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Purpose: SARS-CoV-2-infected individuals may be asymptomatic, and therefore, the virus
is highly contagious. We aimed to develop an agent to control viral replication in the upper
respiratory tract and to prevent progression of the disease into the lower airways as well as
inter-individual transmission. For this purpose, we investigated the antibacterial and antiviral
activities of our novel nanobubble ozonated hyaluronic acid-decorated liposomal (NOHAL)
solution, developed by using nanotechnology.
Methods: The MIC levels of NOHAL solution were determined on blood agar cultures
of Staphylococcus aureus (ATCC 6538), Streptococcuspneumoniae (ATCC 49619) and
Escherichia coli (ATCC 25922). The in vitro anti-viral activity of NOHAL solution was
studied using recombinant SARS-CoV-2 copies of the original virus, grown in Vero
cells generated by reverse genetic technology. Human primary lung epithelial cells
obtained by bronchoscopy or lung resection were used for cell viability tests using
flow cytometry analysis. The cytotoxicity testing was performed using the BALB/c 3T3
(CCL-163) cell line. Skin, oral, nasal and ocular irritation tests were performed using
New Zealand albino rabbits, Syrian hamsters, BALB c mice and New Zealand albino
rabbits of both sexes.
Results: Bacterial growth was prevented by NOHAL solution in a time-/dose-dependent
manner. In vivo or in vitro experiments did not show any toxicity of NOHAL solution.
No cytotoxicity was recorded on cell viability. No skin, oral, nasal or ocular toxicities
were recorded. In addition, in a SARS-CoV-2 mouse infection model, NOHAL solution
diminished the viral RNA levels effectively in nasopharyngeal and lung samples after its
prophylactic intranasal application.
Conclusion: NOHAL solution has the potential to reduce or prevent the spread of SARS-
CoV-2 through the nose and/or oral cavity. The clinical efficacy of this solution needs to be
tested in order to determine its efficacy in the early phase of COVID-19.
Keywords: nanobubble, ozone, hyaluronic acid, liposome, anti-microbial, anti-viral

Introduction
After fluorine and persulfate, ozone (O3) is the third strongest oxidizing agent, and
a highly reactive molecule.1 It is the allotropic form of oxygen and is used in a
number of applications in scientific, medical, and industrial fields. O3 is a trophic
agent that has analgesic, anti-inflammatory and immunomodulatory properties,2 and
has been used in complementary medicine to treat various infectious as well as
autoimmune and degenerative disorders.3
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Today, ozone is increasingly used as a therapeutic
agent. A number of studies from different countries includ-
ing China, Italy, Turkey, Russia and Spain have reported
the use of O3 in many conditions.4–9 It has been reported
that O3 can reduce inflammation and pain6,8,9,10 and show
bactericidal,11 fungicidal,12 virucidal13 and antiparasitic
effects.14 O3 is a potent oxidizing agent that is able to
react with unsaturated triacylglycerides. In 1975, Criegee
was the first to claim that O3 exerted its action by cleaving
double bonds by oxidation, and this has been widely
accepted since then.15 Ozonated vegetable oils have been
successfully applied as complementary anti-infective,-
16 anti-inflammatory,17 and wound-healing agents.18

Recently, Murata Takayuki and his colleagues showed the
efficacy and safety of low-dose O3 gas and O3 water for
SARS-CoV2 in an in vitro study.19 On the other hand, in
several studies, it was reported that O2-O3 therapy might be
applied as an adjuvant to the available SARS-CoV-2 treatment
methods, because it improved clinical outcomes, and was
promising for COVID-19 patients.19–23 Ozone has many ben-
eficial properties that can also be useful in the treatment of
COVID-19 pneumonia. It can provide sufficient energy and
oxygen to the tissues by activating the pentose phosphate
pathway, increasing the 2.3 diphosphoglyceric acid content
in erythrocytes, and stimulating erythrocyte oxygen
metabolism.24–27 ,Moreover, its ability to improve blood
rheology and capillary action has also been reported, which
has been shown to be beneficial in the treatment of some
vascular diseases. The antiplatelet effect of ozone increases
the release of some prostacyclins such as PGI2, which is
beneficial for patients with microthrombosis.28 All these
effects may help reduce the hypercoagulation phenomenon
in the COVID-19 patients. The immunomodulatory effects
of ozone may also play an important role in COVID-19.29

An inflammatory response develops in response to the severe
infection, andworsening of the general condition of the patient
may be prevented by cytokine modulation. Ozone has strong
anti-inflammatory features.24–29

O3 has antiviral effects, and exerts this effect by interfering
with the virus replication stage. The antiviral property of O3

has been linked to the oxidization of cysteine residues. Like all
other coronaviruses, SARS-CoV-2 is also rich in these resi-
dues, and O3 oxidizes them to form disulfide bridges.

It has been reported that O3 can directly inactivate
various viruses including Norwalk, Hepatitis A and polio
viruses.30–34 Rowen stated that ozone oxidized the mem-
brane glycoprotein, transforming it from the reduced form
to the oxidized form. In this case, viruses cannot enter the

cell and infect the host since they need the reduced form of
membrane glycoproteins.35

Mirazmi et al observed that CMV (cytomegalovirus)
loses its infective capacity if its “thiol” group is
oxidized.36 It was also reported that HIV needs reduced
sulfhydryl groups for infectivity,37 and the Ebola virus
needs them to enter into cells.38

Similarly, Rowen postulated that thiol groups of cysteine
and tryptophan could be directly oxidized by ozone, inacti-
vating cellular fusion of the virus. In cases where the ozone
molecule cannot directly reach the viral capsid, its mediators
such as reactive oxygen species (ROS), including O2, -OH,
and H2O2 that are generated after decomposition of ozone, or
lipid oxidation products (LOP) continue to maintain the
oxidizing power required to inactivate the virus.35

Moreover, the reactions between ozone and ozone-related
ROS with the viral proteins, lipids and amino acids may
cause the formation of further ROS, including acylperoxyl,
promoting more oxidation via a chain reaction.

When the ozone molecule damages viral capsid
through peroxidation, virus replication cycle is altered,
meaning that the O3 has a therapeutic effect at the initial
phase of the viral infection. The coronavirus has been
named after its crown-shaped S-spike protein, comprised
of cysteine and tryptophan. O3 or its mediators (LOP/
ROS) are able to oxidize these amino acids, and prevent
binding of coronavirus to the ACE2 receptors of Type 2
pneumocytes.39

Conventional molecule delivery systems have several
known limitations. However, the nano-technological
delivery systems have key advantages including the
small size of the carrier, targetable, biocompatible and
biodegradable features, less toxicity, delivery of mole-
cules to specific regions thanks to the ability for surface
modification, support in the long cycling time, and they
also provide stability to the molecules, particularly med-
icines, surrounded by the nanotechnological carriers.
Lipid sacs called liposomes/nanoliposomes are relatively
new technological products used for encapsulating
bioactive substances and delivering them to a specific
target. The list of bioactive materials that can be deliv-
ered through these liposomes is quite long. Liposomes/
nanoliposomes can improve the solubility and biocom-
patibility performance of the bioactive materials by
maintaining their stability and preventing their nonspe-
cific interactions with foreign molecules. Targeting abil-
ity is another advantage of these liposomes; they may be
targeted to a specific region or cell, minimizing side
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effects on healthy tissues and cells, as well as providing
optimum therapeutic efficacy in the target. pH-sensitive
liposomes are useful as intracellular drug cargo systems
owing to their capability to transfer their contents into
the cell through fusion or destabilization of the endo-
some with a weak acidic environment.40–42

In line with the aforementioned literature data in
this study, Hyaluronic Acid (HA)-decorated ozonated
nanoliposomes were developed to test the in vitro anti-
bacterial and in vitro/in vivo antiviral (SARS-CoV-2)
and toxicity effects of the ozone molecule. For this
purpose, this molecule was encapsulated in nano-car-
rier oil with glycerin, HA, menthol and water, in a
nanoscale manner. HA-modified ozonated nanolipo-
somes were used to deliver the ozone molecule to the
target, which is the most effective way of increasing its
therapeutic effect.

Materials and Methods
Animals and Mesenchymal Cell Line
All experimental procedures involving use of the ani-
mals were approved by the Akdeniz University,
Committee for Animal Care and Use (B.30.2.
AKD.0.05.07.00/141), carried according to the Animal
Experiments Local Ethics Committee (Akhadyek)
Establishment and Procedure Guideline, and
TUBITAK HADYEK (16563500-111-88). Ethical
approval for mesenchymal stem cells was obtained
from the Non-invasive Clinical Studies Ethics
Committee, Cukurova University Faculty of Medicine
(31/08/2018-80-07).

Preparation of Solutions
In our study, the amount of ozonation of the liposome
solutions was calculated in terms of ppm. Preparation of
NOHAL is described and protected by patent applications
(Patent application number TR201904790A·2019-03-29,
US2021007360A1; WO2019240713A2; WO2019240
713A3, TR2021-00105).

Size polydispersity (PDI), zeta potential, hydrody-
namic diameter (Z-average size), and dynamic light scat-
tering (DLS), (Electrophoretic Light Scattering/ELS)
measurements were done at 25°C on three independent
samples with a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd., UK) containing a solid-state HeNe laser
(λ=633nm) at a 173° scattering angle.

In vitro Anti-Microbial Activity of
NOHAL Solution
Determination of the Minimum Inhibitory
Concentration (MIC) of Ozone Solutions
The CLSI M07 A9 method (Dilution Antimicrobial
Sensitivity Tests for Aerobically Growing Bacteria) was
used for antibacterial tests, performed in Medical
Microbiology Department’s Test Laboratory of
Antimicrobial Efficiency (Approved Standard) (CLSI
M07 A9)43 in the Bursa Uludağ University, Faculty of
Medicine. The proposed standard test method was
employed for the antibacterial tests, and the MIC levels
of NOHAL solution were determined using
Staphylococcus aureus (ATCC 6538), Streptococcus pneu-
moniae (ATCC 49619) and Escherichia coli (ATCC
25922) (Table 1). First, a stock solution of ozone contain-
ing 50,000 ppm was prepared and serially diluted to
50,000, 25,000, 12,500, 6250, 3125, 1562, 780, 390, 195
and 97 ppm concentrations. The serial dilutions with the
aforementioned concentrations were transported into ster-
ile U tubes. 24-hour colonies of bacterial culture were used
to obtain bacterial suspensions with a turbidity of 0.5
McFarland units, in accordance with CLSI (Institute of
Clinical and Laboratory Standards) recommendations,
and they were added to the ozone solutions in U tubes to
obtain a final concentration of 3×106 colony forming units
(CFU)/mL. This solution concentration in the tubes was
set to initially proposed levels of 50,000, 25,000, 12,500,

Table 1 MIC Values for Staphylococcus aureus (ATCC 6538) and
Escherichia coli (ATCC25922) According to the CLSI M07 A9
Method

Tube Dilution ppm Staphylococcus

aureus

Escherichia

coli

NOHAL 1 1 50.000 Absent Absent

2 2 25.000 Absent Absent

3 4 12.500 Absent Absent

4 8 6.250 Absent Absent

5 16 3.125 Absent Absent

6 32 1.562 Absent Absent

7 64 781 Present Present

8 128 390 Present Present

9 256 195 Present Present

10 512 97 Present Present
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6250, 3125, 1562, 780, 390, 195, 97 ppm. Then, the
samples taken from the tubes using a standard cycle
were cultivated in blood agar media (Germany-Becton
Dickinson). The MIC value was defined as the lowest
ozone concentration with no visible bacterial growth
after incubation at 37 °C for 24 hours.

In vitro Anti-Viral Activity of NOHAL
Solution
As Xie et al have shown, the replication kinetics of the
isolates obtained from patients may be repeated by the
recombinant virus generated by reverse genetic
technology.44 Thus, in our study, we used the recombi-
nant SARS-CoV-2 replicates of the original virus grown
in Vero cells (ATCC). African green monkey kidney-
derived Vero cells were grown in DMEM (Dulbecco’s
Modified Eagle Medium, Sigma Aldrich, USA) added
5% FBS (fetal bovine serum). The cells were cultured at
37°C in a humidified 5% CO2 incubator (ESCO,
Singapore). Vero cells were transfected and grown on
a Lab-Tek chamber slide with eight wells (Thermo
Fisher Scientific, USA). The cell viability and RNA
synthesis were monitored in transfected cells. RT-PCR
was performed to detect the viral RNA, and flow cyto-
metry was done to determine cell survival rates in the
transfected Vero cells at indicated time points. The cul-
ture media of the transfected cells revealed SARS-CoV-
2 RNA on RT-PCR; however, the cells transfected as
negative controls did not yield any RT-PCR products.
QIAamp Viral RNA Kits (QIAGEN, Germany) were
used to extract viral RNA.

An in vitro analysis was performed to study the anti-
SARS-CoV-2 activity of NOHAL solution. 96-well
plates were used to seed the cells at a concentration of
1×104 cells per well, and growth was allowed for 24
hours. This experiment had four parts: (i) treatment with
300 ppm NOHAL solution, (ii) treatment with 600 ppm
NOHAL solution, (iii) treatment with 1000 ppm
NOHAL solution, (iv) treatment with 1600 ppm
NOHAL solution, and (v) the study for prophylaxis.

The Vero cells were treated with NOHAL solution at
different concentrations, ranging from 300 ppm to 1600
ppm, for 2, 12 and 24 hours, in the treatment groups in
accordance with the previous studies of our group, pre-
vious ozone in vitro cytotoxicity assays and recent anti-
SARS-CoV-2 effects of ozone therapies.45–48 Exposure
times for treatment were determined by following up the

chronic effect, cytotoxicity and the impact on the cell
proliferation. The maximum time was calculated in rela-
tion to the cells’ doubling time. Each assay was per-
formed twice. Statistical comparisons were made using
the median values of the replicates. The Vero cells that
were not treated with NOHAL solution were used as
negative controls. Then, a medium containing recombi-
nant SARS-CoV-2 replicates was added to the Vero cells
treated with NOHAL and it remained for 2 hours. After
removal of the medium, a fresh medium that contained
neither the treatment content nor the virus-related ingre-
dients was added. Next, RNA was extracted from the
supernatant and analyzed using the previously published
RT-PCR method.49 Extraction of the viral RNA from the
supernatant of infected cells (100 μL) was done with an
automated nucleic acid extraction system
(QiaSymphony, QIAGEN, Germany), following the
instructions of the manufacturer.

One Step Prime Script RT-PCR kit (TaKaRa, Japan) was
used on a Light Cycler 480 Real-Time PCR system (Roche,
Rotkreuz, Switzerland) to detect SARS-CoV-2, using the
primers with the following sequences: forward primer: 5ʹ-
AGAAGATTGGTTAGATGATGATAGT-3ʹ; reverse primer:
5ʹ-TTCCATCTCTAATTGAGGTTGAACC-3ʹ; and probe:
5ʹ-FAM-TCCTCACTGCCGTCTTGTTG ACCA-BHQ1-3ʹ.

Human Cell Line Culture and Viability
Test of NOHAL Solution
Human primary lung epithelial cells preserved in
Cukurova University Cell and Biobank were used for
cell viability tests. The cells were cultured in DMEM
containing penicillin plus streptomycin 1%, L-glutamine
1% and FBS 10%.50,51 Cell viability testing was per-
formed via flow cytometry analysis. All samples’ cell
concentrations were higher than 1 x 10e4 cells/mL.
Thus, 20 µL 7AAD (Beckman Coulter, USA) for every
1 mL of cells was directly added to the cells in the
culture media. Then, all were mixed and read on the
CytoFLEX cytometer (Beckman Coulter, USA) within
10 minutes.

Additionally, to eliminate subjectivity and user-to-
user variability and to assess the infected cells, the
samples were stained with Trypan Blue (100 μL with
0.4% concentration for each sample), and examined
using a sophisticated image analysis system with an
auto-focus mechanism (The Countess II Automated
Cell Counter, ThermoFisher, USA).
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The primary cells isolated from lung tissue were
airway epithelial cells obtained with bronchoscopy or
lung resection, and a commercial source (Lonza) was
also utilized.54,55 Lung tissues were obtained by
bronchoscopy or lung resection under aseptic surgical
conditions in order to isolate bronchial epithelial cells,
and were brought to the laboratory in a sterile bucket.
During transport and prior to dissection, tissue samples
were preserved at 4 °C. The tissue samples were placed
into a petri dish containing 2% Penicillin +
Streptomycin PBS during the dissection, and then
washed with PBS three times to eliminate blood resi-
dues. Dissected tissue was transferred into a sterile petri
dish and minced with a lancet. Minced tissue was mixed
with 10 mL PBS containing 1 mg/mL collagenase in a
sterile 50 mL tube, and homogenized by shaking. After
1-hour incubation at 37 °C, the tube was centrifuged at
400xg for 5 minutes. After removal of the supernatant,
the pellet was suspended again using 10 mL PBS. This
step was repeated twice. After PBS was removed, 25
mL 0.25% Trypsin/EDTA was added into tube and
mixed gently and left to incubate for 1 hour at 37 °C.
After incubation, 1 mL fetal bovine serum (FBS) was
added and the tube was centrifuged at 400xg for 5
minutes. Removal of the supernatant was followed by
re-suspension of the pellet with 10 mL phosphate buf-
fered saline (PBS), which was done twice. After the
second wash, the supernatant was removed and 10 mL
mesenchymal cell culture media was added (Dulbecco’s
Modified Eagle Medium, 10% FBS, 1% penicillin,
streptomycin), and mixed through pipetting. The suspen-
sion was transferred into a T-75 flask and cultured in a
humidified incubator with 5% CO2 at 37 °C. After
incubation for 48 hours, the medium was removed, and
the flask was washed with culture medium. Then, 10 mL
medium was added. The medium was changed every 72
hours. When the confluency reached 80–90%, cells were
washed with 10 mL PBS twice, and then 5mL 0.25%
Trypsin/EDTA was added and they were removed from
the flask. It was then incubated for 5 minutes at 37 °C.
After incubation, 10 mL culture media was added into
the flask and mixed with pipetting. The suspension was
transported into a 50 mL tube, centrifuged at 400xg for
5 minutes, aspirated and re-suspended with 10 mL fresh
culture media. In order to count cells with a cell coun-
ter, 10 µL trypan blue was used to dilute 10 µL of cell
suspension, and the total number of cells was calculated.
The cells were then transferred to new flasks at 1150

cells/cm2 in fresh cell culture media, and incubated in a
tissue culture incubator (with 5% CO2, at 37 °C). These
cells were preserved in the biobank for further studies.

This cell culture procedure has a better physiological
function compared to continuous cell lines, although their
life span is limited. Both the isolation and culturing pro-
cedures including passaging were performed as reported in
a previous study.56 Moreover, to generate a 3-Dimensional
(3-D) lung model, we used the rotary cell culture system
(RCCS) as a bioreactor (Synthecon, USA) at 37°C under
5% CO2. In order to generate the lung model, bronchial
epithelial cells that were obtained from lung resection and
bronchoscopy were cultured at 37°C in 5% CO2 as 2-D in
T-75 flasks with GTSF-2 medium (HyClone), by adding
10% FBS and 100 g of penicillin-streptomycin
(Invitrogen). PBS was used to wash the cells twice after
they reached 75% confluency, then 0.25% Trypsin/EDTA
was added to remove them from the flask. After the cells
were counted, around 5×106 cells were suspended again in
fresh GTSF-2 that included 5 mg/mL Cytodex-3 micro-
carrier beads (Sigma). These beads were dextran beads
coated with type I collagen- (mean diameter, 175μ). The
cell-bead mixture was incubated at room temperature for
30 min to allow their attachment, and as previously
reported, placed into the RCCS and cultured in GTSF-2.
Before using them for studies, the RCCS bioreactor was
used to culture 3-D aggregates for 12 to 14 days, then they
were seeded on 24-well plates on the experimental day,
and fresh medium was added. The cell monolayers were
cultured for 2–3 days in GTSF-2 in 24-well plates to 75%
confluency, under 5% CO2 and at 37°C. Treatment studies
were performed using these 3-D cultures grown for 12–16
days. The timelines for the Trypan Blue dye exclusion test
were matched for each parallel testing to establish the
number of viable cells in the cell culture.

Placenta Derived Mesenchymal Stem Cell
Isolation Protocol
The placentas obtained under aseptic surgical conditions
after Cesarean section were brought to the laboratory in a
sterile bucket. The placentas were stored at 4°C while
being transported and prior to dissection. The isolation
steps were carried out as follows:

Chorionic villus tissue was dissected from placental
tissue ~1 cm2 × 0.5–1 cm deep. The tissue samples were
placed into a petri dish containing 2% Penicillin +
Streptomycin PBS during the dissection, and then
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washed with PBS three times to eliminate blood
residues.

Dissected tissue was transferred into a sterile petri
dish to mince with a lancet. Minced tissue was mixed in
a sterile 50 mL tube with 10 mL PBS that contained 1
mg/mL collagenase, and homogenized by shaking. After
1-hour incubation at 37°C, the tube was centrifuged at
400xg for 5 minutes. Removal of the supernatant was
followed by re-suspension of the pellet with 10 mL
PBS, which was repeated twice. After PBS was
removed, 25 mL 0.25% Trypsin/EDTA was added into
tube and mixed gently and left to incubate for 1 hour at
37 °C. After incubation, 1 mL fetal bovine serum (FBS)
was added and the tube was centrifuged at 400xg for 5
minutes. After removal of the supernatant, 10 mL phos-
phate buffered saline (PBS) was used to re-suspend the
pellet, which was repeated twice.

After the second wash, the supernatant was removed
and 10 mL mesenchymal stem cell culture media was
added (Dulbecco’s Modified Eagle Medium, 10% FBS,
1% penicillin, streptomycin) and mixed through pipetting.
The suspension was transferred into a T-75 flask and
cultured in a humidified incubator with 5% CO2 at 37 °
C. After incubation for 48 hours, the medium was
removed, and the flask was washed with culture medium.
Then, 10 mL medium was added. The medium was chan-
ged every 72 hours.

When the confluency reached 80–90%, the cells were
washed twice with 10 mL PBS, then removed from the
flask by the adding 5mL 0.25% Trypsin/EDTA. It was
then incubated for 5 minutes at 37 °C. After incubation,
10 mL culture media was added into the flask and mixed
with pipetting. The suspension was transported into a 50
mL tube, centrifuged at 400xg for 5 minutes, aspirated
and re-suspended with 10 mL fresh culture media.

Ten µL of cell suspension was diluted via 10 µL
trypan blue to count the cells using a cell counter, and
the total cell number was calculated. The cells were
then transferred to new flasks at 1150 cells/cm2 in fresh
mesenchymal stem cell culture media, and incubated in
a tissue culture incubator (at 37°C with 5% CO2).
These cells were preserved in the biobank for further
studies. To assess the cell viability, the samples were
stained with Trypan Blue (100 μL with 0.4% concen-
tration for each sample), and examined using a sophis-
ticated image analysis system with an auto-focus
mechanism (The Countess II Automated Cell Counter,
ThermoFisher, USA).

All cell culture and cell viability tests were conducted
in triplicate, while RT-PCR experiments were performed
in duplicate.

Mice Cell Line Culture and Cytotoxicity
Test of NOHAL Solution
For the cytotoxicity test, the BALB/c 3T3 (CCL-163)
cell line from ATCC was used. DMEM (Dulbecco’s
modified eagle medium) (ATCC Cat No: 30-2006) was
used for cell culture, 10% (v/v) fetal bovine serum,
antibiotics (penicillin/streptomycin; and 1% (2 mM)
L-glutamine were added, and incubated in a humidified
5% CO2 incubator at 37°C. A mixture of 0.25% trypsin
and 0.03% EDTA was used for trypsinization, as sug-
gested by ATCC. The cells were suspended in a culture
medium and transferred to a 96-well plate, with 104

cells per well (100 µL).

Dose Administration Concentrations of
Mice Cell Line Culture and Cytotoxicity
Test of NOHAL Solution
After 24 hours of cell culture, the medium was removed
and 100 µL of test material, positive control or negative
control was added. All doses were applied with at least 5
repeats. After 48 hours, the plates were examined, and the
culture medium was removed.

The culture medium was eliminated from the wells
after examination of the plates. A 50 µL of MTT
solution was added to each well. The plates were
incubated at 37°C for 2 hours. Then, MTT solution
was removed, and 100 µL of isopropanol was added
to every well. Absorbance measurements were done
using a microplate reader with a 570 nm filter, and
then evaluated. A polyethylene tube was used as
Negative Control (NC), DMSO (dimethyl sulfoxide)
serial dilutions (30–10 v/v) were used as the positive
controls (PC), and different concentrations of Test
Material (TM) (100 −30-10 −3-v/v) were used.

The material was considered as cytotoxic if the survi-
val rate of the test material was less than 70%. Survival
value was determined according to the formula below:

Survival %= 100 x OD570TM /OD570NK
OD570TM = The mean of the optical density value of

the test material after blank is removed.
OD570NK= The mean of the optical density value of

the negative control after blank is removed.
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SARS-Cov2 Infection of Human K18-
hACE2-Transgenic Mice Models with
Intranasal Delivery of NOHAL Solution
To test the effectiveness of NOHAL, an in vivo chal-
lenge experiment was designed. Three 8-to-10-week-old
K18-hACE2 transgenic female (Jackson Lab, USA)
mice were used in each group. The mice were randomly
assigned to three groups: low-dose NOHAL1 solution
[OZYS1000 ppm] group (Group I), high-dose NOHAL2
solution [OZYS1600 ppm] group (Group II), and pla-
cebo (PBS) group (Group III). A 50 µL of NOHAL1,
NOHAL2 and PBS was delivered through intranasal (i.
n.) instillation to the Groups I, II and III, respectively,
for three days under anesthesia. After the application of
the last intranasal spray, the animals were transferred to
biocontainment IVC cages in the BSL 3 laboratory for
the challenge experiment. Under anesthesia, the animals
were infected intranasally with 50 μL of 105 TCID50

SARS-CoV-2 virus, for three days. The nasal spray was
administered in the morning, and the SARS-CoV-2 virus
was given in the afternoon (Figure 1 – the schema of
experimental design). The weights of all mice were
measured daily.

Both applications were stopped when the challenge
period was finished. The animals were observed until the
10th day of the experiment, and their daily weights were
recorded. The animals were sacrificed with cervical dis-
location, and gross pathologic examination was performed.
For virus extraction, their lungs were harvested and an
oropharyngeal lavage was done. Virus isolation was per-
formed at −20°C.

Tissue Homogenization
The tissues harvested from each mouse were homogenized
in 3 mL of PBS using an ultrasonic homogenizer at 70%
amplitude, for 90 seconds (BANDELİN HD2200.2) for
viral isolation. Tissue homogenates were centrifuged at
17,000x g for 10 minutes, and the supernatants were
placed into 15 mL falcon tubes.

Viral RNA Isolation and qRT-PCR
QIAamp Viral RNA Mini kit Cat: 52906 (QIAGEN) was
used in relation with the protocols to extract viral RNA.
The viral RNA was quantified with One Step PrimeScript
III RT-qPCR Kit (Takara). A CFX96 Touch instrument
was used for all reactions under these quantitative-PCR
conditions: 52°C for 5 min, 95°C for 10 sec, followed by
44 cycles at 95°C for 5 sec and 55°C for 30 sec. The CDS
primer sequences used for RT-qPCR were targeted against
the Nucleocapsid (NC) gene of SARS-CoV-2 with the
following primers and probes: N1 Forward: 5ʹ-GAC
CCC AAA ATC AGC GAA AT-3ʹ, N1 Reverse: 5ʹ-TCT
GGT TAC TGC CAG TTG AAT CTG-3ʹ N1 Probe: 5ʹ-
FAM-ACC CCG CAT TAC GTT TGG TGG ACC-BHQ1-
3 N2 Forward: 5ʹ-TTA CAA ACATTG GCC GCA AA-3ʹ
N2 Revers: 5ʹ-GCG CGA CAT TCC GAA GAA-3ʹ N2
Probe: 5ʹ-FAM-ACA ATT TGC CCC CAG CGC TTC
AG-HQ1-3. RT-PCR experiments were performed in
duplicate.

Irritation Studies of NOHAL Solution
Skin Irritation Test of NOHAL Solution
Information About the Irritation Test (TS EN ISO
10993-10:2010)

Figure 1 Schematic of experimental design.
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The irritation test procedure was conducted in line with the
following standards: Irritation test TS EN ISO
10993–10:2010, Animals and husbandry TS EN
15010993-2:2006, Preparing of the test material TS EN
ISO 10993-12:2013.

The irritation test procedure was conducted in line with
the following standards: Irritation test TS EN ISO
10993-10:2010, Animals and husbandry TS EN
15010993-2:2006, Preparing of the test material TS EN
ISO 10993-12:2013.

Animal and Husbandry
As test animals, three healthy young New Zealand adult
albino rabbits were used, weighing 2–3 kg. The areas to be
treated were shaved and cleaned 24 hours before stimula-
tion. Before the animals were taken into cages, the shaved
areas were thoroughly washed with warm water and dried
with a towel.

Preparation of the Test Material
The test material was applied according to the standards
given under the title of TS EN ISO 10993-10: 2010 annex
A A.2,2 Liquid test materials. According to the directive
that liquids should be tested without dilution, the test
material was given as l600 ppm.

Groups
The positive control was sodium lauryl sulfate (SLS), and
the negative control was distilled water.

Application
NOHAL Solution product was kept in direct contact with
the sample application areas no. 2 as shown in Figure 2.
SLS impregnated gauze was applied to the positive control
area (area 3). The samples were covered with gauze and
fixed with a bandage, and contacted topically with the
back skin for 4 hours.

Observation of Animals and Determination of the
Irritation Index
The appearances of the application sites were recorded at (1
+ 0.1) h, (24 + 2) h, (48 + 2) h and (72 + 2) h, after removal
of the patches. To determine the irritation index, the skin
reaction scoring system was used (Tables 2 and 3). The first
hour, as specified in the standard, was not included in the
calculation.

Oral Mucosal Irritation Tests of NOHAL Solution
Information About the Mucosal Irritation Test (TS EN ISO
10993-10)
The oral mucosal irritation test was carried out according to
ISO 10993-10 standard. The laboratory animals were used in

Figure 2 Zeta size and poly dispersity index of liposomes.
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the test in line with the ISO10993-2 standard, and the material
was prepared in line with the 10993-12 standard. This test is
performed for materials that are planned to come into contact
with oral mucosa, and where safety data cannot be obtained by
other means.

Test Animals and Care
The animals were familiarized with the environment as
specified in TS EN ISO 10993-2: 2006. Healthy young
adult Syrian hamsters of both sexes, unrelated from a
single strain, were used for testing.

Groups
The material was tested according to the recommendation
of ISO 10993-10 Annex A A.2.2 Liquid test materials:
liquids should be tested without dilution or by direct

precipitation, or diluted with a suitable liquid if not
applicable. According to this directive, the test material
was diluted with saline to 1/5 dose, which is the intended
dose for its use. Gauze impregnated with the test material
was placed in the left buccal sac, in direct contact with
the mucosa of the buccal sac. The left inner buccal sac of
each animal was used as the experimental sample, and
the contralateral (right) inner buccal sac was considered
as the control. No material was placed in the right inner
buccal sac; it was used as a negative control and was
dissected at the end of the experiment after washing with
saline. As a positive control, based on the rule that
liquids with pH 2 and below are considered irritants,
HCl acid solution adjusted to a pH 1.5 was used.

Application
Under ketamine/xylazine anesthesia, the inner cheeks of
Syrian hamsters were emptied and washed with physiolo-
gical saline. Then, gauzes soaked with NOHAL solution
were placed in the left buccal sac of each animal. The
exposure time was evaluated according to the expected
actual usage time of the material, and the experiment
was carried out as 4 repetitions of 1 hour at intervals of
half an hour. Considering the actual time of use, the gauze
was kept in the buccal sac for 1 hour. At the end of each
application, macroscopic observations were made and
recorded.

Macroscopic and Microscopic Evaluation
Every macroscopic observation was recorded. The oppo-
site cheek was washed with saline solution, ensuring that it
was not contaminated. Experimental (left) and control
(right) inner buccal sacs were macroscopically and micro-
scopically examined, as outlined in Tables 4–6 (Scoring
system for Oral reactions), respectively. According to the
standard directive, the exposure time should reflect the
actual time of use of the material, but should not be less
than 5 minutes. Since it is a device with subacute use, the
application was carried out for 1 hour in one go. The left
inner cheek (device) observations were compared with the
right inner cheeks, which were washed with saline (nega-
tive control).

After sacrifice, the buccal pouches were removed and
prepared for histopathological examination. The sections
were dewaxed, cleaned with xylene, and stained with
conventional H & E method at room temperature.52

Hematoxylin–eosin (HE) stained sections were pre-
pared from the inner cheek samples for histopathological

Table 2 Scoring System for Skin Reactions

Reaction Irritation
Score

Erythema and Eschar Formation

No Erythema 0

Very Slight Erythema (barely perceptible) 1

Well-defined erythema 2

Moderate Erythema 3

Severe erythema (beet-redness) to eschar formation
preventing grading of erythema

4

Edema formation

No Edema 0

Very slight edema (barely perceptible) 1

Well-defined edema (edges of areawell-defined by definite raising) 2

Moderate Edema (raised approx. 1 mm) 3

Severe edema (raised more than 1 mm and extending beyond

exposure area)

4

Maximal possible score for irritation 8

Table 3 Evaluation Categories of Primary or Cumulative Irritation

Average Score Response Category

0–0,4 Negligible

0,5–1,9 Mild

2–4,9 Moderate

5–8 Severe
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examination from the groups and were then examined
under the microscope.

Nasal Irritation Test of NOHAL Solution
Animals were accustomed to the environment as specified
in TS EN ISO 10993–2: 2006. Twelve (6 experimental
animals and 6 controls) healthy, young, adult BalbC mice
of both sexes, unrelated from a single strain, were used for
testing. Four doses (4 x1 mL) of NOHAL were instilled
into animals’ nasal cavities over a period of 4 days.

In the experimental group, 1 mL of the solution, was
dropped into the animals’ nasal cavities once per day for 4
days. The same amount of saline was dropped into the
animals’ nasal cavities for 4 days in the control group.

Hematoxylin–eosin (HE) stained sections prepared
from the nasal mucosa were examined under the micro-
scope. Macroscopic and microscopic examination for the
nasal mucosal irritation test was made by considering the
parameters outlined in Tables 4 and 6, respectively.

Ocular Irritation Test of NOHAL Solution
Animals and Husbandry
Three healthy young adult albino rabbits of both sexes,
from a single strain, weighing 2 kg to 3 kg, were used for
the test. The animals were housed under ambient condi-
tions, as specified in ISO 10993-2.

Application
Up to 24 hours before the start of the experiment, both
eyes of each rabbit were visually examined to identify any
ocular abnormalities. Two percent sodium fluorescein BP

Table 5 Irritation Index

Irritation Index

0 None

1–4 Least

5–8 Mild

9–11 Medium

12–16 Severe

Table 4 Scoring System for Oral Reactions

Reaction Irritation
Score

Erythema and Eschar Formation

No Erythema 0

Very Slight Erythema (barely perceptible) 1

Evident Erythema 2

Moderate Erythema 3

From severe erythema (beet-red) to eschar
formation preventing grading of erythema

4

Other adverse changes in tissues should be recorded and reported.

Table 6 Grading System for Microscopic Examinations of Oral
and Nasal Tissue Reactions

Reaction Score

Epithelia

Normal, sturdy 0

Cell Degeneration or Flattening 1

Metaplasia 2

Focal Erosion 3

General Erosion 4

Leukocyte infiltration (for high penetration areas)

None 0

Least (less than 25) 1

Mild (26 to 50) 2

Medium (51 to 100) 3

Prominent (greater than 100) 4

Vascular congestion

None 0

Least 1

Mild 2

Medium 3

Prominent, along with destruction of the veins 4

Edema

None 0

Least 1

Mild 2

Medium 3

Prominent 4
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(British Pharmacopoeia) can be used to visually detect any
corneal damage. A normal cornea is not stained by fluor-
escein; however, conjunctival abrasions are seen as yellow
or orange, corneal abrasions or ulcers are seen as bright
green, and foreign bodies are observed to be surrounded
by a green ring after application of fluorescein.

A 0.1 mL test solution was applied to the lower con-
junctival sac of one eye, without any dilution. After pla-
cing the test material in the conjunctival sac, the eyelids
were kept closed for approximately 1 hour. Fluorescein-
treated eyes were then examined macroscopically and with
a slit-lamp microscope by an ophthalmologist to ensure
that the cornea was undamaged.

Observation of Animals and Determination of the
Irritation Index
The animals were examined at 1 (± 0.1) h, 24 (±2) h, 48
(±2) h and 72 (±2) h. Since no lesions were observed, the
observations did not need to be extended for longer
periods.

Observations were graded according to the grading
scale for ocular lesions, as presented in Table 7.

Results
Liposome Characterization
NOHAL solution dimensions ranged between 30 nan-
ometers and 5 microns. The majority of the particles
were found to be concentrated at 228.8, 1051 and 4404
nanometers (Figure 2). The polydispersity index (PDI) was
0.574 for NOHAL. Zeta potential value was neutral
(−3mV). The conductivity was 15.7mS/cm. The pH of
the solution was measured as 4.02 with a Mettler-Toledo
MP220 pH meter.

Analysis of Time-Dependent Antibacterial
Effects of NOHAL Solution
After determining the MIC, Staphylococcus aureus
(ATCC 6538), Streptococcus pneumoniae (ATCC
49619) and Escherichia coli (ATCC 25922) suspensions
(2000, 1750, 1500, 1250 ppm) were added to the solu-
tions, 0.5 McFarland turbidity was adjusted, and prepared
above and below the determined MIC value. The final
concentrations of the solutions were set to initial levels of
2000, 1750, 1500, 1250 ppm. The samples were collected
at 2 min, 10 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, and
finally, 6 h from the solutions. Blood agar medium
(Germany-Becton Dickinson) was used to cultivate the

collected samples, which was incubated at 37 °C.
Streptococcus pneumoniae (ATCC 49619), which is a
temporary flora element in the upper airways and the
primary agent of community acquired pneumonia, was
added to our study and evaluated in terms of antibacterial
efficacy of NOHAL. Any bacterial growth was inspected
in the plates after being incubated for 24 h. The inhibition
values were recorded for the plates without any growth of
bacteria (Table 8).

Stability Test of NOHAL Solution
ASTM F1980 (standard guide for accelerated aging of
sterile barrier systems for medical devices) was taken as
the reference to prepare the ozone solutions in their active
concentrations, and the solutions were stored at 55 °C for
37 days to determine their stability after one year. After
one year, Staphylococcus aureus (ATCC 6538) and
Escherichia coli (ATCC 25922) suspensions regulated to
0.5 McFarland turbidity were added to the solutions again.
As before, the samples were obtained from the solutions at
2 min, 10 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, and finally, 6
h (Table 9). Blood agar medium (Germany-Becton
Dickinson) was used for cultivation of the samples and
they were incubated for 24 h at 37 °C. The presence of
bacterial growth was assessed on the plates after the incu-
bation period. The stability was defined as preserved effec-
tiveness of the solution during the contact period, at the
concentration where the antibacterial activity was pre-
viously recorded.

In vitro Anti-Viral Activity
The results of the in vitro study demonstrated that
NOHAL solution decreased the viral load, as a predictor
of anti-viral activity for COVID-19, in a time- and con-
centration-dependent manner. There were significant
decreases between the input and final concentrations after
NOHAL treatment in the samples that underwent 1600
ppm exposure for 30 seconds and 5 minute incubation
time, and also 1000 ppm exposure for 5 minutes incuba-
tion time. As shown in Figure 3A, the most significant
effective values for the solution were 1000 ppm for 5
minutes, and 1600 ppm for 30 seconds, and 1 and 5
minutes. 1600 ppm showed greater in vitro antiviral effect
compared to 1000 ppm. Moreover, Figure 3B exhibits the
final cDNA concentration when the solution was added
into the cell culture.
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Table 7 Observations Were Graded According to the Grading Scale of the Ocular Lesions

Reaction Numeral Rating

1- Cornea

Degree of opacity (at peak area)

No opacity 0

Scattered or spread areas, details of the iris clearly visible 1*

Easily distinguishable translucent areas, details of iris slightly blurred 2*

Opaque areas, details of the iris are not visible, pupil size is difficult to distinguish 3*

Opaque, iris details cannot be seen 4*

Corneal area affected

One quarter (or less), not zero 0

Larger than a quarter, less than half 1

Larger than half, but less than three-quarters 2

Larger than three-quarters, to the entire area 3

2-Iris

Normal 0

Abnormal curl, congestion swelling, corneal injection (either or all or a combination of these), iris still responding to light (lazy

reaction positive)

1*

Unresponsive to light, bleeding, major destruction (any or all) 2*

3. Conjunctivae

Redness [palpebral and bulbar conjunctiva with exception of cornea and iris]

Normal blood vessels 0

Blood vessels are filled, above normal 1*

More common, deep crimson red, each blood vessel is not easily distinguishable 2*

Widespread beefy red 3*

Chemosis

No swelling 0

Abnormal swelling (including nictitating membrane) 1*

Significant swelling with partial outward rotation of eyelids 2*

Swollen with semi-closed eyelids 3*

Swollen with approximately half closed to fully closed eyelid 4*

Discharge

No discharge 0

Any amount other than normal (except small amounts observed in normal animals) 1

Discharge with moistening of eyelids and adjacent hairs 2

Moistening of eyelids and hairs in a significant area around eyes 2

Note: *Positive result.
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Table 8 Tests of Staphylococcus aureus (ATCC 6538), Escherichia coli (ATCC 25922), Streptococcus pneumoniae (ATCC 49619) at
Different Ppm Levels and Different Durations

A. Staphylococcus aureus

NOHAL Solution Staphylococcus aureus (ATCC 6538)

Time 2000 ppm 1750 ppm 1500 ppm 1250 ppm

2 min + + + +

10 min + + + +

30 min + + + +

1 h Reduction + + +

2 h – – – Reduction

3 h – – – _

4 h – – – –

5 h – – – –

6 h – – – –

B. Escherichia coli

NOHAL Solution Escherichia coli (ATCC 25922)

Time 2000 ppm 1750 ppm 1500 ppm 1250 ppm

2 min + + + +

10 min + + + +

30 min Reduction Reduction + +

1 h – – – –

2 h – – – –

3 h – – – _

4 h – – – –

5 h – – – –

6 h – – – –

C. Streptococcus pneumoniae

NOHAL Solution Streptococcus pneumoniae (ATCC 49619)

Time 2000 ppm 1750 ppm 1500 ppm 1250 ppm

2 min + + + +

10 min + + + +

30 min Reduction + + +

1 h – – Reduction Reduction

2 h – – – 4 colonies

3 h – – – _

4 h – – – –

5 h – – – –

6 h – – – –
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In vitro Cell Viability Tests of NOHAL
Solution
The cell viability rates are shown in Figure 4A, which
indicates that this solution did not affect cell viability in
a toxic manner. Most interestingly, the in vitro cell
viability effect of the 1600 ppm NOHAL solution on
transfected cells tended to be higher when compared to
other concentrations and incubation periods. However,
the noted superior effect of 1600 ppm with longer incu-
bation times was not statistically significant. This was
particularly obvious at 24 hours, even at the highest
solution concentration used in the study when the anti-
viral activity rate was the highest (Figure 4A). The flow
cytometry result of 7AAD marker for viability of human
primary lung epithelial cells is shown in Figure 4B.

Rotary Cell Culture System 3-D Cell
Culture Studies
The actual effect of this solution was studied by mimicking
the in vivo conditions via a 3-D RCCS, comprised of three
basic steps; bioreactor loading, vessel rotating, and addition
of the treatment scheme. In our study, we used 3D modeling
by the primary cell culture by including multiple cell types,
containing pulmonary fibroblasts and epithelial airway cells.
3-D systems also mimic the cell-to-cell interactions and their
tissuemicroenvironment by affecting the cell types surround-
ing them, intercellular adhesions, and by creating growth
factor and cytokine gradients. On the other hand, 2D cell
cultures lack the hierarchy and dynamic complexity of even

the plainest in vivo investigations. The results of the treat-
ment with NOHAL solution clearly showed that there was no
inter-donor variations or toxic effects. On the other hand, it
increased the survival time of the cells up to 16 days, com-
pared to the normal time of 11–14 days. It also increased the
cell proliferation rate without any effect on the cell viability
(Figure 4C). Periodic cell viability assessment via Trypan
Blue staining was performed as an early indicator of the
quality of the cells, and during the studies, all cell viabilities
were greater than or equal to 96% in both the untreated and
treated groups.

Mesenchymal Stem Cells Studies
Cell viability assays were performed using Trypan Blue
dye, and examined using image analysis system (The
Countess II Automated Cell Counter, ThermoFisher,
USA). All cell viabilities were greater than or equal to
96% confluency (Figure 5A). There was no negative
effect of NOHAL solution on mesenchymal stem cells
(Figure 5B); on the contrary, NOHAL solution affected
the cell viability positively (Figure 5C).

Results of Cytotoxic Effects
If the survival rate of the test material is less than 70%, the
material is considered as cytotoxic.

According to the results of the test conducted in
accordance with the directives of the TS EN ISO
10993–5 standard, the NOHAL solution did not show
any cytotoxic effects when compared with the control
group (Table 10, Figure 6A and B). However, cytotoxic
effects were seen on cell viability in the positive control
(Figure 6C).

The SARS-CoV-2 qRT-PCR Virus Loads of
the Lung Samples and Oropharyngeal/
Nasal Wash Fluids
Lung samples and oropharyngeal/nasal wash fluids were
collected from each animal on day 10, and their viral loads
were measured using qRT-PCR. Significantly lower Cycle
Threshold (CT) values were detected in mice treated with
PBS (Figure 7) and NOHAL1 Solution compared to
NOHAL2 treated mice (Figure 8). The CT values of
three experimental groups are presented in Table 11.

The effect of the solution was better at 1600 ppm.
The viral load in the lung with “a very high CT value”
was found to be insignificantly low. No virus was found
in the nasal or oropharyngeal wash fluids, there was no

Table 9 ASTM F 1980 Stored at 55°C for 37 Days NOHAL
Solution

Time Staphylococcus aureus
(ATCC6538)

Escherichia coli
(ATCC25922)

2 min Present Present

10 min Present 1 colony

30.min Present 1 colony

1 hour 20 colonies Absent

2 hour Absent Absent

3 hour Absent Absent

4 hour Absent Absent

5 hour Absent Absent

6 hour Absent Absent
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reading on qRT-PCR, and it was evaluated as zero. Even
when the nasal spray was applied once a day, the viral
load in both nasal oropharyngeal wash fluids and lung
was found to be zero in mice that had a dose of 1600
ppm, and this dose prevented pneumonia formation in
the lungs.

Body Weight
The mean weight in each cohort was similar to the pre-
infection weights. In the experimental groups, all mice lost

weight. According to the 10th day measurements, it was
determined that they gained weight, and all successfully
finished the experiment. The weights were recorded daily.

Macroscopic Examination of the Lungs
Gross pathologic examination of the PBS-treated group
showed multifocal consolidations with a patchy distribu-
tion pattern. Parenchymal and subpleural petechiae and
hemorrhage were prominent in some of the animals
(Figure 9A). All animals’ lungs were edematous, and

Figure 3 (A) Antiviral activity in time with different concentrations of NOHAL solution. (B) Fold change of the final cDNA concentration with different concentrations of
HA NOHAL solution. Statistical comparison were made using median values of duplicates. Groups with significant changes were indicated using asterisks.

International Journal of Nanomedicine 2022:17 https://doi.org/10.2147/IJN.S328090

DovePress
365

Dovepress Sabancı et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


A

B

Figure 4 Continue.
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their mean lung weights were elevated. The lungs of the
nasal NOHAL applied animals showed no significant
changes, and their lung parenchymas were pink and homo-
geneous (Figure 9B and C).

These results indicated that 1600 ppm solution was
protective against SARS-CoV-2 infection in the nasal/oro-
pharyngeal regions and the lungs.

Results of Irritation Tests
Results of Skin Irritation Test (TS EN ISO
10993-10:2010)
For the test material, the mean score was calculated
according to the observation values made in three different
time periods (24. 48. 72. h). In the observations, no
erythema or edema was observed during the application
of test samples. In the positive control, erythema and
edema was observed (Figure 10) (Tables 12 and 13).

According to the results, it was found that the test
specimen “NOHAL Solution” did not have any irritating
properties specified in TS EN ISO 10993–10:2010.

Results of the Oral Mucosal Irritation Test (TS EN
ISO 10993-10:2010)
Macroscopic observations and analyses were made in rela-
tion with TS EN ISO 10993-10: 2010 standard. On macro-
scopic examination (Table 14), no irritation (erythema or

ulcers) (Figure 11A) was observed in inner cheek pouch
mucosa, similar to controls (11c). Mucosal erosion areas
were noted in the positive controls (Figure 11B). The
mean irritation index was calculated as zero (0) for each
animal, except for the positive controls.

When the hematoxylin–eosin (HE) stained tissues prepared
from the inner buccal samples of the test product group were
examined under the microscope, no erosion or ulceration,
leukocyte infiltration or vascular congestion were found in
the mucosa or the epithelium (Figure 12A and B). The mean
irritation indexwas calculated as zero (0) for each animal in the
experimental group. In positive controls (Figure 12C), the
index averaged 6, while it was calculated to be a maximum
of 8 and a minimum of 5 and determined as moderate. Oral
microscopic irritation scores are given in (Table 15).

Results of the Nasal Mucosal Irritation Test (TS EN
ISO 10993-10:2010)
The results of the microscopic examinations made in accor-
dancewith TSEN ISO 10993–10: 2010 standard are presented
in Tables 4 and 6. Under macroscopic examination, there was
no evidence of irritation (erythema or ulcers) in the nasal
mucosa, similar to the controls. The mean irritation index
was calculated as zero (0) for each animal in the experimental
group (Table 16). Hematoxylin–eosin (HE) stained nasal sam-
ples were examined under the microscope for erosion or
ulceration in the epithelium, leukocyte infiltration, and vascu-
lar congestion. According to the lightmicroscopy, therewas no
evidence indicating any irritating effect of the of the NOHAL
solution in the nasal mucosal samples of the animals
(Figure 13). The results of the macroscopic and histopatholo-
gical examination of the nasal mucosa showed that the
NOHAL solution did not have any irritant effects on the
nasal mucosa.

Results of the Ocular Irritation Test (TS EN ISO
10993-10:2010)
Both eyes of the animals were examined approximately 1
(± 0.1) hour after applying 0.1 mL of NOHAL solution to
the left eyes of the animals. There was no sign of con-
junctival irritation due to the application. Since there was
no permanent damage or other signs of corneal irritation
on the examination performed using 2% sodium fluores-
cein drops, there was no need to extend the observation
period. The examination findings were graded according to
the criteria presented in Table 17. Two percent sodium
fluorescein does not stain normal cornea. There was no
fluorescein staining in NOHAL treated left eyes of the

Figure 4 (A) Concentration- and time-dependent cell viability ratio changes with
NOHAL treatment. (B) Flow cytometry image of 7AAD marker for viability of
human primary lung epithelial cells. (C) Primary 3D cell culture of pulmonary
fibroblasts and airway epithelial cells: no toxic effect is present (H&E staining).
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rabbit, and therefore, no positive reactions were observed
in any animal. There were no ocular findings in the ani-
mals including peeling of the conjunctival membrane or

mild ulceration, corneal perforation, blood or pus in the
anterior chamber of the eye, bloody or purulent discharge,
or severe corneal ulceration.

Figure 5 Cell culture studies. (A) 96% confluency is present. (B) Mesenchymal stem cells: no negative effect on cell viability. (C) Mesenchymal stem cells: positive effect of
different concentrations on cell proliferation.

Table 10 Results of Quantitative Measurements of Cytotoxic Effects with MTT Test

Analysis Result

Mean of Optical Density (OD) at 570 nm ± Standard Deviation (SD) Survival %

% Dilution Concentrations (v/v) % Dilution Concentrations (v/v)

100 30 10 3 100 30 10 3

Test Material 0.244±0.08 0.276±0.05 0.29±0.03 0.31±0.06 76.25 86.25 90.62 96.87

Negative Control 0.32±0.05 100

Positive Control 0.078±0.02 0.1±0.06 24.37 31.25

BLANK 0.046±0.002
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When the control (Figure 14A) and the tested eyes
were compared in the ocular irritation experiment of the
NOHAL solution, it was determined that there was no
difference, and the NOHAL Solution material did not
cause any changes indicating irritation of the ocular struc-
tures (Figure 14B and C) (conjunctiva, cornea or iris).

The results of the “Ocular Irritation Test” made in
accordance with the directives of the TS EN ISO
10993-10: 2010 standard showed that NOHAL did not
have any irritant effects in the eye.

Discussion
In 2019, a new severe acute respiratory syndrome corona-
virus (SARS-CoV-2) was discovered in of the city of
Wuhan, China. SARS-CoV-2 has caused one of the biggest
pandemics in global history, causing more than 5,258,028
deaths thus far, as reported by WHO (12.04.2021).

In hospitals, dental offices and public places, SARS-
CoV-2 both is highly prevalent in both saliva droplets and
as aerosols, which means that COVID-19 transmission is
not traceable to an index case, since the particles remain
airborne for a period of time, then largely land across
horizontal surfaces. Yoon et al indicated that SARS-CoV-2

was present in nasopharyngeal secretions, while oral secre-
tions had a high viral load, particularly in the early phase of
the infection and it was detected in the oral fluids of 91.7%
of patients with COVID-19.53 As we know, oral fluid is a
significant factor in infection transmission; infected indivi-
duals produce saliva droplets containing microorganisms by
coughing and sneezing. For this reason, it is possible that
SARS-CoV-2-loaded droplets may infect the host via the
mouth, nose or eyes, or may directly be inhaled into the
respiratory tract.

Zou et al reported that nasal swabs showed higher viral
loads than throat swabs in symptomatic patients. The same
pattern was observed in asymptomatic cases,54 showing
that the nasal epithelium is one of the main portals for
initial infection and transmission. The oral cavity is
another portal for the initiation of the infection, and
plays a role in the transmission of SARS-CoV-2.

Entrance of the coronaviruses into the cells depends on
the affinity of the spike (S) protein to bind a specific
receptor on the cell (hACE2), and consequent cellular
protease-related priming of the S protein. This binding
has also been indicated as a significant factor for SARS-
CoV replication as well as progression of the disease.55,56

A B C

Figure 6 Photomicrographs of BALB/c 3T3 (CCL-163) cell line cultures. (A) NOHAL solution, (B) negative control, (C) positive control dimethyl sulfoxide (DMSO).

Figure 7 Representative photos from all groups showing (A). PBS control (PBS) group, pneumonia formation is observed in both lobes starting in the periphery and
progressing towards the median. (B) NOHAL 1000ppm dose: no infection was observed in mouse lung in gross pathology. (C) NOHAL 1600ppm dose: no infection was
observed in the mouse lung in gross pathology.
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Entrance of the virus also depends on protease TMPRSS2,
and the activity of one of its possible substitutes, cathepsin
B/L.57–59

More recently, it has been shown that the hACE2
receptor, used by SARS-CoV-2 to establish infection, is
highly expressed in the nasal epithelium,60 oral
epithelium61 and cornea.62 Since both nasal and oral
epithelia are important reservoirs of SARS-CoV-2, the
hygiene of these cavities could be important in the battle
for COVID-19 pandemic.

The most common methods used to defend these routes
include the use of personal protective equipment, careful
hygiene, and distancing of individuals. However, despite
all these physical protection barriers, transmission is still
possible. Therefore, it is extremely important to reduce the
viral load in the body regions responsible for
transmission.63,64

It has been widely accepted that the application of
nasal antimicrobial solutions reduces nasal viral load.
Keeping the nasal cavity clean, maintaining a healthy
mucosa and patent nasal passages prevents the virus
from attaching to the nasal epithelial cells.65,66

Ludwig et al showed that mechanical nasal irrigation
reduces the viral load.67 The use of hypotonic solutions has
also been shown to soften the mucus, and remove other
pathogens such as bacteria and viruses adhering to the
mucosa.68 Over the previous year, new solutions have
been tried for mouth and nasal mucous membranes in
order to combat the COVID-19 pandemic. At the same
time, many studies have investigated the effectiveness of
previously used antibacterial products on SARS-CoV-2.
Several oral and nasal antiseptics such as saline solutions,66

Iota-carrageenan,67 hypochlorous acid,68 low pH
Hypromellose,69 PVPI,70,71 cyclodextrin72,73 and

Figure 8 Representative CT values of PBS group in RT-PCR (A and B).
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chlorhexidine74 have been used to reduce viral load. In
some studies, ozone has also been studied for nasal
irrigation75 and rectal insufflation.23

Several studies investigated the possible antiviral activ-
ity and therapeutic applicability of systemic ozone treat-
ment in COVID-19 patients. Ozone therapy is thought to
have an immunological effect among the possible treat-
ments for SARS-CoV-2 pneumonia, since it plays a role in
the modulation of cytokines and interferons. Therefore,
there is an increasing interest in ozone therapeutics in the
prevention and treatment of COVID-19.76,77 More
recently, a study used a molecular modeling approach
and investigated the reactivity of ozone on the key mole-
cules of SARS-CoV-2, where the results indicated that
ozone could be an effective oxidant against SARS-CoV-
2. It was also reported that it had the capability to attack
the viral spike and envelope proteins and lipids, and may
damage viral integrity.78

The powerful antibacterial and antiviral effects of
ozone are well known. Gaseous ozone is widely used for
environmental disinfection and in the medical field.
However, due to the fact that ozone is not a stable gas, it
has a limited area of use. At the same time, the fact that
ozone applications can only be performed with ozone
generators prevents its widespread use. However, in the
present study, we encapsulated an O3 molecule in a

liposome with HA and glycerin in the liquid form. HA,
which has water-retaining properties with nanoscale lipo-
somes, provides both healing effects and moisturizes the
mucosa.79,80 At the same time, HA liposomal gels carry a
strong potential for drug delivery, as has previously been
demonstrated in in vivo applications.81 Since the MW of
HA causes different activities, choosing the HA size is a
crucial factor. Various authors have studied all MWof HA,
from high to low MW.82 In this study, we decided to
restore liposomes with 30–150 kDA MW of HA. As men-
tioned above, liposome dimensions ranged between 200
nm and 250 nm, and the HA-liposomes’ particle size
increased as the MW increased, as reported previously.82

We were able to restore liposome surfaces efficiently with
that MW HA (mean particle size increased in correlation
to MW of HA), with a good polydispersity index (<0.7).83

HA and glycerin make a good pair with tissue-improving
effects in the cosmetic sector. Glycerin is also used to
build stable lipid nanoemulsions.1,84

The preventive effect of ozone is at the forefront, and it
differs in content from other oral and nasal rinsing pro-
ducts, owing to its HA decorated nanoliposome structure.

In our study, it has been proven by multiple experi-
ments, including in vitro cell culture and in vivo transgenic
mouse experiments, that the designed NOHAL solution
has a strong antiviral effect on SARS-CoV-2. In addition,
it has antimicrobial effects, while all biocompatibility and
toxicity tests (skin, oral, nasal, eye) of the product have
been performed, and in all experiments, no toxicity was
reported. In terms of future directions in this study, more
animals should be tested and clinical studies71,73 should be
encouraged for NOHAL solution as a translational medi-
cine product.

Although there are still no medicines there are now
effective vaccines85 for COVID-19. However, personal
protective equipment is still needed since all populations
cannot be vaccinated at the same time, and the success rate
of vaccination varies in different populations. For this
reason, the only available alternatives to slow down the
viral transmission are the local infection control
procedures.

Conclusion
In this study, HA-decorated ozonated nanoliposome for-
mulation inactivated SARS-CoV-2 efficiently in both
dose- and time-dependent manners. Therefore, ozone
has the potential to be used as a protective disinfectant
for SARS-CoV-2. Most importantly, the product

Table 11 The NC1 and NC2 Regions of the SARS-COV2 Virus
Were Examined Together with Viral RNA

Solutions Animal
Number

Lung Nasal Wash

PBS 1 18/20 21/23

2 12/11 15/15

3 14/15 16/17

NOHAL1
1000ppm

1 20/20 24/24

2 31/32 31/32

3 34/35 36/36

NOHAL2
1600ppm

1 36/35 0/0

2 36/35 0/0

3 37/36 0/0

Notes: In the PBS group, a disease occurred right after infection, and CTwas given
early because the samples contained a high viral load. The positive control qPCR
yielded CT at 23 for this study. PBS group animals yielded low numbers of CT.
Accordingly, CT values up to 10–28 and 28–30 are considered positive, with the
high viral load available. Late CT values between 35–40 are considered insignificant
due to the very low viral load available (between 100–1000 copies). Since the device
cannot read in the absence of viral load, these samples are evaluated as 0 (zero).
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Figure 9 Representative CT values of NOHAL group in RT-PCR (A and B).

A B

Figure 10 Application sites and irritation appearance at 24 (A), 48 (B) hours: it is observed that there is no irritation effect according to the positive control.
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Table 12 Skin Irritation Test Scores

Animal Number Groups Application Sites Observation

Erythema Edema

1 Hour 24 Hour 48 Hour 72 Hour 1 Hour 24 Hour 48 Hour 72 Hour

1 Sample Left Front 0 0 0 0 0 0 0

Right Back 0 0 0 0 0 0 0

Positive Control Right Front 4 4 3 1 3 2 2 1

Negative Control LeIt Back 0 0 0 0 0 0 0 0

2 Sample Left Front 1 1 0 0 0 0 0 0

Right Back 0 0 0 0 0 0 0 0

Positive Control Right Front 3 3 2 1 3 2 0 0

Negative Control LeIt Back 0 0 0 0 0 0 0 0

3 Sample Left Front 0 0 0 0 0 0 0 0

Right Back 0 0 0 0 0 0 0 0

Positive Control Right Front 3 3 2 1 2 2 1 0

Negative Control LeIt Back 0 0 0 0 0 0 0 0

Table 13 Average of Skin Irritation Scores

Samples Primary Irritation Score Primary Irritation Index

Rabbit 1 Rabbit 2 Rabbit 3

Sample +SD 0.0 ±0.0 0.083 ±0.289 0.0 ±0.0 0.027

Positive Control +sD 2.167±1.169 1.333±1.211 1.500±1.049 1.666

Negative Control +SD 0.0±0.0 0.0±0.0 0.0±0.0 0.0

Table 14 Oral Macroscopic Irritation Score

Animal Number Application Areas Observation

Erythema Eschar

1 Left Cheek (Test) 0 0

Right Cheek (Negative Control) 0 0

2 Left Cheek (Test) 0 0

Right Cheek (Negative Control) 0 0

3 Left Cheek (Test) 0 0

Right Cheek (Negative Control) 0 0

Positive Control Left Cheek (Test) 3 2
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formulation has the potential to be used to inactivate the
SARS-CoV-2 in the nose, and the infection may be
prevented. The antibacterial effect of NOHAL solution
has been proven using strains of Staphylococcus aureus,
Streptococcus pneumoniae and Escherichia coli at

specific concentrations and time intervals, and the
results of in vitro studies have shown that NOHAL
solution reduces viral load as a predictor of anti-viral
activity for COVID-19. Cell viability tests have also
proven that this antiviral solution does not affect cell

Figure 11 Macroscopic view of inner cheeks, (A) NOHAL (B) negative control (C) positive control.

Figure 12 Photomicrographs showing inner buccal mucosa (H&E staining). (A) NOHAL solution, (B) negative control, (C) positive control.
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viability in a toxic way. Skin, oral, nasal and ocular
irritation tests using experimental animals did not show
any evidence of the irritating effect of NOHAL solution.
Therefore, when we considered the concentration and
time variations, we found that the effect of the solution
showed the strongest antiviral effect when used at 1600
ppm concentration. In the light of the findings obtained

from all the experimental steps we have done, it has
been predicted that NOHAL solution will reduce and
slow down the spread of diseases by acting as a barrier
in the transmission of many infectious diseases, particu-
larly COVID-19, in terms of its antimicrobial and anti-
viral characteristics, without causing damage to
neighboring tissues.

Table 15 Oral Microscopic Irritation Score

Reaction Numerical Rating

1. Subject 2. Subject 3. Subject Positive Control
Subject

Left
Cheek
(Test)

Right Cheek
(Negative
Control)

Left
Cheek
(Test)

Right Cheek
(Negative
Control)

Left
Cheek
(Test)

Right Cheek
(Negative
Control)

Left
Cheek
(Test)

Right Cheek
(Negative
Control)

Epithelium 0 0 0 0 0 0 3 0

Leukocyte Infiltration
(For Every High

Penetration Area)

0 0 0 0 0 0 2 0

Vascular Congestion 0 0 0 0 0 0 1 0

Edema 0 0 0 0 0 0 0 0

Table 16 Nasal Microscopic Irritation Score

Groups Animal No Ephitelium Leukocyte
Infiltration (for
Every High
Penetration
Area)

Vascular
Congestion

Edema Irritation Index

Negative

Control
groups

1 0 0 0 0 0

2 0 0 0 0 0

3 0 0 0 0 0

4 0 0 0 0 0

5 0 0 0 0 0

6 0 0 0 0 0

Test Groups 1 0 0 0 0 0

2 0 0 0 0 0

3 0 0 0 0 0

4 0 0 0 0 0

5 0 0 0 0 0

6 0 0 0 0 0
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Traditional personal protective equipment cannot be
replaced by nasal and oral cleansing solutions or gar-
gles. However, those are potential ways of combating
SARS-CoV-2 infection as secondary defenses.
Furthermore, it is particularly important to support

clinical studies in this area rapidly, since clinical trials
are the best methods to determine the actual benefits
of these agents as well as their role in modifying
disease progression and the transmission of SARS-
CoV-2.

Figure 13 Photomicrographs showing nasal turbinates and nasal mucosa (H&E staining), (A) control, (B) NOHAL solution.

Figure 14 Photos showing ocular irritation test (A). Control (right eye), (B and C) NOHAL solution group (right eye)-fluorescein does not stain a normal cornea, no
staining was seen.
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Future Directions
The results of future clinical trials will determine the role
of NOHAL solution for SARS-CoV-2 mitigation.
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