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The adsorption of naproxen (NPX) on surface of the boron phosphide (BP) and boron nitride (BN)
fullerene-like cages have been studied and discussed by using density functional theory (DFT) and
time-dependent density functional theory (TDDFT) calculations. Adsorption results using DFT demon-
strated that B;,N;, have strong interactions with the carbonyl (-C = O) group of naproxen via covalent
bonding, while the interaction of the naproxen through a carbonyl and hydroxyl groups with the
B12P12 occurred via electrostatic interactions, suggesting a large desorption time due to a large negative

Iéey;\/]vords: adsorption energy. The effects of hydroxyl (OH) functionalization on the adsorption of NPX via B;2N1, has
sz: also been investigated. Results reveal that OH functionalization decreases the absolute E;, value of NPX on
Naproxen studied B,Ny; fullerene-like cage. Theoretical studies also demonstrated the frequency shifts that is hap-

pening because of the adsorption process. The electronic and optical properties of B;;N1; and OH-B3N1;
in the presence of NPX are significantly sensitive. Interaction results demonstrated that B;,N;, with H-
donor functional groups such as -OH was effective for the delivery of naproxen as it leads to an increased
dipole moment with weak binding energy. The polarity for the NPX loaded OH-B;,N;, shows the feasi-
bility of ameliorating the situation of solubility desirable for drug delivery systems in biological devices.
Through the analysis of molecular docking, it was found that NPX loaded OH-B;,N1; is potent inhibitors
of TNF-a. receptor and IL-1 receptor targets compared to B;2Nj; and B1,P;; systems.

© 2021 Elsevier B.V. All rights reserved.
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eases as anti-inflammatory agents by blocking cyclooxygenases
(COX-2) in the central nervous system [1-3]. Due to poor aqueous

1. Introduction

Naproxen [6-methoxy-o-methyl-2-naphthalene acetic acid] is
one of the most widely prescribed non-steroidal anti-
inflammatory drugs (NSAIDs) especially for in the case of different
type of musculoskeletal disorders like arthritis and low back pain
owing to its desirable anti-inflammatory, analgesic, and antipyretic
features. Generally, NSAIDs works great in the musculoskeletal dis-
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solubility and permeability, NPX represents low absorption and
poor bioavailability which restrict its treatment efficacy. Accord-
ingly, using novel drug delivery systems may ameliorate bioavail-
ability and therewith improve NPX pharmacokinetics [2]. Boron
nitride (BN) nanomaterials owing to their unique chemical and
physical features have been emerged as an efficient nanocarrier
in the field of nanomedicine that can revolutionize the drug deliv-
ery systems [4]. In this study, the adsorption behavior of NPX has
been extensively examined over the surface of B;;N;, and B{,P;;
fullerene-like cages, in addition the anti-inflammatory activity of
NPX has also been evaluated before and after the adsorpiton.
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The discovery of the boron nitride (BN) fullerenes such as
B12N12, B24Na4, B3gNsg, and BggNgg shortly after the success of car-
bon fullerenes, play a vital role for the introduction of nanotech-
nology in the biomedical field. Owing to remarkable properties of
BN nanostructures including constant band gap i.e. 6 eV, high-
temperature stability, low dielectric constant, large thermal con-
ductivity and high oxidation resistance, they successfully super-
sede their carbon counterparts in most of the applications such
as in environmental purification, biomedical treatment, and sens-
ing properties [5-16]. High surface to volume ratio of fullerene
among all other nanostructures reinforced them as an ideal candi-
date in the field of adsorption. Among numerous (BN), clusters
(n = 4-30), the smallest cluster that was theoretically foreseen
and satisfies isolated tetragonal laws is BN, Moreover, shortly
afterwards B1,N;, fullerene was successfully synthesized by laser
desorption time-of-flight mass spectrometry [17-19]. Structurally,
B12Ny; fullerene consists 4 and 6 membered rings of alternatively
bonded boron and nitrogen atoms [20,21]. Due to high biocompat-
ibility and non-cytotoxicity of BN nanostructures, they have
attracted wide attention of the researchers in the biomedical field
to be used as nano-carriers for drugs [22,23]. In one study, the
amino group grafted of mesoporous silica (MS)-functionalized
boron nitride nanospheres exhibited no cytotoxicity and enhanced
the delivery of CpG oligodeoxynucleotides into macrophages [24].
Recently, many computational predictions have been reported on
the applications of BN nanocages like removal of organic pollutant
molecules [25-27], biosensor [28,29], and drug delivery systems
[30,31]. Furthermore, desired solubility/suspensibility of BN
nanostructures can also be attained by their surface modifications
such as functionalization with hydroxyl groups (OH) [32,33], alkyl
chains [34], and wrapping by polymer molecules [35-41]. For
instance, Weng et al. [42] have reported that high hydroxylation
of BN nanomaterial’s made them porous, nontoxic, stable and sol-
uble in physiological solutions and hence was used for anticancer
drug delivery by carrying doxorubicin on their surface. Weng
et al. demonstrated that h-BN porous sheets with richly exposed
(002) plane edges terminated by hydroxyl (—OH) groups can lead
to redshifts in its absorption spectrum and function as a visible
light sensitizer [43]. Recently, Grant et al. also pointed out which
(002) planes with O-terminated edge site of h-BN function as
active sites for selective oxidative dehydrogenation of propane to
propene [44]. Farmanzadeh and Keyhanian have theoretically indi-
cated that the amantadine adsorption upon the surface of B{;Nj;
fullerene was exothermic with release of about —44.42 kcal/mol
in gas phase and —50.68 kcal/mol in water phase [45]. Further-
more, In a DFT study, B;2N1> can be used as a nanocarrier for both
the 5-fluorouracil (5-FU) drug and its tautomeric forms by forming
strong (covalent bond) interactions and week interactions respec-
tively [46]. Adsorption behavior of metformin drug on pure and
doped boron nitride fullerenes has also been studied in both air
and water environments [47] in which results revealed that the
NH group of metformin can chemically adsorbed upon the boron
atom of B13N1; and BygNye fullerenes. Cairo et al. reported the effect
of NPX on the serum levels of IL-I, IL-6 and TNF-alpha in 18
patients with osteoarthritis. They found that the patients receiving
treatment with NPX had a statistically remarkable decrement of
the serum levels of IL-1b and IL-6 [48]. Guilherme et al. presented
that nanostructured lipid carrier (NLC) loaded with NPX as a
promising candidate for the safe treatment of inflammatory pain
conditions of the temporomandibular joint or other joints. They
found that the NLC-NPX formulation for the inflammatory condi-
tions of the temporomandibular joint remarkably decreased leuko-
cytes migration and levels of IL-18 and TNF-a [49].

Herein, we have studied the adsorption behavior and anti-
inflammatory activity of NPX on the outer surfaces of B;;N;, and
B12P;; fullerene-like cages as drug delivery vehicles. Simulated IR
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and UV-visible spectra of the NPX-B1,N;, and NPX- B1,P¢; systems
(DFT level) has been computed and compared with the experimen-
tal data. Furthermore, in the hybrid M06-2XD functional, double
Hartree-Fock exchange has also been included to improve the
description of non-covalent interactions.

2. Methodology and computational details

The geometries of the B;;Ny,, B12P12, NPX and their adsorbed
systems in various orientations have been fully optimized and
evaluated by the MO06-2X-D (dispersion-corrected meta-GGA
hybrid) functional and 6-311G** basis set as this is most appropri-
ate basis set for inorganic nanomaterials [50-52]. The M06-2X
introduced as a global hybrid functional with 54% HF exchange
that is appropriate for uses at the nanoscale molecular systems.
Moreover, good reliability of M06-2X hybrid density functional
has formerly been shown in calculating molecular binding energies
of different drugs on the B;,N;; fullerene-like cage [53,54]. In order
to mimic the biological system, effect of solvent (water) has also
been taken into account by using the PCM (polarizable continuum
model) [55]. We have also investigated frontier molecular orbital
(FMO), total density of states (TDOS), molecular electrostatic
potential (MEP), and Mulliken population analysis (MPA) to deter-
mine other substantial parameters of the various interacting sys-
tems. MO06-2X-D functional has been performed for more
accuracy by DFT formalism implemented in Gaussian 09 package
[56]. Basis set superposition error (BSSE) for the binding energy
was determined using counter poise correction method. TDDFT
(time-dependent density functional theory) calculations and ther-
modynamic parameters have also been carried out by incorporat-
ing the M06-2X/6-311G** level of theory. Furthermore, the M06-
2X functional has also been discussed to obtain high precision in
adsorption energy values. The adsorption energy (E,) of NPX over
the surface of BN fullerene is defined by:

Eb = EFuIIerene—NPX - (EFuIIerene + ENPX) + EBSSE (1)

where Eggyiierenes Enpx and Epunerene-npx are the total energy of the
pristine B{,Ny; fullerene-like cage, NPX molecule and NPX adsorbed
B12N1, complex respectively. Molecular docking calculations was
achieved using Auto Dock software (4.2) [57]. The crystal structures
of tumour necrosis factor alpha (TNF alpha) (PDB ID: 2AZ5) and
interleukin (IL)-1A-S100A13 complex (PDB ID: 2L5X) was provided
from protein data bank. The crystal structure of the proteins was
constructed using a process where the cognate ligand was, elimi-
nated, hydrogen atoms and non-polar hydrogens were determined
by Auto Dock Tools (ADT). We design a Lamarckian genetic algo-
rithm for local search method and used grid map of 60x60x60 with
0.375 A grid spacing for preparation of autogrid [58,59].

3. Results and discussion
3.1. Structural analysis of NPX and B3N

The structural parameters of NPX drug and B,,N; fullerene-like
cage have been measured from their fully optimized geometries
using M06-2X functional in Figs. 1 and 2 respectively. The accuracy
of M06-2X functional has been administrated by comparing the
obtained data with the already reported literature values
(Table S1). Furthermore, molecular electrostatic potential (MEP),
infrared (IR) spectrum, the highest occupied molecular orbital
(HOMO), and the lowest unoccupied molecular orbital (LUMO) of
the NPX and B;Nj; fullerene have also been presented alongwith
optimized geometries in Figs. 1 and 2 repsectively.

The electron densities in the HOMO and LUMO maps of NPX
have been observed to be more constrained over C atoms of the
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Fig. 1. Optimized structure, MEP plot, IR spectrum and HOMO and LUMO profiles of NPX drug molecule.
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Fig. 2. Optimized configuration, HOMO and LUMO profiles, MEP plot and IR spectrum of B1,N;, fullerene-like cage.

naphthalene ring as compared to that of bonded to highly elec-
tronegative O atoms. The electrostatic potential scan of NPX have
visually distinguished the oxygen atom of carbonyl group (—C=0)
as negative potential surface with red color that acts as a nucle-
ophilic site. Moreover, the IR spectrum of NPX in the range of
4000-400 cm ! has clearly indicated the O—H and C=0 stretching
vibrations at 3342 cm~' and 1728 cm™' respectively, which was
found to be in concordance with the experimental data [60].

The optimized structure of B{,N;, fullerene (Fig. 2) has demon-
strated a hollow cluster of four- and six-membered rings having an
average B-N bond length of 1.482 and 1.437 A respectively [61,62].
HOMO is found to be mainly localized over the N atom while

LUMO is distributed over the B atoms. Moreover, the polar nature
of B-N bond has also been reflected from the MEP plots showing
positive potential over B (blue color) and negative on the N (yellow
color) atoms. IR spectrum has indicated the characterstic peaks of
B-N bonds at 816 and 1440 cm™ .

3.2. Adsorption of NPX on B;,N;> fullerene

With the aim to account most interactive site of NPX, different
orientations considering all possible sites of interactions between
NPX and By,;N;, fullerene-like cage have been optmized (Fig. 3).
State I has represented the interaction through carbonyl group,
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Fig. 3. Optimized configuration and TDOS plot for NPX-B;,N;, complex in different orientations (I) state I, (II) state II, (III) state IIl and (IV) state IV.

state Il has shown the interaction of H atom of hydroxyl group with
N atom of B;,N;, fullerene, states Il and IV have accounted the
interactions between O atom of hydroxyl group with the B;5Nq»
fullerene-like cage. By analysing the adsorption energy (E.q) i.e.
energy change during the adsorption of NPX molecule over the sur-
face of B1,N;; fullerene-like cage in different orientations, it has
been observed that state I is the most stable orientation with the
release of maximum energy i.e. —29.75 kcal/mol as compared to
state II, IIl and IV with corresponding values of —8.99, —21.45,
—9.68 kcal/mol respectively. However, the adsorption process is
highly feasible in every state indicated by the negative value of
E.q. Kian and Tazikeh-Lemeski reported that the aromasin via car-
bonyl group can be chemically adsorbed on B{,N;, fullerene-like
cage with a energy of —23.05 kcal/mol [63]. In a similar study,
the carbonyl group of 5-aminosalicylic acid (—24.89 kcal/mol), as
a non-steroid anti-inflammatory drug, plays a significant role on
the adsorption energy with the boron atom of B,N;; fullerene-
like cage in comparison to the amino (—21.20 kcal/mol) and hydro-
xyl (—=19.13 kcal/mol) groups [64]. Furthermore, to scrutinize the
insights of nature of interactions between NPX and Bi;Ni»

fullerene-like cage in all states, nearest-neighbour distance (sum-
marized in Table 1) has been estimated and found to be 1.535 A,
2.116 A, 2.634 A and 2.633 A for state I, II, Il and IV respectively.
The large distance in the state II, IIl and IV has inferred the pres-
ence of long-distance interactions i.e. through weak van der Waals
forces [65].

However, the short distance in state I has elucidated the exis-
tence of covalent bond between electron rich O atom of —C=0
group of NPX and electron deficient B atom of the B3Nj,
fullerene-like cage. In contrast to the physisorption, presence of
chemisorption in state I has further been ensured by analyzing
other important parameters. Significant charge transfer i.e. 0.21e
(calculated using Mulliken charge analysis) from NPX to B{,Nj;
fullerene-like cage has favored the chemical nature of interactions
in state I. Moreover, increment in the B-N bond length i.e. from
1.437 A to 1.562 A and 1.482 A to 1.549 A after adsorption in
four- and six membered rings respectivley put an another evidence
in favour of chemisorption in state I. To assess the spontanity and
change in enthalpy during the adsorption process, thermodynam-
ical parameters including Gibbs free energy change (AG) and the
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Table 1

Values of adsorption energy, nearest-neighbor distance, thermodynamic parameters and dipole moment of all the states in the gas phase.
State Eaa/kcal/mol D/A AG/kcal/mol AH/kcal/mol Hp/Debye
I —29.75 1.535 —4.84 -8.53 7.59
I -8.99 2.116 4.61 -7.63 6.32
111 -21.45 2.634 -3.69 —9.68 8.12
v -9.68 2.633 5.30 -8.99 6.08
G —14.53 2.597 0.19 -12.09 4.49
H —0.92 3.074 3.88 -8.17 5.84
OHB;,N;, -60.19 1.342 —40.76 -30.37 1.62
X -15.91 1.518 —18.81 —-32.92 7.10
Y -10.84 1.882 -19.55 —33.52 331

3.3. Role of N atom of B;>Nq, fullerene-like cage in the strength of

enthalpy change (AH) have also been estimated (summarized in
interactions

Table 1). The negative value of AG and AH i.e. —4.84 and
—8.53 kcal/mol respectively (for state I) clearly depicted the spon-
tanity and exothermic nature of the adsorption process. The reduc-
tion in the amount of AG compared to AH can be explained by

considering the entropic effect [66].

As per the above discussion, it can be declared that state I i.e.
the interaction of O atom of carbonyl group of NPX with B atom
of By,N;; fullerene-like cage is very strong and leads to highly
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Fig. 4. Optimized configurations and TDOS plots of pristine B;,P;> and different orientations of NPX adsorbed B;,P;; fullerene-like cage.
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stable covalently bonded complex. Major credit of these strong
interactions goes to the N atom of the B,N;, fullerene that can
be proved by replacing the N atom with the phosphorous (P) atom
i.e. by studying the adsorption behaviour of NPX molecule over the
surface of By,P;; fullerene-like cage. Two orientations i.e. interac-
tion through —C=0 (state G) and —OH (state H) (shown in Fig. 4)
have been studied by employing same level of theory. The nature
and strength of the interactions have been assessed on the basis
of E,q i.e. —14.53 kcal/mol and —0.92 kcal/mol and nearest-
neighbour distance i.e. 2.597 A and 3.074 A for state G and H
respectively. Low value of adsorption energy has illustrated the
less stability of the NPX/B{,P;> complex as compared to that of
over the surface of B;;N;, complex. Moreover, there is just 0.10e
charge transfer from NPX to B,P;, fullerene-like cage which can
be explained on the basis of low electronegativity of P that impose
less electron withdrawing effect on the B atom and hence leads to
generate weak electrostatic interactions. Thus it can be declared

-

"
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that N atoms in B;,Ny, fullerene-like cage plays a key role to gen-
erate the significant electron deficient site i.e. at B atom to interact
strongly with the nucleophilic sites of the adsorbate molecules.
Similar results has also been reported by Rad and Ayub that adsor-
piton of guanine is more stable over the surface of B;;N1; as com-
pared to B;,P;, fullerene-like cage [67,68].

3.4. Adsorption of NPX on hydroxylated-B;,N1> fullerene

In order to invigilate the effect of functionalization on the
adsorption behaviour of NPX, B;,N;, fullerene-like cage has been
subjected to hydroxylation i.e. chemical functionalization of B
atom by the hydroxyl group (—OH). Structural deformations
including increment in the B-N bond length i.e. from 1.483 A to
1.499 A, N-B-N bond angle i.e. from 98.58 to 116.73 and increase
in the dipole moment (pp) i.e. from O to 1.62 Debye has been
explained by the transformation of hybridization of B atom from

> ¥
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Fig. 5. HOMO-LUMO profiles of NPX-B1,N;, complex in state I, II, IIl and IV.
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sp? to sp° after hydroxylation [33,69-71]. The presence of hydroxyl
group have enhanced the electrophilicity of B atom by withdraw-
ing electron through more electronegative O atom. Afterwards,
NPX drug molecule has been adsorbed over the surface of OH-
B12Ny, fullerene-like cage through two interactive sites i.e. car-
bonyl (state X) and hydroxyl (state Y) group. The optimized
geometries of state X and Y are shown in Fig. 5. On the basis of
the adsorption energy and nearest-neighbor distance i.e.
—15.91 kcal/mol and 1.518 A (state X) and —10.84 kcal/mol and
1.882 A (state Y) respectively (Table 1), it can be deduced that
the adsorption of NPX is more favourable through carbonyl group
that is in concordence with the earlier results [11,21]. Analysis of
the adsorption energy of state X (—35.53 kcal/mol) and Y
(—39.61 cal/mol) reveals that M06-2XD functional does differ too
much from MO06-2X functional. This causes the M06-2XD func-
tional more apprperiate a priori for the calculation in these adsorp-
tion systems. Furthermore, the presence of the covalent bonding
between the NPX and OH-B;;N;, fullerene-like cage in state X
has been explained on the basis of short nearest-neighbor distance
and large charge transfer (0.32e) from the NPX to OH-B{3Nj3. As
introduction of the polar hydroxyl group has remarkably polarized
the B132Nyp, fullerene-like cage [72], hence makes them highly sol-
uble in polar solvents (water). The solvation energy (Es,) of the
complex before and after the adsorption of NPX has been calcu-
lated i.e —2.58 and —0.57 eV respectively suggesting less solubilty
of state X than the pure OH-B{;N;, fullerene-like cage in water
[16]. The small distance in the state X, although give rise to lower
adsorption energies, but causes larger pp in the water phase
because of great vector. The results from this study indicated that
adsorption of NPX drug upon OH-B{,N;, fullerene-like cage raises
the polarity of the all system which is especially important for a
vast variety of fullerene-like cage applications as nanovehicles
for drug delivery [73-75].

3.5. Effect of solvent

To imitate the biological system, all the geometries have been
subjected for reoptimization by PCM model with water as a solvent
using same level of theory (M06-2X) [76]. The values of adsorption
energy, nearest-neighbor distance and solvation energy of all the
state are summarized in Table 2. The measured solvation energy
(Esolv) of NPX on the B;;Nq; surface (state I) was —17.18 kcal/mol
higher than that of the B;,N, fullerene-like cage (state G), as sum-
marized in Table 2. The addition of a hydroxyl group on the B;5N1;
surface for interacting with NPX in water environment reduced
Esorv by less than —15.45 kcal/mol relative to that for the pure
B12Ny, fullerene-like cage. In addition, the calculated Eg,, for
NPX on OH-B{,N;, surface in dichloromethane environment was
slightly more remarkable (with the values of -13.02 and
—13.35 kcal/mol in states X and Y respectively) than that of the

Table 2
Values of adsorption energy, nearest-neighbor distance, thermodynamic parameters
and dipole moment of all the states in the water phase.

State Ego1/kcal/mol D/A p/Debye
I —28.59 1.532 10.31
I -8.99 1.999 8.42
I -8.30 2.889 8.26
v -9.45 2177 8.12
G -11.41 2.874 8.18
H -9.81 3.317 4.77
OHB;,N;2 -59.49 1.341 2.23
X -13.14 1.521 10.59

Y —2.77 1.882 3.31

Journal of Molecular Liquids 339 (2021) 116678

B12Nqo surface for interacting with NPX in water environment.
On comparing these values, it has been observed that adsorption
of NPX over the surface of B{;N;; fullerene-like cage is slightly
more stable in dichloromethane environment in comparison with
water environment. These values present that OH-B;,;N{; surfaces
are more soluble in water environment than the pure nanocages.
These results augment the fact that NPX get physically adsorbed
on the OH-B,N;; surface and this works in favour of the suitability
of the fullerene-like cages considered here as nanocarrier in addi-
tion the drug release can be easily achieved by the desorption pro-
cess [77].

3.6. Electronic properties

As summarized in Table 3 and by TDOS plots in Fig. 4, the elec-
tronic properties of B;2Nj; and OH-B;;N; fullerene-like cages are
remarkably affected by the NPX adsorption. The HOMO and LUMO
energies of the B;pN;y» and OH-Bi3N, fullerene-like cages are
altered on the NPX adsorption (see Figs. 5 and 6). The E, values
for the B;oNqi> and OH-Bq;N;;, fullerene-like cages are calculated
to 9.51 and 9.21 eV by M06-2X functional respectively, which is
different with obtained results by B3LYP [78,79] and PBE methods
[80,81]. The Eg value after NPX adsorption through the C=0 group
(state I) reduced about 32.17% in the gas phase and 32.07% in the
water phase. In contrast with the pure fullerene, we observed that
the adsorption of NPX on the fullerene-like cage in the presence of
hydroxyl group have no distinct changes in the E, values, this
result was in accordance with the theoretical results obtained for
the hydroxylation of a metal-supported hexagonal boron nitride
monolayer [82]. As thses changes in the states X and Y are 29.75
and 29.85% in the gas phase and 30.37 and 30.16% in the water
phase, respectively (see Table 4). Therefore, the change of E,
(AE,) is notecible and the resistivity of conductivity of the fuller-
ene will change remarkably [83]. The populations of conduction
electrons of the B{;N;; and OH-B;;N;; fullerene-like cages at a
given temperature (293.15 Kelvin) considerably altered by the
adsorption of NPX hydrides owing to significant AEg. Conse-
quently, the presence of the NPX can be detected by the pure
B12N;, and OH-B;N;; fullerene-like cages via the creation of noise
[84].

The calculated molecular electrostatic potential (MEP) maps
demonstrate that the strong positive electrostatic potential happen
upon the NPX (see Fig. 7) where the hydrogens are located on the
carbon atoms of the drug with the blue colors (belong to electron-
poor areas), and the regions of a negative electrostatic potential

Table 3

Calculated HOMO energy (Enomo/eV), LUMO energy (Eiumo /eV), Fermi level (Eg),
energy gap (Eg/eV), and change of energy gap (AEg/%) for BioNy» fullerene-like cage
interacting with NPX in the gas and water phases.

Property Enomo/eV Erumo eV EgleV AEg[% Er/eV
Gas

NPX

B12N12 -9.46 -0.01 9.51 - —4.42
I -7.28 -0.83 6.45 32.17 -4.76
11 -7.37 -0.85 6.52 31.44 —4.11
m -7.29 -0.73 6.56 31.02 —-4.11
\Y -7.38 -0.85 6.53 31.33 -4.76
Water

NPX -7.15 -0.6 6.55 - -3.88
B12N12 -9.44 0.07 9.51 - —4.69
I -7.25 -0.79 6.46 32.07 —4.02
111 -7.22 -0.75 6.47 31.97 -3.99
111 -7.27 -0.73 6.54 31.23 —4.00
v -7.29 -0.73 6.56 31.02 —4.01
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Fig. 6. HOMO-LUMO profiles of state X and state Y of NPX-OHB;,N;, complex.

with the yellow-red colors happen on the B-N bonding [85]. The
green color implies region with the neutral electrostatic potential.
These plots represent that the charge transfer occurred from the
drug (blue color) to the fullerene-like cage [86,87].

As illustrated in Fig. 8, the larger ELF value (Z~ 1.0) placed on
the B-N bonds exhibits a chemical covalent bond that may be
formed through the NPX molecule adsorption on the B3Ny, and
OH-B,N;; fullerene-like cages [88]. In states I and X, ELF images
implies the covalent interaction between both species with
C—0---B bonds. Also, ELF images show the weak chemical interac-
tion (unshared-electron interactions) on the species with
intramolecular O—H---O hydrogen bonds between the NPX and
the B{,Ny; in state Y suggesting a low sensitivity between them
[89], therefore the release of the NPX molecule in such well-
known OH-B{,;N;; is easier and could be too fast in contrary to
the B1,Ny, and Bq,Pq; fullerene-like cages.

3.7. Vibrational spectroscopy

We evaluated the infrared (IR) frequency and intensity of NPX
before and after interact with B{;N;, fullerene-like cage at the
DFT level. The computed IR spectra of NPX and B;,N;, complexes
are depicted in Figs. 1 and 2. For the NPX drug, three bands at
1325, 1721, and 3342 cm™! were assigned to the stretch of 5CHs,
C=0, and O-H groups, respectively, which is close to mentioned
results by other literatures [90]. In the IR spectra of the NPX [91],
the observed bands at 3168, 3180, 3196 and 3215 cm™! are attrib-
uted to C-H stretching vibration of aromatic hydrogen in NPX drug.
The IR spectrum of the pure B;,N;; fullerene-like was recorded in
Fig. 2. The pure fullerene-like presents two distinct bands around
1441 and 816 cm~!, which are the stretching vibrations of B-N
bonds and the radial motion of the four squares [92,93]. After the
IR spectra of the NPX adsorbed upon B;;N;, fullerene, the calcu-
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Table 4

Calculated HOMO energy (Enomo/eV), LUMO energy (Eymo /eV), Fermi level (Eg),
energy gap (Eg, eV) for OH-B;,N;; fullerene-like cage interacting with NPX in the gas
and water phases.

Property Enomo/eV ELumo /eV Eg/eV AEg[% Eg/eV
Gas

NPX -6.98 -0.43 6.55 - -3.71
OHB3N;» -9.18 0.03 9.21 3.15 —4.58
X -7.24 -0.77 6.47 29.75 —4.00
Y -71 -0.64 6.46 29.85 -3.87
Water

NPX -7.15 -0.6 6.55 - -3.88
OHB2N;> -9.17 0.08 9.25 2.73 —4.55
X -7.25 -0.81 6.44 3037 —4.03
Y -7.10 -0.64 6.46 30.16 -3.87
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Fig. 7. MEP plots for NPX-B;,N;, complexes in state [, II, IIl and IV.

lated v(O—H), v(C=0) and v(C—O0) stretching vibrations are signif-
icantly downshifted from 3371, 1728 and 1266 cm™! to 3250,
1714, 1093 cm ™! at the state I, 3250, 1714, 1093 cm ™! at the state
I, and 3611, 1881, 1091 cm™! at the state Il respectively, because
of the attachment of the NPX molecule on the fullerene surface
[94]. The calculated frequencies were scaled with scaling factor
of 0.9854 for M06-2X functional. The calculated vy (C—C) ring
stretching vibrational modes of NPX interact with B{,N;, fullerene
appeared at 1646 cm~! (I), 1642 cm™~! (I}, and 1641 cm~! (IIl) and
in a free single NPX is appeared at 1610 cm™', and in the compar-
ison with the experimental value 1603 cm™!, as we see, the result
at M06-2X functional is a relatively good match of the value [95].
The error between the theoretical and experimental values is
7 cm~! for M06-2X functional. We observed in each three com-
plexes, the C=C stretching vibrations in phenyl ring are appeared
at 1537 and 1646 cm™! in the state I, 1532 and 1642 cm™! in the
state II, and 1537 and 1646 cm™! in the state IIL

3.8. Assessment of optical properties

The ultraviolet-visible spectra (UV-Vis) of pure NPX, B3Ny,
and NPX-B{;N;, complex were calculated by a time-dependent
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density functional theory (TDDFT) technique, as displayed in
Table 5. The validity that the TDDFT/MO06-2X functional is used
to calculate excitation energy (E), oscillator strength (f), and the
maximum excitation wavelength (Anax), was described in refer-
ences [11]. The bands of transitions in drug and fullerene-like cage
will overlap when the spectra of a mixture comprising NPX and
B{2N;, is measured, even in the case that interaction happen. In
UV-Vis absorption spectra, the first vertical S; (H — L + 1, %42)
excitation of NPX drug takes place at 211 nm (5.86 eV) has the
highest oscillator strength (f = 1.377) of the 30 highest transitions
computed, followed by two bands at 221 nm (with an E of 6.47 eV
and f of 0.2314) and 286 nm (with an E of 4.33 eV and f of 0.0637).
Musa and Eriksson theoretically reported the main band of the
naproxen at 217 nm with a remarkable oscillator strength 0.58
[96]. Perez et al. experimentally reported the UV-Vis spectra of
NPX with the three bands calculated at 230 nm, 280 nm, and
320 nm [97]. Theoretical study exhibited that the computed results
of M06-2X functional should be reliable for the assessment of opti-
cal properties. The B1,N1; fullerene has a significant band with the
Amax Of 205 nm and the E value of 6.05 eV close to the reported
results by Soltani and Auyb [29,98]. Song et al. experimentally
reported the absorption spectrum of boron nitride layers with
one sharp absorption peak at 203 nm and showed a large optical
energy band gap of 5.5 eV [99]. On the interaction between the
NPX and the fullerene-like cage, the absorption wavelengths hap-
pen in the ultraviolet region, at the wavelength of 214 nm and f
value of 0.6608 (A), 220 nm and f value of 0.6970 (B), 218 nm
and f value of 0.7269 (C), and 221 nm and f value of 0.4545 (D),
as displayed in Table 5.

3.9. Molecular docking studies of NPX loaded with B;2N;, and OH-
B;2N1, nanocages

We have shown that NPX loaded with B12Nq> and OH-B{3N1>
can preferentially inhibit pro-inflammatory cytokines such as
tumour necrosis factor-alpha receptor and interleukin-1 receptor
targets. To evaluate the inhibition mechanism of tumour necrosis
factor-alpha receptor, the chosen complexes (NPX) were docked
in the binding pocket of tumour necrosis factor-alpha receptor pro-
tein (PDB ID: 2AZ5). The best docking orientations of the NPX/OH-
B12N1> with TNF-a and IL-1 have been presented in Figs. 9 and 10.
It was found that complex consists of NPX loaded OH-B{,N, is
potent inhibitors of TNF-a0 compared to NPX loaded B;,N;> and
B1,P1> complexes. The calculated values of the binding pocket of
TNF-o receptor protein for the B;;Nq5, B12P12 and OH-B{;Nq; were
found to be —7.7, —6.5, and —8.4 kcal/mol, respectively. Our calcu-
lated results presented that OH-Bi;N;, exerted a rapid anti-
inflammatory effect on two proinflammatory cytokines, TNF-o
and IL-1, compared to B{;N;, and B;,P;> systems. The calculated
binding energies of the complexes showed that the binding pocket
of TNF-a receptor protein for NPX loaded OH-B{,N; at the states X
and Y were —10.6 and —10.5 kcal/mol, while the values of the bind-
ing pocket for NPX loaded B{,P;, and B{;N;; were —9.5 and
—10.2 kcal/mol, respectively (Table 1). The NPX loaded OH-
B12N1, is stabilized in the binding pocket of TNF-a receptor by
polar interactions by several amino acid residues such as Tyr59,
Tye151, Gly121 and Ser60 in chain B and also amino acids residues
such as Gly121, GIn61, Gly122, His15, Tyr151, Tyr59, Tyr119, and
Ser60 in chain A. Moreover, the NAP/OH-B{,N;, complex was
bounded with Leu120 in chain A and B via hydrophibic interac-
tions. The results obtained revealed that the NAP/OH-B;,N;, com-
plex was bounded with key amino acid residues in the active site
resulting in the inhibition of the TNF-oo receptor [100,101]
(Fig. 9). Furthermore, amino acid residues such as Tyr119 and
Tyr151 interacted with the NAP/OH-B{,N;, complex in the binding



Y. Cao, A. Khan, F. Ghorbani et al.

0 8 12
Length unit: Bohr

Journal of Molecular Liquids 339 (2021) 116678

10 State I

0 3 7 10 14 18 21
Length unit: Bohr

. ,\\4‘4

9 18
Length unit: Bohr

State Y

7 S\
8§ 10 12 14
Length unit: Bohr

Fig. 8. Electron localized function (ELF) and contour line plots for NPX interacting with the B;;N;, and OH-B,N;; fullerene-like cages.

pocket of the receptor by two hydrogen bonds which were 3.69
and 3.34 A respectively.

The calculated binding energies of the complexes showed that
the binding pocket of IL-1 receptor targets (PDB ID: 2L5X) for
NPX loaded OH-Bi3N;, at the states X and Y was —10.5 and
—10.4 kcal/mol, while the values of the binding pocket for NPX
loaded B1,P;, and B3N, were —9.4 and —10.1 kcal/mol, respec-
tively (Table 6). Furthermore, the naproxen complex was estab-
lished in the binding pocket of the target via polar interactions
by several amino acid residues such as GIn67, Lys61, Asp64,
Tyr12, Thr103, Gly104, Ser105, Ser34, ASn9, GIn37, Asn36, Ser69,
and GIn27. Moreover, amino acid residues such as Val35 and
Met60 interacted via hydrophobic interactions. Furthermore, the
NAP/OH-B1,N;, complex is stabilized in the binding pocket of the
receptor by four hydrogen bonds with the residues of protein such
as Glu27, Gly104, Thr103 and Asn36. Hydrogen bond lengths were
3.60, 3.67, 3.90 and 3.39 A respectively. 3D model for the binding
mode showed that the NAP/OH-B{;N;; complex was buried in
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the pockets of the IL-1 receptor (Fig. 9). A comparison of molecular
docking results demonstrated that the NAP/OH-B;,N;, system had
higher binding energy to the target structure with a strong interac-
tion towards the binding pocket of the target, which more effec-
tively inhibits the active site of the protein than the NAP/B,N;;
and NAP/B{,P;» systems. However, the hydrophobic and polar
interactions might act a substantial role in occupation of the bind-
ing pocket. Our calculations showed that the NAP/OH-B{,N;, com-
plex could be a potential inhibitor of the TNF-o and IL-1 receptor at
the binding site.

4. Conclusions

We evaluated the geometries, electronic, and optical features of
the pure and OH-B;;N;, fullerene-likes interacting with NPX drug
through various functional groups (hydroxyl and carbonyl) in both
in the vacuum and water environments. Our calculation represents
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Table 5
Calculated optical spectra data of NPX adsorbed on the fullerene-like cages using TD-DFT/M06-2X/6-311G** functional.

Methods EleV Amax/NM fla.u. Assignment

NPX 5.86 211 1.3775 H-1 - L (40%), H > L+ 1 (42%), H-3 — L + 2 (4%)
6.47 221 0.2314 H-3 -» L+2(21%), H-3 - L+ 3 (15%), H-2 -> L + 2 (8%)
433 286 0.0637 H - L(78%),H-1 - L (7%),H - L+ 1 (8%)

B12N12 6.05 205 0.001 H-1 - L+1(75%),H —» L+ 2 (12%)
6.06 204 0.001 H-2 > L+2(42%),H — L+ 2 (33%)
6.07 204 0.001 H-2 > L+1(18%), H-2 - L+ 3 (27%)

A 5.78 214 0.6608 H-1 > L(27%), H-1 > L+ 1 (19%), H > L + 2 (49%)
6.02 206 0.6408 H-1 > L+1(53%),H - L+2(13%),H - L+7(10%)
5.31 233 0.4112 H-1 > L(27%),H > L+1(51%),H > L+2 (11%)

B 5.62 220 0.6970 H - L+7(4%)
5.85 211 0.2724 H-1 > L(10%), H - L+ 2 (24%), H > L+ 4 (26%), H - L + 7 (13%)
5.93 209 0.1552 H-L+2(45%),H > L+3(24%),H > L+4(11%)

C 5.67 218 0.7269 H-1 > L(38%), H — L + 1 (48%)
5.83 212 0.2887 Ho L+2(20%),H—>L+3(17%),H > L+4 (19%), H > L+ 7 (26%)
6.05 204 0.1022 H-1 - L+ 1 (60%)

D 5.59 221 0.4545 H-1 > L (28%), H - L +2 (42%), H - L + 3 (20%)
5.87 211 0.4376 H-1 > L(13%),H » L+ 2 (-11%), H > L + 4 (55%)
5.69 217 0.1281 H-L+1(15%),H - L+2(11%), H > L + 3 (48%)

OHB>N;» 5.95 208 0.0116 H-8 — L (52%), H-9 — L (14%), H-7 — L (7%)
5.47 226 0.0024 H-9 — L (25%), H-5 — L (19%), H-4 — L (19%)
3.91 316 0.0010 H-6 — L (26%), H-1 —» L (20%), H — L (10%)

X 532 233 0.4528 H - L+1(24%), H - L+ 2 (26%), H-1 - L (15%)
435 285 0.0814 H - L(33%),H - L+1(33%)
1.99 623 0.0221 H-2 > L (79%), H-5 — L (10%)

Y 5.81 213 0.3846 H - L+1(12%),H - L+2(11%), H-1 > L (7%)
5.70 222 0.6650 H-1 - L(16%),H-1 - L+ 1 (16%),H - L+ 1 (9%)
428 289 0.0784 H — L (40%), H » L+ 1 (40%), H-1 — L (3%)

]

N A
7 A
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Fig. 9. Presentation of 2D and 3D models of interactions between NAP/OH-B;,N;, complex and TNF receptor (PDB ID: 2AZ5).

that the functionalization of B;,N1, and OH-B{,N;, fullerene-likes
(with the NPX drug from its carbonyl group than that of the hydro-
xyl group) exhibit significant thermodynamic stability. Then, we
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found that the adsorption of the NPX through the —C=0 group
over Bi;Ny; fullerene-like is stronger than the —OH group in both
environments. The increments of adsorption energy and charge



Y. Cao, A. Khan, F. Ghorbani et al.

Gin
i

Journal of Molecular Liquids 339 (2021) 116678

v/\-

Fig. 10. Presentation of 2D and 3D models of interactions between NAP/OH-B{,N;, complex and IL-1 receptor (PDB ID: 2LX5).

Table 6

Molecular docking simulations results for the complexes and TNF-o receptor (PDB ID: 2AZ5) , IL-1 receptor (PDB ID:2L5X).
Compound PDB ID: 2AZ5 PDB ID:2L5X

Binding energy (kcal/mol) inhibition constant(Ki) (uM) Binding energy (kcal/mol) inhibition constant(Ki) (uM)

NPX -6.9 6.0 -6.7 6.1
B12N12 -7.7 5.4 -7.7 5.7
NPX-B;,Nq» -10.2 3.6 -10.1 3.8
B12P12 -6.5 6.1 -6.5 6.7
NPX-B12P12 -9.5 4.5 -9.4 4.7
OH-B5Np, -84 4.8 -84 52
State X -10.6 3.1 -10.5 33
State Y -10.5 35 -10.4 3.7

transfer exhibit that the states I and X could modify electronic and
optical features of both fullerene-likes. A comparison between the
theoretical frequencies and experimental results demonstrated an
appreciable agreement with each other. The study of molecular
docking exhibits the NAP/OH-B,N;, complex containing hydroxyl
group has a good binding affinity with protein TNF-ot and IL-1 in
comparison with the other complexes. We hope that OH-B;,N;,
help for designing a novel drug carrier for the non-steroidal anti-
inflammatory drugs.
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