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Abstract: The treatment of coronavirus diseases (COVID-19) is a principal aim worldwide that is
required restore public health in the population. To this end, we have been studied several kinds of
de novo and repurposed drugs to investigate their ability to inhibit the replication of the virus which
causes the current pandemic—the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
However, finding a vehicle that promotes the controlled dosage is vital for avoiding secondary effects.
For this reason, the present work exposes a nanostructured carrier based on ZnO, which is coupled
to three repurposed drugs (Chloroquine, Dipyridamole, and Lopinavir) to understand the chemical
interaction of the formed composite. The designed composites are modeled and optimized using
the DFT formalism. In obtaining exergonic adsorption energies, we found values between 0.582
to 2.084 eV, depending on the used drug. At the same time, the HOMO orbitals demonstrate the
electronic overlap between the ZnO-Np and the Lopinavir, which is the molecule with the higher
adsorption energy. Finally, we carried out a docking assay to investigate the interaction of free drugs
and composites with the main protease of the SARS-CoV-2, finding that the coupling energy of the
composites (at around to 0.03 eV) was higher, compared with the free drugs. As such, our results
suggest a controlled dosage of the drug on the SARS-CoV-2 target.

Keywords: ZnO-NPs; nano-carriers; SARS-CoV-2; DFT; molecular-docking

1. Introduction

The current pandemic caused by the coronavirus disease (COVID-19) has affected
the world population, causing more than four million deaths and infection in 185 million
people worldwide [1]. Considering the psychological and economic damages to society,
it is one of the most significant global phenomena in recent decades [2,3]. Today, several
sub-types of the virus (alpha to delta) promote COVID-19, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [4].

Regarding COVID-19, several research groups have been working to find a cure for this
disease, considering both a de novo drug design [5,6] and the use of drug repurposing [7–9].
Researchers have considered molecular dynamics, molecular docking, and virtual screening
in order to find a novel molecule or an FDA-approved drug that can inhibit SARS-CoV-2
replication. At the same time, the molecular targets to these compounds play a vital role in
the drug design, which have been reported mainly as one surface protein of the virus, a so-
called spike [10], and as the main protease or 3C-like protease (SARS-CoV-2-MPro) [11–14].
The last target (yet one of the most commonly-used techniques in drug design), using drug
repurposing [15], is the phytochemical compounds [16] which are of a biochemical nature.
Nevertheless, our research group has reported one non-protein protease inhibitor [17]
which works to inhibit and stop the replication process of this novel virus.
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The main complication with some repurposed drugs is the delivery process, which
can promote secondary effects. In light of the considerations quoted above, the use of ZnO
nanoparticles (ZnO-NPs) has been reported in state-of-the-art nano-compounds [18,19]
as a system for drug delivery. In addition, these kinds of systems have been used as a
nano-carrier of antibiotics [20]. Furthermore, ZnO-NPs have been studied as antiviral
molecules against the H1N1 influenza virus and one of the most widespread viruses—the
herpes virus-1 [21,22]. Nevertheless, the electronic interaction of these systems is widely
reported, with studies mainly investigating the electronic structure of clusters of ZnO,
which have cubic and irregular icosahedral shapes [23]. For these reasons, in the present
work we proposed the computational study of two single models of nanoparticles of ZnO
interacting with three repurposed drugs—Chloroquine (Clq), dipyridamole (Dip), and
lopinavir (Lop)—with the intention of finding the formation of these kinds of composites
and their orbital interactions. Once the stable composite was optimized, it was carried out
in a docking assay with the SARS-CoV-2-MPro to evaluate the ligand-target interaction,
which can promote the replication of the SARS-CoV-2 virus (COVID-19).

2. Materials and Methods

The nanoparticles of ZnO and the repurposed molecules, Chloroquine, Dipyridamole,
and Lopinavir, were modeled using the Avogadro software [24]. The whole molecules
were optimized through the Gaussian 09 (G09) package [25], using the formalism of the
density functional theory (DFT) at the level of the hybrid functional M06L [26,27], using
the basis set 6-31G(d,p) [28] and the pseudopotential LANL2DZ [29] for the Zn atoms. The
above level of theory was selected to obtain a complex orbital interaction.

To evaluate the importance of the nanoparticle size, a medium-sized model of the
ZnO-NP was designed and optimized with the SIESTA software [30] at PBE [31] level. The
above approach was performed due to the lower computing time, derived of the great
molecule computed.

Drug + ZnO − NP→ Drug − ZnO (1)

Eads = Ecomposite − (EZnO − NP + Edrug) (2)

The adsorption energy of the drugs on the ZnO-NP was evaluated using Equations (1)
and (2), which evaluated the chemical reaction of adsorption of the drugs. This highlighted
that the adsorption energy can be considered as coupling energy. Moreover, the binding
energies of the systems (Free drugs, ZnO-NPs and composites) were computed using the
Equation (3).

Eb = Emolecule − (∑Eisolated total atoms) (3)

Once the models have been optimized and computed, their adsorption energies were
carried out in an in silico molecular coupling assay to obtain the interactions between the
designed models with the SARS-CoV-2-MPro (PDB code: 6LU7). The docking assay was
performed through the Molegro Virtual Docker package (MVD) [32] through the MolDock
scoring function [33].

3. Results
3.1. Binding and Adsorption Energies

The three designed composites, chloroquine coupled to ZnO-NP (ZnO-Clq), Dipyri-
damole coupled to ZnO-NP (ZnO-Dip), and Lopinavir coupled to ZnO-NP (ZnO-Lop),
as well as the ZnO-NP, were optimized with the method described above, obtaining the
structures that are depicted in Figure 1.
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Figure 1. Optimized structures of the (A) (ZnO)4-NP model and the three designed composites;
(B) chloroquine coupled to ZnO-NP ((ZnO)4-Clq); (C) Dipyridamole coupled to ZnO-NP ((ZnO)4-
Dip), and (D) Lopinavir bound to ZnO-NP ((ZnO)4-Lop). Gray spheres represent the carbons, red
spheres the oxygens, white spheres the hydrogens, blue spheres are the nitrogens, green spheres
represent the chloride, and purple spheres are the zinc atoms.

To evaluate the stabilization of the designed molecules, the binding energies (Eb) were
computed, and the results are shown in Table 1. Our results show values of Eb/atom
between 4.277 to 4.708.

Table 1. Energy of adsorption, binding energy, and binding energy per atom (in eV), for the studied
molecules, using M06L/6-31G(d,p).

Molecule Eads Eb Eb/atom *

Clq - 217.182 4.525
Lop - 442.528 4.708
Dip - 337.413 4.440

(ZnO)4 - 20.691 2.586
(ZnO)4-Clq 1.531 239.405 4.275
(ZnO)4-Lop 2.084 465.304 4.562
(ZnO)4-Dip 0.582 358.686 4.270

* Eb/atom = Eb/No. of atoms in the molecule.

In the case of the adsorption energies, Table 1 shows values between 0.582 and 2.084 eV,
resulting in the formation of three possible composites, although the (ZnO)4-Lop composite
is the more favorable to be synthesized. Note that the binding energy per atom and the
adsorption energy match according to the most stable composite.

3.2. Gap Energies and Molecular Orbital Analysis

Table 2 shows the GapHOMO-LUMO energies for all the molecules here studied, com-
puted at M06L/6-31G(d,p) level. The values oscillate between 2.497 to 4.099 eV. The above
indicates that the free drugs present a chemical hardness behavior (with a lower reactivity),
which means that the ZnO-NPs make the whole system chemically soften (with a higher
reactivity).



Appl. Nano 2021, 2 260

Table 2. Gap energies for the studied molecules, in eV.

Molecule GapHOMO-LUMO

Clq 3.230
Lop 4.099
Dip 2.498

(ZnO)4-NP 2.531
(ZnO)4-Clq 2.638
(ZnO)4-Lop 2.497
(ZnO)4-Dip 2.206

Following the study, the molecular orbitals surfaces were computed and analyzed
only in the case of the molecule with the highest adsorption energy. Figures 2A and 3A
show the higher interaction of the ZnO-NP, with the electronic density distribution in the
whole molecule occurring for the HOMO and LUMO. Furthermore, in Figures 2B and 3B,
we show the HOMO-LUMO of the isolated molecule, which demonstrates that the HOMO
and LUMO are located on contrasting sites in this molecule. Finally, Figures 2C and 3C
show the HOMO and LUMO, respectively, displaying an electronic density distribution
between the ZnO-NP and the Lop, and suggesting an adsorption interaction.

Appl. Nano 2021, 2, FOR PEER REVIEW  4 
 

 

Table 2. Gap energies for the studied molecules, in eV. 

Molecule  GapHOMO‐LUMO 

Clq  3.230 

Lop  4.099 

Dip  2.498 

(ZnO)4‐NP  2.531 

(ZnO)4‐Clq  2.638 

(ZnO)4‐Lop  2.497 

(ZnO)4‐Dip  2.206 

Following the study, the molecular orbitals surfaces were computed and analyzed 

only in the case of the molecule with the highest adsorption energy. Figures 2A and 3A 

show the higher interaction of the ZnO‐NP, with the electronic density distribution in the 

whole molecule occurring for the HOMO and LUMO. Furthermore, in Figures 2B and 3B, 

we  show  the  HOMO‐LUMO  of  the  isolated molecule,  which  demonstrates  that  the 

HOMO and LUMO are located on contrasting sites in this molecule. Finally, Figures 2C 

and 3C show the HOMO and LUMO, respectively, displaying an electronic density dis‐

tribution between the ZnO‐NP and the Lop, and suggesting an adsorption interaction. 

 

Figure 2. Highest occupied molecular orbitals (HOMO) surfaces for the (A) ZnO‐NP, (B) Lop and 

(C) ZnO‐Lop (Isovalue of 0.01). 

A
B

C
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(C) ZnO-Lop (Isovalue of 0.01).

3.3. Effect of ZnO-NP (Geometric) Structure on Adsorption

Once understanding the adsorption of Clq, Dip, and Lop on the ZnO-NP, was carried
out, an analysis of other ZnO-NP was undertaken in order to make a comparison with
regard to the effect of the NP size on the adsorption energy of drugs. Figure 4A shows the
other designed ZnO-NP, which has 24 atoms ((ZnO)12-NP), and considers this in regard to
the first ZnO-NP designed and analyzed which at the moment has eight atoms ((ZnO)4-
NP), see Figure 1A). Note that, the ZnO)12-NP forms an irregular icosahedron, which is
partially capped in their triangular faces, forming three bonds.
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Figure 4. Optimized structures of the (A) (ZnO)12-NP, and the (B) (ZnO)12-Lop.

The best-adsorbed drug, Lop, was evaluated and the adsorption of this to the (ZnO)4-
NP) and the (ZnO)12-NP was computed using the SIESTA package. The results show that
the greater NP ((ZnO)12-NP) also adsorbs the Lop. This tendency indicates that (ZnO)4-NP)
can better adsorb the drug (2.450 eV) than the greater molecule (2.192 eV), due to the
surrounding effect of the drug on the small molecule, which results in a size cover by
the drug on the NP. It is worth noting that the SIESTA-PBE slightly overestimated the
adsorption energy in comparison with G09-M06L, due to the pseudopotential approach.

3.4. Molecular Docking Assay

Finally, the designed composites, the free drugs, and the ZnO-NP were coupled to the
SARS-CoV-2-MPro in order to corroborate the affinity of the studied molecules on this kind
of target (which is involved in the replication process of the SARS-CoV-2 virus, causing the
current pandemic).

The studied molecules were coupled into the same cavity of the selected target (see
Figure 5). The results and the summation of the ligand-target energy are shown in Table 3,
which present the values of interaction energy (E) between −2.212 and −8.751 eV and
present a ligand efficiency (LE) range from −0.178 to 0.265 eV. Note that the most negative
value of LE results in the current molecule being preferred by the target. With regard to
this, the best interacting molecule is the ZnO, but the (ZnO)4-Clq is the composite that best
interacts with the SARS-CoV-2-MPro.
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Table 3. Main interaction energies between the studied molecules and the SARS-CoV-2-MPro, in eV.

Molecule E LE H-Bond VdW Electro

(ZnO)4 −2.121 −0.265 0.000 −0.317 −0.038
Clq −5.787 −0.263 −0.001 −1.711 0.012
Lop −8.199 −0.178 −0.182 −1.447 −0.004
Dip −8.306 −0.231 −0.337 0.866 −0.047

(ZnO)4-Clq −6.635 −0.221 −0.067 −1.481 0.052
(ZnO)4-Lop −8.242 −0.153 −0.153 −0.143 0.054
(ZnO)4-Dip −8.751 −0.199 −0.231 −2.592 0.050
Co-crystal −9.184 −0.219 −0.363 −2.364 −0.026

E is the whole ligand-target interaction energy; LE is the ligand efficiency = E/No. or heavy atoms; H-bond
means the hydrogen bond interactions; VdW is the Van der Waals interactions, and Electro shows the electrostatic
interactions.

Furthermore, we analyzed the specific interactions of the best docked free drug (Clq)
and the best docked composite ((ZnO)4-Clq) in relation to the selected target (see Figure 6).
The ZnO-NP presents electrostatic interactions of repulsion and attraction with His41, see
Figure 6A.
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Figure 6. (A) Electrostatic interactions between the ZnO-NP with the SARS-CoV-2-MPro. (B) H-bond
and (C) electrostatic interactions between Clq and the selected target. Green and red lines are the
attraction and repulsion electrostatic interactions, respectively, and blue lines depicts the H-bond
interactions.
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On the other hand, the free Clq shows (Figure 6B,C) H-bond and electrostatic inter-
actions with His164 and only electrostatic repulsion and attraction with His41, His163,
and Glu166.

As the better interacting composite, (ZnO)4-Clq presents H-bond interactions with
Gly143 (see Figure 7A. At the same time, Figures 6C and 7B show that the same compos-
ite presents repulsion interactions with His41 and His163, but the Glu166 promotes an
attractive interaction.
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blue lines depicts the H-bond interactions.

4. Discussion
4.1. Binding and Adsorption Energies

Figure 1 displays an illustration of the isolated carrier cluster (ZnO-NP) (see Figure 1A),
and its interaction between the three selected drugs (see Figure 1B–D.) In ZnO-Clq (Figure 1B),
two Zn atoms of the NP are clearly in interaction with carbons and nitrogen of the Clq
via hydrogen bonds or directly, which can be promoted by the structural conformation of
the NO. In the case of Dip and Lop, the interaction is also between the Zn and the carbon,
nitrogen and oxygen of the drugs.

Furthermore, considering the Eb’s results, note that the Eb is more comparative if
it is calculated per atom. The molecule with the higher internal interaction is lopinavir
(with 4.708 eV), due to the higher degrees of freedom promoted by its ramification on
the structure. The lower Eb/atom molecule is the ZnO-NP, apparently due to the lower
intramolecular interactions and the completely inorganic molecule in Table 1.

When the composites were formed, the binding energy per atom, compared with the
free drug, decrease by almost 0.2 eV/atom, but is notably higher than the Eb/atom of
the ZnO-NP.

On the other hand, the binding energies demonstrate that in the ZnO-Clq, a composite
can be easily formed as well as in the other two drugs, being the least favored in terms of
the Dip-composite and the most favored in terms of the Lop-composite. In the case of the
Clq, this may be related to the chloride group on the drug, which changes the electronic
behavior of the entire system. The other two drugs are N and O, with the promoters of the
binding occurring through the Zn.

4.2. Gap Energies and Molecular Orbital Analysis

Concerning the energy gaps, Table 2 clearly shows a decrease in the EHOMO-LUMO
gaps when the composites are formed, due to the weaker isolator character of the ZnO-NP,
which results in the compounds tending to narrow their gaps due to the coupling with
electrons of the metal oxide NP whose Gap energy is 2.531 eV. Compared with the free
molecules, the lopinavir is the system with higher Gap energy, with 4.099 eV, followed by
the Clq and the Dip, with values of 3.23 and 2.498 eV, respectively.

Analyzing the molecular orbitals of the best-adsorbed molecule, (ZnO)4-Lop, Figure 2
shows the EHOMO of the free Lop, ZnO-NP, and the composite, which demonstrates the
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adsorption interaction of the Lop on the ZnO-NP surface (see Figure 2C) with the electronic
density of the higher occupied orbital positioned on both, the ZnO-NP and the Lop.

4.3. Effect of ZnO-NP (Geometric) Structure on Adsorption

The difference of Eads between the (ZnO)4-NP, and the (ZnO)12-NP is apparently due
to the difference in between both NPs, which can lead to the drug more easily surrounding
the small molecule ((ZnO)4-NP), generating an adsorption energy of 2.459 eV, in contrast
with the 2.192 eV for the greater molecule ((ZnO)12-NP). The level of theory variation was
explained in the Results section.

4.4. Molecular Docking Assay

Table 3 shows that the SARS-CoV-2-MPro prefers to interact with the ZnO-NP than the
Clq, despite being considered as a degenerated interaction due to their lower difference
(0.002 eV). However, when the ZnO-NP is coupled to the drug, forming the composites,
and is evaluated with the selected target, the LE of these systems results is less favorable,
decreasing by around 0.03 eV, which can promote a controlled drug delivery.

Analyzing the summation of energies, it is clear that the nanoparticle size is the
determinant factor to promote a higher interaction with the SARS-CoV-2-MPro.

On the other hand, comparing our results with the co-crystallized molecule, the
(ZnO)4-Clq composite results better than those mentioned above. However, it is considered
degenerated due to its lower difference (0.002 eV).

5. Conclusions

This work was proposed a nanostructured carrier based on ZnO, which was coupled
to three repurposed drugs (Chloroquine, Dipyridamole, and Lopinavir) to understand the
chemical interaction of the formed composite. The designed composites were modeled and
optimized using the DFT formalism, obtaining exergonic adsorption energies (between
0.582 to 2.084 eV), being the better-adsorbed drug the Lop, with an adsorption energy
of 2.084 eV. Moreover, EHOMO orbitals demonstrate the electronic overlap between the
ZnO-Np and the lopinavir. Finally, we carried out a docking assay in order to observe
the interaction of free drugs and composites with the main protease of the SARS-CoV-2,
finding that the higher coupling energy of the composites (around to 0.03eV), compared
with the free drugs, suggests a controlled dosage of the drug on the SARS-CoV-2-MPro.
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