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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiological agent responsible for the COVID- 
19 pandemic, has outspread at full tilt across the world. Although several effective vaccines continue to be 
deployed, reliable antiviral treatments have yet to be developed against this disease. Currently, available ther-
apeutics for COVID-19 include repurposed, and a few novel drugs. Many drugs have been promising in pre-
clinical studies, but a majority of these drugs have shown little or no efficacy in clinical studies. One of the major 
reasons is the insufficient drug concentration in the lung, the primary target site of infection for SARS-CoV-2, 
from the administration of drugs through oral or intravenous routes. Higher effective doses administered 
through these routes could also lead to adverse side effects. For this reason, inhaled treatments are being tested as 
an efficient approach for COVID-19, allowing lower doses of drugs ensuring higher concentrations of the drug(s) 
in the lung. The inhaled treatment combining two or more antiviral drugs will increase potency and reduce the 
possibility of selecting for SARS-CoV-2 variants with reduced drug susceptibility. Finally, the appropriate drug 
combination needs to be delivered using a suitable system. Here, we review the current treatment for COVID-19 
and their limitations, discussing the advantages of mono and combinational inhaled therapy with a brief outline 
of the recently reformulated anti-SARS-CoV-2 agents as inhaled formulations. The selection of appropriate de-
livery devices for inhalation and associated key considerations including the formulation challenges are also 
discussed.   

1. Introduction 

The emergence of coronavirus disease-19 (COVID-19) was first 
detected in December 2019 in China’s Wuhan state, and this ongoing 
pandemic has affected the whole world with millions of deaths (World 
Health Organization (WHO), 2022a; Ji et al., 2020). The International 
Committee on Taxonomy of Viruses (ICTV) termed the causative agent 
of COVID-19 as SARS-CoV-2, because of its close phylogenetic 

resemblance to severe acute respiratory syndrome coronavirus (SARS- 
CoV) (Gorbalenya et al., 2020). However, SARS-CoV-2 is more trans-
missible than SARS-CoV and other respiratory viruses like MERS-CoV, 
Ebola virus, and influenza virus (Eedara et al., 2021; Xu et al., 2020; 
Zhou et al., 2020). SARS-CoV-2 is an enveloped, (+ss) RNA virus, mainly 
transmitted through inhalation of exhaled airborne droplets (Eedara 
et al., 2021; Yuki et al., 2020). Therefore, the respiratory tract is the 
primary site of infection of SARS-CoV-2, with a high density of ACE-2 
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glycoprotein, the receptor of the virus (Chen et al., 2020; Letko et al., 
2020; Li et al., 2003; Walls et al., 2020; Zou et al., 2020). It is from the 
respiratory tract and lungs that the virus can gradually spread to other 
sites and organs (Zhang et al., 2020). 

Common symptoms of COVID-19 are fatigue, fever, headache, dry 
cough, lymphopenia, hemoptysis, sputum production, and diarrhea 
(Zhu et al., 2020). In some cases, chest radiographs were found to 
possess an infiltrate in the upper lobe of the lung with shortness of 
breath and a lower level of oxygen in the blood (Phan et al., 2020). Renal 
tubular cells and testicular cells can be highly affected by SARS-CoV-2 
because of the presence of ACE-2 on those cells (Fan et al., 2020). 
Anorexia, vomiting, and diarrhea are some significant features of this 
virus associated with the digestive system (Abd El-Aziz and Stockand, 
2020). 

The emergence of more transmissible and infectious variants of 
SARS-CoV-2 is worsening the current situation. Variants are the resul-
tant of mutations during the replication process of a virus, and mutation 
is the alteration of any genetic sequence (addition/deletion/substitu-
tion) compared to the parent sequence (Ramesh et al., 2021). Currently, 
alpha (B.1.1.7), beta (B.1.351), gamma (P.1), delta (B.1.617.2), and 
omicron (B.1.1.529) are some of the most relevant identified variants of 
SARS-CoV-2 (WHO 2022b). These variants are identified in different 
countries and have different features. A comparison of these variants is 
presented in Table 1. 

Vaccines are one of the effective approaches against contagious viral 
diseases although the development and the distribution process of an 
effective vaccine is a long process. This process can be further exacer-
bated because of the antigenic drift caused by mutations (Shyr et al., 
2021). For example, currently available vaccines for COVID-19 are 
boosting the immunity against SARS-CoV-2 although the efficacy of 
these vaccines declines over time and differs among the existing variants 
stated above. The overall effectiveness of existing vaccines was found to 
be lesser against variants than the wild version (Charmet et al., 2021; 
Emary et al., 2021; Nasreen et al., 2021; Ramesh et al., 2021). From this, 
it is obvious to assume that, this virus will remain with us for a pro-
longed time. Until a safe and effective vaccine is available, efficient 
treatments are required to treat COVID-19. 

No fully effective direct-acting antiviral drugs are currently available 
against SARS-CoV-2 for all ages and non-hospitalized patients; instead, 
we rely on treatments of previous viral diseases (Dhama et al., 2020; 
Watkins, 2020). To date, remdesivir is the only therapeutic agent 
approved by the United States Food and Drug Administration (U.S. FDA) 
and given intravenously (U.S. Food & Drug Administration, 2020a). 
Molnupiravir and paxlovid are two other antiviral agents available for 
oral administration for using as emergency use authorization (EUA) 
treatment for COVID-19 by U.S. FDA developed by Merck and Pfizer, 
respectively. Molnupiravir is a prodrug of N-hydroxycytidine whereas 

paxlovid is the combination of nirmatrelvir and ritonavir (Jayk Bernal 
et al., 2022; Roberts et al., 2022). Most of the current antiviral/anti- 
SARS-CoV-2 agents are taken orally, and a little portion of the drug is 
reached the lung because of poor bioavailability or gastrointestinal 
decomposition. For that reason, inhaled treatment by pulmonary drug 
delivery could be considered a potential course of action to treat pul-
monary diseases like COVID-19. Through pulmonary delivery, it is 
possible to deliver drugs to the lung directly which ensures higher drug 
concentration in the lung and avoids unwanted adverse effects as lower 
doses are required (Borghardt et al., 2018). Besides that, the selection of 
rightly chosen cocktail drugs that can exert synergistic activity, and 
formulations given via inhaled route can be a clever approach to treat 
this infectious disease and lower the chance of unwanted drug resistance 
(Shyr et al., 2021). Although pulmonary delivery has advantages, fugi-
tive emissions during therapy (during nebulization) are the key chal-
lenge for contagious diseases managements, as it remains airborne in the 
indoor environment for hours and causes potential harm to other pa-
tients and physicians ( Chen et al., 2004). This is why appropriate de-
livery device selection and precautions are the prerequisites. 

In this review, we have discussed the major limitations of currently 
available treatment for COVID-19 and the advantages of inhaled ther-
apy. The scopes of inhaled combinational drugs over a single drug are 
discussed, which is still an untapped area for this disease. The appro-
priate device selection for inhalation with associated formulation chal-
lenges and storage are discussed as well. 

2. Currently available treatments for COVID-19 and their 
limitations 

Numerous drugs are now under clinical trials to test their safety and 
efficacy against SARS-CoV-2. Currently available treatments for COVID- 
19 are mainly repurposed drugs. Repurposed drugs in a pandemic sit-
uation are superior as their safety has been investigated already for other 
diseases, and the development of new drug(s) is a long process (Roessler 
et al., 2021). The development of repurposed drugs for new disease(s) 
requires less time and tests, so these drugs can easily enter into clinical 
trials (Roessler et al., 2021). Compared to new drugs, repurposed drugs 
are cheap and readily available. For example, the discovery of an orphan 
drug usually takes 10–15 years with less than a 10% success rate with 
around 2.5 billion dollars’ involvement whereas a repurposed drug takes 
3–12 years with a 30–75% success rate and 300-million-dollar invest-
ment (Roessler et al., 2021). Again, recent advancements in repurposing 
modeling systems can ensure new indications and save time in the 
development process (Li et al., 2016). According to the U.S. FDA (until 
09 May 2022) over 690 drugs are currently in the planning stages of 
development. The U.S. FDA has already reviewed over 460 trials and 
selected a few drugs for EUA, and remdesivir is the only approved 

Table 1 
Comparison between the most relevant SARS-CoV-2 variants (World Health Organization (WHO), 2022b; Ramesh et al., 2021).  

SARS-CoV-2 variants 

WHO classification Alpha Beta Gamma Delta Omicron 

Pango Lineage B.1.1.7 B.1.351 P.1 B.1.617.2 B.1.1.529 
Origin of detection United Kingdom South Africa Brazil India Multiple 
Date of designation 18 December 2020 18 December 2020 11 January 2021 11 May 2021 26 November 

2021 
GISAID clade GRY GH/501Y.V2 GR/501Y.V3 G/478 K.V1 GRA 
Nextstrain clade 20I (V1) 20H (V2) 20 J (V3) 21A, 21I, 21 J 21 K, 21L, 21 M 
Amino acid changes +S: 484 K 

+S: 452R 
+S: L18F +S: 681H +S: 417 N 

+S: 484 K 
+S: R346K 

Transmissibility Higher transmission rates 
(~50%). 
Ro = 3.5–5.2 

Higher transmission rates 
(~50%). 
Ro = Not available 

Transmissibility is 2.6 times 
higher. 
Ro = Not available 

Higher transmission. Ro 
= 5.5–6.5 

Higher 
transmission. 
Ro = Not 
available 

Reinfection Unlikely Possible Higher Higher Unknown 
Monoclonal antibody efficacy and 

vaccine sera impact 
Minimal/no effect Reduced Reduced Reduced potentially Unknown  
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antiviral agent for COVID-19 (U.S. Food & Drug Administration, 2022a; 
U.S. Food & Drug Administration, 2022b). A drug may be granted a EUA 
only if there is a serious life-threatening condition, there is evidence of 
the effectiveness of that drug and no certain alternatives are available 
(U.S. Food & Drug Administration, 2017). A list of approved and EUA 
treatments for COVID-19 by the U.S. FDA is presented in Table 2. 

Besides U.S. FDA-approved and EUA treatments, many drugs have 
been used and still are being used for this disease. Many promising 
repurposed drugs that inhibit SARS-CoV-2 in laboratory cell-based 
studies have shown little or no efficacy in clinical studies (Reis et al., 
2022). One of the critical reasons is an insufficient concentration of drug 
(s) in the lung, the primary infection site for COVID-19, from the 
administration of very high oral doses of drugs that have numerous side 
effects. For example, niclosamide and ivermectin showed antiviral ac-
tivity in in vitro studies but both drugs have very poor absorption when 
given orally and thus a very little amount of drug reaches the lungs. 
Although niclosamide was found to be more potent compared to 3000 
FDA and Investigational New Drug application (IND) -approved drugs, 
the dose is very high (2 g orally on day 1 followed by 500 mg twice daily 
for 10 days), which causes various side effects including malaise, pru-
ritus, gastrointestinal disturbances, etc. (Jeon et al., 2020; Kumar et al., 
2020). The IND approval indicates the permission for clinical studies of 
an experimental drug by the U.S. FDA. The so-called “magic drug” 
hydroxychloroquine created much craze at the beginning of the COVID- 
19 pandemic, but due to its high oral dose, it exerted severe side effects 
like liver failure, heart rhythm problems, kidney injuries, and blood as 
well as lymph system disorders, thus, U.S. FDA warned the use of 
hydroxychloroquine (U.S. Food & Drug Administration, 2020b). A 
guanine analog drug, favipiravir, requires high doses (1600 mg orally 
twice daily on day 1 and600 mg orally twice daily thereafter for 7–10 
days) and it showed different pharmacokinetics in different ethnicities 
and rapid degradation after oral administration (Madelain et al., 2016). 
The only U.S. FDA-approved anti-viral drug for COVID-19 is remdesivir 

which when given intravenously poses side effects including liver injury, 
lower blood oxygen levels, allergic reaction, and breathing problems (U. 
S. Food & Drug Administration, 2020a). In a nutshell, high doses, severe 
side effects, first-pass metabolism, and poor absorption are the key 
limitations of currently used drugs for COVID-19. The problems asso-
ciated with widely used drugs for COVID-19 are listed in Table 3. 

3. Advantages of inhaled treatment for COVID-19 based on 
clinical studies 

The inhaled treatment for respiratory diseases is favorable as respi-
ratory delivery can ensure a higher concentration of a drug in the lung 
and blood at lower doses than its oral doses meaning minimal to no side 
effects with better therapeutic outcomes (Khadka et al., 2021). For 
example, inhaled 100–200 μg of salbutamol is therapeutically equiva-
lent to 2–4 mg of oral salbutamol, so less chance of side effects associ-
ated with this drug (Pasqua et al., 2022). Rapid onset of action is a 
matter of concern for severe COVID-19 patients as a sudden respiratory 
crisis may happen and such issues can be overcome by inhaled treat-
ment. COVID-19 causes a series of complications that worsen the co-
morbid patient’s conditions, especially those suffering from asthma or 
COPD (Leung et al., 2020). In such cases, a rapid onset of action will 
require more frequently than normal. Adjunct therapy as inhaled 
formulation can be used to lessen such symptoms which may or may not 
directly lower the viral loads. Like, salbutamol is given via inhaler to 
treat asthma attacks as it can exert effects within minutes (Pasqua et al., 
2022). Inhaled treatment is non-invasive, painless, and patient-friendly 
(Dhand, 2007). Therefore, the members of the International Society for 
Aerosols in Medicine (ISAM) gave much emphasis to accelerating the 
process of inhaled treatment for COVID-19-affected patients (Mitchell 
et al., 2020). Even the remdesivir in inhaled form is now under clinical 
trial in the hope of a better outcome by the original manufacturer Gilead 
Sciences, USA (NCT04539262). Some published reports on a small 

Table 2 
List of U.S. FDA approved and emergency use authorization (EUA) therapeutics for COVID-19 (until 09 May 2022). (U.S. Food & Drug Administration, 2020a; U.S. 
Food & Drug Administration, 2022a; U.S. Food & Drug Administration, 2022b).  

Name and first date of issuance/ 
approval 

Approved/ 
EUA 

Manufactured/obtained 
by 

Class/ 
Technology 

Use 

Remdesivir (22 October 2020) Approved Gilead Science, USA Antiviral Adult and pediatric patients (at least 28 days of age with a minimum weight 
of 3 kg) who are mild to moderately affected and progressing to severe 
conditions. 

Bebtelovimab (11 February 2022) EUA Eli Lilly and Company, 
USA 

Antibodies Adult and pediatric patients (at least 12 years and more than 40 kg) who are 
mild to moderately affected and progressing to severe conditions. 

Molnupiravir (23 December 2021) EUA Merck, USA Antiviral Adult patients who are mild to moderately affected and progressing to 
severe conditions. 

Nirmatrelvir co-packaged with 
ritonavir (22 December 2021) 

EUA Pfizer, USA Antiviral Same as bebtelovimab. 

Tixagevimab and cilgavimab co- 
packaged (8 December 2021) 

EUA GSK, UK and Vir 
Biotechnology, USA 

Antibodies Same as bebtelovimab. 

Tocilizumab (24 June 2021) EUA Genentech, USA Antibodies Hospitalized adult and pediatric patients (at least 2 years) receiving the 
corticosteroids (systemic) with invasive and non-invasive mechanical 
ventilation. 

Sotrovimab (26 May 2021) EUA GSK, UK and Vir 
Biotechnology, USA 

Antibodies Same as bebtelovimab.1 

Propofol-lipuro 1% (12 March 
2021) 

EUA B. Braun, Germany General 
anesthetics 

Patients over 16 years and need mechanical ventilation in ICU to maintain 
sedation via continuous infusion. 

Bamlanivimab and etesevimab (09 
February 2021) 

EUA Eli Lilly and Company, 
USA 

Antibodies Adult and pediatric patients who are mild to moderately affected and 
progressing to severe conditions.1 

Casirivimab and imdevimab (21 
November 2020) 

EUA Regeneron 
Pharmaceuticals, USA 

Antibodies Same as bebtelovimab.1 

Baricitinib (19 November 2020) EUA Eli Lilly and Company, 
USA 

Antibodies Same as tocilizumab. 

COVID-19 convalescent plasma 
(23 August 2020) 

EUA Obtained from COVID-19 
patients 

Biologics Hospitalized COVID-19 patients. 

REGIOCIT replacement solution 
(13 August 2020) 

EUA Baxter International Inc., 
USA 

Electrolytes Adult patients who need continuous renal replacement therapy in an acute 
care environment and if appropriate. 

Fresenius propoven 2% (05 August 
2020) 

EUA Fresenius Kabi, USA General 
anesthetics 

Patients who are at least 16 years of age and need mechanical ventilation in 
ICU.  

1 Currently not authorized in any U.S. regions for high-frequency omicron variant. 
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group of patients showed the potential benefits of inhaled treatment 
although it needs further investigation in clinical trials of a larger pop-
ulation to have a concrete conclusion. For example, inhaled interferon 
beta-1a showed better outcomes with fewer side effects in phase II 
randomized, double-blind, and placebo-controlled studies (44% versus 
22%) (Monk et al., 2021). Patients having inhaled adenosine treatment 
required less hospital stay compared to the patients having the control 
treatment (Caracciolo et al., 2021). An inhaled hydroxychloroquine can 
be effective in COVID-19 patients reducing side effects that are associ-
ated with oral dosage form (de Reus et al., 2020). A multicentre, non-
interventional, cohort study conducted over 954 critically ill COVID-19 
patients showed that inhaled corticosteroids lowered the mortality rate 
which was statistically significant (Al Sulaiman et al., 2022). In a ran-
domized and open-label Phase 2 study over 61 milds to moderately 
affected COVID-19 patients, it was found that inhaled ciclesonide 
eradicated SARS-CoV-2 more compared to the standard care (Song et al., 
2021). In a multicentre, open-label, multi-arm, randomized, controlled, 

adaptive platform trial of over 4700 participants, it was found that 
inhaled budesonide could improve the recovery time and lower the 
chance of death (Yu et al., 2021). From these investigations, it can be 
speculated that a better effective treatment is achievable for COVID-19 
via inhaled therapy than oral therapy. The inhaled dose of anti-SARS- 
CoV-2 agents for COVID-19 treatment needs to be fixed based on the 
drug’s properties and analyzing the safety and efficacy data from pre-
clinical and clinical studies. The aerosolization properties of the devel-
oped formulations need to be taken into consideration as well. It is easy 
to understand, that the deposition of drugs in the lungs is varied based 
on the formulations and the device used. Many researchers have re-
ported the anticipated inhaled dose of different anti-SARS-CoV-2 agents 
which are mainly based on theoretical calculations with uncertainty and 
need to be approved by the regulatory bodies before conducting human 
trials. In Table 4, we have mentioned the anticipated dose of some 
widely used anti-SARS-CoV-2 agents considering their reported in vitro 
half-maximal inhibitory concentration (IC50) values against SARS-CoV-2 
(Austin and Okour, 2020; Sheahan et al., 2020; Li et al., 2022), alveolar 
fluid amount of 20 mL (Patton, 1996), no clearance from the lungs and 
different drug depositions (20–80%) in the lung (considering 20% as low 
and 80% as high drug deposition). A higher dose will be required for the 
full viral clearance. The IC50 values may also vary considering the po-
tency of the drug used in the experiments as well as the formulation 
development technique. Our mentioned values are anticipated and need 
to be fixed before translating to animals/humans considering all the 
associated factors. 

4. Reformulation of anti-SARS-CoV-2 agents as inhalable form 

Reformulation of the repurposed drugs which showed promising 
anti-SARS-CoV-2 properties and were given mainly orally or intrave-
nously as an inhaled formulation has begun in a hope of a better 
outcome (Table 5). In this section, we have outlined the key findings of 
those reformulations. Further studies are required to evaluate the safety 
and efficacy of these formulations. All of these studies give an insight 
into the development feasibility of anti-SARS-CoV-2 agents as an 
inhalable form which will be key to developing further effective treat-
ment for COVID-19 by conducting additional testing or adding addi-
tional agent(s). To define the aerosolization properties of inhaled 
formulations, few terms are commonly used. For example, emitted dose 
(ED) is the amount of drug that actually exits from the delivery device 
due to inhalation. Following an inhalation, the amount of drug having 
an aerodynamic particle size less than 5 µm within the ED is defined as a 
fine particle dose (FPD). The fine particle fraction (FPF) is FPD relative 

Table 3 
Routes of administration and limitations associated with some widely used 
therapeutics for COVID-19.  

Drug Name Drug class Route of 
administration 

Limitations 

Remdesivir Antiviral Intravenous Side effects include 
liver injury, allergic 
reactions, breathing 
problems, blood 
pressure, heart rate 
alteration, fever, and 
low blood oxygen 
levels. 

Favipiravir Antiviral Oral High dose (1600 mg 
twice daily on day 1 
and then 600 mg 
thrice daily for up to 
14 days) and notable 
drug concentration 
reduction were 
observed. 

Hydroxychloroquine Antimalarial Oral Side effects include 
serious heart rhythm 
problems, blood and 
lymph system 
disorders, kidney 
injuries, and liver 
failure. 

Niclosamide Anthelmintics Oral High dose (2 g on day 
1 followed by 500 mg 
twice daily for 10 
days) and poor 
absorption and side 
effects including 
gastrointestinal 
disturbances, 
headaches, malaise, 
and pruritus. 

Ivermectin Antiparasite Oral Poor absorption, a 
very little amount of 
drug reaches the 
lungs. 

Lopinavir/Ritonavir Antiviral Oral The efficacy is still 
debatable and side 
effects include 
anorexia, nausea, and 
abdominal 
discomforts. 

Ribavirin Antiviral Oral High dose (1200 mg 
loading dose on day 1 
and then 800 mg/day 
up to 5 days) and it 
showed side effects 
especially anemia 
when given in high 
dose.  Table 4 

The anticipated inhaled dose of some widely used anti-SARS-CoV-2 agents 
considering the reported in vitro half-maximal inhibitory concentration (IC50) 
against SARS-CoV-2 (Austin and Okour, 2020; Sheahan et al., 2020; Li et al., 
2022).  

Drug Name IC50 (μM) IC50 (μg/ 
mL) 

Anticipated inhaled dose (μg) 
* 

Nirmatrelvir**  0.18  0.1 2.5–10 
Niclosamide  0.28  0.1 2.5–10 
Molnupiravir  0.30  0.1 2.5–10 
Hydroxychloroquine  0.72  0.2 5–20 
Remdesivir  0.77  0.5 12.5–50 
Nitazoxanide  2.12  0.7 17.5–70 
Ivermectin  2.48  2.2 55–220 
Nafamostat  22.5  7.8 195–780 
Favipiravir  61.88  9.7 242.5–970 
Penciclovir  95.96  24.3 607.5–2430 
Ribavirin  109.5  26.7 667.5–2670 
*Considering total alveolar fluid of 20 mL, 20–80% of drug deposition and 50% SARS- 

CoV-2 inhibition in the lung 
** Nirmatrelvir is the main component of Paxlovid. In Paxlovid, nirmatrelvir is co- 
packaged with ritonavir.  
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to ED. The mass median aerodynamic diameter (MMAD) indicates the 
diameter of which half of the particles of an aerosol by mass are larger. 

Remdesivir, which was originally developed for treating the Ebola 
virus, has been repurposed for COVID-19 and is given intravenously, 
was reformulated as inhalable dry powder utilizing thin-film freezing 
(TFF) technology (Sahakijpijarn et al., 2020a). The powder produced by 
TFF technology is highly aersolizable with a high-surface area, thus 
suitable for better dissolution rate and bioavailability of poorly water- 
soluble drugs like remdesivir in the lungs. The dry powder prepared 
by TFF is mainly composed of brittle matrix and nanostructured ag-
gregates. This nanostructured aggregates powder can ensure better drug 
absorption efficiency and dose uniformity in the lung than microparti-
cles. Captisol, mannitol, lactose, and L-leucine were used in this study. 
Captisol was used to improve the solubility and stability of the poorly 
water-soluble drug, remdesivir. Mannitol, lactose, and L-leucine all were 
used to enhance the aerosolization property. The developed formula-
tions were highly porous with a brittle matrix structure, and the 
remdesivir was in amorphous form. A Plastiape RS00 inhaler was used to 
deliver the dry powder. The FPF of the optimized formulation, prepared 
in an acetonitrile/water (50/50) co-solvent system and incorporation of 
L-leucine, was ~ 93%. The dry powder was both physically and chem-
ically stable and the in vitro aerosolization was not affected significantly 
after the one-month storage at 25 ◦C/60% RH. The in vitro dissolution 
study showed that the dissolution of TFF-based remdesivir was signifi-
cantly higher than the unprocessed remdesivir. The prepared remdesivir 
dry powder showed 20 fold increase in solubility to the unprocessed 
remdesivir. The in vivo pharmacokinetic study conducted on Sprague- 
Dawley rats showed the Cmax value of 264.3 ± 88.5 ng/mL after 4 h 
for GS-441524, the metabolized adenosine analog of remdesivir. This 
study needs to be investigated further in an appropriate animal model to 
ensure the amount of drug achieved in the lung is sufficient to inhibit 
SARS-CoV-2. The overall study demonstrates the feasibility of TFF 
technology to produce anti-SARS-CoV-2 agents. The obtained results 
showed that this technique can be used to produce stable and highly 
aerosolizable DPI having a better dissolution rate. 

On the other hand, there were two liposomal formulation studies of 
remdesivir for inhalation. The liposomal formulation can enhance the 
solubility and stability of poorly soluble drugs like remdesivir by 
incorporating them into the lipid bilayer and the liposome is biocom-
patible with the alveolar surfactants as both the components are lipid. In 
one study, a liposomal solution of remdesivir was developed utilizing 
the film hydration technique and probe supersonic method (Li et al., 

2021). The used excipients were sulfobutylether beta-cyclodextrin 
(SBEβ-CD), dipalmitoylphosphatidylcholine (DPPC), 1,2-Distearoyl-sn- 
glycero-3-phosphoethanolamine-Poly(ethylene glycol2000) (DSPE- 
PEG2000), cholesterol, and trehalose. SBEβ-CD was used to solubilize 
remdesivir. The lipids (DPPC, DSPE-PEG2000, cholesterol) were used to 
ensure liposomal membrane permeability and stability. DPPC was the 
main component in this study for better biocompatibility, as most of the 
lung surfactant is DPPC. The prepared liposome was within the size 
range of 115–130 nm. The optimized formulation was spherical with an 
MMAD of 4.118 µm. The FPF was 56.89% when delivered the formu-
lation via an ultrasonic nebulizer. The formulation was physically stable 
for six months at 4 ◦C with no significant in vitro aerosolization alter-
ation. The animal study conducted on male BALB/c mice showed better 
safety and higher drug accumulation in the lung for pulmonary delivery 
compared to delivery via injections. 

In another study, Vartak et al. (Vartak et al., 2021) developed lipo-
somal remdesivir using a modified hydration technique. The excipients 
used were DPPC, cholesterol, 1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC) and SBEβ-CD. The hydrodynamic size of the optimized liposome 
was 71.46 ± 1.35 nm which was stable after storage at 4 ◦C for one 
month. The amount of remdesivir degraded significantly when stored at 
37 ◦C. The MMAD was 4.56 ± 0.55 µm with an FPF of 74.40 ± 2.96% 
when tested using a PARI LC PLUS nebulizer. The optimized DOPC (1,2- 
Dioleoyl-sn-glycero-3-phosphocholine,a phospholipid) containing lipo-
somes showed greater than 90% cell viability on A549 cells at a con-
centration of 2.5 mg/mL of remdesivir. 

Niclosamide, an anthelmintic drug that was repurposed for COVID- 
19 as a tablet, was reformulated for inhaled delivery for COVID-19. In 
one study, Jara et al. (Jara et al., 2021) developed niclosamide dry 
powder by TFF technology. Mannitol and L-leucine were in this study to 
enhance the aerosolization property of the prepared dry powder. The 
FPF and MMAD value for prepared dry powder was 86% and 1.11 µm 
respectively when tested using RS00 (Plastiape, Italy) inhaler. The 
tolerability and pharmacokinetic study were conducted in female 
Sprague-Dawley rats and Syrian hamsters respectively administering 
high dose of niclosamide (827.2 µg/kg) for 3 days. Although the liver, 
kidney, and spleen were normal, the lung tissue showed mild inflam-
mation signs which could be attributed to the high dose of niclosamide 
used. The Cmax value in the hamster was measured at 159 ng/mL and 
590.3 ng/mL for the niclosamide dose of 145 µg/kg and 290 µg/kg 
respectively. The researchers claimed that these Cmax values are suffi-
cient to inhibit SARS-CoV-2 as the estimated IC90 value for SARS-CoV-2 

Table 5 
Inhalable formulation of repurposed anti-SARS-CoV-2 agents.  

Drug Name Formulation Preparation technique Excipients used Delivery device Ref 

Remdesivir Dry powder inhaler Thin-film freezing Captisol, mannitol, lactose, L- 
leucine 

Plastiape RS00 inhaler (Sahakijpijarn 
et al., 2020a) 

Liposomal solution Film hydration technique 
and probe supersonic 
method 

SBEβ-CD, DPPC, DSPE- 
PEG2000, cholesterol, trehalose 

Nebulizer (Li et al., 2021) 

Liposomal solution Modified hydration 
technique 

DPPC, cholesterol, SBE-β-CD, 
DOPC 

PARI LC PLUS nebulizer (Vartak et al., 
2021) 

Niclosamide Dry powder inhaler Thin-film freezing Mannitol, leucine Plastiape RS00 inhaler (Jara et al., 2021) 
Niclosamide-lysozyme 

composite 
Dry powder inhaler, nasal 
spray, and nebulizer 
solution 

Spray-drying, 
reconstitution 

Sucrose, polysorbate 80, 
histidine, recombinant human 
lysozyme 

Twin Caps inhaler and 
Aerogen Solo vibrating 
mesh nebulizer 

(Brunaugh et al., 
2021) 

Tamibarotene Dry powder inhaler Spray-freeze drying 2-hydroxypropyl-β-cyclodextrin Breezhaler (Liao et al., 2021) 
Nafamostat mesylate Inhalable microparticles Spray-drying Lecithin, mannitol Plastiape RS00 inhaler (Kang et al., 2021) 
Triazavirin Solution Mixing – Ultrasonic nebulizer (Valiulin et al., 

2021) 
Hydroxychloroquine 

sulfate 
Dry powder inhaler Air jet milling – Osmohaler (Albariqi et al., 

2021) 
Isotonic solution Mixing – Aerogen Solo nebulizer (Tai et al., 2021) 

Ivermectin Solution Mixing – Nebulizer (Micro Cirrus, 
Berkshire, UK) 

(Chaccour et al., 
2020) 

*SBEβ-CD = Sulfobutylether beta cyclodextrin, DPPC = Dipalmitoylphosphatidylcholine, DSPE-PEG2000 = 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly(ethylene 
glycol2000), DOPC = 1,2-Dioleoyl-sn-glycero-3-phosphocholine  
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is 153.1 ng/mL. 
In another study, Brunaugh et al. (Brunaugh et al., 2021) developed 

the niclosamide-lysozyme composite to deliver via dry powder inhaler, 
nasal spray, and nebulizer. Niclosamide was combined with an endog-
enous protein lysozyme by spray drying technology to produce a dry 
powder. Spray-drying technique has been well explored to produce 
particles optimal for pulmonary delivery. Scalability, cost-effectiveness, 
reproducibility, and better control over particles are some of the major 
advantages of spray-drying. Sucrose, polysorbate 80, histidine, and re-
combinant human lysozyme was used in this study. Lysozyme has an 
anti-inflammatory effect and the inclusion of this protein can act as a 
carrier and also enable the reconstitution of the powder during admin-
istration. On the other hand, sucrose, polysorbate 80, and histidine were 
used to obtain a stable and dispersible lysozyme formulation. The geo-
metric median diameter of the optimized formulation was below 5 µm 
and the fine particle dose of niclosamide was determined 136 ± 4.3 µg 
when 60 mg powder (0.7% niclosamide content) was aerosolized from a 
TwinCaps inhaler. The prepared dry powder was reconstituted in 0.45% 
sodium chloride solution and delivered for 2 min by an Aerogen Solo 
vibrating mesh nebulizer. The fine particle dose of 62.3 ± 3.7 µg was 
achieved after nebulization of 175 µg/mL of niclosamide. 

Tamibarotene, an orally available retinoid derivative used for re-
fractory acute promyelocytic leukemia, has been repurposed for COVID- 
19 and was reformulated by Liao et al. (Liao et al., 2021) as inhalable dry 
powder utilizing spray freeze drying (SFD) technology. SFD can produce 
low dense porous particles suitable for better aerosolization and drug 
dissolution. 2-hydroxypropyl-β-cyclodextrin was the only excipient used 
in this study to enhance the drug solubility. The prepared porous and 
spherical dry powder had the MMAD value of 1.86 ± 0.44 µm with an 
FPF of 65% when delivered and administered by intraperitoneal injec-
tion. The pharmacokinetic study found a higher Cmax value of tami-
barotene in the lung tissue when administered intrathecally than 
intraperitoneal injection (94.2 ± 15.7 vs 2.6 ± 0.3 µg/mL). This study 
concluded that pulmonary delivery can achieve more drug concentra-
tions in the lung than systemic delivery. 

Nafamostat mesylate is an approved drug in Japan and South Korea 
for acute pancreatitis. This agent was repurposed for COVID-19 and 
given as an intravenous infusion and has been reformulated by Kang 
et al. (Kang et al., 2021) as inhalable microparticles by spray drying. In 
this study, lecithin was used as a stabilizer of nafamostat mesylate, and 
mannitol was used as a diluent. The powder was spherical in shape with 
a smooth surface. The highest FPF value of spray-dried nafamostat 
mesylate was obtained at 75.1 ± 5.3% with an emitted dose of 93.7 ±
2% and MMAD of 2.1 ± 0.6 µm. The device used in the study was an 
RS01 inhaler (Plastiape, Italy). The in vivo study was conducted in male 
Sprague-Dawley rats, where nafamostat mesylate (1 mg/kg) was 
administered both intratracheally and intravenously. After 10 min, the 
amount of nafamostat mesylate was found more in the bronchoalveolar 
lavage fluid for intratracheal administration (2.1 µg/mL) than intrave-
nous administration (0.9 µg/mL). After 60 min, these values were 0.7 
µg/mL and 0.3 µg/mL for intratracheal and intravenous administration 
respectively. The amount of drugs that remained in the lung tissue after 
60 min were 0.4 µg/g for intravenous administration and 0.7 µg/g for 
intratracheal administration. This study indicates a higher drug delivery 
and residual time in the lung tissue for the intratracheal route than the 
intravenous route. 

Valiulin et al. (Valiulin et al., 2021) developed the orally available 
antiviral agent triazavirin in inhaled form and performed the in vivo 
study on Outbred male mice in an inhalation chamber. The triazavirin 
aerosol was generated by an ultrasonic nebulizer and the aerosol flow-
rate in the chamber was maintained at 2.5 L/min by the chamber set-up 
system. The mean particle size was 560 nm with a particle size distri-
bution of 0.003–10 µm. The in vivo study conducted on Outbred male 
mice (28 ± 3 g) found 2.6 µg/mL of triazavirin in blood plasma after 20 
min of inhalation of 2 mg/kg of body-delivered dose. 

Hydroxychloroquine sulfate, an antimalarial drug, was repurposed 

for COVID-19 as tablets and was reformulated as inhalable powder by 
Albariqi et al. (Albariqi et al., 2021) using air-jet milling technique. 
Milling is a simple and cost-effective technique to reduce particle size 
with an inhalable size range. The shape of the prepared dry powders was 
irregular and crystalline in nature. In vitro aerosolization of this powder 
from Osmohaler (Pharmaxis Ltd., Australia) at 60 L/min flow rate after 
storing the powders at different RH (43%, 53%, 58%, and 75%) at 25 ◦C 
for 7 days. It was found that the average median particle size (D50) was 
1.73–3.44 µm. The MMAD (3.03–3.50 µm) and FPF (61.7–62.7%) values 
were similar when the powders were stored at 43%, 53%, and 58% RH 
but the MMAD (7.78 µm) was higher and FPF (33%) was lesser when 
stored at 75% RH. 

In another study, Tai et al. (Tai et al., 2021) prepared hydroxy-
chloroquine sulfate isotonic solution (20 mg/mL, 50 mg/mL, and 100 
mg/mL) and tested for in vitro aerosolization from an Aerogen Solo 
nebulizer. The average MMAD values for 1 mL of 20 mg/mL, 50 mg/mL 
and 100 mg/mL were 3, 3.27 and 2.99 µm whereas the average FPF 
values were 71.8%, 67.3% and 71.3%, respectively. 

Ivermectin, an antiparasitic drug, was repurposed for COVID-19 and 
given as tablets. Chaccour et al. (Chaccour et al., 2020) developed an 
inhaled nebulized form of ivermectin as a proof of concept to investigate 
the feasibility of delivering ivermectin to the lung. When the formula-
tion was nebulized using a nebulizer (Micro Cirrus, Berkshire, UK) at the 
oxygen flow of 8 L/min, particles generated were of the size range 
0.5–2.2 µm. The in vivo study was conducted in both male and female 
Sprague-Dawley rats (12 weeks old) for low doses (89 mg/kg) and high 
doses (121 mg/kg). The Cmax value in male rats was determined 86.2 ng/ 
mL for low dose and 152 ng/mL for high dose. For female rats, the Cmax 
values were lower compared to the male rats with a value of 26.2 ng/mL 
and 51.8 ng/mL. This study concludes the feasibility of delivering 
ivermectin to the lungs in high concentrations via nebulization, 
although the safety and efficacy studies are required to come to a con-
crete conclusion if the achieved drug concentration is sufficient to 
inhibit the SARS-CoV-2. 

5. Inhaled cocktail drugs as a potential treatment approach for 
COVID-19 

Research has progressed in developing inhaled formulations con-
taining a single drug, as mentioned in section 4. The pulmonary delivery 
of selected potential cocktail drugs/antiviral agents may effectively treat 
COVID-19 patients compared to a single inhaled drug. The advantages of 
inhaled therapy for single and cocktail agents are illustrated in Fig. 1. 

While the number of combination drugs approved by the U.S. FDA 
has increased over the period, the combination therapy for infections 
and respiratory diseases has increased sharply compared to the other 
diseases (Das et al., 2019). For other viral diseases such as HIV/HCV- 
infected patients, combination therapy showed better outcomes than 
monotherapy (Shyr et al., 2021). COVID-19 patients experience a series 
of complications and comorbid patients, especially patients having 
asthma, COPD, or other inflammatory diseases, are more prone to 
COVID-19 (Leung et al., 2020). Again, patients with obesity, hyperten-
sion, liver and renal diseases, etc. suffer more than non-comorbid pa-
tients. A study over 26 patients found that arterial hypertension was the 
most common (65.4%), with other comorbidities like obesity (38.5%), 
chronic ischemic heart disease (34.6%), atrial fibrillation (26.9%), and 
COPD (23.1%) (Elezkurtaj et al., 2021). Another study reported that 
hypertension, obesity, and diabetes mellitus are the most common 
comorbidities in COVID-19 patients. However, COVID-19 patients hav-
ing chronic kidney disease (CKD) were found to have statistically 
significantly higher death rates. Although obesity was more prevalent, 
the mortality was not significant as CKD (Ng et al., 2021). Ejaz et al. 
(Ejaz et al., 2020) analyzed the clinical and epidemiological data and 
reported that diabetes, COPD, cardiovascular disease (CVD), hyperten-
sion, HIV, and malignancies could cause potentially life-threatening 
conditions in COVID-19 patients. The frequency and fatality for these 
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diseases were- obesity (48% and 68%), liver disease (43% and 29%), 
renal disease (9% and 26%), COPD (52% and 20%), CVD (17% and 
15%), diabetes (58% and 8%), hypertension (23% and 6%), and ma-
lignancy (58% and 2%). From these studies, it is obvious that comor-
bidity is present, and it adversely affects COVID-19 patients. It is hard to 
overcome all the complications with a single drug, as a single drug 
cannot be effective against multiple complications. For example, 
remdesivir can reduce SARS-CoV-2 load but is not effective against in-
flammatory airway diseases like COPD or asthma. Niclosamide, another 
potent drug against SARS-CoV-2 showed effectiveness against inflam-
matory airway diseases, so it could be more effective in COVID-19 co-
morbid patients having asthma or COPD (Cabrita et al., 2019). 

It is important to highlight that different drugs have different cyto-
kine release inhibiting properties. Cytokine storm is the generator of a 
series of complications like endotheliopathy, pulmonary embolism, 
acute respiratory distress syndrome, and so on (Letko et al., 2020; 
Rothan and Byrareddy, 2020; Walls et al., 2020). While remdesivir can 
inhibit IL-1β, ivermectin can’t. In contrast, ivermectin can reduce the IL- 
1ss, IL-4, and IL-5, but remdesivir can’t (Heimfarth et al., 2020). 
Therefore, a cocktail formulation is needed to ensure multiple goals. 

A single drug can be resistant to viruses more easily compared to a 
rightly chosen cocktail of drugs (Marimani et al., 2020). The resistance 
process happens rapidly when the viral replication is not fully 
restrained. One such example is the treatment for influenza. Drugs of the 
‘adamantanes’ group became inactive against this disease as the influ-
enza A virus has developed resistance against this group of drugs 
(Hussain et al., 2017). SARS-CoV-2 is changing its variants rapidly, a 

cocktail formulation will be superior to a single drug as the cocktail 
drugs can act on different stages of the SARS-CoV-2 life cycle. Until now, 
no study of drug resistance against SARS-CoV-2 is available. Hence be-
tween the two options of discovering new drugs and having a cocktail 
therapy to stop the resistance, the quicker approach is the latter. 

The selection of drugs is a prominent issue in the cocktail formula-
tion. If the combination is not selected wisely, it will exert an antago-
nistic effect and may be harmful as well (Bobrowski et al., 2021). Rightly 
chosen cocktail drugs can also offer synergistic activity ensuring mul-
tiple goals. A list of synergistic and antagonistic drug combinations can 
be found in Table 6. The exact reasons for synergism are unknown, but 
possible reasons are drugs that belong to different classes or act on 
various stages of the virus life cycle or have an independent mechanism 
of action to show synergism. Remdesivir/favipiravir and ivermectin 
combination in an in vitro study showed synergistic activity (Jitobaom 
et al., 2022; Tan et al., 2021). The remdesivir and ivermectin combi-
nation was tested in RAW 264.7 murine macrophage cell line against 
murine coronavirus infection. Favipiravir and ivermectin combination 
was tested in Vero E6 cell line against SARS-CoV-2. Remdesivir/favi-
piravir and ivermectin cocktail exhibit synergism and one possible 
reason could be that their mechanisms of action are different and act at 
different stages of the SARS-CoV-2 life cycle. Remdesivir/favipiravir 
acts on RNA dependant RNA polymerases (RdRp) and ivermectin in-
hibits the entry of viral proteins to the nucleus by preventing the virus 
from binding to the importin α/β1 (Imp α/β1) heterodimer (Caly et al., 
2020; Kandimalla et al., 2020). Again, the remdesivir and ebselen/ 
disulfiram combination also showed synergistic activity against SARS- 

Fig. 1. Advantages of inhaled therapy (single agent and cocktail agents) for COVID-19.  

Table 6 
A list of drug combinations showing synergistic and antagonistic effects against SARS-CoV-2 in cell line studies.  

Drug A Drug A mode of action Drug B Drug B mode of action Effect (Drug A þ Drug B) References 

Remdesivir RdRp inhibitor Ebselen Protease inhibitor Synergistic (Chen et al., 2021) 
Remdesivir RdRp inhibitor Disulfiram Protease inhibitor Synergistic (Chen et al., 2021) 
Remdesivir RdRp inhibitor Ivermectin Importin α/β1 inhibitor Synergistic (Tan et al., 2021) 
Remdesivir RdRp inhibitor Nitazoxanide Entry inhibitor Synergistic (Bobrowski et al., 2021) 
Nitazoxanide Entry inhibitor Umifenovir Entry inhibitor Synergistic (Bobrowski et al., 2021) 
Nitazoxanide Entry inhibitor Emetine dihydrochloride hydrate Replication inhibitor Synergistic (Bobrowski et al., 2021) 
Nitazoxanide Entry inhibitor Amodiaquine Entry inhibitor Synergistic (Bobrowski et al., 2021) 
Favipiravir RdRp inhibitor Ivermectin Importin α/β1 inhibitor Synergistic (Jitobaom et al., 2022) 
Otamixaban Entry inhibitor Camostat TMPRSS2 inhibitor Synergistic (Hempel et al., 2021) 
Otamixaban Entry inhibitor Nafamostat TMPRSS2 inhibitor Synergistic (Hempel et al., 2021) 
Remdesivir RdRp inhibitor Brequinar Replication inhibitor Synergistic (Schultz et al., 2022) 
Molnupiravir RdRp inhibitor Brequinar Replication inhibitor Synergistic (Schultz et al., 2022) 
Cepharanthine Entry inhibitor Nelfinavir Replication inhibitor Synergistic (Ohashi et al., 2021) 
Remdesivir RdRp inhibitor Hydroxychloroquine Entry inhibitor Antagonistic (Bobrowski et al., 2021) 
Remdesivir RdRp inhibitor Mefloquine Entry inhibitor Antagonistic (Bobrowski et al., 2021) 
Remdesivir RdRp inhibitor Amodiaquine Entry inhibitor Antagonistic (Bobrowski et al., 2021) 
*RdRp = RNA-dependent RNA polymerase, TMPRSS2 = Transmembrane protease, serine 2  
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CoV-2 in the Vero cell line (Chen et al., 2021). Similarly, remdesivir and 
ebselen/disulfiram combination act with different mechanisms of ac-
tion. For example, ebselen and disulfiram both are protease inhibitors of 
SARS-CoV-2 (Chen et al., 2021). A cell line study conducted on Vero E6 
cells against SARS-CoV-2 showed that remdesivir and human soluble 
angiotensin-converting enzyme 2 (hsACE2) combination showed a bet-
ter antiviral effect than the individual agent. hsACE-2 acts as an entry 
inhibitor for SARS-CoV-2 (Monteil et al., 2021). Niclosamide and lyso-
zyme both showed antiviral activity against SARS-CoV-2 and the in-
clusion of lysozyme with niclosamide enhanced the potency of 
niclosamide against SARS-CoV-2 in vitro (Brunaugh et al., 2021). In a cell 
line-based study, Bobrowski et al. (Bobrowski et al., 2021) showed that a 
cocktail of nitazoxanide with remdesivir/ umifenovir/ amodiaquine 
could exhibit synergistic effects. These drugs have different mechanisms 
of action. Nitazoxanide is the entry inhibitor whereas remdesivir is the 
RdRp inhibitor, but umifenovir and amodiaquine are entry inhibitors. In 
contrast, antagonistic effects were found with remdesivir and lysoso-
motropic agents like hydroxychloroquine. For selecting cocktail drugs, it 
is always a good idea to perform in silico study first to have an idea about 
the effectiveness and then to perform a cell line-based study to further 
confirm that before proceeding to animal and clinical studies. 

6. Selection of appropriate delivery device 

The attention for inhaled treatment against SARS-CoV-2 is aug-
menting rapidly, although appropriate delivery devices should be 
addressed, and associated formulation challenges/factors should be 
taken under consideration before designing the formulation for pulmo-
nary delivery. 

Although there is no reliable data yet on the inhaled dose of anti- 
COVID drugs, it can be assumed from the oral doses that the inhaled 
dose of these drugs will vary from a few to many milligrams. Dry powder 
inhalers (DPIs), nebulizers, pressurized metered-dose inhalers (pMDls), 
and soft mist inhalers (SMIs) are the delivery devices for inhaled treat-
ment. The selection of devices will depend on the dose, ease of use, 
product stability, and safety. These devices have different dosing ca-
pacities. For example, pMDIs and SMIs are designed to deliver low doses 
(from a few micrograms to a few milligrams) and the delivery efficiency 
of pMDIS is very low. DPIs, as well as nebulizers both, can deliver high 
doses (many milligrams) although nebulizers have drawbacks like poor 
delivery efficiency, high administration time, and not being portable. 
Nebulizers are mainly used for geriatric, pediatric, and hospitalized 
patients. Again, nebulizer formulations are less stable as they are liquid- 
based, and it is difficult to deliver multiple drugs having various solu-
bilities at a time as there is a specific amount of liquid for nebulization. 
Being a highly transmissible infectious disease, it requires special fa-
cilities to deliver the drug for COVID-19 through nebulization to reduce 
its spreading (Ari, 2020). On the other hand, better product stability, 
delivery of poorly water-soluble drugs, delivery of combination/multi-
ple drugs, easier administration technique (hand-breathing coordination 
is not required), and easy to storing and transport are some major ad-
vantages of DPIs (Lee et al., 2017; Sanders, 2011). Such advantages 
make DPIs an ideal dosage form for COVID-19 patients in an outpatient 
setting which can ensure the minimization of virus spreading (Saha-
kijpijarn et al., 2020a). The risk of contamination is high in nebulizers 
and low in DPIs (Lavorini et al., 2021). Again, if COVID-19 becomes a 
seasonal disease over time, DPIs will be a unique approach for the 
outpatients (Sun, 2020). 

7. Key considerations for a successful DPI 

The successful development of a DPI relies on different factors and so 
many things need to be taken into consideration. Among different fac-
tors, we have discussed some key factors such as formulation challenges, 
DPI device, and appropriate use as well as storage of DPI. 

7.1. Formulation challenges 

Various techniques have been utilized for developing DPIs, and 
among them, milling, spray-drying, spray freeze drying, thin-film 
freezing, and supercritical fluid drying are some of the key techniques. 
All of them have their advantages and disadvantages (Chaurasiya and 
Zhao, 2020). The process parameters of each technique need to be 
optimized for the development of a successful DPI. A suitable technique 
can be chosen based on the selected agent intended for pulmonary de-
livery. The development techniques of DPIs may vary, but the formu-
lation challenges and considering factors are the same. 

Being a highly infectious disease and from the current oral dose of 
previous infectious diseases such as tuberculosis, it can be assumed that 
the inhaled dose for COVID-19 will be high. Stable and highly aero-
solizable dry powder in high doses will be required for COVID-19 pa-
tients. The aerodynamic diameter needs to be 1–5 µm for delivery to the 
lower respiratory tract. However, these low-micron-sized powder par-
ticles are cohesive and do not aerosolize adequately. Many factors may 
affect the DPIs (Fig. 2). Those key factors are outlined below: 

Particle size: Particle size with a certain aerodynamic diameter (1–5 
µm) is desired for deposition in small airways and alveolar regions. 
Small particles (less than 3 µm) are usually settled in the lower respi-
ratory tract whereas large particles which are more than 5 are usually 
settled in the upper airways (Heyder et al., 1986). On the other hand, 
particles that are below 1 µm, are generally exhaled (Heyder et al., 
1986). 

Particle shape: It is reported that pollen-shaped particles having a 
petal-like surface structure have the potential to ensure higher deposi-
tion compared to others with the same aerodynamic size (Hassan and 
Lau, 2009). Higher de-agglomeration was observed in flake and 
wrinkled-shaped particles whereas particles having low contact areas 
show lower agglomeration (Zijlstra et al., 2004). 

Density: The aerodynamic diameter within a respirable size relates 
with the physical diameter of about a similar range when the density of 
the particles is around 1 g/cc. Porous particles having low density and 
physical diameter above 5 µm can achieve deep lung delivery of drugs 
(Edwards et al., 1997). A low tapped density can reduce powder 
agglomeration and enhance aerosolization which is necessary for deep 
lung delivery. The low density of powder facilitates deep lung delivery 
although they are voluminous and limit the mass of powder in a single 
dose capsule (Momin et al., 2018). 

Surface texture: Surface roughness influences the cohesive in-
teractions between particles, which affects the aerodynamic behavior. 
Small-scale roughness can improve aerosolization and vice versa for 
large-scale roughness (Momin et al., 2018). Surface corrugation to a 
certain magnitude can improve aerosolization of DPIs compared to 
smooth surface particles. However, enhanced aerosolization for both 
rough as well as smooth conditions has been reported (Adi et al., 2008; 
Chew et al., 2005). 

Surface energy and surface composition: Surface energy influences 
aerosolization properties a lot, and surface energy may vary in different 
regions of a particular surface. The low surface energy can enhance 
aerosolization whereas high surface energy increases agglomeration 
tendency and limits the aerosolization (Momin et al., 2018). Humidity, 
moisture, crystallinity, and surface texture, as well as the functional 
groups of the component, can influence the surface energy (Das et al., 
2009). Surface composition affects surface energy which can influence 
the aerosolization and flowability of powders (Kawashima et al., 1998). 

Particle interactions: Aerosolization of DPIs relies on the particle in-
teractions (both particle–particle and particle–wall), which may be 
cohesive or adhesive. These forces greatly influence small particles 
(diameter less than 10 µm) when gravitational forces are negligible. 
Different factors can influence particle interactions including various 
forces (van der Waals, electrostatic, capillary, mechanical interlocking) 
as well as the morphology (size and shape), and characteristics of 
powder (Visser, 1995; Young et al., 2003). The higher electrostatic 
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charge and van der Waals force reduce the aerosolization property and 
thus cause upper lung deposition (Momin et al., 2018). Capillary forces 
influence the particle interactions in hydrophilic materials rather than 
hydrophobic materials and decrease aerosolization by forming a solid 
bridge (Das et al., 2009). Particles with an irregular shape with a rough 
surface show higher particle interactions because of mechanical inter-
locking that is opposite to smooth surface particles (Momin et al., 2018). 
Elongated particles show low aerosolization because of their inter- 
particulate attractions and high contact area (Visser, 1989). 

Hygroscopicity and moisture content: Hygroscopic materials absorb 
moisture from the environment which has an influence on the surface 
energy and thus impacts the particle interactions and flow properties. 
The aerosolization of the powder formulation is reduced at higher 
moisture content and thus affects the drug’s deposition in the lung 
(Momin et al., 2018). 

Crystallinity and amorphic nature: It is reported that, compared to 
amorphous powder, crystalline powder shows better aerosolization as 
they have lower surface energy that allows for reduced particle inter-
action and agglomeration (Shekunov et al., 2002). 

Besides those factors, post-inhalation cough after DPI usage needs to 
be taken into consideration to avoid the spreading of this contagious 
virus and patient compliance. Drugs or excipients or both can be the 
precursor of post-inhalation cough. The selection of drugs and excipients 
can be made in a manner to avoid the post-inhalation cough. Sugars 
(mannitol, sucrose, lactose, etc.), amino acids (L-leucine, L-isoleucine, 
glycine, etc.), polymers (PEG, PLGA, PVP, etc.), surfactants (DPPC, 
DSPC, polysorbate 80, magnesium stearate, etc.), ammonium salts 
(ammonium carbonate, ammonium bicarbonate) are some of the 
commonly used excipients in DPIs (Alhajj et al., 2021). The usage of 
mannitol in the DPI can induce cough and bronchospasm resulting in the 

spreading of the virus (Brunaugh et al., 2021; Sahakijpijarn et al., 
2020b). Besides, the elevated post-inhalation cough after the usage of 
antiviral zanamivir has been reported (Sahakijpijarn et al., 2020b). 
Again, the dosage form and delivery of high doses of drugs could be the 
source of post-inhalation cough. The usage of a high amount of powder 
can irritate the lung epithelial cells resulting in the cough inducement 
(Geller et al., 2011; Konstan et al., 2011). 

So it can be easily relatable that post-inhalation cough can be 
induced by various factors and is not desirable in COVID-19 patients. 
These factors should be taken into consideration during formulation 
development. 

7.2. Delivery devices for DPIs 

The successful deposition of dry powder in the lung is also dependent 
on the choice of DPI devices. As DPIs are patient-driven, the resistance of 
DPIs can vary the drug deposition. Different DPIs have different resis-
tance (low/medium/high) (Fig. 3) which influences the inspiratory flow 
rate (IFR), and as a consequence, the lung deposition can be varied 
(Muralidharan et al., 2015). For example, the lung deposition of some 
commercial DPIs after testing in healthy volunteers are as follows- 
novolizer (20–32%), easyhaler (19%), diskhaler (12%), turbuhaler 
(15–25%), etc (Laube and Dolovich, 2014). Again, it has been reported 
that a patient’s disease condition (asthma/COPD) may create difficulties 
to achieve the desired flow through the DPIs (Tantucci and Modina, 
2012). The inhalation flow can be decreased in acute exacerbations and 
in change of the FEV1 (Forced expiratory volume in 1 s) values (Tantucci 
and Modina, 2012). The lungs of the COVID-19 patients are highly 
affected by the SARS-CoV-2 (Huang et al., 2020; Torres-Castro et al., 
2021). Thus, it can affect the deposition of drugs in the respiratory tract, 

Fig. 2. Factors affecting the dry powder inhaler formulation.  
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and such issues need to be taken under consideration when selecting the 
appropriate delivery device. As mentioned earlier, it is assumed that the 
dose will be high for COVID-19 based on the current oral dose. Again, 
depending on the dose (micrograms or many milligrams), DPI devices 
can be chosen. Examples of some devices which can deliver many mil-
ligrams of drugs include podhlaer, diskus, twincer inhaler, orbital etc. 
Several approved high dose DPIs are Relenza (5 mg zanamavir + 20 mg 
lactose/inhalation), Bronchitol (40 mg mannitol/inhalation), TOBI 
Podhaler (28 mg tobramycin/inhalation), Colobreathe (125 mg coli-
stimethate sodium/inhalation) and Inavir (20–40 mg laninamivir/ 
inhalation) (Brunaugh and Smyth, 2018). The entire dose of Bronchitol 
are 10 capsules and of tobramycin are 4 of 50 mg. The capsule size #0 is 
used for RS01 prototype device to deliver 120 mg of tobramycin with 
6–8 consecutive inhalations (Buttini et al., 2018). 

7.3. Appropriate use and storage of DPI 

Appropriate use of DPIs needs to be ensured for achieving the 
maximum therapeutic outcome (Fig. 4), and thus, patient awareness is 

required. A study conducted on 3811 patients reported that 49–55% of 
patients used DPIs incorrectly (Molimard et al., 2003). A systemic re-
view covering the 1975–2014 period (analyzing 144 articles) concluded 
that the inappropriate use of DPIs has not been improved during this 40 
years frame (Sanchis et al., 2016). Much more inappropriate usage of 
DPIs have been reported (Lavorini et al., 2008; Molimard et al., 2017). 
These errors include incorrect dose metering, inhaler positioning, rota-
tion sequence, mouthpiece positioning, no exhalation before activation, 
no forceful and deep inhalation, no breath-hold, and failure to breathe 
out slowly (Lavorini et al., 2008). It can be easily assumed that the 
therapeutic outcome will be lower than optimal. Even healthcare pro-
fessionals use DPIs inappropriately (Plaza et al., 2018). Adequate 
training and instructions can ensure the proper use and performance of 
the DPIs to ensure maximum therapeutic outcomes (Chrystyn and Lav-
orini, 2020). 

Besides the appropriate use, proper storage of DPIs is also needed. A 
patient-reported survey of over 738 patients reported that 2/3 of the 
patients stored the DPIs sub optimally and did not check the expiry date 
before using. Even the patients are not aware of the healthcare providers 

Fig. 3. Some commercially available dry powder inhalers based on their resistance.  

Fig. 4. Key considerations for the development of a dry powder inhaler (DPI) and achievement of optimal therapeutic outcome.  

T. Saha et al.                                                                                                                                                                                                                                    



International Journal of Pharmaceutics 624 (2022) 122042

11

storage of the DPIs (Norderud Laerum et al., 2016). Mishandling of DPIs 
can impact the functionality, and awareness of patients and healthcare 
providers is much needed. 

8. Conclusions 

Pulmonary delivery of anti-SARS-CoV-2 agents is considered an 
effective therapeutic approach for COVID-19, as it can ensure minimum 
effective drug concentration in the lungs, target site of infection, for 
maximum therapeutic activity with the minimal dose while minimizing 
adverse effects. Additional effort and resources should be dedicated to 
pulmonary delivery to lessen the current utmost urgency. It will also 
open new possibilities for treating future viral and infectious respiratory 
diseases. More importantly, developing effective pulmonary delivery of 
anti-SARS-CoV-2 medications will require determining the appropriate 
dose and frequency along with delivery techniques. Inhaled cocktail dry 
powder could be a unique approach to treat COVID-19 efficiently along 
with preventing the potential selection of drug-resistant SARS-CoV-2 
variants. However, before administration, safety, as well as efficacy 
studies in clinical trials need to be considered. 
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