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ABSTRACT
Favipiravir, an RNA-dependent RNA polymerase (RdRp) inhibitor, is used to treat patients infected 
with influenza virus and most recently with SARS-CoV-2. However, poor accumulation of favipiravir 
in lung tissue following oral administration has required an alternative method of administration 
that directly targets the lungs. In this study, an inhalation solution of favipiravir at a concentration 
of 2 mg  mL−1 was developed and characterized for the first time. The chemical stability of inhaled 
favipiravir solution in two different media, phosphate buffer saline (PBS) and normal saline (NS), 
was investigated under different conditions: 5 ± 3 °C, 25 ± 2 °C/60% RH ± 5% RH, and 40 ± 2 °C/75% 
RH ± 5% RH; in addition to constant light exposure. As a result, favipiravir solution in PBS revealed 
superior stability over 12 months at 5 ± 3 °C. Antiviral activity of favipiravir was assessed at the 
concentrations between 0.25 and 3 mg  mL−1 with real time cell analyzer on Vero-E6 that were 
infected with SARS-CoV-2/B.1.36. The optimum concentration was found to be 2 mg  mL−1, where 
minimum toxicity and sufficient antiviral activity was observed. Furthermore, cell viability assay 
against Calu-3 lung epithelial cells confirmed the biocompatibility of favipiravir at concentrations 
up to 50 μM (7.855 mg mL−1). The in vitro aerodynamic profiles of the developed inhaled favipiravir 
formulation, when delivered with soft-mist inhaler indicated good lung targeting properties. These 
results suggest that favipiravir solution prepared with PBS could be considered as a suitable and 
promising inhalation formulation for pulmonary delivery in the treatment of patients with COVID-19.

1.  Introduction

The pandemic of coronavirus disease 2019 (COVID-19) is 
caused by the severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) (Andersen et  al., 2020; Zhu et  al., 2021) 
infection, which may result in a wide range of symptoms 
from mild cases to pneumonia with life-threatening com-
plications (Wiersinga et  al., 2020). Favipiravir was one of the 
antivirals that was prescribed as a first line of treatment in 
some countries. It possesses a mechanism of an 
RNA-dependent RNA polymerase (RdRp) inhibitor that is 
expected to bind to, and inhibit RdRp, which prevents viral 
transcription and replication (Furuta et  al., 2017; Shiraki & 
Daikoku, 2020). Favipiravir has been indicated for the treat-
ment of influenza in Japan since 2014 (Shiraki & Daikoku, 
2020). Promising results including accelerated discharge rate 

and less progression to mechanical ventilation were achieved 
by the favipiravir treatment in patients with mild and mod-
erate COVID-19 (Almoosa et  al., 2021; Alamer et  al., 2021; 
Udwadia et  al., 2021; Hassanipour et  al., 2021). Various stud-
ies have demonstrated that the values of EC50 of Favipiravir 
against SARS-CoV-2 ranges from 62 µM to >500 µM (from 
10 µg  mL−1 to >78 µg  mL−1) (Jeon et  al., 2020; Shannon et  al., 
2020; Wang et  al., 2020). Although favipiravir is generally 
well tolerated by the patients, changes in liver function 
parameters, hyperuricemia, and diarrhea are noted as com-
mon adverse effects (Ghasemnejad-Berenji & Pashapour, 
2021). Studies have shown that patients with mild-to-mod-
erate symptoms who were treated with favipiravir presented 
a significantly higher viral clearance rate, following 10 to 
14 days after initiation of the treatment (Deng et  al., 2022). 
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The dosing regimen for patients with COVID-19 according 
to the Japanese Association for Infectious Diseases is 
3600 mg (18 tablets/day) on the first day and 1600 mg (8 
tablets/day) from second day onward, for up to 14 days 
(Joshi et  al., 2021). However, a recent meta-analysis of clin-
ical trials revealed no significant difference between the 
mortality rates of patients with COVID-19 treated with favi-
piravir and those not treated with favipiravir (Kow et  al., 
2022). Authors have underlined that the lack of beneficial 
effect of favipiravir treatment on mortality could be asso-
ciated with the complex pharmacokinetic profile of the 
orally administered favipiravir, leading to low plasma con-
centrations (Kow et  al., 2022). Accordingly, lung targeting 
through inhalation of favipiravir is not only expected to 
overcome the low bioavailability of oral administration, but 
also aims to achieve a higher drug concentration in the 
lung tissues. Direct delivery of favipiravir to the lungs pre-
serves the drug from the first-pass metabolism (Du & Chen, 
2020), reduces the systemic adverse effects and increases 
patient adherence to the treatment.

Drug solutions could be transferred as aerosol dosage 
form and delivered to the lungs via nebulizers or soft mist 
inhalers. However, the elevated risk of viral transmission 
via nebulizers and their low drug accumulation rate in the 
lungs has hindered their usage in COVID-19 (Pilcer & 
Amighi, 2010; Amirav & Newhouse, 2020). Unlike traditional 
nebulizers, soft mist inhalers provide a relatively high drug 
deposition in the lungs (Newman et  al., 1998; Pitcairn 
et  al., 2005). In addition, soft mist inhalers offer a safe and 
easy drug delivery method to the lungs in COVID-19 due 
to their closed mouthpiece and formulation-wise produc-
ibility (Ari, 2020).

Favipiravir solution for inhalation was introduced for the 
first time and was investigated in terms of antiviral activity, 
in vitro cytotoxicity, physicochemical properties (pH, viscosity, 
and osmolarity), aerodynamic particle size, stability, and 
quantification by high-performance liquid chromatography 
(HPLC). These studies are noteworthy in terms of developing 
an alternative dosage form to the oral forms available in the 
market for treatment of diseases caused by not only 
SARS-CoV-2, but also other airborne viruses.

2.  Materials and method

2.1.  Materials

Favipiravir (Jiangsu Hansyn Pharmaceutical Co., China) was 
kindly provided by Polifarma, Türkiye. PulmoSpray® was 
kindly donated by Resyca BV (Enschede, The Netherlands). 
Dulbecco’s phosphate buffered saline (referred to as PBS, 
pH 7.40) was purchased from PAN Biotech (Germany). 
Normal saline 0.9% for parenteral use was purchased from 
a local pharmacy. HPLC grades of methanol and acetonitrile, 
dipotassium hydrogen phosphate, and phosphoric acid was 
purchased from Merck (Germany). Deionized water (Milli-Q 
ultrapure water system, Millipore) was used for the prepa-
ration of all buffer solutions. All reagents used in cell culture 
analysis were obtained from Sigma-Aldrich (Germany).

2.2.  Preparation of favipiravir solutions

Dose calculations of favipiravir solution (between 0.25 and 
3 mg  mL−1) for lung delivery were made according to avail-
able literature based on EC99 values obtained from Ebola 
virus (Du and Chen, 2020). Conversion to inhalation dose 
was performed by taking into account the oral bioavailability 
of favipiravir and the expected pulmonary deposition from 
the inhaler (Erelel et  al., 2021). Two different media; normal 
saline (NS) and phosphate buffered saline (PBS) were used 
to prepare favipiravir solutions. The required amount of favi-
piravir was dissolved in these media separately. Following 
the mechanical mixing process (IKA®Vortex Genius3), solu-
tions were filtered through 0.22 μm membrane for 
sterilization.

2.2.1.  Antiviral activity of favipiravir solutions
The viral stocks used in the current study, B.1.36 strain, were 
provided by the Ministry of Health, Directorate of Public 
Health. All viral studies were conducted at biosafety level 3 
(BSL-3) laboratories at TUBİTAK, Marmara Research Center, 
Genetic Engineering and Biotechnology Institute in Gebze, 
Türkiye. Vero E6 (ATCC® CRL-1586TM, p no. 18) cell line was 
obtained from the American Type Culture Collection (ATCC) 
and cultured in a low-glucose Dulbecco’s modified Eagle’s 
medium (DMEM/LOW GLUCOSE, HyClone, Cat. no. SH30021.01) 
supplemented with 10% fetal bovine serum (FBS; HyClone, 
Cat. no. SV30160.03) and 1% penicillin/streptomycin (10,000 
units  mL−1) (Gibco) at 37 °C and 5% CO2 (Teng et  al., 2013).

For this study, a high-throughput, quantitative Real Time 
Cell Analysis (RTCA) assay was performed using xCELLigence 
RTCA MP (Agilent Technologies, CA, USA) to determine favi-
piravir’s effects on the virus by quantifying the viral cyto-
pathic effect and examining progression in infected cells. The 
xCELLigence RTCA MP system evaluates the effects of viruses 
on cells by measuring the changes in cell numbers through 
cell index (CI) and electronic impedance (Teng et  al., 2013; 
Fang et  al., 2011). Furthermore, the RTCA system allows sim-
ple detection and observation of cellular death due to both 
the viruses or the antiviral impact of medications (Teng et  al., 
2013; Fang et al., 2011). The suppression of SARS-CoV-2-induced 
cytopathic effect was categorized as either ‘completely’ or 
‘partially’ antiviral. The test sample was considered ‘com-
pletely’ antiviral, if the SARS-CoV-2-induced cytopathic effect 
was inhibited at the highest concentration tested. On the 
other hand, it was considered ‘partially’ antiviral, if the effect 
was delayed and did not entirely inhibit the cytopathic effect 
of the highest concentration (Zost et  al., 2020).

Vero E6 cells were seeded as 2.5 × 104 cells per well into 
the sterile, disposable 96-well E-plate of the xCELLigence RTCA 
MP device. A 24-h cycle was followed so that the seeded cells 
could attach and proliferate to the E-plate. The favipiravir solu-
tion samples were prepared following the protocols specified 
in Section 2.2 and further treated with 3.5 × 105 PFU  mL−1 of 
B.1.36 variant of SARS-CoV-2 virus for 1 h at 37 °C and 5% CO2 
in incubator. The media in the wells was removed, and the 
samples treated with the virus were added and incubated for 
160 h at 37 °C and 5% CO2 (Durdagi et  al., 2022; Taşlı et  al., 
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2022). The untreated cells, negative control (state of no infec-
tion), contained only the cells, media, and 2% FBS. On the 
other hand, the positive control (state of infection) of the 
experiment contained viruses in the media with 2% FBS. 
Different concentrations of the solutions were analyzed to 
determine the protective dose of the favipiravir against 
SARS-CoV-2 in Vero E6 cells. The equipment converted elec-
trical impedance to CI during the procedure at 15 min inter-
vals. A rise in CI reflects cell viability/health, whereas a fall in 
CI reflects cell death/illness. Vero E6  cells exposed to the 
SARS-CoV-2 virus were expected to exhibit a decrease in CI 
values, whereas treatment with favipiravir solution in a certain 
ratio would show a significant increase in CI values. After the 
test, the collected data were evaluated using CI value plots 
of each well versus controls using Agilent Technologies’ RTCA 
Software Pro 2.6.0 (Basic) (Agilent Technologies Inc., Santa 
Clara, CA, USA.) (Teng et  al., 2013; Charretier et  al., 2018).

2.2.2.  Cell viability assay of favipiravir solutions in calu-3 
cell line
Calu-3 cells were obtained from ATCC (ATCC® HTB-55™; p no. 
30-36 used) and cultured in DMEM (p no. 41965 Gibco) sup-
plemented with 5% fetal bovine serum (FBS, Sigma p no. 
7524) and 1% antibiotic–antimycotic solution (Sigma, p no. 
A5955) in the cell culture flasks and incubated at 37 °C and 
5% CO2. Calu-3 cells were seeded at a density of 1 × 104 cells/
well in the 96-well plates and incubated at 37 °C and 5% CO2 
for 24 h. Afterward, cells were treated with different concen-
tration of favipiravir (1, 5 10, 25, and 50 µg  mL−1). Following 
24-h of incubation, 30 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma, p no. M5655) 
solution (5 mg  mL−1 in PBS) was added to each well, then 
the plates were incubated at 37 °C for 4 h. At the end of the 
incubation period, formazan crystals were dissolved by add-
ing 100 µL of DMSO (Sigma, p no. D8418) into each well. The 
optical density was measured at 570 nm wavelength with 
BioTek Microplate reader (ELX50, Vermont, USA).

2.2.3.  Physicochemical characterization of favipiravir 
solutions
The pH (HI2002, Hanna Instruments, Germany), viscosity 
(Rheostress1, Thermo Scientific Haake Mars, Waltham, MA, 
USA), and osmolarity (Model 2020, Advanced Instruments, 
USA) of favipiravir solutions (2 mg  mL−1) was examined in 
PBS and NS.

2.2.4.  Aerodynamic particle size analysis of favipiravir 
solutions
The Next Generation Impactor (NGI) system, consisting of a 
High-Capacity Pump (Model HCP5), Air Flow Meter (Model 
DFM 2000), Universal Induction Port (UIP, throat), and the 
NGI-170 body was used. The NGI setup and procedures as 
described in Inhaler Testing Guide and European Pharmacopeia 
(European Directorate for the Quality of Medicines and 
Healthcare [EDQM], 2009) were thoroughly followed for the 
soft-mist inhaler device (PulmoSpray®). The NGI aerosol 
parameters evaluated for favipiravir solution were the fine 

particle fraction (FPF), mass median aerodynamic diameter 
(MMAD), and geometric standard deviation (GSD). The col-
lection surfaces of the NGI cups were coated with propylene 
glycol, as it was recommended by the European 
Pharmaceutical Aerosol Group. The whole NGI setup was 
cooled at 5 °C and examined before each inhaler run. A 
steady inhalation flow of 20 L min−1 (±5%) was drawn through 
the NGI configuration for a duration of 3 s per puff. A total 
of 1 mL sample was sprayed into the NGI. To recover the 
favipiravir deposited throughout the NGI, the mouthpiece 
adapter and throat were rinsed thoroughly with a mixture 
of methanol–water (1:4). The amounts deposited on each 
collection cup along with the mouth and throat were deter-
mined by HPLC (see Section 2.2.6.), and the results were 
analyzed by C.I.T.D.A.S. program.

2.2.5.  Stability study of favipiravir solutions
The stability of favipiravir solution (2 mg mL−1) in two differ-
ent media, PBS and NS, was investigated. Each solution was 
aliquoted and transferred into sealed glass vials. Some of the 
vials were exposed to constant light exposure for photosta-
bility assessment. Other vials were protected from light by 
wrapping with aluminum foil and kept at three different 
conditions: 5 ± 3 °C, 25 ± 2 °C/60% RH ± 5% RH, and 
40 ± 2 °C/75% RH ± 5% RH for 12 months. The chemical sta-
bility of favipiravir solutions was assessed at week 1, 2, 3, 
and 4 and the following months (2, 3, 6, 9, and 12 months) 
from initial date. Tests were evaluated according to the ICH 
Q1A and ICH Q1B guidelines and Pharmacopeial test limits 
were applied.

2.2.6.  Quantification of favipiravir by HPLC
A stability indicating reversed phase HPLC method was 
developed and validated for the quantification of favipira-
vir. An HPLC system (Shimadzu, Japan) equipped with 
photodiode array detector, autosampler, quaternary pump, 
and column oven was utilized. The analysis was performed 
using C18 column (250 mm × 4.6 mm, 5 μm) at 30 °C. The 
mobile phase consisted of 80% of solution A (50 mM of 
potassium dihydrogen phosphate was adjusted with 
sodium hydroxide to pH 6.8) and 20% of solution B (ace-
tonitrile:methanol, 1:1 vol/vol). The flow rate was 
1 mL  min−1, the injection volume was 10 μL and the detec-
tion wavelength was 364 nm. The method was validated 
for linearity, specificity, precision, and accuracy over the 
concentration range of 5–100 μg  mL−1.

2.3.  Statistical analysis

All statistical analyses were performed using GraphPad Prism 
9.4.1 (GraphPad Software, San Diego, CA, USA). Data are 
presented as mean ± standard error. One-way analysis of vari-
ance (one-way ANOVA) and then Bonferroni post hoc com-
parison test were conducted for comparisons between 
groups. p < 0.001  value was considered significant.
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3.  Results

3.1.  Antiviral activity test

The B.1.36 coding variant form of the SARS-CoV-2 virus was 
studied to assess the antiviral activity of favipiravir through 
Vero E6 cells within doses ranging from 0.5 mg  mL–1 to 
3 mg  mL–1; this concentration range was determined as a 
result of favipiravir’s cytotoxicity results (data not shown). 
Data were gathered at intervals of 15 min over 160 h and 
was expressed as Normalized cell index (NCI) units. The data 
shown in the figures are normalized according to the time 
point when the virus was added to the experiment.

The following observation was made during the 
study period:

• The virus was introduced to the cells on the 24th 
hour

• Cell death did not occur until the 50th hour, and by 
the 114th hour there were no viable cells left

• The cells that received no virus (control) were viable 
for 160 h. However, the growth curve dropped sig-
nificantly in the late hours due to nutrient deficiency 
(Zost et  al., 2020; Taşlı et  al., 2022).

• The NCI data ranged from 1% at 0.25 mg mL−1, 27% at 
0.5 mg  mL−1, to 100–117% at 1–3 mg  mL−1. NCI values 
obtained from these concentration ranges were either 
comparable to or higher than the negative control.

• Extended data Figure 1 illustrates representative 
graphs for the complete and partial antiviral samples.

• In conclusion, it was observed that the favipiravir solu-
tion displays full antiviral efficacy against SARS-CoV-
2/B.1.36 at 1–3 mg  mL−1 concentrations.

3.2.  Cell viability assay of favipiravir in calu-3 cell line

The cytotoxicity of favipiravir solution prepared in normal 
saline was evaluated in vitro for Calu-3 lung epithelial cells, 

Figure 1. Anti-viral efficacy of favipiravir molecule using xCelligence rTCA MP real-time cell analysis device. Quantifying favipiravir molecule neutralizing titer 
using Agilent xCelligence rTCA. A: vero e6 cells were infected with 3.5 × 105 PFu  ml−1 of SArS-Cov-2 (B1.36), that were pre-incubated with different concen-
trations of favipiravir molecule. Cell only, vero e6 cells that were not infected with the virus (red line); Only-virus, vero e6 cells infected with the virus that 
was not pre-exposed to favipiravir molecule (green line). B: The anti-viral rate bar graph with standard deviation. C: The cytotoxicity rate bar graph of favipiravir 
molecule on vero e6 cells with standard deviation. The data shown in the figure was normalized according to the time point where the virus was added to 
the experiment. in (A) and (B) (****) indicate p < 0.001  by one-way ANOvA with Dunnet’s multiple comparisons.
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and there was no significant statistically difference in cell 
viability levels within the range of 50–0.1 mM (which corre-
sponds to 0.1571–7.855 mg  mL−1 respectively) of favipiravir 
compared with the control group cells (favipiravir solution 
was not applied to the control group) (Figure 2).

3.3.  Physicochemical characterization of favipiravir 
solutions

Favipiravir solutions were prepared at 2 mg  mL−1 in both NS 
and PBS. Due to the acidic nature of favipiravir, the pH of its 

solution in NS was found to be 3.46. However, the pH increased 
to 5.26, when favipiravir solution was prepared in PBS. It was 
observed that the viscosity values of favipiravir solutions are 
within the range of 1.009–1.104 mPa.s, and they showed similar 
viscosity properties. Osmolality of the prepared favipiravir solu-
tions in two different medias were 299 mOsm kg−1 in PBS and 
303 mOsm  kg−1 in NS, which were significantly similar to 
each other.

3.4.  Aerodynamic particle size characterization of 
favipiravir solutions

Aerodynamic particle size distribution data are interpreted 
with MMAD, GSD, and FPF (percentage of particles with aero-
dynamic particle size below 5 µm). These values for favipiravir 
solution in NS and PBS are given in Table 1. Both formula-
tions show no significant difference in terms of aerodynamic 
particle size distribution.

The deposition of favipiravir solutions on each stage of 
NGI compartments is shown in Figure 3. Particles deposited 
on each stage were given as the amount of fine particle 
dose (µg).

Figure 2. effects of favipiravir on the viability of Calu-3 lung epithelial cells 
at different concentrations (50–0.1 mM which is 0.1571–7.855 mg  ml−1, respec-
tively) as measured by the MTT assay. values are expressed as mean ± SD 
(n = 6).

Table 1. Particle size distribution obtained for favipiravir solutions.

Parameter Favipiravir in NS Favipiravir in PBS

MMADa (µm) 5.43 ± 0.32 4.83 ± 0.11
FPF 5 µmb (%) 45.63 ± 2.43 52.66 ± 1.67
gSDc 1.63 ± 0.07 1.70 ± 0.01
aMean mass aerodynamic diameter.
bFine particle fraction.
cgeometric standard deviation (mean ± SD; n = 3).

Figure 3. Drug deposition profile of favipiravir solutions in Ngi stages. values are expressed as mean ± SD (n = 6).
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3.5.  Stability study of favipiravir solution

The stability of favipiravir solutions in NS and PBS was inves-
tigated under three different storage conditions (5 ± 3 °C, 
25 ± 2 °C/60%RH ± 5%RH, and 40 ± 2 °C/75%RH ± 5% RH). In 
addition, the photostability of the solutions was assessed 
under constant light exposure. Stability data revealed that 
favipiravir solution prepared in PBS showed superior stability 
over that prepared in NS. Favipiravir solution in PBS remained 
stable throughout 12 months of storage at 5 °C (favipiravir 
assay at 12 months; 100.50 ± 0.71%), while it was stable up 
to 3 months (97.20 ± 1.03%) and 1 month (97.80 ± 1.10%) at 
25 °C and 40 °C, respectively (Figure 4). On the contrary, favi-
piravir solution in NS retained its stability up to 1 week at 
5 °C (95.60 ± 0.90%), while the concentration dramatically 
dropped to ~84.4% and ~44.2% after 1 week at 25 °C and 
40 °C, respectively. Furthermore, light exposure has acceler-
ated the degradation of favipiravir in both solutions. After 
one week of exposure to constant illumination, the concen-
tration of favipiravir decreased to ~88.8% and ~81.6% in NS 
and PBS, respectively.

4.  Discussion

The COVID-19 pandemic has underlined the importance of 
inhaled therapy due to the inadequacy of conventional treat-
ments. Although oral drugs are generally preferred by 
patients, alternative dosage forms are crucial in terms of 
drug accumulation in the target organ. Studies have shown 
that airborne transmission is the dominant route for the 
spread of SARS-CoV-2, the causative virus of COVID-19 
(Zhang et  al., 2020), and most infections cause mild to mod-
erate illness with respiratory symptoms (Elezkurtaj et  al., 
2021). Yet even though the virus is a respiratory one, there 
are no inhaled antivirals available for the treatment of the 
disease. Therefore, the aim of this study was to develop and 
characterize an inhaler dosage form for the treatment of 
COVID-19.

Scientists have taken a repurposing approach for the treat-
ment of COVID-19, and thus lists of antiviral candidates were 

re-investigated. Examples of these antivirals are remdesivir, 
l o p i n a v i r - r i t o n a v i r ,  u m i f e n o v i r ,  f a v i p i r a v i r , 
chloroquine-hydroxychloroquine, and molnupiravir (Sahin 
et  al., 2022). However, no antiviral drug has been successful 
in the clinical treatment of COVID-19, although their efficacy 
was shown in vitro against SARS-CoV-2. In a study, it was 
reported that the reason oral Lopinavir could not be bene-
ficial in patients with COVID-19 may be due to the insufficient 
concentration level of the drug in the lungs (Wang & Chen, 
2020), a hypothesis that was based on a tissue distribution 
study of orally administered Lopinavir-Ritonavir in rats (Kumar 
et  al., 2004).

Favipiravir shows antiviral activity against many RNA 
viruses, making it a promising drug for the treatment of 
many infections associated with RNA viruses (Furuta et  al., 
2017), including COVID-19. In a biodistribution study of [18F] 
Favipiravir in mice, it has been shown that the antiviral agent 
accumulates in the lungs at a very low ratio. This strengthens 
the hypothesis that an effective treatment cannot be achieved 
in COVID-19 through conventional dosage use of antivirals. 
An effective dose of drug in the lungs can be achieved by 
inhalation treatment and the determination of this appropri-
ate dose is a crucial factor. Favipiravir should have the least 
toxic effect on the body, while effectively preventing 
SARS-CoV-2 viruses. Therefore, a system, designed for 
real-time monitoring of in vitro cellular adhesion properties 
using E-plates called the xCELLigence RTCA was used in this 
study. RTCA is more durable, needs less manual affirmation, 
saves time, and does not require labels like traditional meth-
ods (Teng et  al., 2013) [the viral plaque test, the median 
tissue culture infective dose (TCID50), and detection of pres-
ence by PCR and RT-PCR] for the investigation of viruses. In 
this study, the Vero E6 cell line was chosen for investigation, 
replication, and isolation of SARS-CoV-2. These cells are dis-
tinguished by the fact that they do not produce interferon 
(IFN), and IFN deficiency is essential for the replication of 
SARS-CoV-2. In addition to IFN insufficiency, the cells exhibit 
high ACE-2 expression on their membrane surface. 
Furthermore, this cell line produces a high load of virus par-
ticles (Takayama, 2020). The study period lasted for 160 h, in 

Figure 4. Stability profiles of favipiravir in (a) normal saline and (b) PBS, stored protected from light at 5C ± 3 °C, 25 ± 2 °C, and 40 ± 2 °C [values are expressed 
as mean ± SD (n = 3), note that the error bars at some points are of the size of the symbols].
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which the cells were observed and assessed at 15-min inter-
vals. The final data has shown favipiravir was not cytotoxic 
to the Vero E6 cell line at concentrations between 0.25 and 
3 mg  mL−1. Furthermore, cytotoxicity studies were carried out 
on Calu-3 cells confirmed the safety of favipiravir within the 
concentration range of 0.1571–7.855 mg  mL−1.

Due to the acidic nature of the molecule, the pH of favi-
piravir solution in NS was found to be ~3.46. However, the 
pH was ~5.26 when favipiravir solution was prepared in PBS. 
Given that the pH of the lung fluid is around 6.6 in healthy 
individuals (Fischer & Widdicombe, 2006), favipiravir solution 
in PBS appears suitable for administration to the lungs. 
Osmolality values of favipiravir solutions (2 mg  mL−1) were 
quite similar to each other, 299 mOsm  kg−1 in PBS and 303 
mOsm  kg−1 in NS. Also, they are both compatible with the 
physiological value (~288 mOsm  kg–1) (Fazekas et  al., 2013). 
Furthermore, favipiravir solutions were found to have similar 
viscosity properties, with viscosity values in the range of 
1.009–1.104 mPa  s.

When the subject comes to inhalation technology, another 
factor to consider is the choice of inhalation devices (e.g., 
inhaler). Choosing an appropriate device affects parameters 
such as patient compliance, stability, and drug accumulation. 
Soft-mist inhalers are a relatively new class of ‘non-pressurised 
metered dose inhalers’. According to the available literature, 
soft-mist inhalers provides a higher drug accumulation in 
the lungs than most pressurized metered dose inhalers, dry 
powder inhalers, and nebulizers. Soft-mist inhalers owes this 
advantage to the fact that it produces an aerosol with a 
larger fraction of fine particles than the other devices, and 
the aerosol produced leaves the inhaler at a slower pace and 
lasts longer (Pitcairn et  al., 2005; Anderson, 2006; Brand et  al., 
2008; Leiner et  al., 2017). A Phase IIb clinical trial has recently 
been conducted by our team in which low molecular weight 
heparin was administered to patients with severe COVID-19 
via a soft-mist inhaler. At the end of the study, the drug was 
well tolerated and significantly decreased the need for oxy-
gen therapy (Erelel et  al., 2021).

Aerodynamic particle size distribution (APSD) is a crucial 
parameter for lung delivery, which is a virtual measurement 
of the diameter of a particle in the airflow. It is characterized 
by the MMAD and the GSD. For local effect, the desirable 
target point of the drug particles is to the bronchi and bron-
chioles. This requires a particle aerodynamic size within the 
range of 2–5 µm. Whereas, for systemic effect via inhalation, 
smaller particles (approximately 1–3 μm) are required. 
Therefore, APSD is used to predict the region and amount 
of an active ingredient deposited in the pulmonary area and 
this parameter is consider as a ‘critical quality’ attribute for 
the development of inhalation formulations. Consistent APSD 
values were obtained for both favipiravir solutions through 
the study period. Both formulations delivered via soft-mist 
inhaler similarly accumulated in stages 2–8 of impactor, which 
corresponds to a cutoff diameter of 7.613–0.77 µm. This data 
shows that the favipiravir solution for inhalation is within 
the appropriate range of droplet size required to target the 
bronchi and bronchioles when administered via the soft-mist 
inhaler. The MMAD values of favipiravir solution in NS and 

PBS were 5.43 ± 0.32 µm and 4.83 ± 0.11 µm, respectively, and 
the FPF 5 µm values were 45.63 ± 2.43% and 52.66 ± 1.67%, 
respectively (Table 1). There was no significant difference in 
the APSD values between the two formulations. Thus, both 
formulations were considered appropriate for local lung tar-
geting (Ciciliani et  al., 2021). Furthermore, they both show 
high FPF values, which indicate that the aerodynamic particle 
sizes are below 5 µm. In turn, this value represents a crucial 
point for assessment of lung localization, especially in the 
targeted area.

The stability of a pharmaceutical solution is essential to 
its efficacy, thus favipiravir solutions were kept at different 
storage conditions including 5C ± 3 °C, 25 ± 2 °C/60% RH ± 5% 
RH, and 40 ± 2 °C/75% RH ± 5% RH. Since the highest stability 
of favipiravir solution was obtained at 5 ± 3 °C, this condition 
was considered to simulate long-term conditions. 
Consequently, storage conditions of both 25 ± 2 °C/60% RH 
± 5% RH and 40 ± 2 °C/75% RH ± 5% RH were considered as 
accelerated conditions in our study. Stability data have 
revealed the dependence of favipiravir degradation on the 
pH rather than temperature, as degradation in normal saline 
(~pH 3.46) was significant at all studied different tempera-
tures (Figure 4a). Upon utilization of PBS, the pH of favipiravir 
solution increased to ~5.26 that greatly enhanced its stability 
up to one year at 5 ± 3 °C. However, the poor stability of 
favipiravir in NS (pH 3.46) is consistent with recent studies 
that showed the sensitivity of favipiravir toward acidic, basic, 
and oxidative conditions (Marzouk et  al., 2022; Vemuri et  al., 
2022). At this acidic pH, one of degradation routs might be 
the cleavage of amide group in favipiravir molecule which 
was proposed by Vemuri et  al. (2022).

5.  Conclusion

To date, oral favipiravir has been used in many countries to 
treat patients infected with SARS-CoV-2. However, current lit-
erature points out that oral favipiravir has a poor accumulation 
in the lungs, which causes ineffective treatment. In this study, 
an inhaled formulation of favipiravir was developed for the 
first time to provide an effective treatment in the lungs. In 
the in vitro antiviral activity study, it was found that a con-
centration of 2 mg  mL−1 of favipiravir provides an effective 
antiviral activity on SARS-CoV-2. Considering the high doses 
(1600 mg–3600 mg) that were prescribed orally, the fact that 
a small dose such as 2 mg  mL−1 can achieve an antiviral effi-
cacy in the lungs is an indication of the superiority of an 
inhalation formulation. There is an ongoing preclinical study 
with the inhaled favipiravir formulation developed by our 
group. We hope that this study will pave the way for more 
clinical trials in the treatment of COVID-19 using inhalation 
formulations.
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