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Emerging and re-emerging respiratory viruses represent a continuing threat to human health. The 
pandemic severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and influenza A viruses 
(IAVs) are co-circulating, presenting serious threats to public health. Therefore, screening for safe and 
broad-spectrum antiviral candidates to control such viral infections is prioritized. Herein, this study 
reports the in vitro antiviral activity of some essential volatile oils (EOs) and volatile oil components 
including Peppermint oil, Eucalyptus oil, Clove oil, Thymol, Camphor and Limonin against two different 
IAVs, namely influenza A/H1N1 and A/H5N1 viruses, and SARS-CoV-2 virus. All tested samples were 
safe in MDCK and Vero E6 cell lines with CC50 values that exceed 1 mg/ml, allowing the screening of 
their antiviral activities using a wide range of concentrations. The results show the potency of Thymol 
and Limonin against influenza A/H1N1 virus with IC50 values of 0.022 and 4.25 µg/ml, respectively. 
The anti-influenza activities of Thymol and Limonin were further validated by testing them against 
the avian influenza A/H5N1 virus, resulting in anti-influenza activities with IC50 values of 18.5 and 
15.6 ng/ml, respectively. The broad-spectrum potential of the highly potent antiviral candidates, 
Thymol and Limonin, were further tested against the pandemic SARS-CoV-2 and, both exerted anti-
coronavirus activities with IC50 values of 0.591 and 4.04 µg/ml, respectively. Further investigations 
against influenza A/H1N1 virus revealed that Thymol and Limonin could inhibit IAV by hindering viral 
replication. The Biochemical analyses of the interaction of Limonin and Thymol with FDA-approved 
anti-influenza drug targets, neuraminidase and viral polymerases, revealed that both compounds 
can partially inhibit IAV polymerase activity, but have no effect on neuraminidase activity. Likely, 
molecular docking studies indicated that Thymol and Limonin obstruct active binding sites of IAV 
polymerases. These findings presented on the antiviral activity of Limonin and Thymol might be used 
to support the development of supplemental therapy against currently emerging and reemerging 
respiratory viral infections.
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The current COVID-19 pandemic is a compelling verification that respiratory viruses including influenza 
A viruses (IAVs) and coronaviruses (CoVs) pose serious threats to public health. Different sectors of 
vital roles in society such as the economy, education, and healthcare have been negatively impacted since 
early 2020 due to this devastating COVID-19 pandemic1. Other respiratory viruses including seasonal 
and avian IAVs have a substantial global influence on morbidity and mortality, particularly in young 
children2,3. Acute respiratory distress syndrome (ARDS) accounts for approximately 20% of all childhood 
deaths globally, especially among underprivileged communities in tropical areas where the case fatality 
rates due to ARDs can be noticeably greater than in temperate areas of the world4. Mild respiratory 
illnesses, acute viral pneumonia, and even complete respiratory collapse are all diseases that are linked to 
infections caused by respiratory viruses5.
Human respiratory viruses including respiratory syncytial virus (RSV), human coronavirus (HCoV), 
human bocavirus (HBoV), parainfluenza virus, rhinovirus, adenovirus, and metapneumovirus are 
the gangsters of respiratory infections and they are known to be well-adapted with person-to-person 
transmission potentiality and can circulate frequently across all age groups6. In addition, IAVs such as 
influenza A/H1N1, A/H3N2, and A/H5N1, and HCoV including SARS-CoV, MERS-CoV and SARS-
CoV-2 have become the most health-threatening viruses causing a high global concern7. The etiological 
agent of the world’s first pandemic event was the influenza A/H1N1 virus, where a frightening and 
catastrophic pandemic struck the entire globe in three successive waves between 1918 and 1919 resulting 
in about 50 million deaths all over the world8. IAVs are contagious as the viruses’ transmissibility from 
person to person is extremely high. Additionally, IAV’s case-fatality rates (CFR; the percentage of people 
who are diagnosed with a particular disease and die from it) during pandemic events are quite high9–11. 
Since late December 2019, the world has been battling the brand-new CoVs known as SARS-CoV-2 which 
is presently producing a historic pandemic of coronavirus disease-19 (COVID-19)12.
Vaccination is considered the bedrock of preventative measures for respiratory viral infections, however, 
due to the propensity of some viruses to evolve and evade the immune system (e.g., IAV and SARS-
CoV-2), vaccines must be redesigned13–15. Additionally, a typical vaccine supply chain is unavailable, and 
vaccination alone cannot stop fast-spreading pandemics and outbreaks16. This necessitates the preparedness 
for upcoming pandemic events through different prophylactic approaches such as antiviral therapies. To 
alleviate this issue, drug repurposing studies have been conducted on many FDA-approved medications 
to test their efficacy against IAVs and SARS-CoV-217–20. Concurrently, plant-based medicines are being 
investigated to counteract these respiratory infections. Nature has long been recognized as the primary 
source of drug development where almost 65% of the total 1,211 novel small-molecule medications 
approved between 1981 and 2014 were developed directly or indirectly from natural sources21. In this 
context, plant-based extracts and bioactive phytochemicals showed high safety and great potential to 
effectively control viral infections22–24.
Essential oils (EOs) are a group of phytochemicals that are being intensively investigated since they possess 
a diverse range of pharmacological activities, such as antimicrobial, antibacterial, antiviral, antiparasitic, 
and insecticidal capabilities25,26. They consist of a variety of chemical substances including aldehydes, 
terpenes, terpenoids, and phenylpropanoids27–29. Since they are safe and non-toxic, they belong to a 
group of phytochemicals called GRAS (generally recognized as safe) which represents an advantage over 
chemically synthesized drugs30. The efficacy of EOs in the treatment of acute, contagious, and chronic 
diseases has been previously reported31–34. Herein, the antiviral activities and relative cytotoxic potentials 
of commercially available purified EOs or components against diverse respiratory viruses, including 
influenza A/H1N1 and A/H5N1, and SARS-CoV-2 were investigated to pave the way to discover novel 
and safe broad-spectrum supplementary interventions to control IAV and SARS-CoV-2 infections.

Materials and methods
Cell lines and viruses
The Madin Darby Canine Kidney (MDCK) (ATCC, CCL-34), human embryonic kidney (293T) (ATCC, CRL-
3216) and clone 6 of the African green monkey kidney (Vero E6) (ATCC, CRL-1586) cells were cultured in 
growth Dulbecco’s modified Eagle’s medium (DMEM; BioWhittaker, Walkersville, MD, USA), supplemented 
with 1% Penicillin/Streptomycin (pen/strep) mixture (GIBCO-BRL; New York, USA) and 10% fetal bovine 
serum (FBS) (Gibco-BRL; New York, USA).

The highly pathogenic avian influenza A/chicken/Egypt/N12640A/2016 (H5N1) virus and the seasonal 
human influenza A/Egypt/NRC098/2019 (H1N1) virus (GISAID ID: EPI ISL 12995118) were propagated in 
embryonated chicken eggs specific pathogen-free (ECE-SPF) and MDCK cells, respectively. The SARS-CoV-2 
strain, hCoV-19/Egypt/NRC-3/202035, was propagated in Vero E6 cells. Cell culture supernatants were further 
harvested, and clarified from cell debris by centrifugation and the supernatant was aliquoted and then kept at 
-80 °C as stocks until further use. To evaluate viral load in stored virus aliquots, Reed and Muench’s median 
tissue culture infectious dose (TCID50) assay was performed to estimate specific viral dilutions that can induce 
50% CPE in the cell lines36.
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Essential volatile oils (EOs) and EOs-derived components
Eucalyptus oil was purchased from FREY&LAU GmbH (Henstedt-Ulzburg, Germany). Peppermint and 
clove oils were obtained from Kamena (Giza, Egypt, purity = 99.5%). Thymol was purchased from MERCK 
(Darmstadt, Germany, purity ˃ 99%) and Camphor was purchased from research lab fine chem industries 
(Mumbai, India, purity ˃ 99%). Eventually, Limonin was extracted by Hamdan and her colleagues as previously 
described (purity > 97%)37 (Table 1).

Cytotoxicity and viral Inhibition activity
Crystal violet assay was employed to evaluate the cytotoxicity of the investigated EOs on MDCK or Vero E6 
cells through the determination of the half-maximal cytotoxic concentration (CC50) and also to depict the anti-
influenza and anti-coronavirus activities of these phytochemicals against IAVs and SARS-CoV-2 by calculating 
the half maximal inhibitory concentration (IC50)59,60.

To determine the CC50, 3 × 105 cells/mL of MDCK or Vero E6 were first seeded in 96-well plates and incubated 
in a humidified CO2 incubator at 37 °C overnight to form 80–90 confluent cell monolayers. The confluent cell 
monolayers were washed with 1X phosphate-buffered saline (PBS), and then tenfold serial dilutions of these 
EOs (in triplicates) were added to the plates. Untreated cell monolayers were included as cell control. The plates 
were then incubated for 3 days at 37  °C under 95% humidity and 5% CO2 conditions. After the incubation 
period, the fixation step was applied using the fixing solution (10% paraformaldehyde, PFA). About 1 h later, 
visualization using 0.1% crystal violet stain was performed. The stained cells were then washed thoroughly, and 
dried overnight, and then 200 µl of absolute methanol were added to each well and the plates were shaken for 
25 min on a bench rocker to dissolve the crystal violet stain for further optical density (OD) measurement. The 
microplate reader was used to detect the OD at a wavelength of 570 nm. GraphPad Prism software (version 5.01) 
was used to perform nonlinear regression analysis to determine the CC50 values by graphing log concentrations 
of each EOs against the normalized response (variable slope).

To determine the IC50, 3 × 105 cells/mL of MDCK or Vero E6 were first seeded in 96-well plates and incubated 
in an incubator at 37 °C under 95% humidity and 5% CO2 conditions. The next day, the cells were washed with 
1X PBS, and virus adsorption was allowed by a mixture of 100 µl DMEM containing each safe concentration 
(non-cytotoxic) and 100 TCID50 of each virus per well. The virus and cell control wells were also included. The 
plates were then incubated at 37 °C in an incubator with 95% humidity and 5% CO2 condition. Three days later, 
the 10% PFA solution was then added to inactivate the virus and fix the cell monolayers. The cell monolayers 
are then stained using 0.1% crystal violet staining solution for 30 min at room temperature (RT). The crystal 
violet stains of the fixed cells were then dissolved as previously described and the OD values were measured. The 
GraphPad Prism software was used to perform a nonlinear regression analysis to determine the IC50 values for 
each EO.

Plaque infectivity assay (PIA)

Plaque infectivity assay was performed to calculate countable viral titers (plaque forming unit (PFU)/
ml) as demonstrated earlier, with slight changes61,62. Briefly, MDCK or Vero E6 cells were cultured in 
6 well plates and incubated for 24 h at 37 °C with 95% humidity in a 5% CO2 incubator. After removal 
of exhausted growth media and washing with 1X PBS, the 80–90% confluent cell monolayers were then 
infected with serial tenfold dilutions of each virus for 1 h. Afterwards, the infection media comprises 1X 
DMEM enriched with 4% bovine serum albumin (BSA; Gibco-BRL; New York, USA), 1% antibiotic/
antimycotic mixture (penicillin/streptomycin) and 1  µg/mL of L-1‐tosyl‐ amido‐2‐phenylethyl 
chloromethyl ketone (TPCK)-treated trypsin. The plates were then incubated for 1  h to allow viruses 
to adsorb onto their corresponding host cell receptors. During the incubation, the plates were shaken 
gently to make the viral particles equally distributed over the cell monolayer. Following incubation, the 
un-adsorbed particles were discarded, and the cells were then overlayed with 3 ml of overlay medium (1% 
agarose, 1X DMEM enriched with 0.3% BSA, 1% penicillin/streptomycin, and 1 µg/mL TPCK-treated 

Essential Oil 
(EO) Plant Family Reported Biological Activities Reported Sensitive Viruses

Specific 
Gravity 
(25 °C) Citation(s)

Peppermint oil Lamiaceae Antiviral and broad-spectrum antibiotic HSV-1 and HSV-2 0.916 g/mL 38–40

Eucalyptus oil Myrtaceae Antiviral and antimicrobial IAV (A/H1N1 ATCC VR-R 1520) and MV 0.923 g/mL 41,42

Clove oil Myrtaceae antitumor, antimicrobial, anti-inflammatory, and antiviral HSV-1 and HSV-2 1.06 g/mL 38–40,43–45

Thymol
Lamiaceae, 
Apiaceae, and 
Orobanchaceae

Antiseptic, antimicrobial, anticarcinogenic and antiviral HSV-1 and SARS CoV-2 and IAV
(H1N1; A1/Denver/1/57) 0.965 g/mL 46–49

Camphor Lauraceae Antipruritic, antiseptic, antibacterial and antiviral (Camphor 
derivatives)

IAV
and VV 0.99 g/mL 50,51

Limonin Rutaceae
Antiviral, anti-inflammatory, antibacterial, anti-cancer, 
antioxidant, analgesic, nerve protection, liver protection, and 
blood lipid regulation

NDV, HSV-1, HSV-2 HIV-1, and SARS 
CoV-2 1.39 g/mL 52–58

Table 1.  Investigated essential oils, plant origin, and their reported biological activities. IAV: influenza A virus; 
SARS CoV-2: severe acute respiratory syndrome coronavirus-2; VV: vaccinia virus; HSV-1: herpes simplex 
virus type 1; HSV-2: herpes simplex virus type 2; MV: mumps virus; NDV: Newcastle disease virus.
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trypsin). The plates were then allowed to set before incubating them for three days at 37 °C under 95% 
humidity and 5% CO2 conditions. The same fixation and visualization procedures using 0.1% crystal 
violet staining solution were finally applied to visualize the plaques for counting them. The following 
equation was used to calculate the viral titer for each virus as expressed in PFU/ml:

V irus titer (PFU/mL) = Number of plaques X Reciprocal of virus dilution X Dilution factor (to reach 1 ml)

Plaque reduction assay (PRA)

To further confirm the antiviral activities of effective phytochemicals, the plaque reduction assay was 
performed in MDCK or Vero E6 cell monolayers in a six-well plate as previously described60 with minor 
modifications. Briefly, the 1.2 × 106 cells were cultured per well for 24 h at 37 °C under 95% humidity and 
5% CO2 conditions. The virus was diluted to a countable number of viral plaques per well (predefined 
using PIA) and mixed with the nontoxic concentration of EOs and incubated for 1  h at 37  °C before 
being added to the confluent cell monolayers. Growth medium was aspirated, and the cell monolayers 
were inoculated with 100 µL/well of the co-incubated virus with the EOs and incubated for 1 h to allow 
infectious viral particle adsorption. The cell monolayers were then washed with 1X PBS and supplemented 
with 3 ml of the overlay medium. The plates with solidified overlays were then incubated at 37 °C until 
the formation of viral plaques for 3 days. The cell fixing solution (4% paraformaldehyde (PFA)) was added 
to the overlay for 1 h to inactivate the remaining viral particles and fix the cell monolayers. The plates 
were then stained with 0.1% crystal violet. The plaques were then counted, and the percentage of viral 
reduction was then calculated in relative to virus control wells as following:

Virus reduction (% ) = (Untreated virus count−Treated virus count)
Untreated virus count X 100

Stages of the antiviral action

To investigate the potential stages at which Thymol and Limonin could impair the viral replication cycle, 
we assessed three possible stages, including (i) inhibiting the viral replication, (ii) interfering with viral 
particle adsorption onto the host cell receptor or (iii) targeting the virus away from the host cell (cell-free 
effect or virucidal effect), modified plaque reduction protocol has been used as previously described60 to 
recognize the potential viral/cell-based target.

Interference with viral replication cycle stages

MDCK or Vero E6 were cultured into 6-well culture plates and incubated at a humidified 5% CO2 
incubator. The next day, 100 µl of the infectious viral dilutions for each virus were added to each well 
with 80–90% confluent cell monolayers. The cell and virus controls (n = 3) were included, and the 
plates were then incubated for 1 h at 37 °C under 95% humidity and 5% CO2 conditions to allow viral 
adsorption. Following viral infection, the un-adsorbed viral particles were washed away using the 1X 
PBS solution. Immediately, 100 µl of different non-cytotoxic concentrations from Thymol and Limonin 
were added to each well except controls and the plates were incubated at the same conditions for another 
1 h. Another washing step with 1X PBS solution was applied and the cells were covered with 3 ml of the 
predefined overlay media. After three days of incubation at 37 °C, the cells were fixed with 100 µl of the 
10% paraformaldehyde fixing solution per well for 1 h. The plates were then stained with 0.1% crystal 
violet stain for 10 min. Following washing the plates thoroughly with water and drying overnight, the viral 
plaques were counted, and viral inhibition percentages were calculated as indicated in the PRP.

Interference with viral adsorption onto cell receptors

The MDCK and Vero E6 cells were seeded in 6-well culture plates and incubated for one day at 37 °C 
under 95% humidity and 5% CO2 conditions. The following day, the predetermined non-cytotoxic 
concentrations for Thymol and Limonin were incubated with 80–90% confluent cell monolayers for 1 h 
at 4 °C (to prevent sample internalization through cell membrane pores). The cell and virus control wells 
were included. After the incubation, 1X PBS solution was used to wash away the un-adsorbed chemicals. 
The predefined infectious viral dilutions were then added to the chemically treated cells, and the plates 
were incubated for another 1 h at 37 °C under 95% humidity and 5% CO2 conditions to allow for viral 
infection. Excess un-adsorbed viruses were washed away using 1X PBS and immediate addition of the 
overlay media was carried out. After incubating the plates for 3 days at 37 °C under 95% humidity and 5% 
CO2 conditions, the same fixation, visualization, and calculations of the viral inhibition percentages were 
employed as in PRP.

Direct virucidal action

Predefined safe concentrations of each promising essential oil were mixed up with concentrated viruses 
(3–4 times higher than the viral dilution with countable viral plaques) and incubated at 37 °C for 1 h. 
Following that, a 3–4 times serial decimal dilution was used to achieve a countable titer of influenza A/
H1N1. The virus/compound mixture (containing countable viral titer and negligible concentrations of 
each essential oil) was added to monolayers of MDCK cells that were 80–90% confluent in 6-well plates. 
This treatment lasted for 1 h at 37 °C under 95% humidity and 5% CO2 conditions. After the incubation, 
the cells were washed with 1X PBS solution, covered with 3 ml of overlay medium, and incubated for 72 h 
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at 37 °C. Likewise, the viral inhibition percentages were calculated after the same fixation, visualization, 
and calculation methods used in the plaque reduction protocol.

Biochemical analyses
Minigenome assay of the polymerase activity

For polymerase activity assay, the sets pHW000 plasmid DNA expressing the PB2, PB1, PA and NP 
proteins that constitute the influenza A/H1N1 viral ribonucleoprotein complex (vRNP) components 
were used together with pPOLI-ZsG-NLuc plasmid expressing the vRNA-like transcript of ZsGreen 
and nanoluciferase reporters63. In HEK 293T cells, 1 µg of each plasmid (total 5 µg of plasmid DNA). 
The plasmids were transfected using lipofectamine 300 according to manufacturer instructions. 
Approximately 8  h post transfection, 2  ml of infection media containing 10  µg/ml of the Limonin or 
0.1 µg/ml of the Thymol and incubated in a humidified CO2 incubator. A Cypridina luciferase (Cluc)-
expressing plasmid (1  µg) under the control of the chicken β-actin promoter in a pCAGGS plasmid 
was included to normalize transfection efficiencies63. After 24 h, the transfected cells were assed for the 
ZsGreen expression using EVOS M5000 Microscope and the cell culture supernatants were collected to 
measure the nanoluciferase activity. For the negative control set, pHW2000 blank vector was used instead 
of the PB2 subunit. Bioluminescence data were developed as per the manufacturer’s protocol using Nano-
Glo luciferase substrate (Promega, US) and Cluc substrate (ThermoFisher Scientific, US) and acquired/
analyzed using the Aura program (AMI Spectrum).

Neuramindase Inhibition assay

To evaluate the impact of Limonin and Thymol on the neuraminidase activity of influenza A/H1N1, 
the NA-Fluor™ Influenza Neuraminidase Assay Kit (ThermoFisher Scientific) was utilized, following 
the manufacturer’s protocol. Viral stock of influenza A/H1N1 was titrated to determine the appropriate 
dilution for the inhibition assay. Limonin and Thymol were tested in a series of 10-fold dilutions to 
evaluate their neuraminidase inhibitory activity. Zanamivir was used as a positive control and was tested 
across a range of concentrations (10mM-10pM). Fluorescence measurements were performed using 
BioTek Synergy microplate reader at an excitation of 355 nm and an emission of 460 nm. Using GraphPad 
Prism Software, the IC50 values were determined from the nonlinear regression analysis by plotting log 
inhibitor versus normalized response.

In Silico Docking studies
Protein Preparation

The crystal structures of influenza A/H1N1 IAV polymerase basic 2 (PB2) protein (PDB ID: 7AS0, 
resolution: 1.55 Å), and IAV polymerase acidic (PA) protein (PDB ID: 6FS6, resolution: 2.29 Å) were 
retrieved from the Protein Data Bank (https://www.rcsb.org) on 1 February 2024. Initially, the selected 
protein structures underwent preparation by removing crystallographic water molecules, with retention 
of only one chain for each protein alongside the co-crystallized ligands. Protonation of protein chains was 
conducted using default parameters, followed by energy minimization. Subsequently, the active pockets 
of various proteins were identified, considering residues within 5 Å of the co-crystallized ligand’s edge as 
active sites64.

Ligand Preparation

The chemical structures of the compounds under investigation were depicted using ChemBioDraw Ultra 
14.0 and saved in MDL-SD file format. Subsequently, protonation and optimization were carried out 
through energy minimization using the MM2 force-field65.

Docking setup and validation of Docking protocol

Docking studies were conducted using MOE version 2019. To validate the docking procedure, redocking 
of the co-crystallized ligands was performed against various active sites. The resulting RMSD values were 
calculated, with a value less than 2 Å indicating the validity of the docking processes66.
Docking procedures were executed against the active sites, generating setups for 30 docked poses for 
each ligand utilizing ASE as a scoring function67. The pose with a favorable binding mode was then 
selected. Subsequent visualization was performed using Discovery Studio (DS) 4.068. The comparison of 
the binding mode of the tested compounds with that of the reference molecules provided valuable insights 
into the binding patterns of the tested compounds69,70.

Results
Cytotoxicity and viral inhibitory effects of the investigated EOs

To depict the broad-spectrum antiviral potential of specific EOs, selected based on their reported 
biological activities (Table 1), the antiviral activities were assessed against two IAVs (influenza A/H1N1 
and A/H5N1) and SARS-CoV-2 in MDCK and Vero E6 cell lines at non-toxic concentrations. Remarkably, 
the cytotoxicity investigations showed that the tested EOs were safe to MDCK (Fig.  1a) and Vero E6 
cells (Fig. 1b) with concentrations up to 10 mg/ml for most of them. Based on cytotoxicity findings, the 
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antiviral activities of these EOs were first assessed against seasonal human influenza A/H1N1 virus and 
compared to FDA-approved anti-influenza reference drugs, namely Zanamivir (Fig. 2a; Table 2).
Out of the six investigated EOs, only Limonin and Thymol showed promising anti-influenza activities 
against the tested virus with IC50 values of 4.25 µg/ml and 0.022 µg/ml, respectively (Fig. 2a). On the 
contrary, Camphor exerted mild-to-moderate antiviral potential with an IC50 value of 234.1 µg/ml, while 
Peppermint, Eucalyptus, and Clove oils produced no antiviral effect against influenza A/H1N1 virus 
(Fig. 2). To confirm that the antiviral activity of EOs with high selectivity index (SI) values (Table 2) is 
not a strain-specific effect, Thymol and Limonin were further investigated against the avian influenza A/
H5N1 virus. Likewise, Limonin and Thymol exerted potent antiviral activities against influenza A/H5N1 
virus at IC50 values of 18.5 ng/ml and 15.6 ng/ml, respectively (Fig. 2b).
Selectivity index (SI) = half maximal cytotoxic concentration (CC50) /half maximal inhibitory 
concentration (IC50).
To investigate the antiviral activity of Limonin and Thymol against non-influenza respiratory viral 
pathogen, the cytotoxicity of Thymol and Limonin in Vero E6 cells and their antiviral activities against 
SARS-CoV-2 were evaluated. Interestingly, Limonin showed lower cytotoxicity in Vero E6 cells (CC50 ˃ 
10 mg/ml), while Thymol showed apparent cytotoxicity on Vero E6 (CC50 = 63.26 µg/ml). On the same 
hand, Thymol and Limonin showed effective antiviral activities against SARS-CoV-2 at IC50 values of 
0.591 µg/ml and 4.04 µg/ml, respectively (Fig. 2c) as compared to the reference drug Remdesivir (Table 2). 
This confirms the broad-spectrum antiviral activity of Thymol and Limonin against different respiratory 
viral pathogens.

Concentration-dependent plaque reduction

The plaque reduction assay was used to validate the anti-influenza efficacy of Thymol and Limonin against 
human and avian influenza A viruses. The plaque reduction percentages for Thymol and Limonin typically 
proved the antiviral potency against both tested influenza viruses (A/H1N1 and A/H5N1) where the viral 
titers were reduced using low and safe concentrations of Thymol and Limonin (Fig. 3).

Potential targets for antiviral actions

It is noteworthy that there are different stages at which the candidate antiviral drugs can hit the viral 
replication cycle stages to combat viral infections. In this perspective, three key stages at which Thymol 
and Limonin could interfere with the viral replication cycle stage(s) of influenza A/H1N1 virus were 
investigated, including viral adsorption, viral replication cycle stages, and cell-free status of the intact virus 
“virucidal effect”. Interestingly, both Thymol and Limonin could mainly exert their anti-influenza efficacy 
via interference with viral replication cycle stages (Table 3). Limonin could also affect viral adsorption, 
while treatment with Thymol is partially associated with a virucidal effect.

Fig. 1.  Cytotoxicity of the investigated essential oils (EOs) and EOs components. (a) Cytotoxicity of the 
investigated EOs on the MDCK cell line; (b) Cytotoxicity of Thymol and Limonin in Vero E6 cells. By plotting 
log inhibitor versus normalized response (variable slope) and running non-linear regression analyses using 
GraphPad Prism 5.01 software, the CC50 values were determined.
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Biochemical experiments

To further validate the interaction between Limonin or Thymol and the viral polymerase, we conducted 
a minigenome assay in 293T cells using influenza A/H1N1 viral ribonucleoprotein complex proteins 
expressed from plasmid constructs, along with a reporter system expressing ZsGreen (ZG) and 
nanoluciferase (Nluc) under the control of the pol-1 promoter. Interestingly, both Limonin and Thymol 
showed an ability to reduce fluorescence (Fig. 4a) and nanoluciferase (Fig. 4b) expressions, however the 
reduction was significant with Thymol. On the same hand, the anti-neuraminidase activities of Limonin 

Essential Oil Virus CC50 (mg/ml) IC50 (µg/ml) SI Citations

Thymol

H1N1
1.59

0.022 > 100

This study

H5N1 0.0156 > 100

SARS-CoV-2 0.0632 0.59 < 100

Limonin

H1N1
6.72

4.25 > 100

H5N1 0.0185 > 100

SARS-CoV-2 < 10 4.04 < 100

Camphor H1N1 < 10 234.1 42.7

Peppermint oil H1N1 5.23 IC50 < CC50 N/A

Eucalyptus oil H1N1 10.01 IC50 < CC50 N/A

Clove oil H1N1 < 10 IC50 < CC50 N/A

Zanamivir
H1N1

< 10
0.792 > 100

71

H5N1 0.265 > 100

Remdesivir SARS-CoV-2 0.473 6.721 70.40 72

Table 2.  The selectivity index (SI) values of the tested essential oils against influenza A/H1N1 and A/H5N1, 
and SARS-CoV-2 viruses.

 

Fig. 2.  Antiviral activities of the investigated essential oils (EOs) and EOs components. (a) Antiviral effects 
of the investigated EOs and EOs components against seasonal human influenza A/H1N1 virus; (b) Antiviral 
effects of Thymol and Limonin against highly pathogenic avian influenza A/H5N1 virus. (c) Anti-coronavirus 
activity against SARS-CoV-2. By plotting log inhibitor versus normalized response (variable slope) and 
running non-linear regression analyses using GraphPad Prism 5.01 software, the IC50 of the investigated EOs 
were determined.
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and Thymol in comparison to Zanamivir as an FDA approved neuraminidase inhibitor were tested using 
the neuraminidase inhibition assay and a wide range of concentrations (10mM-10pM). As expected, 
Zanamivir exhibited strong anti-neuraminidase activity with an IC50 of 21.28 pM, while limonin and 
thymol show very weak ability to inhibit the neuraminidase activity with an estimated IC50 values 
higher than 10mM (Fig. 4c). These findings confirm that Limonin and Thymol may partially exert their 
antiviral activity via direct interaction with viral polymerase, and that their anti-influenza effects are likely 
unrelated to neuraminidase inhibition.

Docking studies

To comprehend the antiviral activities at a molecular level, the most active compounds, Thymol and 
Limonin, were subjected to docking against influenza A/H1N1 IAV polymerase basic 2 (PB2) protein 
(PDB ID: 7AS0), and IAV polymerase acidic (PA) protein (PDB ID: 6FS6). Pimodivir and Baloxavir acid 
served as reference molecules against the respective proteins under examination. The efficiency of binding 
against the active sites was evaluated in the docking studies based on both binding mode and binding 
energy (Table 4).

Validation

To validate the docking process, docking procedures were executed for the co-crystallized ligands within 
the active sites of the tested proteins. MMFF94X served as the force field, and ASE functioned as a scoring 
function for protocol validation. The small RMSD values observed between the docked poses and the co-
crystallized ligands during the validation step indicated the feasibility of the employed methodology for 
the intended docking experiments (0.32, and 0.26 Å for PB2 and PA proteins, respectively) (Fig. 5a and b).

Essential Oil Conc. (µg/ml)

Potential Targets

Viral replication cycle Virucidal Viral adsorption

Limonin
100 98.8% 43.3% 64%

10 94% 30.9% 55%

Thymol
1 90.1% 70.4% 39.4%

0.1 89.3% 66.7% 37.9%

Table 3.  Viral Inhibition percentages following the investigation of the three potential antiviral targets as 
determined by conducting a modified plaque reduction protocol against influenza A/H1N1 virus in MDCK 
cells.

 

Fig. 3.  Viral inhibition after treatment with two different concentrations of the highly promising essential 
oils as measured by plaque reduction assay. The viral reduction in influenza A/H1N1 and A/H5N1 following 
treatment with the two essential oils were depicted in percentages. Each oil was evaluated independently 
against both viruses and data were plotted using GraphPad Prism 5.01 software.
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 Docking studies against IAV PB2 protein

The co-crystallized ligand (Pimodivir) demonstrated a binding score of -22.55 kcal/mol against IAV PB2 
(RdRP subunit). The bicyclo[2.2.2]octane-2-carboxylic acid moiety occupied the first pocket of the active 
site, forming one hydrogen bond with Asn429. Furthermore, it engaged in four hydrophobic interactions 
with His432, Met431, and Phe325. Additionally, three electrostatic attractions were observed between the 
carboxylic group and amino acids Arg355 and His357. The fluoropyrimidine moiety was positioned in 
the second pocket, forming one hydrophobic bond with Phe323. Moreover, the 5-fluoro-1H-pyrolo[2,3-
b]pyridine moiety occupied the third pocket, establishing four hydrogen bonds with Glu276, Arg152, 
Asn3Gln406, Phe404, Lys376, and Glu361. Additionally, two electrostatic attractions were formed with 
His357 (Fig. 6a). Thymol exhibited a binding energy of -18.21 Kcal/mol against IAV PB2 protein, forming 
nine hydrophobic interactions with Phe325, Met431, His357, Lys376, and Phe404 (Fig.  6b). Limonin 
displayed a more efficient binding mode than Thymol, with a binding energy of -22.62 Kcal/mol against 
IAV PB2 protein. It was positioned in three different pockets of the active site, forming one hydrogen 

Compound PB2 PA

Thymol −  18.21 −  12.52

Limonin −  22.62 −  22.54

Pimodivir −  22.55 –

Baloxavir acid – −  19.43

Table 4.  Binding free energies (∆G in Kcal/mol) of thymol and Limonin against PB2, and PA proteins as 
compared to the reference molecules.

 

Fig. 4.  Biochemical assays to explore the anti-polymerase and anti-neuraminidase activities of Limonin 
and Thymol. (a) Minigenome assay to validate possible biological interaction of Thymol and Limonin with 
influenza A/H1N1 polymerase subunits as determined by ZsGreen expression in treated and untreated 
transfected HEK 293T cells or (b) by measuring the nanoluciferase activity in the supernatants of treated 
and untreated transfected HEK 293T cells. (c) The neuraminidase inhibition assay against influenza A/H1N1 
showed that Limonin and Thymol have a rare effect on viral neuraminidase activity.
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bond with His357. Additionally, it engaged in six hydrophobic interactions with His432 and Phe323. 
Furthermore, an electrostatic attraction was observed between Limonin and Lys339 (Fig. 6c).

Docking studies against IAV endonuclease PA protein
The co-crystallized ligand (Baloxavir acid) demonstrated a binding score of -19.43 kcal/mol against IAV PA 
protein. The (R)-7-hydroxy-3,4,12,12a-tetrahydro-1H-1,4oxazino[3,4-c]pyrido[2,1-f]1,2,4triazine-6,8-dione 
moiety was positioned in the first pocket (zinc region) of the receptor, forming two hydrogen bonds with 
Leu106 and Lys134. Additionally, it established three electrostatic bonds with zinc 901 and Lys134, along with 

Fig. 6.  (a) Binding mode of the co-crystallized ligand (Pimodivir) against IAV PB2 protein; (b) Binding mode 
of Thymol against IAV PB2 protein; (c) Binding mode of Limonin against IAV PB2 protein.

 

Fig. 5.  (a) Superimposition of the co-crystallized ligand (Pimodivir) of IAV PB2 (carbon atoms in green) and 
the docked pose of the same ligand (carbon atoms in turquoise); (b) Superimposition of the co-crystallized 
ligand (Baloxavir acid) of IAV PA (carbon atoms in green) and the docked pose of the same ligand (carbon 
atoms in violet).
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a hydrophobic bond with Tyr24. The 7,8-difluoro-6,11-dihydrodibenzo[b,e]thiazine moiety occupied the outer 
region of the active site, creating two hydrogen bonds with Glu26 and five hydrophobic interactions with Ile38, 
Lys34, and His41 (Fig. 7a). Thymol displayed a weak binding mode against influenza A/pH1N1 endonuclease 
protein, with a binding energy of -12.52 Kcal/mol. The hydroxyl group formed a hydrogen bond with Ala20, 
while the isopropyl moiety engaged in one hydrophobic interaction with Ile38. The tolyl moiety formed two 
hydrophobic interactions with Ile38 and Lys34 (Fig.  7b). Limonin exhibited a highly efficient binding mode 
against influenza A/pH1N1 endonuclease protein, with a binding energy of -22.54 Kcal/mol. It formed three 
hydrogen bonds with Lys137, Lys134, and Tyr130. Furthermore, it engaged in nine hydrophobic interactions 
with Lys137, Phe105, Tyr24, Ala20, Leu42, and Ile38. Additionally, it established an electrostatic interaction with 
Glu80 (Fig. 7c).

Discussion
The “One-Drug-for-One-Bug” paradigm for antiviral drug development has proven effective for HIV, 
HCV, and influenza viruses73. However, broad-spectrum antivirals are desperately needed to control 
emerging and re-emerging viral epidemics or pandemics, such as SARS-CoV-2, seasonal influenza viruses 
including influenza A/H1N1, and highly pathogenic avian influenza viruses including influenza A/
H5N1. Considering this, we investigated the broad-spectrum antiviral potentials of a variety of botanical 
EOs against three enveloped RNA respiratory viruses and found that only Thymol and Limonin have 
efficient antiviral activities against the three studied viruses with potent IC50 values and high selectivity 
indices (SI˃100). Thus, only Thymol and Limonin have been selected for further validation studies and 
interestingly, the results showed that they can reduce the viral titers by interfering primarily with the viral 
replication stage(s) of IAVs.
Thymol is a major component of thyme plant extract (Thymus vulgaris L., Lamiaceae), a medicinal 
plant known for its various therapeutic properties including antiviral activity47,74,75. Studies reported the 
antiviral potential of Thymol against A/Puerto Rico/8/1934 H1N1 and its cytotoxicity on A549 cells using 

Fig. 7.  (a) Binding mode of the co-crystallized ligand (Baloxavir acid) with IAV PA protein; (b) Binding mode 
of Thymol IAV PA protein; (c) Binding mode of Limonin with IAV PA protein.
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an MTT assay75. The MTT results revealed that the half-maximal cytotoxic concentration for Thymol on 
A549 cells was 49.4 µg/ml, while Quantitative real-time PCR analysis showed that the tested Thymol could 
effectively reduce the viral titer at concentrations of 25 µg/ml75. Furthermore, western blotting studies 
proved that Thymol affects the tested IAV strain by interfering with viral replication stages75. Concerning 
the anti-SARS-CoV-2 activity, previous reports of the antiviral activity of Thymol among other EOs 
revealed antiviral potential for Thymol against SARS-CoV-2 in Vero E6. The CC50 value in Vero E6 cells, 
as measured by MTT assay, was 617 µM showing highly safe use compared to other investigated EOs 
and the plaque reduction results showed lower viral inhibition percentages (96%) compared to the other 
EOs76. Moreover, several studies elucidated the capability of Thymol to combat viral infection, which is 
probably due to its phenol ring structure as previously described49,77,78.
Different studies reported the antiviral efficacy of Limonin (or Evodin; a tetracyclic triterpene extracted 
from citrus fruits as a secondary metabolite with high biological activities) against a variety of DNA and 
RNA viruses such as HIV type-1, HSV type 1 and type 2, and the Newcastle disease virus (NDV)52,56,58, 
but rare or no information was found in the literature regarding the antiviral properties of Limonin 
against IAVs. In silico prediction study on Limonin among other phytochemicals showed that it can 
bind active sites of TMPRSS2 and furin, host proteases, preventing their proteolytic cleavage activity and 
hence, blocking SARS-CoV-2 entry into host cells79. Noteworthy, Limonin is different from Limonene (or 
Dipentene) which is a natural monoterpene, but both are found in citrus fruit peels.
On the same hand, Camphor exerted reliable, safe use on MDCK with CC50 value > 10  mg/ml. The 
preliminary screening of the anti-influenza potential elucidated mild-to-moderate activity of Camphor 
against influenza A/H1N1 virus with an IC50 value of 234.1 µg/ml. In the light of the antiviral potential of 
Camphor, several reports have clearly shown the efficacy of Camphor derivatives against many strains of 
IAVs51,80–83, but the antiviral potential of Camphor oil against either IAV or SARS-CoV-2 has not reported, 
yet. Likely, Peppermint oil has high safety on MDCK cells with CC50 values of 5.23  mg/ml, but with 
mild or no anti-influenza activity. Previous research on Peppermint oil’s antiviral properties discovered 
that it has virucidal effects on HSV-1 and HSV-2 in RC-37 cells. According to the study, this oil may be 
slightly toxic to the tested cell line (RC-37), as indicated by its TC50 (half maximal toxic concentration) 
of 0.014%38. Nevertheless, there was little or no research on the antiviral potential of Peppermint against 
IAV found in the literature.
Several studies reported the antiviral potential of Eucalyptus oil against influenza viruses84–88, but our data 
showed that it has no antiviral activity against the tested influenza A/H1N1 virus and it has also shown to be 
highly safe on MDCK with CC50 < 10 mg/ml. However, comparing the findings of this study to previously 
published research is complicated as the plant-derived oil’s composition is known to vary concerning 
regional climatic conditions, soil conditions, and extraction techniques. Furthermore, the results obtained 
may differ due to the method used to evaluate antiviral activity. Commercial products rarely report oil 
concentration and chemical composition. Several computational studies have analyzed and described 
Eucalyptus oils as good antiviral agents against SARS-CoV-2 which supports our findings89–92. Similarly, 
the data obtained in this study revealed that Clove oil is highly safe on MDCK cells with CC50 < 10 mg/ml 
but it has no antiviral potential against influenza A/H1N1 virus.
The biochemical analyses and docking studies revealed significant results, demonstrating that Limonin 
and Thymol exhibit more effective binding within the crystal structures of influenza IAV PB2 and IAV 
PA proteins compared to IAV neuraminidase. These findings offer valuable insights into the antiviral 
mechanisms of both Thymol and Limonin. Clinical research into the potential health benefits of EOs and 
their pure components, such as Thymol and Limonin, is necessary. These substances may be administered 
as broad-spectrum antivirals to reduce the spread of enveloped respiratory viruses, ease symptoms, and 
possibly contribute to disease prevention. However, further investigations are needed to assess their 
toxicity and efficacy in animal model(s).

Conclusions
This study underscores the high demand for safe and broad-spectrum antiviral drugs, especially in the 
face of the concurrent threats posed by influenza epidemics/pandemics and COVID-19 pandemic. The 
investigation of EOs and their pure constituents revealed a potential antiviral activity of Thymol and Limonin 
against IAVs and SARS-CoV-2 viruses. These compounds demonstrated remarkable safety profiles in cell 
lines, allowing for comprehensive screening at various concentrations. Thymol and Limonin exhibited 
significant anti-influenza activities against both influenza A/H1N1 and A/H5N1 viruses, showcasing their 
broad-spectrum anti-influenza activity. Moreover, the study highlighted their promising anti-coronavirus 
activities against SARS-CoV-2. Biochemical analysis and silico molecular investigations revealed that 
Thymol and Limonin may target key viral proteins, obstructing active binding sites of influenza A/H1N1 
PB2 and PA proteins to exert their virucidal effects. These findings provide valuable insights into the 
potential molecular mechanisms underlying the antiviral actions of Thymol and Limonin. Overall, the 
data presented in this study contribute to the development of supplementary therapeutic strategies against 
influenza A/H1N1, A/H5N1 and SARS-CoV-2 viruses, emphasizing the potential of Thymol and Limonin 
as promising antiviral candidates for further exploration and development.

Data availability
All data generated or analyzed during this study are included in this published article.
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