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Abstract

The objective of this study is to explore quantum chemical properties of favipiravir-loaded XTiOsH, nanostructures
(X = Pt, Zr, Zn) using density functional theory and to evaluate their toxicity profiling, drug-likeness and binding
efficacy to the target proteins. Favipiravir interacted strongly with XTiOsH, forming the stable nanocomplexes
(NCs) having adsorption energy in the range of —2.49 to —4.70 eV in gas phase. The HOMO-LUMO energy gap of
favipiravir was 3.56 eV whereas Fav + PtTiOsH, (NC1), Fav + ZrTiO4H> (NC2), and Fav + ZnTiOsH, (NC3) exhibited
lower energy gaps of 1.23, 1.43 and 0.65 eV in gas phase, respectively, showing better reactivity of these NCs. The
results of dipole moment, global reactivity descriptor, MEP surface, NBO, QTAIM and NCI of the proposed NCs were
more favorable than that of favipiravir. The functionalized TiO> NCs exhibited better docking scores, among which NC2
showed the strongest inhibition of SARS-CoV-2 main protease and spike protein. NC3 having the predicted LD50 of
3,000 mg/kg in toxicity class V appears to be less toxic than favipiravir having LD50 of 1,717 mg/kg in the class IV. This
study confirms the possibility of using transition metal-doped titania nanostructures for targeted drug delivery, antiviral

therapy and photocatalytic degradation of the drugs.
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Introduction

One of the antiviral drugs, favipiravir inhibits
SARS-CoV-2 RNA replication [l]; however, its
performance is limited. To improve functionality of the
drug candidates, the structural modification can be
performed by interacting with transition metal-doped
titanium dioxide (TiO;). The functionalized TiO,
nanostructures are biocompatible and less toxic offering
sustainable drug delivery and release. The modified
TiO, could be efficient therapeutic agents against
COVID-19 [2]. The TiO; nanostructures have
demonstrated encouraging promise in a number of
biological applications, including tissue engineering,

photodynamic therapy, drug transport, antimicrobial

activity, and biosensing [3]. They are used in drug
delivery  systems due to  biocompatibility,
functionalization ability, and  potential as
photosensitizers [4]. When exposed to UV-radiation,
TiO; exhibits photocatalytic properties and generates
active oxygen-containing radicals. Furthermore, the
TiO, nanostructures act as powerful antimicrobial
agents by generating reactive oxygen species (ROS),
including hydroxyl radicals (OH) and hydrogen
peroxide (H»0»), under visible light, causing oxidative
stress that kills virus and bacteria [5]. Zr-doped TiO,
demonstrates promising biological responses due to its

excellent biocompatibility. The ZrTiO, anatase
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nanostructures are influencing their physicochemical
properties exhibiting photocatalytic and antimicrobial
activity [6]. Using metal nanostructure in drug delivery
systems can reduce side effects by directly targeting the
affected organ, thereby minimizing unwanted effects
[7].

When Pt is doped into TiO,, the band gap is
reduced, charge separation is made easier, and
photosensitization is improved [8]. Gutierrez et al. [9]
studied functionalized TiO, based nanostructures
absorbed with flavonoids that target the spike
glycoprotein to prevent SARS-CoV-2 entry and fusion.
Mazurkova et al. [10] analyzed TiO, nanostructures
degrading the lipid envelope of influenza virus and
suggested for antiviral treatments and disinfection by
careful evaluation of their impact on the cell membrane.
Depending on the nanostructure concentration and
incubation time, TiO, inactivated the influenza virus.
Adsorption of the drug molecules on the active surfaces
of transition metal-doped TiO, nanostructure holds
immense potential for drug development in medical
field [7]. TiO, nanostructures offer vary large surface
area allows high drug carrying capacity and flexibility
[11].

Density functional theory (DFT) is employed to
predict the structural, molecular, and electronic
properties of the nanocomplexes (NCs). The hybrid
exchange-correlation  functional  B3LYP  with
LANL2DZ basis set has proven efficiency and
reliability in analyzing conjugated systems and species
containing lone pairs. TiO, has been proposed as a
carrier in medical, biological or specific therapeutic
applications due to its minimal toxicity and superior
biocompatibility [12]. The adsorption of drug
molecules on TiO; alters its band gap, acting like
dopants and enhancing the material’s sensitivity to the
electromagnetic spectrum [13]. Evaluating ADME
parameters alongside toxicity is essential for
identifying safe and effective drug candidates during
the drug development [14]. This research focuses on
the structural modification and quantum chemical study
of favipiravir by interacting with Pt/Zr/Zn-TiO,
nanostructures using DFT, the binding affinity or
inhibition potential against SARS-CoV-2 Mpro and
spike protein using molecular docking, and the
evaluation of their drug-likeness and toxicity using
ADMET analysis.

Materials and methods

DFT study on nanocomplexes

The structure of favipiravir (CID 492405) was
obtained from the PubChem database. Pt/Zr/Zn-TiO4H,
nonostructures were prepared by modifying crystal
structure of anatase TiO, retrieved from PubChem in
cif format using Gaussian 16 software [15] as
described in Ikram et al. [6] and Kumar et al. [8]. 2
dimensional and 3 dimensional views of ZrTiO4H,
nanostructure have been shown in Figures S1 (a) and (b).
Quantum chemical properties of favipiravir and its
composition with Pt/Zr/Zn-TiO4H, were optimized by
using the DFT method in B3LYP [16,17] level of theory
with LANL2DZ basis set [18] GaussView 6.0 [19] was
used to perform nanocomplex visualization and
GaussSum 3.0 software was used to produce density of
states (DOS) spectrum [20]. Natural bond orbital
(NBO) analysis was performed using NBO 3.0 [21]
program in the same level of DFT. The topological
surfaces were analyzed using Multiwfn software [22].

Molecular docking

The crystal structure of SARS-CoV-2 Mpro (PDB
ID: 6LU7, resolution 2.16 A) [23] and spike-ACE2
protein (PDB ID: 6MOJ, resolution 2.45 A) [24] were
downloaded from the RCSB Protein Data Bank [25-27]
and refined using online server SWISS-MODEL [28].
Molecular docking was performed by using AutoDock
4.2.6 tools [29]. Proteins and ligands were prepared by
eliminating water molecules, adding Kollmann’s charges,
incorporating polar hydrogens, ensuring the ligands with
zero rotatable bonds. A grid box having size 80 A x 80
A < 80 A, central grid points (—8.368 A, —38.315 A,
and —16.429 A) and grid point spacing 0.375 A was
used. Using the Lamarckian Genetic Algorithm with
population size 150 and energy evaluations 2,500,000,
10 runs were conducted to generate docking parameter
files. The best-docked conformer was subjected to
BIOVIA Discovery Studio Visualizer [30] to analyze
hydrogen bonding, van der Waals, hydrophobic and
electrostatic interactions between ligand and protein. By in
silico techniques including molecular docking, the
inhibition potential of the drug candidates against
different target proteins have been explained in the

recent researches [31,32].
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ADMET calculations

The physicochemical, drug-likeness,
lipophilicity, and water solubility of
favipiravir/XTiO4H, NCs were studied using
SwissADME webserver [33] and toxicity using
ProTox-II [34]. Also, topological polar surface area
(TPSA) and Lipinski’s rule of five (Ro5) [14] of the

proposed structures were analyzed.

Results and discussion

Geometrical parameters

Geometrical —optimization finds the atomic
arrangement in a stable molecule corresponding to the
lowest energy state [35]. The geometry parameters of
the optimized nanocomplex in gas phase and water
solvent are identified using the DFT method at
B3LYP/LANL2DZ level of calculations. Favipiravir
undergoes separate adsorption with TiOsH,, PtTiO4H,,
ZrTiO4H,, and ZnTiO4H>, resulting in the formation of
Fav+Ti04H, Fav+PtTiO4H, (NC1), Fav+ZrTiO4H,
(NC2), and Fav+ZnTiO4H, (NC3) nanocomplexes. The
geometrical parameters of favipiravir remain nearly
unchanged while forming the NCs which are shown in
supplementary Tables S1, S2 and S3. The optimized
Fav+Ti;04H, nanocomplex structure in gas phase and
water solvent is shown in Figures S1 (c¢) and (d). The
optimized nanocomplex PtZr/Zn-doped Ti,O4H»
structures are shown in Figure 1 in the gas phase and
supplementary Figure S2 in the water solvent. The
dipole moments in the gas phase and water solvent can
have an impact on the distribution of charges across the
structures of the system through the dipole-dipole
interactions forming the intermolecular hydrogen bonds
[36]. The dipole moments of favipiravir, Fav+Ti,O4Ho,
NC1, NC2, and NC3 are found to be 5.70, 4.12, 12.14,
5.31 and 16.07 Debye in the gas phase whereas 8.35, 6.88,
24.00, 13.69 and 28.23 Debye in the water solvent,
respectively. Here, Fav+Ti,O4H, has the lowest dipole
moment. The highest dipole moment of NC3 suggests that

it strongly participates in the polar reactions [37].

Adsorption energy

The value of adsorption energy measurement

signifies the strength of interactions between adsorbate
and adsorbent. The adsorption energy (Eag) is
computed using Equation 1 [35].

Eaqs = EFav+XTiO4H2 - EXTiO4H2 — Epay (D

The most stable conformer of Fav/XTiO4H,
nanocomplex has been identified by its geometry
optimization on which the C=0 groups of favipiravir bind
strongly with XTiO4H, (Figure 1). The adsorption energy
of favipiravir molecule with the pristine titania
nanostructure (Ti,O4H,) is —4.65 eV in gas phase and
—3.23 eV in water solvent. While the favipiravir molecule
interacts with Pt/Zr/Zn-doped titania, the highest negative
interaction energy is seen in the NC2 nanocomplex,
with a value of —4.70 eV in gas phase and —3.78 ¢V in
water solvent (Table S4). Therefore, NC2 preserves the
strongest interactions recommending chemisorption
between favipiravir and Zr-doped titania nanostructure.
The negative adsorption energy shows that each of the
proposed NCs is stable in both phases.

Frontier molecular orbitals

The molecule with smaller HOMO-LUMO energy
gap exhibits higher reactivity, higher polarizability, and
lower kinetic stability [38]. In Figure 2, the red region
surrounding the atoms indicates the positive phase, while
the green region indicates the negative phase [39]. For
favipiravir, NC1, NC2 and NC3, the HOMO-LUMO
energy gaps are observed to be 3.56, 1.23, 1.43 and 0.65
eV in gas phase (Figure 2 ) and 3.86, 2.31, 1.87 and 2.81
eV in water solvent (Figure S3), respectively. The
computed values are consistent with those determined
by the DOS spectra as in Figure 3 in gas phase and in
water solvent (Figure S4). In the gas phase, the NC3
nanocomplex is softer and more reactive than the other
nanocomplexes due to the narrow energy gap that makes
electron transport easier. However, in the water solvent,

the NC2 nanocomplex appears to be more reactive.

Global reactivity descriptors

Global reactivity descriptors help to describe the
electronic structure and predict its reactivity [40]. The
energies of frontier orbitals indicate the ionization
potential of the molecules and electron affinity means the

electron-donating and accepting nature. The global
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reactivity descriptors such as HOMO-LUMO energy
gap, electron affinity (EA), electronegativity (y),
(IP), chemical potential (u),
chemical softness (S), chemical hardness (7), and

ionization potential

electrophilicity index (w) [41]. Their values obtained for
the proposed nanocomplexes are depicted in Table 1.
The HOMO-LUMO energy gap of favipiravir is
identified as 3.56 eV in gas and 3.86 eV in water solvent
which are matching with the previously reported values
[42]. After interacting favipiravir with the pristine
Ti,04H, nanostructure, the HOMO-LUMO energy gap is
reduced to 1.32 eV in gas phase and 1.39 eV in water
solvent. The energy gap for NCI, NC2 and NC3
nanocomplexes are identified as 1.23, 1.43 and 0.65 ¢V in

gas phase and 2.31, 1.87 and 2.81 eV in the water solvent,
respectively. The lower energy gap suggests greater ease
of intra-molecular charge transfer and more reactive
nature of the molecules [43]. In the gas phase, NC3
offers the lowest value of hardness (0.32 eV) and the
highest value of softness (1.53 (eV)') showing its
reactive nature. The electrophilicity index for favipiravir
is 7.36 eV and for NC3 is 40 eV in gas phase. The
larger electrophilicity index indicates improved
bioavailability or greater ability to attract electrons [44].
In other words, the smaller values of electrophilicity index
and chemical potential indicate nucleophilic nature and
the larger values indicate electrophilic nature of the

molecules [45].

Figure 1 Optimized structure of (a) favipiravir, (b) Fav+PtTiO4H», (¢) Fav+ZrTiOsH,, and (d) Fav+ZnTiOsH,

nanocomplexes in gas phase.
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Figure 2 HOMO and LUMO energy gap of (a) favipiravir, (b) Fav+PtTiO4H,, (c¢) Fav+ZrTiO4H,, and (d)

Fav+ZnTiO4H> nanocomplexes in gas phase.
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Figure 3 Density of states of (a) favipiravir, (b) Fav+PtTiOsH,, (c) Fav+ZrTiOsH,, and (d) Fav+ZnTiOsH»

nanocomplexes in gas phase.

Table 1 Chemical and electrochemical properties of favipiravir and Fav+Pt/Zr/Zn-TiOsH, at gas phase and water solvent

using B3LYP/LANL2DZ basis set.

Fav+PtTiOsH:  Fav+ZrTiO4H2 Fav+ZnTiO4H:2
Favipiravir
Parameter (NC1) (NC2) (NC3)
Gas Water Gas  Water Gas Water Gas Water
HOMO (Enomo)(eV) —-6.90 -7.02 -6.90 —6.21 -3.97 -3.67 —5.46 —6.63
LUMO (Erumo)(eV) -3.34 -3.16 444 -390 —2.54 —1.80 —4.81 -3.82
Ionization potential (IP) (eV) 6.90 7.02  5.67 6.21 3.97 3.67 5.46 6.63
Electron affinity (EA) (eV) 334 3.16 4.44 3.90 2.54 1.80 4.81 3.82
Energy gap (eV) 356 3.86 1.23 2.31 1.43 1.87 0.65 2.81
Electronegativity (y) (eV) 5.12  5.09  5.06 5.05 3.26 2.74 5.14 522
Chemical potential (1) (eV) —5.12 —5.09 —5.06 —5.05 -3.26 —2.74 -5.14 -5.22
Hardness(#) (eV) 1.78 193  0.62 1.15 0.715 0.94 0.32 1.40
Softness(S) (eV)fl 028 026 0.81 0.43 0.70 0.53 1.53 0.36
Electrophilicity index(w) (eV) 7.36 6.74 20.77 10.96 7.41 3.97 40 9.81

Molecular electrostatic potential surface

Molecular electrostatic potential (MEP) surface
provides a visualization of electronic and nuclear charge
distribution across a molecule. In computational
chemistry, MEP is used to identify nucleophilic and

electrophilic regions within a molecule, evaluate its

reactivity, and analyze its intermolecular interactions [46].
In MEP, the blue regions indicate most electropositive
potential that correspond to the repulsion of a proton by
the atomic nuclei. In contrast, the red regions
representing most electronegative potential are associated

with the attraction of a proton by the overall electron
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density within the molecule, and green region indicates
zero potential [47]. Here, NC3 nanocomplex has the
higher potential regions ranging from —0.114 a.u. to
0.114 a.u. in comparison to the other nanocomplexes.
The maximum positive regions are located on hydrogen
(H12, H13) atoms for favipiravir, (H12, H13, H14, H15)
atoms for NC1, (H12, H19, H20) atoms for NC2, and

(H12, H13, H14, H15) atoms for NC3 nanocomplexes
indicating possible sites for electrophilicity. The oxygen
atoms (02, O3) in favipiravir, (021, 022) in NCI1, NC2
and NC3 nanocomplexes have maximum negative
charges, indicating the nucleophilic sites in gas phase as in

Figure 4 and in water solvent as shown in Figure S5.
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Figure 4 Molecular electrostatic potential diagrams for (a) favipiravir, (b) Fav + PtTiO4H>, (¢) Fav + ZrTiO4H,, and (d)

Fav + ZnTiO4H, nanocomplexes in gas phase.

Mulliken and natural charges

Mulliken and natural charge calculations are
essential for evaluating an electronic structure,
molecular polarizability, and dipole moment in quantum
chemical calculation [37]. The proposed nanocomplexes
consist of negative charges on oxygen atoms and positive
charges on hydrogen atoms whereas carbon atoms exhibit
either positive or negative charges. The higher positive
Mulliken and natural charges are detected in Ti, Pt, Zr, Zn
and the higher negative charges are observed in O2,
03, N4, N6, 017, 018, 021 and 022. This type of
distribution of charges is favorable for the formation of
hydrogen bonds. Since Ti, Pt, Zr and Zn have the
highest positive charges, they are attacked by
nucleophiles. The oxygen atoms O17 and O18 are
attacked by electrophiles because they have the highest
negative charges as shown in supplementary Tables S5,

S6 and Figures S6, S7 in gas phase and water solvent.

Thermodynamic properties
Thermodynamic properties are responsible for
maintaining the thermal stability of a molecular system.

The thermodynamic parameters such as enthalpy (AH),

thermal energy (AE), Gibbs free energy (AG), specific
heat capacity (C,), and entropy (S) have been
calculated for favipiravir and nanocomplexes at room
temperature  (298.15 K) which are depicted in
supplementary Table S7. The negative value of AG
indicates that favipiravir interacts spontaneously with the
TiO,  nanostructures and the interaction is
thermodynamically ~ favorable.  Furthermore, these
thermodynamic properties of the nanocomplexes are also
favorable to strong interactions with the target proteins
[48]. The parameters AE, Cy, and S have been calculated
by optimizing nanocomplexes in the 50 - 500 K
temperature range as presented in the supplementary
Tables S8, S9, S10 and S11. As shown in Figures S8,
S9, S10 and S11, AE, C, and S exhibit an increasing
trend with temperature, which is due to the increase in the
vibrational intensities of molecules [49]. The correlation
graphs from the best-fitted analysis obtain the empirical
relations supported by the coefficient of determination

nearly one.

Ultraviolet-visible absorption analysis
The ultraviolet-visible (UV-Vis) spectra are
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explained charge transfer, absorption properties, and
excitation energies of favipiravir, NC1, NC2 and NC3
nanocomplexes. The maximum absorption wavelength
and the oscillator strength in the gas phase and water
solvent are depicted in Table S12. For favipiravir, the
primary absorption peak in the UV-Vis region is
observed at a wavelength of 343 nm in the gas phase and
356 nm in the water solvent. In comparison, the NC1
exhibits a higher absorption peak at a wavelength of 1,981
nm in the gas phase and 690 nm in the water solvent.
NC2 shows a higher absorption peak at 933 nm in the gas
phase and 773 nm in the water solvent. For NC3, the
absorption peak appears at 2,244 nm in the gas phase
and 532 nm in the water solvent. When favipiravir is
combined with XTiO4H, nanostructures, there is a red-
shift in the absorption of ultraviolet light, with the most
substantial shift seen in NC3 nanocomplex (see Figures
S12 and S13). The protective film of nanomedicine
blocks or absorbs both UV and red light [50], ensuring
their maximum potency in gas phase as well as water

solvent.

Local reactivity descriptors

The Fukui function is commonly used to analyze the
charge distribution, focusing on local reactivity
parameters that explain chemical activity and identify
specific reactive sites of a molecule. It predicts the
locations within the molecule that are susceptible to
nucleophilic, electrophilic, and radial attacks [51]. The
difference between electrophilic and nucleophilic Fukui
functions is known as dual descriptor given by
Equation 2 [52-54].

Af(r) = [ ) — fir ] )

The nucleophilic attack is preferred if Af (r) > 0
whereas the electrophilic attack is preferred if Af (r) < 0.
In favipiravir, NC1, NC2, and NC3, the nucleophilic
attacks are found in the sites (N4, N6), (022, Pt23),
(N6, CI1) and (021, 0O22) whereas electrophilic
attacks are found in the sites (C8, Cl11), (C7, C9),
(Til6, Zr23) and (C7, C9), respectively. The related
values of the dual descriptors are mentioned in the
supplementary Tables S13, S14, S15 and S16.

Natural bond orbital (NBO) analysis
The NBO analysis is useful to understand

intramolecular bonding and charge transfer mechanism in
a molecular system [55]. The NBO analysis investigates
molecular stability, focusing on the charge transfer and
hyper-conjugative interactions within the structure. The
interaction between the donor and acceptor orbitals
becomes stronger as the stabilization energy E(2)
increases [56]. The energy E(2) related to the donor and
acceptor orbitals is calculated by using the theory of
second-order perturbation as mentioned in Equation 3
[57,58].

F2(i,j
EQ) =y (3)

where g; represents the occupancy of the donor orbitals,
E; and E; are the diagonal elements, and F (i, ) is the
off-diagonal elements of the Fock matrix or Kohn-Sham
matrix corresponding to the energies of the donor and
acceptor orbitals.

The interaction from nonbonding donor orbitals,
i.e. lone pair of electrons LP(1)N6 to antibonding 7*(O3-
C11) orbital leads to the highest stabilization energy of
67.25 kcal/mol for favipiravir. Again, LP(1)N4 to
n*(02-C8), and LP(1)N4 to m(C9-C10) have
stabilization energies of 43.73 kcal/mol, and 43.43
kcal/mol, respectively. The interaction from nonbonding
donor orbitals LP(2)NS5 to antibonding LP*(1)C7 orbital
leads to the highest stabilization of 380.16 kcal/mol for
NCI. In the same nanostructure, LP(1)C10 to n*(N4-C9),
and LP(1)N6 to n%(03-C11) have stabilization energies
0f 233.60 kcal/mol, and 81.31 kcal/mol, respectively. For
NC2 structure, LP(1)C7 to m*(02-C8) leads to the highest
stabilization of 599.80 kcal/mol. Again, LP(1)C7 to
n(N6-C11), and LP(1)022 to LP%2)Zr23 have
stabilization energies of 304.29 kcal/mol, and 42.16
kcal/mol, respectively. In this way, for NC3, LP(2)N5 to
LP~+(1)C7 provide the significant stabilization of 384.30
kcal/mol. In this structure, LP(1)C10 to ©*(N4-C9), and
LP(1)N6 to n(0O3-C11) have stabilization energies of
22490 kcal/mol and 86.98 kcal/mol, respectively.
Comparing the NBO results among the proposed
nanocomplexes, NC2 offers the highest stabilization
energy. The related NBO results are depicted in the
supplementary Tables S17, S18, S19 and S20.

Non-covalent interaction (NCI) analysis
The NCI describes the local bonding properties
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including electron density (p) and reduced density
gradient (RDG). RDG approach is a useful topological
method based on electron density and its derivatives
[59]. The combination of RDG and p enables a basic
division in bonding regions. The high RDG and low p
indicate non-interacting density tails, low RDG and high p
correspond to covalent bonds, whereas low RDG and low
p are related to non-covalent interactions. The NClIs are
weak in comparison to covalent bonding. Both RDG and
p having low values isolate weak interactions. The
interaction strength is evaluated by examining the graph
plotted for sign(Ay)p vs. RDG, where 4, represents second
eigenvalue of the electron density Hessian matrix. Here,

A =0, 4 <0, and 4, > 0 refer to weak van der Waals,
strong H-bonding, and repulsive steric effects represented
by green, blue and red regions, respectively [60]. The
RDG plots shown in Figure 5 describe the nature of
interactions  between favipiravir and ZnTiO4H,
nanostructures. The blue RDG graph between the
sign(Ay)p values —0.02 and —0.05 a.u. demonstrates the
additional strong hydrogen bonding. The existence of
potent intramolecular hydrogen bonding in the molecules
plays a crucial role for biological activity [61]. The 3
dimensional isosurface densities and 2 dimensional scatter
plots of favipiravir and the proposed NCs are shown in
Figures S14 and S15.
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Figure 5 Reduced density gradient (RDG) scatter graph for Fav+ZnTiOsH, nanocomplex in (a) gas phase and (b) water

solvent showing H-bonding, van der Waals (vdW), and steric interactions.

v

Figure 6 QTAIM diagram of (a) favipiravir, (b) Fav+PtTiOsH,, (c¢) Fav+ZrTiO4H,, and (d) Fav+ZnTiO4H,

nanocomplexes in gas phase.
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Quantum theory of atoms in molecules
(QTAIM) analysis

The QTAIM is a potent method for estimating
inter molecular interactions by using topological
characteristics to determine the bond critical point (BCP)
between interacting systems. In BCPs, the computed
values of electron density (p) range from 0.0534 to 0.1125
a.u. and that of VZp range from 0.2963 to 0.5425 a.u for
the proposed NCs. From Table 2, it has been observed
that the value of p is raised when Zr is replaced with Pt
and Zn in the TiO; nanostructures. The electron density

features of the NCs imply positive V?p and high charge

densities of X-O bonds where X refers to Pt, Zr and Zn.
Here, H(r) < 0 so that interaction has a dominant
covalent character due to the potential energy
contribution stronger than the kinetic energy. The
positive values of V2p and negative H(r) for intra- and
intermolecular hydrogen bonding indicate the partly
covalent nature. Therefore, the X-O bonds in the NCs
have a mix of ionic and covalent bonding [62]. The
QTAIM results are consistent with the interaction trends
projected in adsorption energy and NBO analysis
referring NC2 as the potent drug candidate. QTAIM

diagrams of NCs as shown in Figure 6.

Table 2 The electron density (p), Laplacian of electron density V2p, Lagrangain kinetic energy (G(r)), kinetic energy

density K(r)), potential energy density (V(r)), total electron energy density (H(r)) in a.u. at BCPs in the favipiravir

absorbed with nanocomplexes by AIM analysis in gas phase.

Complexes BCP p VZp G(r) K(r) V(r) H(r) K()/V(r)|
) 02-Pt23  0.0782 0.4589 0.1228 0.0097 —0.1325 -0.0097 0.0731
Fav+PtTiO4H, (NC1)
03-Pt23 0.0850 0.5034 0.1356 0.0117 -0.1474 —0.0117 0.0795
] 02-Zr23 0.0940 0.4599 0.1273 0.0125 —0.1398 —0.0125 0.0874
Fav+ZrTiOsH, (NC2)
03-Zr23 0.1125 0.5425 0.1586 0.0234 —0.1820 —0.0234 0.1287
] 02-Zn23 0.0534 0.2963 0.0678 0.0079 —0.0758 —0.0079 0.1047
Fav+ZnTiO4H, (NC3)
03-Zn23 0.0582 0.3385 0.0760 0.0083 -0.0844 —0.0083 0.0989
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Figure 7 Interactions of (a) favipiravir, (b) Fav+PtTiO4H>, (c) Fav+ZrTiO4H,, and (d) Fav+ZnTiO4H, nanocomplexes with

active amino acid residues of SARS-CoV-2 Mpro for molecular docking.
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Molecular docking analysis

The key residues in the receptor site of Mpro
include Met49, Phel40, Asnl42, Glyl43, Cysl45,
His163, Hisl64, Metl65, Glul66, leul67, Prol6s,
His172, GInl189, Alal91 and GInl192 [23]. In the
receptor site of spike-ACE2, the residues Lys417,
Gly446, Tyr449, Tyrd53, Phed56, Ala475, Phe486,
Asn487, Tyr489, GIn493, Gly496, GIn498, Thr500,
Asn501, Gly502 and Tyr505 actively participate in
protein-ligand interactions [63]. The docking scores of
favipiravir with Mpro and spike protein are —3.99 and
—4.77 kcal/mol having inhibition constants of 1,190 uM
and 321.06 uM, respectively.

In the Mpro-favipiravir complex, 2 hydrogen bonds
are formed between favipiravir and residues Thr190 and
GIn192 at distances of 2.03 and 2.05 A. Hydrophobic
interactions involve Glul66, Leul67 and GInl89 while
carbon hydrogen bonds are formed with Pro168, Argl88
and Alal91. Metl65 participates in m-alkyl interactions.
For the spike protein, favipiravir forms 4 H-bonds with
Tyr279, Pro289, I1le291 and Asn437 at distances of
1.95 A, 1.95 A, 2.22 A and 2.30 A, respectively. It also
forms hydrophobic interactions with residues Lys288,
Met366, Phe428, Thr434, Phe438 and Lys441. Asn290

is involved in halogen interaction in the spike protein.

Table 3 Molecular docking results of favipiravir, Fav+PtTiO4H,, Fav+ZrTiOsH,, and Fav+ZnTiOsH, nanocomplexes

with Mpro and spike-ACE2 protein.

Favipiravir
Parameter

Fav+PtTiOsH: Fav+ZrTiOsH:

Fav+ZnTiOsH:
(NC1) (NC2) (NC3)

Mpro Spike

Mpro Spike Mpro Spike Mpro Spike

Final intermolecular energy (kcal/mol) —4.29 -5.06

549 571 -6.01 —6.45 —6.14 —6.62

Inhibition constant

1190 321.06 93.87 6228  62.11 29.63  202.64 89.74
(M)
Estimated free energy of binding

-399 477 -549 574 574 —6.18 -5.04 -5.52
(kcal/mol)

SARS-CoV-2 spike-ACE2 protein

Interactions
[ van der waals

[] carten mysrogen Bond
[ Halogen (Fiuarine)

[ comventional ydrogen Bond

Il unfevorabie Donor-Donor
[ Prsgma
[ mepisaced

(1 s

Figure 8 Interactions of (a) favipiravir, (b) Fav+PtTiO4H>, (¢) Fav+ZrTiO4H,, and (d) Fav+ZnTiO4H, nanocomplexes with
active amino acid residues of SARS-CoV-2 spike-ACE2 by molecular docking.
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The docking score of NC2 with Mpro and spike
are —5.74 and —6.18 kcal/mol resulting in the inhibition
constant of 62.11 and 29.63 uM, respectively. It is seen
that the NC2 forms 5 H-bonds with Mpro residues
Leul4l, Cysl45, Hisl63, Hisl64 and Glul66 at
distance of 1.84, 3.59, 2.36, 291 and 1.75 A;
hydrobhobic interactions with His41, Phe140, Asn142,
Glyl143, Met165, Leul67, His172 and GIn189; halogen
bond with Argl88; and unfavorable donor-donor
interaction with Ser144. In this way, NC2 forms 3 H-
bonds with spike Pro289, I1e291 and Thr434 at
distance of 1.78 A, 1.84 A and 2.47 A, respectively.
Hydrobhobic interactions involve Asn290, Phe428,
Glu430, Asp431, Glu435, Phe438 and Lys441; m-alkyl
includes Pro415. Various interactions of favipiravir,
NC1, NC2 and NC3 nanocomplexes with Mpro and
spike protein are illustrated in Figure 7 and Figure 8.
The values of intermolecular energy, binding energy, and
inhibition constant are summarized in Table 3. The
binding energy, interacting amino acid residues and H-
bonds formation collectively indicate that NC2 exhibits
the highest binding efficacy with SARS-CoV-2 Mpro and
spike protein. The active amino acid residues and the
nature of H-bonds have been presented in supplementary
Tables S21 and S22.

ADMET analysis

Drug-likeness describes the potential of a drug
molecule as an oral medication, mostly based on its
bioavailability. The suitable drug candidates
efficiently enter the body, attach to target proteins,
and have therapeutic effects. According to Lipinski’s
Ro5, the oral drugs should have molecular mass (<
500 Daltons), hydrogen bond donors (< 5), hydrogen
bond acceptors (<10) and octanol-water partition
coefficient (< 5) [14]. Using in silico techniques, the
potential antiviral and anticancer drug candidates that
follow Lipinski’s RO5 have been analyzed in the
recent researches [64, 65]. The proposed NCs also
closely follow the Lipinski’s Ro5. The bioavailability
radar diagram evaluates six physicochemical
characteristics including lipophilicity, size, polarity,
solubility, saturation, and flexibility. The NCs cover
the pink region, indicating drug-likeness as in Figure
S16. The estimated water solubility values for
favipiravir, NC1, NC2 and NC3 are —0.80, —L.5,

—0.70, and —0.70, respectively. Furthermore, TPSA
values are 88.8, 127.5, 127.9 and 127.5 A2 (below 140
A?) and synthetic accessibility scores are 2.08, 4.83,
5.15 and 5.03 for favipiravir, NC1, NC2 and NC3,
respectively. The bioavailability score for all NCs is
0.6 which indicates their favorable pharmacokinetic
properties. The computed values of ADME
parameters for favipiravir, NC1, NC2 and NC3
nanocomplexes have been listed in Table S23.
Toxicity is commonly expressed through LD50
values (mg/kg body weight) along with
corresponding toxicity classes predicted using
ProTox II webserver. Their corresponding LD50
values and other toxicity are the 5 analyses used to
predict hepatotoxicity, carcinogenicity,
immunotoxicity, mutagenicity, and cytotoxicity
[66]. Favipiravir has the predicted LD50 of 1,717
mg/kg in toxicity class IV. NC3 has the predicted LD50
of 3,000 mg/kg in the toxicity class V with reduced
toxicity. The LD50 values and the toxicity classes of
favipiravir, NC1, NC2 and NC3 nanocomplexes are
listed in Table S24. The results show that the
proposed NCs may be effectively transported into
the human lipid system. The NCs could be the
potential drug candidates, but further research must

be necessary.

Conclusions

Favipiravir-loaded transition metal-doped titania
(Fav/XTiO4H,, X =
nanocomplexes (NCs) with high adsorption energy and
low HOMO-LUMO energy gap. With the lowest
HOMO-LUMO energy gap, Fav+ZnTiO4H,
nanocomplex was more reactive than the other two
NCs. Furthermore, Fav+ZnTiO4H; offered more favorable
pharmacokinetic properties and lower toxicity. The

Pt, Zr, Zn) appeared stable

strong binding affinities of the proposed NCs with
Mpro and spike protein, reflected in docking scores and
inhibition constants, suggested their promising potential
against SARS-CoV-2. The Fav+ZrTiO4H, nanocomplex
demonstrated better binding efficacy than the other two
NCs. These findings are in support of the functionalized
TiO, NCs exhibiting antimicrobial activity with the

reduced toxicity.
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