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A B S T R A C T

This study investigated the effect of external electric fields on the interactions between water/silver nanofluids 
and the SARS-CoV-2 main protease using molecular dynamics simulations. The primary objective was to evaluate 
how variations in electric-field strength and frequency influenced the mobility of nanofluid particles and the 
structural stability of viral protease at the atomic scale. Following system equilibration at physiological tem
perature, electric fields with amplitudes ranging from 0.1 to 0.5 V/Å and frequency parameters ranging from 
0.01 to 0.04 fs⁻¹ were applied. The results demonstrate that increasing the electric-field amplitude significantly 
enhanced nanofluid mobility within the protease environment, as reflected by an increase in the diffusion co
efficient from 75.19 to 235.25 nm²/ns and a change in the interaction energy from − 312.32 to − 122.80 kcal/ 
mol. These changes indicated stronger field-induced perturbations and modified protein–nanofluid interactions. 
In contrast, increasing the electric-field frequency at a fixed amplitude of 0.4 V/Å decreased the diffusion co
efficient from 141.19 to 68.94 nm²/ns and changed the interaction energy from − 83.14 to − 259.35 kcal/mol, 
indicating reduced atomic mobility and enhanced interaction stability. Overall, the findings reveal that higher 
electric-field amplitudes intensified nanofluid transport and promoted structural perturbations of SARS-CoV-2 
main protease, whereas higher frequencies partially suppressed these effects. These results provide atomistic 
insight into the coupled influence of electric fields and nanofluids on viral protein behavior and may contribute 
to the development of electrically assisted nanomaterial-based antiviral technologies.

1. Introduction

Coronaviruses belong to the Coronaviridae family and can infect the 
respiratory tract of humans and animals. Their clinical effects range 
from mild respiratory symptoms to severe diseases, such as MERS, SARS, 

and COVID-19 [1–5]. The global impact of SARS-CoV-2 has increased 
interest in physical, chemical, and nanomaterial-based strategies to 
reduce viral stability, disrupt viral proteins, or limit viral transmission. 
Previous studies mainly focused on viral survival on surfaces, environ
mental transmission, climatic effects, airborne particles, and the general 
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stability of SARS-CoV-2 under different external conditions [6–10]. 
Although these works provided useful information about virus persis
tence and transmission, they did not clarify how nanoscale antiviral 
agents interact with viral structural proteins under externally controlled 
physical fields. Silver nanoparticles have attracted considerable atten
tion due to their strong physicochemical activity, high 
surface-to-volume ratio, and ability to interact with biological macro
molecules at the molecular scale [11,12]. When dispersed in water, 
silver nanoparticles form water/silver nanofluids (NFs) whose mobility, 
interaction energy (IE), and diffusion behavior can be modified by 
external forces. In particular, an external electric field can influence 
charged and polar components of the system, alter molecular orienta
tion, and change the transport behavior of water molecules and 

nanoparticles [13–15]. Therefore, combining silver-based NFs with a 
variable electric field may provide a controllable means to enhance in
teractions with viral proteins. However, the combined effect of NF 
composition and variable electric-field parameters on the structural 
stability of SARS-CoV-2-related proteins was not sufficiently addressed 
at the atomic scale.

Molecular dynamics simulation provided a suitable framework for 
examining such nanoscale mechanisms because it can track atomic 
displacement, IE, diffusion, and structural response under controlled 
thermodynamic and field conditions [16–18]. Several molecular dy
namics studies investigated NF transport, electric-field-driven nanoscale 
behavior, and virus-related molecular interactions [19–22]. Neverthe
less, a clear gap remained in understanding how the amplitude and 

Fig. 1. Simulation system used in the molecular dynamics study: (a) side view and (b) perspective view of the simulation box containing the SARS-CoV-2 main 
protease, water molecules, and silver nanoparticles.

Fig. 2. Structural evolution of the SARS-CoV-2 main protease during the simulation at (a) 0, (b) 25,000, (c) 50,000, (d) 75,000, and (e) 100,000 timesteps.
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frequency of an externally applied electric field simultaneously affected 
the interaction between water/silver NFs and SARS-CoV-2 viral pro
teins. This gap was important because the electric-field amplitude 
controlled the intensity of the external force acting on polar or charged 
species, while the electric-field frequency determined how rapidly the 
field direction or magnitude changed over time.

Accordingly, the present study employed molecular dynamics 
simulation to investigate the interaction between a water/silver NF and 
the SARS-CoV-2 main protease (PDB ID: 7RN1) under variable electric- 
field conditions. The electric-field amplitude varied from 0.1 to 0.5 V/Å, 
while the electric-field frequency ranged from 0.01 to 0.04 fs⁻¹. These 
ranges were selected to systematically evaluate how field strength and 
oscillation frequency influence atomic mobility, intermolecular in
teractions, and the protease's structural response. The primary evaluated 

parameters were the mean-squared displacement (MSD), the diffusion 
coefficient, and the IE. The MSD and diffusion coefficient characterized 
the mobility and transport behavior of atoms and nanoparticles, 
whereas the IE showed the strength and stability of molecular in
teractions between the NF and the viral protease. The main objective of 
this work was to determine whether increasing the electric-field 
amplitude enhanced NF mobility and induced structural perturbations 
in the SARS-CoV-2 main protease, and whether increasing the field 
frequency modifies or suppresses these effects. By linking silver NF dy
namics to electric-field-controlled molecular motion, this study pro
vided atomistic insight into the mechanisms governing NF–protein 
systems under external electric fields. It should be noted that the present 
simulations were limited to the SARS-CoV-2 main protease and did not 
represent the complete viral particle. Therefore, the findings should be 

Fig. 3. Equilibration analysis of the simulated system: (a) temperature variation and (b) kinetic energy variation as a function of simulation time.
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interpreted as protein-level responses rather than direct evidence of 
whole-virus inactivation. Nevertheless, the findings contributed to a 
better understanding of electrically assisted NF–protein interactions and 
may support the future development of nanoscale antiviral technologies.

2. Numerical method

2.1. Simulation details

All molecular dynamics simulations were done using the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) package. 

The crystallographic structure of the SARS-CoV-2 main protease (Mpro) 
in complex with the inhibitor Juyn9–62–2R (PDB ID: 7RN1) was 
retrieved from the Protein Data Bank and used as the protein model for 
molecular dynamics simulations [23]. The viral protein was combined 
with water molecules and silver nanoparticles generated using Avoga
dro software [24]. The final simulation system consisted of 9020 atoms, 
including 600 Ag atoms, 1531 C atoms, 1 Cl atom, 4000 H atoms, 402 N 
atoms, 2463 O atoms, and 23 S atoms. The solvent phase contained 2000 
water molecules. The simulation box dimensions were approximately 
145 × 146 × 146 Å³ with periodic boundary conditions used in all three 
spatial directions. Interatomic interactions were described utilizing a 

Fig. 4. Variations of (a) MSD and (b) diffusion coefficient of the simulated system at an EFA of 0.1 V/Å.
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Lennard–Jones potential with a cutoff distance of 12 Å, together with 
harmonic bond, angle, and dihedral potentials. Before production cal
culations, the system was energy-minimized using the conjugate 
gradient algorithm. Initial atomic velocities were assigned at 300 K. 
Equilibration was subsequently performed in the canonical (NVT) 
ensemble applying a Nose–Hoover thermostat to maintain the system 
temperature at 300 K. A timestep of 0.1 fs was employed throughout the 
simulations. The equilibration stage was carried out for 100,000 time
steps, corresponding to 10 ps. Equilibrium was confirmed through sta
bilization of both the kinetic energy and temperature profiles. Following 

equilibration, the thermostat was removed, and the simulations were 
continued in the microcanonical (NVE) ensemble for an additional 100, 
000 timesteps (10 ps). The external electric field was implemented using 
the LAMMPS efield command according to a sinusoidal function: 

E(t) = E0sin(ωt) (1) 

where E₀ denotes the electric-field amplitude, and ω is the frequency 
parameter. The electric field was applied simultaneously along with x-, 
y-, and z-directions. The electric-field amplitude was varied between 0.1 

Fig. 5. Variations of the IE between (a) the SARS-CoV-2 main protease and the nanofluid, and (b) different regions of the SARS-CoV-2 main protease at an EFA of 0.1 
V/Å.
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and 0.5 V/Å, while the frequency parameter ranged from 0.01 to 0.04 
fs⁻¹. The mean squared displacement, diffusion coefficient, and IE were 
subsequently calculated to evaluate NF mobility and virus–NF in
teractions under different electric-field conditions. The prototype 
structures modeled are illustrated in Fig. 1. Additionally, the viral 
eradication process, which concluded the current computational inves
tigation, is depicted in Fig. 2.

2.2. Equilibrium process

The equilibrium stage of the modeled system, in the absence of an 
external electric field, served as the initial state of the present molecular 
dynamics investigation. To evaluate the system's stability and verify the 
adequacy of the simulation conditions, the temperature and kinetic 
energy profiles were monitored over simulation time [21,25]. As shown 
in Fig. 3a, the system temperature gradually approached the target value 
of 300 K and remained stable after approximately 100,000 timesteps. 
This behavior showed the progressive redistribution of atomic velocities 

Fig. 6. Variations of (a) MSD and (b) diffusion coefficient of the simulated system at different EFAs.
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and the attainment of thermal equilibrium within the simulation box. 
The evolution of kinetic energy provided additional evidence of system 
stabilization. As illustrated in Fig. 3b, the kinetic energy converged to 
approximately 0.901 kcal/mol at the end of the equilibration stage. The 
simultaneous stabilization of both temperature and kinetic energy 
indicated that the modeled system reached a thermodynamically stable 
state suitable for subsequent analyses [26]. Therefore, the equilibration 
procedure confirmed the consistency of initial atomic configuration, 
interaction parameters, and simulation settings employed in the present 
work.

3. Results and discussion

Following the equilibration stage, the structural response of the 
water/silver NF–protease system was studied under an external electric 
field using the NVE ensemble. In the first set of simulations, the electric- 
field amplitude was fixed at 0.1 V/Å. The atomic mobility of the system 
was assessed using the mean squared displacement (MSD), which 
quantified the average squared displacement of atoms over time and 
provided insight into molecular transport and dynamic behavior within 
the simulated environment.

As shown in Fig. 4a, the MSD increased continuously throughout the 

simulation, indicating enhanced atomic motion and increased mobility 
of NF components surrounding the SARS-CoV-2 main protease. 
Numerically, the MSD reached 67.78 Å² at the final timestep. The cor
responding diffusion coefficient, calculated from the MSD data, is shown 
in Fig. 4b. It converged to 75.19 nm²/ns, demonstrating significant 
nanoscale transport activity within the system.

The interaction between NF and the protease was further examined 
through IE analysis. IE represents the net energetic contribution arising 
from intermolecular interactions, including van der Waals forces and 
other nonbonded interactions. Fig. 5a presents the IE between the SARS- 
CoV-2 main protease and the surrounding NF, whereas Fig. 5b illustrates 
the IE within the protease structure itself. At the end of the simulation, 
these interaction energies converged to − 312.32 and − 435.82 kcal/mol, 
respectively.

The combined MSD, diffusion coefficient, and interaction-energy 
results suggested that the external electric field promoted enhanced 
NF mobility and modified the interaction behavior between NF and the 
protease. These changes indicated increasing structural perturbations at 
the protein level and demonstrated the sensitivity of SARS-CoV-2 main 
protease to externally controlled NF dynamics. However, since the 
present model represented only the main protease rather than the 
complete viral particle, the observed effects should be interpreted as 
protein-level structural responses rather than direct evidence of whole- 
virus inactivation.

3.1. Electric field amplitude magnitude

In this section, the amplitude of the electric field (EFA) was increased 
from 0.1 to 0.5 V/Å, and the changes in the MSD and diffusion coeffi
cient were discussed. Fig. 6 shows the change in MSD and diffusion 
coefficient with respect to EFA. From the graph, it is clear that with 
increasing EFA, the MSD and diffusion coefficient increased signifi
cantly, and at EFA = 0.5 V/Å, the MSD and diffusion coefficient were 
212.30 Å2 and 235.25 nm2/ns, respectively. These parameters showed 
that the atomic mobility in water/silver NF-protease mixture was 
enhanced at higher electric-field strength. This effect was due to 
enhanced interaction of the electric field with the charged or polarizable 

Fig. 7. Variations of the IE between the SARS-CoV-2 main protease and the nanofluid at different EFAs.

Table 1 
The numerical changes in MSD, diffusion coefficient, and IE of the SARS virus at 
different EFAs.

EFA (V/ 
Å)

MSD (Å2) D (nm2/ns) IE (kcal/mol)

SARS-Naofluid SARS-SARS

0.1 67.78 
(±1.23)

75.19 
(±1.06)

− 312.32 
(±2.21)

− 435.82 
(±20.87)

0.2 73.32 
(±2.12)

76.34 
(±1.11)

− 242.01 
(±4.98)

− 1583.79 
(±21.41)

0.3 95.14 
(±1.07)

95.55 
(±1.09)

− 207.68 
(±4.11)

− 1923.56 
(±22.55)

0.5 212.3 
(±1.14)

235.25 
(±0.98)

− 122.80 
(±2.33)

− 659.43 
(±18.83)
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particles in the medium. As EFA increased, the electric field exerted a 
greater force on atoms and molecules, thereby enhancing their mobility. 
In addition, the electric field influenced the orientation of water mole
cules and polar functional groups within the protease, modifying local 
interaction patterns and facilitating nanoscale transport. Consequently, 
both the MSD and diffusion coefficient increased significantly with 
increasing EFA, demonstrating the important role of electric-field in
tensity in controlling molecular mobility and transport behavior.

The IE between the NF and the SARS-CoV-2 main protease at 
different EFAs is presented in Fig. 7. As the EFA increased from 0.1 to 0.5 
V/Å, the IE changed from − 312.32 to − 122.80 kcal/mol. The shift to
ward less negative values indicated a reduction in the magnitude of 
attractive interactions between the NF and the protease. This behavior 
proposed that the stronger electric field enhanced atomic mobility and 
dynamic fluctuations, thereby weakening the energetic favorability of 
protease–NF interactions. The reduced magnitude of IE was consistent 
with the increased MSD and diffusion coefficient values observed at 
higher EFAs, indicating that stronger electric fields promoted greater 
molecular motion while reducing interaction stability. Together, the 
MSD, diffusion coefficient, and interaction-energy results demonstrated 
that increasing the electric-field amplitude enhanced atomic mobility 
and significantly modified the interaction behavior between the water/ 
silver NF and the SARS-CoV-2 main protease. The combination of 
increased transport activity and reduced interaction stability suggested 
increasing structural perturbations at the protein level. However, 
because the present model represented only the SARS-CoV-2 main 
protease rather than the complete viral particle, these findings should be 
interpreted as changes in protease stability and interaction behavior 
rather than direct evidence of whole-virus disruption or inactivation. 
Table 1 summarizes the numerical values of MSD, diffusion coefficient, 
and IE obtained at different electric-field amplitudes.

Fig. 8 presents the variation of IE within the SARS-CoV-2 main 
protease at different electric-field amplitudes. The results reveal a non- 
linear dependence of the intramolecular IE on the applied electric field. 
At intermediate EFAs (0.2 and 0.3 V/Å), the IE became more negative, 
indicating stronger attractive intramolecular interactions and a rela
tively more stable energetic configuration. This behavior may be 

attributed to field-induced reorientation of polar groups and redistri
bution of local atomic interactions within the protease. However, when 
the EFA increased to 0.5 V/Å, the IE shifted toward a less negative value 
(− 659.43 kcal/mol), indicating a reduction in the strength of stabilizing 
intramolecular interactions. At high field intensities, enhanced atomic 
mobility and larger structural fluctuations altered the protein's interac
tion network, reducing the energetic stability of the protease structure. 
As a result, the stabilizing effect observed at intermediate EFAs was 
partially lost under stronger electric-field conditions.

3.2. The electric field frequency magnitude

In this section, an external electric field with an amplitude of 0.4 V/Å 
and a frequency parameter of 0.01 fs⁻¹ was applied to the simulated 
system. Fig. 9 presents the variations in the mean-squared displacement 
(MSD) and the diffusion coefficient as functions of simulation time. The 
corresponding numerical values of MSD, diffusion coefficient, and IE at 
different electric-field frequencies (EFFs) are summarized in Table 2.

Fig. 9 presents the changes in MSD and the diffusion coefficient as 
functions of simulation time at an electric-field amplitude of 0.4 V/Å 
and a frequency of 0.01 fs⁻¹. The results indicate that the MSD and 
diffusion coefficient increased continuously during the simulation and 
reached 158.61 Å² and 141.19 nm²/ns, respectively, at the final time
step. These values demonstrated significant atomic mobility and trans
port activity within the water/silver NF–protease system under the 
applied electric field. The observed behavior can be attributed to the 
oscillating electric field, which exerted periodic forces on charged and 
polarizable species throughout the simulation domain. These forces 
promoted atomic displacements, molecular reorientation, and enhanced 
transport of NF components. As a result, larger average atomic dis
placements were observed, leading to increased MSD values. Similarly, 
the higher diffusion coefficient indicated more efficient molecular 
transport and greater mobility of NF particles surrounding the protease. 
The continuous oscillation of the electric field dynamically modified the 
local interaction environment by repeatedly perturbing intermolecular 
interactions and molecular orientations. This process enhanced atomic 
motion and facilitated nanoscale transport throughout the system. 

Fig. 8. Variations of the IE within the SARS-CoV-2 main protease structure at different EFAs.
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Consequently, the elevated MSD and diffusion-coefficient values indi
cated that the applied electric field significantly influenced molecular 
mobility and interaction dynamics within the water/silver NF–protease 
system.

Fig. 10 presents the variation in IE between the SARS-CoV-2 main 
protease and the surrounding NF (Fig. 10a), as well as the IE within the 
protease structure itself (Fig. 10b). After 100,000 timesteps, the pro
tease–NF IE and the intramolecular protease IE reached 3420.76 and 
− 83.14 kcal/mol, respectively. The highly positive protease–NF IE 
indicated that the interaction environment became energetically unfa
vorable under applied electric-field conditions. This behavior suggested 
that the oscillating electric field significantly altered the relative 

arrangement of NF components and protein atoms, resulting in 
increased atomic mobility and reduced energetic compatibility between 
the interacting species. Simultaneously, the relatively weak negative 
value of the intramolecular protease IE indicated that the stabilizing 
interactions within the protein were weaker than those in more ener
getically favorable configurations. These energetic characteristics were 
consistent with the elevated MSD and diffusion coefficient values 
observed in Fig. 9, indicating enhanced molecular motion throughout 
the system. The combination of high atomic mobility and energetically 
unfavorable protease–NF interactions suggested that the applied electric 
field induced substantial dynamic perturbations within the protein 
environment. Consequently, the interaction behavior and energetic 

Fig. 9. Variations of (a) MSD and (b) diffusion coefficient of the simulated system at an EFF of 0.01 fs⁻¹.
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stability of SARS-CoV-2 main protease were strongly influenced by the 
external electric field. However, because the present model represented 
only SARS-CoV-2 main protease rather than the complete viral particle, 
these findings should be interpreted as protein-level energetic and 
structural responses rather than direct evidence of whole-virus disrup
tion or inactivation.

Fig. 11 presents the variations of MSD and diffusion coefficient as the 
electric-field frequency (EFF) increased from 0.01 to 0.04 fs⁻¹. The re
sults show that the MSD and diffusion coefficient decreased from 158.61 
Å² and 141.19 nm²/ns to 65.67 Å² and 68.94 nm²/ns, respectively, as 
EFF increased. These results indicate that higher electric-field fre
quencies suppressed atomic mobility within the water/silver NF–pro
tease system. Physically, the decrease in MSD was reflected in smaller 
average atomic displacements and reduced molecular motion 
throughout the simulation domain. Similarly, the reduced diffusion 
coefficient indicated less efficient transport of the NF components under 
rapidly oscillating electric-field conditions. At higher frequencies, the 
electric field changed direction more rapidly than the characteristic 
response time of the atoms and molecules. Consequently, NF compo
nents and protein atoms could not fully align with or respond to each 
oscillation cycle. This dynamic lag reduced the net displacement 
induced by the field and limited long-range transport within the system. 
As a result, atomic mobility and diffusion decreased as the electric-field 
frequency increased. This behavior was consistent with the concept that 
rapidly oscillating fields reduced the effectiveness of field-driven mo
lecular motion by continuously reversing the direction of applied force 
before significant displacement could occur [27,28].

Fig. 12 illustrates the variation of IE between the SARS-CoV-2 main 
protease and the surrounding NF at different electric-field frequencies. 
The IE decreased from − 83.14 kcal/mol to − 259.35 kcal/mol as the EFF 
increased from 0.01 to 0.04 fs⁻¹. The shift toward more negative values 
indicated stronger attractive interactions between the protease and NF 
components. Unlike the effect of increasing the electric-field amplitude, 
which weakened the interaction strength, increasing the electric-field 
frequency promoted a more energetically favorable interaction envi
ronment. The stronger attractive interactions observed at higher fre
quencies were consistent with the reduced atomic mobility indicated by 
the MSD and diffusion coefficient results. Because atoms experience 
smaller net displacements at high frequencies, they remain within a 
more stable interaction environment, leading to more negative inter
action energies and enhanced protease–NF interaction stability [29].

Fig. 13 presents the variation of IE within the SARS-CoV-2 main 
protease at different electric-field frequencies. The corresponding 
interaction energies were 3420.76, − 973.79, − 2913.76, and − 1726.03 
kcal/mol for EFF values of 0.01, 0.02, 0.03, and 0.04 fs⁻¹, respectively. 
The results reveal a non-monotonic dependence of the intramolecular IE 
on electric-field frequency. At the lowest frequency, the highly positive 
IE indicated a strongly perturbed energetic state associated with 
enhanced molecular motion and dynamic fluctuations. Increasing the 
frequency to 0.02 and 0.03 fs⁻¹ produces substantially more negative 
interaction energies, indicating stronger stabilizing intramolecular in
teractions within the protease. This trend was consistent with the 

reduced atomic mobility observed in the MSD and diffusion-coefficient 
analyses. However, a further increase to 0.04 fs⁻¹ resulted in a partial 
reduction in the magnitude of IE, suggesting that excessive oscillation 
frequencies may introduce additional dynamic perturbations that 
partially offset the stabilizing effect observed at intermediate 
frequencies.

The combined MSD, diffusion coefficient, and interaction-energy 
results demonstrated that electric-field frequency played a critical role 
in regulating atomic mobility and interaction behavior within the 
water/silver NF–protease system. Lower frequencies promoted greater 
molecular motion and dynamic fluctuations because the atoms can 
respond more effectively to the applied field. In contrast, higher fre
quencies suppressed atomic mobility by limiting the ability of atoms and 
molecules to follow the rapidly oscillating electric field. This reduction 
in mobility was accompanied by more negative interaction energies, 
indicating stronger attractive interactions and greater energetic stability 
within the system. Therefore, unlike increasing the electric-field 
amplitude, which enhanced mobility and promoted structural pertur
bation, increasing the electric-field frequency tended to stabilize pro
tein–NF interactions by reducing field-driven transport. These findings 
highlighted the sensitivity of SARS-CoV-2 main protease to electric-field 
frequency and demonstrated the important role of frequency in con
trolling nanoscale protein–NF interactions. Because the present model 
included only SARS-CoV-2 main protease, these observations should be 
interpreted as protein-level responses rather than direct evidence of 
whole-virus behavior or inactivation [30–32].

4. Conclusion

The present study demonstrated that the amplitude and frequency of 
an external electric field significantly influenced the interaction 
behavior and dynamic response of a water/silver NF–SARS-CoV-2 main 
protease system. Molecular dynamics simulations showed that 
increasing the electric-field amplitude from 0.1 to 0.5 V/Å increased the 
diffusion coefficient from 75.19 to 235.25 nm²/ns and changed the 
protease–NF IE from − 312.32 to − 122.80 kcal/mol, indicating 
enhanced atomic mobility and modified intermolecular interactions 
under stronger electric-field conditions. In contrast, increasing the 
electric-field frequency from 0.01 to 0.04 fs⁻¹ at a fixed amplitude of 0.4 
V/Å decreased the diffusion coefficient from 141.19 to 68.94 nm²/ns 
and changed the IE from − 83.14 to − 259.35 kcal/mol, indicating 
reduced atomic mobility and stronger attractive interactions within the 
system. These findings demonstrated that electric-field amplitude and 
frequency exert distinct influences on nanoscale transport behavior and 
protein–NF interactions. Therefore, higher electric-field amplitudes 
promoted greater molecular mobility and stronger dynamic perturba
tions, whereas higher frequencies suppressed atomic motion and 
enhanced interaction stability. The results provided atomistic insight 
into the response of the SARS-CoV-2 main protease to externally 
controlled NF environments. However, since the present model repre
sented only the SARS-CoV-2 main protease rather than the complete 
viral particle, the findings should be interpreted as protein-level re
sponses rather than as direct evidence of whole-virus inactivation. 
Future studies involving additional viral components and larger-scale 
models are needed further to evaluate the implications of these effects 
for antiviral applications.

4.1. Limitation

A limitation of the present study was that the molecular model 
represented only the SARS-CoV-2 main protease (PDB ID: 7RN1) rather 
than the complete viral particle. Consequently, the observed structural 
perturbations and interaction changes should be interpreted as protein- 
level responses to the combined effects of water/silver NFs and external 
electric fields. Additional studies involving other viral proteins, larger 
biomolecular assemblies, or multiscale modeling approaches are 

Table 2 
The numerical changes in MSD, diffusion coefficient, and IE of the SARS virus at 
different EFFs.

EFF 
(fs− 1)

MSD (Å2) D (nm2/ns) IE (Kcal/mol)

SARS-Naofluid SARS-SARS

0.01 158.61 
(±1.24)

141.19 
(±1.12)

− 83.14 
(±3.32)

3420.76 
(±21.21)

0.02 93.023 
(±1.51)

94.62 
(±1.05)

− 245.71 
(±3.12)

− 973.79 
(±20.47)

0.03 79.33 
(±1.48)

88.92 
(±1.07)

− 262.29 
(±4.91)

− 2913.76 
(±19.87)

0.04 65.67 
(±1.03)

68.94 
(±0.98)

− 259.35 
(±4.04)

− 1726.03 
(±19.41)
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Fig. 10. Variations of the IE between (a) the SARS-CoV-2 main protease and the nanofluid, and (b) different regions of the SARS-CoV-2 main protease at an EFF of 
0.01 fs⁻¹.
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Fig. 11. Variations of (a) MSD and (b) diffusion coefficient of the simulated system at different EFFs.
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Fig. 12. Variations of the IE between the SARS-CoV-2 main protease and the nanofluid at different EFFs.

Fig. 13. Variations of the IE within the SARS-CoV-2 main protease structure at different EFFs.

A. Alkhafaji et al.                                                                                                                                                                                                                               Results in Engineering 32 (2026) 111662 

13 



required before extending these findings to whole-virus behavior or 
virus inactivation mechanisms.
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