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Abstract
Favipiravir (FAV) (6-fluoro-3-oxo-3,4-dihydropyrazine-2-carboxamide) is one of the most effective antiviral drugs which is 
cited for action against RNA-viral infections of COVID-19. In this study, density functional theory (DFT) calculations were 
used to investigate three nanotubes (NTs) with FAV drug as delivery systems. The encapsulated systems (ESs) consist of FAV 
drug inside carbon–carbon, aluminum nitride, and boron nitride. At B3LYP-D/6-31G(d,p) and CPCM/B3LYP-D/6-31G(d,p), 
the optimization of NTs, FAV, and its tautomeric forms and six ESs was investigated in gas and water environments. Five 
tautomeric forms of FAV were investigated, two keto forms (K1 and K2) and three enol forms (E1, E2, and E3). The results 
revealed that E3 and K2 isomeric forms represented the most stable structures in both media; thus, these two forms were 
encapsulated into the NTs. The stability and the synthesis feasibility of NTs have been proven by calculating their interaction 
energies. Non-covalent interactions (NCIs) were investigated in the ESs to show the type of NCI with the molecular voids. 
The binding energies, thermochemical parameters, and recovery times were investigated to understand the mechanism of 
FAV encapsulation and release. The encapsulated AlNNT systems are more favorable than those of BNNTs and CNTs in 
gas and aqueous environments with much higher binding energies. The quantum theory of atoms in molecules (QTAIM) and 
recovery time analysis revealed the easier releasing of E3 from AlNNT over K2 form. Based on molecular docking simula-
tions, we found that E3 and K2 FAV forms showed a high level of resistance to SARS-CoV-6M3M/6LU7/6W9C proteases.
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Introduction

Nanomedicine is the application of nanotechnology to medi-
cal science and diagnostics. Engineered nanodevices and 
nanostructures are used to monitor, repair, construct, and 
control human biological systems at the molecular level 
[1]. Furthermore, many studies have given attention to drug 
delivery systems [2–5]. The drug delivery system serves as 

a connection between a drug and the patient that can be used 
for the direct delivery of therapeutic agents to the patient 
or for the controlled and prolonged release of these agents.

Over the past few years, researchers have focused 
increasingly on discovering and developing new carbon-
free nanomaterials as drug delivery systems. In comparison 
to carbon nanotubes (CNTs), non-carbon nanotubes seem 
to be better suited for biological applications, like drug 
delivery systems [6–8]. Non-carbon nanotubes (NTs) can 
be produced with elements of groups III and V, indicat-
ing those elements are crucial materials in the production 
of these NTs [3,7,9]. Among, a theoretical prediction of 
boron nitride nanotubes was published in 1994 by Rubio 
et al. [10], by finding that the hexagonal phase of cubic 
boron nitride (BN) exhibits similar properties to those of 
graphite-type carbon. The first time BNNTs were syn-
thesized was by Chopra et al. [11] by alternating nitro-
gen and boron atoms instead of carbon atoms. Generally,  
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due to their unique structures and properties, BNNTs 
have attracted a great deal of research attention [2,12,13].  
Vatanparast et al. [12] theoretically investigated the nature 
of the interactions between some anticancer drugs such as 
6-mercaptopurine (MP), 5-fluorouracil (FU), 6-thioguanine 
(TG), and BN nanosheet as a drug carrier. MP and TG 
drugs bind more strongly to the BN nanosheet than FU 
drugs, according to their results. As a result of molecular 
dynamics, the TG/BN system exhibited a more negative 
interaction energy value than either of the other two drugs. 
The average interaction energy values at acidic pH are 
overall lower than those at neutral pH, allowing the drug 
to be separated from the carrier. Bououden et al. [14] used 
the DFT to study the potential of CNTs and BNNTs as drug 
delivery systems through the adsorption of the anticancer 
molecule Crizotinib (CZT) on the surfaces. Their results 
showed that the adsorption between CZT and the BNNTs 
is endothermic, while it is exothermic for CNTs. CZT/CNT 
was also found to be more soluble in an aqueous medium 
than CZT/BNNT, and CNTs were found to be a better drug 
delivery system for CZT molecules than BNNTs. Gholami 
et al. [15] explored the application of encapsulated B36N36 
with alkali or alkaline metals (AAM) as a drug delivery 
system for anticancer β-Lapachone drug based on DFT cal-
culations. They found that bare B36N36 has lower binding 
energies in comparison to AAM/B36N36 in gas and water. 
And, especially for B36N36 and K-encapsulated B36N36 car-
ries, the drug could be released simply.

According to Zhao et al. [16], aluminum nitride NTs 
(AlNNTs) are noticeably more reactive than CNTs. AlNNTs 
have not yet been shown to have chirality and diameter-
dependent electronic properties, especially band structures. 
An investigation of the interaction of the cancer-treating 
drug Tegafur (TG) with pristine and Si/doped C, BN, and 
AlN NTs at the M06-2X/6-31G(d) level of theory was con-
ducted by Makiabadi et al. [2]. The study aimed to determine 
the effects of both the original and doped AlN, BN, and C 
NTs in terms of how well the TG drug interacts with the tar-
get human cell. It was found that complexes exhibit Van der 
Waals force (VWF) interactions, suggesting that TG drugs 
may physiosorbed on NT surfaces. Nanotubes doped with Si 
atoms enhance TG drug-nanotube interaction.

For the development of a novel drug detection system, 
with the aid of DFT/B3LYP B3LYP/6-311G(d,p) study by 
Hassanpour et al. [17] investigated AlNNT interaction with 
dopamine drug. They found that the adsorption of the drug 
onto -NH2 side of AlNNTs is stronger than other positions. 
Additionally, an increase in AlNNT electrical conductivity 
after drug adsorption suggests that nanotubes could be used 
as electrical sensors to detect drugs like DA. Furthermore, 
the calculations indicate that systems are typically much 
more stable in solvent media than in gaseous mediums. They 

conclude that the calculated drug recovery time of AlNNT is 
about 26.29 ms, indicating a relatively short recovery time.

Favipiravir drug (6-fluoro-3-hydroxy-2-pyrazinecar-
boxamide (T-705; Avigan; FAV (the abbreviation used 
throughout this study)) was first prepared in 2014 [18]. It is 
an antiviral derivative of the pyrazine carboxamide family; 
it is like T-1105 and T-1106. As one of the drugs cited for 
treating COVID-19 RNA viruses [19–22], some of recent 
studies considered FAV to be one of the most promising 
drugs against SARS-CoV-2 [20,23]. FAV with a broad- 
spectrum inhibitor (effective against many types of viruses) 
was originally used to treat influenza in Japan [17]. It is 
effective against a large number of RNA viruses including 
influenza [24,25], noroviruses [26], yellow fever virus [27], 
West Nile virus [28], Ebola virus [29], and Lassa virus [30].

Providing guidelines for designing and improving fuller-
ene and BNNC drug delivery systems, Soliman and Abdel 
Aal [4] used two functionals, B3LYP and CAM-B3LYP, 
along with their time-dependent functionals to investigate 
the adsorption of FAV on both the isolated (C24 and B12N12) 
and doped (BC23 and CB11N12) nanocages. In their study, 
no deformation in the FAV was detected, and the reactiv-
ity of doped nanocages (BC23 and CB11N12) exhibits higher 
interacting energies compared to the undoped nanocage. 
Additionally, according to the negative value of the Gibbs 
free energies of FAV on the doped nanocages, and the weak 
NCI of FAV with the nanocages, they concluded that the 
doping process is spontaneous and can be utilized to deliver 
the FAV drug. A theoretical study by Asgari et al. [31] on 
pristine (2,2) graphene-based nanotubes (GYNT) adsorbed 
by using FAV and examination of the Si/doped form (Si/
GYNT) and its composite with encapsulated Fe2O3 (Fe2O3/
Si-GYNT) has been conducted using DFT calculations. It 
has been found that FAV adsorbed at the highest energy 
of − 19.8 and − 17.0 kcal/mol, in pure GYNT and Si-doped 
GYNT, respectively. Meanwhile, the Fe2O3/Si-GYNT inter-
acts with the FAV molecule more strongly. Higher tempera-
tures resulted in a short recovery time of less than 10 s (sec). 
The FAV can also be detached from the Fe2O3/Si-GYNT 
by proton attack, making it a potentially effective drug car-
rier in cancer tissues at low pH. Pari et al. [32] analyzed 
the electronic structure of two bimolecular structures of 
FAV and the boron-nitrogen-carbon cage model (BNCC) at 
WB97XD/6–31 + G* level. They analyzed the interactions at 
various positions of the atom of FAV with the BNCC surface 
using six models of BNCC-FAV systems. The BNCC was 
therefore found useful in further investigations to deliver 
loads of FAV. Bibi et al. [33] explored the interaction of 
FAV with metal-doped (Cr, Fe, and Ni) fullerene complexes 
as drug delivery systems. They performed DFT calculations 
by using M06-2X/6-31G(d) level of theory. NiC59 has the 
highest adsorption energy, so it is the most stable adsorbent 
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for FAV drug. They also found that FAV adsorption occurs 
spontaneously and exothermically with metal-doped fuller-
enes. Moreover, the Ni-doped fullerene complex exhibited 
the maximum conductivity. They concluded that in COVID-
19 treatment, Fe, Cr, and especially Ni-doped fullerene 
would be the best nanodrug delivery materials because of 
their enhanced electronic and adsorption properties.

In this study, more beneficial NTs were identified as 
delivery systems for FAV drug. At CPCM/B3LYP-D/6-
31G(d,p) level of theory, FAV drug isomerization and 
tautomerization were investigated, and the most stable tau-
tomeric forms were encapsulated into CNT, BNNT, and 
AlNNT. The geometrical, electronic, optical (at TDCAM-
B3LYP-D/6-31G(d,p)), and binding energies, thermody-
namic parameters, non-covalent interactions, recovery times, 
and QTAIM of the ESs were systematically investigated and 
discussed. Through molecular docking simulations, the inhi-
bition impact of the FAV forms over three different targets of 
SARS-CoV-2, i.e., 6M3M, 6W9C, and 6LU7, was investi-
gated. From a theoretical perspective and based on the main 
results of this paper, we propose a new system for delivering 
FAV drugs that is more efficient and encourage much more 
experimental work to validate it.

Computational details

As part of our study, we carried out our calculations using  
the Gaussian 09 package [34]. GaussView (version  
6.0.16) was used for different plots [35]. DFT calculations  
with the well-known B3LYP exchange–correlation func-
tional [36] were performed to optimize the tautomers and 
isomers of FAV drug, NTs, and encapsulated FAV/NTs. 
B3LYP is a consistently used function when studying 
similar nanostructures [4,17,37]. A moderate size basis set 
(6-31G(d,p)) was employed along with B3LYP functional. 
Most density functionals cannot account for van der Waals 
interactions due to dynamical correlations among fluctuat-
ing charge distributions. B3LYP functional was associated 
with Grimme’s “D” dispersion correction term [38–40]. 
With dispersion corrections, accuracy can be significantly 

improved, and this statement was accurately validated. Since 
the geometry optimization without dispersion correction 
failed in encapsulating the drug inside the NTs, while using 
it, the geometry optimization of the ES led to a complete 
encapsulation of the drug inside the nanotube; a representa-
tive example of FAV/CNT ES is shown in Fig. 1.

A time-dependent coulomb-attenuating method den-
sity functional calculation (TD-CAM-B3LYP) was used to  
reproduce UV–Vis spectra [41], since it provides more  
reliable results than the B3LYP on the nature of electronic 
transition spectra [42,43]. Since such a process (drug deliv-
ery) takes place in an aqueous medium, to mimic the water 
effect, the conductor-like solvation model, as developed in  
the polarizable continuum model (CPCM) framework [44,45] 
framework, was used to model solvation. This method  
creates the solute cavity via a set of overlapping spheres. A 
variety of weak interactions, such as H-bonding, occur in ES 
important for molecular mechanisms. The basis set super-
position error (BSSE) is well-known in quantum chemical 
calculations when finite basis sets are used. It is well-known 
that the BSSE can have a considerable artificial effect on 
the geometrical structure and energy stabilization of dimeric 
structures. The BSSE for the ESs has been corrected using 
the counterpoise (CP) approach [46]. The BSSE-corrected 
binding energies ( EBSSE

bind
 ) and uncorrected binding energies 

( ΔEbind ) of all optimized ESs were calculated using the fol-
lowing equation:

where EES is the energy of encapsulated system of the FAV 
drug into the nanotube, ENT is the energy of the bare nano-
tube, EFAV is the energy of the FAV drug, and EBSSE corre-
sponds to the BSSE energy. It was ensured that all optimized 
structures corresponded to minima on the potential energy 
surface without negative (imaginary) frequencies in all cases 
by performing vibrational frequency calculations at the same 
theoretical level. Also, the vibrational frequency calculations 
allowed obtaining the thermodynamic parameters included 

(1)ΔEBSSE
bind

= EES −
[
ENT + EFAV + EBSSE

]

(2)ΔEbind = EES −
[
ENT + EFAV

]

Fig. 1   Optimization of FAV/
CNT a without dispersion cor-
rection and b with dispersion 
correction



280	 Structural Chemistry (2024) 35:277–295

1 3

the enthalpy change ( ΔHbind ), Gibbs free energy change 
( ΔGbind ), and entropy change ( ΔSbind ) for the ESs according 
to the following equations:

The reduced density gradient (RDG) is defined as:

where �(r) is the electron density and |∇�| is it electron den-
sity gradient. GaussSum program [47] was used to draw 
density of states (DOS) plots. Non-covalent interactions 
(NCI) were performed by Multiwfn 3.7 software package 
[48] to understand the nature of interactions between FAV 
drug and NT. The isosurfaces of ESs were made using visual 
molecular dynamics (VMD) 1.9.3 [49]. QTAIM [50] was 
used to study the nature of the intramolecular and intermo-
lecular interactions in the FAV tautomers and the encapsu-
lated drugs at the bond critical points (BCPs). In this sense, 
the types of intramolecular interactions can be determined 
by topological parameters, including electron density ( ρ(r) ), 
Laplacian of electron density ( ∇2

�(r) , total energy density 
(H(r)), kinetic energy density (G(r)), and potential energy 
density (V(r)) [51,52]. QTAIM was carried out by Multiwfn 
3.7 software package [48].

Results and discussion

Optimized geometries of favipiravir

DFT studies have explored the biological activities of FAV 
and its tautomeric forms in recent years [53–55]. Before 
performing the encapsulation of FAV into the NTs materi-
als, the tautomerism and isomerism of FAV were performed 
to define the most stable forms. For FAV, as a result of the 
1,3-hydrogen transfer process, five tautomers can be imag-
ined; three of these tautomers have enol form structure, 
denoted as E1, E2, and E3; and the two tautomers have keto 
form structure, denoted as K1 and K2. Accordingly, five 
planar structures are obtained: three isomeric enol forms, 
denoted as E1, E2, and E3, and two isomeric keto forms, 
denoted as K1 and K2. Both E1 and E3 are tautomers to each 
other, and K1 and K2 are also tautomers to each other. The 
five forms of FAV were optimized in gas phase and aqueous 
medium. The optimized geometries with their corresponding 
relative energies at the CPCM/B3LYP/6-31G(d,p) level of 
theory in the aqueous solution are shown in the Fig. 2.

(3)ΔH∕ΔGbind = H∕Gbind −
[
H∕GNT + H∕GFAV

]

(4)ΔSbind =
ΔHbind − ΔGbind

298.15

(5)
RDG(r) =

1

2

�
3
√
π
�1∕3

�∇ρ(r)�
ρ(r)4∕3

As expected, keto-enol tautomerism, due to 1,3-hydro-
gen transfer, could result in significant changes. For 
instance, inspection of Fig. 2 shows that K1 and E3 (E1) 
are tautomers to each other, and they have the N–C-O 
angle of ~ 124 ◦ , whereas the two K2 and E2 forms are 
tautomers to each other with the N–C-O angle of 124 ◦ and 
123 ◦ , respectively. Table SD1 (supplementary data) com-
pares the main geometrical parameters of the five forms 
of FAV drug. Our results indicate the stability of the five 
forms in the gas phase following the order: E3 (0.000 kJ/
mol) [53] > E1 (40.987 kJ/mol) > K2 (50.417 kJ/mol) > E2 
(50.740 kJ/mol) > K1 (66.422 kJ/mol) (see Table SD2).  ‏
However, the stability of the tautomers increases in the 
water medium in which the E3 form is still the most stable 
form followed by K2 and then E1, E2, and K1 by 23.955, 
33.924, 36.510, and 36.930 kJ/mol, respectively. Thus, the 
enol form E3 of the FAV drug is the dominant form in  
both gas and water solvent, which agrees with the previous 
results [53], followed by K2 form. To explain the stability 
of E3 over other forms, especially K2, it is an aromatic 
structure with intramolecular hydrogen bond with 1.664 Å 
with hydrogen bond strength (EHB) of 57.4 kJ/mol (see 
Fig. 2), whereas, K2 has a weaker intramolecular hydrogen 
bond with a larger distance of 1.892 Å and a hydrogen 
bond strength of 33.8 kJ/mol, compared to the E3 form. 
This might be the reason for the low stability of the K2 
form than E3. Based on these results, the encapsulation  
of the K2 (the most stable keto form) and E3 (the most 
stable form among enol forms and all other forms) into 
different nanotubes will be only considered in the upcom-
ing calculations.

Optimized geometries and density of states 
of nanotubes

Each NT has a chirality of (10,0) by a tube length of 15 Å, 
whereas the values of the bond lengths are 1.830, 1.470, 
and 1.421  Å for Al-N, B-N, and C–C bonds, respec-
tively. Within the hexagonal rings, the two Al-N-Al bond 
angles were identified and are almost equal to 119° and 
for B-N-B between 118° and 116° and for C–C-C bond 
angle between 120.7° and 111°. Moreover, to minimize 
the boundary effect, H atoms are saturated into the model 
nanotubes [56], with a total number of atoms of 120, 140, 
and 180 atoms for the AlN, BN, and C NTs, respectively. 
The optimized geometries of AlNNT, BNNT, and CNT 
and their total density of states (TDOS) and partial density 
of state (PDOS) plots analysis as calculated within the 
water at the CPCM/B3LYP/6-31G(d,p) level of theory are 
represented in Fig. 3. To estimate the stability of the NT 
geometries, the interaction energy ( Eint ) was calculated 
using the following equation:
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where 
∑

E(atoms) is the summation of energies of all  
atoms within the NT and E(NT) is the energy of NT. The 
interaction energies as measure of the formation of NTs  
are all negative indicating an exothermic process and  
thus a stability and the feasibility of synthesis of these  
NTs. The calculated interaction energies (listed in Fig. 3) 
are − 531.162, − 694.850, and − 729.621 kJ/mol for AlNNT, 
BNNT, and CNT, respectively. The obtained Eint values  
are compared to those of other NTs reported in literature 
(− 653.21 kJ/mol Be12O12 nanocage [57], − 660.538 kJ/mol 
for Be12O12 nanosheet, − 682.15 kJ/mol for wurtzite BeO 
[58], and − 502.164 kJ/mol for GaN nanocage [59]). The 
stability order of these three NTs is AlNNT < BNNT < CNT.

Density of states (DOS) analysis for the NTs has con-
ducted to assist the orbital analysis, Fig. 3. The TDOS plots 
show that the HOMO levels are about − 6.140, − 6.267, 
and − 4.068  eV for AlNNT, BNNT, and CNT, respec-
tively, while their LUMO levels are − 1.496, − 0.530, 
and − 3.373 eV, respectively (see also Table 1). Thus, their 
energy gaps are 4.644, 5.737, and 0.695 eV, respectively. 
NT with a larger energy gap is reported to be more stable 
and feasible to synthesize [60]. The resulted Eg value of 

(6)Eint = −

∑
E(atoms) − E(NT)

no. of atoms

AlNNT equals 4.644 eV; this is quite close to the band gap 
of AlNNT that found by Zhao et al. [16], where they found 
that the theoretical band gaps of AlNNTs—differ in their 
chirality and diameters—are ranging from 2.84 to 3.95 eV, 
making them semiconductors in nature. On the other hand, 
the reported band gaps of CNTs are small ranging from 0.2 
to 2.0 eV, while BNNTs have much wider band gaps ranging 
5.0–6.0 eV [61,62]. There is good agreement between our 
calculated energy gaps and those calculated previously. The 
Eg of AlNNT is larger and smaller than those of CNT and 
BNNT, respectively, so BNNT > AlNNT > CNT is the order 
in which the Eg

 values of bare nanotubes are decreasing.
The PDOS plot of AlNNT showed that the most contribu-

tion is related to the lone pairs of the N and H atoms to the 
occupied molecular orbitals (included the HOMO) and small 
contribution is noticed from the Al atoms, while all atoms 
(N, H, and Al) are contributed to the virtual (unoccupied) 
molecular orbitals (included the LUMO). The PDOS plots 
of BN indicate a similar trend to that of AlN in which the 
N and H atoms are mostly contributed to HOMO and other 
occupied orbitals, while all atoms (B, H, and N atoms) are 
contributed to the LUMO and other unoccupied orbitals, 
whereas the H and C atoms are equally contributed to both 
orbitals in CNT. This result indicates the effect of atom’s 
electronegativity on its contribution to HOMOs or LUMOs. 

Fig. 2   (Left) The relative energies of the isomeric and tautomeric 
forms of FAV in water at the CPCM/B3LYP/6-31G(d,p) level of 
theory. (Right) The molecular graphs of K2 and E3 forms with the 

details of the topological parameters of the bond critical point of the 
intramolecular hydrogen bond (O….H)
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Since the least electronegative (electron-deficient) B and 
Al atoms are contributing to LUMOs more significantly, N 
atoms—the most electronegative (electron-rich)—are con-
tributing to HOMOs.

Non‑covalent interaction, binding energies, 
and thermodynamics of encapsulated nanotubes

In this work, six different ESs were obtained, and each sys-
tem was examined individually (Fig. 4). The structural and 
thermodynamic behavior of the encapsulated FAV forms 
(E3 and K2) into AlN, BN, and C NTs has been studied to 
detect the most stable system. Table 2 summarizes the calcu-
lated binding energies in aqueous solution, while the results 
obtained in the gas phase are listed in Table SD3. Since the 
ES (weakly bonded configuration) involves close intermo-
lecular distances, basis functions from one molecule may 

inadvertently define the other, a phenomenon known as basis 
set superposition error (BSSE). Thus, a predicted structure 
and binding energy will be affected by artificial stabiliza-
tion. BSSE can be removed by Boys and Bernardi counter-
poise correction (CP) [46]. In all cases, the binding energies 
with CP corrected the BSSE ( EBSSE

bind
 ) are smaller—by not 

less 72.048 kJ/mol and not more than 101.128 kJ/mol—than 
those without the BSSE correction ( Ebind ). The differences 
between the two sets of data are significant and indicate the 
necessity of including the CP corrected the BSSE.

All ESs have negative binding energies in both the 
gas phase and water solvent. The lowest negative binding 
energy signifies the most favorable contact between the 
drug and NT and indicates that the drug is strongly encap-
sulated. In water medium, EBSSE

bind  values range from − 67.572 
to − 308.821 kJ/mol, while in the gas phase, EBSSE

bind
 values 

range from − 95.772 to − 232.965 kJ/mol. Generally, the ESs 

(a) (b) (c)

Fig. 3   The optimized geometry, TDOS, and PDOS plots of different NTs in water
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Fig. 4   Optimized geometries, 
NCI,and RDG plots of the drug 
molecule FAV and different 
NTs in water. Note: numbers in 
parenthesis represent the ranges 
of vibrational frequencies
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are more stable in the gas phase than in aqueous medium, 
the exceptions are K2/ and E3/AlNNTs. Keep in mind that 
the differences in stabilities of ESs in gas and water are very 
small and do not exceed 3.012 kJ/mol; however, for the two 
exceptional systems (K2/ and E3/AlNNTs), their stability in 
water is much higher than that in the gas phase, for instance, 
EBSSE
bind

 − 232.965 and − 308.821 kJ/mol for K2/AlNNT in the 
gas phase and water, respectively, with a difference equal 
75.856 kJ/mol. Therefore, these two systems show a signifi-
cant extra stability in water medium. The AlNNTs are the 
most favorable systems in both the gas phase and water and 
can present higher structural stability. Moreover, the stabil-
ity of encapsulated BNNTs is greater than CNTs in the gas 
phase and water.

Since AlNNT has a higher stability, it would accept a 
higher thermal conductivity and a lower coefficient of ther-
mal expansion [63]; the reason for this may be correlated to 
the hydrophilicity and polarity of AlNNTs when compared 
with those of BNNTs and CNTs due to the difference in 
electronegativities of C, B, and Al atoms. However, it seems 
that the stability of encapsulated system depends on the tau-
tomeric form of FAV, since K2/NTs is more favorable than 
E3/NTs. Regarding the relative stability of the ES to each 
other and since the drug delivery process is carried out in 
enriched aqueous medium, we will consider the results in 

this medium only. Inspection of Table 2 indicates that the 
stability of ESs can be arranged in the following order: K2/
AlNNT > E3/AlNNT > K2/BNNT > E3/BNNT > K2/CNT > 
E3/CNT. For a comparison reason, the binding energy of the 
most stable ES system (K2/AlNNT) obtained from this study 
is compared with the binding or adsorption energies (from 
encapsulation or adsorption on surface mode of interaction, 
respectively) of FAV drug with different carriers reported 
literature values (Table 3). 

To explain the observed trend in the binding energies of 
the ESs, the non-covalent interactions (NCI) between the two 
monomers inside the ES will be applied. The NCI method, 
also known as reduced density gradients (RDGs), is one of 
the most commonly used methods to study weak interactions 
[70].  According to the NCI analysis, an index is derived ‏
from the electron density and its derivatives [71]  Colors are .‏
assigned to RDGs based on the value of sinλ

2
ρ , which is a 

significant indicator of interaction strength. Dipole–dipole/
hydrogen bonding interactions have large, negative values 
of sinλ

2
ρ , steric repulsion has large, and positive values of 

sinλ
2
ρ , while very weak like van der Waals (VW) interac-

tions have values near zero. The plots of RDG and ( sinλ 2 ρ ) 
and 3D visual representation of NCIs between the FAV and 
AlNNTs, BNNTs, and CNTs are shown in Fig. 4. As seen 
from Fig. 4, the three types of interactions are present inside 

Table 1   The recovery time 
�
 (in 

sec) at the three different spectra 
regions and at two temperatures 
(in Kelvin)

System τ(at 310.15 K) τ(at 313.15 K)

UV Vis IR UV Vis IR

K2/AlNNT 9.44x1035 9.44x1037 9.44x1039 3.00 x1035 3.00 x1037 3.00 x1039

E3/AlNNT 1.62 x1012 1.62 x1014 1.62 x1016 8.69 x1011 8.69 x1013 8.69 x1015

K2/BNNT 2.10 x104
(5.83 h)

2.10 x106
(24.31 days)

2.10 x108 1.34 x104
(3.7 h)

1.34 x106
(15.51 days)

1.34 x108

E3/BNNT 1.62 1.62x102

(2.71 min)
1.62x104

(4.5 h)
1.13 1.13 x102

(1.88 min)
1.13 x104
(3.14 h)

K2/CNT 4.65x10−1

(0.47 s)
4.65x101

(2 min)
4.65x103

(1.29 h)
3.29 x10−1
(0.33 s)

3.29 x101
(32.90 s)

3.29 x103
(2.5 h)

E3/CNT 2.36 x10−5
(23.6 μs)

2.36 x10−3
(2.36 ms)

2.36 x10−1
(0.24 s)

1.83 x10−5
(18.3 μs)

1.83 x10−3
(1.83 ms)

1.83 x10−1
(0.18 s)

Table 2   Aqueous solution 
BSSE energies, binding 
energies corrected/uncorrected 
with BSSE, and relative binding 
energies corrected with BSSE 
(in kJ/mol), and difference ( Δ ) 
at 298.15 K

1 Δ = EBSSE
bind

− Ebind

System EBSSE Binding energy 1 Δ Relative corrected 
binding energy 
( ΔEBSSE

bind
)Uncorrected (Ebind) Corrected ( EBSSE

bind )

K2/AlNNT 0.036  − 402.292  − 308.821 93.471 0.000
E3/AlNNT 0.031  − 249.157  − 167.611 81.546 141.210
K2/BNNT 0.039  − 221.878  − 120.750 101.128 188.071
E3/BNNT 0.038  − 195.351  − 96.316 99.035 212.505
K2/CNT 0.031  − 175.268  − 93.094 82.174 215.727
E3/CNT 0.029  − 143.009  − 67.572 75.437 241.249
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the NTs, which presented by red, green, and blue spikes. 
Apparently, AlNNTs possess the most steric effect interac-
tion inside the rings in the structure of NT. Now by a close 
look at Fig. 4, the VW dominates the interaction between 
the two forms of FAV and BN and CNTs, indicated by a 
green circle surrounded the drug form inside the NT. In the 
case of AlNNT, the VWs are less indicated by the half circle 
colored region between the FAV form and NT. However, E3/ 
and K2/AlNNT are the most stable ES indicating that other 
factor than VW is affecting the stability of these systems 
such as the H-bond formation as we will discuss afterwards 
and in Section "QTAIM study". During the encapsulation 
process, planarity of the K2 and E3 structures inside the NTs 
did not change, whereas small changes in the bond lengths 
and bond angles were detected. For example, the H–O bond 
lengths from 1.001 to 1.032, 1.020, and 1.023 Å for E3/
BNNT, E3/AlNNT, and E3/CNT, respectively. The C-O–H 
angle (105.39°) broads to 107.8°, 107.0°, and 105.7° in 
CNT, BNNT, and AlNNT system, respectively, to 107.827°. 
However, the encapsulation of K2 form into AlNNT affects 
the shape of AlNNT in the way that the proton of the N–H in 
the K2 form that belongs to the pyrazole ring becomes near 
to one of the N atoms of AlNNT resulted in a formation of 
a hydrogen-bond with a bond distance of 1.703 Å indicated 
by blue colored of this region (blue circle); thus, the stability 
of K2/AlNNT increases. While the O atom of the carbonyl 
group has become in front of one of Al atoms of AlNNT 
which might have repulsive force, this is evident from NCI 

plot indicated by the red colored of this region (red circle). 
Due to that, the energy of this encapsulated system signifi-
cantly decreases and the stability of the system K2/AlNNT 
overcome those of other ESs. In contrast, a small deforma-
tion in the shape of the NT occurs when K2 is encapsulated 
in BN and CNTs compared to that in the case of K2/AlNNT. 
In conclusion, the NCI interaction of FAV within AlNNT is 
most significant due to H-bond formation in K2 form with 
the tube.

The obtained thermodynamic parameters of the ESs, 
enthalpy change ( ΔHbind ), Gibbs free energy change 
( ΔGbind ), and entropy change ( ΔSbind ) are evaluated in the 
water medium (Table SD4), and the relative values are 
listed in Table 4. The values of ΔHbind , ΔGbind , and ΔSbind 
are all negative showing that the encapsulation process is 
favorable. It appears that the ΔGbind values are less negative 
compared to those of ΔHbind values. The negative ΔGbind 
and ΔHbind values indicate that the encapsulation processes 
in all systems are spontaneous and exothermic, respectively. 
ΔSbind values are all negative, indicating a decrease of dis-
order of ESs. However, among all systems, E3/AlNNT and 
K2/AlNNT systems with the maximum binding energies 
have also the highest negative values of the thermochemi-
cal parameters (except ΔSbind ), followed by K2/ and E3/
CNTs, and finally K2/ and E3/BNNT. It can be concluded 
that the encapsulation of drug into AlNNT systems is more 
favorable as the process is more spontaneous and more 

Table 3   Comparison of binding/adsorption energies (in kJ/mol) of FAV drug with different carriers from this study (most stable ES) and with 
reported literature values

System Method of interaction Method Ebind∕adsorp Gas/water (method 
of solvation)

Ref

FAV/AlNNT,
/BNNT/CNT

Encapsulation B3LYP/
6-31G(d,p)

 − 308.821
(K2/AlNNT)

CPCM This work

CB11N12
B12N12

Adsorption on surface B3LYP/
6-31G(d,p)

 − 116.554
 − 117.519

CPCM [4]

Si-doped graphene NT
Fe2O3@Si-GYNT

Encapsulation B3LYP/
6-31G(d)/LANL2DZ

 − 143.093 Acidic medium [31]

Ni-B12N12 Adsorption on surface B3LYP/
6–31 G(d,p)
WB97XD/
6–31 G(d,p)

 − 235.978
 − 245.308

PCM [64]

Al12N12 Adsorption on surface (M06-2X)/
6–311 + G(d,p)

 − 162.423 PCM [65]

poly(amidoamine)
(PAMAM)
Polyester

Adsorption on surface M06-2X/
6-31G(d,p)

 − 114.056
 − 112.131

PCM [66]

BN-doped C60 (CBN) Adsorption on surface B3LYP/
6-31G (d,p)

 − 100.207 Non [67]

Si-doped C20 fullerene
SiC19

Adsorption on surface M062X/
6-31G(d)

 − 239.660 PCM [68]

Fe-doped conical nanocarbon
(FeCN)

Adsorption on surface B3LYP/
6–31 + G(d)

– 152.641 Non [69]
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exothermic. It is evident that AlNNT has advanced capa-
bilities as a FAV carrier.

Recovery time

Recovery time ( τ ) is an important characteristic for detecting 
drug, and it represents how difficult it is for drugs to unbind 
from the drug carrier. It should be neither too short nor too 
long to facilitate drug desorption processes. Also, it can be 
calculated experimentally, by exposing the sample of drug 
to the UV–Vis light or by heating it to higher temperatures 
[72,73]. The following formula, based on the transition state 
theory, was used to calculate the recovery time for the encap-
sulation process:

where v0 is the attempt frequency, KB
 is the Boltzmann 

constant (8.318 × 10−3 kJ/mol.K), and T is the tempera-
ture. Since EBSSE

bind  serves as a barrier for unbinding, there-
fore, they are identical, and it was used in this equation. 
As can be noted from the above equation, recovery time is 
mostly influenced by unbinding barrier potential and light 
responsiveness for drug release, while temperature has a lit-
tle impact, i.e., as the detection and unbinding processes of 
drug are easier as the recovery time becomes shorter. In this 
study, and to analyze the effect of those factors on recovery 
time, the attempt frequency was set to 1016 , 1014 , and 1012 Hz 
at ultraviolet (UV), visible (Vis), and infrared (IR) regions, 
respectively. Since COVID-19 leads to an increase in tem-
perature of patient human body, the recovery time for FAV 
into different NTs is calculated at 310.15 (37 °C, normal 
body temperature) and 313.15 K (40 °C, a temperature the 
human body can reach upon fever) and listed in Table 1.

The more negative the binding energy value, the longer 
the recovery time [74]. In all cases, the recovery time of  
E3 form/NTs is much shorter than those of K2/NTs, which 
means the unbinding process (drug release) of E3 form  
from NTs is easier than K2 form. At 310.15 K, the shortest 
recovery time, less than 2 s, correspond to E3/BNNT, K2/ 
CNT, and E3/CNT in UV region in which they have the  

(7)τ = v−1
0
exp(−

EBSSE
bind

KBT
)

least negative binding energies (− 96 to − 67 kJ/mol). On  
the other hand, raising temperature to 313.15 K caused a 
slight reduction in the recovery time by about 0.50–1.36 s  
in the same region. However, K2/BNNT provided recovery 
time of about 6 and 4 h (corresponding to 2.10 ×104 and 
1.34 s×104 ) in UV region at 310.15 and 313.15, respectively. 
Thus, the unbinding process for K2/BNNT will be difficult 
in comparison to E3/BNNT, K2/CNT, and E3/CNT, which 
make these systems suitable for repeated use many times; 
this result supports the superiority of such NTs as drug  
carriers as also evident in [17]. In contrast, the unbinding 
process for AlNNTs is predicted to be extremely slow and 
incredibly difficult due to the very long recovery time they 
recorded, since their binding energy is equal and less nega-
tive than − 167.611 kJ/mol.

Based on above results, our suggestion here is that the ES 
can perform better if there is a balance between the two val-
ues: (1) the binding energy and (2) the recovery time. Since 
the binding energy should have been an appropriate value, 
not too large because it will be combined by longer recovery 
time means the drug cannot escape from the system to the 
target human cells, and not too small (although this will be 
combined by shorter recovery time and thus successful drug 
releasing process), since it may be insufficient to bind the 
drug firmly inside the NT. Let us assume here, to obtain a 
suitable recovery time (less than 10 s), the binding energy 
should be equal or less negative than ≈ − 96 kJ/mol in the 
UV region or − 68 kJ/mol in Vis and IR regions.

Additionally, similar results are found in some stud-
ies. Asgari et al. [31] used M05 and B3LYP functionals to 
study FAV adsorption on pristine and Si-doped graphyne 
NTs. The binding energies of FAV@Si-doped graphyne 
were − 67.781 kJ/mol by B3LYP and − 84.517 kJ/mol by 
M05 DFT functional. It was noted that the calculated recov-
ery time in IR region produced by B3LYP is better than M05 
functional which be ≈ 10 s and ≈ 0.03 s at 273 and 473 K, 
respectively. According to other work [75], favipiravir’s 
recovery time from polyamidoamine and polyester surfaces 
is 9.2 ×104 and 4.2 s×104 , respectively, at UV region and 
298 K. The longer recovery time is a result of their adsorp-
tion energies of − 114.05 and − 112.13 kJ/mol using M06-
2X/6-31G(d,p). Also, in study of Gholami et al. [76], when 
the adsorption energies ranged from ≈ ‒ 20 to ‒ 10 kcal/
mol, they provide recovery time from 0.001 to 0.3 s at NIR 
(780 to 1700 nm) in body temperature, 310.15 K.

Electronic properties

To understand the structure and reactivity of considered 
systems, the frontier molecular orbitals included HOMO, 
LUMO, and Eg , and some quantum chemical parameters 
included chemical potential (μ), global hardness (η), and the 

Table 4   Relative thermodynamic parameters of ESs in water

System ΔHbind(kJ/mol) ΔGbind(kJ/mol) ΔSbind(kJ/mol.K)

K2/AlNNT 0.000 0.000 0.006
E3/AlNNT 53.547 44.153 0.038
K2/BNNT 105.463 101.103 0.021
E3/BNNT 120.416 118.108 0.014
K2/CNT 62.744 64.540 0.000
E3/CNT 82.170 81.758 0.007
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electrophilicity index (ω) for the FAV forms, and bare and 
encapsulated nanotubes are calculated and listed in Table 5.

The HOMO energies of bare nanotubes are in the range 
from ‒ 4.068 to ‒ 6.276 eV, while the LUMO energies are 
between ‒ 0.530 and ‒ 3.373 eV confirming the obtained data  
from PDOS and TDOS plots (see Fig. 3 and Section "Opti-
mized geometries and density of states of nanotubes"). The 
HOMO levels of NTs become destabilized (become less neg-
ative), while LUMO levels become significantly stabilized  
(more negative) after the encapsulation process. The destabi-
lization of HOMOs leads to smaller ionization potentials (IP;  
IP = −EHOMO ) and hence easier transfer of electrons due to 
encapsulation, while the stabilization of LUMOs due to encap-
sulation leads to larger electron affinities (EA; EA = −ELUMO ), 
and thus, the electron acceptance ability will increase. On the 
other hand, the values of Eg of AlNNT, BNNT, and CNT equal 
4.644, 5.735, and 0.695 eV, respectively, and reduced consid-
erably due to encapsulation of E3 and K2 forms of FAV drug; 
similar observation was found in literature [16,61,62]; the  
difference is not less than 1.11, 2.33, and 0.08 eV, respectively. 
However, since the current study used the zig-zag tube (10,0), 
Eg values of BNNT and CNT are compared to those of the 
armchair tubes (5.5), (5.81), and (0.41) eV, respectively, of the 
study [80]. In other words, the decrease in energy gaps can be 
expressed by the term 

(
ΔEg

Eg

)
 (see Table 5). 

(
ΔEg

Eg

)
 values are 

in the range from 0.111 to 0.488 eV. The electrical conductiv-
ity of nanostructured is related to its energy gap through the 
following equation:

where σ is the electrical conductivity and KB is the Boltz-
mann’s constant). NT with smaller energy gap has more ten-
dency to transfer electrons across the conduction band and 

(8)σ ∝ exp

(
−

Eg

2KBT

)

hence better electrical conductivity. Therefore, the encap-
sulated NTs have much better electrical conductivity than 
bare NTs. The higher value of energy gap belongs to the 
E3/BNNT encapsulated system, and the smaller value is for 
K2/CNT. The encapsulation process reduces the Eg values 
of E3 and K2 forms. The differences in the Eg values of E3 
form and AlNNT, BNNT, and CNT are 1.541, 1.143, and 
3.899 eV, respectively, while the encapsulation of K2 into 
AlNNT, BNNT, and CNT decreases the Eg value by 1.413, 
1.037, and 3.364 eV, respectively. As for the case of isolated 
NTs, similar conclusion can be drawn; the electrical conduc-
tivities of ESs were enhanced because of reduction in their 
energy gaps in comparison to those of isolated FAV forms.

The energy gap also describes the softness/hardness, 
chemical potential [78], electrophilicity, and dipole moment. 
A significant conclusion arises from the dipole moment 
data. Table 5 shows the dipole moment values of bare NTs 
and their systems. Since the drug delivery process occurs 
in the high polar water solvent, larger dipole moment of 
ESs resulted in better solubility and hence better properties 
of the carrier. The encapsulation of E3 form into AlNNT 
and BNNT resulted in the elevation of dipole moments by 
0.144 and 0.726 Debye, while the encapsulation of K2 form 
into AlNNT and BNNT resulted in noticeable reduction of 
dipole moments by 5.430 and 3.364 Debye. On the other 
hand, the encapsulation of E3 and K2 into CNTs resulted 
in a significant increase in the dipole moments compared to 
their isolated CNTs. Hence, the E3/AlNNT, E3/BNNT, E3/
CNT, and K2/CNT have high polarizability and thus high 
solubility in polar solvent (water) compared to the remaining 
ESs (K2/AlNNT and K2/BNNT).

The ESs are much softer/less hard than their isolated 
monomers (Table SD2 and Table 5). Furthermore, the trend 
observed for the variation of global hardness values when 
compared to isolated NTs is the same as that observed for 

Table 5   Frontier molecular 
orbital energies, global hardness 
� , chemical potential � , global 
electrophilicity index � (in 
eV), and dipole moment DM (in 
Debye) in water

1 
(

ΔEg

Eg

)
=

(
Eg(encap)

−Eg(NT)

Eg(NT)

)
 ; 2η =

(
ELUMO−EHOMO

2

)
[[[[[ [77]]]]; 3μ =

(
EHOMO+ELUMO

2

)
[[[[[ [78]]]]; 4ω =

(
μ2∕2η

)
[[[[[ [79]]]]

System EHOMO ELUMO
Eg 1 

(
ΔEg

Eg

)
DM

2 η 3 μ 4 ω

E3  − 6.778  − 2.261 4.517  −  3.454 4.521 2.259 20.425
K2  − 6.506  − 2.531 3.975  −  8.070 5.136 1.987 20.415
AlNNT  − 6.140  − 1.496 4.644  −  25.133 2.322  − 3.818 3.163
BNNT  − 6.267  − 0.530 5.737  −  21.718 2.868  − 3.399 2.029
CNT  − 4.068  − 3.373 0.695  −  0.000 0.348  − 3.720 20.062
K2/AlNNT  − 5.916  − 3.354 2.562 0.448 19.703 1.281  − 4.635 8.450
E3/AlNNT  − 6.066  − 3.089 2.977 0.359 25.277 1.488  − 4.577 7.038
K2/BNNT  − 6.214  − 3.277 2.938 0.488 18.354 1.469  − 4.746 7.726
E3/BNNT  − 6.066  − 3.089 3.374 0.412 25.277 1.488  − 4.577 7.038
K2/CNT  − 3.930  − 3.319 0.611 0.121 6.718 0.306  − 3.624 21.663
E3/CNT  − 3.965  − 3.347 0.618 0.111 4.640 0.309  − 3.656 21.616
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energy gaps, confirming Pearson’s maximum hardness rule 
[77]. In Fig. SD1, a linear relationship with an excellent cor-
relation coefficient ( R2 = 1.000 ) is shown between these two 
sets of data. Upon encapsulation, the system K2/AlNNT has 
become softer than the bare AlNNT, and the other systems— 
except for CNT systems—indicate a better reactivity which 
is in a good agreement with Muz et al. [81]. The ESs can be 
arranged in order of increasing/decreasing in their softness/
hardness values, respectively, as follows: K2/CNT > E3/
CNT > K2/AlNNT > K2/BNNT > E3/AlNNT > E3/BNNT.

The electrophilicity index (ω) as suggested by Parr et al. 
[79] is a measure of energy reduction due to the maximal 
electron flow between donors and acceptors. The higher val-
ues of ω, the higher electrophilicity of the geometry. The 
values of electrophilicity index of all considered systems are 
larger in comparison to those of the bare NTs. The electrophi-
licity indices of the bare NTs are 3.138, 2.013, and 19.906 eV 
for AlNNT, BNNT, and CNT, respectively, while due to the 
encapsulation process, these values increased. Since the 
electrophilic indices for AlNNT and BNNT ESs are in the 
range from 6.316 to 8.384 eV, for CNT ESs, they exceeded 
21.616 eV. On the other hand, the electrophilicities of E3 
inside AlN and BN NTs are smaller than those of K2 inside 
the same NTs, while the opposite is true in the case of CNTs.

The more the negative value of chemical potential (µ)  
the more the stability is, and among the three nanotubes, 
AlNNT has the most negative value of ( μ = − 3.818 eV). 
However, the encapsulation affects the µ values in the way 
they become more negative for AlNNT and BNNT ES (rang-
ing between − 4.746 and − 4.577 eV) and less negative for 
CNT systems and equal ∼ ‒ 3.6 eV. The stability of CNTs 
encapsulated with E3 and K2 forms is smaller than those of 
other encapsulated NTs; this is maybe beneficial for the drug 
release (drug unbinding) process from the NTs (see Section 
"Recovery time").

Ultraviolet absorption spectra

ESs and FAV drugs were examined for their excited state 
properties using UV and Vis spectra. Drug concentrations 
in the body must be monitored, and the appropriate car-
rier must be developed to ensure that the drug molecules 

are delivered effectively without causing toxic side effects 
[82]. UV–Vis detectors can be used as a continuous moni-
tors in drug delivery process, and this is done by measuring 
the amount of light absorbed and wavelength position [83]. 
For a deeper understanding of the electronic absorption of 
FAV two forms, bare NTs, and ESs in aqueous medium, the 
calculations are performed with the TD-CAM-B3LYP-D/6-
31G(d,p) and are listed in Table 6.

The absorption peaks of FAV forms were observed at 
93.73 and 111.08 nm, with oscillator strengths 0.3725 and 
0.356 for E3 and K2, respectively. The bare NTs showed 
sharpest peaks, located at wavelengths 197.13,173.56, 
and 599.78 nm with 1.265, 5.983, and 2.316 of oscilla-
tor strengths, for AlNNT, BNNT, and CNT, respectively. 
Among the three NTs, AlNNT exhibits the intense absorp-
tion at 197.13 nm in the UV region (100–300 nm) which is 
comparable with a theoretical study in [81] (188–194 nm).

After encapsulation, the absorption peaks of the systems 
become much longer when compared to those of the bare NTs, 
except for CNT systems. Hence, the encapsulation causes a 
blue shift for CNT only, while it causes a redshift for both 
AlNNT and BNNT. For instance, the encapsulation of CNT 
with E3 and K2 shifted the absorption from 599.78 nm to 
404.24 and 407.44 nm for E3/CNT and K2/CNT, respectively. 
In contrast, the absorption of K2/AlNNT and K2/BNNT at 
wavelengths of 341.01 and 180.40 nm is longer than that 
of bare AlNNT (197.13 nm) and bare BNNT (173.56 nm), 
respectively. Moreover, E3/AlNNT and E3/BNNT contain 
transitions at 300.99 and 184.62 nm with oscillator strength 
equal to 0.0815 and 0.1613, respectively. The encapsulation 
of NTs—except for BNNT—with K2 resulted in that the main 
absorption peaks are shifted to longer wavelengths λmax when 
compared to the encapsulation of E3. Therefore, the signifi-
cant modification of the absorption spectra (red/blueshift) of 
ESs compared to their monomers can be used to online moni-
toring of the concentration of FAV forms in the human body.

QTAIM study

QTAIM was carried out at the bond critical point (BCP), to 
reveal the nature of the intermolecular interactions in the E3/ 

Table 6   Simulated UV–Vis absorption data of FAV forms, bare NTs, and the ESs in water

FAV form/NT λmax f Assignment (coefficient) System λmax f Assignment (coefficient)

K2 111.08 0.356 H → L (0.380) K2/AlNNT 341.01 0.065 H → L (0.412)
E3 93.73 0.373 H → L (0.479) E3/AlNNT 300.99 0.082 H → L (0.287)
AlNNT 197.13 1.265 H → L (0.182) K2/BNNT 180.40 0.135 H → L (0.218)
BNNT 173.56 5.983 H → L (0.180) E3/BNNT 184.62 0.161 H → L (0.208)
CNT 599.78 2.316 H → L (0.437) K2/CNT 407.44 3.771 H → L (0.364)

E3/CNT 404.24 1.340 H → L (0.462)
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AlNNT, K2/AlNNT, E3/BNNT, K2/BNNT, E3/CNNT, and 
K2/CNNT complexes. The topological parameters such as  
electron density at the BCP ( ρBCP(r) ), Laplacian of the elec-
tron density ( ∇2

ρ
(r) ), total energy density (H(r)), kinetic 

energy density (K(r)), and potential energy density (V(r)) 
can be used to identify the nature of the intermolecular inter-
actions with the encapsulated drugs. In addition, the strength 
of the intermolecular hydrogen bond (EHB = -V(r)/2) can be 
also estimated. The molecular graphs of the E3 form of the 
FAV drug encapsulated inside the bulk of the AlNNT, BNT, 
and CNT are graphically shown in Fig. 5. Careful inspection  
of Fig. 5 shows that there are several important bond critical 
points due to the interactions between the FAV and the NTs. 
In this study, the intermolecular hydrogen bonds are inves-
tigated. The topological parameters of the selected interac-
tions are summarized Table 7.

As known, the value of �(r) at the BCP indicates the 
strength of a chemical bond. Previous studies reported that 
the system with higher value of �(r) has more interaction 

and vice versa. Our results reveal that several intermolecu-
lar hydrogen bonds have been detected in the investigated 
encapsulated systems, for example, three intermolecular 
hydrogen bonds in case of E3/AlNNT system and one 
intermolecular hydrogen bond in case of K2/AlNNT, K2/
BNNT, and E3/BNNT. There is no any intermolecular 
hydrogen bond in case of K2/CNT and E3/CNT systems. 
As can be seen in Table 7, the enol form E3 bounds with 
the AlNNT and BNNT by three and one intermolecular 
hydrogen bonds, respectively, whereas the keto form K2 
bounds with the AlNNT and BNNT systems with only one 
intermolecular hydrogen bond. Additionally, the intermo-
lecular hydrogen bonds that result between the E3 form 
and the AlNNT are weaker than those in case of BNNT, 
indicating that these interactions can be easily recovered. 
In addition, it is found that the interactions between the 
keto form and the NTs are stronger than those in case of 
E3 form, which is similar to the study [84]; they found 
that the interactions between acetaminophen (ACM) and 

Fig. 5   Optimized structures (left column in a and b) and molecular 
graphs (right column in a and b) of E3/K2, E3/K2 and E3/K2 inside 
AlNNT, BNNT, and CNT. The superimposed numbers correspond to 

the most important intermolecular interactions. Details of these inter-
actions are given in Table 7
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Fe-BN nanocones (FBN) are stronger as keto/thio than 
enol/thiol interactions.

Among all the encapsulated systems under probe, the  
strongest interactions between the NTs and the FAV drug 
belong to the K2/AlNNT with electron density ( �(r) ) of  
0.0567, a dO-H bond distance of 1.704  Å and EHB of 
53.67 kJ/mol, while the weakest interactions correspond to  
E3/AlNNT with ( �(r)) = 0.0076, dO-H = 2.777 Å, and EHB of  
5.16 kJ/mol. Except to K2/AlNNT system, the positive val-
ues of both ∇2

ρ(r)
 and H(r) suggest the intermediate interac-

tions. Another important descriptor is − G(r)/V(r), which  
can be used to categorize the nature of the interac-
tions between the drug and the NTs as follows: (1) 
0.5 <  − G(r)/V(r) < 0 →  covalent interactions, (2) 
1 <  − G(r)/V(r) < 0.5 → electrostatic and partially covalent, 
and (3) − G(r)/V(r) > 1.0 → non-covalent interaction. As 
reported in Table 7, except to K2/AlNNT, the − G(r)/V(r) 
values are ≥ 1.0, suggesting that the interaction is a weak 
non-covalent interaction. These findings strongly suggest 
that the delivery of the E3 form of the E3/AlNNT is much 
easier than that of the other NTs, and the recovery of E3 
form is much faster than the K2 form. These results agree 
with the above-mentioned results of the recovery time. The 
findings from QTAIM support to a great extent the values 
obtained for the binding energies of ESs. Wherever there 
is a strong intermolecular interaction between the drug 
form and NT (especially the intermolecular H-bonding), 
the ES will be combined with higher binding energy and 
thus larger stability. In other words, the most stable ESs 
consist of K2/ and E3/AlNNT and /BNNT combined by 
one/more intermolecular H-bonds, while the least stable 

ESs consisting of K2 & E3/CNT show no evidence of this 
type of H-bonds.

Molecular docking simulations

The molecular docking technique is used to predict the bind-
ing affinity between drugs and target proteins at the atomic 
level. This study carried out using Autodock software [85] 
more than one protein, since three target proteins of SARS-
CoV2 were studied. The investigated target proteins included 
RNA binding domain of nucleocapsid protein (6M3M) 
[86], papain-like protease (6W9C) [87], and main protease 
(6LU7) [87]. Their crystal structures were downloaded from 
the Worldwide Protein Data Bank (https://​www.​rcsb.​org). 
The main role of 6M3M protein is to facilitate transcribing 
and replicating subgenomic viruses, while 6W9C and 6LU7 
proteins have a basic responsibility to cleave nitrogen and 
carbon termini of polyproteins into a functional product, 
respectively. The two forms of FAV drug were docked with 
the three selected proteases from SARS-CoV2 infection. The 
structures of 6M3M, 6W9C, and 6LU7 proteins were formed 
by removing all water molecules and ligands; activity sites of 
protein were predicted by Pymol software [88]. In order to 
validate the docking protocol, ligands were removed from the 
targets; then, they were re-docked. PyMOL software was used 
to superimpose the re-docked complexes onto the native com-
plexes and determine the root mean square deviation (RMSD). 
It found that RMSD between of re-docking complexes and 
native complexes are ≤ 2.14 Å. For the purpose of demonstrat-
ing the docking procedure, K2-6M3M is taken as an example. 
The binding energy of re-docking K2-6M3M is − 19.163 kJ/

Table 7   Bond distances (in Å) and calculated topological parameters (in a.u) at the BCPs of the intermolecular bonds of E3/AlNNT and K2/
AlNNT systems

Species Hydrogen bond dO-H rho Lap G(r) V(r)  − G(r)/V(r) k(r) H(r) EHB (kJ/mol)

E3/AlNNT
Inter-HB (1) H131-N26 2.777 0.0076 0.0230 0.0048  − 0.0039 1.2  − 0.0009 0.0009 5.16
Inter-HB (2) N13-H132 2.768 0.0079 0.0257 0.0053  − 0.0042 1.3  − 0.0011 0.0011 5.52
Inter-HB (3) H135-N67 2.774 0.0088 0.0275 0.0057  − 0.0046 1.2  − 0.0011 0.0011 6.02
Inter-HB (4) N126-Al165 2.303 0.0284 0.0282 0.0282  − 0.0304 0.9 0.0022  − 0.0022 39.93
Intra-HB (5) H134-O133 1.567 0.0662 0.1582 0.0491  − 0.0586 0.8 0.0095  − 0.0095 76.95
E3/BNNT
Inter-HB (1) H151-N30 2.157 0.0209 0.0620 0.0148  − 0.0141 1.0  − 0.0007 0.0007 18.57
Intra-HB (1) H154-O130 1.432 0.0946 0.1550 0.0732  − 0.1077 0.7 0.0345  − 0.0345 141.40
K2/AlNNT
Inter-HB (1) H134-N67 1.704 0.0567 0.0948 0.0323  − 0.0409 0.8 0.0086  − 0.0086 53.67
Intra-HB (1) O128-H133 2.021 0.0239 0.0752 0.0190  − 0.0192 1.0 0.0002  − 0.0002 25.15
K2/BNNT
Inter-HB (1) H154-N34 2.139 0.0221 0.0584 0.0145  − 0.0144 1.0  − 0.0001 0.0001 18.92
Intra-HB (1) H153-O148 1.816 0.0379 0.1271 0.0319  − 0.0319 1.0 0.0001  − 0.0001 41.91

https://www.rcsb.org


291Structural Chemistry (2024) 35:277–295	

1 3

mol, and RMSD is 0.13 Å with a difference of 0.970 kJ/mol 
and 0.13 Å between re-docking and native complex. Figure 6 
illustrates the superimposed 2-dimensional structure.

Table 8 and Fig. 7 present the obtained binding energies, 
root mean square deviation (RMSD), the number of hydrogen 
bonds, and residues of the targets interacting with the FAV 
forms. The RMSD describes the displacement of atoms at a 
point in time relative to a reference structure, which is usually 
the first frame of the simulation [89]. The obtained RMSD 
results showed no deviation in the protein. Discover Studio 
2021 from Biovia was used to visualize the 2-dimensional 
ligand interaction with the protein. 

The calculated binding energies between K2/E3 forms 
and 6M3M protein are significantly high and equal − 18.912 
and − 18.033 kJ/mole, respectively. As shown in Fig. 7, 
five H-bonding is found between the two H atoms of the 
amino group (NH2) of the K2 and 6M3M by two active sites 

which are GLN71 and ALA135 residues. While the E3 form 
interacts with the O atom and the hydroxyl group (OH) to 
PHE67, while amine to GLN71 of 6M3M protein.

On the other hand, the binding energies of K2/E3 with 
6W9C are − 12.217 and − 21.254 kJ/mol, respectively. One 
active site was found for K2 form to interact with the O 
atoms of residues in 6W9C: TYR72. In contrast, three active 
sites for E3 interact with ASN13, TYR56, and ALA131. 
The binding energy of K2/E3 exhibited the least values 
with 6LU7 protein, and they are − 11.966 and − 17.238 kJ/
mol, respectively. The H atom of the amino group in K2 
interacts with the N atom of LEU282 and PHE3 residues, 
while E3 interacts with four active sites GLN74, PHE66, 
VAL77, and HIS64 residues. In conclusion, among the two 
FAV forms, E3 exhibited better binding energy (− 21.254 kJ/
mol) in comparison to K2; hence, E3 might be more anti-
COVID19. Based on these findings, the feasibility of FAV 
in the prevention and treatment of SARS-CoV2 should be 
further investigated.

The calculated binding energies between K2/E3 forms 
and 6M3M protein are significantly high and equal − 18.912 
and − 18.033 kJ/mole, respectively. As shown in Fig. 7, two 
H-bonding are found between the two H atoms of the amino 
group (NH2) of the K2 and 6M3M by two active sites which 
are GLN71 and ALA135 residues with bond lengths of 
2.194 and 1.747 Å, respectively, while the E3 form inter-
acts with the O atom to GLN71 and ARG69 and with the 
hydroxyl group (OH) to TYR124 of 6M3M protein with 
bond lengths of 1.734, 1.859, and 1.956 Å, respectively.

On the other hand, the binding energies of K2/E3 with 
6W9C are − 12.217 and − 21.254 kJ/mol, respectively. One 
active site was found for K2 form to interact with the O 
atoms of residues in 6W9C: ILE14 with a bond distance of 

Fig. 6   Superimposition of re-docked K2-6M3M (green) onto native 
complex (orange) in the active site using PyMOL

Table 8   Binding energy ( Ebind
 , 

kJ/mol), root mean square 
deviation (RMSD, Å), and 
interactions between the targets 
and ligands

Protein name PDB ID Ligand Ebind
RMSD (Å) No. H-bonds Interacting residues

RNA binding domain 
of nucleocapsid 
protein

6M3M K2  − 18.912 0.00 5 GLN71
ALA135
PRO68
ARG69
TYR124

E3  − 18.033 0.00 3 TYR124
GLN71
PHE67

Papain-like protease 6W9C K2  − 12.217 0.00 2 TYR72
TYR56

E3  − 21.254 0.00 3 ASN13
TYR56
ALA131

Main protease 6LU7 K2  − 11.966 0.00 2 LEU282
PHE3

E3  − 17.238 0.00 4 GLN74
PHE66
VAL77
HIS64
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2.173 Å for K2. In contrast, three active sites for E3 inter-
act with ASP76 and LEU80 by bond lengths 1.971, 2.014, 
and 2.039 Å, respectively. The binding energy of K2/E3 
exhibited the least values with 6LU7 protein, and they 
are − 11.966 and − 17.238 kJ/mol, respectively. The H atom 
of the amino group in K2 interacts with the N atom of LYS5 
residues with a bond length of 2.068 Å, while E3 interacts 

with two active sites TRP207 and LEU282 residues at 2.051 
and 2.103 Å, respectively. In conclusion, among the two 
FAV forms, E3 exhibited better binding energy (− 21.254 kJ/
mol) in comparison to K2; hence, E3 might be more anti-
COVID19. Based on these findings, the feasibility of FAV 
in the prevention and treatment of SARS-CoV2 should be 
further investigated.

Fig. 7   Molecular docking simulations of the interaction between K2 and E3 forms and the selected proteins
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Conclusions

Using DFT calculations, at B3LYP-D/6-31G(d,p) and 
TDCAM-B3LYP-D/6-31G(d,p) levels of theory in gas 
and with CPCM in water, the FAV drug isomers and tau-
tomers were studied. The feasibility of three NTs (CNT, 
BNNT, and AlNNT) was proved from their interaction 
energies. The most stable tautomeric forms (E3 and K2) 
were encapsulated into these NTs. The following conclu-
sions can be drawn:

•	 Among the six ESs, encapsulation inside AlNNT 
resulted the most stable ESs in both gas and water; 
AlNNT provides the highest binding energies (using 
CP correcting BSSE), the most spontaneous and exo-
thermic process, followed by the process inside BNNT 
and then CNT.

•	 In comparison to both bare NTs and drug forms, the 
encapsulated NTs have much lower energy gaps and thus 
better electrical conductivity, are softer, and thus have 
better reactivity and better electron-donating and accept-
ing abilities due to the destabilization and stabilization of 
HOMO and LUMO levels, respectively.

•	 The stability of CNTs encapsulated with E3 and K2 
forms is smaller than those of other encapsulated NTs as 
evident from the chemical potential values; this is sup-
porting the drug release process in this type of NTs.

•	 Recovery times of ∼ 10 s put a boundary limit on binding 
energies. Since the binding energies should be ≤ − 96 kJ/
mol in the UV region or ≤ − 68 kJ/mol in Vis and IR 
regions. This results not in the advantage of AlNNTs 
because they have much larger binding energies and 
extremely longer recovery times. On the other hand,  
this result validates CNTs as better carriers, followed by 
BNNT (recovery times reached days), those allow better 
drug release process over AlNNT.

•	 In all cases, the recovery times of E3 form/NTs are much 
shorter than those of K2/NTs, which means the unbind-
ing process (drug release) of E3 form from NTs is easier 
than K2 form.

•	 The absorption of the bare NTs shifted after encapsula-
tion from the UV region to the Vis region in the range 
300–407 nm. Thus, ESs have different absorption prop-
erties compared to the bare NTs, and thus, monitoring 
the drug concentration in human body through UV–Vis 
spectroscopic technique is feasible.

Finally, molecular docking simulations demonstrated 
a good inhibitory effect of FAV forms (K2 and E3) over 
SARS-CoV-2, implicating FAV drug resistance to SARS-
CoV-6M3M/6LU7/6W9C proteases, and E3 exhibits better 
inhibitory activity than K2 form.
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