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Abstract: Influenza infection poses a significant threat to
the existence of humans and animals. Its inhibition by
secondary metabolites may proffer a lasting solution to
its resistance to available synthetic therapeutic agents. In
this study, we investigated the influenza neuraminidase

(NA) inhibitory potential of naturally occurring C–O–C
biflavonoids using integrated computational approaches.
The molecular docking method was employed to identify
biflavonoids with high binding affinities, and molecular
dynamics simulation was performed for 100 ns to examine
the stability, binding mode, and interactions elicited by
the hit molecules in influenza NA-binding pocket. The bioa-
vailability and pharmacokinetic properties of the hit bifla-
vonoids were examined using swissADME. The molecular
docking studies identified lophirone L, delicaflavone, lanar-
oflavone, pulvinatabiflavone, and ochnaflavone as the hit
molecules with the binding affinity of −9.9 to −9.3 kcal/mol.
The root means square deviation and root mean square
fluctuation plots obtained from the molecular dynamics
simulation showed that the selected biflavonoids were rea-
sonably stable at the enzyme’s binding pocket. The ADMET
studies showed that the top-ranked biflavonoids exhibit good
pharmacokinetic and bioavailability properties. Furthermore,
the density functional theory studies showed that the selected
hit secondary metabolite possesses good pharmacological
properties. Thus, the inhibitory activities of these com-
pounds on viral neuraminidase could be helpful in the
management of influenza infections.
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1 Introduction

Influenza is an acute respiratory infection caused by nega-
tive-stranded RNA influenza viruses and presents with sig-
nificant complications like myocarditis, encephalitis, and
multiple organ failure [1,2]. Influenza’s life cycle has funda-
mental glycoproteins like neuraminidase (NA) and hemag-
glutinin (HA) [3]. The NA cleaves sialic acid residues on
cellular receptors, thereby facilitating the release of newly
produced virions, while HA binds to host cell receptors,
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thereby promoting infection transmission [4,5]. In the 1970s,
influenza NA was identified as a viable drug target which
marked a crucial turning point in influenza-focused research
[6]. Subsequent to the NA discovery, two standard drugs were
developed for influenza management. The first neuramini-
dase inhibitor (NAI), zanamivir, was introduced, but its effi-
cacy was hampered by a low absolute bioavailability [7,8].
Also, another NAI, oseltamivir was developed to address
this bioavailability issue, but its use was limited by the resis-
tance of influenza viruses to its therapeutic efficiency. The
deficiencies of these drugs have promoted the search for
novel therapeutic options characterized by good bioavail-
ability and resistance mitigation [9,10].

Natural products are major sources of therapeutic
agents and have proven effective against deadly diseases
including viral and microbial infections [11–13]. Biflavo-
noids, also known as dimeric flavonoids, are polyphenolic
secondary metabolites found in medicinal plants [14]. These
plant-derived chemical compounds comprise those linked
by a C–C or C–O–C bond between their phenyl-chromenone
units (Figure 1) [15]. Biflavonoids connected via the C–O–C
bond have shown remarkable pharmacological attributes
like antioxidant, anti-inflammatory, anticancer, antiviral,
antiparasitic, and hepatoprotective properties [15–18]. The
major source of C–O–C biflavonoids include plants like Rhus
succedanea, Selaginella tamariscina, Lophira alata, Ginkgo
biloba, and Campnosperma panamense [19–23].

Computer-aided drug design is among the major inno-
vative approaches developed to identify new drug leads
that can effectively treat diseases [24]. Molecular docking
is an efficient technique used to select a hit molecule
through the prediction of its binding affinity against a dis-
ease target [24,25]. Molecular dynamic simulation is another
method that helps to assess the stability, interactions of
potential drug candidates, and their binding mode with spe-
cific target proteins [26]. Computational methods like mole-
cular docking, molecular dynamics simulation, and density
functional theory play a pivotal role in modern drug devel-
opment. Several studies have established the efficacy of fla-
vonoids and biflavonoids as potent antiviral agents [18,27,28].
However, the inhibitory property of naturally occurring

C–O–C-linked biflavonoids is yet to be evaluated. Herein,
we investigate the inhibitory potential of plant-derived
C–O–C biflavonoids against influenza NA using integrated
molecular docking and molecular dynamics simulation
approaches.

2 Methodology

We have plotted a graphical abstract in Figure 2 to show
the methodology and how we proceeded with the analysis
of targeting influenza with multiple C–O–C biflavonoids
drugs. We successfully identified and probed their effec-
tiveness in computational experimentations. Furthermore,
the detailed methods are as follows.

2.1 Protein and ligand preparation

The 3D crystallographic structure of influenza NA (PDBID:
3TI5) [29] was retrieved from the protein data bank
(www.rcsb.org) and loaded on PyMol software to remove
the water molecules, co-factors, and ions. The native ligand
(zanamivir) was also identified on PyMol software, and the
residues within 5 Å resident at the protein binding site were
selected. Later on, the native ligand was removed to obtain a
clean protein. The protein was saved in a PDB format for
docking purposes.

The chemical structures of the 20 naturally occurring
C–O–C biflavonoids (see supplementary material, Table S1)
were built with Spartan 14 software, while the standard
drugs (zanamivir and oseltamivir) were downloaded from
the PubChem database (https://pub-chem.ncbi.nlm.nih.gov/).
All the chemical structures were saved in an SDF format
and loaded into Open Babel for energy minimization.
Then, the energy-minimized ligands were saved in PDBQT
format.

2.2 Molecular docking studies

The docking methodology was first validated by re-docking
the native ligand in the binding pocket of influenza NA and
estimating its root means square deviation (RMSD) value.
The molecular docking studies of the C–O–C biflavonoids,
zanamivir and oseltamivir, against influenza NA were
done by converting the clean protein’s PDB file to PDBQT
using the MGL software. After that, the protein was loaded
into the Autodock Vina interface of PyRx 0.8 software [30]
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Figure 1: General structure of C–O–C-linked biflavonoids.
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and amino acid residues (Arg118, Glu119, Leu134, Arg151,
Arg152, Arg156, Trp178, Ser179, Ile222, Arg224, Glu227, Ser246,
Glu276, Glu277, Arg292, Asn294, Gly348, Arg371, Tyr406) resi-
dent within 5 Å was selected. Then, the grid box of the pro-
tein was adjusted to center_x = 66.2633, center_y = 15.9425,
and center_z = −0.7511 and size_x = 27.3432, size_y = 17.5309,
and size_z = 25.8509. The PDBQT file of the biflavonoids,
zanamivir and oseltamivir, was loaded, and molecular
docking was carried out against influenza NA at an exhaus-
tiveness of 100. After successfully completing the docking
procedure, the binding poses of the ligand were retrieved,
and those with the lowest RMSD value were selected for
hydrogen bonding, hydrophobic, and pi-interaction analysis
using the Discovery Studio Visualizer software.

2.3 Molecular interaction fingerprints (IFP)
and pharmacokinetic studies

The molecular IFP was computed using the IFPs tool in
Schrödinger Maestro, where we selected each complex,
checked the receptor–ligand complex option, and kept to
any contact types. We directly computed the fingerprints
as the protein was the same, so it was unnecessary to align
the sequences. Any contact type and color main plot were

kept to make it clearer, and it was further enhanced by
keeping only interacting residues, and the ligand display
property was kept to the docking score to interpret it better
[31–33]. Furthermore, the pharmacokinetic properties of
the potential influenza NAIs were assessed using the Swis-
sADME (http://www.swissadme.ch/) and pkCSM (http://www.
biosig.lab.uq.edu.au/pkcsm/) online servers. Parameters
such as solubility, human intestinal absorption, hepatotoxi-
city, bioavailability, and the secondary metabolites’ carcino-
genic properties were considered to understand their drug-
gable potentials.

2.4 Density functional theory studies

In drug design, density functional theory (DFT) stands
for density functional theory, a computational quantum
mechanical method used to study the electronic structure
of molecules. DFT analysis helps us understand how elec-
trons are distributed in a molecular system, providing cru-
cial insights into various molecular properties, and in drug
designing, DFT is employed to delve into the energetics and
electronic properties of drug molecules and their interac-
tions with target proteins. We can gain insights into poten-
tial drug candidates’ stability, reactivity, and binding affinity
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Figure 2: Showing the graphical abstract of the study from conceptualization to identifying and validation using the computational approaches.
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by calculating electronic densities and energy levels. DFT
analysis allows us to predict molecular properties such as
molecular orbitals, electron density distribution, and elec-
trostatic potential. These predictions are vital for under-
standing how drugs behave at the molecular level. The
DFT calculations of the hit secondary metabolites were per-
formed with the Spartan 14 program using functional B3LYP
with a 6-31G basis set [34]. In these calculations, the frontier
orbital parameters like energy gap (ΔEgap), chemical reac-
tivity (µ), electrophilicity index (ω), and electronegativity (χ)
were estimated.
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2.5 Molecular dynamic (MD) simulation

The MD simulations of the docked complexes were per-
formed using the academic version of DE Shaw’s Desmond
[35]. The system builder tool was used to prepare the system
model in which we have used the SPC water model in
orthorhombic conditions with 10 × 10 × 10 Å distances in
buffer conditions. 3Na+ was added to each complex to

neutralize the system as all of them had the net charge of
−3 and then excluded ion and salt placement within 20 Å
before minimization of volume to have a properly fitted
neutralized system. Furthermore, the OPLS4 forcefield was
used to minimize the complete system. The MD simulation
was performed using the molecular dynamic panel for
100 ns with a recording interval of 100 ps that generated a
total of 1,000 frames at 300 K temperature with 1.01325 bar
pressure and was kept in the NPT ensemble to produce the
trajectories that were further analyzed with the simulation
interaction diagram tool [36,37].

3 Results

3.1 Molecular docking studies

The docking methodology adopted for the study was vali-
dated, and an RMSD value of less than 2 was obtained,
indicating that the method developed is reproducible.
The docking studies explored the ligand with the favorable
binding affinity with the active binding site of influenza
NA. The result revealed that all selected hit molecules
displayed excellent docking scores ranging from −9.3 to
−9.9 kcal/mol compared to zanamivir and oseltamivir that
elicited the binding affinity of −7.9 and −6.1 kcal/mol as
shown in Table 1.

Table 1: Interaction analysis of the hit biflavonoids against influenza NA

Ligand Binding energy
kcal/mol

Hydrogen bond Hydrophobic interaction Pi-interaction Electrostatic
interaction

Amino
acid

Distance (Å)

Lophirone L −9.9 Glu227 2.1238 Arg224, Arg371, Ile421,
Pro431, Lys432

Arg224, Arg371, Ile421,
Pro431, Lys432

Asp151, Arg292,
Arg371Arg292 2.6414

Arg371 1.9069
Arg371 2.0590
Arg371 2.0902
Trp406 2.4209
Trp406 2.8049

Delicaflavone −9.6 Trp178 2.4947 Arg224, Arg371, Pro431 Arg224, Arg371, Pro431 Asp151, Glu277,
Arg371Ser370 2.4658

Lanaroflavone −9.5 Trp178 2.3234 Ile149, Arg224, Pro431 Ile149, Arg224, Pro431 Arg118, Glu277,
Arg371Asn347 1.9884

Pulvinatabiflavone −9.4 Ser246 2.3614 Arg371, Ile427, Pro431,
Lys432

Arg371, Ile427, Pro431,
Lys432

Glu276, Arg371
Arg292 2.9499
Ile427 2.7219

Ochnaflavone −9.3 Ser246 2.1059 Pro236, Arg371, Ile427,
Pro431, Lys432

Pro236, Arg371, Ile427,
Pro431, Lys432

Glu276, Arg371
Glu277 2.1095
Arg292 2.5537
Arg371 2.4347
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Lophirone L isolated from L. alata leaves elicited the
best binding affinity against influenza NA at −9.9 kcal/mol.
The hydrogen atoms on the biflavonoid established good
hydrogen bond interaction with Glu227 at 2.1238 Å, Arg371
at 1.9069 Å, and Trp406 at 2.4209 and 2.8049 Å. Also, the
oxygen atoms on the phytochemical moiety formed hydrogen
bonds with Arg292 at 2.6414 Å, Arg371 at 2.0590 and 2.0902 Å,
and Trp406 at 1.9069 Å, respectively. It was further stabilized
at the influenza NA binding site by participating in hydro-
phobic and pi-interactions (pi-alkyl) with Arg224, Arg371,
lle427, Pro431, and Lys432. Furthermore, electrostatic interac-
tions were observed between the ligand and amino acid resi-
dues like Asp151, Arg292, and Arg371 (Figure 3c, Table 1).
Delicaflavone obtained from L. alata was identified as the
second-best ligand with a binding affinity of −9.6 kcal/mol.
The hydrogen atoms on the delicaflavone moiety participated
in hydrogen bond interactions with Tyr178 at 2.4947 Å and
Ser370 at 2.4658 Å. The polyphenolic phytochemical was
further stabilized at hydrophobic and pi-interactions (pi-
alkyl) with Arg224, Arg371, and Pro431. Also, electrostatic
interactions were established between the amino acid resi-
dues resident at the active site of the hit biflavonoid and
Asp151, Glu277, and Arg371 (Figure 3a, Table 1). Lanarofla-
vone isolated from C. panamense was selected as the third-

best hit phytochemical against the enzyme, with a binding
affinity of −9.5 kcal/mol. The potential influenza NAI estab-
lished hydrogen bond interactions with Trp178 at 2.3234 Å
and Asn347 at 1.9884 Å. Also, the ligand attained stability at
the enzyme’s binding pocket by forming hydrophobic and
pi-interactions with Ile149, Arg224, and Pro431. Additionally,
electrostatic interactions were observed between the ligand
and Glu276 and Arg371 (Figure 3b, Table 1). Pulvinatabifla-
vone obtained from S. tamariscina elicited a binding affinity
of −9.4 kcal/mol and was selected as the fourth-best-hit mole-
cule. The oxygen and hydrogen atoms on the polyphenolic
phytochemical participated in hydrogen bond interaction
with Arg292 at 2.9499 Å, Ser246 at 2.3614 Å, and Ile427 at
2.7219 Å. Pulvinatabiflavone was stabilized at the influenza
NA binding pocket by forming hydrophobic and pi-interac-
tions with Arg371, Ile427, Pro431, and Lys432. Furthermore,
electrostatic interactions were identified between the phy-
tochemical and Glu276 and Arg371, respectively (Figure
3e, Table 1). Ochnaflavone isolated from Ochna pretoriensis
was selected as the fifth-best influenza NAI as it gave a
binding affinity of −9.3 kcal/mol. The oxygen and hydrogen
atoms on the hit biflavonoid formed hydrogen bond inter-
actions with Arg292 at 2.5537 Å, Ser246 at 2.1059 Å, Arg371 at
2.4347 Å, and Glu277 at 2.1095 Å. Ochnaflavone was further

a

b

c

d

e

Figure 3: Showing the docked pose in 3D and 2D for 3TI5 with (a) delicaflavone, (b) lanaroflavone, (c) lophirone, (d) ochnaflavone, and (e)
pulvinatabiflavone.
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stabilized by participating in hydrophobic and pi-interac-
tions with Pro236, Arg371, Ile427, Pro431, and Lys432. Also,
electrostatic interactions were observed between the polyphe-
nolic compound and Glu276 and Arg371 (Figure 3d, Table 1).

3.2 Molecular IFP and pharmacokinetic
analysis

Molecular IFP is a computational method that encodes
molecular interactions. Its importance lies in character-
izing and comparing ligand–receptor interactions, aiding
drug discovery by predicting binding affinities, and under-
standing structure–activity relationships, which are cru-
cial for designing effective pharmaceuticals with desired
therapeutic outcomes. The molecular IFP played a pivotal
role in refining our understanding of ligand–receptor inter-
actions. It validated the most interacting residues obtained
from docking results, revealing a nuanced landscape.
Notably, the counts for specific residue types were as fol-
lows: 20 for ARG (arginine), 11 for ASN (asparagine), 5 for
ASP (aspartic acid), 16 for GLU (glutamic acid), 1 for GLY
(glycine), 7 for ILE (isoleucine), 2 for LYS (lysine), 2 for
PRO (proline), 11 for SER (serine), 5 for TRP (tryptophan),
and 5 for TYR (tyrosine) (Figure 4). This detailed information
on interacting residues enhances the precision of drug
design efforts by highlighting key amino acids involved in

crucial binding interactions. The pharmacokinetic proper-
ties of the top-ranked biflavonoids were assessed, and the
results obtained are presented in Table 2. All the potential
influenza NAIs violated Lipinski’s rule of 5 and did not
exhibit AMES toxicity, carcinogenicity, or hepatotoxicity fea-
tures. The solubility of a drug candidate that ranges between
−6.5 and 0.5 is acceptable in drug discovery and design [38].
The assessment showed that all the chemical compounds pos-
sess similar solubility potential with values ranging from
−2.895 to −2.974, compared to zanamivir (−2.892) and oselta-
mivir (−2.029). Also, an acceptable value for a drug candidate’s
human intestinal absorption property is greater than 30. In
this study, all the secondary metabolites possess good human
intestinal absorption properties with values ranging from
76.411 to 99.200 compared to zanamivir (3.951) and oseltamivir
(79.326). Furthermore, the bioavailability property of the top-
ranked secondary metabolites was compared with that of
zanamivir and oseltamivir. All the hit biflavonoids elicited
the same bioavailability value of 0.55, while zanamivir gave
0.17 and oseltamivir gave 0.55.

3.3 Frontier molecular orbital properties of
the top-ranked secondary metabolites

The structures of lophirone L, delicaflavone, lanarofla-
vone, pulvinatabiflavone, and ochnaflavone were

Figure 4: Showing the molecular IFPs of the docked poses of each compound.
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optimized, as shown in Figure 5. The energy of the highest
occupied molecular orbital (EHOMO) of a secondary meta-
bolite indicates its ability to act as an electron donor, while
the energy of the lowest unoccupied molecular orbital
(ELUMO) helps to understand the electron accepting capa-
city of a secondary metabolite [39,40]. Lophirone L elicited
the highest EHOMO value, indicating it as the best electron-
donating molecule among the potential influenza NAIs.
Also, lanaroflavone gave the lowest ELUMO value, sug-
gesting that it is the best electron-accepting phytochemical
(Table 3).

A secondary metabolite’s energy gap (ΔEgap) provides
relevant information about its pharmacological potential,
chemical reactivity, and stability [41]. In this study, the
stability of the secondary metabolites is in the order of
delicaflavone > ochnaflavone > pulvinatabiflavone >

lophirone L > lanaroflavone. Also, lanaroflavone was
ranked as the secondary metabolite with the best reactivity
potential, and other top-ranked secondary metabolites are
in the order of lophirone L > pulvinatabiflavone > ochna-
flavone > delicaflavone.

Electronegativity is an essential property that helps
understand secondary metabolites’ electron acceptability
potential [42]. It also gives an idea of the bioactive poten-
tials of the chemical compound. A high electron accept-
ability of a secondary metabolite signifies its high calculated
electronegativity value [43]. Lophirone L gave the highest
electronegativity value, indicating that the secondary meta-
bolites exhibit good electron-accepting properties. Also, the
electrophilicity index of secondary metabolites elucidates
their pharmacological potential and potency against dif-
ferent diseases. A higher electrophilicity index value cor-
responds to a stronger electrophilic property [26]. The
electrophilicity of the secondary metabolites is in the
order of lanaroflavone > ochnaflavone > lophirone L >

delicaflavone > pulvinatabiflavone. The frontier mole-
cular orbital properties of selected influenza NAIs are
presented in Table 3.

3.4 Molecular dynamic simulation analysis

Molecular dynamic simulation was performed on the pro-
tein-ligand complexes of the potential influenza NAIs pre-
viously identified in the molecular docking studies to
understand their stability, binding mode, and interactions.
The RMSD plot of the 3TI5-isophorone L complex showed
that stability was attained from 0 to 14 ns, while consistent
deviation was observed from 15 to 100 ns. The influenza
NA’s root mean square fluctuation (RMSF) plot swung
between 0.4 and 2.7 Å (Figure 6). The contact plot analysis
showed that good water bridge interactions were formed
with Arg118, Ile149, Lys150, Asp151, Arg152, Ser153, Tyr155,
Arg156, Trp178, Gly196, Ser270, Glu276, and Asn344, while
hydrophobic interaction was observed with Arg156. Also,
hydrogen bond interaction was observed between lophirone
L and Asp151, Arg152, Glu276, and Asn344 (Figure 6). The
RMSD plot of the 3TI5-delicaflavone complex showed that
stability was obtained from 0 to 56 ns, while slight deviation
was observed between 57 and 62 ns and became stable from
63 to 78 ns. However, consistent deviation was observed from
79 to 100 ns (Figure 6). Also, the RMSF plot showed that the
protein swung between 0.4 and 3.2 Å throughout the
100 ns simulation period. The interaction analysis showed
that Asn88, Arg118, Lys150, Asp151, Arg152, Asn234, Lys264,
Glu276, Glu286, Arg292, Ala346, and Ser370 formed water
bridge with delicaflavone. Also, hydrogen bond interac-
tions between the hit biflavonoid and Lys150, Asp151,
Glu276, and Ala346 were observed. However, no hydro-
phobic interaction was observed between the ligand and
influenza NA (Figure 7). The analysis of the RMSD plot of
3TI5-lanaroflavone showed that the ligand was stable at
the binding pocket of influenza NA between 5 and 58 ns,
while slight deviation was observed between 59 and 61
and attained stability from 62 to 100 ns. The RMSF plot of
the protein oscillated between 0.5 and 3.5 Å (Figure 6). The
interactions obtained from the contact plot showed that
good water bridge interaction formed between Glu119,

Table 2: Pharmacokinetic properties of top-ranked biflavonoids

Ligands Lipinski violation Solubility Human intestinal
absorption

Hepatotoxicity Carcinogenicity Bioavailability score

Lophirone L 1 −2.93 86.135 − − 0.55
Delicaflavone 1 −2.908 81.282 − − 0.55
Lanaroflavone 1 −2.93 76.411 − − 0.55
Pulvinatabiflavone 1 −2.97 99.2 − − 0.55
Ochnaflavone 1 −2.974 90.304 − − 0.55
Zanamivir 0 −2.892 3.951 − − 0.17
Oseltamivir 0 −2.029 79.326 − − 0.55

C–O–C biflavonoids against influenza  7
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Figure 5: Showing the DFT computations-based HOMO diagram of (Aa) delicaflavone, (Ba) lanaroflavone, (Ca), lophirone, (Da) ochnaflavone, and (Ea)
pulvinatabiflavone and LUMO diagram of (Ab) delicaflavone, (Bb) lanaroflavone, (Cb) lophirone, (Db) ochnaflavone, and (Eb) pulvinatabiflavone.
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Lys150, Asp151, Arg152, Ser153, Arg156, Trp178, Asn221,
Glu227, Ser246, Asn247, Glu277, Asn294, and Asn347. Also,
hydrogen bond interactions were identified between
Ser153, Ser247, Glu277, and Asn294 (Figure 7). The RMSD
plot of 3TI5-pulvinatabiflavone showed that the hit biflavo-
noid was stable with a slight deviation from 0 to 79 ns,
followed by a deviation between 80 and 95 ns and stability
from 96 to 100 ns (Figure 6). The RMSF plot showed that the
protein oscillated between 0.4 and 2.4 Å throughout the
100 ns simulation period (Figure 6). The interaction analysis
performed on the contact plot of the simulated 3TI5-pulvi-
natabiflavone showed that water bridge interaction was
observed between the ligand and Arg152, Glu277, Arg292,
and Arg371, while hydrogen bond interactions were observed
with Tyr178 and Glu227 (Figure 7). The 3TI5-ochnaflavone
RMSD plot showed stability between 0 and 19 ns, followed
by slight fluctuations between 20 and 39 ns. The complex
became stable with slight fluctuation from 40 to 86 ns, fol-
lowed by consistent deviation from 87 to 100 ns (Figure 6).
The RMSF plot showed that the protein oscillated between 0.4
and 2.7 Å (Figure 6). The contact plot analysis showed that
water bridge interactions were established between Glu119,
Asp151, Arg152, Trp178, Glu277, Arg292, Asn294, Asn347,
Arg371, and Arg430. Furthermore, hydrogen bond inter-
actions between Arg118, Arg152, Tyr178, Glu277, Asn294,
Asn325, Asn347, and Arg371 were observed (Figure 7).

4 Discussion

Influenza is a communicable acute respiratory infection
caused by the influenza virus in humans. This infection
presents with various episodes of nose, throat, and lung
problems and can sometimes lead to death when left
untreated [3,44]. The influenza NA enzyme breaks sialic
acid groups from cell glycoproteins, releasing the virus
from host cells [45]. It facilitates the binding of viruses to
the sialic acid groups of cell glycoproteins, which enhances
the role of HA in binding receptors, improving the enzyme

activities of NA, and facilitating virus infection in their
respective hosts [46–48]. Hence, inhibiting the enzyme
can drastically reduce or eradicate the replication of the
virus. Biflavonoids are naturally occurring polyphenolic
compounds that display huge varieties of pharmacological
activities, including antiviral, hepatoprotective, anticancer,
and anti-inflammatory [15,17]. Though there are two forms
of biflavonoids, the C–O–C type biflavonoids are known for
some attractive therapeutic potentials due to the combina-
tion of two flavonoid moieties [15]. Drug discovery and
design through computational methods have been identi-
fied as faster, cheaper, and efficient alternatives, especially
when there is an urgent need for a new therapeutic arsenal
to treat or manage the outbreak of an ailment [26]. In this
study, molecular docking studies identified lophirone L,
delicaflavone, lanaroflavone, pulvinatabiflavone, and och-
naflavone as the potential influenza NAIs with good binding
affinities compared to zanamivir. All the hit molecules
established good hydrogen bonds and hydrophobic, pi,
and electrostatic interactions with the amino acid resi-
dues at the active site of influenza NA. These interactions
contribute to the good binding affinity, inhibitory poten-
tial, and stability elicited by the hit C–O–C type biflavo-
noids against the influenza NA enzyme.

The molecular dynamics simulation studies showed
that most of the hit biflavonoids selected attained stability
with slight fluctuations observed throughout the 100 ns
simulation period. The RMSD and RMSF plots of protein–
ligand complexes provide relevant information on the sta-
bility of the ligand at the protein’s binding pocket and the
dynamic behavior of the phytochemical with the influenza
NA enzyme throughout the 100 ns simulation period [26].
In terms of stability, the ligands were reasonably stable
throughout the simulation period, indicating that they
can effectively inhibit influenza NA.

The contact plot of the protein–ligand complexes showed
that the hit C–O–C biflavonoids formed important water
bridges, hydrogen bonds, and hydrophobic interactions,
which are incredibly relevant to their drug candidacy.
Hydrogen bonds are crucial in protein–ligand binding,

Table 3: Calculated frontier molecular orbital properties of selected biflavonoids

Ligands EHOMO (eV) ELUMO (eV) ΔEgap (eV) µ (eV) χ (eV) ω (eV)

Lophirone L −5.72 −1.90 3.89 3.81 3.80 −3.81
Delicaflavone −5.89 −1.89 4.00 3.89 3.78 −3.89
Lanaroflavone −5.91 −2.25 3.66 4.08 4.54 −4.08
Pulvinatabiflavone −5.86 −1.76 3.89 3.91 3.53 −3.91
Ochnaflavone −6.01 −2.02 3.99 4.02 4.05 −4.02

ΔEgap = energy gap; µ = chemical potential; χ = electronegativity; ω = electrophilicity index.
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Figure 6: Showing the RMSD of 3TI5 (blue-Cα, green backbone) in complex with (Aa) delicaflavone, (Ba) lanaroflavone, (Ca) lophirone, and (Da)
ochnaflavone, (Ea) pulvinatabiflavone in red color. The RMSF of 3TI5 (blue-Cα, green backbone) in complex with (Ab) delicaflavone, (Bb) lanaroflavone,
(Cb) lophirone, (Db) ochnaflavone, and (Eb) pulvinatabiflavone where the interaction of the protein with ligand residues is shown in green lines.
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Figure 7: Showing the simulation interaction diagram of 3TI5 in complex with (a) delicaflavone, (b) lanaroflavone, (c) lophirone L, (d) ochnaflavone,
and (e) pulvinatabiflavone where we have shown the interactions and histogram for the count of interactions.
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absorption, and metabolism of drug candidates. These phy-
tochemicals’ ability to establish hydrogen bonds in the simu-
lated system showed that they may quickly be metabolized
when taken into the biological system to treat the influenza
virus. Furthermore, the hydrogen bond formation with the
influenza NA residues may have resulted from the abun-
dance of hydroxyl and carbonyl groups on the biflavonoids.
The huge water bridge formation between the hit biflavo-
noids and the enzyme showed that they could efficiently
metabolize and interact extensively with the amino acid
residues at the enzyme’s binding site.

The pharmacokinetic prediction assessed the hit sec-
ondary metabolites’ solubility, human intestinal absorp-
tion, bioavailability, hepatotoxicity, and carcinogenicity
properties. All the chemical compounds that demonstrated
good inhibitory potential against influenza NA exhibit good
solubility and human intestinal absorption properties similar
to oseltamivir and better than zanamivir. The top-ranked inhi-
bitors showed a good bioavailability score compared to zana-
mivir and were considered non-carcinogenic compounds and
non-toxic to the liver. Also, the frontiermolecular orbital prop-
erties of the hit secondary metabolites showed that they
exhibit good pharmacological properties.

Several studies have identified the C–O–C biflavonoids
as good antiviral, antibacterial and antimicrobial agents
[15]. The hit biflavonoids comprise two flavonoid units
mainly dominated by luteolin and apigenin moieties. Sev-
eral reports have established the excellent efficacy of the
flavonoid units as potent antiviral agents [27,49–51]. Vacca
et al. [52] evaluated some selected flavonoids’ in silico NAI
properties and ranked apigenin as one of the hit molecules
with a binding affinity lower than those obtained for the
C–O–C biflavonoids. Hence, the presence of two flavonoid
units in the potential influenza NAIs identified in this study
may have contributed to their high binding affinities, such
that they have a higher possibility of working synergisti-
cally with each other.

5 Conclusion

The study examined the influenza NAI potential of natu-
rally occurring C–O–C biflavonoids. A molecular docking
study was conducted to select potential drug candidates
against the target receptor. Lophirone L, delicaflavone,
lanaroflavone, pulvinatabiflavone, and ochnaflavone were
identified as new therapeutic agents that may effectively
inhibit the enzyme’s actions in normal subjects. The natu-
rally occurring biflavonoids formed important hydrogen
bonds, water bridges, and hydrophobic interactions with

the amino acid residues of the enzyme throughout the
100 ns simulation period. Also, the DFT, RMSD, and RMSF
plots showed that all the selected hit molecules were reason-
ably stable in the enzyme’s binding pocket. Additionally, the
biflavonoids showed good bioavailability and pharmacoki-
netic properties compared to the reference drugs. Also, the
density functional theory calculations identified the biflavo-
noids as potential inhibitors against influenza NA. The inhi-
bitory potential of the selected biflavonoids can be further
substantiated through in vitro and in vivo pharmacological
studies.
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