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Coronavirus is a type of acute atypical respiratory disease representing the leading cause of death world-
wide. Eucalyptol (EUC) known also as 1,8-cineole is a potential inhibitor candidate for COVID-19 (main
protease-Mpro) with effective antiviral properties but undergoes physico-chemical instability and poor
water solubility. Nano-emulsion (NE) is a promising drug delivery system to improve the stability and
efficacy of drugs. This work focuses on studying the anti- COVID-19 activity of EUC by developing nebu-
lized eucalyptol nano-emulsion (EUC-NE) as a potentially effective treatment for COVID-19. The EUC -NE
formulation was prepared using Tween 80 as a surfactant. In vitro evaluation of the EUC-NE formulation
displayed an entrapment efficiency of 77.49 %, a droplet size of 122.37 nm, and an EUC % release of 84.7 %.
The aerodynamic characterization and cytotoxicity of EUC-NE formulation were assessed, and results
showed high lung deposition and low inhibitory concentration. The antiviral mechanism of the EUC-
NE formulation was performed, and it was found that it exerts its action by virucidal, viral replication,
and viral adsorption. Our results confirmed the antiviral activity of the EUC-NE formulation against
COVID-19 and the efficacy of nano-emulsion as a delivery system, which can improve the cytotoxicity
and inhibitory activity of EUC.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

COVID-19, an acute respiratory infection caused by the SARS-
CoV-2 virus (Jiang et al., 2020; Richardson et al., 2020; Tulbah
and Lee, 2021), is currently-one of the major cause of death world-
wide (Ciotti et al., 2020; Tulbah, 2021). COVID-19 treatment has
recently focused on Mpro - the enzyme as a target because it is
responsible for the Coronavirus replication (Panikar et al., 2021;
Sharma, 2020; Sharma and Inderjeet, 2020; Valussi et al., 2021).
Eucalyptol (EUC) is the principal component found in Eucalyptus
sp. essential oils as well as in many aromatic and culinary herbs.
(Abdalla et al., 2020; Monteiro et al., 2021; Panikar et al., 2021;
Sharma, 2020; Sharma and Inderjeet, 2020; Valussi et al., 2021).
It is a potential inhibitor candidate for COVID-19 Mpro (Panikar
et al., 2021; Sharma, 2020; Sharma and Inderjeet, 2020; Valussi
et al., 2021). EUC also has antiviral, anti-inflammatory, and
immunomodulatory properties, and several respiratory diseases
such as rhinosinusitis, bronchitis, asthma, and chronic obstructive
pulmonary disorder (COPD) (Abdalla et al., 2020; Asif et al., 2020;
Yadalam et al., 2021). Recent studies have revealed that EUC may
reduce the risk of COVID-19 (Bravo et al., 2021; Panikar et al.,
2021; Sharma, 2020; Valussi et al., 2021; Yadalam et al., 2021).
However, EUC’s bioavailability and efficacy were hindered in vivo
because it is volatile, instable, and hydrophobic properties
(Gamal et al., 2021; Izham et al., 2021; Peng et al., 2021).

Submicron-sized emulsions, known as nano-emulsions, are uti-
lised as drug carriers to enhance the stability and efficacy of ther-
apeutic substances (Fernandez et al., 2004; Shah et al., 2010;
Tulbah, 2022). Nano-emulsions are o/w dispersions with droplets
size ranging from 100 to 600 nm (Fernandez et al., 2004; Shah
et al., 2010). Using a suitable surfactant, these emulsions are cre-
ated by mixing two immiscible liquids (water and oil) to produce
COVID-
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a single-phase that is thermodynamically stable (Jaiswal et al.,
2015; Solans et al., 2005). Nano-suspensions/ emulsions have been
shown to be effective in medication delivery using lipid-insoluble
and water medicines. They are enhancing drugs in terms of its
integrity, dissolution speed, dependability and saturation solubility
(Abd Elkodous et al., 2021). A study by Muthuirulappan et al, found
that the effecaccy of fucoxanthin had been improved and overcome
its issuse when it was formulated as nano-Suspension
(Muthuirulappan and Francis, 2013). COVID-19 therapy should
be administered through the pulmonary route rather than the oral
route because the possible decrease in systemic toxicity, higher
local concentration of drugs, and avoidance of first-pass metabo-
lism (Lee et al., 2018; Tulbah and Gamal, 2021; Tulbah et al.,
2014), with nebulizers commonly used to deliver aerosolized med-
ications to patients with the respiratory disease (Hess et al., 1996;
Khairnar et al., 2022). This work focuses on studying the anti-
COVID-19 activity of EUC by developing nebulized eucalyptol
nano-emulsion as a promising treatment for COVID-19, as well as
studying the physicochemical, aerodynamic characteristics, and
in vitro toxicity of eucalyptol nano-emulsion on the Vero-E6 cell
line.
2. Materials and methods

2.1. Materials

Sigma-Aldrich Chemical (MO, USA) supplied chloroform,
methanol, eucalyptol, and tween 80. The American Type Culture
Collection (Manassas, VA, USA) supplied the Vero-E6 cell lines
and cell culture materials.
2.2. Quantification of Eucalyptol

The amount of EUC was quantified by a TRACE Ultra gas Chro-
matograph (THERMO Scientific Corp., USA) equipped with a mass
spectrometer detector and a TR-5 MS column (Sa et al., 2021).
The temperature was set at 280 �C with a program starting from
100 �C and raised by 4 �C/min. The electron ionization (EI), spectral
range, and sample injection were set at 70 eV,m/z 40-450, and 1 ll,
respectively. At a flow rate of 2.25 ml/min and a split ratio of 1: 5,
helium was used as a carrier gas.
2.3. Preparation of Eucalyptol Nano-emulsions formulation

The Oil/Water (O/W) Eucalyptol nano-emulsions formulation
(EUC-NE) was manufactured following spontaneous emulsification
according to a method by Bouchemal, et al. with some modifica-
tions (Bouchemal et al., 2004). As shown in Table 1, EUC was added
to a mixture of distilled water and Tween 80 and homogenized
(Ultra-Turrax T25, Germany) for 25 min at 13000 rpm for 5 cycles.
Tween 80 (HLB 15) was used as a surfactant based on a literature
review to prepare nano-emulsion with the optimum size, flow,
and EE (Bouchemal et al., 2004; Kaplan et al., 2019; López-
Montilla et al., 2002). All steps were performed at room tempera-
ture and then the formulation was stored at 4 �C before further
evaluation. Free eucalyptol liquid was used as a control.
Table 1
Design and in vitro evaluation of EUC-NE formulation- Data are presented as Mean ± SD.

Formulation EUC Tween 80 Water %EE

EUC-NE 4 %v/v 16 %v/v 80 %v/v 77.49 ± 6.07 %
EUC 99 % Eucalyptol 0 0

2

2.4. Fourier transform infrared spectroscopy (FTIR)

To confirm the presence of EUC within the EUC-NE formulation,
a sample of EUC, Tween 80, and EUC-NE formulation was placed
inside FTIR (FTIR-8400 s, Shimadzu, Japan) (Herculano et al.,
2015). Potassium bromide (100 mg) was added to each sample
and the detection was conducted at 4000–500 cm�1.
2.5. In vitro evaluation of EUC-NE formulation

2.5.1. Measurement of % entrapment efficiency
To assess the EUC content, the EUC-NE formulation sample was

centrifuged (SIGMA, Steinheim, Germany) for 1 h at 20,000 rpm
(Abo El-Ela et al., 2020). The supernatant solution was collected
and the %EE was calculated in triplicates using the GC–MS method
as follows:

%EE ¼ ðB� AÞ=B� 100 ð1Þ

where A is the drug amount in supernatant and B is the total drug
amount.
2.5.2. Evaluation of zeta potential and droplet size
Droplet size, polydispersity index (PDI), and zeta potential of

EUC-NE formulation were assessed using Dynamic Light Scattering
(DLS, Zetasizer, Malvern, UK) (Tulbah and Gamal, 2021). At 25 �C,
samples were tested after being diluted in ultra-purified water.
2.5.3. In vitro release studies
To ensure the sink conditions to assess EUC’s release, the solu-

bility, and dissolution volume of EUC were assessed by stirring
excess amount of EUC in phosphate buffer saline (PBS, pH 7.4)
for 3 days at 25 �C and the amount dissolved was measured using
the GC–MS method in triplicate. The studied samples were free
EUC, and EUC-NE formulations, and the diffusion membrane was
a dialysis bag (Tulbah et al., 2017). At 100 rpm, the studied samples
were rotated and at each time interval, the amount of EUC dis-
solved was measured using the GC–MS method in triplicate.
2.5.4. Kinetic analysis of release data
To assess the model that fits the EUC-NE formulation’s release,

coefficient of determination (R2), Akaike information criterion
(AIC), and model selection criterion (MSC) criteria were assessed
using DDSolver software (Salem et al., 2022). The Korsmeyer–Pep-
pas equation and similarity factor ‘‘f2” were used to assess the
release mechanism and the significant (p < 0.05) difference
between EUC-NE and free EUC dissolution profiles, respectively.
2.6. Transmission electron microscopy (TEM) measurement

Transmission Electron Microscopy (TEM, JEOL, Japan) was used
to assess the morphology of the EUC-NE formulation at suitable
magnifications (Tulbah et al., 2019). Before observations, the
EUC-NE formulation was put onto a carbon-coated copper grid
and air-dried.
Droplet size Zeta potential PDI Release

122.37 ± 2.66 nm �13 ± 1.4 mV 0.36 ± 0.01 84.7 ± 4.1 %
298.06 ± 14.39 nm 0.02 ± 0.07 mV 0.42 ± 0.06 98.17 ± 2.85 %
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2.7. Aerodynamic characterization

To assess the aerodynamic characterization of the EUC-NE for-
mulation, a sample was jet nebulized (VixOne, AZ, USA) through a
cooled (4 �C)AndersenMKII cascade impactor (ACI, Copley Scientific,
UK) at a flow rate of (15 l/min (Abdelrahim, 2011; Tulbah et al.,
2015), using a calibrated flow meter (ADD MAKE). Each part of the
ACI was washed with a 20 % v/v methanol and the EUC’s amount
was calculated in triplicates using the GC–MSmethod. Copley Inha-
ler TestingDataAnalysis Software (CopleyScientific,UK)wasused to
determine the fine particle dose (FPD) which is the dose of the aero-
solized drug with an aerodynamic diameter, fine particle fraction
(FPF) which is the dose fraction<5 lm and deposited in the lung,
and the mass median aerodynamic diameter (MMAD).

2.8. In vitro bio-characterization of EUC-NE formulation

2.8.1. Cell culture
Vero E6 cell line was selected because they express the SARS-

CoV-2 S protein for SARS-CoV replication (Ogando et al., 2020;
Wurtz et al., 2021). Cell culture materials consisting of DMEM
medium (1 % of penicillin/streptomycin and 10 % of FBS) were used
to preserve Vero-E6 cells which then were distributed in each well
of 96-well cells (100 ll/well at a density of 3 � 105 cells/ml) cul-
ture plates and incubated overnight at 37 �C with 5 % CO2

(Mostafa et al., 2020). The cells were added into a T-175 flask for
up to 24 h to make a virus stock and then isolated in the infection
medium consisting of 1 % L-1-tosylamido-2-phenylethyl chloro-
methyl ketone (TPCK)-treated trypsin, and a DMEM medium with
2 % FBS. The infection was occurred by swapping hCoV-19/Egypt/
NRC-3/2020 virus (Accession Number on GSAID: EPI_ISL_430820)]
and incubated for up to 3 days with new infection media.

2.8.2. Cytotoxicity assay of EUC-NE on Vero E6 cells
MTT assay was used to evaluate the half-maximal cytotoxic

concentration (CC50) of EUC-NE formulation compared to the con-
trol cells (untreated) (Mostafa et al., 2020). Vero-E6 cells (3 � 105

cells) were prepared as described before and different concentra-
tions of EUC-NE (7.81–1000 lg/ml) were added. The cells were
then incubated with 20 ll of MTT solution, followed by medium
aspiration. Each well was filled with an acidified mixture of iso-
propanol and formazan crystals. %cytotoxicity was determined
using the Formazan solution absorbance in triplicates as follows:

% cytotoxicity ¼ ððNT � TÞ = ðNTÞÞ � 100

where non-treated cells absorbance (NT) and treated cells absor-
bance (T).

2.8.3. Inhibitory concentration 50 (IC50) determination
The concentration (IC50) of EUC-NE formulation necessary to

decrease half of the SARS-CoV-2virus-induced cytopathic effect
compared to the control cells (untreated) was measured (Mostafa
et al., 2020; Tulbah and Lee, 2021). Vero-E6 cells (2.4 � 104 cells)
were prepared as described above and different concentrations of
EUC-NE (7.81–125 lg/ml) were added and incubated for 72 h.
The cells were then fixed with 100 ll of paraformaldehyde solu-
tion. A mixture of methanol and crystal violet dye was added to
each well. IC50 was determined by measuring the colour and its
spectral density at 570 nm using a plate reader (Anthos Zenyth
200rt, Anthos Labtec Instruments, Netherlands) in triplicates.

2.8.4. Mechanism of action of EUC-NE activity
The plaque infectivity reduction test was used to investigate the

mechanism of EUC-NE’s antiviral activity (Kuo et al., 2002; Zhang
et al., 1995). Untreated Vero-E6 cells directly infected with NRC-
03-nhCoV were used as control wells.
3

2.8.5. Mechanism of viral adsorption
Viral adsorption was performed similarly to the method by

Zhang et al. (Zhang et al., 1995). The EUC-NE was incubated to
the Vero-E6 cells (105cells/ml) at 4 �C for 2 h after they had been
cultured in a 6-well plate at 37 �C for 24 h. Diluted SARS-CoV-2
virus (104 PFU/well) and DMEM (3 ml, 2 % agarose) were added
and co-incubated for 1 h. Viral plaques formed when plates were
allowed to harden and then hatched at 37 �C. To calculate the %re-
duction in plaque formation of EUC-NE compared to that of control
wells, the plaques were stained with crystal violet after being fixed
in a 10 % formalin solution for 1 h.

2.8.6. Viral replication mechanism
Viral replication was tested as described by Kuo et al. (Kuo et al.,

2002). The SARS-CoV-2 virus was incubated to the Vero-E6 cells
(105cells/ml) for 1 h after they had been cultured in a 6-well plate
at 37 �C for 24 h. EUC-NE and DMEM (3 ml, 2 % agarose) were
added and co-incubated for 1 h. Viral plaques formed when plates
were allowed to harden and then hatched at 37 �C. To calculate the
%reduction in plaque formation of EUC-NE compared to that of
control wells, the plaques were coloured with crystal violet after
being fixed in a 10 % formalin solution for 1 h.

2.8.7. Virucidal mechanism
Virucidal mechanisms were assayed as described by Zhang et al.

(Zhang et al., 1995). The SARS-CoV-2 virus was incubated with
EUC-NE and diluted using serum-free DMEM to allow viral growth
on Vero-E6 cells when incubated. Viral plaques formed when
plates were allowed to harden and then hatched at 37 �C. To calcu-
late the %reduction in plaque formation of EUC-NE compared to
that of control wells, after being fixed in a 10 % formalin solution
for 1 h, the plaques were colored with crystal violet.

2.9. Statistical analysis

Each testing was conducted in triplicate and data are expressed
as mean ± standard deviation (SD). Analysis of data is done using a
Student T-test. A p-value of < 0.05 is considered statistically signif-
icant. IBM-SPSS Statistics (version 22, USA, p 0.05) was utilized.

3. Results

3.1. Gas Chromatography-mass spectrometry (GC–MS) quantification
of eucalyptol

The peak shape for EUC was symmetrical with a retention time
of 6.17 min. The constructed calibration curve for EUC was linear
over a concentration range of 10–100 ppb with a coefficient of
determination (R2) of 0.999.

3.2. Fourier transform infrared spectroscopy (FTIR)

As shown in Fig. 1, peaks of the EUC -NE formulation were com-
pared with those of EUC and Tween 80 to explore any peak shifts.
The FTIR findings of the EUC-NE formulation show similar peaks to
those of EUC and Tween 80, demonstrating the presence of EUC
after drug loading.

3.3. In vitro evaluation of EUC -NE formulation

Successfully, EUC-NE formulation including EUC (4 %v/v),
Tween 80 (16 %v/v), and water (80 %v/v) was prepared using spon-
taneous emulsification by Bouchemal, et al. As demonstrated in
Table 1, droplet size, %EE, polydispersity index (PDI) and zeta
potential of the EUC-NE formulation were measured. The results



Fig. 1. FTIR spectra of EUC -NE formulation components, A), EUC (B), Tween 80 (C), and EUC-NE formulation.
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Table 2
DDSolver release data kinetic models of EUC-NE formulation.

Model Coefficient of
determination

Model Selection
Criterion

Akaike Information
Criterion

Zero-order 0.8012 1.0717 65.0568
First-order 0.9794 2.0170 56.5496

Higuchi 0.9924 3.532 42.9084
Korsmeyer-

Peppas
0.9841 3.3775 44.3052

Hixson-
Crowell

0.9024 1.7833 58.6526
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showed that the EUC-NE formulation had a small droplet size and
low PDI values. The values of the zeta potential of the EUC-NE for-
mulation indicated a negative surface charge appropriate for elec-
trostatic stabilization. To fulfill the sink condition of the release
experiment, the dissolution volume of 25 mM of phosphate buffer
saline (PBS, pH 7.4) was used to exceed the saturation solubility of
EUC (0.25 mg/ml). As demonstrated in Table 1, the release of free
EUC and EUC-NE formulation was measured. Fig. 2 shows that
the release of EUC from the EUC-NE formulation was significantly
lower than that of free EUC for the 8 h of the experiment. The
in vitro release kinetics and mechanism of EUC from the EUC -NE
formulation was evaluated using DDSolver software. As shown in
Table 2, EUC was released from the EUC-NE formulation by the
Higuchi model, which had minimum AIC and maximum R2 and
MSC, and by non Fickian diffusion, which had an estimated ‘‘n”
of 0.508 ± 0.01. Additionally, the EUC-NE formulation had a signif-
icant (p < 0.05) different dissolution profile compared to free EUC
(f2 = 38.99 ± 1.96).

3.4. Transmission electron Microscopy (TEM) measurement

Fig. 3 displays the EUC-NE formulation’s surface morphology
obtained by TEM. Microscopic observation showed the presence
of spherical drops.

3.5. Aerodynamic characterization

The aerodynamic deposition of the nebulized EUC-NE formula-
tion was measured using the cascade impactor. Fig. 4 shows the
deposition of nebulized EUC-NE formulation on ACI stages. The
nebulized EUC-NE formulation has an FPD of 19.11 ± 13.1 mg
and an FPF of 56.01 ± 1.7 %, indicating a high drug deposition in
the lung. Additionally, the EUC-NE formulation showed a low
MMAD of 2.6 ± 0.4 lm indicating suitability for the nebulized
EUC-NE formulation to be delivered to the lung.

3.6. In vitro bio-characterization of EUC-NE formulation

3.6.1. Cytotoxicity assay and inhibitory concentration 50 (IC50)
determination

The cytotoxicity and cell survival of the EUC-NE formulation
were investigated using the MTT test to determine the optimal
concentration for EUC delivery to the lungs. As shown in Fig. 5,
Fig. 2. In vitro release profile of EUC

5

the EUC-NE formulation had a CC50 and an IC50 of 24.23 lg/ml
and 15.939 lg/mL, respectively.
3.6.2. Mechanism of action of EUC-NE activity
Using the plaque infectivity reduction assay, the mechanism of

the EUC-NE formulation activity was examined. As shown in
Table 3, the EUC-NE formulation exerts its antiviral activity against
SARS-CoV-2 by targeting the virus outside the cells (Virucidal),
inhibiting viral replication and adsorption.
4. Discussion

Eucalyptol is a natural oily monoterpene that has limited water
miscibility and low bioavailability, and so it can be incorporated
into O/W nano-emulsions to enhance its anti- COVID-19 activity.
Consequently, the EUC nano-emulsion formulation was prepared
to stabilize EUC and disperse it within an aqueous medium. The
structure and concentration of surfactant and physicochemical
characteristics of drugs affect the nano-emulsions droplet size
and distribution (Bouchemal et al., 2004; Kaplan et al., 2019).
The presence of small droplets decreases the mean droplet size
and increases droplet surface area enhancing the nano-emulsions
characters (Bouchemal et al., 2004; López-Montilla et al., 2002).
Increasing the surfactant’s HLB value reduces mean droplet size
(Bouchemal et al., 2004). Tween 80 (HLB 15) was used as a surfac-
tant based on a literature review to prepare nano-emulsion with
the optimum size, flow, and EE (Bouchemal et al., 2004; Kaplan
et al., 2019; Seijo et al., 1990). The formulation of the EUC into
the NE was confirmed with FTIR studies. To assess the compatibil-
ity of nanoparticles’ components and any chemical interactions
-NE formulations (n = 3 ± SD).



Fig. 3. TEM micrographs of EUC-NE.

Fig. 4. In vitro drug deposition of the nebulized EUC-NE formulation shows a deposited amount of EUC at each ACI stage (n = 3 ± S.D.).
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Fig. 5. Left- The cytotoxicity concentration 50 (CC50) and Right- viral inhibitory concentration 50 (IC50) of EUC-NE formulation on Vero-E6 cells line model.

Table 3
Mechanism of action of EUC -NE.

Code of Sample Concentration
lg/ml

Virus Control
(PFU/ml)

Viral Titer
(PFU/ml)

Viral Inhibition (%)

Virucidal
Effect

10 0.87 * 105 0.39 * 105 55.2 %
5 0.42 * 105 51.7 %
2.5 0.57 * 105 34.5 %
1.25 0.63 * 105 27.6 %

Replication
inhibition

10 0.87 * 105 0.29 * 105 66.7 %
5 0.3 * 105 65.5 %
2.5 0.3 * 105 65.5 %
1.25 0.35 * 105 59.8 %

Adsorption inhibition 10 0.87 * 105 0.29 * 105 66.7 %
5 0.40 * 105 54 %
2.5 0.55 * 105 36.8 %
1.25 0.8 * 105 8%
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between the components of NE, the FTIR analysis was carried out
(Tulbah and Gamal, 2021). There were broad peaks at 2925 cm�1

in the EUC FT-IR spectrum, indicating alkenes-induced CAH
stretching and at 1465 cm�1 indicating alkane-induced CAH bend-
ing. Esters and alcohols produced peaks at 1215 cm�1 and
1079 cm�1. One common peak near 1635 cm�1 due to CAH bend-
ing for alkane groups was detected in pure EUC and EUC-NE formu-
lations. The FTIR findings of the EUC-NE formulation show similar
pikes as those of EUC and Tween 80 demonstrating compatibility
in the formulation and that EUC is present inside the nanoparticles.
FTIR spectra illustrated that EUC was encapsulated in nano-
emulsions droplets.

The GC–MS method was used to quantify EUC. Linearity, sensi-
tivity, precision, and accuracy of this method were high (Sa et al.,
2021). The prepared formulation’s drug content was calculated
using the percent EE. When Tween 80 is used as a carrier in
nano-emulsion formulations, the efficiency of encapsulation is
greatly improved (Song et al., 2011). Tween 80 is a non-ionic sur-
factant that has a higher HLB value and helps to increase the solu-
bility of EUC (Chaudhari and Kuchekar, 2018; Chuacharoen et al.,
2019). Increasing the solubility of the EUC resulted in increased
drug loading and better entrapment efficiency of EUC. The results
of particle size determination revealed that EUC nano-emulsion
was prepared with a small droplet size and narrow PDI demon-
strated a homogeneous droplet size distribution. Tween 80
reduced the surface tension of oil drops, which helped the break-
down of the oil drops into smaller sizes (Chaudhari and
Kuchekar, 2018). It also allows the effective transport of active
ingredients to the lungs. These results were confirmed by micro-
scopic TEM observations, which showed the presence of small
spherical drops. Additionally, EUC nano-emulsion was prepared
with a negative zeta potential, indicating the potential stability
7

of the colloidal system due to the presence of electrostatic repul-
sion between particles (Chaudhari and Kuchekar, 2018;
Rodrigues et al., 2018). Enough surfactant was present to cover
the oil droplets’ surface which stabilized and prevented the coales-
cence of nano-emulsion droplets (Chaudhari and Kuchekar, 2018).
These findings are supported by Chaudhari et al. study (Chaudhari
and Kuchekar, 2018). In vitro release studies of EUC-NE formulation
showed high drug release because the presence of small droplets
decreases the mean droplet size and increases droplet surface area
(Kaplan et al., 2019) (Chaudhari and Kuchekar, 2018).

The aerodynamic deposition of the nebulized EUC-NE formula-
tion was measured using the cascade impactor. Aerosol particles
were characterized by MMAD (Arbain et al., 2018) and results
showed suitability for the nebulized EUC-NE formulation to be
delivered to the lung. Additionally, the nebulized EUC-NE formula-
tion showed high FPF indicating a high drug deposition. To assess
the effect of the EUC -NE formulation on the cytotoxicity and cell
viability in vitro, the MTT assay was performed. Cell viability
results showed a cytotoxic effect of the EUC-NE formulation with
a low IC50 value. Antiviral mechanisms of action of the EUC-NE
formulation were studied using a plaque infectivity reduction test.
By testing the EUC-NE formulation, we found that it exerts its
antiviral activity against SARS-CoV-2 by a synergistic effect
between virucidal, viral replication, and viral adsorption. As shown
in Table 3, the EUC-NE formulation showed a decrease in the viral
titer, displaying good antiviral activity compared with the control.

5. Conclusion

Eucalyptol is a potential inhibitor candidate for COVID-19 Mpro

with effective antiviral properties but undergoes instability and
poor water solubility. The EUC nano-emulsion formulation was
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prepared to improve the delivery and efficacy of drugs for COVID-
19 treatment. The EUC nano-emulsion formulation was nebulized
before being characterized to investigate the aerodynamic deposi-
tion and antiviral activity of EUC. Our results demonstrated a
higher deposition of EUC in the lung, antiviral activity of EUC-NE
formulation against SARS-CoV-2, and the efficacy of nano-
emulsion as a delivery system, which can improve the cytotoxicity
and inhibitory activity of EUC.
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