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Abstract
Silver nanoparticles have a great potential in a broad range of applications such as drug-delivery carriers
because of their antiviral and antibacterial properties. In this study, the coating properties of silver
nanoparticle with three common anti-malarial drugs Artemisinin, Artemether, and Artesunate have been
studied by using the quantum mechanical and classical atomistic molecular dynamics simulation in
order to use as the drug delivery to treat Malaria and COVID-19 diseases. The optimized structure,
frequencies, charge distribution and the electrostatic potential maps of three drug molecules were
simulated by using the density functional theory (DFT) at the B3LYP/6-311++g(d,p) level of theory. Then
molecular dynamics simulation was used to study the coating of AgNP with each of these drugs. The
a�nity of interaction was obtained as; Artesunate > Artemether > Artemisinin which is in agreement with
the DFT results on the adsorption of drugs on the Ag(111) slab.

Introduction
For millennia, herbal folk medicines in Asia, Africa, and South America have been used to treat infectious
diseases [1,2]. Amongst them, the Artemisia annua comprises a group of plants known as wormwoods
have been used for some medicinal purposes, including malaria, for centuries [3]. Artemisinin which is an
important bioactive component found in Artemisia annua leaves and �owers is extracted from this plant
and is the basis for the WHO‐recommended anti‐malaria combination therapies used in millions of adults
and children each year with few if any, side effects [4]. Artesunate and artemether are the two most
signi�cant artemisinin derivatives and promising novel drugs to treat pulmonary �brosis by inhibiting pro-
�brotic molecules associated with pulmonary �brosis [5,6]. Artemisinin and its derivatives exhibit
signi�cant properties such as a high antioxidant activity (due to its high phenolic content) [7] and
contains sterols that show virus inhibitory potential [8]. The most interesting intension in testing the
antioxidant and anti�brotic effects of Artemisinin and its derivatives is considering their key role in lung
�brosis [5]. The choice of which oral Artemisia annua’s extract to use in different clinical situations has
been largely empirical. Furthermore, this plant has a history of being safe, cheap, and widely available for
therapies although �nal technical analysis is demanded. Besides malaria, artemisinin and its derivatives
have e�ciency against some viral and parasitic diseases i.e. hepatitis B, schistosomiasis, Chagas
disease, African sleeping sickness, and treatment of some cancers [9-11]. In addition, recently, some
research groups at the Max Planck Institute of Colloids and Interfaces in Germany [12] and University of
Swat in Pakistan [13] have shown in laboratory studies that aqueous and ethanolic extracts of specially
bred sweet wormwood plants (Artemisia annua) are active against the new coronavirus that has caused
the COVID‐19 pandemic. These studies motivate scientists again to pay attention to this miracle
traditional medicinal plant.

Drug delivery has long been a concern in nanomedicine [14,15]. It has been shown that the best
therapeutic effect can be achieved by loading the drug onto the nanocarriers such as metal nanoparticles
that can accumulate near the target cells. This method can enhance permeability and retention effect of
the drug [16]. Metal nanoparticles, such as silver and gold with the size of 1−100 nm, possess different
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chemical, physical, and optical properties compared to those of their bulk structures while due to
relatively high surface areas could exhibit various properties and applications in diverse �elds [17]. In
particular, silver nanoparticles (AgNPs) have attracted impressive attention toward the biomedicine-
related assessment as unconventional antimicrobial agents [18–20]. Conjugation of drugs onto silver
nanoparticles can protect them against the body’s immune system, thereby extending their blood
circulation time [21]. The unique properties of AgNPs make these nanoparticles as a potential therapeutic
for the treatment of infectious diseases [21]. The nanoparticles with smaller size show more stability and
can interact with biomolecules both at the surface and inside cells [22]. Silver nanoparticles engineered
for biomedical applications must meet a series of conditions, such as being stable and not aggregate,
biocompatible, selective to target cells or tissues, non-toxic and affordable [21, 23, 24]. Recently, the
antiviral and immunomodulatory properties of silver nanoparticles have been studied extensively [25-30].
For instance, Prusty and Swain synthesized a polyacrylamide/ dextran nano-hydrogels hybrid system
with covalently attached silver nanoparticles for the release of ornidazole [31]. Also Garofalo
demonstrated in vivo antiviral activity of AgNPs during respiratory syncytial virus (RSV) infection [32].

In the context of computational materials science, �rst principle Density Functional Theory (DFT)
calculations allow the prediction and calculation of material behaviour on the basis of quantum
mechanical considerations, without requiring higher-order parameters such as fundamental material
properties [33-35]. Alongside DFT, Molecular Dynamics (MD) simulation is a powerful computational
method that can analyse the interactions between species in a system in atomistic level and reveals
problems that are not observable experimentally [36,37]. However, recourse to MD simulation was needed
to evaluate the interaction of drug and AgNP to predict the a�nity sites of the drug to interact which is a
useful concept in designing effective combination for drug delivery purposes [38,39].

In this study, the interactions of Artemisinin, Artemether, and Artesunate drugs with slab of sliver are
investigated at the DFT level of theory, and the optimized geometrical and charge distributions are used
input for molecular dynamic simulation to �nd out the coating a�nity of silver nanoparticle as the drug
vehicle to e�cient usage of these drugs and deliverer to the target agent.

Computational Methods
The geometry optimization, frequencies, and electronic structure calculations including the charge
distribution and the electrostatic potential maps of three drug molecules were performed by using the
density functional theory (DFT) at the B3LYP/6-311++g(d,p) level of theory with  the Gaussian software
package, version 09 [40]. Having no imaginary frequencies for optimized geometries con�rms the true
minima on the potential-energy surfaces. The adsorption of three drug molecules on a periodic slab of
the Ag(111) surface were simulated within the generalized gradient approximation (GGA) in the
formulation of PBE (Perdew–Burke- Ernzerhof) [41] implemented in PWscf code of QUANTUM-ESPRESSO
package (version 6.4.1) [42]. The D3-Grimme dispersion correction [43] was considered and the electron-
ion interaction was described by the ultra-soft pseudopotential with scalar relativistic and non-linear core
corrections for Ag atoms from the Quantum espresso pseudopotential library. The energy cut-off of the
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plane-wave basis set was set to 1088 eV and the convergence threshold of energy and force were set to
10-4 eV and 10-3 eV/ Å. Two layers of Ag atoms were considered with a total number of 64 atoms per
layer. During the calculations, the internal slab atoms were kept �xed at the bulk positions while the
atoms in the top layer and molecule were allowed to relax. In order to avoid the interaction of slab with its
replica under the periodic boundary condition, 15 Å of vacuum considered in the z-direction
(perpendicular to the slab). A gamma centred k-point sampling of  Monkhorst–Pack grids in the �rst
Brillouin zone of the supercell and a Gaussian smearing with a width of σ = 0.01 eV were used in the
calculations. The convergences of the energies with respect to the energy cutoff, size of the unit cell and
k-point sampling were tested before the structure optimization.

The interaction of icosahedral silver clusters, (the most stable particles in the range of fewer than 1130
silver atoms) with the drug molecules were simulated using molecular dynamics (MD) in a cubic box with
sides of 60 × 60 × 60 A˚ by GROMACS 2019 software [44] and using the CHARMM36 force �eld [45]
under the periodic boundary conditions (PBCs). Water molecules were simulated with the TIP3P model
[45,46]. Silver nanocluster consists of 147 silver atoms (diameter of 1.6 nm) were �xed at the centre of
the simulation box while surrounded randomly with 12 molecules of each drug (Artemisinin, or
Artemether, or Artesunate) and water. H-bond lengths were kept constant using the LINCS routine [47] and
electrostatic interactions were simulated with the particle mesh Ewald (PME) [48] approach using the
long-range cut-off of 1 nm. The steepest descent minimization algorithm has been utilized to minimize
the energy of the system for all atoms [49]. For equilibration �rst, each system was equilibrated in an NVT
ensemble (constant number of particles (N), volume (V), and temperature (T)) for 100 ps, and then in an
NPT ensemble (constant number of particles (N), pressure (P), and temperature (T)) for 200 ps. Finally,
the molecular dynamics simulation was performed for each system for 100 ns under constant conditions
of 1 atm and 300 K with a time step of 2 fs. The trajectory information was analysed using GROMACS
utilities and molecular graphics and visualization were performed using VMD 1.9.3 [50]. The force �eld
parameters of the Artemisinin, Artemether, and Artesunate were obtained from CHARMM CGenFF [51] and
the Lennard Jones parameters for Ag nanoparticles were obtained from already published data [52,53].

Results And Discussions
Figure 1 displays the charge distribution and the electrostatic potential map of three drug molecules
Artemisinin, Artemether, and Artesunate. The DFT Hirschfeld point charges and electrostatic potential
maps are obtained for the optimized molecules in water (as the solvent). The O-groups are the electron
rich site of each molecule which can donate the electron density via their lone pairs to 4d and 5s orbitals
of the silver atom [34,36]. Therefore, the reddish areas in the charge distribution maps in Figure 1
demonstrate the active sites of the molecules which have the most a�nity to interact with the AgNPs.

The optimized structures and charge density difference of drug molecules on Ag(111) surface are

presented in Figure 2. The adsorption energy for these structures were de�ned as 

where is the total energy of the drug molecule (Artemisinin/Artemether/Artesunate) adsorbed on



Page 5/16

the Ag(111) surface, while are the total energy of the Ag(111) slab and isolated drug molecule,
respectively. The results for the adsorption energy are as follow;

As expected from the electrostatic potential maps,
the drugs interacts with the Ag surface through oxygen atoms, and Artemisinin interacts weakly with the
Ag surface, with interaction energy of  0.81 eV.

The charge density difference of drug molecules adsorbed on Ag(111) slab with a charge density iso-
surface value of 0.0005 e/a.u.3 is plotted in Figure 2. This quantity accounts for the charge redistribution
due to the interaction between the drug molecule and the Ag surface. The yellow color indicates an
increase in the electron density after adsorbing, and the blue color indicates an electron density loss. This
�gure con�rms the higher a�nity of Artesunate to interact with Ag and also indicates clearly that the drug
molecules interact with Ag atoms via their oxygens as discussed based on their electrostatic potential
map.

Figure 3 displays the spectra of the root mean square displacement (RMSD) of Artemisinin, Artemether,
and Artesunate, respectively. The plot reveals that all systems have reached their equilibrium state before
20 ns of simulation time where the �uctuations of RMSDs have reduced signi�cantly. Therefore, the MD
trajectories extracted after 20 ns are used for further analysis.

Figure 4 describes the RDF, g(r), for the active sites of Artemisinin, Artemether, and Artesunate molecules
to interact with the Ag (147-atom icosahedral) nanoparticles. The radial distribution function (RDF)
describes how the density of surrounding molecule varies as a function of the distance from a reference
point. In this part, the arrangement of three drug molecules and their a�nities to interact with AgNP has
been investigated using RDF analysis. For Artemisinin, the highest peak of atom O5 (-0.326 |e|) in Figure
4(a) shows the highest a�nity of this atom to interact with AgNP due to having more negative charges to
interact with the silver nanoparticle on the surface. In Figure 4(b), the atoms O3 (-0.201 |e|) of Artemether,
and in Figure 4(c), O6 (-0.296 |e|) of Artesunate demonstrate the highest a�nity to interact with AgNP.
These results are in agreement with DFT calculations (see Figure 1 and 2).

The RDF results for the drug molecules with respect to AgNP individually, Figure 5, and the calculated
vdW interaction energy, Figure 6(a), demonstrate that the Artesunate has a higher a�nity to interact with
AgNP compared to the Artemether and Artemisinin which is also in agreement with DFT calculations for
the adsorption energy of drug molecules toward Ag (111) surface (See Figure 2). The average interaction
energy (vdW) based on MD simulation for Artemisinin, Artemether, and Artesunate are -1477.77 ± 11,
-1523.62 ± 6.2, and -1854.35 ± 8.4 KJ/mol, respectively. Moreover as can be seen from Figure 6, the
interaction energy �uctuations become steady and constant at the time about 17 ns which means all 12
molecules coated the surface of AgNP at this time. Figure 6(b) illustrates the coating process of AgNP
with Artesunate molecules in terms of interaction energy.
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Conclusion
The coating of silver nanoparticle with three common anti-malarial drugs Artemisinin, Artemether, and
Artesunate have been investigated by using the density functional theory and molecular dynamics
simulations. The interaction energies of drugs with Ag(111) slab clearly indicates the strength of the
interaction as Artesunate > Artemether > Artemisinin which is con�rmed by the molecular dynamics
simulation of coating 12 drug molecules on the Ag nanocluster. This work suggest that the AgNP with
low toxicity and antiviral activity can be used as a drug delivery vehicle to enhance permeability and
retention (EPR) effect of these drugs again malaria and recent COVID-19 disease.
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Figures

Figure 1

Charge distribution (Hirshfeld point charges) and electrostatic potential map for three drug molecules (a)
Artemisinin, (b) Artemether, (c) Artesunate. The geometry optimization of drug molecules were carried out
at the B3LYP/6-311++g(d,p) level of theory.
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Figure 2

The charge density difference of adsorbed (a) Artemisinin (b) Artemether (c) Artesunate molecules on
Ag(111) slab. The blue and yellow means the negative and positive values corresponding to the loss and
gain of electrons. The isovalue sets at 0.0005 e/a.u.3
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Figure 3

RMSD plots of drug molecules: Artemisinin, Artemether, and Artesunate versus simulation time. The MD
trajectories after 20 ns have been taken for further analysis.
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Figure 4

RDF plots for the active sites of (a) Artemisinin, (b) Artemether, and (c) Artesunate with AgNP.
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Figure 5

RDF plots of Artemisinin, Artemether, and Artesunate with respect to AgNP.
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Figure 6

(a) Interaction energies (vdW) between Artemisinin, Artemether, and Artesunate and AgNP. (b) The process
of coating AgNP with 12 Artesunate molecules in terms of interaction energy.


