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Abstract
In late 2019, coronavirus disease 2019 (COVID-19) was caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Spike protein is one of the surface proteins of SARS-CoV-2 that is essential for its infectious function. Therefore, 
it received lots of attention for the preparation of antiviral drugs, vaccines, and diagnostic tools. In the current study, we use 
computational methods of chemistry and biology to study the interaction between spike protein and its receptor in the body, 
angiotensin-I-converting enzyme-2 (ACE2). Additionally, the possible interaction of two-dimensional (2D) nanomaterials, 
including graphene, bismuthene, phosphorene, p-doped graphene, and functionalized p-doped graphene, with spike protein 
is investigated. The functionalized p-doped graphene nanomaterials were found to interfere with spike protein better than 
the other tested nanomaterials. In addition, the interaction of the proposed nanomaterials with the main protease (Mpro) of 
SARS-CoV-2 was studied. Functionalized p-doped graphene nanomaterials showed more capacity to prevent the activity of 
Mpro. These 2D nanomaterials efficiently reduce the transmissibility and infectivity of SARS-CoV-2 by both the deforma-
tion of the spike protein and inhibiting the Mpro. The results suggest the potential use of 2D nanomaterials in a variety of 
prophylactic approaches, such as masks or surface coatings, and would deserve further studies in the coming years.
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Introduction

With the widespread of COVID-19 pandemic, many 
researchers, companies, and institutes have stepped up their 
efforts to prevent, diagnose, and treat SARS-CoV-2 infec-
tion. Up to date, researchers have investigated the application 

of various nanoparticles in the detection and treatment [1–5] 
of SARS-CoV-2 and stimulation of the immune system 
[6–8]. In the last decade, the use of 2D nanomaterials (e.g., 
graphene and graphene oxide/dopants) have been considered 
in medicine due to their excellent properties and promising 
application in medicine, such as theranostics [9–11], anti-
microbial applications [12], biosensing [13, 14], and tissue 
engineering [15].Mohammad Khedri and Reza Maleki have contributed equally to 
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In this regard, we hypothesize the possible applica-
tion of 2D nanomaterials in the crucial battle against 
COVID-19. Molecular dynamic studies seem a promis-
ing approach to unravel essential information about the 
2D nanomaterials’ interaction with the SARS-CoV-2 at 
the atomic level before further and larger-scale studies 
[16]. The causative agent of this disease, SARS-CoV-2, 
is a member of the beta-coronavirus family. SARS-CoV-2 
genetic material (Fig. 1A) is composed of RNA and exists 
in the nucleocapsid, which is surrounded by a lipid bilayer 
[17]. On its outer surface, three structural proteins of the 
membrane (M), envelope (E), and spike (S) are anchored, 
with an overall diameter of 0.1 μm [18]. As a result of the 
large size of SARS-CoV-2, it is impossible to simulate 
the entire sphere of the virus at once. The solution we 
came up with is to consider separate parts of the virus 
to predict the contact of 2D nanomaterials from varying 
aspects and sides.

Spike protein consists of two subunits, S1 and S2 (Fig. 1B). 
The S1 subunit on the outer part of the protein consists of 
two parts, including N-terminal (S1-NTD) and C-terminal 
(S1-CTD). Both terminals of the S1 subunit are involved in 
interacting with host cell receptors and infection transmis-
sion. One of the most essential receptors that mediate the 
spike protein binding to host cells is angiotensin-I-converting 
enzyme-2 (ACE2) [19], which is widely expressed in the res-
piratory tract.

Researchers have studied the structure [20, 21] and the 
function [22] of spike protein and possible blockers [23–26] 
to target and suppress the virus through its spike protein. 
For instance, Han and Kral [27] designed peptide inhibitors 
with α-helix structure against spike protein. These struc-
tures were extracted from the basic structure of ACE2. They 

suggested that these peptides can be used by inhalation for 
prophylactic applications [27]. In another study, Gorshkov 
et al. [28] designed a novel nano-conjugation probe using 
quantum dots to quickly study the interactions of ACE2 and 
spike proteins.

The SARS-CoV-2 has a complex structure that is 
enclosed in an envelope membrane [29]. The lipid bilayer 
membrane supports the whole assembly of the virus genome 
and especially keeps the spike proteins in place to fuse into 
ACE2 [30]. Flexing and softening of the membrane can 
interfere with the function of other parts, such as spike 
proteins [30, 31]. Hence, another approach is the desta-
bilization and even deactivation of SARS-CoV-2 through 
the phospholipid membrane [32]. This is an advantageous 
feature that sanitizers and disinfectants use to inactivate the 
virus [33]. Therefore, the phospholipid membrane might 
be targeted by 2D nanomaterials to attack the virus from 
all directions.

Virus docking to the human host cells happens upon 
attaching the spike protein to ACE2. Therefore, inhib-
iting or inactivating this protein will play an important 
role in controlling the disease. Since the transmission 
of the virus takes place mostly with respiratory drop-
lets [34, 35], the first step to inactivate the virus can be 
taken before it enters the body. In this regard, the use 
of facial masks seems necessary [36] and consequently 
compulsory in many countries worldwide [37]. Although 
many types of face masks, especially surgical grades, are 
reported as efficient protectors from coronavirus trans-
mission [38], many attempts have been made to improve 
the efficiency of filtration [39, 40]. For example, El-Atab 
et al. prepared hydrophobic and self-cleaning membranes 
to be used on the masks with a polyimide on Si-wafer. In 
several reports, researchers have also attempted to modify 
hydrophobicity [39], photothermal [41], and electrother-
mal [42] properties of the masks with graphene nanoma-
terials. In this line, due to the antiviral properties of gra-
phene and its derivatives, several applications to combat 
COVID-19 have been proposed and investigated [43–46]. 
For example, Maio et al. [47] suggested the utilization 
of antiviral properties of graphene and graphene oxides 
on facial masks to reduce the infection capability of the 
SARS-CoV-2. Seo et al. [48] introduced a highly sensitive 
biosensor for rapid SARS-CoV-2 detection, which was 
produced by coating anti-spike protein antibodies onto the 
graphene sheets. 2D nanomaterials have shown promising 
properties to be utilized in biomedical applications [49]. 
These 2D nanomaterials include different families where 
graphene and its derivatives are very well-known [50, 51]. 
Phosphorene has also been introduced as a new class of 
biocompatible alternative for graphene in medical science 
[52, 53]. For example, Zhang et al. [53] reported better 
performance of graphene compared to the phosphorene 

Fig. 1   (A) Schematic structure of SARS-CoV-2 and the interaction of 
viral S protein with host cell membrane-bound ACE2. TMPRSS2 is 
the host cell superficial protein responsible for priming S protein after 
attachment to ACE2. (B) The subunits of S protein. (C) The structure 
of Mpro homodimer. Both monomers orthogonally aligned to each 
other and each monomer is composed of three main domains (domain 
I, II, and III)
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in the disruption of villin headpiece (HP35) function. 
The less disruption by phosphorene was attributed to the 
weaker dispersion interactions with proteins, as a result 
of Lennard–Jone potential parameters and surface mor-
phology of the phosphorene. Han et al. [54] evaluated 
borophene exposure to plasma proteins at varying con-
centrations and sizes and compared the protein corona 
formation at the surface of borophene with protein coro-
nas formed at the surface of graphene and phosphorene 
from different perspectives like immunoregulatory fea-
tures. Bismuthene is also a monoelemental 2D structure 
similar to graphene that is composed of a layer of bismuth 
element, which can be utilized as another alternative for 
graphene in biomedical applications [55].

Another aspect of the combat against the COVID-19 is 
the inhibition of its proteases since after virion capture (with 
spike protein and internalization), main protease (Mpro) 
together with papain-like protease (PLpro) is responsible for 
the virus replication [43]. The Mpro is composed of three 
domains (Fig. 1C). Its main function is mediated by domains 
II and III [56]. In the case of infection, deactivation of the 
virus in the body can be achieved by avoiding the virus’ 
replication and propagation. It is notable that the Mpro is 
the best-characterized target of SARS-CoV-2 for therapeutic 
interventions [57]. Researchers utilized diverse methods to 
study the function and structure of Mpro [58, 59] and screen 
and explore various therapeutics [60, 61]. For instance, by 
employing molecular docking, Farag et al. [62] revealed a 
group of drugs (with Rosuvastatin as the best among the list) 
as potential therapeutics that can be considered for further 
in vivo and in vitro studies.

In this study, the interaction of crystalline 2D nano-
materials (bismuthene, graphene, phosphorene, P-doped 
graphene, and functionalized p-doped graphene) with 
SARS-CoV-2 is comprehensively studied. Herein, we aim 
to investigate the potential of 2D nanomaterials toward 
the deactivation of SARS-CoV-2 in facial masks and air 
filters. Firstly, using molecular methods based on com-
putational analysis, we studied the potential applications 
of 2D nanomaterials in facial masks with the effect of 2D 
nanomaterials on spike protein, and afterward the inter-
action of deformed spike proteins with ACE2 receptors. 
Since the interaction between spike protein and ACE2 is 
a vital step in SARS-CoV-2 pathogenesis, disrupting the 
structure of spike protein by 2D materials is a rational 
way to stop the transmission of this trouble-making virus. 
Furthermore, the impact of the abovementioned 2D nano-
materials is investigated on the phospholipidic membrane 
of the virus. Ultimately, the 2D nanomaterials are brought 
into contact with Mpro of the virus to explore their thera-
peutic effects.

Methodology

Bismuthene and phosphorene structures were obtained from 
literature references [63–66] and designed using Avogadro 
software [67]. Online Resource Fig. S1 shows the struc-
tural details of the 2D structures. The graphene structure 
was also designed by Nanotube_Modeler_1.7.9 software 
(http://​www.​jcrys​tal.​com/​produ​cts/​wincnt/). Then, using 
Avogadro software, 50% of the carbon atoms were replaced 
with phosphorus atoms, and the carboxyl functional group 
was added to the P-doped graphene structure. Finally, the 
esp charge of molecular structures was calculated using the 
B3LYP method with base set, 6–31 + g * and CP2K soft-
ware [68]. Moreover, the molecular structure of Mpro was 
extracted from complexes with Protein Data Bank (PDB) 
IDs 6LU7, 6W63, 7JQ1, 7JQ4, and 7JQ5. The structure of 
these complexes is available on the RCSB website (https://​
www.​rcsb.​org/). Also, the molecular structures of spike pro-
tein and ACE2 were downloaded from RCSB website using 
PDB ID 6M0J. Also, the structure of the membrane was 
made of dipalmitoyl phosphatidylcholine (DPPC), which 
was downloaded from the Charmm-GUI server of the mar-
tini website [69].

Initially, the simulation of Mpro and spike protein in aque-
ous media was performed in two independent coarse-grained 
simulations. Then, the changes of the Mpro and spike pro-
tein structure caused by 2D structures were surveyed in 10 
independent simulations in aqueous media. The effect of 2D 
structures on the deformation of the spike protein structure 
was investigated using all-atom simulation. In order to inves-
tigate the sequelae of spike protein deformation, the interac-
tion between ACE2 and spike protein deformed by each of 
the 2D structures was surveyed in 5 independent simulations 
in aqueous media. In this work, simulations were performed 
using GROMACS 2019.5 software [70].

OPLSA force field [71–73] was used in all-atom simula-
tions. To perform these simulations, spike protein and 2D 
structures were placed in 10 × 10 × 10 nm3 boxes. At NVT 
and NPT stages, the temperature and pressure of boxes 
reached equilibrium at 300 K and 1 bar, using v-rescale and 
Parrinello_Rahman algorithms. Finally, the simulations 
were performed using the LINCS algorithm, with the cut-
off radius of 1.5 nm, and the H-bonds were considered in 
100 ns with steps of 2 fs [74]. It should be noted that DSSP 
analyses are provided from all-atom simulations.

Simulation of interactions between biological molecules 
over a long period of time requires the use of coarse-grained 
simulation. In this regard, the Martini force field has been 
used in this study. This force field has been considered by 
researchers in this field due to its high ability to predict inter-
molecular forces and, consequently, the dynamic behavior 
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of biological molecules. The use of this force field makes it 
possible to accurately predict the behavior of biological mol-
ecules [75–81]. Therefore, coarse-grained simulations were 
performed using the Martini force field [75]. The topologies 
of molecular structures were created using the Python scripts 
available on the Martini site (http://​cgmar​tini.​nl/​index.​php/​
marti​ni). V-rescale and Parrinello_Rahman algorithms [75] 
were used to equilibrate the simulation system at 300 K and 
1 bar. The simulations were then performed by considering 
the cut-off radius of 3 nm and with steps of 20 fs at 3000 ns. 
Simulation boxes were designed for these systems in the size 
of 25 × 25 × 25 nm3.

In addition to molecular dynamics simulations, docking 
simulations were used to investigate the interaction of spike 
protein and ACE2. The PDB files related to deformed spike 
protein were obtained from all-atom simulations. In order to 
do this, a Gasteiger charge was added to the spike protein PDB 
files, and the docking process of spike protein and ACE2 was 
performed in autodock_vina_1_1_2_linux_x86 software [82]. 
To validate our method, we replicated three simulations in 
three previous separate works by our methodology and com-
pared them, which confirmed our results. Detailed results of 
this validation are presented in the online resource Fig. S2.

Results and discussion

Evaluation of the effect of 2D nanomaterials 
on SARS‑CoV‑2 spike protein

At the first stage of this study, the interaction of spike 
protein and 2D nanomaterials that results in the deforma-
tion of spike protein and change in its transmissibility was 
examined (Fig. 2A). The total energy of the interactions, 
including van der Waals (vdW) and electrostatic, is shown 
in Fig. 2B. It is notable that in all cases, vdW interac-
tions have a decisive role in total energy. Surface tuning 
can readily improve the interaction of nanomaterials with 
spike protein; i.e., doping of graphene lattice and decora-
tion of the surface with carboxylate groups boasted the 
electrostatic energy from −5 kJ/mole to more than −26 kJ/
mole. It indicates the critical role of surface engineering. 
The overall interaction of spike protein is the result of the 
individual residues interactions. In this regard, the con-
tribution of residues is plotted in Fig. 2C and in online 
resource Fig. S3. According to the results, twenty residues 
are involved in the binding of nanomaterials to spike pro-
tein. Shifting from graphene and phosphorene to p-doped 

Fig. 2   (A-i–v) Snapshots of 
spike protein interaction with 
bismuthene, graphene, phos-
phorene, P-doped graphene, 
and functionalized (-) P-doped 
graphene, respectively (Videos 
S1-S5). (B) Energetic analysis 
of the interaction between 2D 
nanomaterials and spike protein. 
(C-i–iii) Analysis of the interac-
tion of spike protein residue 
with phosphorene, p-doped 
graphene, and functionalized (-) 
P-doped graphene, respectively. 
Snapshots of the last stage of 
the simulation are provided on 
each plot. Error bars are shown 
in Table S1
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graphene alters the residues’ contribution to the overall 
binding energy. For instance, histidine (HIS), glutamine 
(GLN), and aspartic acid (ASP) have the strongest binding 
with graphene (−10.35, −15.24, −12.48 kJ/mole, respec-
tively) [83], while in the case of phosphorene, they con-
tribute to the total energy in the scale of other residues 
(approximately −7.5 to 9.5 kJ/mole). The combination 
of phosphorous and carbon atoms to form the p-doped 
graphene allows the benefit from both properties in the 
attraction of spike protein. For example, the contribu-
tion of Serine (SER) residue for individual graphene and 
phosphorene nanomaterials is −3.71 kJ/mole and −8.57 kJ/
mole, respectively, while the value drops to −11.25 kJ/
mole for p-doped graphene.

The comparison of functionalized (-) p-doped and 
p-doped graphene demonstrates that the addition of car-
boxylate groups on the surface intensifies the interac-
tion with negatively charged residues (e.g., threonine 
(THR), arginine (ARG), valine (VAL)) that adds up to 
the total binding energy. Moreover, this modification not 
only increases the electrostatic energy but also makes 
vdW attractions between spike protein and the nanosheet 
stronger. The stronger the interaction, the more the spike 
protein is deformed. In the following section, for each 
case, a long time-scale simulation (3000 ns) was per-
formed to test the effect of nanomaterials on the deformed 
protein with the ACE2 receptor.

Evaluation of the interaction of SARS‑CoV‑2 spike 
protein with ACE2 receptor

The study of structural changes in the spike protein is impor-
tant for the diagnosis, treatment, and prevention of COVID-
19. Therefore, an approach to analyze the nanomaterials’ 
impact on this protein is to evaluate the binding affinity of 
the deformed spike protein and ACE2. Figure 3A outlines 
the binding energy of pristine spike protein fragments (here-
inafter called the control group) and the deformed protein 
fragments with different nanomaterials. As it is clear, the 
lowest binding energy and consequently the most stable 
complex of spike protein and ACE2 is related to the pristine 
sample with ca. −346.7 kJ/mole. Considering the interac-
tion of spike protein deformed by phosphorene and graphene 
with ACE2, it is understood that the performance of all these 
nanomaterials is similar; however, because of the lower bio-
degradability in vivo and higher cytotoxicity of graphene, 
phosphorene has priority in the biological environments 
[52]. Moreover, oxygen exerts dissociating effects on the 
phosphorene nanomaterials [84]. Therefore, utilizing these 
2D nanomaterials in the facial masks and air filters that are 
exposed to air can weaken their antiviral effect since it can 
be degraded at a higher rate compared to graphene. To take 
advantage of both nanomaterials, phosphor-doped graphene 
nanomaterials were designed and considered in the simula-
tions to monitor its impact on SARS-CoV-2 spike protein. 

Fig. 3   The evaluation of the 
interactions of spike protein 
with 2D nanomaterials. (A) 
Docking analysis of the binding 
affinity of spike protein with the 
ACE2 receptor. (B) Analysis 
of the radius of gyration for all 
samples with average Rg and 
the ΔRg (difference of final and 
initial Rg). (C) Mapping Rg 
vs. energy of binding for the (i) 
control group and (ii) function-
alized (-) p-doped graphene
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Interestingly, docking analysis revealed that the nanoma-
terials carry the advantages of both original nanomateri-
als and deform the spike protein in the way that its affinity 
toward ACE2 is not significantly changed (E ~  −230.5 kJ/
mole). To improve the physicochemical properties of the 
resultant nanomaterial, its surface was decorated with car-
boxylate groups to improve the electrostatic interactions of 
spike protein and nanomaterial to result in more deforma-
tion of the spike protein. The binding energy of the affected 
spike protein with the functionalized (-) nanosheet revealed 
the interaction with ACE2 when compared with other spike 
proteins.

Structural and functional analysis of SARS-CoV-2 
revealed that during the binding, spike protein’s structure 
transforms from prefusion to postfusion; i.e., at the later 
stage, it forms a long needle-like structure [6, 21]. In this 
regard, to further quantify the binding of spike protein (pris-
tine and deformed) with ACE2 receptor, we examined the 
average radius of gyration and ΔRg (Rgfinal − Rginitial) for 
each nanosheet (Fig. 3B). The lower the ΔRg, the more 
advanced stage of binding the virus can go through. As it 
can be seen, the tightest structure is related to the control 
group, where the final Rg size is lower than its initial state 
as indicative of postfusion structure. Spike protein distorted 
by functionalized (-) p-doped graphene and phosphorene 
2D nanomaterials exhibits the most extended structures. 
The results confirm the inhibitory effects of the employed 
nano-objects.

MD simulation of the study cases reveals more detail 
on the interactions. Figure 3C and online resource Fig. S4 
represent the Rg of spike protein as a function of interac-
tion energies for spike protein with ACE2. For example, 
the minimum energy range locates at ca. −310 kJ/mole, 
1.92 nm for the control group, while this value for the spike 
protein deformed with phosphorene and graphene shifts to 
ca. −185 kJ/mole, 3.55 nm, and ca. −210 kJ/mole, 2.1 nm, 
respectively. P-doping and functionalizing the graphene 
pushes the centers toward ca. −150 kJ/mole, 3.8 nm, and 
ca. −130 kJ/mole, 3.2 nm, respectively. It is obvious that 
surface engineering of the 2D nanomaterials provides higher 
energetic interaction (i.e., less stable) with ACE2 and the 
higher extended structure of spike protein. Altogether, these 

effects avoid spike protein to form a stable complex with 
ACE2 receptors.

Like other proteins, we can analyze the secondary struc-
tures of the spike protein of the SARS-CoV-2. The β-sheets 
and α-helices augment the stability of spike protein molecu-
lar structure, while coil, bend, and turn structures abate its 
stability. Figure 4A demonstrates the distribution of spike 
proteinʼs secondary structures after interaction with 2D 
nanomaterials. Snapshots of the structures are provided with 
the same color code as the diagram to provide better insight 
into the conformational analysis. The highest stability of 
the protein was observed in the case of the control group 
that is not deformed or distorted. Interestingly, the effect 
of p-doped graphene (26% of β-sheet and 5% of α-helix) 
was between graphene (28% of β-sheet and 5% of α-helix) 
and phosphorene (25% of β-sheet and 5% of α-helix). How-
ever, surface modification with carboxylate groups (20% of 
β-sheet and 3% of α-helix) augmented the instability within 
the structure. Therefore, it is understood that both the archi-
tecture of the nanomaterial and its surface chemistry deter-
mine its inhibitory effect against the virus.

The mean solvent accessible surface areas (SASA) of the 
spike protein-nanomaterial and spike protein-ACE2 pairs are 
presented in Fig. 4B. Increasing the interaction between 2D 
structures and spike protein resulted in the adsorption of this 
protein on the surface of 2D structures and reduction in their 
contact area with aqueous media. According to the results 
of SASA analysis, spike protein had the lowest contact area 
with aqueous media after interaction with functionalized 
(-) p-doped graphene, indicating the stronger interaction of 
spike protein with the nanomaterial, and thus, its greater 
effect on the deformation of the spike protein. Wang et al. 
[85] reported that hydrophobic interactions between spike 
protein and its receptor are determinants of the more trans-
missibility of SARS-CoV-2. Therefore, compounds that 
can abrupt the hydrophobic interactions between ACE2 and 
spike protein can be employed to combat COVID-19. In this 
regard, the effect of spike protein deformation by 2D struc-
tures on its interaction with ACE2 was investigated. After 
deformation and during the interaction with ACE2, spike 
protein is exposed toward aqueous media, which indicated 
the decreased hydrophobic interaction of the structures, both 
ACE2 and spike protein. As it is obvious, the largest SASA 
value is associated with the spike protein that is deformed by 
functionalized (-) p-doped graphene, indicating the exposure 
of spike protein to solvent molecules rather than the ACE2 
receptor.

Hydrogen bonds (H-bonds) are also recognized as the 
main factor in the more contagion of SARS-CoV-2 as 
compared with previous coronavirus family members [85, 
86]. Based on the results of a long time-scale simulation 
(400 ns), Ghorbani et al. [20] stated that SARS-CoV-2 
forms H-bonds as double as the numbers that SARS-CoV 

Fig. 4   (A) Secondary structure distribution of spike protein demon-
strates that the lowest amount of β-sheet belongs to the sample stimu-
lated by phosphorene. (B) Solvent available surface area (SASA) of 
the protein with and without the impact of 2D nanomaterials. Clearly, 
the presence of phosphorene extends the protein toward the solvent. 
(C) Average H-bond counts between spike protein and ACE2 during 
the simulations. (D) Entropy analysis of ACE2-spike protein com-
plexes in each case. Clearly, the maximum change in the entropy is 
the corresponding control group, while the lowest changes occurred 
for the ACE2-spike protein deformed by functionalized (-) p-doped 
graphene

◂
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(widespread in 2002) forms with ACE2. Therefore, it seems 
that prevention and reduction of H-bonds between ACE2 
and SARS-CoV-2 can regulate its transmissibility and 
consequently harmful effect. Figure 4C shows the average 
H-bonds formed between the spike protein and ACE2 in the 
course of 3000 ns interactions. Although all 2D structures 
reduce the hydrogen bonds between spike protein and ACE2 
by changing the structure, the functionalized (-)-p-doped-
graphene-deformed spike protein reduces the average num-
ber of H-bonds with ACE2 from ca. 36.5 (pristine spike 
protein) to 6 (deformed protein) where using graphene or 
phosphorene the number drops only to 18 and 12, respec-
tively. Therefore, surface engineering of 2D nanomaterials 
can significantly improve their antiviral performance. To 
confirm the effect of 2D nanomaterials on the deformation 
of spike protein and consequently deterioration of its inter-
action with ACE2, the entropy of deformed spike protein 
interaction with ACE2 was investigated using Schlitter’s 
entropy [84]. The higher difference between initial and final 
entropy displayed the stronger interaction of spike protein 
and ACE2. Figure 4D illustrates the mean entropy resulted 
from the interaction between the spike protein and ACE2 
at different stages. The utilization of these 2D structures 
reduced the absolute energy and the difference between 
initial and final entropy. This results in the reduction of 
the absolute Gibbs free energy, showing the effectiveness 
of spike protein’s structure deformation by 2D nanostruc-
tures and consequently the hindrance of complex formation 
between spike protein and ACE2.

Translocation of 2D nanomaterials 
through phospholipid membrane

As a result of the fact that the membrane supports the 
whole structure of the virus and especially keeps the spike 
protein in place to fuse into ACE2 [87], flexing and rup-
ture of the membrane can interfere with the function of 
other parts, such as spike protein [88]. The membrane 
consists of hydrophilic, hydrophobic domains with car-
boxyl end groups that form ion channels [89]. It has been 
shown that lipid groups are the main components of the 
membranes [90, 91]. Hence, Eslami et al. [92] utilized the 
dipalmitoyl phosphatidylcholine (DPPC) lipid bilayer as 
the model for the SARS-CoV-2 membrane to investigate 
the effect of alcoholic disinfectants on the virus functions. 
Chen et al. [93] showed that modification of graphene sur-
face to graphene oxide resulted in more attracted lipids 
toward the structure, which can be in favor of distorting 
the virus membrane. To view the interaction of nanomate-
rials with SARS-CoV-2, the penetration of them through a 
phospholipid membrane was simulated. In line with previ-
ous research [92], we also have utilized DPPC bilayer in 
the microsecond simulations to study the nanomaterialsʼ 

contacts with the virus through the phospholipid mem-
brane. It is worth mentioning that due to the formation of 
ion channels through the membrane, together with carbox-
ylate groups, amine groups (-NH2) are also being added 
onto the surface of p-doped graphene to have an array 
of positive functional groups alongside negative groups. 
Further surface modification is designed to improve the 
interaction of nanomaterials with DPPC.

Initial screening of results from the previous section 
showed that phosphorene, graphene, p-doped graphene, 
and functionalized p-doped graphene provide better inter-
actions with spike protein. Therefore, these 2D nanomateri-
als are considered for further assessments in microsecond-
long simulations (Fig. 5A). As it can be seen, graphene 
and functionalized p-doped graphene can easily penetrate 
through the membrane, while phosphorene is stuck on 
the membrane surface at the end of 3000 ns. Strikingly, 
p-doped graphene cannot also translocate through the 
membrane during the long-time interaction. Consistent 
with previous results [94], the insertion of graphene in 
the membrane is assisted through the interactions of the 
membranesʼ hydrophobic segments with carbon nanostruc-
ture. Ion channels and the presence of negative and positive 
functional groups are the main reasons for the easy trans-
location of functionalized p-doped graphene.

The average energy of the interaction over the course 
of simulations is quantitatively calculated and represented 
in Fig. 5B for the 2D nanomaterials. Consistent with the 
schematics of simulations, the most stable complex is cor-
responding to the functionalized (±) p-doped graphene. It 
can be attributed to the synergy of the hydrophobic and 
amplified electrostatic interactions, which cause easy and 
better penetration through the phospholipid membrane. 
Moreover, the H-bond formation between functional 
groups of nanomaterials and various domains of phospho-
lipid membrane assists the interactions. In this line, it can 
be observed (Fig. 5C) that the highest number of H-bonds 
are formed in the case of functionalized (±) p-doped gra-
phene due to the presence of –COOH and NH2 groups.

Figure 5D shows the changes in the radius of gyra-
tion, defined as the initial radius of gyration minus the 
final radius of gyration. The greater these changes, the 
greater the nanostructure attraction energy to adsorb the 
phospholipid membrane. As shown, the largest change in 
the radius of gyration was related to functionalized (±) 
p-doped graphene. As a result of its strong electrostatic 
attraction, this structure can well absorb phospholipid 
membranes and shrinks membrane molecules. Overall, 
it is clear that the proposed nanomaterials provide both 
successful interactions with spike protein and also their 
penetration through the phospholipid membrane bilayer 
seems promising, bringing the hope that they can be used 
to destabilize the whole SARS-CoV-2.
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2D nanomaterials against SARS‑CoV‑2 Mpro

To characterize more inhibitory potentials of proposed 
2D nanomaterials against SARS-CoV-2, we set additional 
coarse-grained long time-scale simulations to elucidate 
their impact on SARS-CoV-2 Mpro. Up to date, research-
ers have investigated various inhibitors against the Mpro, 
such as peptide-inhibitors [57, 95, 96], previously FDA-
approved drugs [97, 98], and herbal components [99]. Our 
observations from the previous section confirmed that 2D 
engineered nanomaterials are competent in blocking spike 
protein. These successful results encouraged us to consider 
their impact on the prevention of the infection propagation 
in a case that the virus can enter the body.

Since the binding site of the Mpro structure includes hydro-
phobic, hydrophilic, and charged residues (positive and nega-
tive), in this stage, we decorated the p-doped surface along-
side negative functional groups (carboxylate) with positive 
functional groups (amine) to amplify its performance against 
Mpro. Figure 6A-i outlines various stages of simulations for 
only two cases (p-doped and functionalized (±) p-doped inter-
actions with Mpro). In a recent study, Han and Kral designed 
and investigated four different peptides composed of compo-
nents from the virus-binding domains of ACE2 against SARS-
CoV-2. They suggested that peptide group named inhibitor 3 
can be used as a therapeutic for COVID-19. In this part, we 
designed another functionalized (±) p-doped graphene with 
a conjugated inhibitor3 on one side (due to the larger size of 

Fig. 5   Impact of 2D nanomaterials on the phospholipid membrane 
of SARS-CoV-2 (Video S6). (A) Microsecond simulation of cross-
ing nanomaterials through the phospholipid membrane. (B) Energy 
of the nanomaterial penetration through the membrane. (C) Average 

number of H-bonds formed between the membrane and nanomateri-
als. (D) Average and the difference in the Rg of the membrane that is 
observed due to the translocation of nano-objects in the phospholipid 
bilayer
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peptide compared with nanomaterial, only one inhibitor is 
designed on the surface). Figure 6A-ii represents three stages 
of simulation with inhibitor3-conjugated functionalized (±) 
p-doped graphene, and Fig. 6A-iii represents the inhibitor3 
molecular structure. It should be mentioned that for the simu-
lation of the interaction of inhibitor3-conjugated nanomate-
rial, time was set at 5000 ns to ensure sufficient time for the 
process.

The results of the initial evaluations are reported in 
Table  1. The results of the average root-mean-square-
distribution (RMSD) and the average root-mean-square-
fluctuation (RMSF) depict details on the stability of the 
Mpro-nanomaterial complexes. The RMSD results show the 
extent of the Mpro in an extended configuration, which indi-
cates its activity. Clearly, the nanomaterials capture the Mpro 
and reduce its activity. The lowest range of distribution is 
reported for the Mpro/inhibitor3 conjugated-functionalized 
(±) p-doped graphene complex. Similarly, the RMSF results 
represent that the inhibitor3 conjugated-functionalized (±) 
p-doped graphene narrowed down the broad range of fluctu-
ations (83.4 (Å) for the control group) to less than half (12.9 
(Å)). Comparison between RMSD and RMSF results in the 
Table 1 and secondary structure distribution of Mpro exhibits 
a correlation between them, where more α-helical structures 
arise at higher RMSD and RMSF values. All of these find-
ings confirm the excellent capability of the modified p-doped 
graphene in blocking Mpro. It is worthy of mentioning that in 
all results reported in the table, the performance of p-doped 
graphene is between phosphorene and graphene. It can be 
attributed to the properties of p-doped graphene that inherit 
from its constituents (phosphor and carbon). The lowered 
SASA values illustrate the prevented exposure toward aque-
ous media and blockage of active sites that inhibit the infec-
tion spread throughout the body.

To elucidate the inhibitory mechanism of the nanoma-
terials, we considered more detail on the configuration and 
structure of Mpro after distortion phenomena. Figure 6B 
presents the average Rg and ΔRg observed in each case. 
Projections on XY and XZ planes are helpful to perceive 
the trend of change in the ΔRg and average Rg, respectively. 
The size of spheres exhibits a scale of the average Rg during 

the simulation; i.e., the smallest ball is related to the control 
group indicative of the packed structure of Mpro in com-
parison with its peers. Like spike protein, the reduced Rg 
size identifies the advanced stages of Mpro configurational 
changes during 3000 ns. Moreover, employing nanomate-
rials prevents Mpro from advancing to further stages. The 
observations validate the previous findings on the inhibitory 
effect of nanomaterials.

To shed more light on the configurational changes dur-
ing the simulations, the secondary structure of Mpro in each 
simulation is reported in Fig. 6C. Apparently, the pres-
ence of nanomaterials increases the coil configuration and 
reduces the β-sheet and α-helix percentage in the second-
ary structure of the protein, which leads to destabilization 
of Mpro. However, the α-helix percentage dropped from 
11 to 4% with surface modifications where the presence 
of peptide conjugate drops it to zero. It demonstrates that 
the formation of α-helix in the structure of Mpro is blocked 
through the addition of peptide inhibitors. The β-sheet 
percentage drops from 31% in the control group to 7% in 
the presence of the inhibitor-conjugated functionalized (±) 
p-doped graphene. All the reported data confirm the excel-
lent capability of a designed nanomaterial in the inactiva-
tion of the Mpro.

A more plausible explanation for the observations can 
be provided through energetic evaluations. Comparison 
of energy levels (Fig. 6D) gives more insight into the sur-
face decoration with functional groups. It can be seen that 
surface engineering of p-doped nanomaterial increases 
the electrostatic interaction energy from −11.47 kJ/mole 
to ca. −67.63  kJ/mole. This value even reached more 
than −200 kJ/mole with an inhibitor conjugated to the 
surface. It worth mentioning that with each surface engi-
neering (addition of functional groups and peptide inhibi-
tor), the electrostatic interaction had almost no signifi-
cant contribution to the total energy. Moreover, surface 
modifications hinder the α-helix structure, meaning that 
the surface tuning has a critical role in the deactivation 
and destabilization of the virus. Moreover, H-bond for-
mation was observed only between functionalized (±) 
nanomaterial and Mpro, while the assessments showed no 
H-bond formation with other nanomaterials. During the 
simulations, ca. 20 H-bonds form between Mpro and func-
tionalized (±) p-doped graphene, where the number hits 
64 bonds during the simulation. These observations are 
attributed to the presence of –NH2 and –COOH groups 
and a long peptide chain that all offer potential positions 
for H-bond formation.

From the energetic point of view, the performance of 
p-doped graphene is between graphene and phosphorene, 
showing that it possesses both properties. Additional sur-
face tuning improved inhibitory effect of 2D nanomateri-
als through boasted electrostatic interactions and H-bond 

Fig. 6   Effect of 2D materials on the SARS-CoV2 Mpro [22]. The 
interaction of p-doped graphene (left) and functionalized (±) p-doped 
graphene (right) with Mpro in 3-microsecond simulations. (A-ii) the 
interaction of functionalized (±) with peptide p-doped graphene dur-
ing longer simulation time, 5000 ns. (A-iii) The structure of peptide 
inhibitor conjugated to nanomaterials surface. (B) Analysis of aver-
age Rg and the ΔRg for all cases. (C) Distribution of secondary 
structures for SARS-CoV-2 Mpro after distortion with 2D nanomate-
rials. (D) Energetic analysis of interactions with SARS-CoV-2 Mpro. 
Surface decoration improves electrostatic attraction and consequently 
decreases the total energy level with p-doped graphene nanomaterial. 
Videos S7-S12 represent the corresponding analysis of the effect of 
2D nanomaterials on the SARS-CoV2 Mpro

◂
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formation. Therefore, considering the total energy of the 
complex, functionalized p-doped graphene was considered 
the most suitable nanomaterial to attack the Mpro and desta-
bilize the secondary structure of the protein.

Conclusions

The attachment of SARS-CoV-2ʼs spike protein to ACE2 is 
the key step for the activity of the virus in the body. Restruc-
turing the spike protein and preventing it from binding to 
ACE2 is one of the best approaches to disrupt the patho-
genesis of SARS-CoV-2. In the first stage, the deforming 
effects of 2D structures on spike protein were investigated. 
Outcomes from this step showed that the architecture and 
surface engineering of the nanomaterials plays a critical role 
in the inhibitory effect of 2D nanomaterials against SARS-
CoV-2. Afterward, pristine spike protein and distorted spike 
protein were brought together to interact with ACE2 in order 
to quantitatively monitor and compare the inhibitory effects 
of tunable structures. The evaluations were performed 
through powerful tools of molecular dynamics and dock-
ing simulation. Although the spike protein was deformed by 
all types of 2D nanomaterials and it showed less affinity to 
interact with ACE2, the deformation of the spike protein by 
functionalized (-) p-doped graphene resulted in the follow-
ing: (i) the lowest absolute energy, (ii) the lowest compact-
ness, (iii) the highest contact area with aqueous media, and 
(iv) the most fluctuations, making it the best 2D nanomate-
rials among others to stop the replication of SARS-CoV-2 
at the infection site. Unal et al. evaluated the effects of gra-
phene oxide nanosheets on the S protein of SARS-CoV-2 
both in silico and in vitro. The results from in vitro study 
showed that graphene oxide nanosheets disrupted infectivity, 
which was consistent with their molecular docking results. 
Also they suggested further surface functionalization of 

graphene oxide nanosheets, which is in agreement with our 
results. In due course, another set of long time-scale simula-
tions were performed to monitor the impact of the proposed 
nanomaterials on the Mpro of SARS-CoV-2. The results con-
firmed the competency of 2D nanomaterials in deactivating 
Mpro and avoidance of infection spread. Overall, this work 
demonstrates that 2D nanomaterials can be considered pre-
ventive agents against the transmissibility and the activity 
of SARS-CoV-2.
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