for molecular
docking studies (Morris et al., 2009) where TNF-alpha (PDB
ID: 2AZ5) and IL1A-S100A13 complex (PDB ID: 2L5X) were

selected as sample crystal structures from Protein Data Bank.
The protein structures were prepared with the procedure of
cognate ligand removal, hydrogen atoms addition, non-polar
hydrogen merging and Kollman charge allocation using Auto
Dock Tools (ADT). Local search method of Lamarckian
genetic algorithm was used in this study. Grid map of
60 x 60 x 60 with 0.375 A grid spacing was determined for
the modeling of the autogrid (Cao et al., 2021; Pavase et al.,
2018). 100 GA runs were done for docking. 2D and 3D presen-
tations of the structures were prepared using Maestro 11.0
Schrodinger program.

3. Results and discussion

3.1. Structural analysis of CXB, BNNT and BNNS

The optimized molecular structures of CXB (Fig. 1), (8,0) zig-
zag single-walled BNNT (Fig. 2) and BNNS (Fig. 5) were eval-
uated by the PBE functional in aqueous phase. For pristine
CXB molecule, the bond lengths of C,-S;, S;-O,s5, S1-Noy
and Ng-N,3 were computed to be 1.783, 1.480, 1.704 and
1.424 A respectively. Similarly, O,5-S;-Oj6, C5-S1-Nyy, Cs-
Ng-N»3, Ng-Co-Cio and F»,-C;9-F»; bond angles of CXB were
found to be 122.1°, 103.5°, 117.5°, 125.5° and 108.2° respec-
tively. These observations remain in good agreement with
the earlier reported literatures (Vijayakumar et al., 2016;
Gundersen and Rankin, 1983). In a theoretical study, Csu-
Nll'C157 C14-C]3-C16 and Nll'CIS'CZO bond angles for the
CXB molecule were calculated to be 129.64°, 127.97° and
124.78° by B3LYP/6-311G** level of theory (Gundersen and
Rankin, 1983).

In this investigation, (8,0) zigzag single-walled BNNT and
BNNS with the respective dimensions of 6.42 A diameter
and 19 A length; 6.42 A width and 19 A length were used.
The structural evaluation of BNNT shows two particular B-
N bonds: one parallel to the tube axis and the other skewed
with respective bond lengths of 1.454 and 1.460 A by PBE-D
functional. These calculated B-N bond lengths are comparable
with the experimental value of 1.446 A (Pease, 1952). Simi-
larly, BNNS has a B-N bond length of 1.455 A. The calculated
energy gaps, HOMO and LUMO energies of (8,0) zigzag
BNNT and BNNS were 3.37, —5.52 and —2.15 eV; 3.98,

Fig. 1

Optimized molecular structure of celecoxib.
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—5.39 and —1.41 eV, respectively. FMO plot of (8,0) zigzag
BNNT shows the HOMO and LUMO to be on both opposite
ends of the tube respectively with the HOMO aligned perpen-
dicularly to the surface of BNNT.

The curved surface of BNNT creates confinement effect
where molecular orbitals are closer in proximity such that
greater extent of state degeneracy was predicted and observed
in the TDOS plot of BNNT. The state degeneracy was more
prominent in the upper empty molecular orbitals causing a
greater reduction in LUMO energy as compared with that of
HOMO energy. HOMO energy is the highest energy level for
the ground state of valence electron within the molecule
whereas LUMO energy is the lowest energy level for the
excited state of valence electron to be achieved. Against this
backdrop, the HOMO-LUMO energy gap of BNNT is smaller
as compared with that of BNNS which does not experience
confinement effect. These would also imply that the BNNT
has larger population of conduction electron for better electri-
cal conductivity and adsorption sensitivity.

3.2. Adsorption of CXB on BNNT and BNNS

Adsorption of celecoxib on (8,0) zigzag BNNT occurred
through its CF3, SO, and NH, groups to form three adsorp-
tion configurations: CF3;-CXB/BNNT (Model A), SO,-CXB/
BNNT (Model B) and NH,-CXB/BNNT (Model C) as shown
in Fig. 3. Adsorption of celecoxib on BNNS was noted to fea-
sibly occur via its NH; group to form NH,-CXB/BNNS com-
plex (Model G) as shown in Fig. 4. Based on Table 1, the
calculated adsorption energies were negative in values indicat-
ing CXB adsorption on BNNT and BNNS to be thermody-
namically favored. The results revealed that adsorption of
CXB molecule via its SO, group on BNNT is thermodynami-
cally favored than the NH, and CF; groups in the solvent envi-
ronment. However, such adsorptions are generally weak
electrostatic interaction (Saikia and Pandey, 2018) as the
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Optimized molecular structure, FMO and TDOS plots of (8,0) zigzag BNNT.

adsorption energies range between —0.07 eV and —0.15 eV,
indicating their physisorptive nature.

During adsorption, B-N bond lengths of BNNT and BNNS
were slightly increased which indicate the weakening of B-N
bond and its partial bond sharing with the celecoxib groups.
The adsorption process involved the sharing of lone pair elec-
trons of F, O or N of celecoxib with the unhybridized empty p
orbital of boron in BNNT and BNNS depending on the
adsorption configuration of celecoxib. This phenomenon is
in corroboration with the established role of boron as Lewis
acid site in boron nitride materials during molecular interac-
tions (Soltani et al., 2020). Interactions of drug molecules with
boron nitride surfaces were also reported to occur via H-n and
n-7 interactions (Li and Golberg, 2016; Gao et al., 2011). H-n
interaction is due to the interaction between hydrogen atoms
of celecoxib alkyl groups with boron nitride surface whereas
n-m interaction is due to the interaction between the celecoxib
rings and the aromatic rings of boron nitride surface.

(8,0) zigzag BNNT had slightly larger binding energies than
BNNS during their interactions with CXB. As the celecoxib
molecule has curvature structure, it can interact better with
the curved surface of BNNT due to lower steric repulsion
and higher interaction area for H-m and =n-m interactions.
The optimized CXB molecular structure shows both of the
benzene rings in Ph-CH3 and Ph-SO,NH, groups are not on
the same plane. This had cause a lesser extent of n-m interac-
tion which may account for the low adsorption energies of
CXB-BNNT complexes. Likewise, Grzybowska et al. have
also shown that the conformational changes of CXB require
significant activation energies which would reduce its interac-
tion extent on BNNT (Grzybowska et al., 2012). To conform
both benzene rings in Ph-CH; and Ph-SO,NH, groups to be
on the same plane, the rotations of Ph-CH; and Ph-SO,NH,
groups require activations energies of 17 kJ/mol and 16 kJ/mol
respectively. In this study, the interaction of CXB was done on
the outer surface of BNNT. By interacting CXB with the inner
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Fig. 3 Geometries and TDOS plots of CF3-CXB/BNNT (Model A), SO,-CXB/BNNT (Model B) and NH,-CXB/BNNT (Model C)

adsorption complexes.

surface of BNNT, one could possibly predict a larger adsorp-
tion energy though it is physically not possible to be inserted
within the BNNT owing to its larger size (1.1 nm x 0.5 nm
x 0.9 nm). The aforementioned confinement effect of BNNT
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Fig. 4 Geometries and TDOS plots of BNNS and NH,-CXB/
BNNS adsorption complex.

would cause the z-orbitals of BNNT at the inner surface to
be closer in proximity such that a larger n-n stack interaction
with the drug molecule is made possible (Fig. 5) (Xu et al.,
2018). Similar trends were also reported by Qian and Fang
in their theoretical investigations on the interaction of car-
mustine and temozolomide drug molecules within BNNT
(Qian et al., 2013; Fang et al., 2015). The infrared (IR) spectra
of CXB in the states A, B, and C exhibited characteristic bands
at 3315, 3326, and 3347 cm™! assign to the N-H stretching
vibration of the SO,NH, group, respectively. The characteris-
tic bands observed at 1354, 1334, and 1363 cm ™! for the S=0
asymmetric and 1162, 1175, and 1186 cm™! for the S=0 sym-
metric stretching vibrations. The C—H stretching vibrations of
the CXB in the states A, B, and C observed in the region 3180—
3020 cm ™! in the heterocyclic aromatic moiety.
Hybridizations of interacting B atoms in BNNT and BNNS
were observed during their interactions with CXB. When B
atom forms an additional partial bond with the drug molecule,
its orbital hybridization tends to be between sp” to sp’ config-
uration range. The closer its hybridization to sp’ configuration,
the stronger is the bond. The neutral bond orbital (NBO) anal-
ysis by Nejati et al. have shown that the interacting B atom in
BN nanocage, nanotube and nanosheet with cathinone mole-

cule were of sp””%, sp?? and sp”'® respectively (Nejati et al.,
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Table 1

Calculated adsorption energies (E,q45), B-N and S-O bond lengths, bond distances between CXB and drug carrier (D),

HOMO energies (Ey), LUMO energies (Er), HOMO-LUMO energy gap (E,), Fermi energy levels (Eg) and dipole moments (up) for
CXB/BNNT and CXB/BNNS adsorption complexes.

Eus V) D(A)  B-N(@A) S-0@A) En(eV) EL(@V) Eg(V) AE, (%) Eg(V)  pp (Debye)
BNNT -35.9 - 1.454 - —5.52 -2.15 3.37 - —3.84 12.57
Model A —0.11 2.94 1.460 1.482 ~3.25 —2.11 1.10 67.36 ~2.70 14.79
Model B —0.15 3.15 1.462 1.485 —3.24 ~2.05 1.19 64.69 ~2.65 15.19
Model C  —0.08 2.43 1.467 1.483 —3.27 —2.05 1.22 63.80 ~2.66 13.14
BNNS —30.0 - 1.455 - —5.39 —1.41 3.98 - —3.40 0.85
Model G~ —0.07 2.57 1.457 1.489 —3.24 —1.68 1.56 60.80 —2.46 5.80

Model C

HOMO

Fig. 5 FMO plots of SO,-CXB/BNNT (Model B) and NH,-CXB/BNNT (Model C) adsorption complexes.

2017). Hence, the result in this work corroborates with the
aforementioned NBO analysis where interaction of BNNT
with CXB is stronger as compared with BNNS as the former
has a higher p character in its sp*-hybridization. Hybridization
has also resulted additional degenerate states in interacting B
atoms as shown in TDOS plots of Fig. 3. These states pro-
duced HOMO of higher energy and LUMO of lower energy
thus reducing the HOMO-LUMO energy gap in the adsorp-
tion complexes.

All adsorption complexes experienced significant HOMO-
LUMO energy gap reduction with their energy gap reductions
in descending order of: NH,-CXB/BNNS (2.42 ¢V) > CF;-
CXB/BNNT (2.27 V) > SO,-CXB/BNNT (2.18 ¢V) > NH,-
CXB/BNNT (2.15 eV). These significant energy gap reductions
indicate a significant change in the electronic conductivity of
BN nanomaterials during CXB interaction, which could be
leveraged for molecular sensor application. Since the conduc-
tion electron population, N is dependent on the HOMO-
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LUMO energy gap, E, of a material (Equation (2)), the change
in conduction electron population due to adsorption could
also be determined based on the change in energy gap (Equa-
tion (3)) (Amirkhani et al., 2018):

E
N = AT3/Zexp(— WIZT) (2)

- AE

%‘C = exp (f ﬁ) (3)
where 4 is exponential factor, f'and i are pristine material and
adsorption complex, AE, is change in HOMO-LUMO energy
gap, k is Boltzmann constant, T is absolute temperature. At
298.15 K, CF3-CXB/BNNT, SO,-CXB/BNNT, NH,-CXB/
BNNT and NH,-CXB/BNNS adsorption complexes respec-
tively showed an increase in N, by 1.53 x 10", 2.66 x 10'8,
1.48 x 10'® and 2.84 x 10% times of N;. Owing to its larger
energy gap reduction, BNNS is more sensitive toward CXB
interaction as compared with that of BNNT.

CXB desorption from BN nanomaterials after interaction is
important in assessing its recovery performance as molecular
sensor or its drug release efficiency. The recovery of BN nano-
materials could be performed via heating or UV light expo-
sure. Based on transition theory, recovery time, 7 can be
expressed as (Equation (4)) (Vessally et al., 2018):

E
| o ads
. exp( kT) (4)

where v is attempt frequency. Under UV light exposure with
an attempt frequency of 10'° s~! at 298.15 K, the recovery
times for CF;-CXB/BNNT, SO,-CXB/BNNT, NH,-CXB/
BNNT and NH,-CXB/BNNS adsorption complexes are
72.3, 343, 22.5 and 15.3 ns respectively. As the interaction of
CXB with BN nanomaterials had low adsorption energies,
CXB desorption would be more facile hence enabling easier
recovery of BN nanomaterials. These short recovery times in
BN nanomaterial can be of interest for molecular sensors
involving rapid detection applications (Fang et al., 2015).
Quantum molecular descriptors of CXB molecule were cal-
culated by Vijayakumar et al. using B3LYP/6-311 + + G(d,p)
method (Vijayakumar et al., 2016). The reported values of p
and o were low, indicating that CXB molecule acts as nucle-
ophile during its interaction. This is in corroboration with
the partial electron sharing from CXB to BN nanomaterial
during adsorption. Upon CXB interaction, the adsorption
complexes were predicted to be more reactive as shown by
the significant decrease in global hardness (Table 2). The
decrease in chemical potential of complexes indicates their bet-
ter stability and the spontaneity of the interaction. The o is a
size of electrophilic power of a molecule. Higher ® denotes

higher electrophilicity of a given system (Parr and Yang,
1989; Parr et al., 1999). The values of ® increased from 4.36
to 2.90 eV in the pure BNNT and BNNS to 6.30 in model A
and 3.88 eV in model G. The ® and y values were noted to
decrease after CXB adsorption, showing a decrement in the
reactivity of structures or it could be expounded as the adsorp-
tion system reaching a more stable state in resisting chemical
changes (Ocotitl Munoz et al., 2021).

3.3. Molecular docking

The binding affinity of the studied complexes toward tumor
necrosis factor-o (TNF-a) and interleukin-1 (IL-1) receptor
targets was determined using the AutoDock (4.2) software.
To study the inhibition mechanism of TNF-o receptor, the
chosen models (A, B, and G) were docked in the binding
pocket of TNF-a receptor protein (PDB ID: 2AZ5). Results
from docking calculations illustrated that SO,-CXB/BNNT
(Model B) is a potent inhibitor of TNF-a as compared with
other complexes. The calculated binding energies of the CF5-
CXB/BNNT (Model A), SO,-CXB/BNNT (Model B), and
SO,-CXB/BNNS (Model G) in the binding pocket of the
TNF-a receptor were —8.1, —9.5, and —7.8 kcal/mol respec-
tively (Table 3). Model B was stabilized in the binding pocket
of TNF-a receptor by hydrophobic interactions by several
amino acid residues like Leul42, Prol39, Phel44, Ala22,
Pro20, and Alal45 in chain C. Model B was also bounded with
Lys65, GIn67, Glu23, Asp140, GIn21, and Gly24 in chain C
via polar interactions. The calculations showed that the Model
B was bounded with key amino acid residues in the active func-
tional group inhibiting the TNF-a receptor (Xu et al., 2018;
Gao et al., 2021) (Fig. 6). Furthermore, the sulfonamide phar-
macophore of CXB complex was stabilized in the binding
pocket of the receptor by four hydrogen bonds with the resi-
dues of protein like Ala22 and Lys65 (Alam et al., 2016).
Hydrogen bond lengths were 2.62, 2.40, 2.83 and 2.84 A
respectively.

The calculated binding energies of the Model A, B, and G in
the binding pocket of IL-1A receptor were —7.4, —8.6, and
—6.9 kcal/mol, respectively. Model B was established in the
binding pocket of the target via hydrophobic interactions
through several amino acid residues like Ala42, Ala43, Metl,
11e95, Ala35 and Trpl139 (Kim et al., 2016; Soltani et al.,
2022). Furthermore, the complex was also stabilized in the
binding pocket of the receptor by two hydrogen bonds with
the amino acid residue (Ala22). Hydrogen bond lengths were
3.88 and 3.85 A. 3D models binding mode models demonstrate
that the Model B was entered in the pockets of the IL-1A
receptor (Fig. 7). Model B had lower binding affinity to the
target structure as the docking models show while presenting

Table 2 Calculated quantum molecular descriptors for BNNT, BNNS, CXB/BNNT and CXB/BNNS adsorption complexes.

I (eV) A (eV) n (eV) p (eV) 7 (eV) SV » (eV)
BNNT 5.52 2.15 1.69 —3.84 3.84 0.30 4.36
Model A 3.25 2.11 0.57 —2.68 2.68 0.88 6.30
Model B 3.24 2.05 0.60 —2.65 2.65 0.84 5.88
Model C 3.27 2.05 0.61 —2.66 2.66 0.82 5.80
BNNS 5.39 1.41 1.99 —3.40 3.40 0.25 2.90
Model G 3.24 1.68 0.78 —2.46 2.46 0.64 3.88
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Table 3 The calculated parameters for the complexes with TNF-a receptor and IL-1A receptor.

Compound PDB ID: 2AZ5 PDB ID:2L5X
Binding energy (kcal/mol) Inhibition constant, K; (uM) Binding energy (kcal/mol) Inhibition constant, K; (uM)
Model A —8.1 4.9 —7.4 7.5
Model B -9.5 3.6 —8.6 5.2
Model G -7.8 7.3 —6.9 10.4

a stronger interaction towards the binding pocket of the target
resulting in more effective inhibition of the active site of the
protein than the other states. Overall, the hydrophobic and
H-bond interactions possibly play a key role in occupation
of the binding pocket (Cao et al., 2021; Cao et al., 2021). These
results indicate that the Model B is possibly a potential inhibi-
tor of the TNF-o and IL-1A receptors at the binding site. Pre-
vious reports demonstrated CXB nanoparticles as
therapeutically effective anti-inflammatory drug-delivery sys-
tem in managing cardiovascular risk in patients with inflam-

?©,

-
P,
R
- | P

[Ttle: r-2az.pdb_repaireg,

A)

Fig. 6 Docking of 2D and 3D models of interaction between
Model B and TNF-a receptor.

matory bowel disease (Haley et al., 2021; Pala et al., 2021;
Baccaro Biondi et al., 2020; Moodley, 2008; El-Husseiny
et al., 2020). The inhibition constants K,(uM) in Table 3 show
the potency of the interaction models as inhibitor. The higher
the inhibiting character of the compound is expected with the
lower value of K; (Aghaei et al., 2021). These results show the
strength of the inhibiting models as Model B > Model
A > Model G which is accurate for both type of calculations.

Fig. 7 Docking of 2D and 3D models of interaction between
Model B and IL-1 receptor.
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4. Conclusions

In this work, by using the DFT/PBE-D functional, theoretical analysis
on the geometries and the electronic properties of BNNT and BNNS
interacting with CXB drug were done for drug delivery applications.
Adsorption of CXB on BN nanomaterials are weak but physisorption
in nature. This can be attributed to the fact that both phenyl groups in
CXB are not on the same plane and require significant activation ener-
gies for conformational changes to obtain greater H-m interaction.
Both BNNT and BNNS materials had huge sensitivity in electronic
change and short recovery time during CXB interaction, thus having
potential for efficient molecular sensor and drug releasing applications.
The study of molecular docking showed that the SO,-CXB/BNNT has
a good binding affinity with TNF-o and IL-1A proteins compared to
the other studied systems. These calculations could be used to design
a novel carrier for the CXB drug delivery system to manage cardiovas-
cular risk in patients with inflammatory bowel disease.
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