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Abstract. COVID-19 pandemic started more than a year ago and has infected more than 115 million of people from
~210 countries and >2.5 million of deaths worldwide being reported without any commercial and effective treatment
or vaccine being yet released. However, recent studies on nanomaterials such as fullerenes, carbon nanotubes and
graphene showed that they possess anti-inflammatory, antiviral, anti-oxidant and anti-HIV properties. Herein, the
interactions which established between the fullerenes C,, (m = 48, 60, 70, 80, 84 and 86) and the spike protein (SP) of
SARS-CoV-2 and the human ACE2 receptor have been investigated based on the density functional theory (DFT)
method with the CAM-B3LYP functional and the 6-31G* basis. The results of this study show that C48 exhibited as
potential inhibitor of SARS-CoV-2. Because of the presence of heteroatoms on the surface of fullerenes which
systematically reduce energy gaps, which in turn increase their reactivities. The oxygen adsorbed by fullerenes
increases the number of non-covalent contacts and involves a large number of hydrogen bonds, while decreasing the
binding energies. Thus, the hACE2-SP-40,@C60 complex is strongly recommended for inhibiting SARS-CoV-2 in the

final phase of contamination.
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1. Introduction

C60 is the first member of the fullerene family to be syn-
thesized. It contains only carbon atoms with 60n electrons
which are not completely delocalized due to its crystallo-
graphic structure [1]. Indeed, the C60 has a truncated
icosahedrons structure with 32 faces, including 20 hexagons
and 12 pentagons, each of these being surrounded by six
hexagons.

The crystallographic structure reveals that the C-C
bond lengths in the pentagons are identical and equal to
1.45 A which is characteristic of a single Csp>~Csp® type,
while in the hexagons, the bond lengths are alternately of
145 A (single bond) which are common to a pentagon
and a hexagon and 1.38 A (double bonds) which are
common to two hexagons. The localization of m electrons
would make the carbon atoms in the C60 non-identical,
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leading to a different possibility of interactions. This
could suggest that C,, (m = 48, 60, 70, 80, 84 and 86)
would be a potential candidate for inhibition of SARS-
CoV-2.

It has been more than a year since the COVID-19 [2]
pandemic has spread in the world with an upsurge in the
number of infected people that exceeds 115 million
worldwide with >2.5 million of deaths without any treat-
ment or effective vaccine being proposed until now. To
propose those which inhibit the SARS-CoV-2 and based on
the databases of molecules, several molecular docking
studies have been carried out. Nanomaterials, such as
fullerenes, nanotubes and graphene have been shown to
interact strongly with peptide and protein assemblies [3,4]
and have antiviral [5-11], anti-oxidant, anti-inflammatory
[12] and anti-HIV [9] properties. The use of fullerenes in
medicine is increasingly explored even if several studies
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warn of potential damage caused to the living organisms
[13,14] and even in-vivo studies have shown that the C60
and its derivatives are not toxic [15,16]. It would be nec-
essary to understand in advance, the interactions that are
established between fullerenes and the spike protein (SP) as
well as with the human angiotensin-converting enzyme 2
(hACE2). On the other hand, it has been showed that in
agreement with the experience that C60 binds strongly with
AP fibrils and the binding energy decreases with increase in
the size of fullerenes [17]. In addition, one of the main
characteristics of the C60 is its ability to capture free rad-
icals that protects biological systems from cell destruction
[18,19]. The presence of several double bonds is responsible
for scavenging free radicals [20] and probably for estab-
lishing strong non-covalent interactions between fullerenes
and the various residues of the spike protein and the hACE2
receptor. Moreover, it has been showed that the hydroxy-
chloroquine [21] and adsorption of chloroquine on C60
fullerenes and the doped one with B, Al and Si are ther-
modynamically stable [22] and are potential carriers of
drugs [23-25].

For all these reasons and in the absence of treatment for
the COVID-19 pandemic, the fullerenes can be an approach
to be exploited [17], which means it is interesting to study
the interactions between the nanomaterials in the different
sites of the contact area (figure 1) between SARS-CoV-2
and the hACE2 receptor. Furthermore, a recent experi-
mental [26] study showed that the lipid layer present in the
virus of COVID-19 can be deactivated by the nanocarbon-
coated surfaces, such as fullerenes. Other studies showed
anti-cancer effects of fullerene derivatives [27-29]. Herein,
our work reports the exploitation of the electronic and
structural characteristics of fullerenes and the examination
of their interactions with the spike protein and hACE2
receptor.

For this purpose, we use the density functional theory
(DFT) method with the CAM-B3LYP functional and the
6-31G* basis sets for the determination of most

ACE2 human receptor

Figure 1. Interaction interface between spike protein and human
ACE2 receptor.
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stable structures of the different ligands (C,,, m = 48, 60,
70, 80, 84 and 86) and fullerenes adsorbing oxygen
molecules C,,@n0O, [30] without any symmetry con-
straint. Chimera 1.14 [31] software is used to perform
molecular docking. We use the cleaned PDB files (6LZG
and 6MOJ) (figure 1), from the databank from which we
extracted the structures of the spike protein and hACE2
receptor.

2. Computational details

Fullerenes C48(Dgq), C60(1,), C70(Ds,) and C80(C,,)
have been optimized without any symmetry constraint at
the DFT levels using the CAM-B3LYP functional
[32-34] and the split valance polarized basis set 6-31G*
implemented in Gaussian 03 [35]. The PDB file of
SARS-CoV-2 spike protein (SP) RBD-hACE2 complex
(PDB ID 6LZG or 6MOJ) was obtained from the struc-
tural bioinformatics (RCSB) protein data bank (PDB)
(http://www.rcsb.org/structure/6L.ZG). We have used the
UCSF Chimera 1.14 [31] to highlight the structure of the
ligand and/or protein-complex structure, to perform the
various functions associated with ligand and protein
preparations and acting as an interface to enable molec-
ular docking calculations using locally hosted AutoDock
Vina software [36]. Prior to molecular docking, the
hACE2 protein (part A) and S-protein (part B) in 6LZG
PDB files were deleted from the PDB file of the complex,
respectively, to study the S-protein-fullerene (SP@C,,)
and hACE2-fullerene (hACE2@C,,) complexes. In addi-
tion, all non-standard residues including that of water
were also removed. The structure of each fullerene ligand
has been incorporated into UCSF Chimera [31] using the
optimized structure at the CAM-B3LYP/6-31G* levels,
which also have been imported in the PDB file format
obtained from Gaussian 03 software calculation at
B3LYP/6-31G* levels [35] and visualized by GaussView
5.0.9 package [37]. The PDBQT files of the S-protein
RBD and fullerene ligands were generated after adding
all hydrogen and charges to each structure. The S-protein
and hACE2 docking search box were assigned by varying
the receptor search volume in terms of size and centre to
cover the contact area previously observed between the
S-protein RBD and hACE2 receptor. The number of
binding modes was fixed to 10 with exhaustiveness of
search set to eight. The maximum energy difference was
fixed up to 3 kcal mol'. The obtained molecular docking
results were then aligned with the PDBQT files of the
S-protein, hACE2 and S-protein RBD-hACE2 complex to
emphasize the interaction type of docked complexes in
the S-protein, hACE2 and S-protein-hACE2 binding
interface, respectively. The AMBER ff14SB force field
was used [38].
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3. Results and discussion

3.1 Structural studies of different ligands

The results giving the 3D optimized geometries of different
fullerenes (C,,, figure 2a) and different fullerenes adsorbed
by nO, molecules nO,@C,, (figure 2b) are illustrated in
figure 2. The calculations, for the energy minima, lead to
normal modes of vibration which are all real. Overall, when
fullerene size increases, the energy gap decreases, so the
reactivity increases.
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Figure 2. (a) Optimized structure of C48(Dgq), C60(I},), C70(Dsy), C80(C,y) and (b) C60, C60@0,, C60@20, and

C60@40, obtained at the CAM-B3LYP/6-31G* levels with ionization potential /, electron affinity A, energy gap,
chemical potential g, chemical hardness 7, electrophilicity o, nucleophilicity v in eV and molecular volume in A®

evaluated by Chimera software.
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approximation [40], show that the C60@n0O, complexes
with fullerene are more reactive than the C60. In fact,
energy gap, electrophilicity w, e chemical potential p,
electronegativity y (—p) and nucleophilicity v increase in
absolute values in all cases when we go from C60 to
complexes.

The IR spectra given in figure 3, show the normal mode
of vibration calculated at the CAM-B3LYP/6-31G* level
where the IR peak half-width at half-height is multiplied by
40 cm™ .

From the IR spectra (figure 3), the band appearing around
588 cm ™' for C60 disappears as the number of adsorbed
oxygen molecules increase; it completely disappears for the
C60@40, complex. It is the same for the bands that appear
between 1214 and 1460 cm ™.

A new band, large and intense, characteristic of oxy-
genated compound: C-O elongations symmetrical (v(sjy_[%) at
1070 cm ™' and asymmetric (v&>5) at 1170 cm™" appear for
the fullerene complexes. The vibration spectra of all other
C,,@n0O, complexes with m = 48, 70, and 80 withn =1, 2
and 4 lead to the same conclusions.

The calculated area under the curve (AUC) of the char-
acteristic peak at 1000-1200 cm™" of adsorbed, as function
of the number of adsorbed oxygen molecules nO,, is shown
in figure 4. We note that the surface increases linearly with
the number nO,. This result confirms the fixation and the
quantities of oxygen adsorbed.

From the frontier molecular orbital (FMO), a clear
reduction in the energy gap (figure 2b) is observed which is
corresponding to a greater reactivity. The shape of the
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Figure 4. Area under the curve (AUC x 1072) of (*) IR spectra
between 1000 and 1200 cm ™! vs. n(0O,) adsorbed.

FMOs, given in figure 5, shows a different distribution of
the C60@n0, complexes.

3.2 Docking results

3.2a Fullerene ligand: Taking into account the contact
interface between the spike protein of SARS-CoV-2 and the
hACE2 (figure 1), we have opted for all the docking cal-
culations with the size of the box modelling in this inter-
face, such as special parameters: centre: —33.57; 32.45;
1.938 and x = 22.0; y = 45.0 and z = 20.0.

The results of the SP@C,, and hACE2@C,, complexes,
shown in table 1, highlight the following:
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Figure 3. IR spectra of C60 and C60@n0O, with n = 1, 2 and 4 obtained at CAM-B3LYP/6-31G* levels.
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Figure 5. FMO of C60, C60@0,, C60@20, and C60@40, obtained at CAM-B3LYP/6-31G* level.

Table 1. Binding energy intervals (kcal mol™") of the first 10 most stable states of Cible@fullerene complex.

Cible @fullerene type

Binding energy intervals between:

RMSD between:

SP@C48 —8.0 to —8.0 0.00 to 0.07
SP@C60 —7.8to —7.8 0.00 to 0.07
SP@C70 —8.1to —7.9 0.00 to 0.76
SP@C80 —8.5t0 —8.2 0.00 to 0.84
SP@C84 —83to —8.2 0.00 to 0.76
SP@C86 —8.6to —8.3 0.00 to 0.80
hACE2@C48 —10.2 to —9.0 0.00 to 1.47
hACE2@C60 —79to0 =79 0.00 to 0.11
hACE2@C70 —9.0to —8.8 0.00 to 0.64
hACE2@C80 —9.1to -89 0.00 to 0.82
hACE2@C84 —9.0to —8.8 0.00 to 0.75
hACE2@C86 —9.4t0 —9.0 0.00 to 0.81
hACE2@SP@C(C48 —85t0 —7.8 0.00 to 12.22
hACE2@SP@C60 —5.1to —=5.0 0.00 to 0.16
hACE2@SP@C70 —52t0 —4.8 0.00 to 0.62
hACE2@SP@C80 —2.5to +0.2 0.00 to 0.76
hACE2@SP@C86 0.0to 1.0 0.00 to 0.82

(i) The interaction energies are non-covalent types.

(ii) Overall, the binding energy decreases with increase in
the sizes of the fullerene. This trend is not observed for C48
and C84, this exception is due to the flattened shape of the
structure that promotes better contacts with the target as
discussed further.

The same findings also apply for complexes hACE2@C,,
(m = 48, 60, 70, 80, 84 and 86) (table 1). Indeed, when

the shape of the fullerene is oval or flattened, the corre-
sponding binding energy is lower with more non-covalent
contacts between the spike protein and hACE2 targets and
ligand.

From the different interactions established (table 2), it
appears that:

(i) The residues of the spike protein involved are identical
from fullerene C48 to C86. C48 established 48 interactions
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Table 2. Residues involved in the different contacts established in Cible@C,, (m = 48, 60, 70, 80, 84 and 86).

Cible@C,, Number of non-covalent interactions Residues involved

SP@C48 48 GLN493, GLY496, TYR449, TYR505 and GLN498

SP@C60 25 GLN493, GLY496, TYR449, TYR505 and GLN498

SP@C70 25 GLN493, GLY496, TYR449, TYR505 and GLN498

SP@C80 32 GLN493, GLY496, TYR449, TYR505 and GLN498

SP@C84 31 GLN493, GLY496, TYR449, TYR505 and GLN498

SP@C86 34 GLN493, GLY496, TYR449, TYR505 and GLN498

hACE2@C48 64 GLN96(05), LYS26(11), VAL93(11), ASP30(16), ASN33(08),
THR92(01) and PRO389(12)

hACE2@C60 25 PHE28(6), LYS31(9), LEU79(2) and TYR83(8)

hACE2@C70 33 THR27(4), PHE28(5), LYS31(12), LEU79(6) and TYR83(6)

hACE2@C80 31 THR27(3), PHE28(6), LYS31(12), LEU79(5) and TYRS83(5)

hACE2@C84 27 THR27(5), PHE28(5), LYS31(10), LEU79(2) and TYR83(5)

hACE2@C86 32 THR27(5), PHE28(7), LYS31(8), LEU79(7) and TYR83(5)

hACE2@SP@C48 86 ARG403(18), LYS417(17), PRO389(17), ASN33(9), ASP30(4),
HIS34(10), TYR505(2), ARG393(5), GLN388(2) and ALA387(2)

hACE2@SP@C70 26 GLN474(8), SER19(7), LYS458(9) and GLY476(2)

hACE2@SP@C380 32 GLN474(13), SER19(11), LYS458(4) GLY476(2) and SER477(1)

hACE2@SP@C86 57 SER19(25), GLN474(15), GLY476(4), LYS458(6) and SER477(6)

(@)

Surface by atom type of the Spike Protein

Surface by atom  type for all the ten stable structure

(b)

Figure 6. (a) Different contacts with the C48 fullerene and the spike protein. (b) Surface by atom type for all 10

stable structures of SP@C48 complexes.

due to its flattened shape with a binding energy of —8.0 kcal
mol ! (figure 6a). All 10 stable structures are located at
down position of the spike protein (figure 6b). However, for
C86 form 34 contacts with a binding energy of —8.6 kcal
mol~'. The order of magnitude of the binding energies is a
neighbour, but C48 would link better to the spike protein.

(i) The residues involved in hACE2@C,, are also iden-
tical in all cases implicating the same conclusion as above.
Even if the lowest binding energy corresponds to the
hACE2@C86 complex (—9.4 kcal mol ™!, table 1), the
advantage of the contacts is in favour of the hACE2@
complex C48 (binding energy of —8.4 kcal mol ™", figure 7a

and b) with 53 contacts which correspond to the following
residues: THR27(13), PHE28(9), LYS3(13), LEU79(12)
and TYRS83(6) (in brackets the number of contacts per
residue).

(iii) For the complexes hACE2@SP@C,, type (m = 48,
60, 70, 80, 84 and 86), the advantage is also attributed for
the smaller fullerene sizes (C48) with a binding energy of
—8.5 kcal mol™" and 86 interactions distributed as follows:
ARG403(18, SP), LYS417(17, SP), PRO389(17, hACE2),
ASN33(9, hACE2), ASP30(4, hACE2), HIS34(10, SP),
TYRS505(2, SP), ARG393(5, SP), GLN388(2, hACE2) and
ALA387(2, hACE2); including 52 contacts with the spike
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(a)

(b)

Figure 7. Different contacts with the (a) more and (b) second stable hACE2@C48 complex.

Figure 8. Docking positions of the 10 stable complexes formed
by spike protein-hACE2 with these C,, (m = 70, 80, 84 and 86)
fullerenes.

protein and 34 with the hACE2 receptor. While for the other
fullerenes, considering their molecular volume (figure 2),
their binding energies and the number of contacts they
established (tables 1 and 2), they cannot be inhibitors of
SARS-CoV-2 because they linked outside of the contact
area between the spike protein and the hACE2 receptor
(figure 8).

The different interactions of both stable conformations
are represented in figure 7a and b.

Figure 9 shows the hydrophobic contacts between
SER494, GLY496, TYR449, TYR505 and GLN498 resi-
dues of the spike protein and the corresponding atoms of the
ligand obtained with the LigPlot™ v.2.2 multiple ligand—
protein interaction diagrams of drug discovery [41].

Figure 10 shows, in 2D, the 64 hydrophobic contacts
between GLN96, LYS26, VAL93, ASP30, ASN33, THR92
and PRO389 residues of the ACE2 receptor and corre-
sponding atoms of ligand.
3.2b Complex C,,@n0, ligand: SARS-CoV-2 is found to
cause several and very different symptoms, such as
hypoxemia (lack of oxygen). Once the cell is infected with

SARS-CoV-2, it depletes the cell in oxygen. It is known
that fullerenes adsorb oxygen molecules and the presence of
heteroatoms on them systematically reduces the energy gap,
this means that the exchange of electrons is greater and
become most reactive compared to pure fullerenes [42,43].
The presence of oxygen atoms on the surface of fullerenes
will promote the formation of hydrogen bonds with various
targets (spike protein and hACE2), which will strengthen
the binding of modified fullerenes to these targets and thus
inhibit the penetration of SARS-CoV-2 inside the cell. For
these reasons, we have optimized at the CAM-B3LYP/6-
31G* level, without symmetry constraints for the com-
plexes: C,,@n0O, (n =1, 2 and 4 and m = 48, 60 and 80)
(table 3). PDB files were created using GaussView 5.0.9
and transferred to Chimera 1.14 software where molecular
docking was performed by studying their interactions with
the spike protein and hACE2.

The adsorption of oxygen by the various fullerenes
decreases the values of the binding energy (see figure 2b)
and increases the number of contacts by including stabi-
lizing interactions through the formation of hydrogen
bonds, e.g., the SP-C48@20, has a binding energy of —9.1
kcal mol ! with 43 contacts whose five-hydrogen bonding,
compared to that of SP-C48 complex which is of —8.0 kcal
mol ™! with 48 non-covalent contacts without any hydrogen
bond. On the other side, the SP-C80 complex has a binding
energy of —8.5 kcal mol~' with 32 non-covalent contacts,
while that of the SP-C80@40, complex is —10.7 kcal
mol ™! with 42 contacts including seven hydrogen bonds,
i.e., a difference of 2.2 kcal mol™! is in favour of the sta-
bility of the SP-C80@40, complex, especially, since all the
contacts are established inside the spike protein—hACE2
interface. In all cases, the adsorption of oxygen on the
fullerenes promotes the binding of the ligand to the spike
protein and to the hACE2 receptor with a difference in
stabilizing binding energy of around 1.2 kcal mol™" with a
great number of contacts including hydrogen bonds. The
most favourable case is the hACE2-SP-C60@40, complex
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Figure 9. Hydrophobic contacts between the residues of the spike protein (table 2) and corresponding
atoms of the C48 ligand.
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Figure 10. Hydrophobic contacts between the residues of the ACE2 receptor (table 2) and corresponding
atoms of the C48 ligand.
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Table 3. Binding energy intervals (kcal mol™"), RMSD (A) intervals for the top ten stable structures and contacts number in the 10

stable cible@nO, complexes.

Number of contacts for the

Cible @fullerene-adsorbed Binding energy intervals RMSD most stable complex of the
type between: between: lowest binding energy
SP-C48@20, —9.1to —8.7 0.00 to 1.77 43 (5 H bonds)*
SP-C60@20, —8.7to —8.5 0.00 to 1.24 25 (3 H bonds)
SP-C60@20, —8.7to —8.6 0.00 to 1.70 24 (3 H bonds)
SP-C60@40, —9.7t0 9.2 0.00 to 1.84 35 (5 H bonds)
SP-C60@80, —10.7 to —10.1 0.00 to 1.68 42 (7 H bonds)
hACE2-C60@40, —9.1 to —8.8 0.00 to 1.66 33 (2 H bonds)
hACE2-C80@40, —6.5t0 =59 0.00 to 1.67 39 (4 H bonds)
hACE2-SP-C60@40, —13.2to —12.7 0.00 to 1.06 49 (18 H bonds)

*In parentheses are given the number of hydrogen bond contacts established for the 10 most stable conformations.
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Figure 11.

with a binding energy of —13.2 kcal mol™' compared to the
hACE2-SP-C60 complex with a binding energy of —5.1
kcal mol~". Once the spike protein is attached to the hACE2
receptor, that is to say, in the final phase of contamination,
the hACE2-SP-C60 @40, complex is strongly recommended
to inhibit the action of SARS-CoV-2; the difference in
binding energy is of —8.1 kcal mol~' with 18 hydrogen bonds
(with the 10 stable structures) that form with the complex
where four oxygen molecules are adsorbed on the C60.

For example, for the most stable conformation of
C48@40,, three hydrogen bonds are formed, two between
ARG403 (2.79 and 1.81 A) and oxygen Og (figure 6a)
where the third did not appear (complexity of 2D repre-
sentation), is established between the TYRS505 and O
(figure 11a) which is 2.51 A (figure 11b).

(a) Hydrophobic contacts and (b) hydrogen bond in the C48 @40, complex.

3.2c H,O0 solvent effect: Water as a solvent is a capital
importance, if we research stabilizing interaction between
the different targets and the adsorbed fullerenes. The study
of solvent effect has not been investigated in this work
because of two considerations:

(i) Adsorbed fullerenes can be used as a layer covering
protective masks to trap SARS-CoV-2 because of this solid
physical state. So, considering the effect of solvent is
unnecessary in this case.

(i1) If the adsorbed fullerenes are administrated, the effect
of solvent (water) increases the contact area between the
targets and the ligands, and therefore, the stabilizing inter-
actions would be greater. In fact, the successive layers of
water molecules which are linked to the adsorbed fullerenes
would be formed by hydrogen bonds as shown in figure 12.
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external area formed by the
adsorbed fullerenes

Fullerene

external area formed by the
water's OXYEen

. Oxygen
(C) Hydrogen

Figure 12. Schematic representation of the first solvation layer with H,O.

Therefore, the contact area is identical without or with
solvent.

4. Conclusion

From this study, it emerges that fullerenes are potential
inhibitors of SARS-CoV-2 because of the number of
interactions which are established with the spike protein and
the hACE2 receptor, respectively. C48 presents as the best
asset due to its flattened shape which allows it to have a
greater inhibitory surface at the contact interface between
the spike protein and the hACE2 receptor. The adsorption of
oxygen molecules on various fullerenes increases the non-
covalent contacts and creates a new interaction with
hydrogen bonds which stabilize the various complexes,
such as SP-C,,@n0,, ACE2-C,,@nO, and ACE2-SP-
C,,@n0,. In the final phase of contamination, the hACE2-
SP-C60@40, complex is strongly recommended to inhibit
the action of SARS-CoV-2 because of its binding energy
and the large number of hydrogen bond interactions.
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