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KEYWORDS Abstract Present study offers great prospects for the adsorption of anti-inflammatory celecoxib
Zn15015; molecule (CXB) over the surface of zinc oxide (Zn;,0,,) and magnesium oxide (Mg;,0,,) nanoclus-
Mg ;-015; ters in several environments by performing robust theoretical calculations. Density functional the-
Celecoxib; ory (DFT), time-dependent density functional theory (TDDFT) and molecular docking calculations
Adsorption mechanism; have been extensively carried out to predict the foremost optimum site of CXB adsorption. It has
Optoelectronic properties been observed that the CXB molecule prefers to be adsorbed by its SO, site on the Zn-O and Mg-O

* Corresponding Authors.

E-mail addresses: mj.ansari@psau.edu.sa (M. Javed Ansari), alireza.soltani(@ goums.ac.ir (A. Soltani), Drkhand00zi92002(@yahoo.com (S. Reza
Khandoozi), aliariannia@gmail.com (A. Arian Nia), tavassolisam54(@gmail.com (S. Tavassoli), lotfor(@ums.edu.my (M. Lutfor Rahman),
chsu@mail.mcut.edu.tw (C.-H. Su).

Peer review under responsibility of King Saud University.

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2021.103568
1878-5352 © 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/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2021.103568&domain=pdf
mailto:mj.ansari@psau.edu.sa
mailto:alireza.soltani@goums.ac.ir
mailto:Drkhandoozi92002@yahoo.com
mailto:aliariannia@gmail.com
mailto:tavassolisam54@gmail.com
mailto:lotfor@ums.edu.my
mailto:chsu@mail.mcut.edu.tw
https://doi.org/10.1016/j.arabjc.2021.103568
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2021.103568
http://creativecommons.org/licenses/by-nc-nd/4.0/

N. Sun et al.

bonds of the Zn,0;, and Mg;,0;, nanoclusters instead of NH, and NH sites, where electrostatic
interactions dominate over the bonding characteristics of the conjugate complexes. Furthermore,
the presence of interactions between the CXB molecule and nanoclusters has also been evidenced
by the UV-Vis absorption spectra and IR spectra. Molecular docking analysis has revealed that
both adsorption states including CXB/Zn;,0;, and CXB/Mg;»,O,, have good inhibitory potential
against protein tumor necrosis factor alpha (TNF-a) and Interleukin-1 (IL-1), and human epider-
mal growth factor receptor 2 (HER2). Hence they might be explored as efficient TNF-a, IL-1, and
HER?2 inhibitors. Hence from the study, it can be anticipated that these nanoclusters can behave as
an appropriate biomedical carrier for the CXB drug delivery.
© 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

Nanocarrier emergence in drug delivery systems has signifi-
cantly improved the solubility, stability and chemotherapeutic
effects of drug by reducing its toxicity (Fakhar et al., 2017;
Cao et al., 2021a; Cao et al., 2021b). Among a wide variety
of nanocarriers in the field of nanomaterials, magnetic and
nanoelectronic, metal oxides have been extensively used in
the area of biomedicine including gene delivery, cancer ther-
apy, bio-imaging and drug delivery (Hassanian et al.; Javan;
Zhang et al., 2016; Zhang et al., 2021; Yang et al., 2021;
Zhao and Guo, 2021; Deng et al., 2021; Sharma et al., 2020;
Chen et al., 2020). Good biocompatibility, non-toxicity, high
stability and selectivity of ZnO and MgO make them potential
candidates for bio-imaging and drug delivery (Li et al., 2018;
Cai et al, 2016). Moreover, anti-microbial and anti-
inflammatory properties of these n-type semiconductors, i.e.
ZnO and MgO nanoparticles broaden their biomedical appli-
cation related to skin inflammation (Lin et al., 2019;
Alalaiwe et al., 2019; Ansari, 2017).

In recent studies, various nanoclusters of ZnO and MgO
have been explored as efficient drug carrier via adsorption of
different biomolecules and drug molecules (Krishnamoorthy
et al., 2012; Malarkodi et al., 2014). For instance, the encapsu-
lation of 2-methoxyestradiol into MgO nanoparticles modified
with the polymer polyethylene glycol were used for anticancer
prostate therapy (Alfaro et al., 2019). Furthermore, photo-
physical and electronic properties of DNA nucleotide conju-
gated (ZnO); cluster had also been studied by Kumari et al.
in aqueous phase using density functional theory (DFT) and
time dependent-density functional theory (TDDFT) method
(Kumari et al., 2019). Moreover, Tayebee and co-workers
investigated the adsorption of some aliphatic aldehydes on
the Zn;,0,, nanocage and revealed the significant reduction
in the adsorption energy and changes in the electronic proper-
ties which indicated Zn;,O;, nanocage as an efficient sensor
for toxic formaldehyde (Tayebee et al., 2015).

Fallahi et al. (2018) have explored a variety of nanocages
including  Al;pNypp,  AlppPra, BioNip, BenOpa,  CioSipn,
Mg;,0,, and C,4 towards the detection as well as adsorption
of tabun molecule using DFT studies and observed that
Mg;,01, nanocluster was the best candidate for tabun adsorp-
tion without any chemical change in its structure whereas
Al,N}, behaves as a good sensor for it. In addition to drug
carrier, ZnO nanoparticles are efficient and fast in drug release
as well. Farmanzadeh and Keyhanian have theoretically

observed an increase in the release of amantadine molecule
from Zn;,0,, in comparison with B;,N;, nanocage because
of low binding energy in aqueous phase (Farmanzadeh and
Keyhanian, 2019). Zhao et al. reported the role of ZnO
nanoparticle capsules for loading isotretinoin with a capacity
as high as 34.6 wt% and showed at low pH (below 6), ZnO-
Isotretinoin decomposed quickly and more than 90% of the
drug was released within 8 h (Zhao et al., 2017). Ravaei
et al. showed the strong interaction of isoniazid (INH) drug
via its nitrogen and oxygen atoms to the Mg atoms of the
Mg;,0,,, while the electronic properties of the nanocage was
not significantly changed (Ravaei et al., 2019).

Celecoxib (CXB) is a well-known nonsteroidal anti-
inflammatory drug which is commonly prescribed to relieve
pain and inflammation. CXB inhibits the transformation of
arachidonic acid to prostaglandin precursors by blocking the
enzyme cyclooxygenase, which result in decreasing the prosta-
glandins and hence acts as antipyretic, analgesic and anti-
inflammatory (Mandracchia et al., 2016). In addition, CXB
has also been considered as an effective drug to prevent the
development of sporadic adenomatous polyps, precursors of
colorectal cancer (Alamdarsaravi et al., 2017). Cao et al. have
shown the naproxen loaded with OH-B|,N, was able to inhi-
bit both IL-1 receptor and TNF-a receptor targets in compar-
ison to B,Nj, and B{,P; systems (Cao et al., 2021). To the
best knowledge of the authors, the adsorption of CXB drug
molecule on Zn;,0, and Mg;,0;, metal clusters was not
explored for biomedical applications. Thus, in this study,
metal-oxide nanoclusters i.e. Zn;»,O;, and Mg;,O;, have been
theoretically explored for the adsorption of CXB drug mole-
cule. By using DFT, TDDFT and molecular docking calcula-
tions, the attempt to design an effective drug carrier for CXB
was made through the utilization of the unique properties of
such metal oxide nanoclusters.

2. Computational details

All theoretical calculations including geometry optimization,
interaction energies, frontier molecular orbitals (FMO) and
transition state (TDDFT) studies of pristine and CXB
adsorbed metal oxide nanoclusters (Zn;,O;, and Mg;,0,)
were performed using B3LYP and B3PWO91 functionals with
Gaussian 09 suite of program (Gaussian et al., 2009). In all
cases, 6-311 g(d,p) basis set was chosen for H, C, N, O, F
and S atoms while LANL2DZ effective core potential (ECP)
was chosen for Zn atoms. In order to evaluate the total density


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

Improved anti-inflammatory and anticancer properties of celecoxib loaded zinc oxide and magnesium oxide 3

of state (TDOS), the projected density of state (PDOS) and
shaded surface map with projection of electron density plots
Multiwfn 3.3.9 were done (Lu and Chen, 2012). Furthermore,
the effect of solvent i.e. water, was also examined by imple-
menting polarizable continuum model (PCM) as the solvation
model to mimic the biological environment. To compute total
energy and electron density, the SCF (self-consistent field) con-
vergence limit was set to 1.0 x 107® a.u. All computations were
fully relaxed with the relaxation criteria (RMS force = 0.0003,
Max. force = 0.00045, RMS displacement = 0.0012, and max.
displacement = 0.0018). The adsorption energies (E,4) of
CXB on metal oxide nanoclusters were calculated using the
formula:

Eadx - ECXB/nanoclzmer - (Enanoclusler + ECXB) + EBSSE (1)

where Ecyg/nanociusier 19 the total energy of the adsorption
complex, E,uocusier 18 the total energy of the perfect metal-
oxide nanocluster and Ecyp is the total energy of CXB mole-
cule. The adsorption energies were corrected by adding basis
set superposition error (BSSE) which accounts for the incom-
pleteness of basis set in the calculation of weak intermolecular
interactions by implementing the counterpoise method. Quan-
tum molecular descriptors of CXB, nanoclusters and adsorp-
tion complexes were calculated to predict their respective
physicochemical properties (Soltani et al., 2018; Soltani
et al., 2014):

p=—g U+ A) )

A g

n=y5-4) @)
1

S:Z (5)
1

® = (6)

where ionization potential, electron affinity, electronegativ-
ity, global hardness, global softness, chemical potential and
electrophilicity index are I, 4, y, n, S, ¢ and w respectively.
The values of I and 4 were respectively defined as negative
orbital energies of the HOMO (highest occupied molecular
orbital), —Eyouo0, and the LUMO (lowest unoccupied molec-
ular orbital), —E; a0, based on Koopmans’ approximation.

Molecular docking simulations were calculated by the
Auto Dock software (4.2) (Morris et al., 2009). Three-
dimensional structures of TNF-alpha (PDB ID: 2AZS5),
HER?2 kinase (PDB ID: 3RCD), and IL1A-S100A13 com-
plexes (PDB ID: 2L5X) were retrieved from Protein Data
Bank. Protein files for docking were created via cognate
ligand removal; non-polar hydrogen atoms, polar hydrogen
atoms and the Kollman atom partial charges were added
by the Auto Dock Tools (ADT). Lamarckian genetic algo-
rithm was used for local search method. A grid box of
60x60x60 with a spacing of 0.375 A was created for prepara-
tion of autogrid (Mirzaei et al., 2017a; Mirzaei et al., 2017b).
A total of 100 GA runs were performed for docking. Maestro
11.0 Schrodinger program was used for preparation of 2D
and 3D presentation.

3. Result and discussion

3.1. Structural analysis of CXB loaded Zn ;>0 ;,/Mg,;>0,,

The relaxed structural parameters of Celecoxib drug on
7Zn,01, and Mg,O;, nanoclusters were calculated by the
B3LYP and B3PW91 methods for both vacuum and aqueous
environments and the optimized structures were shown in
Figs. 1, 2, 3 and 4. The lengths of Zn-O, O;-S, N3-S, N;-C;s,
N;-N,, and C4-F bonds for the Zn;»0,, and CXB were com-
puted to be 1.983, 1.461, 1.694, 1.393, 1.421 and 1.346 A by
the B3LYP functional and 1.983, 1.463, 1.670, 1.384, 1.408
and 1.356 A by the B3PW91 functional and the studies repre-
sent good agreement with the experimental and theoretical
results (Pulay et al., 1983; Vijayakumar et al., 2016). Farman-
zadeh and Keyhanian have shown the interaction of aman-
tadine drug with Zn;,O;, nanocluster and reported two
types of Zn—O bonds with the values of 1.89 and 1.98 A by
the PBE functional (Li et al., 2018). The Zn-O-Zn angles
increase from 87.22 in pure Zn;,01, to 88.30'and 87.63 in State
I and II within the water phase also there have been not many
changes in other scenarios. O-S-O angles for the State I
(121.72°) and II (119.09°) in vacuum phase observed more
changes than any other scenario while in the aqueous phase
are 115.39° and 113.08°. The geometry of Zn;,0;, nanocluster
is made of six 4-MRs (four-membered rings) with the symme-
try of T}, (Baei et al., 2013). Fig. 1 represents HOMO orbital of
CXB drug which is more distributed on the C-C and C-N
bonds in aromatic and pyrazole rings and LUMO orbital
which is more localized on the C-C bonds in aromatic ring.

To better perceive the adsorption behavior of CXB with
7Zn,0;, and Mg;,O;, nanoclusters, we evaluated various ori-
entations of the CXB through —NH, and -SO, groups by
changing their separation distances on Zn;,0;, and Mg;,O,
surfaces. As depicted in Figs. 3 and 4, CXB drug in relaxed
structures indicate the best trend for the interaction with the
electrophilic Zn and Mg atoms of nanoclusters as compared
with other positions through its O atom as the nucleophilic
agent; this result is in agreement with MEP plots. In compar-
ison between Tables 1 and 2, the E,; values and separation
distance (BD) of CXB in the most stable state (State II) on
the Zn,O,, surface were —1.18 eV (2.10 A) in vacuum envi-
ronment and —1.38 eV (2.02 A) in solvent environment by
the B3PWO1 functional, while for the B3LYP functional were
—1.20 eV (2.10 A) in vacuum environment and —1.26 eV
(2.10 A) in solvent environment, respectively. In contrast with
7Zn,,01,, the adsorption process of CXB through the sulpho-
namide (III: SO,NH;) group demonstrates a strong hybridiza-
tion in vacuum environment due to a strong covalent
interaction between the CXB and the adsorbent in comparison
to amino (IV: NH,) group of the drug. E,; and BD values
related to B3LYP functional in the most stable state (State
IIT) indicate strong binding state for the CXB on the Mg atom
rather than O atom of the Mg;,O;, with the amount of
—1.87 ¢V and 2.07 A respectively.

The stability of CXB through the amino (NH,) group
(State IV) in solvent environment is spontaneous and it could
be increased due to the negative values of solvation energy
(Es) as the E,; and BD values were calculated to be
—2.08 eV and 2.25 A, respectively. On the other hand, BD
value from CXB to the nanoclusters seems to remarkably
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Fig. 2 Optimized structures, FMO and TDOS plots of Zn;»,0,, and Mg;,0,, nanoclusters.

depend on the orientation of drug and curvature of the clus-
ters. Lower E,; values represent that the CXB adsorption
on the Zn»,O;, in comparison with Mg;,O1, becomes weak;
therefore, drug with a non-covalent interaction is often sepa-
rated from the adsorbent and can be delivered into target site
(Chen et al., 2020; Abd El-Mageed, 2020). The adsorption
behavior of isoniazid drug over the surface of Mg;,O,, nan-

ocluster has been reported by Lin et al. (2019) and feasible
adsorption between the N and O atom of drug with Mg atom
of complex has been demonstrated on the basis of negative
value of adsorption energy i.e. —0.96 to —2.58 eV based on
the dispersion corrected M062X level of theory. As shown in
Fig. 5, shaded surface map with projection of electron density
(SPE) plot demonstrates that the celecoxib could adsorbed on
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Fig. 4 Optimized structures and PDOS plots of CXB on the surface of Mg;,0, fullerene.

(I: 19.38 Debye at B3LYP and 16.53 Debye at B3PWO1) in sol-
vent environment has a higher value of dipole moment (DM)
in comparison with the SO,NH, group (II: 14.01 Debye at

the surface of Zn;,0;, fullerene through electrostatic interac-
tion in nature (Ansari et al., 2014a; Ansari et al., 2014b).
Table 1 and 2 demonstrate that the CXB through NH, group
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Table 1 Computational results for CXB-Zn;,0,, adsorption complexes in vacuum and aqueous environments using B3LYP/6-311 g

(d,p) method.

Property Vacuum Aqueous
Zn12012 I II le12012 I II

Enomo (eV) —6.95 —4.35 —4.24 —5.96 —3.92 -3.92
Epumo (V) —2.80 —2.69 —2.70 —1.58 —1.70 —1.63
E, (eV) 4.15 1.66 1.54 4.38 222 2.29
AE, (%) - 60.0 62.9 - 49.3 47.7
E.qs (eV) = —0.98 —1.20 = —1.03 —1.26
BD (A) - 2.26 2.10 - 2.08 2.02
DM (Debye) 0.00 3.696 2.694 0.00 19.38 14.01
Er (eV) —4.88 —3.52 —3.47 —3.77 —2.81 —2.77
I(eV) 6.95 4.35 4.24 5.96 3.92 3.92
A (eV) 2.80 2.69 2.70 1.58 1.70 1.63
u(ev) —4.88 —3.52 —3.47 —3.77 —2.81 —2.78
2(eV) 4.88 3.52 3.47 3.77 2.81 2.78
n(eV) 2.08 0.83 0.77 2.19 1.11 1.15
SV 0.24 0.60 0.65 0.23 0.45 0.44
o(eV) 5.73 7.46 7.82 3.24 3.56 3.36

Table 2 Computational results for CXB-Zn,0, adsorption complexes in vacuum and aqueous environments using B3PW91/6-311 g

(d,p) method.

Property Vacuum Aqueous

Zn1;01, I 1l Zn1;01, I 11
Enowmo (eV) 7.00- —4.36 —4.25 —6.00 —3.94 -3.97
ErLumo (eV) —2.61 —2.52 —2.53 —1.41 —1.47 —1.47
E, (eV) 4.39 1.82 1.72 4.59 2.47 2.5
AE, (%) - 58.5 60.8 - 46.2 45.5
E.4s (eV) - —0.94 —1.18 - —1.21 —1.38
BD (A) — 2.26 2.10 — 2.08 2.02
DM (Debye) 0.0 3.761 2.851 0.00 16.53 14.66
Er (eV) 4.805- 3.44- 3.39- —3.705 —2.705 —2.72
I (eV) 7.00 4.36 4.25 6.00 3.94 3.97
A (eV) 2.61 2.52 2.53 1.41 1.47 1.47
uev) —4.81 —3.44 -3.39 -3.71 -2.71 -2.72
2(eV) 4.81 3.44 3.39 3.71 2.71 2.72
n(eV) 2.20 0.92 0.86 2.30 1.24 1.25
SV 0.23 0.54 0.58 0.22 0.40 0.40
(eV) 5.26 6.43 6.68 2.99 2.96 2.96

B3LYP and 14.66 Debye at B3PW91). The higher DM value
demonstrates the higher complex reactivity. In a physiological
medium, significant increment in DM value indicates enhanced
solubility which is an acceptable characteristic for drug deliv-
ery systems (Dastani et al., 2021).

Infrared (IR) spectroscopy has also been employed to study
the possibility of molecular interactions of CXB with Zn,0,
and Mg;,0,, nanoclusters by the B3LYP functional. Theoret-
ical IR spectrum of Mg;,0;, demonstrates the band at
656 cm ™! strongly corresponded to Mg-O stretching vibration
(Moorthy et al., 2015). Theoretical IR spectrum of Zn;,O,
exhibits bands at 465, 552, 584, and 644 cm™! corresponded
to Zn—O stretching vibration (Aggarwal, 2006; Wahab et al.,
2009). The IR spectrum of State I demonstrated characteristic
bands at 1038 and 3338 cm™! that are attributed to N-H
stretching vibration of SO,NH, group and 1293 and

1527 em™! for S = O asymmetric and symmetric stretching,
and 1202 cm™! for C-F stretching. In contrast, IR spectrum
of State II exhibited characteristic bands at 1066 and
3667 cm ™' that are assigned to N—H stretching vibration of
SO,NH, group and 1254 cm™' for C-F stretching, and
S = O asymmetric and symmetric stretching are distributed
to 1271 and 1482 cm™". These results were in good agreement
with the experimental data obtained by He and co-authors (He
et al., 2017).

3.2. Electronic properties of CXB-Zn ;50> and CXB-Mg ;50

The values of energy gap (E,), Fermi level (Eg), and change of
energy gap (AE,) for CXB, Zn,0,, and Mg;,0,,, and consid-
ered complexes are summarized in Tables 1, 2 and 3. The E,
values for the Zn;,01, nanocluster in both vacuum and solvent
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Fig. 5 SPE plots of the CXB adsorbed on the of Zn,0,, surface in State I and II.

phases were 4.15 and 4.38 eV by B3LYP functional and 4.39
and 4.59 eV by B3PWO1 functional, whereas they reduce to
1.66 and 1.54 ¢V in vacuum phase and 2.22 and 2.29 ¢V in sol-
vent phase for the State I and II respectively after CXB
adsorption on Zn;,O, surface, which is close to the theoretical
results by Ahmadi Peyghan et al. (2013), Ghenaatian et al.
(2013). This represents that interaction of CXB with Zn,0,
induces some shifts in the electronic features and therefore
E, values were reduced when compared with both pure CXB
and Zn;;0;,. The change in energy gap for the CXB-
Zn;;0, complex in solvent phase is more than the vacuum
phase. Similar E, reduction trend was also observed in CXB-
Mg;,0,, complexes however the reduction effect was lesser
as compared with the former. For CXB adsorbed on the
7Zn»,01, and Mg,O;, nanoclusters, PDOS of a complex
appeared with small E, in which each fragment (where the

nanoclusters and CXB respectively were determined as fragsl
and 2) has the electronic total density of state (TDOS) near
the states of HOMO and LUMO (Figs. 3 and 4).

Tables 1, 2, and 3 represent the quantum molecular descrip-
tors (QMDs) of CXB, Zn;,0;,, Mg;,0,, and adsorption com-
plexes. The interaction of Zn;,O;, and Mg;,0;, nanoclusters
with CXB, a significant decrement in the E, value has enabled
a more facile electron transition thus increasing its reactivity
for CXB interaction (Abdolahi et al., 2020; Soltani et al.,
2022). QMDs of adsorption complexes also indicated that they
are less electronegative and chemically softer. In terms of elec-
trophilicity, CXB-Zn;»,O;, becomes more electrophilic while
CXB-Mg;,0;, becomes less electrophilic. These consequences
demonstrated a notable change in the electronic properties of
adsorption complexes as comparing to the pure Zn;»O;, and

Table 3 Computational results for CXB-Mg;,0;, adsorption complexes in vacuum and aqueous environments using B3LYP/6-311 g

(d,p) method.

Property Vacuum Aqueous
Mg12012 11T 1\% MguOlz I 1\%

Ey/eV —6.58 —4.13 —4.02 —5.99 —4.0 —-3.22
Ep/eV —1.74 —1.66 —1.78 —1.03 —1.06 —1.11
E,/eV 4.84 2.47 2.24 4.96 2.94 2.11
AE, (%) = 48.97 53.72 = 40.72 57.46
Eaqs/eV = —1.87 —-1.17 = —1.90 —2.08
D/A = 2.07 2.38 = 2.14 2.25
DM/Debye 0.0 2.05 3.75 0.0 3.78 10.88
Eg/eV —4.16 —2.89 —2.90 —3.51 —253 =217
I (eV) 6.58 4.13 4.02 5.99 4.00 3.22
A (eV) 1.74 1.66 1.78 1.03 1.06 1.11
ueVv) —4.16 —-2.90 —-2.90 —3.51 —2.53 —2.17
12(eV) 4.16 2.90 2.90 3.51 2.53 2.17
n(eV) 242 1.24 1.12 2.48 1.47 1.06
SV 0.21 0.40 0.45 0.20 0.34 0.47
w(eV) 3.58 3.39 3.75 2.48 2.18 2.22
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Mg;,0,, nanoclusters, making them suitable for applications
involving molecular sensor of high sensitivity.

3.3. Analysis of UV—visible spectra

We have calculated the UV-visible absorption spectra of CXB
interaction with Zn;,0, and Mg;,01, nanoclusters in vacuum
and aqueous phases using TDDFT/B3PW91 level of theory, as
displayed in Tables 4 and 5. HOMOs and LUMOs that were
involved in the electronic transitions were illustrated in
Fig. 6. Table 4 represents the utmost values of E (vertical exci-
tation energies), Anax (€xcitation wavelength), and f (oscillator
strength). The UV-vis spectra of pure Zn;,0;, and Mg;,O»
nanoclusters reveal existence of one main maximum band with
Amax at 251.06 and 252.78 nm and therefore the E values of
4.938 and 4.909 eV in the aqueous environment respectively.
Sharma et al. reported the absorption band of the synthesized
ZnO nanoparticles with a Ay, at 270.5 nm (Sharma et al.,
2018); which is close to our theoretical calculations. Moazzen
and co-workers experimentally have shown the UV-visible
absorption spectra of the ZnO nanoparticles with a band at
317 nm (3.30 eV) by dispersing the powder in deionized water
(Moghri Moazzen et al., 2012).

UV-visible absorption spectra for the pure CXB represents
four maximum absorption bands with the A« value of 260
(4.768 eV), 294 (4.214 eV), 354 (3.498 eV) and 470 nm
(2.635 eV) which are in agreement with theoretical (Abdolahi
et al., 2018) and experimental (Revathi et al., 2011) reports.
The UV-visible absorption spectra demonstrate that the
strong interaction of CXB through its -NH, group with
Zn,0, and Mg;,O;, nanoclusters leading to the optical
changes compared to -SO, group of the drug because of the
electronic transitions between the non-bonding p-orbital of
nitrogen and the unoccupied sp-hybrid orbitals of zinc and
magnesium atoms (Nagare et al., 2017). The maxima absor-
bance band in the State I and III were observed at
346.11 nm (f: 0.2049) and 390.14 nm (f: 0.1991) which were
superimposed on the absorption band of CXB. The maxima
absorbance bands in the State I and III occurred at longer

wavelengths with the main electron transitions in solvent phase
asH - L + 1(71%) and H-1 — L (68%) respectively.

3.4. Molecular docking studies of CXB loaded with Zn;;0 ;> and
Mg;20;

The binding affinities for the investigated compounds toward
TNF-a receptor and IL-1 receptor targets were evaluated via
molecular docking. To determine the inhibition mechanism
of TNF-a receptor and IL-1 receptor, CXB-Zn;»O;, and
CXB-Mg;,0,, complexes were docked in the binding pocket
of the targets. The docking results reveal that the CXB-
Zn,0O;, complex (State I) is a potent inhibitor of TNF-a
and IL-1 as compared to other compounds. As displayed in
Table 6, CXB through NH; group interacts with the Zn;,O,
nanocluster and showed high binding energy in comparison
with the CXB-Mg;,0O;, complex as the value of the binding
energy of the TNF-a and IL-1 receptors in order were —10.7
and —9.3 kcal/mol. CXB-Zn;,0,, compound (State I) had a
good binding affinity with protein TNF-o through amino acid
residues (Tyr119, Leul20, Tyr59, Tyrl151, Leu57, and Ilel55
and Gly121) from the C chain and also amino acid residues
(Tyr151, Leul20, Tyr59, Tyr119, and Glyl21) from the D
chain by hydrophobic interactions. Hence, the State I was also
bounded with other amino acid residues like Ser60, GIn61 and
Hisl5 from the C chain and Ser60 from the D chain through
polar interactions. Besides, State I bound to amino-acid resi-
due of Tyr59 from the C chain by n-n stacking. Previous study
proved that the corresponding amino acid residues (Tyr59,
Tyr151, Leul20, Ser60, and GIn61) were important residues
in the active site of the target protein (Xu et al., 2018) that
exert anti-inflammatory effects through TNF-a inhibition
(Fig. 7). Olbert et al. experimentally demonstrated zinc oxide
nanoparticles at a dose of 14 mg/kg ip decreased the
carrageenan-induced paw edema and improved the anti-
inflammatory activity of ketoprofen (Olbert et al., 2017). Agar-
wal et al. experimentally showed anti-inflammatory effect of
zinc oxide nanoparticles at the concentration of 1 mg/mL by
blocking the production and release of inflammatory media-

Table4 Maximum excitation wavelength (Anyax), oscillator strength (f) and vertical excitation energies (E) of CXB-Zn >0, complexes

in vacuum and aqueous environments.

E (eV) Amax (nM) f Assignment
Vacuum
| 2.258 549.05 0.0849 H - L + 9(A) (89%)

2.381 520.53 0.0335 H->L + 6(48%),H—->L + 10 (-29%)

2.477 500.53 0.0296 H->L + 6(21%),H—> L + 12 (60%)
I 2.251 550.56 0.0825 H-> L + 8(14%),H - L + 9 (74%)

2.44 508.03 0.0296 H - L + 12(A) (70%)

2.396 517.46 0.0265 H->L + 539%%),H - L + 6(-17%),H - L + 11
Aqueous
1 3.582 346.11 0.2049 H - L + 15(10%), H - L + 1(71%)

4.262 290.88 0.1826 H - L + 19 (25%), H-1 - L + 1(35%)

2.655 466.96 0.0943 H->L +4(-22%),H->L + 6(25%),H—>L + 7(20%),H—->L + 8 (11%)
I 3.212 38591 0.1969 H—> L + 1(78%)

2.192 565.56 0.1231 H-> L + 3(16%),H—-> L + 471%)

2414 513.41 0.0479 H - L + 6(82%)
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Table 5 Maximum excitation wavelength (A.x), oscillator strength (f) and vertical excitation energies (E) of CXB-Mg;,01,
complexes in aqueous environment.

E (eV) Amax (nm) f Assignment
Mg;012 4.994 248.24 0.0889 H-17 > L (86%)
4.909 252.78 0.2599 H-14 - L (88%)
4.231 292.99 0.0057 H-1 - L (93%)
I 3.889 317.94 0.0727 H - L + 16(58%), H-5 > L + 1(2%)
3.178 390.14 0.1991 H —> L + 5(13%), H-1 —» L (68%)
2.255 549.86 0.1098 H - L + 1(76%), H > L + 3(9%)
v 3.196 387.88 0.0421 H->L + 17(79%), H -> L + 1(6%)
2.281 543.62 0.0125 H - L + 7(65%), H > L + 8(8%)
1.322 937.70 0.0510 H-> L + 1(62%), H > L + 3(27%)

<9

LUMO+1

II-HOMO-1 In<=

Fig. 6 FMO plots of CXB adsorbed on Zn;,0,, and Mg;,0;, nanoclusters in the most stable states.

Table 6 Molecular docking simulations results.

Compound PDB ID: 2AZ5 PDB ID:2L5X PDB ID:3RCD
BE (kcal/mol) K; (uM) BE (kcal/mol) K; (uM) BE (kcal/mol) K; (uM)

ZnO —6.0 8.6 —4.2 11.1 —6.1 10.3
CXB —6.3 8.2 —6.1 9.7 —6.3 9.5
I —10.7 2.4 -9.3 3.7 -9.1 7.5
11 -9.7 3.7 —8.8 4.2 -8.5 8.7
Mg ;0> —6.1 8.4 —4.2 11.3 -59 10.8
11 —8.5 5.3 —7.6 6.3 —8.8 8.2

v -9.8 33 —8.1 5.5 -9.7 7.1
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Fig. 7 Presentation of 2D and 3D models of interactions between CXB-Zn;,0;, complex (State I) and IL-1 receptor (PDB ID: 2LX5).

tors such as IL-1B, IL-6, TNF-a, and COX-2 (Agarwal and
Kumar Shanmugam, 2019). The sulfonamide group of State
I was stabilized in the binding pocket of IL-1 receptor (PDB
ID: 2L5X) in two hydrogen bonds of amino acid residues
Thr77 and Arg34. The length of the hydrogen bond distance
was 2.39 A. Hence, the complex was established in the binding
pocket of the target by the hydrophobic behavior of amino
acid residues (AlaS1, Val52, Ile74 and Leu79). In addition,

amino acid residues like Asp49, Glu50, Arg34, Lys53, Glu%4
and Lys76 bound to the target by electrostatic interactions.
The calculations showed that State I bound to the active site
consists of amino acid residues like Arg34, Asp49 and Glu50
and lead to the inhibition of the IL-1 receptor (Shokri et al.,
2018; Emami et al., 2018). Fig. 7 demonstrates that State I
was placed in the active site pocket of the IL-1 receptor.
Molecular docking calculations exhibited that State I had a
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Fig. 8 Presentation of 2D and 3D models of interactions between CXB-Zn >0, complex (State II) and IL-1 receptor (PDB ID: 2LX5).

strong binding affinity to TNF-o and IL-1 receptors and
observed that the complex inhibits more influentially the active
site of the protein than states II, III, and IV. Therefore, the
hydrophobic and hydrogen bond interactions play a crucial
role in occupation of the binding pocket. The results demon-
strated that CXB/Zn >0, complex (State I) could be consid-
ered as promising inhibitors against the TNF-a and IL-1
receptors (see Fig. 8).

Furthermore, to evaluate binding affinity of selected com-
plexes toward human epidermal growth factor receptor 2
(HER?2) kinase, molecular docking was done. The aforemen-
tioned results revealed that State IV has the lowest binding
free energy (—9.7 kcal/mol) compared to other complexes.
This binding affinity is well associated with the anticancer
activity, where CXB/Mg;,0,, complex inhibits the HER2

more potently than CXB/Zn;,O,, complex (Xiang et al.,
2017; Mozdoori et al., 2017). Moreover, amino acids residues
involved in the active site of the receptor were like Pro945,
Cys947, Thr917, Val956, Cys958, Met916, Val912, Arg940,
Glu914, Lys887, Ser907, Trp888 and also amino acid residue
of Tyr923 interacted with the receptor via hydrogen bond
interactions. Therefore, molecular docking simulation exhib-
ited that COX-2 inhibitors could be associated with anti-
cancer properties. Hence, finding of the study illustrated
importance of CXB loaded on Zn;;O;>, and Mg;;0;, nan-
oclusters for the interaction with the amino acids involved
in the binding pocket of HER2 receptor. Accordingly, this
compound (State IV) could be developed as potential anti-
cancer compound (El-Azab et al., 2018; Mokhtary et al.,
2018).
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4. Conclusion

We devised the interaction of CXB through their -NH, and —
SO, groups on the surface of Zn;,O;, and Mg;,0,, nanoclus-
ters in the vacuum and aqueous phases using DFT calculations
and molecular docking. The Zn and Mg atoms of Zn;,0;, and
Mg;,01, nanoclusters were shown to attract CXB molecules
via its positive charge. Our calculation represents that the E, g
of CXB is negative in the exothermic process (State II), with
values of —1.18 eV (B3PW91) and —1.20 ¢V (B3LYP) in vac-
uum phase and —1.38 eV (B3PW91) and —1.26 ¢V (B3LYP) in
aqueous phase. Our calculations demonstrated that CXB from
its -NH, group leads to more changes in the optical and elec-
tronic features of the Zn;,0;, and Mg;,0O;, nanoclusters com-
pared to the —SO; group. The evaluation of molecular docking
represents that State I contain a good binding affinity with
these main cytokines (TNF-o and IL-1) as compared with
State II, III, and IV.
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