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mechanism of chemical
disinfection against SARS-CoV-2: from MD and DFT
perspectives†

Chunjian Tan, abd Chenshan Gao,c Quan Zhou,c Willem Van Driel, a

Huaiyu Ye*bde and Guoqi Zhang*a

Exploring effective disinfection methods and understanding their mechanisms on the new coronavirus is

becoming more active due to the outbreak of novel coronavirus pneumonia (COVID-19) caused by

severe acute respiratory coronavirus 2 (SARS-CoV-2). By combining molecular dynamics and first-

principles calculations, we investigate the interaction mechanism of chemical agents with 3CL hydrolase

of SARS-CoV-2. The radial distribution functions indicate that the biocidal ingredients are sensitive to the

unsaturated oxygen atoms of 3CL hydrolase and their interactions remarkably depend on the

concentration of the biocidal ingredients. Besides, we find that the adsorption performance of the active

ingredients for the unsaturated oxygen atoms is superior to other styles of atoms. These computational

results not only decipher the inactivation mechanism of chemical agents against SARS-CoV-2 from the

molecule-level perspective, but also provide a theoretical basis for the development and application of

new chemical methods with a high disinfection efficiency.
Introduction

Since the end of 2019, the continuous outbreak of new coro-
navirus pneumonia associated with a novel coronavirus in the
world has become a serious threat to public health.1–3 At the end
of June 28, 2020, there had been 9 843 073 conrmed cases of
COVID-19 on a global scale, including 495 760 associated
deaths giving a fatality of 5.0%.4 Clearly, SARS-CoV-2 is highly
a pathogenic strain with a frightening fatality rate. Several
important transmission events occurring in hospital and family
settings have shown that SARS-CoV-2 can transmit via close
human-to-human contact (e.g., respiratory droplets over a short
distance or contaminated hands) or via fecal–oral routes.5–8

Furthermore, SARS-CoV-2 is highly stable in a favourable
external environment and its infectiousness can remain for
aterials, Del University of Technology,

Q.Zhang@tudel.nl

sity of Science and Technology, Shenzhen

n

nology & Systems, Education Ministry of

ring, Chongqing University, Chongqing

conductors, No. 1088, Xueyuan Rd, Xili,

ina

grated Circuits for Next-Generation

anshan District, Shenzhen, Guangdong,

tion (ESI) available. See DOI:

–40488
a few minutes to several days on different styles of materials.9,10

Compared to rough surfaces (e.g. wood and cloth), the surface
stability of SARS-CoV-2 is higher on smooth surfaces such as
glass, stainless steel, and plastic.11 This viability in vitro is
conducive to coronavirus transmission between vector and
humans. Consequently, adopting effective methods that are
helpful in cleaning and disinfecting community settings,
healthcare settings, and the home environment is extremely
pressing for prevention and control of epidemic situations.

Chemical biocidal method has been acted as a powerful
disinfection measure in minimizing the occurrence and spread
of the viruses. Currently, it has been reported that 75% medical
ethanol and 0.55% sodium hypochlorite can effectively reduce
the infectivity of SARS-CoV-2 within recommended time.12,13

These two disinfectants play a prominent role in several global
public health emergencies caused by SARS-CoV, MERS-CoV,
and SARS-CoV-2. Silver, as a precious metal, has been
consciously utilized to act as a biocidal agent since ancient
times, and its biocidal property in ionic form shows a strong
inactivation for inuenza A virus.14 In 2003, silver ions based
disinfectants are included in the SARS prevention and treat-
ment manual that is compiled by No. 302 Hospital of Chinese
People's Liberation Army. Meanwhile, the efforts in actions
activity of silver ions on the coronaviruses further conrm that
silver ions have signicant antiviral activity for SARS-CoV.15

Therefore, silver ions could be a candidate for the prevention
and therapeutic method of SARS-CoV-2 in the absence of
specic drug therapy. The inactivationmechanisms of chemical
disinfectants against bacteria and viruses have been studied in
This journal is © The Royal Society of Chemistry 2020
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the experimental and theoretical level.16–19 Nevertheless, a theo-
retical and molecular-level understanding of interaction
mechanism between chemical disinfectants and SARS-CoV-2 is
still lacking. In addition, molecular dynamics and rst princi-
ples simulations have become powerful tools in illustrating the
delicate interplay of various interactions of biomaterials and
electronic structure of many-body systems, and predicting novel
materials for technology innovation, especially 2D mate-
rials.20–23 Therefore, the deciphering of molecular mechanisms
of chemical disinfectants inactivating SARS-CoV-2 are worth
investigating to provide a theoretical guidance for the actual
treatment and prevention.

In this article, we theoretically study the dynamics behaviors,
structural and electronic properties between chemical disin-
fectants and 3CL hydrolase of SARS-CoV-2 by combining
molecular dynamics and rst-principles calculations. The
results show that the active ingredients of chemical disinfec-
tants are anchored to the unsaturated oxygen atoms of amino
acid residues by hydrogen bonds or chemical bonds. Mean-
while, the interactions of the active ingredients with amino acid
residues exhibit a strong concentration dependence. Among
anchored structures, the ingredient-S1 conformations are more
favorable than other conformations that the active ingredients
are anchored to S2 or S3, and their binding energies and charge
transfer are larger than 0.5 eV and 0.1e, respectively. Further-
more, the calculations of charge density difference further
demonstrate the strong interaction and considerable charge
transfer between the active ingredients and amino acid
residues.

Computational methods

Molecular dynamics (MD) simulations are performed with the
current state-of-art Forcite program using the COMPASS
(Condensed-phase Optimized Molecular Potentials for Atom-
istic Simulation Studies) forceeld parameters.24–26 The
approximate atomic charges are assigned by utilizing the Gas-
teriger method for the ethanol–/hypochlorite–3CL hydrolase
systems, being used to evaluate electrostatic interactions.27 For
the silver ion–3CL hydrolase system, the charge of silver atom is
set to 1.0e. The calculations of energy minimizations of all
complex systems are conducted by adopting both the steepest
descent and conjugate gradient algorithm at atmospheric
pressure of 10�4 GPa. Concurrently, the electrostatic and van
der Waals interactions are described by using Ewald and atom-
based summation methods in all simulations, respectively.
Considering the actual situations, the MD simulations of all
complex systems are carried out within the framework of NVT
ensemble (constant number of particles, constant volume and
constant temperature). The system temperature is set as 300 K
which is regulated by adopting the Berendsen thermostat.27,28

All calculations at the density functional theory (DFT) level
are conducted using DMol3 package, as implemented in the
Materials Studio.29 The exchange–correlation interaction is
described by the Perdew–Burke–Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA).30,31 The
vdW dispersion interaction has a signicant inuence on the
This journal is © The Royal Society of Chemistry 2020
interaction potential of intermolecular. This potential is a key
ingredient in the adsorption structures and binding ener-
gies.32,33 For a proper treatment of the long-range van der Waals
(vdW) interactions between the biocidal ingredients and amino
acid residues, the dispersion corrected DFT (DFT-D) approach
proposed by Grimme is employed.34,35 The atomic orbital is
treated through a double numeric quality basis set including
polarization functions (DNP) and the global orbital cutoff is
kept as 5.0 �A.36,37 To quantitatively analyze the interactions of
the biocidal ingredients with amino acid residues, the binding
energies (DE) are determined by using the formula38

DE ¼ Esystem � Eingredient � Eresidue

where Esystem, Eingredient, and Eresidue represent the total energy
of the ingredient–residue system, ingredient molecule, and
amino acid residue, respectively. The interaction process with
a negative binding energy is spontaneous and energetically
favorable, being expected to occur in the chemical reactions
where a smaller value indicates a stronger constraint force.39

Simultaneously, charge transfer (DQ) is deduced by Mulliken
population analysis, determining whether the biocidal ingre-
dient act as acceptor or donor.
Results and discussion
Molecular dynamics calculations

The 3CL hydrolase, a crucial protein required for the matura-
tion of coronaviruses, is extremely important for the life cycle of
such viruses.2 This makes it the most attractive target for the
development of anti-coronavirus drugs in addition to four
structural proteins (i.e. nucleocapsid protein N, matrix
glycoprotein M, envelope protein E, spike glycoprotein S).40–42

Therefore, the atomistic structure of 3CL hydrolase of SARS-
CoV-2 is established to investigate interaction mechanism
with the biocidal ingredients, being presented in Fig. 1a. The
complex systems consisting of the ingredient molecules (i.e.
ethanol, hypochlorite, and silver ion) and 3CL hydrolase are
constructed within the framework of LAMMPS program and
shown in Fig. 1b and d. Adding 1000 ingredient molecules
ensures that all complex systems are small enough for dynamic
simulations over picosecond time scales.26,43

Before investigating the dynamics behaviors of the ethanol–,
hypochlorite–, and silver ion–3CL hydrolase systems, their
geometric structures fully relaxed by combining the steepest
descent and conjugate gradient algorithm are rst discussed.
Aer minimizing energies, it is found that 3CL hydrolase is
almost surrounded by ethanol molecules and their minimum
distance is less than 2.0�A in the ethanol–3CL hydrolase system.
Interestingly, the ethanol molecules are mainly concentrated in
the vicinity of glutamate acid (GLU) and aspartic acid (ASP)
residues of 3CL hydrolase. Although ethanol molecules also
occur near other amino acid residues such as arginine (ARG),
asparagine (ASN), and isoleucine (ILE) residues, the number of
adsorbed molecules by them is relatively small compared with
that by GLU and ASP residues. For the hypochlorite–3CL
hydrolase system, it clearly shows that the distribution of
RSC Adv., 2020, 10, 40480–40488 | 40481



Fig. 1 (a) The atomic structure of 3CL hydrolase of SARS-CoV-2. The complex systems consisting of 3CL hydrolase and (b) ethanol, (c)
hypochlorite, and (d) silver ion.

RSC Advances Paper
hypochlorite molecules in the vicinity of 3CL hydrolase is
similar to that of ethanol molecules. However, their concen-
trations near the above-mentioned residues is lower than that of
ethanol molecules and the minimum distance is less than 3.0�A.
In contrast, in the case of the silver ion–3CL hydrolase system,
there are only a small amount of silver ions near 3CL hydrolase
within the range of 4.0�A. Meanwhile, we nd that silver ions are
primarily clustered in the vicinity of threonine acid (THR) and
phenylalanine acid (PHE) residues and partly occur near other
residues (e.g. lysine, leucine, glutamate acid, etc.).

In order to better decipher the underlying mechanism of
interaction between the biocidal ingredients and 3CL hydro-
lase, the radial distribution function (RDF) of three complex
systems are investigated by analyzing the MD simulation
trajectories. RDF is also referred to the pair correlation func-
tion, characterizing the probability of the existence of an atom
at the origin of an arbitrary reference frame.44–46 The RDFs g(r)O–O,
g(r)N–O, and g(r)S–O of O(GLU residues)–/O(ASP residues)–/
O(ARG residues)–/O(ASN residues)–/O(MET residues)–
O(ethanol), N(ARG residues)–/N(ASN residues)–O(ethanol), and
S(MET residues)–O(ethanol) pairs for the ethanol–hydrolase
system are shown in Fig. 2a and b. It is well known that the peak
of RDF curve within 3.5 �A represents the hydrogen bonds and
chemical bonds, and that outside 3.5 �A is contributed by the
non-bond (Coulomb and vdW) interactions.47 As shown in
40482 | RSC Adv., 2020, 10, 40480–40488
Fig. 2a, the rst peak of g(r)O–O of O(GLU residues)–/O(ASP
residues)–O(ethanol) pairs appear around 2.6 �A that is smaller
than 3.5 �A, indicating the bond interactions between ethanol
and these two residues. Meanwhile, there is a second peak
illustrated in the range 4–5�A for GLU and ASP residues, which
can be explained as the non-bond interactions. For ARG and
ASN residues, it is found that the rst peak of their g(r)O–O is
located within the range of 6.5–7.5 �A. Thus, the non-bond
interactions are responsible for the constraint of ARG and
ASN residues with ethanol molecules, which is further
conrmed by the g(r)N–O of N(ARG residues)–/N(ASN residues)–
O(ethanol) pairs (see Fig. 2b). In addition, MET residue is also
considered due to the presence of S and O atoms in it. In Fig. 2b,
the locations of the rst peak of g(r)O–O and g(r)S–O clearly shows
that the O–O interactions are stronger than the interactions
between S atom of MET residue and O atom of ethanol.
Furthermore, we nd that the peak height of g(r)O–O of O(ARG
residues)–/O(ASN residues)–/O(MET residues)–O(ethanol) pairs
is lower than that of O(GLU residues)–/O(ASP residues)–
O(ethanol), which indicates a higher binding energy between
GLU residues, ASP residues and ethanol molecules.

Owing to the similar distribution of ingredient molecules
near 3CL hydrolase, ve amino acid residues discussed in the
ethanol–3CL hydrolase system are also used for the RDF anal-
ysis of the hypochlorite–3CL hydrolase system. In Fig. 2c, it can
This journal is © The Royal Society of Chemistry 2020



Fig. 2 Pair correlation function (a and b) g(r) of ethanol, (c and d) g(r) of hypochlorite and (e and f) g(r) of silver ions with 3CL hydrolase of SARS-
CoV-2.
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be observed that the rst peak of g(r)O–Cl of O(GLU residues)–/
O(ASP residues)–Cl(hypochlorite) pairs is found around 3.0 �A
which is less than 3.5 �A. This indicates that the constraints
between these two residues and hypochlorite molecules are
contributed by hydrogen bonds or chemical bonds. The posi-
tion of the rst peak of g(r)O–Cl of O(ARG residues)–/O(ASN
residues)–Cl(hypochlorite) pairs is close to 3.2 �A, but their
second peaks occur in the range from 7.0�A to 8.0�A. As a result,
the hypochlorite–GLU/ASP residue interactions are stronger
than that attracted by ARG and ASN residues. It is further
demonstrated by the non-bond constraints of Cl atoms with N
atoms of ARG and ASN residues, as depicted in Fig. 2d. For MET
residues, it can be noted that the rst peak of g(r)S–Cl is around
3.0 �A, whereas that of g(r)O–Cl is outside 3.5 �A. Thus, the S–Cl
interactions is stronger than the interactions between O atoms
and Cl atoms. Among these ve residues, there are large
This journal is © The Royal Society of Chemistry 2020
binding energies in the O(GLU residues)–/O(ASP residues)–
Cl(hypochlorite) pairs due to their higher peak height.

Unfortunately, the distribution behaviors of the biocidal
ingredients occurring in the ethanol– and hypochlorite–3CL
hydrolase systems cannot be well-preserved in the case of silver
ions. The above-discussed results have shown that silver ions
are mainly concentrated near THR and PHE residues. There-
fore, these two residues are the protagonists in the calculations
of RDFs. For comparison, we also consider GLU, ASP, and MET
residues. Fig. 2e presents the RDFs of silver ions appearing
around the O atoms of GLU, ASP, THR, and PHE residues. It can
be found that the rst peak of O(GLU residues)–/O(ASP resi-
dues)–Ag(silver ions) pairs is observed at �3.0 �A, which is less
than that (>3.0 �A) of O–Ag pairs from THR and PHE residues.

However, the peak height of g(r)O–O of O(PHE residues)–
Ag(silver ions) pairs is larger than that of other three residues.
Consequently, the binding energy of O atoms of PHE residues
RSC Adv., 2020, 10, 40480–40488 | 40483
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with silver ions is relatively strong, which is further conrmed
by the RDF curves plotted in Fig. 2f. The rst peaks of g(r) of
N(THR residues)–/N(PHE residues)–/O(MET residues)–/S(MET
residues)–Ag(silver ions) pairs are located in the scope of the
non-bond interactions.

Previous studies focusing on the disinfection effectiveness of
ethanol with different concentrations have clearly shown that
the inactivation of coronaviruses is sensitive to the ethanol
concentrations.48–51 Ethanol with the concentration of from 75%
to 95% readily inactivate coronavirus infectivity by approxi-
mately 4 log10 or more and outside this concentration range is
less effective.52,53 Although this phenomenon is well-proven in
the experiment level, its molecular-level mechanism is still
unknown. As a result, two complex systems with ethanol of 30%
and 75% are discussed to gain the insight into the molecular-
level mechanism of this phenomenon, being depicted in
Fig. 3. The relaxation calculations indicate that the main
distribution of ethanol molecules near 3CL hydrolase is similar
with in the case of pure ethanol (Fig. 1b). Nevertheless, there are
some differences in these two complex systems. For the case of
30% ethanol, water (H2O) molecules are the main aggregation
in the vicinity of 3CL hydrolase, which may reduce the proba-
bility of ethanol contacting with amino acid residues. The
ethanol molecules cannot effectively interact with amino acid
residues, thereby the bioactivity of 3CL hydrolase cannot be
disturbed. On the contrary, an expected distribution phenom-
enon for ethanol molecules is exhibited in the complex system
with 75% ethanol. We nd that there are more ethanol mole-
cules near 3CL hydrolase compared to that case of 30% ethanol,
which suggests that ethanol molecules are more likely to
interact directly with amino acid residues. H2O molecules have
a weak impact on the interactions between ethanol molecules
and 3CL hydrolase. Additionally, ethanol solvent with a high
concentration can readily damage to the structure of 3CL
hydrolase. By comparison, it is found that 3CL hydrolase is
completely enclosed by ethanol molecules when the alcoholicity
is set to 75% and the amount of molecules attracted by 3CL
hydrolase is smaller than that of pure ethanol. However,
Fig. 3 The complex systems with ethanol of (a) 30% and (b) 75%.

40484 | RSC Adv., 2020, 10, 40480–40488
ethanol molecules that rst interact with 3CL hydrolase could
impede the subsequent interaction processes of other mole-
cules with 3CL hydrolase in the system of pure ethanol. This
could be the underlying reason that 75% ethanol has more
remarkable effect in terms of disinfection compared with pure
ethanol.

Similarly, RDFs of two complex systems with the alcoholicity
of 30% and 75% are also considered to provide further evidence
for the above-discussed results. We investigate the same ve
amino acid residues (i.e. GLU, ASP, ARG, ASN, and MET resi-
dues) as for the pure ethanol system and the g(r) plots of the
corresponding atom pairs are presented in Fig. 4. It can be
noted that the rst peak of g(r)O–O of O(GLU)–/O(ASP)–
O(ethanol) pairs occurs around 2.5 �A, which indicates that the
position of the rst peak is independent of ethanol content. The
height of g(r)O–O curve of O(GLU)–O(ethanol) pairs increases
signicantly when the alcoholicity changes from 30% to 75%.
However, its peak height within the range of 4.5–10.0 �A has an
apparent decrease when the ethanol concentration up to 100%,
which is expected to be observed in the molecular level.
Simultaneously, we note that the peak height of g(r)O–O curves of
O(ARG)–/O(ASN)–O(ethanol) pairs rstly increases and then
decrease with the increasing of the concentration of ethanol,
especially in the range from 2.0�A to 4.0�A. The similar behavior
also observed in the g(r)N–O curves of N(ARG)–/N(ASN)–
O(ethanol) pairs and the most obvious section is in the range of
4.5–7.5 �A. For MET residues, the ethanol content has a slightly
inuence on the overall tendency of g(r)O–O and g(r)S–O of
O(MET)– and S(MET)–O(ethanol) pairs, but the peak height of
these two curves (4.5–5.5 �A) exhibits a relationship of rst rise
and then drop with the ethanol concentration. These results are
in good agreement with the reported phenomenon in the
experiments where the desired inactivation effect cannot be
achieved under low concentrations and/or pure ethanol.
First principles calculations

According to the above-described MD results, four amino acid
residues, namely, GLU, ASP, THR, and PHE residues, are used
This journal is © The Royal Society of Chemistry 2020



Fig. 4 RDFs g(r) of the complex system with ethanol of (a and b) 30% and (c and d) 75%.
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for further estimating the interaction with ethanol, hypochlo-
rite, and silver ion. To explore the most favorable binding
structure amino acid between residues and the active ingredi-
ents, we consider three possible anchoring sites for each
residue, as illustrated in Fig. 5. For GLU and ASP residues,
owing to the similar terminal structure (–CH2CO2), two O atoms
and one H atom of –CH2CO2 group are set as the anchoring
positions of ethanol and hypochlorite molecules. In the THR
residue, the binding sites include the H atom of –CH3 group,
the O atom of –OH group, and the O atom of –CO group,
whereas for PHE residue they are the H atom and C atom of
–C6H5 group and the O atom of –CO group. It should be noted
that the C and H atoms of ethanol molecule and the O atom of
hypochlorite are not tested on these anchoring positions. On
the basis of the aforementioned DFT approach, we perform the
geometric optimization of the ingredient–residue congura-
tions. The computational results of the most favorable confor-
mation are listed in Table 1.

Ethanol molecule

There are six possible congurations depending on the
anchoring positions of GLU and ASP residues. Among six
anchoring positions, the most favorable binding site is the S1 of
GLU residue and the corresponding conformation with the
lowest energy is displayed in Fig. 6a. As we can see, the O–H
bond of ethanol molecule points to the S1 site and the structural
parameters of have some slight variations. The minimum
distance (dmin) of the atom of ethanol molecule to GLU residue
ranges from 1.63�A to 2.20�A for six binding congurations. The
magnitude is slightly close to that (1.87 �A) of ethanol on
This journal is © The Royal Society of Chemistry 2020
graphene oxide.54,55 The binding energies (DE) of six congu-
rations are lower than �500 eV, conrming that ethanol mole-
cule is bound by GLU or ASP residue though the chemical
interaction. The reference length of O–H covalent bond is 0.95�A
obtained by summing the covalent radii of O and H atoms.35,56

Meanwhile, a strong hydrogen bonding force is dened in the
range from 1.5 �A to 2.5 �A.57 As a result, the interaction process
between ethanol molecule and GLU (or ASP) residue is domi-
nated by a strong hydrogen bonding force. To understand the
interaction nature, we represent the charge density difference
(CDD) image for the ethanol/GLU structure with the lowest
energy by using the below formula:

Dr ¼ rethanol/residue � rethanol � rresidue

where rethanol/residue, rethanol, rresidue are the total charge density
of the ethanol/residue structure, isolated ethanol molecule, and
amino acid residue, respectively. It should be noted that rethanol
and rresidue are calculated with each fragment of the ethanol/
residue structure at the same positions. From the CDD graph
(Fig. 6b), we can observe that the majority of the charges are
signicantly depleted on the H atoms of –CH2OH group of
ethanol molecule, while the charges are mainly accumulated on
the –CO2 group of GLU residue. This reveals that the charges are
transferred from ethanol molecule to GLU residue. The charge
transfer (DQ) from ethanol molecule to GLU residue based on
the Mulliken population analysis is 0.240e per molecule (Table
1), suggesting that there is a strong electrostatic interaction in
the ethanol/GLU residue structure.
RSC Adv., 2020, 10, 40480–40488 | 40485



Fig. 5 The molecular structure of glutamate, aspartic, threonine, and phenylalanine residues of 3CL hydrolase of SARS-CoV-2.

Table 1 Binding energy (DE), charge transfer (DQ) from ingredient to
amino acid residue, minimum distance (dmin) of the atom belonging to
composition molecule to amino acid residue

Composition Residue Site DE (eV) DQ (e) dmin (�A)

Ethanol GLU S1 �0.78 0.240 1.63
Hypochlorite GLU S1 �0.64 0.115 2.39
Silver ion PHE S1 �1.44 0.402 2.16

Fig. 6 The atomic structure and charge density difference of most
favorable conformation. (a and b) Ethanol–GLU configuration, (c and
d) hypochlorite–GLU configuration, and (e and f) silver ion–PHE
configuration. The isosurface is set to 5 � 10�3e �A�1. The yellow and
blue color represent depletion and accumulation of charges, respec-
tively. The green arrow denotes the direction of charge transfer.

RSC Advances Paper
Hypochlorite

Similar to the case of ethanol molecule, six possible binding
congurations are tested. Fig. 6c shows the most favorable
conformation in which the Cl–O bond of hypochlorite are
almost on the same horizontal line as the S1 site. In this
conguration, the geometric parameters of –CO2 group are
1.268 �A for the C–O bond and 125.7� for the O–C–O angle.
Meanwhile, the plane constituted by three atoms of –CO2 group
of GLU residue is obviously twisted to 54.3� from 19.1�. The DE
values of all binding congurations are less than �500 eV with
the exception of the Cl atom-S3 site (originating from ASP
residue) conguration that is �0.497 eV. Nevertheless, their
binding stability is inferior to that of the ethanol/GLU struc-
tures due to the larger DE values. This result indicates that the
interaction between hypochlorite and GLU residue is relatively
weak compared with the adsorption of ethanol molecule. In
40486 | RSC Adv., 2020, 10, 40480–40488
addition, the dmin in the hypochlorite/GLU residue congura-
tion with the lowest energy is 2.39�A, being similar to that (2.28
�A) of Cl2 molecule adsorbed on ZnO nanocluster.58 Based on the
reference length (1.62�A) of O–Cl covalent bond and the dened
This journal is © The Royal Society of Chemistry 2020
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scope of hydrogen bonds, we can get a conclusion that the
hydrogen bonding is responsible for the constraint of hypo-
chlorite with GLU residue. The CDD image in Fig. 6d clearly
reects the main depletion of charges in the region around the
Cl atom, indicating the accumulation of charges on the O atoms
of –CO2 group and partly on the hypochlorite. This is in accor-
dance with expectation because elemental O is more electro-
negative than Cl.59 Quantitative charge analysis (Table 1) shows
that hypochlorite serves as a charge donor to GLU residue with
a DQ of 0.115e per molecule, validating the relatively molecule–
GLU residue interaction again.
Silver ion

Regarding the adsorption of silver ion, we examine six initial
binding congurations where THR and PHE residues act as
adsorbent. The most favorable conformation is found when the
silver ion is aligned to the S1 site of PHE residue and depicted in
Fig. 6e. Although the bond length and bond angle of PHE
residue have slight changes aer adsorption, the carbon ring is
twisted by 6�. We nd that the distance of the silver ion and the
O atom of PHE residue is 2.16 �A which is in accordance with
that of silver nanoparticle on graphene oxide.60 The dmin value is
only 0.23 �A larger than the reference length (1.93 �A) of Ag–O
covalent bond. Consequently, the constraint of silver ion with
PHE residue is contributed by a pseudo-covalent bond. From
Table 1, it can be found that the DE (�1.44 eV) is almost twofold
of that (�0.78 eV) of the case of ethanol molecule, which
characterizes a strong binding force. The CDD isosurface
diagram of the silver ion-S1 site (in the PHE residue) congu-
ration is shown in Fig. 6f. It clearly indicates a depletion of
charges in the spatial region near silver ion and accumulation
of charges in the proximity of –NH and –CO groups of PHE
residue. The total DQ from the silver ion to the PHE residue is
found to be 0.402e per silver ion, suggesting that the silver ion
acts as a donor.
Conclusions

In summary, we have carried out molecular dynamics and rst-
principles calculations to study the interaction mechanism of
three chemical agents with 3CL hydrolase of SARS-CoV-2. It is
found that ethanol and hypochlorite molecules are more
sensitive to the GLU and ASP residues of 3CL hydrolase
compared to other residues, whereas for silver ion it is readily
adsorbed by THR and PHE residues. The RDF results reveal that
the unsaturated oxygen atoms of GLU, ASP, THR, and PHE
residues play an important role in the adsorption process of
three biocidal ingredients. Besides, the interaction performance
as function of the concentrations is also investigated. We nd
that the interactions of ethanol molecules with 3CL hydrolase
increase with increasing concentration. However, when the
concentration reaches a critical value, the probability of ingre-
dient molecules occurring in a certain range will decrease. This
indicates that concentrations determine the disinfection effi-
ciency. Our DFT calculations conrm that ethanol, hypochlo-
rite, and silver ion strongly bound to the unsaturated oxygen
This journal is © The Royal Society of Chemistry 2020
atom of GLU, ASP, THR, and PHE residues. The binding ener-
gies provide sufficient evidence to conclude that the adsorption
of three biocidal ingredients by amino acid residues is an
exothermic process. Furthermore, the calculated minimum
distances clearly show that the pseudo-covalent bond is
responsible for the constraint of silver ion with PHE residue and
the molecule–residue interaction for ethanol and hypochlorite
is mainly contributed by the hydrogen bonds. Meanwhile, we
observe that ethanol, hypochlorite, and silver ion act as charge
donor providing considerable charges for residues. The present
ndings provide possible information for a well-grounded
understanding of inactivation mechanism of chemical agents
against SARS-CoV-2.
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