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Abstract 
The coronavirus SARS-CoV-2 has caused a pandemic with > 550 millions of cases and > 6 millions of deaths worldwide. 
Medical management of COVID-19 relies on supportive care as no specific targeted therapies are available yet. Given its 
devastating effects on the economy and mental health, it is imperative to develop novel antivirals. An ideal candidate will be 
an agent that blocks the early events of viral attachment and cell entry, thereby preventing viral infection and spread. This 
work reports functionalized titanium dioxide  (TiO2)-based nanoparticles adsorbed with flavonoids that block SARS-CoV-2 
entry and fusion. Using molecular docking analysis, two flavonoids were chosen for their specific binding to critical regions 
of the SARS-CoV-2 spike glycoprotein that interacts with the host cell angiotensin-converting enzyme-2 (ACE-2) receptor. 
These flavonoids were adsorbed onto  TiO2 functionalized nanoparticles (FTNP). This new nanoparticulate compound was 
assayed in vitro against two different coronaviruses; HCoV 229E and SARS-CoV-2, in both cases a clear antiviral effect was 
observed. Furthermore, using a reporter-based cell culture model, a potent antiviral activity is demonstrated. The adsorption 
of flavonoids to functionalized  TiO2 nanoparticles induces a ~ threefold increase of that activity. These studies also indicate 
that FTNP interferes with the SARS-CoV-2 spike, impairing the cell fusion mechanism.

Key points/Highlights
• Unique TiO2 nanoparticles displaying flavonoid showed potent anti-SARS-CoV-2 activity.
• The nanoparticles precisely targeting SARS-CoV-2 were quantitatively verified by cell infectivity in vitro.
• Flavonoids on nanoparticles impair the interactions between the spike glycoprotein and ACE-2 receptor.

Keywords Nanoparticulate compound · Hesperetin-7-rutinoside · Flavanone-7-O-glucoside · SARS-CoV-2 spike 
glycoprotein

Introduction

Recently, the search for an effective cure for viral diseases 
like severe acute respiratory syndrome coronavirus (SARS-
CoV-2) has dramatically increased. In November 2021, 
Pfizer developed a combinational antiviral oral medication 
(PAXLOVID, which inhibits viral replication by targeting 
the 3CL protease, thus preventing progression to severe 
COVID-19 (Center for Drug Evaluation 2022). It is impor-
tant to note that current and other existing drugs do not pre-
vent SARS-CoV-2 entry or cell-to-cell spread which leads 
to the clinical manifestations. In addition, with the recent 
emergence of highly pathogenic variants of SARS-CoV-2, 
there is a genuine concern that multiple new escape 3CL 
variants could emerge in the future and may lead to severe 
epidemic rebounds. Although the COVID-19 vaccine has 
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proven vital in in preventing severe disease and controlling 
the pandemic’s natural history, the development of specific 
antiviral drugs to treat this disease is still imperative. Since 
SARS-CoV eradication is highly unlikely, there is an urgent 
need for an agent that can intervene in the very first steps of 
interactions between the SARS-CoV-2 and host cell recep-
tor. In this regard, drug repurposing has been a common 
alternative due to the urgent nature of the problem. A com-
mon strategy for selecting potential drugs has been the iden-
tification of molecules with the potential to interact with 
human proteins—presumable viral targets—, to disrupt the 
infective interaction. This is the case with anticancer drugs 
(e.g., midostaurin, daunorubicin, ponatinib, silmitasertib), 
antiepileptic agents (valproic acid), chaperones (miglastat), 
structural-interaction analogs (melatonin, mercaptopurine, 
sirolimus, toremifene, emodin, etc. (Zhou et al. 2020)), 
antiparasitic (ivermectin (Caly et al. 2020), and antima-
larial medications (e.g., chloroquine and hydroxychloro-
quine which supposedly interact with SARS-CoV-2 Sigma 
receptor (Alexander et al. 2020), alone or in combination 
with other agents, like antibiotics (i.e., azithromycin, which 
allegedly shares a common mitochondrial target protein 
with SARS-CoV-2 (Tyszka et al. 2020). Although certain 
drugs (like antimalarial) have been highly publicized, their 
therapeutic benefit has not been demonstrated to be signifi-
cant. Interestingly, the broad-spectrum antiviral remdesivir 
(effective against Ebola, Nipah, respiratory syncytial virus 
family) has shown to be efficacious in shortening the recov-
ery time (from 15 to 10 days) in hospitalized adult patients 
with severe COVID-19 (Awadhesh et al. 2020). Remdesivir 
became the first drug to receive emergency use authorization 
from the U.S. Food & Drug Administration to treat hospi-
talized patients with COVID-19. However, remdesivir has 
shown to be effective only in patients with severe disease 
(i.e., requiring mechanical ventilation,  O2 saturation < 94% 
breathing ambient air or respiratory rate ≥ 24 bpm). In con-
trast, a comprehensive review recently published of repur-
posed antiviral drugs trials against COVID-19 indicates 
that hydroxychloroquine, lopinavir, and interferon regi-
mens appeared to have essentially no effect on hospitalized 
COVID-19 patients, as indicated by overall mortality, ini-
tiation of ventilation, and duration of hospital stay (Kausar 
et al. 2021).

A novel approach with great therapeutic potential is based 
on the use of nanoparticles (NPs) designed to mimic heparan 
sulfate proteoglycans (HSPG). HSPG are highly conserved 
viral attachment ligands (Tiwari et al., 2020); thus, HSPG-
based NPs are intended to promote associations with the 
virus to induce irreversible deformations of its structural 
proteins reducing its infectivity. Numerous studies ranging 
from in vitro virucidal assays, electron microscopy imaging, 
and molecular dynamics simulations support this mechanism 
of action (Cagno et al. 2019). Furthermore, recent reports 

indicate that this irreversible antiviral activity of NPs against 
several types of viruses takes place without inducing cyto-
toxic effects on the host cell. A robust body of evidence indi-
cates that within therapeutic ranges, the use of  TiO2 NPs has 
shown essentially no negative side effects (European Food 
Safety Authority; EFSA 2019). Reports of ZnO NPs antivi-
ral activity include a variety of viruses like Zika (Fisher and 
Phillips 2008), herpes simplex type 1 (HSV-1) (Mishra et al., 
2011), human papillomavirus, respiratory syncytial, dengue 
(Cho et al. 2014), influenza H1N1 (Mishra et al. 2011), and 
avian influenza (Moulick et al. 2017). More recently, non-
functionalized  TiO2 NPs have been successfully used to 
inactivate the influenza virus, presumably through a similar 
mechanism of action (Mazurkova et al. 2010). What is even 
more intriguing is that nanotechnological approaches based 
on silver have been effectively used against SARS-CoV-2 
(Pilaquinga et al. 2021). In addition, functionalized carry-
ing bioactive molecules have been used with high specific-
ity for SARS-CoV-2. However, most of these studies have 
been aimed at the development of vaccines and viral antigen 
detection systems (Jamalipour and Iravani 2021).

An alternative biotechnological approach using second-
ary metabolites like flavonoids and terpenes has recently 
emerged with great therapeutic potential against viral dis-
eases. This is the case of the flavonoids apigenin, dios-
metin, luteolin, acacetin, chrysoeriol, and their respective 
glycosides, which have been reported to exhibit effective 
antiviral activities in several diseases (Sharma et al. 2020). 
Furthermore, the therapeutic potential of some flavonoids 
has already been reported against SARS-CoV-2 (Table 1). 
Terpenes have also been found to be active against a wide 
variety of viruses, particularly against coronaviruses, and 
with low cytotoxicity as well (Boukhatem 2020). Possible 
mechanisms of action of flavonoids and terpenoids include 
inhibition of virus replication by glycosylation of viral pro-
teins and infectivity reduction through interactions with 
viral envelope lipids (Paduch et al. 2007). Consequently, 
the specific and wide-ranging antiviral activities of these 
metabolites could offer a powerful alternative to improve 
the efficacy of antiviral therapy.

The main goal of the present study was to evaluate the 
antiviral effects of a nano-biotechnological approach result-
ing from the combination of these emerging therapeutic 
strategies. To this end, molecular docking analysis was con-
ducted to design a mix of flavonoids to be adsorbed on func-
tionalized  TiO2 NPs. Their antiviral activity was evaluated 
against CHoV-229E and SARS-CoV-2, both viruses belong-
ing to the family Coronaviridae, by measuring the survival 
of virus-infected cells, viral titration, and protein–protein 
interaction in the presence of different concentrations of 
functionalized  TiO2 NPs. Our experimental results indi-
cate that flavonoids adsorbed onto functionalized  TiO2 
NPs (FTNP) exhibit a dramatic concentration-dependent 
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antiviral effect against COVID-19. Based on our spike gly-
coprotein–mediated cell-to-cell fusion results, a molecular 
mechanism of action is proposed.

Material and methods

Molecular docking studies

SARS-CoV-2 spike glycoprotein (open and closed configura-
tions; PDB (Berman et al. 2000) ID codes 6VYB and 6VXX 
(Walls et al. 2020), respectively) with the flavonoid ligands, 
hesperetin 7-rutinoside (H7R) and flavanone-7-O-glucoside 
(F7G) (PubChem ID: 10,621, 442,428, respectively) were 
studied using the open-source program Autodock Vina (Trott 
and Olson 2010). Ligands with lower energy conformations 
were built with MarvinSketch (20.20 from Chemaxon) 
(ChemAxon 2019). Structures along with all the analyzed 
ligands were set up in Chimera UCSF (Pettersen et al. 2004) 
using the Autodock Vina plugin. Glycosylated conforma-
tions were obtained from CHARMM-GUI web server (Lee 
et al. 2016) and aligned with spike closed state conformation 
(6VXX) to use the same values on Autodock Vina. Grid box 
center was placed on coordinates: (220.18, 209.02, 244.48) 
and box sizes of 124.03 × 132.00 × 70.24 Å3 for 6VXX and 
124.03 × 132.00 × 81.11 Å3 for 6VYB (increment of 10 Å on 
Z-axis was due to its higher length on this axis) were used. 
Box size was chosen to ensure the entire protein domains of 
open and close states were included. One hundred independ-
ent runs for every compound were conducted for each pro-
tein conformation state. Preferred conformation from all the 
independent runs was obtained by comparing all analytical 
outputs to the first one and calculating its root mean square 
(RMS) deviation. An RMS value of 2 Å was used as a cutoff 
to group all the conformations.

Molecular dynamics studies

A representative docking snapshot was chosen for molecu-
lar dynamics simulation of the closed conformation state 

(6VXX). To this end, three molecular dynamics simu-
lations were conducted: free protein, protein/H7R, and 
protein/F7G in the elected conformation from molecular 
docking. All systems were preprocessed using the input 
files obtained from CHARM-GUI server and simulated 
with the free version of the molecular simulation program 
CHARMM44b2 (Brooks et al. 2009). A cubic solvation box 
was built around each molecular system with a 10-Å mar-
gin from the longest axis. A molecular dynamic of 100 ns 
was conducted using 2-fs increments at 310.15°K, in a 
0.15 M KCl aqueous solution with a pH of 7. All systems 
were done using GROMACS2019.6 (Abraham et al. 2015) 
with CHARMM36 parameters (Huang et al. 2017). Cluster 
analysis was performed using a gmx cluster command with 
a cutoff of 1.75 Å with the GROMOS method. Interaction 
maps were created with Maestro (Schrödinger 2021).

NPs preparation and functionalization

TiO2 NPs were prepared by an adsorption process as previ-
ously described (León 2014, 2016, 2019). The resulting  TiO2 
particles had a size ranging between 1 and 100 nm. Func-
tionalized  TiO2 NPs were obtained by sequential addition 
of solutions containing the functional groups (i.e., hydroxyl, 
phosphate, sulfate, chloride, amino, methyl, and folate). 
These solutions were slowly dripped into the NPs suspen-
sion that was constantly stirred at 400 RPM. Between each 
solution, the suspension was allowed to settle for 30 min, to 
favor the complete adsorption of the functional groups to the 
NPs. These functionalized NPs were characterized by X-ray 
diffraction (XRD). XRD measurements show that  TiO2 NPs 
exhibit the anatase structure with an average grain size of 2 
(± SD) nm. This size was confirmed by transmission elec-
tron microscopy (TEM) (Figure S4).

Extraction of flavonoids and terpenes

Flavonoids and terpenes were extracted in two steps, etha-
nolic and filtration, as previously described (León 2014, 
2016, 2019). Briefly, 70% ethyl alcohol solution was first 

Table 1  Significance of 
flavonoids for generating 
broad-spectrum targets against 
SARS-CoV-2

Flavonoids SARS-CoV-2 target References

Baicalin, herbacetin, pectolinarin 3 C-like protease (3CLpro) (Jo et al. 2020)
Quercetin Antiviral (Colunga Biancatelli et al. 2020)
Quercetin Papain-like protease (PLpro) (Park et al. 2017)
Quercetin and its derivatives Helicase (Keum and Jeong 2012)
Cyanidin, delphinidin ACE-2 (Ojeda et al. 2010)
Epigallocatechin gallate ACE-2 (Guerrero et al. 2012)
Hesperetin, myricetin Helicase and protease (Ngwa et al. 2020)
Catechin gallate SARS-CoV N protein (Roh 2012)
Isorhamnetin-3-O-rutinoside SARS-CoV-2 protease (Dubey and Dubey 2020)
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slowly added to the source of flavonoids and terpenes (seeds, 
leaves, peels, and shells of selected fruits, like grape, tange-
rine, orange, grapefruit, lemon, and guava) while it was con-
stantly stirred at about 400 RPM, at a temperature between 
30 and 50 °C, for 24 to 48 h. Then, the organic residues 
recovered during the first stage were mixed with distilled 
water, placed in a steam distillation apparatus, and heated 
between 100 and 130 °C. The resulting vapor was transferred 
to another flask containing the herbal residue and maintained 
at a temperature between 40 and 60 °C. The resulting liquid 
was mixed with the one obtained in the first step. The final 
mixture was incubated at room temperature for 12 h. Extract 
composition, shown in Table 2, was determined by FT-ICR 
MS (BRUKER model: solariX) equipped with quadrupole 
detection (Figure S5).

Hesperetin 7-rutinoside and flavanone-7-O-glucoside 
were obtained from Sigma-Aldrich (Cat. 1,304,377 and 
91,842 respectively).

Adsorption process

Organic extracts particles of molecular size ranging 
between 0.3 to 10 nm were adsorbed to the functional-
ized  TiO2 NPs surface through an impregnation process 
as previously described (León 2014, 2016, 2019). This 

adsorption procedure requires a molecular surface area of 
the oxide-containing substrate to be ≥ 50  m2g−1. For the 
adsorption, functionalized  TiO2 NPs suspension was grad-
ually added into a flask containing an aqueous solution of 
70% extracts, under continuous stirring (100 ~ 400 RPM) 
for 24 h. The flavonoids adsorbed  TiO2 NPs (FTNPs) were 
stored at room temperature until used.

Viruses and cells

Cell culture

Cells were cultured in 25-cm2 petri dishes. Vials contain-
ing 1 mL of cells suspension (Table 3) were thawed, fol-
lowed by the addition of 4 mL Gibco Minimum Essential 
Media (MEM) 1 × and 10% fetal bovine serum. Then, cells 
were incubated under standard culture conditions (37 °C in 
a humidified atmosphere containing 5%  CO2). Cells were 
detached immediately after reaching 100% confluence with 
10% of trypsin, split in two and 10% bovine fetal serum 
was added to stop trypsinization. MEM 1 × (4 mL) was 
added and cells were incubated under standard culture 
conditions.

Table 2  Composition of the organic extract and its mass spectrometry data

Flavonoid Analyte mass Fragment ions (m/z) Adduct

Hesperetin 7-rutinoside (H7R) 610.6 773.50, 774.51, 775.51 [Glycosil + H]
Flavanone-7-O-glucoside (F7G) 581.17 707.59, 708.59, 709.60 [-H+ + 65Cu2+ + 2CH3OH]
Terpene
Limonene (1-methyl-4-prop-1-en-2-ylcyclohexene) 136.24 137.13 [M + H]
Pinene (2,6,6-trimethylbicyclo[3.1.1]hept-1-ene) 136.24 137.13 [M + H]
Caryophyllene ((1R,4E,9S)-4,11,11-trimethyl-8-methyl-

idenebicyclo [7.2.0]undec-4-ene)
204.36 205.19 [M + H]

Linalool (3,7-dimethylocta-1,6-dien-3-ol) 154.25 155.14 [M + H]
Citronellol (3,7-dimethyloct-6-en-1-ol) 156,27 157.15 [M + H]

Table 3  Viral strains and cell lines used in this study

Collection Virus strain Classification

ATCC (VR-740) CHoV-229E Coronaviridae, coronavirus
Virus isolated in the Navy Hospital, 

Mexico
GISAID Accession ID: EPI_

ISL_8930099

SARS-CoV-2
Delta variant (B.1.617.2)

Coronaviridae, betacoronavirus, severe acute respiratory 
syndrome-related coronavirus 2

Collection Cell line Derivation
ATCC (CCL-7) LLC-MK2 Original (Macaca mulatta) rhesus monkey
ATCC (CCL-81) Vero E6 (Cercopithecus aethiops) African green monkey kidney monkey
ATCC (CCL-171) MRC-5 (Homo sapiens) lung tissue of a 14-week-old male fetus
ATCC (CCL-61) CHO-K1 (Cricetulus griseus) hamster
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Viral culture

Cells were grown in 75-cm2 boxes until reaching 80% con-
fluence. They were infected with the corresponding virus 
(Table 3) and incubated under standard culture conditions. 
Cells showing signs of cytotoxicity (i.e., syncytia formation) 
were scraped for cell lysis and release of viral particles. Cells 
lysate and viral particles were collected and stored at − 72 °C 
until being used.

Solutions

Minimum essential medium (MEM 10 ×) with Earle’s 
salts, L-glutamine, and non-essential amino acids without 
 NaHCO3. Fetal bovine serum, free of endotoxins, mycoplas-
mas, and viruses, 0.1 mL, sterilized by filtration. Trypsin 
0.25 M and versene 0.1% solutions were made in phosphate 
saline solution without added  Ca2+ and  Mg2+.

Lytic plaque viral titration

Cells grown in 24-well plates until reaching 80% conflu-
ence were washed with isotonic saline and added with 
1 mL MEM. Immediately before the assay, the medium 
was replaced with virus-containing fresh MEM at differ-
ent dilutions. For each of the four plates rows, viral harvest 
was added to each well at progressively higher dilutions (in 
a 1:9 dilution for the first well), up to the last one which 
contained no virus (negative control). After 2-h incubation 
under standard culture conditions, cells were washed with 
saline solution, added with 1 mL MEM, and incubated for 
48 h under similar conditions. After this period, cells were 
washed and 200 µl of alcohol-acetone mixture (1:2) was 
added for 10 min, the excess was removed and left to dry. 
Lastly, cells were incubated for 1 min in 1% violet crystal 
solution, washed with tap water, and the lytic plaques (or 
presence of syncytia) were examined and counted.

qRT‑PCR

Viral RNA was extracted from culture using ScienCell’s 
SARS-CoV-2 Coronavirus Real-time RT-PCR (qRT-PCR) 
Detection Kit (CVPD) and stored at − 80 °C until further 
analysis. The extracted viral RNA was quantified using the 
same ScienCell™ detection kit (Cat-7038) and CFX96 and 
CFX384 Real-Time System (Bio-rad) with a TaqPath™ 
1-step qRT-PCR Master Mix, CG, 4 × (Thermo Fisher, Cat-
A15299). Three primer/probe sets were used (Cat-7038-N1, 
7038-N2, and 7038-N3) that target the conservative regions 
of coronavirus nucleocapsid (N) gene, the Human RPP30 
gene primer/probe set (Cat-7038-RP) that targets exon 
1 of human RPP30 gene and serves as a control to assess 
specimen quality, a non-infectious DNA positive control 

(Cat-7038-Pos) to ensure reagents and instruments are 
working properly, and a negative human specimen extrac-
tion control (human RNA extract from non-infected samples, 
Cat-7038-Hsc) for assessing reverse transcription.

Cell viability

XTT Cell Viability Assay kit (Biological Industries Crom-
well, CT, USA) was used per manufacturer’s instructions. 
Briefly, Vero E6 cells, seeded in 96-wells plates at a conflu-
ence of 100%, were infected with the SARS-CoV-2 virus 
(multiplicity of infection = 1.0) previously incubated with 
functionalized NPs for 5 min at room temperature. NPs sus-
pension was made at subsequently larger dilutions (1 ×  10−1 
to 1 ×  10−11). Plates wells were inoculated with NPs by quad-
ruplicate and incubated for 48 h under standard culture con-
ditions. Cellular metabolic activity was measured as optical 
absorbance at 450 nm wavelength.

Luciferase‑based reporter assay

A standard virus-free, cell-to-cell fusion assay was per-
formed as described previously (Tiwari et al. 2004). Briefly, 
the target CHO-K1 cells were co-transfected with human 
ACE-2 receptor (2.0 µg) and the luciferase gene (0.5 µg) 
using lipofectamine 2000 (Invitrogen, Waltham, MA). In 
parallel, the effector CHO-K1 cells were transfected with 
SARS-CoV-2 spike (2.0  µg) and T7 RNA polymerase 
(0.5 µg). After 24 h post-transfection, effector cells were 
treated with  TiO2 NPs and or mock-treated with (1 × PBS) 
before mixing with the target cells. The extent of cell-to-cell 
fusion was quantified using a reporter lysis assay (Promega, 
Madison, WI) 24 h post-mixing of the target and effector 
cells.

Syncytia formation

A syncytia formation assay was carried out to determine 
the effect of  TiO2 on multinucleated cell formation as previ-
ously described (O’Donnell and Shukla 2009). Target cells 
expressing human ACE-2 receptor (2.0 µg) and 0.5 µg of 
a plasmid expressing cyan fluorescent protein (CFP) fused 
with a nuclear localization signal (NLS) (Clontech, Moun-
tain View, CA) were co-cultured with the  TiO2 pre-treated 
effector cell expressing spike (2.0 µg) and 0.5 µg of a red 
fluorescent protein (RFP) fused with a nuclear export signal 
(NES) (Hu et al. 2005). Syncytia number and images were 
captured 24-h post-mixing with a 63 × objective on a line-
scan confocal microscope (Lecia DMIRE2) equipped with 
a camera (Lecia TCSSP2).
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Statistics

All tests were done at least in triplicate. GraphPad-Prism® 
software (version 9.0.0) was used for graphing and statisti-
cal analyses. Error bars obtained from quadruplicate testing.

Results

Based on an extensive literature search for natural com-
pounds with antiviral activity (Boukhatem 2020; Kaul et al. 
2021; Orhan and Deniz 2020; Tsuchiya et al. 1985), we dis-
carded those reported to have high cytotoxic effects. Of the 
remaining compounds, we focused on those with activity 
on viruses similar to SARS-CoV-2, specifically viruses of 
the Coronaviridae family. The resulting group consisting of 
flavonoids and terpenes was then used for molecular docking 
analyses. The two final ligands, H7R and F7G, were selected 
since they exhibited the lowest affinity energy, and there-
fore the highest affinity. In addition, their binding region 
is located on sites that could be key to the function of the 
spike protein.

Molecular docking studies

To investigate the molecular mechanism by which our 
ligands of interest (i.e., flavonoids or terpenes) interfere 
with the coupling between the SARS-CoV-2 spike and the 
human ACE-2 receptor, protein–ligand molecular docking 
analyses were conducted. Specifically, the affinity energy 
of the flavonoids or terpenes binding to different possible 
sites of the spike was measured. Open-and-close configu-
rations of SARS-CoV-2 spike were used as targets for the 
analyses. A total of 100 independent docking evaluations 
were conducted with each ligand binding to the spike in 
both, the open and close configuration, to determine the 
most favorable position for each compound. All our analy-
ses were based on the most populated conformation for each 
complex. Table 4 shows the molecular fraction (expressed 
as percentage) of selected compounds bound to either the 
open (PDBID: 6VYB) or close (PDBID: 6VXX) configura-
tion of SARS-CoV-2 spike, as well as their corresponding 
affinity energy.

As indicated by the low-affinity energy values, H7R and 
F7G exhibited high binding affinity. All of the spike protein 
residues located within 5 Å from both ligands were included 
in the analysis. These residues were also mapped in the spike 
structure (Fig. 1a), as well as in their corresponding interac-
tion maps (Fig. 1b).

The molecular structures shown as ribbon-spheres dia-
grams were generated with VMD v.1.9.4a43 (Humphrey 
et al. 1996). This molecular modeling software allowed 
us to choose or hide specific regions of the molecules to 
emphasize their binding properties. However, the energy 
calculations were conducted with the entire molecule. We 
hypothesized that these residues in the open structure are 
critical in the dynamic behavior of the spike protein.

These critical spike amino acids are shown in Fig. 1b, 
interacting with the flavonoid ligands F7G and H7R in the 
open-and-closed configurations of the protein. The spe-
cific regions of the protein are indicated on red and orange 
spheres.

Previous studies indicate that the ACE-2 receptor-binding 
domain (RBD) of the SARS-CoV-2 spike is formed by one 
half of each of the S trimers (Benton et al 2020). This RBD 
is shown in Fig. 2a, where the lower part of S1 is located in 
the binding site of H7R and F7G of the open state configu-
ration (6VYB; residues 541, 545–550, 567, 570–573, and 
587–590 of one chain and residues 740–746, 856, 857, 963, 
966, 967, 975–977, 979, and 1000 of the opposite chain). 
Our molecular docking analysis revealed two specific bind-
ing regions for H7R and F7G in the open and close states, 
which are formed by the joint between the bottom of the S1 
domain and by the top of the S1 domain. Specifically, these 
regions are formed by residues 54, 86–89, 108, 114, 115, 
196–200, 232–236 on any chain and residues 353, 454, 462, 
463, 464, 465, 466, 467, 468 of the adjacent chain.

These results would suggest that both flavonoids may 
disrupt the interactions between SARS-CoV-2 spike and 
ACE-2, through binding to residues located in different 
chains. Specifically, F7G may interfere with the interac-
tions between ALA570:B and VAL963:C, ASP571:B and 
SER967:C, THR572:B and ASN856:C and VAL963:C 
on the open state and between PRO463:B and ASP198:C, 
PHE464:B and ASP198:C, ARG466:B and GLN115:C and 
GLY232:C, ILE468:B and GLN115:C in the close state.

Based on our results, we expected that H7R and F7G 
bind to the top of the spike protein near the binding region 
with ACE-2. Even when they do not seem to block the spike 
protein-ACE-2 interaction, they may interfere or inhibit the 
necessary movement of the top region of the spike pro-
tein (Fig. 2b) by interfering with the residues mentioned 
before. The inhibition of this movement may block the cor-
rect exposition of the binding region with ACE-2, thereby 
preventing coronavirus-19 infection. Furthermore, H7R 
and F7G bind to the spike protein in the open-state near the 

Table 4  Affinity energy (kcal  mol−1) and percentages (on parenthe-
sis) for the compounds selected in this study

Flavonoid 6VYB 6VXX

Hesperetin 7-rutinoside 
(H7R)

(35%) − 9.26 ± 0.29 (58%) − 9.89 ± 0.15

Flavanone-7-O-glucoside 
(F7G)

(33%) − 9.04 ± 0.08 (30%) − 9.40 ± 0.11
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N-terminal domain, which is located near the region previ-
ously reported by others (Benton et al. 2020). These results 
indicate that both ligands may disrupt the movement needed 
for spike protein S1 domain to separate from S2 core Fig. 2b. 
Together, both effects (at the top and bottom on S1) may 
inhibit COVID-19 infection in human cells by interfering 
with the native movement of the spike protein.

Molecular dynamic

Molecular dynamics were conducted to test the stability 
of the protein–ligand complexes found with our molecular 
docking analysis (see supplementary material). Simula-
tions were performed in the following three conditions: 
free protein, protein/H7R, and protein/F7G. All systems 
were simulated during 100 ns. To evaluate the complex 
stability, α-carbon root mean square deviation (RMSD) 
from the initial structure was calculated. RMSD evolution 
during the simulation is shown in Figure S1, where it can 
be observed regions with a drifting behavior in the final 

10 ns (6VXX). A root mean square fluctuation (RMSF) 
analysis of the final 40  ns of each simulation showed 
that there are regions with more movement than others 
(data not shown). The more mobile regions correspond 
to the first and last 15 amino acids (amino and carboxyl-
terminal) and to a loop (676–689) in the middle section 
of the SARS-CoV-2 spike structure. Figure S1 shows the 
RMSD calculation without these more mobile regions 
(reduced α-C), which supported the conclusion that the 
RMSD behavior observed on all α-carbons was due to the 
movement of these regions. Based on this observation, the 
final 40 ns of each simulation was used for the subsequent 
analysis.

Cluster analysis was conducted to find a set of representa-
tive structures for each simulation. The selected cluster had 
at least 68% of the analyzed conformations (free protein 
68%, protein/H7R 92%, and protein/F7G 68%). The middle 
structure of each cluster was analyzed for any protein–ligand 
interactions. Figure S2 and figure S3 show the interaction 
maps and three-dimensional interactions between 6VXX and 

Fig. 1  a The binding sites of 
the selected flavonoids (H7R 
and F7G) to SARS-CoV-2 spike 
glycoprotein. Distinct confor-
mational of spike glycoprotein 
chains in RBD closed (receptor 
inaccessible) and open (receptor 
accessible) states are shown on 
orange and red, respectively. 
b H7R and F7G interaction 
maps with SARS-CoV-2 spike 
glycoprotein in the open (top 
panel) and close (bottom panel) 
configurations. Spike glycopro-
tein amino acid colors in the 
interaction maps, represent their 
properties: negatively charged 
in red, positively charged in 
dark blue, hydrophobic in green, 
and polar in light blue. Molecu-
lar docking (MD) studies were 
conducted using Autodock 
Vina, MarvinSketch to convert 
2D to 3D structures, visual 
molecular dynamics (VMD) 
was used to generate molecular 
images; while computational 
modeling using Maestro 
(Schrödinger 2021–4) were used 
for the detection of molecular 
ligand-receptor interactions
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the ligands H7R and F7G. We concluded that those interact-
ing amino acids found with docking analysis that remained 
in close molecular interaction throughout the molecular 
dynamics simulation, constitute (at least partially) the bind-
ing site for H7R and F7G. Specifically, those amino acids 
were, for H7R: F464, E465, R466, D467, and I468 in chain 
A and T114, Q115, G232, I233, N234 on chain B; while for 
F7G: R466 in chain B and Q115, G232, and I233 in chain C.

Some interactions from molecular docking were lost in 
the molecular dynamic simulations, as expected from the 
molecular movement of sugar chains, interacting ions, and 
the protein itself. However, it is important to note other 

interactions with both ligands exhibited a high level of sta-
bility in the binding site. The additional interactions found 
in the simulations and shared by both ligands were V130, 
T167, F168, P230, I231 on one chain and N354, R355, 
K356, R357, and Y396 on the subsequent chain. H7R 
formed hydrogen bonds with I231, R355, R466 (as a donor 
of hydrogen bond), and with R466 and T167 (as an accep-
tor of hydrogen bond) (Fig. S2). Meanwhile, F7G inter-
acted with Q115, E169, P230, I231, and R355 (as a donor 
of hydrogen bond) and with T167 and R466 (as an acceptor 
of hydrogen bond). As noted, the number of hydrogen bonds 
was higher in H7R than in F7G. Hydrogen bond analysis 
along the 40 ns of molecular simulations showed that H7R 
had 5.78 ± 1.29 and F7G had 2.89 ± 1.40 hydrogen bonds. 
These results showed that both ligands, H7R and F7G, bind 
stably to SARS-CoV-2 spike.

Effects on CHoV‑229E and SARS‑CoV‑2 infectivity

We investigated the FTNPs effects on CHoV-229E infectiv-
ity under in vitro conditions. To this end, confluent MRC-5 
cells were infected with CHoV-229E at an infectious multi-
plicity of 1.0 (M.O.I. = 1.0) and incubated for 72 h. In par-
allel experiments, untreated MRC-5 cells (seeded at a den-
sity of 1.2 ×  106/dish and cultured for the same time) were 
used as a negative control. Under these conditions, CHoV-
229E-infected cells exhibited clear signs of infection, which 
consisted of cellular rounding, refractiveness, detachment, 
and loss of confluence. Negative control (uninfected) cells 
did not show any of these signs. In a similar assay using 
VERO.E6 cells, it was observed that the virus decreased six 
orders of magnitude when pre-incubated with FTNP (from 
6 ×  1010 to 3 ×  104 PFU). The assays were performed in trip-
licate using 24-well plates and minimum essential medium 
(MEM) supplemented with 1.5% carboxymethyl cellulose 
(Figure S6).

To determine if FTNPs could prevent or reduce CHoV-
229E replication, 1.2 ×  106 viral particles were incubated 
first with FTNP for 60 s at a 1:4 dilution and added to 24 h 
cultured MRC-5 cells. After 48 h, MRC-5 cells still exhib-
ited signs of infection (i.e., cellular rounding, detachment, 
loss of confluence; better known as cytopathic effect) but 
to a considerably lesser extent. These signs of cytopathic 
infection, however, essentially disappeared when CHoV-
229E were pre-incubated with FTNP at higher concentra-
tion (i.e., 1:2 dilution). To verify the level of viral infection 
under these different conditions, the presence of CHoV-
229E was determined by qRT-PCR assays. The presence of 
CHoV-229E in infected cells in the absence of FTNP was 
confirmed, while in the presence of FTNP qRT-PCR assay 
revealed no viral residues.

The effectiveness of FTNPs to reduce/prevent cellular 
infection by SARS-CoV-2 was also evaluated by measuring 

Fig. 2  a Residues mapped on chains B and C for the open and close 
configurations of the SARS-CoV-2 spike glycoprotein. Green spheres 
show the regions where H7R and F7G interact with the bottom of the 
S1 domain, while the orange spheres show the regions in the top of 
the S1 domain (near the ACE-2-binding site). Notice that in the open 
state, the orange spheres appear separated indicating that a compound 
bound to these regions may disrupt its movement avoiding the correct 
position to interact with ACE-2. b Chain B (white) of 7A93 structure 
(SARS-CoV-2 S with 2 RBDs erect) was superimposed with chain B 
(blue) of 6VYB. Residues F318, P295, W633, R634, and Y636 are 
illustrated with green spheres. H7R (blue) and F7G (red) spheres 
binding sites are also shown in chain B
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cell viability. To this end, VERO.E6 cells were chosen for 
being among the most permissive cells for in vitro SARS-
CoV-2 viral replication. FTNP was pre-incubated in MEM 
1X medium for 0 to 5 min with SARS-CoV-2 and the viral 
titer was quantified at each pre-incubation time (Fig. 3a). 
These results showed a clear reduction of SARS-CoV-2 viral 
replication as the FTNP pre-incubation time was increased 
to a point where 5 min pre-incubation essentially prevented 
any viral growth. To evaluate the FTNP antiviral effects on 
cellular survival, the cellular metabolic activity was meas-
ured at different FTNP concentrations by optical absorbance 
(Fig. 3b). In the absence of FTNP, SARS-CoV-2-infected 
cells showed low metabolic activity levels as absorbance 
values below 0.5 indicate (Fig. 3b). These absorbance values 
were interpreted as low cellular viability resulting from the 
viral infection. On the other hand, absorbance values close 
to 1 observed in uninfected cells in the absence of FTNP 
were interpreted as high cellular viability (Fig. 3b). How-
ever, when SARS-CoV-2-infected cells were incubated with 
FTNP at dilutions larger than 1 ×  10−6 for 5 min, absorb-
ance values close to 1 were detected, indicating high meta-
bolic activity (Fig. 3b). Interestingly, the protective effect 
of FTNP against SARS-CoV-2 infection started to decline 
at dilutions larger than  10−9, as judged by the reduction of 

the absorbance value to about 0.75. It is important to notice, 
however, that SARS-CoV-2-infected cells incubated with 
FTNP at dilutions lower than 1 ×  10−6 showed essentially no 
metabolic activity (absorbance values of 0.0). This was an 
essentially identical pattern to that shown by uninfected cells 
treated with FTNP (Fig. 3b). These observations indicated 
that at low concentrations (≥  10−6 dilution), FTNP effec-
tively prevents viral infection to levels essentially like those 
observed in uninfected cells. However, high concentrations 
of FTNP (≤  10−5 dilution) induce cytotoxic effects. This was 
also observed with individual flavonoids (Figure S7).

To further define the protective effects of FTNP against 
SARS-CoV-2 infection, infectious viral material was quan-
tified in infected cells at different times of culture. To this 
end, lytic plaque assay was conducted in infected cells incu-
bated with FTNP and compared to those without it. The 
results of these experiments indicated that SARS-CoV-2-in-
fected cells pre-incubated with FTNP showed viral titration 
values close to 0, even after 96 h of culture (Fig. 3c). In 
contrast, in cells that were cultured without FTNP, viral 
titration values increased exponentially as a function of 
culture time (Fig. 3c). These results supported the notion 
that FTNP effectively prevents cellular infection by SARS-
CoV. As a comparison, other agents such as ivermectin 

Fig. 3  The effect of function-
alized nanoparticles (FTNP) 
on SARS-CoV-2 replication 
estimated by XTT assays in 
VeroE6 cells (measured as 
plaque-forming units; pfu). a 
SARS-CoV-2 viral titer as a 
function of the pre-incubation 
time with FTNP is shown. b 
Cell viability infected with 
SARS-CoV-2 in the presence 
and absence of FTNP. The 
dilutions on the X-axis represent 
the order of magnitude of viral 
load. c A study comparing the 
effect of FTNP using different 
other antimicrobial agents (iver-
mectin and azithromycin) on 
SARS-CoV-2 replication. In this 
experiment, the SARS-CoV-2 
was pre-incubated with FTNP 
(at a dilution of 2 ×  10−7) or 
ivermectin (5 µM), or azithro-
mycin (5 µM), while VeroE6 
cells infected with SARS-CoV-2 
in absence of any drug was used 
as a positive control

5995Applied Microbiology and Biotechnology (2022) 106:5987–6002



1 3

and azithromycin with reported antiviral activity against 
COVID-19 (Yang et al. 2020; Echeverría-Esnal et al. 2021) 
were also evaluated with lytic plaque assay (Fig. 3c; iver-
mectin; azithromycin). The results of these assays indicate 
that although ivermectin did not reduce viral titer values, it 
was able to prevent viral increase after 72 h. In contrast, in 
the presence of azithromycin viral titer values continued to 
increase, reaching similar values to those in the absence of 
any antiviral agents at 96 h.

On the other hand, in vitro activity against SARS-CoV-2 
was measured with the individual flavonoid and terpene 
extract compounds present in FTNP and the only ones that 
showed activity were the two flavonoids; H7R and F7G 
(results shown in Figure S4).

SARS‑CoV‑2 spike glycoprotein–mediated 
cell‑to‑cell fusion

To confirm the mechanism(s) of the FTNP protective effects 
against SARS-CoV-2 infection, a luciferase assay was con-
ducted in co-transfected CHO-K1 cells (as described in 
the Methods section). The underlying premise tested here 
was that SARS-CoV-2 infection is triggered by the spe-
cific protein–protein interaction between SARS-CoV-2 
spike and ACE-2 receptor in the host cells. CHO-K1 cells 
were co-transfected with luciferase or T7 RNA polymerase 
and either the SARS-CoV-2 spike or the ACE-2 receptor 
(Fig. 4a, b). Under these conditions, intercellular fusion was 
quantified as bioluminescence in the presence of either func-
tionalized  TiO2 NPs, the mix of flavonoids H7R + F7G, or 
the combination of both, functionalized  TiO2 NPs, H7R, 
and F7G (FTNP). The results of these assays, shown in 
Fig. 4c (mean ± SD, n = 9), indicate that all compounds 
induced inhibition of cell fusion, suggesting an important 
and specific protective effect against SARS-CoV-2. As the 
compound concentration increased, the amount of lumines-
cence decreased as well. The biggest effect was observed 
when cell fusion was evaluated in the presence of either 
the flavonoids alone (H7R + F7G) or the flavonoids plus 
functionalized  TiO2 NPs (FTNP). Notice that at 50 µg/mL, 
the extent of bioluminescence was essentially eliminated by 
the two agents, but the reduction was about sevenfold more 
pronounced with FTNP than with H7R + F7G (p < 0.0005). 
However, when the assay was conducted in the presence of 
functionalized  TiO2 NPs alone (FTNP without flavonoids), 
cellular fusion was partially reduced and only became sig-
nificant at higher concentration (i.e., 3 mg/mL). On the other 
hand, the non-functionalized  TiO2 NPs exhibited no inhibi-
tory effects on cell fusion at any of the tested concentra-
tion (data not shown). As a reference, control experiments 
were conducted in parallel. Cell fusion was evaluated under 
similar experimental conditions but in the absence of any 

kind of NPs: functionalized  TiO2 NPs, H7R + F7G, or FTNP 
(positive control).

Therefore, cell fusion was not impaired, and biolumines-
cence showed its highest values. As a negative control, the 
experiments were carried out with non-transfected CHO-K1 
cells and in the presence of functionalized  TiO2 NPs and 
H7R + F7G. Under these conditions, cell fusion could not 
occur due to the lack of specific protein–protein interaction; 
therefore, no bioluminescence was generated regardless of 
the presence of inhibitors.

To determine the effective concentration range, 
dose–response relationships were defined separately for the 
whole mixture (FTNP) and the flavonoids mix (H7R + F7G). 
The results of these experiments shown in Fig. 5 revealed 
that both combinations were well described by a sigmoidal 
function with a Hill coefficient of − 0.73, but in the pres-
ence of FTNP, there was an increase in the apparent affin-
ity, as indicated by a threefold decreased in the  IC50 (from 
0.187 µg  mL−1 with H7R + F7G to 0.059 µg  mL−1 with 
FTNP; n = 9; p < 0.005). Taken together, these results sup-
ported the notion that the antiviral effects of the FTNP most 
likely take place by interfering with the interaction between 
SARS-CoV-2 spike and the ACE-2 receptor.

Compared to other nanoparticle compounds, our FTNPs 
have the advantage of being significantly less toxic, since 
the large majority of other are made of heavy metals (e.g., 
copper, zinc, silver) (Mishra et al. 2011, 2019). In fact,  TiO2 
is an approved ingredient for human consumption as a food 
additive (Tiwari et al. 2004). Another important advantage 
is that the FTNP functionalization minimizes their cytotoxic-
ity, thereby eliminating the need for photoactivation required 
to enhance their antiviral potential.

Even though FTNPs antiviral efficacy on SARS-CoV-2 
needs to be determined in humans for potential use as a ther-
apy, this knowledge will be critical for drug development by 
correlating effective binding for specific antivirals. Although 
sometimes it is more effective to repurpose existing broad-
spectrum drugs to fight emergent new diseases like COVID-
19, there are numerous advantages when designing a new 
specific antiviral drug, such as efficacy and specificity. Our 
work demonstrates the enormous potential of nanotechnol-
ogy for therapeutic use against COVID-19.

Discussion

Designer intercepting multiligand interactions during viral 
entry provides an excellent platform to mitigate the current 
SARS-CoV-2 pandemic (Sanna et al. 2022; León-Gutiérrez 
et al. 2021). In the current study using molecular docking 
strategy, we first designed FTNP and further character-
ized for their antiviral potential against SARS-CoV-2. The 
experimental results generated from the virus infectivity and 
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spike mediated cell-to-cell fusion assays showed that FTNP 
indeed exhibits a powerful antiviral effect against SARS-
CoV-2 (Fig. 3, 4). Furthermore, the affinity energy calcula-
tions together with the molecular docking analysis indicated 
that the flavonoids H7R and F7G bind to specific regions 

of the SARS-CoV-2 spike located outside of the receptor-
binding domain, both in the open and close configurations 
of the protein (Figs. 1, 2). In addition, our molecular dock-
ing analysis further indicates that the flavonoids binding to 
the close state configuration may interfere with the erection 

Fig. 4  a–b Schematic representation of the reporter luciferase-based 
SARS-CoV-2 spike glycoprotein-mediated cell-to-cell fusion occurs 
in presence of ACE-2 receptor (panel a) but not in the absence of 
ACE-2 (panel b). An effector cells co-expressing SARS-CoV-2 spike 
glycoprotein together with T7 polymerase co-cultured with the target 
cell co-expressing human ACE-2 receptor with luciferase gene (panel 
a) and or an empty vector pCDNA3.1 plasmid with luciferase plas-
mid (panel b). Luciferase activity was measured 24  h co-culture of 

the effector and target cell in presence and absence the nanoparticles. 
Relative luciferase activity was determined by using a luminometer. 
c Normalized bioluminescence of spike glycprotein-ACE-2 receptor 
interaction during cell-to-cell fusion in the presence of  TiO2 NPs (), 
H7R + F7G (), and FTNP (functionalized  TiO2 NPs + H7R + F7G) 
() were quantified. Bars represent mean ± SD, n = 9 (*p < 0.05; 
***p < 0.0005; two-tailed unpaired t test)
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mechanism involved in the transition to the open state, which 
is a critical requirement for binding to the ACE-2 receptor 
(Teruel et al. 2021). Interestingly, we further noted that the 
flavonoids binding to SARS-CoV-2 spike are not only very 
specific but highly stable, as evident from our molecular 
dynamic studies. The flavonoid-binding sites were found 
to be located outside the RBD of the spike, which seems 
extremely relevant as the antiviral effects of FTNP are likely 
to be preserved in the event of genetic variation in the spike 
(e.g., omicron and omicron B.2) as currently observed 
worldwide (Hoffmann et al. 2022).

Earlier computational modeling studies at the molecular 
level have predicted that several phytochemicals including 
hesperidin either dock on ACE-2 receptor and or on the 
complex of SARS-CoV-2 spike protein and human ACE2 
(Basu et al. 2020); however, in our in vitro–based studies, 
we found a contrasting effect of flavonoids during SARS-
CoV-2 entry. As evidenced by our studies, the pre-treatment 
of FTNP with the virus but not with the target cells showed 
the inhibition of viral entry (Fig. 3a). Taken together, our 
results highlight that FTNP interacts with the SARS-CoV-2 
spike protein but not with the ACE2 receptor.

Different types of antivirals vary mechanistically and 
interfere with different stages of the viral life cycle (Kausar 
et al. 2021). Thus, during the infective process, the infected 
cell releases new viral particles which initiate a new infec-
tive process. It is at this time that these new viral particles 
could encounter the FTNP and prevent them from continu-
ing to infect new target cells. Our results indicate that the 
antiviral effect of FTNP is at the level of virus entry into the 
target cell (Fig. 3a).

Our observation that FTNP has antiviral effects on 
HCoV-229E, and SARS-CoV-2 is significant because 
there are seven other coronavirus (CoV) strains that are 
pathogenic to humans, from which four (HCoV 229E, 
HCoV NL63, HCoV HKU1, and HCoV OC43) can cause 
flu-like symptoms (V’kovski et al. 2021). Since all CoV 
share similar structural arrangements (namely, a single-
strand RNA genome and a virion containing four main 
structural proteins: nucleocapsid, transmembrane, enve-
lope, and spike) (Naqvi et al. 2020), it is reasonable to 
assume that the FTNP antiviral effects result from similar 
mechanism(s) of action.

Since spike and ACE-2 are a known ligand and a receptor 
pair during SARS-CoV-2 cell entry (Wang et al. 2020), we 
took advantage by using reporter luciferase-based SARS-
CoV-2 spike mediated cell-to-cell fusion assay. FTNP 
showed an impressive dosage-dependent effect in block-
ing spike mediated cell-to-cell fusion which suggests that 
it likely interferes with the critical interactions between the 
SARS-CoV-2 spike with the ACE-2 receptor during host 
cell interactions (Fig. 4C). Furthermore, the potent antivi-
ral activity of FTNP observed when pre-incubated with the 
spike expressing cells (Fig. 3a) indicates that the SARS-
CoV-2 spike protein-ACE-2 interaction is disrupted in 
presence of FTNP. In summary, our study shows that the 
functionalized  TiO2 NPs coated with the flavonoid’s car-
rier, bind to SARS-CoV-2 spike which in turn affects spike 
recognition to the ACE-2 receptor, thereby preventing the 
virus infection (Fig. 6).

The major advantages of functionalized  TiO2 NPs are 
their effectiveness at lower concentrations, the low cost of 

Fig. 5  The antiviral effect of FTNP in comparison to flavonoids. 
Bioluminescence dose–response curve is generated in the presence 
of FTNP (a) or H7R + F7G (b). Data points were fitted with a Hill 
equation of the form: f(x) = 1 / [1 +  (IC50/x) n], where f(x) is expressed 
as RLU, x represents [antiviral],  IC50 is the [antiviral] required 
to yield 50% of the maximal RLU, while n is the Hill coefficient. 

Best-fitting curves were obtained with an  IC50 of 0.059 µg  mL−1 for 
FTNP + H7R + F7G, and 0.187  µg   mL−1 for H7R + F7G (p < 0.005; 
two-tailed, unpaired t test), and with an n of − 0.73 and − 0.96, respec-
tively. Bars represent mean ± SD, n = 9. Inset in panel b shows nor-
malized overlapped fitting curves for these conditions
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their synthesis, molecular specificity, and ease in designing 
unique adsorbed with flavonoids and terpenes (Gurunathan 
et al. 2020). Therefore, functionalized  TiO2 NPs exhibit 
strong potential to be developed as anti-SARS-CoV-2 
therapy. Taken together, our findings support the model 
by which FTNP prevents virus-cell interaction, which are 
key steps for successful viral infection of the host cells, and 
therefore, NPs-based compounds present a useful therapeu-
tic approach to prevent SARS-CoV-2 entry and cell-to-cell 
spread.

In conclusion, our molecular docking studies showed 
that the flavonoids H7R and F7G bind with high affinity to 
specific sites in the SARS-CoV-2 spike, which are involved 
in the transition to the open configuration that is required 
for binding to the ACE-2 receptor. Furthermore, in parallel, 
the molecular dynamics simulations indicate that H7R and 
F7G form a stable complex with the proposed binding site 
on SARS-CoV-2 spike. Although both molecular docking 
and molecular dynamics were performed with flavonoids 

not adsorbed to  TiO2, in vitro activity showed that their pres-
ence, enhances their antiviral activity.

The antiviral activity of FTNP was finally evaluated 
utilizing a multidisciplinary experimental approach. Our 
results demonstrated the potent antiviral activity in vitro 
against two different coronaviruses: CHoV-229E and 
SARS-CoV-2 under in vitro model. The mechanism of 
this effect would involve a blockade of the viral infective 
process. Cell fusion experiments demonstrated that FTNP 
(specifically the flavonoids H7R and F7G) effectively 
prevent the spike protein binding to the ACE-2 receptor. 
This mechanism provides a plausible mechanism for the 
antiviral effects of FTNP against SARS-CoV-2. Finally, 
it is important to note that this study is part of a project 
authorized by the Research Ethics and Investigation Com-
mittee of the “Mónica Pretelini Sáenz” Maternal-Perinatal 
Hospital (HMPMPS) (code 2020–07-691), with current 
registration with the National Bioethics Commission 
(CONBIOETICA) as well as by the Research Committee 

Fig. 6  a Schematic conforma-
tion of FTNP. b Proposed 
model of the FTNP mechanism 
of action
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of the same Hospital with current registration in the Fed-
eral Commission for the Protection against Health Risks 
(COFEPRIS 213300410A0034/2021). At this point, a 
clinical trial protocol is being formulated to determine the 
FTNP effectiveness to treat COVID-19 human patients.

Supplementary information.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00253- 022- 12112-9.

Acknowledgements The authors gratefully acknowledge the comput-
ing time granted by LANCAD and CONACYT on the supercomputer 
Yoltla at LSVP UAM-Iztapalapa.

Author contribution GLG, MHMG. and AM conceived of the work. 
GLG produced all nanoparticulate compounds. RMA. and AM. wrote 
the manuscript and prepared the figures. CMP performed the molecular 
docking and molecular dynamics simulations. CCG obtained the results 
of in vitro infectivity. JEE and VT performed cell-to-cell fusion stud-
ies. GLG, RMA, VT, CMP, MHMG, and AM contributed to the data 
interpretation. All authors reviewed and approved the final manuscript.

Funding This work was supported by Midwestern University research 
funds to Dr. Tiwari. Calculations were made in the supercomputer 
Miztli (Universidad Nacional Autónoma de México) Supercomput-
ing Project (SC16-1-IR-120-UNAM) Consejo Nacional de Ciencia y 
Tecnología (Conacyt-LANCAD-UNAM-DGTIC-110).

Data availability Molecular dynamic data, mass spectroscopy, X-ray 
diffraction, and transmission electron microscopy are available as sup-
plementary material.

GLG is the author of 3 approved patents (MX Patent 339086, JP 
Patent 6625051, US. Patent US10342840B2). These patents are cited 
in this work and describe how functionalized nanoparticles can be 
obtained.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abraham MJ, Murtola T, Schulz R, Páll S, Smith JC, Hess B, Lindahl 
E (2015) GROMACS: high performance molecular simulations 
through multi-level parallelism from laptops to supercomputers. 
SoftwareX 1–2:19–25. https:// doi. org/ 10. 1016/j. softx. 2015. 06. 001

Alexander PE, Debono VB, Mammen MJ, Iorio A, Aryal K, Deng D, 
Brocard E, Alhazzani W (2020) COVID-19 coronavirus research 
has overall low methodological quality thus far: case in point for 
chloroquine/hydroxychloroquine. J Clin Epidemiol 123:120–126. 
https:// doi. org/ 10. 1016/j. jclin epi. 2020. 04. 016

Awadhesh KS, Akriti S, Ritu S, Anoop M (2020) Remdesivir in a 
critical review of pharmacology, pre-clinical and clinical studies 
COVID-19: Diab Metabolic Syndrome: Clin Res Rev 14(4):641–
648. https:// doi. org/ 10. 1016/j. dsx. 2020. 05. 018

Basu A, Sarkar A, Maulik U (2020) Molecular docking study of poten-
tial phytochemicals and their effects on the complex of SARS-
CoV2 spike protein and human ACE2. Sci Rep 10:17699. https:// 
doi. org/ 10. 1038/ s41598- 020- 74715-4

Benton DJ, Wrobel AG, Xu P, Roustan C, Martin SR, Rosenthal PB, 
Skehel JJ, Gamblin SJ (2020) Receptor binding and priming of 
the spike protein of SARS-CoV-2 for membrane fusion. Nature 
588:327–330. https:// doi. org/ 10. 1038/ s41586- 020- 2772-0

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, 
Shindyalov IN, Bourne PE (2000) The protein data bank. Nucleic 
Acids Res 28:235–242. https:// doi. org/ 10. 1093/ nar/ 28.1. 235

Boukhatem NM (2020) Effective antiviral activity of essential oils 
and their characteristic terpenes against coronaviruses: an 
update. J Pharmacol Clin Toxicol 8:1138

Brooks BR, Brooks CL, MacKerell AD, Nilsson L, Petrella RJ, Roux 
B, Won Y, Archontis G, Bartels C, Boresch S, Caflisch A, Caves 
L, Cui Q, Dinner AR, Feig M, Fischer S, Gao J, Hodoscek M, 
Im W, Kuczera K, Lazaridis T, Ma J, Ovchinnikov V, Paci E, 
Pastor RW, Post CB, Pu JZ, Schaefer M, Tidor B, Venable RM, 
Woodcock HL, Wu X, Yang W, York DM, Karplus M (2009) 
CHARMM: the biomolecular simulation program. J Comput 
Chem 30:1545–1614. https:// doi. org/ 10. 1002/ jcc. 21287

Cagno V, Tseligka ED, Jones ST, Tapparel C (2019) Heparan sulfate 
proteoglycans and viral attachment: true receptors or adaptation 
bias? Viruses 11:596. https:// doi. org/ 10. 3390/ v1107 0596

Caly L, Druce JD, Catton MG, Jans DA, Wagstaff KM (2020) The 
FDA-approved drug ivermectin inhibits the replication of 
SARS-CoV-2 in vitro. Antiviral Res 178:104787. https:// doi. 
org/ 10. 1016/j. antiv iral. 2020. 104787

Center for Drug Evaluation (2022) Emergency use authoriza-
tion (EUA) for PAXLOVID. FDA. https:// www. fda. gov

ChemAxon (2019) Marvin 19.20. https:// chema xon. com/ produ cts/ 
marvin. Accessed 16 June 2019

Cho IH, Lee DG, Yang YY (2014) Composition with sterilizing 
activity against bacteria, fungus and viruses, application thereof 
and method for preparation thereof. US Patent US 8,673,331 B2

ColungaBiancatelli RML, Berrill M, Catravas JD, Marik PE (2020) 
Quercetin and vitamin C: An experimental, synergistic therapy 
for the prevention and treatment of SARS-CoV-2 related disease 
(COVID-19). Front Immunol 11:1451. https:// doi. org/ 10. 3389/ 
fimmu. 2020. 01451

Dubey K, Dubey R (2020) Computation screening of narcissoside 
a glycosyloxyflavone for potential novel coronavirus 2019 
(COVID-19) inhibitor. Biomed J 43:363–367. https:// doi. org/ 
10. 1016/j. bj. 2020. 05. 002

Echeverría-Esnal D, Martin-Ontiyuelo C, Navarrete-Rouco ME, De-
Antonio Cuscó M, Ferrández O, Horcajada JP, Grau S (2021) 
Azithromycin in the treatment of COVID-19: a review. Expert 
Rev Anti Infect Ther 19:147–163. https:// doi. org/ 10. 1080/ 14787 
210. 2020. 18130 24

European Food Safety Authority (EFSA) (2019) EFSA statement on 
the review of the risks related to the exposure to the food addi-
tive titanium dioxide (E 171) performed by the French Agency 
for Food, Environmental and Occupational Health and Safety 
(ANSES). EFSA J Eur Food Saf Auth 17:e05714. https:// doi. 
org/ 10. 2903/j. efsa. 2019. 5714

6000 Applied Microbiology and Biotechnology (2022) 106:5987–6002

https://doi.org/10.1007/s00253-022-12112-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.jclinepi.2020.04.016
https://doi.org/10.1016/j.dsx.2020.05.018
https://doi.org/10.1038/s41598-020-74715-4
https://doi.org/10.1038/s41598-020-74715-4
https://doi.org/10.1038/s41586-020-2772-0
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1002/jcc.21287
https://doi.org/10.3390/v11070596
https://doi.org/10.1016/j.antiviral.2020.104787
https://doi.org/10.1016/j.antiviral.2020.104787
https://www.fda.gov
https://chemaxon.com/products/marvin
https://chemaxon.com/products/marvin
https://doi.org/10.3389/fimmu.2020.01451
https://doi.org/10.3389/fimmu.2020.01451
https://doi.org/10.1016/j.bj.2020.05.002
https://doi.org/10.1016/j.bj.2020.05.002
https://doi.org/10.1080/14787210.2020.1813024
https://doi.org/10.1080/14787210.2020.1813024
https://doi.org/10.2903/j.efsa.2019.5714
https://doi.org/10.2903/j.efsa.2019.5714


1 3

Fisher K, Phillips C (2008) Potential antimicrobial uses of essential 
oils in food: is citrus the answer? Trends Food Sci Technol 
19:156–164. https:// doi. org/ 10. 1016/j. tifs. 2007. 11. 006

GROMACS: High performance molecular simulations through multi-
level parallelism from laptops to supercomputers. http:// www. 
scien cedir ect. com/ scien ce/ artic le/ pii/ S2352 71101 50000 59. 
Accessed 8 Jun 2016

Guerrero L, Castillo J, Quiñones M, Garcia-Vallvé S, Arola L, Puja-
das G, Muguerza B (2012) Inhibition of angiotensin-converting 
enzyme activity by flavonoids: structure-activity relationship 
studies. PLoS ONE 7(11):e49493. https:// doi. org/ 10. 1371/ journ 
al. pone. 00494 93

Gurunathan S, Qasim M, Choi Y, Do JT, Park C, Hong K, Kim J-H, 
Song H (2020) Antiviral potential of nanoparticles—can nano-
particles fight against coronaviruses? Nanomaterials (basel) 
10(9):1645. https:// doi. org/ 10. 3390/ nano1 00916 45

Hoffmann M, Krüger N, Schulz S, Cossmann A, Rocha C, Kempf A, 
Nehlmeier I, Graichen L, Moldenhauer AS, Winkler MS, Lier 
M, Dopfer-Jablonka A, Jäck H-M, Behrens GMN, Pöhlmann S 
(2022) The Omicron variant is highly resistant against antibody-
mediated neutralization: implications for control of the COVID-
19 pandemic. Cell 185(3):447–456. https:// doi. org/ 10. 1016/j. cell. 
2021. 12. 032

Hu W, Philips AS, Kwok JC, Eisbacher M, Chong BH (2005) Identifi-
cation of nuclear import and export signals within Fli-1: roles of 
the nuclear import signals in Fli-1-dependent activation of meg-
akaryocyte-specific promoters. Mol Cell Biol 25(8):3087–3108. 
https:// doi. org/ 10. 1128/ MCB. 25.8. 3087- 3108. 2005

Huang J, Rauscher S, Nawrocki G, Ran T, Feig M, de Groot BL, Grub-
müller H, MacKerell AD (2017) CHARMM36m: an improved 
force field for folded and intrinsically disordered proteins. Nat 
Methods 14:71–73. https:// doi. org/ 10. 1038/ nmeth. 4067

Humphrey W, Dalke A, Schulten K (1996) VMD: visual molecular 
dynamics. J Mol Graph 14(33–38):27–28. https:// doi. org/ 10. 1016/ 
0263- 7855(96) 00018-5

Jamalipour SG, Iravani S (2021) Potential inhibitors of SARS-CoV-2: 
recent advances. J Drug Target 29:349–364. https:// doi. org/ 10. 
1080/ 10611 86X. 2020. 18537 36

Jo S, Kim S, Kim DY, Kim M-S, Shin DH (2020) Flavonoids with 
inhibitory activity against SARS-CoV-2 3CLpro. J Enzyme Inhib 
Med Chem 35:1539–1544. https:// doi. org/ 10. 1080/ 14756 366. 
2020. 18016 72

Kaul R, Paul P, Kumar S, Büsselberg D, Dwivedi VD, Chaari A (2021) 
Promising antiviral activities of natural flavonoids against SARS-
CoV-2 targets: systematic review. Int J Mol Sci 22(20):11069. 
https:// doi. org/ 10. 3390/ ijms2 22011 069

Kausar S, Said Khan F, Rehman IMU, M, Akram M., Riaz M, Rasool 
G, Hamid Khan A, Saleem I, Shamim S, Malik A. (2021) A 
review: mechanism of action of antiviral drugs. Inter J Immu-
nopath Pharmacol. https:// doi. org/ 10. 1177/ 20587 38421 10026 21

Keum Y-S, Jeong Y-J (2012) Development of chemical inhibitors of 
the SARS coronavirus: viral helicase as a potential target. Bio-
chem Pharmacol 84:1351–1358. https:// doi. org/ 10. 1016/j. bcp. 
2012. 08. 012

Lee J, Cheng X, Swails JM, Yeom MS, Eastman PK, Lemkul JA, Wei 
S, Buckner J, Jeong JC, Qi Y, Jo S, Pande VS, Case DA, Brooks 
CL, MacKerell AD, Klauda JB, Im W (2016) CHARMM-GUI 
input generator for NAMD, GROMACS, AMBER, OpenMM, and 
CHARMM/OpenMM simulations using the CHARMM36 addi-
tive force field. J Chem Theory Comput 12:405–413. https:// doi. 
org/ 10. 1021/ acs. jctc. 5b009 35

León GG (2014) Nanoparticle  TiO2 nanomaterials modified with func-
tional groups and surface-adsorbed citrus extract for removal of 
a wide range of microorganisms. Japanese Patent 6625051B 2 
https:// paten timag es. stora ge. googl eapis. com/ a5/ 88/ 5b/ 5989f 
90c70 0534/ JP662 5051B2. pdf

León GG (2016) Nanoparticulate titanium dioxide nanomaterial modi-
fied with functional groups and with citric extracts adsorbed on 
the surface, for the removal of a wide range of microorganisms 
Mexican Patent MX339086. https:// world wide. espac enet. com/ 
patent/ search/ family/ 05210 4937/ publi cation/ MX339 086B?q= 
pn% 3DMX3 39086B

León GG (2019) Nanoparticulate titanium dioxide nanomaterial modi-
fied with functional groups and with citric extracts adsorbed on 
the surface, for the removal of a wide range of microorganisms. 
US Patent US14/899,628. https:// patft. uspto. gov/ netac gi/ nph- 
Parser? Sect1= PTO1& Sect2= HITOF F&d= PALL&p= 1& u=% 
2Fnet ahtml% 2FPTO% 2Fsrc hnum. htm&r= 1&f= G&l= 50& s1= 
10,342,840. PN. & OS= PN/ 10,342,840& RS= PN/ 10,342,840

León-Gutiérrez G, Cabello-Gutiérrez C, Martínez-Gómez MH, Azuara 
P, Madden B, Shalkow J, Mejía A (2021) Secondary metabo-
lites in functionalized titanium dioxide  (TIO2) nanoparticles: a 
novel and safe virucide against SARS-CoV-2. J Nano Research 
70:137–145

Mazurkova NA, Spitsyna YuE, Shikina NV, Ismagilov ZR, 
Zagrebel’nyi SN, Ryabchikova EI (2010) Interaction of titanium 
dioxide nanoparticles with influenza virus. Nanotechnologies 
Russ 5:417–420. https:// doi. org/ 10. 1134/ S1995 07801 00501 74

Mishra YK, Adelung R, Roehl C, Shukla D, Spors F, Tiwari V 
(2011) Virostatic potential of micro-nano filopodia-like ZnO 
structures against herpes simplex virus-1. Antiviral Res 92:305–
312. https:// doi. org/ 10. 1016/j. antiv iral. 2011. 08. 017

Moulick A, Richtera L, Milosavljevic V, Cernei N, Haddad Y, Zitka 
O, Kopel P, Heger Z, Adam V (2017) Advanced nanotechnol-
ogies in avian influenza: current status and future trends – a 
review. Anal Chim Acta 983:42–53. https:// doi. org/ 10. 1016/j. 
aca. 2017. 06. 045

Naqvi AAT, Fatima K, Mohammad T, Fatima U, Singh IK, Singh A, 
Atif SM, Hariprasad G, Hasan GM, Hassan MI (2020) Insights 
into SARS-CoV-2 genome, structure, evolution, pathogenesis 
and therapies: structural genomics approach. Biochim Biophys 
Acta Mol Basis Dis 1866:165878. https:// doi. org/ 10. 1016/j. 
bbadis. 2020. 165878

Ngwa W, Kumar R, Thompson D, Lyerly W, Moore R, Reid T-E, 
Lowe H, Toyang N (2020) Potential of flavonoid-inspired phy-
tomedicines against COVID-19. Molecules 25:2707. https:// doi. 
org/ 10. 3390/ molec ules2 51127 07

O’Donnell CD, Shukla DA (2009) Novel function of heparan 
sulfate in the regulation of cell-cell fusion. J Biol Chem 
284(43):29654–29665. https:// doi. org/ 10. 1074/ jbc. M109. 
037960

Ojeda D, Jiménez-Ferrer E, Zamilpa A, Herrera-Arellano A, Torto-
riello J, Alvarez L (2010) Inhibition of angiotensin convertin 
enzyme (ACE) activity by the anthocyanins delphinidin- and 
cyanidin-3-O-sambubiosides from Hibiscus sabdariffa. J Eth-
nopharmacol 127:7–10. https:// doi. org/ 10. 1016/j. jep. 2009. 09. 
059

Orhan IE, Deniz FSS (2020) Natural products as potential leads 
against coronaviruses: could they be encouraging structural 
models against SARS-CoV-2? Nat Prod Bioprospect 10(4):171–
186. https:// doi. org/ 10. 1007/ s13659- 020- 00250-4

Paduch R, Kandefer-Szerszeń M, Trytek M, Fiedurek J (2007) Ter-
penes: substances useful in human healthcare. Arch Immu-
nol Ther Exp (warsz) 55:315–327. https:// doi. org/ 10. 1007/ 
s00005- 007- 0039-1

Park J-Y, Yuk HJ, Ryu HW, Lim SH, Kim KS, Park KH, Ryu YB, 
Lee WS (2017) Evaluation of polyphenols from Broussonetia 
papyrifera as coronavirus protease inhibitors. J Enzyme Inhib 
Med Chem 32:504–512. https:// doi. org/ 10. 1080/ 14756 366. 
2016. 12655 19

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, 
Meng EC, Ferrin TE (2004) UCSF Chimera–a visualization 

6001Applied Microbiology and Biotechnology (2022) 106:5987–6002

https://doi.org/10.1016/j.tifs.2007.11.006
http://www.sciencedirect.com/science/article/pii/S2352711015000059
http://www.sciencedirect.com/science/article/pii/S2352711015000059
https://doi.org/10.1371/journal.pone.0049493
https://doi.org/10.1371/journal.pone.0049493
https://doi.org/10.3390/nano10091645
https://doi.org/10.1016/j.cell.2021.12.032
https://doi.org/10.1016/j.cell.2021.12.032
https://doi.org/10.1128/MCB.25.8.3087-3108.2005
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1080/1061186X.2020.1853736
https://doi.org/10.1080/1061186X.2020.1853736
https://doi.org/10.1080/14756366.2020.1801672
https://doi.org/10.1080/14756366.2020.1801672
https://doi.org/10.3390/ijms222011069
https://doi.org/10.1177/20587384211002621
https://doi.org/10.1016/j.bcp.2012.08.012
https://doi.org/10.1016/j.bcp.2012.08.012
https://doi.org/10.1021/acs.jctc.5b00935
https://doi.org/10.1021/acs.jctc.5b00935
https://patentimages.storage.googleapis.com/a5/88/5b/5989f90c700534/JP6625051B2.pdf
https://patentimages.storage.googleapis.com/a5/88/5b/5989f90c700534/JP6625051B2.pdf
https://worldwide.espacenet.com/patent/search/family/052104937/publication/MX339086B?q=pn%3DMX339086B
https://worldwide.espacenet.com/patent/search/family/052104937/publication/MX339086B?q=pn%3DMX339086B
https://worldwide.espacenet.com/patent/search/family/052104937/publication/MX339086B?q=pn%3DMX339086B
https://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,342,840.PN.&OS=PN/10,342,840&RS=PN/10,342,840
https://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,342,840.PN.&OS=PN/10,342,840&RS=PN/10,342,840
https://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,342,840.PN.&OS=PN/10,342,840&RS=PN/10,342,840
https://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=10,342,840.PN.&OS=PN/10,342,840&RS=PN/10,342,840
https://doi.org/10.1134/S1995078010050174
https://doi.org/10.1016/j.antiviral.2011.08.017
https://doi.org/10.1016/j.aca.2017.06.045
https://doi.org/10.1016/j.aca.2017.06.045
https://doi.org/10.1016/j.bbadis.2020.165878
https://doi.org/10.1016/j.bbadis.2020.165878
https://doi.org/10.3390/molecules25112707
https://doi.org/10.3390/molecules25112707
https://doi.org/10.1074/jbc.M109.037960
https://doi.org/10.1074/jbc.M109.037960
https://doi.org/10.1016/j.jep.2009.09.059
https://doi.org/10.1016/j.jep.2009.09.059
https://doi.org/10.1007/s13659-020-00250-4
https://doi.org/10.1007/s00005-007-0039-1
https://doi.org/10.1007/s00005-007-0039-1
https://doi.org/10.1080/14756366.2016.1265519
https://doi.org/10.1080/14756366.2016.1265519


1 3

system for exploratory research and analysis. J Comput Chem 
25:1605–1612. https:// doi. org/ 10. 1002/ jcc. 20084

Pilaquinga F, Morey J, Torres M, Seqqat R, de las Piña MN (2021) 
Silver nanoparticles as a potential treatment against SARS-
CoV-2: a review. WIREs Nanomed Nanobiotechnol 13:e1707. 
https:// doi. org/ 10. 1002/ wnan. 1707

Roh C (2012) A facile inhibitor screening of SARS coronavirus N 
protein using nanoparticle-based RNA oligonucleotide. Int J 
Nanomed 7:2173–2179. https:// doi. org/ 10. 2147/ IJN. S31379

Sanna V, Satta S, Hsiai T, Sechic M (2022) Development of targeted 
nanoparticles loaded with antiviral drugs for SARS-CoV-2 inhi-
bition. Eur J Med Chem 231:114121. https:// doi. org/ 10. 1016/j. 
ejmech. 2022. 114121

Schrödinger L (2021) Maestro. Schrödinger Release 2021-2. https:// 
www. schro dinger. com/. Accessed 26 Feb 2021

Sharma S, Habib S, Sahu D, Gupta J (2020) Chemical properties and 
therapeutic potential of citral, a monoterpene isolated from lem-
ongrass. Med Chem 17(1):2–12. https:// doi. org/ 10. 2174/ 15734 
06416 66619 12271 11106

Teruel N, Mailhot O, Najmanovich RJ (2021) Modelling conforma-
tional state dynamics and its role on infection for SARS-CoV-2 
spike protein variants. PLoS Comput Biol 17(8):e1009286. 
https:// doi. org/ 10. 1371/ journ al. pcbi. 10092 86

Tiwari V, Clement C, Duncan MB, Chen J, Liu J, Shukla D (2004) A 
role for 3-O-sulfated heparan sulfate in cell fusion induced by 
herpes simplex virus type 1. J Gen Virol 85:805–809. https:// doi. 
org/ 10. 1099/ vir.0. 19641-0

Tiwari V, Beer JC, Sankaranarayanan NV, Swanson-Mungerson M, 
Desai UR (2020) Discovering small-molecule therapeutics against 
SARS-CoV-2. Drug Discov Today 25:1535–1544. https:// doi. org/ 
10. 1016/j. drudis. 2020. 06. 017

Trott O, Olson AJ (2010) AutoDock Vina: improving the speed and 
accuracy of docking with a new scoring function, efficient optimi-
zation, and multithreading. J Comput Chem 31:455–461. https:// 
doi. org/ 10. 1002/ jcc. 21334

Tsuchiya Y, Shimizu M, Hiyama Y, Itoh K, Hashimoto Y, Nakayama 
M, Horie T, Morita N (1985) Antiviral activity of natural occur-
ring flavonoids in vitro. Chem Pharm Bull (tokyo) 33(9):3881–
3886. https:// doi. org/ 10. 1248/ cpb. 33. 3881

Tyszka J, Kobos K, Tyszka A (2020) Antibiotics against COVID-19 
and mitochondria? Urgent Thinking out of the Box. https:// doi. 
org/ 10. 20944/ prepr ints2 02004. 0269. v1

Vallino M, Hodek J, Weber J, Sen S, Janeček E-R, Bekdemir A, San-
avio B, Martinelli C, Donalisio M, RameixWelti M-A, Eleouet 
J-F, Han Y, Kaiser L, Vukovic L, Tapparel C, Král P, Krol S, 
Lembo D, Stellacci F (2018) Broad-spectrum non-toxic antiviral 
nanoparticles with a virucidal inhibition mechanism. Nat Mater 
17:195–203. https:// doi. org/ 10. 1038/ nmat5 053

V’kovski P, Kratzel A, Steiner S, Stalder H, Thiel V (2021) Coro-
navirus biology and replication: implications for SARS-CoV-2. 
Nat Rev Microbiol 19(3):155–170. https:// doi. org/ 10. 1038/ 
s41579- 020- 00468-6

Walls AC, Park Y-J, Tortorici MA, Wall A, McGuire AT, Veesler D 
(2020) Structure, function, and antigenicity of the SARS-CoV-2 
spike glycoprotein. Cell 181:281–292. https:// doi. org/ 10. 1016/j. 
cell. 2020. 02. 058

Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, Lu G, Qiao C, Hu 
Y, Yuen KY, Wang Q, Zhou H, Yan J, Qi J (2020) Structural and 
functional basis of SARS-CoV-2 entry by using human ACE2. 
Cell 181(4):894–904. https:// doi. org/ 10. 1016/j. cell. 2020. 03. 045

Wang L, Fan X, Bonenfant G, Cui D, Hossain J, Jiang N, Zhou B 
(2021) Susceptibility to SARS-CoV-2 of cell lines and substrates 
commonly used to diagnose and isolate influenza and other 
viruses. Emerg Infect Dis 27(5):1380–1392. https:// doi. org/ 10. 
3201/ eid27 05. 210023

Yang SNY, Atkinson SC, Wang C, Lee A, Bogoyevitch MA, Borg NA, 
Jans DA (2020) The broad spectrum antiviral ivermectin targets 
the host nuclear transport importin α/β1 heterodimer. Antiviral 
Res 177:104760. https:// doi. org/ 10. 1016/j. antiv iral. 2020. 104760

Zhou Y, Hou Y, Shen J, Huang Y, Martin W, Cheng F (2020) Net-
work-based drug repurposing for novel coronavirus 2019-nCoV/
SARS-CoV-2. Cell Discov 6:1–18. https:// doi. org/ 10. 1038/ 
s41421- 020- 0153-3

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

6002 Applied Microbiology and Biotechnology (2022) 106:5987–6002

https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/wnan.1707
https://doi.org/10.2147/IJN.S31379
https://doi.org/10.1016/j.ejmech.2022.114121
https://doi.org/10.1016/j.ejmech.2022.114121
https://www.schrodinger.com/
https://www.schrodinger.com/
https://doi.org/10.2174/1573406416666191227111106
https://doi.org/10.2174/1573406416666191227111106
https://doi.org/10.1371/journal.pcbi.1009286
https://doi.org/10.1099/vir.0.19641-0
https://doi.org/10.1099/vir.0.19641-0
https://doi.org/10.1016/j.drudis.2020.06.017
https://doi.org/10.1016/j.drudis.2020.06.017
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1248/cpb.33.3881
https://doi.org/10.20944/preprints202004.0269.v1
https://doi.org/10.20944/preprints202004.0269.v1
https://doi.org/10.1038/nmat5053
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.03.045
https://doi.org/10.3201/eid2705.210023
https://doi.org/10.3201/eid2705.210023
https://doi.org/10.1016/j.antiviral.2020.104760
https://doi.org/10.1038/s41421-020-0153-3
https://doi.org/10.1038/s41421-020-0153-3

	A potent virucidal activity of functionalized TiO2 nanoparticles adsorbed with flavonoids against SARS-CoV-2
	Abstract 
	Key pointsHighlights
	Introduction
	Material and methods
	Molecular docking studies
	Molecular dynamics studies
	NPs preparation and functionalization
	Extraction of flavonoids and terpenes
	Adsorption process
	Viruses and cells
	Cell culture
	Viral culture

	Solutions
	Lytic plaque viral titration
	qRT-PCR
	Cell viability
	Luciferase-based reporter assay
	Syncytia formation
	Statistics

	Results
	Molecular docking studies
	Molecular dynamic
	Effects on CHoV-229E and SARS-CoV-2 infectivity
	SARS-CoV-2 spike glycoprotein–mediated cell-to-cell fusion

	Discussion
	Acknowledgements 
	References


