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Abstract: In this study, molecular dynamics simulation has been applied to
investigate Heulandite family zeolites (Heulandite and Clinoptilolite differing
in Si/Al content) adsorption capacity of Favipiravir acting as both a potential
treatment candidate for COVID-19 and the pharmaceutical environmental
pollutant using Materials Studio package. The Heulandite zeolite structure was
taken from the package database and its substitutions were carried out
according to Lowenstein’s and Dempsey’s rules to create Clinoptilolite unit
cell. The simulations are performed in the constant-volume constant-
temperature (NVT) ensemble. Respectively, adsorption energy values of -
83.99 and -68.33 kcal/mol were obtained for the Heulandite and Clinoptilolite-
based structures following the adsorption of the initial drug. These values
indicate that obtained compounds are suitable adsorbents for removing
unwanted Favipiravir drug emitted in the environment. To illustrate the
diffusion of the drug within the framework structure, mean-squared
displacement (MSD) calculations were utilized, revealing that Favipiravir had
a greater propensity to diffuse through the Heulandite pore network in
comparison to Clinoptilolite.

Introduction

The pandemic caused by the novel coronavirus SARS-
CoV-2, a member of the coronavirus family, had created
a global health crisis for our planet. Over the past 3 years,
COVID-19 infections had become increasingly prevalent,
with symptoms such as high fever, cough, myalgia,
weakness, and polypnea, often leading to severe
respiratory problems and even acute respiratory distress
syndrome (ARDS) and death [1,2]. The risk of serious
symptoms and mortality is particularly high for
individuals over the age of 60 and those with pre-existing
medical conditions such as heart, lung, kidney, and liver
disease, diabetes, and severe obesity. In response to the
pandemic, researchers and medical professionals have
been tirelessly working to develop effective treatments,
including repurposed and new drugs, interferon-based
therapies, and cell and plasma-based treatments. Despite
significant efforts to control the spread of the disease and
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the development of various drugs and vaccines to treat and
prevent the virus, a large number of people around the
world continue to be infected with different strains of the
virus and even lose their lives as a result [3,4]. A wide
range of different drugs such as Favipiravir, Remdesivir,
Darunavir, Oseltamivir, Umifenovir, Teicoplanin,
Azithromycin, Chloroquine, and Hydroxychloroquine,
etc. have been applied to treat this infection which some
proved beneficial while others were not effective [5-12].
In 2014, Japan introduced Favipiravir, an anti-RNA virus
medication, for the treatment of novel or re-emerging
influenza viruses. Upon entering the cell, Favipiravir
undergoes ribosylation and phosphorylation, which
activates and allows it to substitute with purine
nucleosides in the virus RNA. As a result, the RNA-
dependent RNA polymerase (RdRp) of the virus is
inhibited, preventing RNA strand elongation and viral
proliferation. Favipiravir has been found to be effective
against a broad range of RNA viruses, including
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Rhinovirus, Arenavirus, Bunyavirus, Flavivirus, Filovirus
causing hemorrhagic fever, as well as the Ebola virus.
Notably, the RNA structure of SARS-CoV-2 and its
similarity to SARS-CoV have led to Favipiravir being
considered a potential treatment candidate for COVID-19
[13] but, some clinical considerations show that the
Favipiravir group cardiopulmonary caused, cerebral
infarction, liver disorder, and COVID-19-related
pneumonia. In addition, Favipiravir similar to other
various antiviral drugs is not fully metabolized by the
body and is excreted through feces and urine, entering the
wastewater system as parent or metabolite compounds.
However, the low biodegradability of many antiviral
drugs poses a challenge for conventional wastewater
treatment systems, that have limited capacity to remove
them [14-16]. As a result, significant quantities of
antiviral drug residues are discharged into environmental
waters. Previous research has demonstrated that these
residues found in wastewater can be highly toxic to
aquatic organisms such as algae, daphnia, and fish [17,
18].

Zeolites with pore sizes under 2 nm are considered as one
of the most important drug carriers and adsorbents. These
three-dimensional crystalline aluminosilicates consist of
Si and/or Al tetrahedral linked by shared oxygen atoms,
creating vast networks of interconnected channels that
result in higher internal surface areas. Due to these unique
properties, zeolites have become essential in various
applications, including catalysis, ion exchange,
adsorption, veterinary medicine, zoo technology, tissue
engineering, and drug delivery [19-24]. Zeolitic materials
also exhibit both thermal and chemical stability and
possess well-defined channels and cavities [25, 26].
Naturally occurring zeolites, such as Heulandite and
Clinoptilolite, contain extra frameworks cation sites, such
as alkali and alkaline-earth cations, which are loosely
bound, allowing for rapid exchange with other pollutant
cations present in water [27, 28]. These zeolites are
commonly described as having monoclinic crystal
structures, with space group C2/m, and are classified as
HEU-type. The HEU framework comprises three sets of
intersecting channels, all located in the (010) plane. The
A and B channels, which are parallel to the c-axis, are
formed by strongly compressed ten-membered and eight-
membered rings, respectively, with apertures of 3.0x7.6
A and 3.3x4.6 A. The C channels, which are parallel to
the a-axis, are also formed by eight-membered rings, with
an aperture of 2.6x4.7 A. Heulandite is defined as the
zeolite mineral with a Si/Al ratio of less than 4.0, while
Clinoptilolite, with the same framework topology, has a
Si/Al ratio equal to or greater than 4.0. Theoretical and
experimental literature reviews demonstration that the use
of zeolites as an inexpensive, non-toxic, and targeted
framework is highly effective for drug delivery. Lam et al
studied Metronidazole adsorption on Clinoptilolite using
AM1 semi-empirical method and understood that the
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interaction is stronger in the 8-ring window than 10-ring
window [29]. Lam et al in another research investigated
the physical adsorption of Aspirin on Clinoptilolite by
applying AM1 and PM3 methods. All values obtained for
the adsorption enthalpies were negative, which could
explain the adsorption process [30]. Rivera and his
coworker explored Clinoptilolite-surfactant composites
as drug support experimentally. The drug adsorption
assays showed that only the purified natural
Clinoptilolite-benzalkonium chloride composite adsorbs
a considerable amount of drug, in particular
sulfamethoxazole, which was evaluated by UV
spectroscopy [31]. Jordanoski et al considered a
heulandite-calcium-based as a novel silica-based
hemoglobin carrier system. These Particles exhibit
superior properties compared to traditional TEOS
nanoparticles. In all of these works the Si/Al ratio is
approximately 5 and the results suggest that there is a
significant potential for their use in the development of
biomedical hemoglobin loading and delivery systems
[32]. As has been proven, computational studies can give
us useful information along with experimental studies. So,
in this study, molecular dynamics simulations study was
applied to confirm and enhance the understanding of how
the drug interacts with Heulandite and Clinoptilolite
zeolites.

Molecular Modeling and Simulation Method

Molecular dynamics simulation has been applied to study
Favipiravir drug adsorption behavior on Heulandite and
Clinoptilolite zeolites at the atomic level. The Heulandite
zeolite structure was taken from the Materials Studio
package database [33], and its unit cell was created by
transforming the asymmetric unit into P1 symmetry while
Favipiravir molecular structure was obtained from
PubChem (CID: 492405). The placement of aluminum
atoms, sodium, and calcium cations was a matter of
question in creating the Clinoptilolite structure (Si/Al =5).
To address this issue, we utilized the aluminum sites
identified in previous theoretical studies [34, 35] that
accurately reproduced the experimentally observed partial
occupancy. The selected Si atoms in the Heulandite
framework were replaced with Al atoms by considering
the energy of the system. The substitutions were carried
out according to Lowenstein’s and Dempsey’s rules,
where the former prevents the Al-O—Al bridges, which is
energetically unflavored and the latter emphasizes on the
homogeneity of Al atoms substituted with Si atoms.
Therefore, the Si atoms to be replaced were selected so
that the resulting frameworks had the minimum energy. In
the next step to make the zeolites unit cell complete, 24
water molecules have been added to the structure using
the Amorphous Cell module, the Packing task, to soak
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structures with a solvent at specified density. Comparing
previous studied forcefileds (FF) based on empirical
interatomic potentials, it is confirmed that COMPASS
(Condensed-phase Optimized Molecular Potentials for
Atomistic Simulation Studies) has been the best FF for
describing all atoms of the zeolites and organic molecules
[36]. It uses a hybrid approach in deriving parameter
values, with valence parameters fitted to ab initio data,
and van der Waals parameters to experimental data [37].
Refinements were made in subsequent generations to the
COMPASS forcefield, resulting in the development of the
more sophisticated COMPASS |11 forcefield, and as a
result, for this paper, the latest version of this forcefield
was chosen. The study utilized nonbonding interactions,
including van der Waals atom-based and Coulombic
electrostatic interactions and the Ewald summation
method. These conditions have been employed previously
with successful outcomes [38]. The forcefield was used to
calculate atomic charges, ensuring that the zeolite system
remained neutral throughout the simulation. In the
following, periodic boundary conditions were applied to
the crystal lattice structures.

Before conducting the MD simulations, all investigated
systems underwent energy minimization and eliminate
unfavorable interactions as well as achieve the lowest
energy state, geometry optimization was carried out using
the smart algorithm; which is a cascade of methods
applying successively Steepest descent and Conjugate
gradient algorithms of Forcite module in Materials Studio
package [33]. Forcite code is an advanced classical
molecular mechanics tool, that allows fast energy
calculations and reliable geometry optimization of
molecules and periodic systems within the Materials
Studio package. Optimization was performed on ten
structures for each component, and the one with the
lowest energy was selected for further investigations.
Following the optimization process, the drug was allowed
to freely choose its preferred position for adsorption
inside or outside each zeolite pore structure using the
adsorption locator module which finds low-energy
adsorption sites for structures on both periodic and non-
periodic substrates. The obtained energies of the models
were used to calculate the adsorption energy (Eags) and
their percentage change (AEags) using the following
equations (1) and (2), where Eags is the energy of the drug-
zeolite adsorption complex, Ezeolite and Egrug are the energy
of zeolite and drug. Eags 1) and Eags 2 are related to primary
and secondary modes of drug-zeolite complexes after the
adsorption of (n) and (n+1) drug molecules respectively.

)

AEads= ((Eads 2 - Eads (1)) / Eags (1)) X100 )
In the next step, MD simulations were performed using
the NVT ensemble at 310.15 K with the COMPASS 11
forcefield, applying 1.0 fs time step and Nosé—Hoover

Eads: Ezeolite/drug - (Ezeolite + Edrug)
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thermostat. To assess the movement of Favipiravir,
including diffusion within the zeolite pore structure
during the simulation, the mean-squared displacement
(MSD) was determined using the following equation:

©)

Wherer; (t) is the position of molecule i at time t and r; (0)
is an arbitrary starting point.

MSD= [ri (t)-ri (0) J?

Results and Discussions

Zeolite Crystal Structure

As mentioned above, after generating the zeolites unit
cell, the atomic positions and crystal lattice were fully
optimized, allowing for variable volume. The Heulandite
unit cell is monoclinic, belonging to the C2/m space group
with lattice parameters of a = 17.76, b = 17.95, ¢ = 7.40A,
and  angle of 116.40°.

The Clinoptilolite unit cell with a molecular formula of
Na,CazAleSiz072 (H20)24 is monoclinic, belongs to the
C2/m space group with lattice parameters of a = 17.66, b
=17.91,c=7.43A, and B angle of 116.4°. Table 1 presents
the calculated parameters, as well as the crystallographic
data documented in the zeolite structure database [39].
This issue illustrates a significant level of agreement,
validating the accuracy of the calculations. Once the
zeolites unit cells was optimized, a suitable supercell with
dimensions of 1x1x2 was generated, and the resulting
structures were re-optimized (can be seen in Fig.1.) using
the same method as described earlier.

Table 1. Calculated and experimental cell parameters of the
used zeolites.

Zeolite ad) bA) A «® BO) 1O
Heulandite  17.76 17.95 7.40 90.00 116.40 90.00
(calc.)
Heulandite 1752 17.64 7.40 90.00 116.10 90.00
(exp.)
Clinoptilolite 17.66 1791 7.43 90.00 116.40 90.00
(calc.)
Clinoptilolite  17.66 17.91 7.40 90.00 116.40 90.00
(exp.)
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@)

Fig.1. Optimized crystal structures of (a) Heulandite and (b)

Clinoptilolite 1x1x2 supercells. The Si, O, H, Al, Na, and Ca
atoms are represented in yellow, red, white, pink, purple and
green colors, respectively.

(b)

Through the process of optimization calculation, the most
stable structure of the Favipiravir model with CsH4FN3O;
molecular formula was determined, possessing a size of
7.70x6.60 A. The molecule has a three-dimensional
structure due to the presence of multiple functional groups
attached to the pyrazine ring that you can see its simple
flat structure in Fig.2. The pyrazine ring itself is planar,
but the carboxyl, amide, and hydroxyl groups attached to
it cause the molecule to adopt a non-planar conformation
which helps to introduce it to supercell of zeolite. In
addition, the literature review shows that Favipiravir is
known to have several enol-like and keto-like tautomer
whose relative stability depends on the environment of
oxygen groups which is in the presence of water; a keto
form appears to be favored. According to the theoretical
simulations, the metal ion is captured between the
carbonyl groups as a result of the size—fit effect [40, 41].
Also, the actual conformation of the molecule can be
affected by its environment, such as intermolecular
interactions or crystal packing. Therefore, in the case of
natural zeolite the presence of water and alkaline earth in
the cages, the keto form of Favipiravir is considered.
Additionally, Molecular electrostatic potential (MEP)
analysis was carried out to study the interaction between
the drug and zeolites. The MEP plot illustrates
electrostatic potential mapped onto the total electron
density surface. This graph provides information about
the correlation between molecular structure with its
physiochemical properties including partial charges,
dipole moment, and chemical reactivity. It shows the
locations of the various most positive and most negative
regions in which the blue area, refers to the regions of
positive potential (hydrogen atoms) and corresponds to
electron-poor regions; whereas the red color signifies the
negative potential (oxygen and fluorine atoms) and
related to electron-rich areas. Fig.2. displays the bond
lengths of the Favipiravir molecule as well as the MEP
surface after the completion of geometry optimization.
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(b)
Fig.2. (a) Optimized molecular structure, and (b) MEP surface
of Favipiravir drug (The surfaces are defined by the 0.002
electrons/b 3 contour of the electronic density. Color ranges, in
a.u.)

Adsorption of Favipiravir in Zeolites

After modeling of zeolites structure, adding water
molecules, and optimizing zeolites as well as drug
molecule, in contrast to the majority of studies that
involve placing a drug molecule manually into a zeolite
cavity; we employed adsorption locator module to allow
the drug molecule to remain unbound, enabling it to be
positioned randomly either inside or outside the zeolite
cavity. So, the mentioned module was applied 5 times to
check the effect of 1-5 drugs to determine their impact and
location within the target system. Then, the formed
complexes were re-optimized to calculate the adsorption
energy values, providing insight into the energy required
for drug adsorption into the system. It should be
mentioned that the zeolite structures crystalline
parameters remained steady. The final position of
Favipiravir drug adsorbed in Heulandite and Clinoptilolite
zeolite structures can be seen in Fig 3 and 4 respectively.
The first, fourth, and fifth drug molecules tended to adsorb
onto the surface, while the second and third molecules
penetrated the zeolite channel. It is noteworthy that for
Clinoptilolite, only the third drug molecule was able to
penetrate the zeolite channel, this reduction in drug
penetration compared to Heulandite is due to the presence
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of sodium and calcium cations in the Clinoptilolite
structure, which has led to a decrease in accessible free
space.

Fig. 4. Optimized adsorption complexes of Clinoptilolite
includes one, two, three, four, and five Favipiravir molecules
as (a), (b), (c), (d), and (e) respectively.

The subsequent step involved calculating the adsorption
energy values (Eads), and their percentage change (AEads)
for all the complexes obtained using Equation (1) and (2)
respectively which are presented in Table 2. Since all the
adsorption energy values are negative, we can conclude
that obtained structures are thermodynamically favorable
and both zeolites could be potential adsorbents for
Favipiravir. It is important to note that very high energy
values are not ideal for drug delivery systems as they can

Fig. 3. Optimized adsorption complexes of Heulandite include impede drug release and create complications while it can
one, two, three, four, and five Favipiravir molecules as (a), (b), lead to the formation of an effective chemical bond
(), (d), and () respectively. occurring in applications aimed at removing harmful

substances from our environment. Interestingly, the
surface of both zeolites was the preferred adsorption site
for the initially loaded drugs, rather than the pores. The
adsorption energy values, which were -83.99 and -68.33
kcal/mol for Heulandite and Clinoptilolite zeolites
respectively, suggest that the simpler framework of
Heulandite facilitated easier adsorption and the creation
of a more stable structure for the drug molecule. Given
that the adsorption energy of the third drug molecule that
penetrated the Clinoptilolite cavity (-202.83 kcal/mol) is
nearly equal to that of the second drug molecule that
entered the Heulandite pore (-227.78 kcal/mol), it appears
@) (b) that Heulandite has greater adsorption capacity under
comparable conditions. On the other hand, the amount of
adsorption energy percentage change (AEag) from the
first to the second drug molecule in Heulandite and
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Clinoptilolite zeolites has reached 83.65% to 11% as well
as 83.81% to 15.57% in molecules 4 to 5, respectively.
These results suggest a reduced propensity to absorb
additional drugs, which can be potentially indicated the
onset of saturation. For a better understanding of
adsorption energies, some nanostructure adsorbents
tendency toward Favipiravir adsorbing using quantum
mechanical methods (Density Functional Theory: DFT)
has been mentioned in the gas phase and water media in
Table. 3. Except of SiCg, all other structures exhibit an
adsorption energy of less than 30kcal/mol which this level
of adsorption can be made these structures suitable

candidates for drug carriers. Indeed, given the appropriate
conditions, they can keep the drug properly and then
release it at the desired locations. Moreover, as it is clear
in Figures 3 and 4, in the situations where Favipiravir
showed a tendency to surface adsorption, it approached
the zeolite surface from the side of oxygen or fluorine
atoms (rich in electrons). Molecular electrostatic potential
suggests that the Favipiravir molecule is more positive
compared to Heulandite and Clinoptilolite confirming a
charge transfer from the drug molecule to the surface of
zeolites.

Table 2. Adsorption energies (Eads), their percentage change (AEads) of complexes generated with Heulandite/Clinoptilolite and
Favipiravir (Fvr) as well as the drug location.

Complex Supercell Number of Eads AEads Drug location
drug (kcal/mol) (%) (after adsorption)
molecules
Heulandite-1Fvr 1x1x2 1 -83.99 - On the surface
Heulandite-2Fvr 1x1x2 2 -154.25 83.65 Inside the pore
Heulandite-3Fvr 1x1x2 3 -227.78 47.67 Inside the pore
Heulandite-4Fvr 1x1x2 4 -301.39 32.32 On the surface
Heulandite-5Fvr 1x1x2 5 -334.56 11.00 On the surface
Clinoptilolite -1Fvr 1x1x2 1 -68.33 - On the surface
Clinoptilolite -2Fvr 1x1x2 2 -125.60 83.81 On the surface
Clinoptilolite -3Fvr 1x1x2 3 -202.83 61.49 Inside the pore
Clinoptilolite -4Fvr 1x1x2 4 -323.52 59.50 On the surface
Clinoptilolite -5Fvr 1x1x2 5 -373.88 15.57 On the surface

Table 3. Theoretical adsorption energies of Favipiravir onto some other absorbents in gas phase and water media.

Adsorbents  Computational Method and basis set Eads (kcal/mol) in gas phase Eaus (kcal/mol) in water media
Graphene PBE/ -14.23 -17.61
[42] 6-311+G (2d, p)
BC3 [42] PBE/ -23.67 -27.08
6-311+G (2d, p)
NC3 [42] PBE/ -18.51 -21.78
6-311+G (2d, p)
B12N12 [43] WB97XD/ -20.44 -22.70
6-31G (d, p)
SiCag [44] MO062X/ -43.46 -51.24
6-31G (d, p)
MSD Results

To have a deeper understanding of zeolites behavior in
drug adsorption process, we investigated the MSD
analysis in this section. Fig.5. displays the profiles of
MSD versus time for the drug confined in the pore
structure of each zeolite, which was obtained at a
temperature of 310.15 K. The Heulandite cavity's larger
size, resulting from the absence of cations, allows for
easier drug penetration compared to Clinoptilolite.
Additionally, the graph in this section depicts the slope of
drug penetration is relatively steeper in Heulandite than in
Clinoptilolite, which aligns with previous findings.
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Fig. 5. MSD vs. time graphs for Favipiravir diffusion through
Heulandite and Clinoptilolite framework.
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Conclusions

During the coronavirus epidemic, Favipiravir was
identified as a potentially effective treatment if
administered in the correct dosage, even though it may
have biodegradability effects. In contrast to the majority
of studies that aim to identify a suitable carrier for drugs
like this one, our focus in the present study was on
developing an environmentally friendly and safe
adsorbent that could effectively gather and adsorb excess
amounts of the drug from the surrounding environment,
without posing a risk to human health. For this purpose,
molecular dynamics simulations via the Materials Studio
package have been performed to compare two HEU
family zeolites adsorption abilities. The results indicate
that both Heulandite and Clinoptilolite have significant
potential as safe adsorbents, with Heulandite being the
more suitable candidate.
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