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A new insight into the transfer and delivery of anti-
SARS-CoV-2 drug Carmofur with the assistance of
graphene oxide quantum dot as a highly efficient
nanovector toward COVID-19 by molecular
dynamics simulationfy

Mahnaz Shahabi and Heidar Raissi

Currently, a preventive and curative treatment for COVID-19 is an urgent global issue. According to the fact
that nanomaterial-based drug delivery systems as risk-free approaches for successful therapeutic strategies
may led to immunization against COVID-19 pandemic, the delivery of Carmofur as a potential drug for the
SARS-CoV-2 treatment via graphene oxide quantum dots (GOQDs) was investigated in silico using
molecular dynamics (MD) simulation. MD simulation showed that -7 stacking together with hydrogen
bonding played vital roles in the stability of the Carmofur—GOQD complex. Spontaneous attraction of
GOQDs loaded with Carmofur toward the binding pocket of the main protease (M) resulted in the
penetration of Carmofur into the active catalytic region. It was found that the presence of GOQD as an
effective carrier in the loading and delivery of Carmofur inhibitor affected the structural conformation of
Mpro. Higher RMSF values of the key residues of the active site indicated their greater displacement to
adopt Carmofur. These results suggested that the binding pocket of Mg, is not stable during the
interaction with the Carmofur-GOQD complex. This study provided insights into the potential
application of graphene oxide quantum dots as an effective Carmofur drug delivery system for the

rsc.li/rsc-advances treatment of COVID-19.

Introduction

The emergence of a new type of coronavirus, severe acute
respiratory coronavirus (SARS-CoV-2),* infects and threatens
the lives of a large human population around the world. This
new discovered type is the third documented highly pathogenic
pneumonia coronavirus,*® which belongs to the Nidovirales
order of the Coronaviridae family. SARS-CoV-2 is a positive-
sense single stranded ribonucleic acid (RNA) virus that infects
vertebrates. The main protease (M,,,) of SARS-CoV as a key
enzyme in the life cycle of the coronaviruses® is enrolled in the
maturation cleavage events of translated polyproteins to convert
the non-structural proteins to polypeptides required for virus
replication.” Accordingly, M,,,, is a very pivotal element for the
replication and transcription of coronaviruses and its inhabi-
tation activity would block viral replication.*®

Currently, a preventive and curative treatment for this urgent
global issue has projected tremendous research interest. To
date, numerous Food and Drug Administration (FDA) approved
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drugs are considered as potent inhibitors in targeting SARS-
Cov-2.1115

With the rapid development of nanotechnology, various
nanomaterials with different composition and biological prop-
erties have been extensively studied as drug delivery systems.
Drug delivery systems in nano-scaled demonstrated improved
treatment efficiency and bioavailability by delivering the ther-
apeutic agents with lower doses to the required sites. Drug
delivery applications of polymeric, inorganic and carbon-based
nanomaterials were approved by FDA.'**° Recently, two
dimensional (2D) materials such as graphene and graphene
oxide due to the tunable physical and chemical properties have
investigated in medicine application such as drug loading and
transportation, theranostics,”® antimicrobial applications,*
biosensing® and tissue engineering.**

Graphene oxide is one of the newest members of carbon
nanostructures with random distribution of the oxygenated
functional groups. It is known that graphene oxide have efficacy
against particular bacteria, fungi, and viruses.>*° In addition,
the antimicrobial and antiviral efficiency of graphene and its
derivatives are approved.**** Although, the toxicity of graphene
oxide is its major limitation factor, the tunability of the size can
cause these nanomaterials nontoxic and biocompatible.** An
important proposed mechanism underlying the nanotoxicity of
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graphene-based materials is generation of reactive oxygen
species (ROS).* Overproduction of ROS can induce oxidative
stress, resulting in cell failing to maintain normal physiological
redox-regulated functions. This in turn leads to DNA damage,
unregulated cell signaling, change in cell motility, cytotoxicity,
apoptosis and cancer initiation.*®

Recently, graphene oxide quantum dots (GOQDs) due to low
toxicity as well as their hydrophilicity’” have drawn the research
attention in biological applications as drug delivery systems.?**°
GOQDs have a single atom layered structure with lateral
dimension ranging from 2 to 20 nm. Li et al** assessed
a systematic investigation of six graphene quantum dots (GQDs)
with different surface modification, size, and redox form to
compare the toxicity in cell and animal experiments. The results
showed that graphene quantum dots, GQDs, functionalized
with amine and carboxyl groups (GQD-NH, and GQD-COOH)
and GOQDs displayed less toxic than graphene oxide and
reduced graphene oxide. This study showed that GOQDs could
be safely used for drug delivery applications. Furthermore, it is
known that graphene oxide in smaller size (i.e., GOQD) effi-
ciently reduce oxidative stress, ROS, cell toxicity, apoptosis and
inhibit neurotoxicity in vitro and in vivo through catalase-like
activity and metabolic regulation.*

With the COVID-19 pandemic, some studies on the effec-
tiveness of graphene-based materials in the detection and
treatment of SARS-CoV-2 infections were applied.*** For
example, the infection capability of SARS-CoV-2 can reduce by
the application of antiviral properties of graphene and gra-
phene oxide on the facial masks.*® Seo et al. introduced gra-
phene sheets as highly sensitive biosensors for SARS-CoV-2
detection by coating anti-spike protein antibodies on their
surface.” A research by Yilmazer® revealed that graphene oxide
did not show any significant toxicity up to a concentration of
100 pg mL ™" in vitro during the investigation of this material
against SARS-CoV-2 proteins. A research by Khedri et al. showed
the efficiency of 2D structures to reduce the transmissibility and
infectivity of SARS-CoV-2 by the deformation of the spike
protein and inhibiting the Mp,.**

Among the vast range of therapeutic compounds examined,
Carmofur drug appears to be a promising treatment for SARS-
CoV-2 by a half-maximal effective concentration (ECs,) value
of 24.30 pM. In addition, cytotoxicity assays for Carmofur
showed low toxicity in Vero E6 cells with a half-maximum
cytotoxic concentration (CCs) value of >133 uM.*?

The use of the computational methods helped researchers by
enriching knowledge regarding the nature of the interaction of
potential inhibitors and their targets in the safe environment.
Therefore, we investigated the inhibitor activity of Carmofur
drug and graphene oxide quantum dots using molecular
docking and molecular dynamics (MD) simulation. Our
computational results showed that Carmofur has hydrophobic
interaction with the catalytic Cys145 of the enzyme. Also, the
binding free energy analysis approved Carmofur has a strong
complex with hydrophobic active site of M, from COVID-19
with the dominance of the van der Waals energy. The
dramatic structural change of the main protease protein during

interaction with GOQDs was also observed. These
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computational results are in good agreement with the experi-
mental data.>>**Jin et al.>* reported that the antineoplastic drug
Carmofur inhibits viral replication in cells and is effective
against SARS-CoV-2 main protease. A research by Yilmazer
et al.*® experimentally demonstrated that graphene oxide could
offer a platform to effectively interact and potentially transport
other molecules to inactive SARS-CoV-2.

According to the fact that nanomaterial-based drug delivery
systems as risk-free approaches for decreasing the side effects
and enhancing the therapeutic efficiency of therapeutic mole-
cules that may led to immunization against COVID-19
pandemic, graphene oxide quantum dot as a proper delivery
system of Carmofur was investigated by MD simulation. Since in
silico methods helped scientists to improve the quality of
healthcare studies by providing high quality predictions, we
tested our approach on the delivery process of Carmofur assis-
ted by GOQD in the binding pocket of the M, enzyme using
molecular dynamics simulation. Thus, the present study can be
helpful to researchers for further in vitro experimental valida-
tion and development of graphene oxide quantum dots as
a drug delivery vehicle by targeting COVID-19.

Computational details

System preparation

The initial 3D structure of COVID-19 main protease with a high
resolution of 1.31 A (PDB ID: 5R82) was extracted from RCBS
Protein Data Bank (PDB) [https://www.rcsb.org/structure]. The
native co-crystallized ligand present in the crystal structure of
M, is 6-(ethylamino)pyridine-3-carbonitrile. After the removal
of the native co-crystallized ligand, the structure of the Mp,,
enzyme was prepared and minimized using Dock preparation
tool of UCSF-Chimera software.*® The 3D structures for Car-
mofur drug and native co-crystallized ligand were downloaded
from PubChem database [https://pubchem.ncbi.nlm.nih.gov/].
The structural geometry optimization for these molecules was
performed by density functional theory (DFT) calculations
with B3LYP/6-31G(d, p) level of theory using Gaussian 16 soft-
ware.** The finite graphene oxide quantum dots were con-
structed with randomly decorated the graphene model in the
dimension of 20 x 20 A® with hydroxyl and epoxide groups on
the basal plane and carboxyl groups at the edges. Graphene
oxide nanosheets consisted of 200 carbon atoms and 63 oxygen
atoms. According to Hasselbalch-Henderson equation,® the
deprotonated/protonated sites of GOQD/Carmofur in physio-
logical pH 7.4 were calculated. The structure of Carmofur,
native ligand and GOQD are presented in Fig. 1.

Molecular docking

The corresponding input files for molecular docking were
prepared using AutoDockTools (ADT) V.1.5.7 suite.>® The polar
hydrogen atoms were added to the amino acid residues and the
partial atomic charges for M, and ligands were assigned using
Kollman united atom® and Gasteiger-Marsili® methods,
respectively. The native ligand and Carmofur drug were docked
in the active binding site of M, enzyme by AutoDock Vina

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of (a) Carmofur drug, (b) native ligand and
(c) graphene oxide quantum dots.

software® with ligand binding pose coordinates X; 11.470, Y;
—0.690, Z; 23.940. Docking calculations were carried out using
the Lamarckian genetic algorithm (LGA) with a grid-point
spacing of 0.375 A. The structure of docked models was visu-
alized using PyMol software.®

Molecular dynamics simulations

Six systems were considered for MD simulations: (a) Mpy,
enzyme; (b) Carmofur-Mp,,; (c) native ligand-M,,,; (d) Carmo-
fur-GOQD; (e) GOQD-M,,, and (f) Carmofur-GOQD complex
with M. It is noted that the best-scored poses of Carmofur-
M, and native ligand-M,,, complexes obtained after molec-
ular docking were used for MD simulations. The topology of
Carmofur and native ligand were determined based on the
CHARMMS36 force field using CHARMM-GUI server.®* All
unoxidized carbon atoms of graphene oxide were treated as
uncharged Lennard-Jones (LJ) particles.”” The atomic partial
charges of the functional groups and their anchoring carbons
were taken from Tang et al®** All simulation systems were
immersed into a TIP3P cubic periodic box. The ionic concen-
tration of the simulation systems was set to be 0.15 M sodium

© 2022 The Author(s). Published by the Royal Society of Chemistry
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chloride (NaCl) according to the physiological ion concentra-
tion. The details of the simulation systems were presented in
Table S1, ESI.T Molecular dynamics simulation was performed
using Groningen machine for chemical simulations (GRO-
MACS) software in force field CHARMMS36 (ref. 65) with a time
step of 2 fs.

Results and discussion

In order to ascertain the inhibitor activity of Carmofur drug as
well as delivery process of Carmofur assisted by graphene oxide
quantum dots in the binding pocket of My, enzyme, the
computational methods such as molecular docking and
molecular dynamics simulation were performed.

Docking results

To evaluate the inhibitor activity of Carmofur drug and native
ligand of the M, enzyme, 6-(ethylamino)pyridine-3-
carbonitrile, in the active site of target protein, the molecular
docking study was performed. Fig. 2 and 3 show the 3D/2D
schematics of the native ligand/Carmofur drug with My,
protein in the active pocket of the enzyme. It was demonstrated
that Carmofur drug has the highest docking score
(—5.4 kecal mol™') when compared with native ligand
(—4.7 keal mol ). In the active site of My, residues His41,
Cys145 and Glu166 are as key species of the SARS-CoV-2 (ref. 10)
and residues involved in the binding of ligand co-crystallized
with M, include His41, Met49, Cys145, His164, Met165,
Glu166, Arg188, GIn 189 and Thr190 (see Fig. 3).

From Fig. 3, Thr26, Leu27, His41, Asn142, Gly143, Cys145,
His164, Met165 and GIn189 residues participated in the
hydrophobic interaction with Carmofur drug. Besides, oxygen
atom of the carbonyl group in Glu166 residue formed one
hydrogen bond (H-bond length: 3.03 A) with Carmofur drug.
The interaction of Carmofur drug with catalytic dyad residues
(e.g., His41, Cys145 and Glu166) played essential role for
blocking the enzymatic activity of Mp.

ADME and toxicity prediction

ADME/toxicity properties of Carmofur drug were computed
using the SwissADME and pkCSM-pharmacokinetics servers.
The predicted drug-likeness descriptors selected using Lipinski
rules with SwissADME revealed good adsorption or permeation
of Carmofur drug. Molecular weight, octanol-water partition
coefficient (log P,s,), number of hydrogen bond acceptors
(HBAs), number of rotatable bonds (NBR) and polar surface area
(PSA) of Carmofur were within the recognized values of less
than 500, 5, 10, 10 and 140, respectively. The gastrointestinal
(GI) absorption ability for Carmofur was high; this compound
was unable to cross the blood-brain barrier (BBB). Further-
more, the Carmofur molecule was the substrate of P-
glycoprotein (P-gp) and not inhibited the cytochrome P450
2D6 (CYP2D6) enzyme. The distribution of the Silicos-IT log S
value of soluble Carmofur was —3.34. Besides, the toxicity
results of pkCSM-pharmacokinetics suggested that Carmofur is
non-mutagenic and non-carcinogen as well as non-human
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Fig. 3 2D interaction of Carmofur (left) and native ligand (right) with
COVID-19 M, protein.

The26(A)

ether-a-go-go related gene (hERG) blockers. It was found that
Carmofur with log VDss (volume of distribution at steady state)
value of —0.24 is distributed in the plasma. Also, Carmofur
showed no hepatotoxic and no skin sensitization. The phar-
macokinetics and toxicity results approved the safety of the
Carmofur molecule as a potential drug of SARS-CoV-2
treatment.

Analysis of the Carmofur-M,,, complex simulation

To determine the conformational change and the stability of
protein target during the interaction with screened compounds,
the root mean square deviation (RMSD) values of C-alpha (Ca)

14170 | RSC Adv, 2022, 12, 14167-14174
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Fig. 2 The surface (left) and 3D positioning (right) of the best docked complexes of (a) Carmofur and (b) native ligand within the binding pocket
of COVID-19 main protease (color codes: His41l: yellow, Cys145: orange and Glul66: magenta).

atoms were analyzed and the obtained results are presented in
Fig. S1, ESLt As can be seen from Fig. S1,T Carmofur compound
bounded M, showed small fluctuation compared with native
ligand. The average RMSD values of M,,,, Carmofur-M,,,, and
native ligand-M,,, were found to be 0.193, 0.175 and 0.184 nm,
respectively. Fig. S1f also revealed the stability of the consid-
ered systems during MD trajectories. In addition, the lowering
of the solvent accessible surface area (SASA) value of Mp,,
protein (149.250 nm”) upon Carmofur (148.863 nm?”) and native
ligand (146.422 nm?) binding indicated the significant structure
stability of M, enzyme after the interaction of the mentioned
compounds to the active site of the target protein.

To characterize the overall structural change of My, enzyme,
the root mean square fluctuations (RMSFs) for each amino acid
residues of protein in the absence and presence of screened
compounds are plotted in Fig. S1.T In general, the RMSF of the
amino acid residues located in the N-terminal and C-terminal
regions of the Mp,, showed notable deviations owing to their
high flexibility. As observed, lower RMSF values of the key
residues in the active site region of M, interacting with Car-
mofur drug were indicative of higher stability in protein during
the simulation.

To explore the binding stability of the Carmofur drug/native
ligand and M,,, enzyme, the binding free energy analysis was
performed through the molecular mechanics Poisson-Boltz-
mann surface area (MM/PBSA) approach® and the obtained
results are tabulated in Table S2, ESL.f In addition, the inter-
molecular hydrogen bonds (HBs) between the Carmofur/native

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Trajectory snapshots ranging from 0 to 200 ns for the interaction of the Carmofur—-GOQD complex with the binding pocket of the M,

enzyme (water and ions molecules are not shown for clarity).

ligand with SARS-CoV-2 My, were analyzed, as presented in
Fig. S1.f Here, HBs are defined as those formed when the
distance between donor and acceptor is 0.35 nm and the angle
of donor-H-acceptor is less than 30.*

The MM/PBSA results suggested that Carmofur drug depic-
ted a strong complex with M, enzyme with respect to the co-
crystalize ligand, which could have the best inhibitory activity
toward the inhibition site of M. Also, the most favorable
contribution values of van der Waals (E,qw) and electrostatic
(Eelec) energies were observed for the Carmofur-M,, complex. It
is noted that the vdW interaction energy occupied the main
driving force for the interaction of the Carmofur drug with
hydrophobic active site of M, from COVID-19. The notable of
the average hydrogen bonds between the Carmofur drug and
M., confirmed its greater stability with respect to the native
ligand during the simulation (see Fig. S17).

The molecular docking and MD simulation results showed
that the Carmofur drug stands out as a potential inhibitor of M.

Carmofur adsorption on GOQD nanovehicle

Molecular dynamics simulation was performed to evaluate the
capability of graphene oxide quantum dots to load the Carmofur
drug in physiological media. The equilibrated configuration of
the adsorbed drug on the nanosheet surface is shown in Fig. S2,
ESL It was observed that the Carmofur drug was completely
adsorbed on the nanosheet in such a way that its aromatic ring
was close to the GOQD surface with almost parallel orientation.

© 2022 The Author(s). Published by the Royal Society of Chemistry

-7t stacking interaction as an attractive non-covalent interac-
tion between 7 systems that contain aromatic moieties plays an
important role in the stabilization of the formed complex. To
validate the presence of -7 stacking interaction in the simu-
lated system, we calculated the probability of finding the Car-
mofur drug from graphene oxide surface, which named radial
distribution functions (RDF), as shown in Fig. S3, ESL.{ From
this figure, it was observed that the Carmofur drug molecule is
positioned away from the nanosheet surface with the maximum
distribution function at a distance of 0.370 nm. Location of the
most intense peak in this region is well accordance with reported
m-1 distances in the considered conjugated complexes.®**
Besides m-m stacking interaction, the stability of the formed
complex was contributed to the formation of the hydrogen
bonds between the adsorbed drug and oxygen-containing func-
tional groups of GOQD, as shown in Fig. S3.7

The profile of the van der Waals and electrostatic interaction
energy between Carmofur drug and GOQD versus simulation
time was shown in Fig. S3.1 Obviously, E,qw interaction energy
was the main driving force in the adsorption of Carmofur on
GOQD. It was found that graphene oxide quantum dot is
a proper nanovehicle for delivery of Carmofur drug.

The interaction mechanism of GOQD/Carmofur-GOQD
complex with M, enzyme

In this section, the mechanism of graphene oxide quantum dot-
assisted delivery of Carmofur drug into the active site of main

RSC Adv, 2022, 12, 14167-14174 | 14171
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Fig. 5 Time evaluation of (a) the interaction energy between GOQD and M., (b) the interaction energy between Carmofur and My, (c) the
center of mass distance between the Carmofur drug molecule and the residues of the catalytic site and (d) RMSF for Coa. atoms of main protease

with the Carmofur-GOQD/GOQD complex.

protease of SARS-CoV-2 was studied. Here, GOQD as a drug
delivery system as well as an additional inhibitor facilitated
binding of Carmofur drug within the active site of M. For
those, Carmofur-GOQD complex/GOQD and target protein were
separated with the initial distance about 2.0 nm, measured
from the binding pocket of My, and the basal plane of the
nanosheets, as shown in Fig. 4 and S4, ESL.}

Within the simulation, it was observed that graphene oxide
diffuses rapidly toward My, enzyme in such a way the edge of
the nanosheet was pulled closer to the entrance of the binding
pocket (i.e., t ~ 17 ns). At this time, the interaction energy of
GOQD with My, was rapidly decreased to —330 kJ mol %, as
shown in Fig. 5(a). Afterward, graphene oxide nanosheet fluc-
tuated around the entrance of the binding pocket until the
nanosheet was orientated almost parallel above the binding
pocket. In this situation, Carmofur drug can penetrate into the
active site of Mp,, as there was a sudden dip in the interaction
energy of Carmofur with My, enzyme (Fig. 5(b) at ¢ = ~50 ns).
On the other hand, a sharp fall in the centre of mass (COM)
distance between Carmofur drug and the residues of the cata-
lytic site was also observed (see Fig. 5(c) at t = ~50 ns). With
deep penetration of Carmofur drug into the binding pocket, the
gradually decreasing trend of the interaction energy between
the drug and My, was found that was associated with
a decrease in the average position of Carmofur with respect to
the residues of the binding pocket (see Fig. 5, panels (b) and (c)).

14172 | RSC Adv, 2022, 12, 14167-14174

It was found that Carmofur drug is at the closest interacting
distance from Gly143 (1.22 nm), Met165 (1 nm), and Gln166
(1.37 nm) residues of My, in the equilibrated state. It is noted
that the adsorbed drug still remained on the surface of the
nanosheet and the position of the nanosheet did not signifi-
cantly change until the end of the simulation (see Fig. 4). The
conformational changes in the structure of the main protease
protein during the interaction with Carmofur-GOQD complex/
GOQD was analyzed using RMSD analysis. In addition, the
protein stability after the possible interaction with Carmofur-
GOQD complex/GOQD was examined by calculating the RMSF
of Ca atoms and is shown in Fig. 5(d).

The average RMSD values of GOQD and Carmofur-GOQD
complexes with M, were found to be 0.242 and 0.314 nm,
respectively. As observed, the dramatic structural change of the
main protease protein was found during the interaction with
simulated complexes, especially with Carmofur-GOQD. In
other words, the interaction of the M, enzyme with the Car-
mofur-GOQD complex significantly reduced its stability.
Furthermore, the higher RMSF values of Fig. 5(d) confirmed
greater flexibility and higher conformational changes of the
residues interacting with Carmofur-GOQD complex/GOQD
compared with the free form of M, enzyme. A close inspec-
tion of Fig. 5(d) reveals that the penetration of Carmofur drug
with the assistance of GOQDs into the active site of Mpy
resulted in a larger flexibility of the key residues. The flexibility

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of His41l, Cys145 and Glul66 key residues significantly
increased from 0.0585, 0.0493 and 0.0800 nm in free Mp,, to
0.0895, 0.0824 and 0.1234 nm in the Carmofur-GOQD complex.
This result suggested that the delivery of Carmofur drug by
graphene oxide quantum dot nanovehicles into the active site of
M, led to the instability and inactivation of the M, enzyme.
Overall, MD simulation data show the potential usage of gra-
phene oxide quantum dot as a My, inhibitor as well as an
effective strategy for the delivery of Carmofur into the active site
of the main protease to combat COVID-19.

At the equilibrated state, graphene oxide nanosheets inter-
acted with hydrophobic amino acids Met49, Leu50, Pro168,
Ala191 and hydrophilic residues Thr24, Ser46, Tyr118, Asn142,
GIn189 and Thr190 (see Fig. S5, ESIT). In addition, graphene
oxide formed multi-hydrogen bond interactions with the
hydroxyl group of Thr190 residue of the protein. Also, multi
hydrogen bonds were found between Carmofur drug and
Tyr118 and Asn142 residues of My, in which the hydroxyl
group of Tyr118 aromatic main chain and Asn 142 amide side
chain were involved. In addition, several hydrophobic interac-
tions between Carmofur and Thr 26, Leu27, Leu141, Gly143 and
Cys145 residues of My, were observed (see Fig. S57).

Conclusions

In the present study, the mechanism of the loading and delivery
of Carmofur drug using graphene oxide quantum dot against
COVID-19 main protease as a therapeutic target was investi-
gated using MD simulation. Also, the molecular docking and
MD simulation approved more inhibitor activity of Carmofur
drug in comparison with co-crystallized native ligand inhibitor
of My, protein. The stability of the Carmofur-GOQD complex
was attributed to m-7 stacking interaction together with the
hydrogen bonding between the adsorbed drug and oxygen-
containing functional groups of the nanosheet. It was
observed that graphene oxide quantum dots facilitate the Car-
mofur delivery in the vicinity of the catalytic region of the
COVID-19 protein and further the penetration of drug loaded
within the target site was observed.
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