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Abstract
The COVID-19 pandemic has proven to be an unprecedented health crisis in the human history with more than 5 million 
deaths worldwide caused to the SARS-CoV-2 and its variants (https://​www.​who.​int/​emerg​encies/​disea​ses/​novel-​coron​avirus-​
2019). The currently authorized lipid nanoparticle (LNP)–encapsulated mRNA vaccines have been shown to have more than 
90% vaccine efficacy at preventing COVID-19 illness (Baden et al. New England J Med 384(5):403–416, 2021; Thomas et al., 
2021). In addition to vaccines, other small molecules belonging to the class of anti-viral and anti-inflammatory compounds 
have also been prescribed to reduce the viral proliferation and the associated cytokine storm. These anti-viral and anti-
inflammatory compounds have also been shown to be effective in reducing COVID-19 exacerbations especially in reducing 
the host inflammatory response to SARS-CoV-2. However, all of the currently FDA-authorized vaccines for COVID-19 are 
meant for intramuscular injection directly into the systemic circulation. Also, most of the small molecules investigated for 
their anti-COVID-19 efficacy have also been explored using the intravenous route with a few of them explored for the inha-
lation route (Ramakrishnan et al. Lancet Respir Med 9:763–772, 2021; Horby et al. N Engl J Med 384(8):693–704, 2021). 
The fact that the SARS-CoV-2 enters the human body mainly via the nasal and airway route resulting in the lungs being the 
primary organs of infection as characterized by acute respiratory distress syndrome (ARDS)–mediated cytokine storm in 
the alveolar region has made the inhalation route gain significant attention for the purposes of targeting both vaccines and 
small molecules to the lungs (Mitchell et al., J Aerosol Med Pulm Drug Deliv 33(4):235–8, 2020). While there have been 
many studies reporting the safety and efficacy of targeting various therapeutics to the lungs to treat COVID-19, there is still 
a need to match the choice of inhalation formulation and the delivery device platform itself with the patient-related factors 
like breathing pattern and respiratory rate as seen in a clinical setting. In that perspective, this review aims to describe the 
various formulation and patient-related clinical factors that can play an important role in the judicious choice of the inhala-
tion delivery platforms or devices for the development of inhaled COVID-19 vaccines.
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Introduction

The SARS-CoV-2 that caused pandemic COVID-19 is a 
highly contagious life-threatening infectious disease that 
has resulted in the death of more than 5 million people 

worldwide within a span of 2 years of its outbreak [1]. The 
virus has been primarily found to infiltrate into the human 
biological system via the nasal and airway route as a result 
of inhalation of airborne aerosol droplets that can get seeded 
in the mucosa of the nasal and airway epithelium. Follow-
ing seeding of the virus particles in the nasal mucosa, local 
inflammatory reactions to the various viral antigens (nucle-
ocapsid protein, membrane protein, envelope, and spike 
protein) can follow leading to excessive mucus production.

The excessive mucus produced can further be subject 
to inhalation via the nasal route causing the aerosolization 
of the mucus containing virus particles within the nasal 
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cavity at the opening aperture of the naso-pharynx, which 
can then be inhaled into the upper and peripheral airways, 
thus leading to further seeding of different lung regions with 
the virus particles [2, 3]. Thus, it is important to consider 
the involvement of upper airway mucosal surface and the 
nasal mucosa in the initial stages of the infectious disease 
in order to develop successful treatment strategies that can 
trigger mucosal immunity at the primary sites of viral infil-
tration. Such a strategy of targeting vaccines to the nasal 
and airway mucosa might prove to be better in limiting and 
preventing the viral proliferation and inflammation from 
progressing further and thus could result in better clinical 
outcomes compared to traditional intravenous and intra-
muscular routes of vaccine delivery. Furthermore, the virus 
has also been reported to gain entry into the host biologi-
cal system mainly via the angiotensin-converting enzyme 
(ACE2) receptors that are highly expressed throughout the 
upper airways—thus making the airways highly susceptible 
to SARS-CoV-2 infection [4–9]. The very high expression 
of ACE2 on the surface of the human upper airways and 
also the nasal epithelium thus makes the targeted delivery 
of vaccines and therapeutics to the lungs a better treatment 
strategy that could achieve a better safety-efficacy profile 
compared to traditional injection routes.

Furthermore, the major cause of death in COVID-19 
patients infected with the virus has been reported to be trig-
gered mainly by acute respiratory distress syndrome (ARDS) 
in the alveolar region of the lungs wherein the excessive 
cytokine storm caused by the viral infiltration into alveo-
lar macrophages leads to a cascade of pathological events. 
These pathological events in the alveolar region triggered by 
the cytokine storm can range from loss of alveolar epithe-
lium integrity due to the damaging effect of the cytokines on 
the alveolar epithelium leading to interstitial fluid infiltration 
into the alveolar space, to the loss of pulmonary alveolar 
surfactant integrity as a result of interstitial fluid infiltration 
into alveolar space. The fluid collected in the alveolar space 
is believed to be capable of causing impaired oxygenation 
of the blood at the air-blood interface leading to suffocation 
and death of infected patients via ARDS. Thus, the ARDS 
seen in COVID-19 patients is a result of a combination of 
pathological conditions causing diffuse alveolar damage 
consisting of permanent damage to alveolar epithelial cells 
and capillary endothelial cells [10, 11].

Therefore, there is ample evidence highly acknowledged 
by the scientific community that the major route of SARS-
CoV-2 and its variants’ infiltration into the human biologi-
cal system is via the oral inhalation and nasal route with 
the lungs being the primary organ of destruction. Thus, the 
targeted delivery of vaccines and therapeutics to the lungs 
via the oral inhalation route and nasal route can be expected 
to have a better safety-efficacy profile compared to intra-
muscular and intravenous routes for treating COVID-19 

complications [12,13]. However, all the currently FDA-
authorized COVID-19 vaccines are intended for delivery to 
the human body via the intramuscular route, specifically the 
mRNA-1273 and BNT162b2 (COMIRNATY) vaccines from 
Moderna and Pfizer respectively [14, 15]. These intramus-
cularly administered vaccines mainly function by initiating 
systemic immunity primarily more than mucosal immunity 
that can lead to increased levels of serum IgG antibodies 
in the systemic circulation but lower levels of IgA antibod-
ies. Such high levels of systemic immunity characterized by 
higher levels of serum IgG antibodies but relatively lower 
levels of mucosal IgA antibodies following intramuscular 
administration of both the first and second doses of both the 
Moderna (mRNA-1273) and Pfizer (BNT162b2) vaccines 
have been reported by many authors [16, 17].

Furthermore, it has been reported by Julian et al. (2021) 
that both the mRNA vaccines that are currently FDA author-
ized (mRNA-1273 and BNT162b2) resulted in high levels 
of IgG and relatively lower levels of IgA in serum follow-
ing administration of both the first and second doses of the 
vaccines [18]. However, the authors reported that for both 
the mRNA vaccines, only the serum IgG levels remained 
elevated during the 21-day follow-up period post first vac-
cination and also remained elevated during the 20–50-day 
follow-up period post second dose. The serum IgA levels 
were reported to decline rapidly following the intramuscular 
administration of both the first and second doses of both 
the mRNA vaccines, thus highlighting the possible inability 
of intramuscular route of mRNA vaccine administration to 
maintain the IgA levels at an elevated level for a longer time.

To give a brief introduction about antibodies, immuno-
globulins (Ig) that are secreted by specialized cells of the 
adaptive immune system are basically heterodimeric pro-
teins composed of 2 heavy and 2 light chains of polypep-
tides [19]. The Igs contain a variable domain that binds 
to antigens and a constant domain for the recognition and 
binding to effector cells. Based on the differences in the 
constant domain region, the Igs can be classified into five 
types, namely IgG, IgA, IgM, IgD, and IgE. Based on the 
differences in the variable domains, the specificity of the 
antibodies to viral antigens is dictated. Human IgG is fur-
ther classified into IgG1, IgG2, IgG3, IgG4, and IgG5 based 
on the differences in their structure related to the location 
and number of inter-chain disulfide bonds. Human IgA 
exists as two subtypes IgA1 and IgA2 based on the struc-
tural difference in the hinge region present between the two 
Fab arms and the Fc region. The IgA1 is found to have an 
extended hinge (absent in IgA2) that confers on its higher 
avidity towards distantly located antigens while at the same 
time increasing its vulnerability to enzymatic degradation. 
The serum IgA which is mainly synthesized in the bone 
marrow exists predominantly of the monomeric IgA1 type, 
whereas the mucosal IgA which is synthesized in mucosal 
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lymphoid cells (in lamina propria) exists both as IgA1 and 
IgA2 in mostly the dimeric form [20]. The locally produced 
IgA is transported by the polymeric immunoglobulin recep-
tor (PIGR) through the epithelial cells and released at the 
mucosal surface via the cleaving of the PIGR. Mucosal 
transport of the IgG happens via pinocytosis and/or FcRn 
receptor–mediated uptake within acidified vacuoles that are 
then apically expressed via transcytosis.

In that perspective, it is important to note the findings 
of Sterlin et al. (2021) who have reported that the IgA anti-
bodies are more effective in neutralizing the SARS-CoV-2 
compared to IgG. The authors have shown that although 
the abundance of IgG is about 5 times compared to that of 
IgA, the IC50 of IgA was found to be about 7 times lower 
than that of IgG for the neutralizing potential against SARS-
CoV-2 [21]. Furthermore, the authors have also reported 
that the IgA levels against the viral receptor binding domain 
(RBD) were higher both in the broncho-alveolar lavage 
(BAL) and saliva compared to anti-RBD serum and mucosal 
IgG levels implying that IgA might be offering higher 
degree of protection against COVID-19 in both serum and 
at the mucosal surface. Thus, there is significant evidence 
to show that the antibodies IgA have greater potential to 
limit the spread and pathogenesis of COVID-19 compared to 
serum IgG. The authors have also shown that the anti-RBD 
IgA levels at the mucosal surface were persistently higher 
compared to their peripheral blood levels in hospitalized 
COVID-19 patients [21].

The reason for such observed superiority of IgA over IgG 
in neutralizing SARS-CoV-2 is attributed to the increased 
flexibility and longer hinge structure among many other 
more favorable structures of IgA compared to IgG that ena-
bles IgA to interact with improved access to SARS-CoV-2 
trimer [21, 22]. The other reasons like higher cross-reac-
tivity of IgA against various corona viruses compared to 
IgG and the delay in maturation of systemic IgG compared 
to mucosal IgA have also been cited for the higher efficacy 
of mucosal IgA against the virus [23]. The dimeric and/or 
polymeric nature of mucosal IgA has also been suggested 
to enable better cross-reactivity with SARS-CoV-2 spike 
proteins compared to monomeric forms of IgG 24. Thus, 
the targeted delivery of COVID-19 vaccines to the mucosal 
tissue might be more beneficial in offering protection against 
the virus compared to other routes of administration. The 
higher immunity response derivable from inhaled route 
could be via triggering of mucosal immunity compared 
to IgG only–based protection derivable via intramuscular 
injection. Such better protective effects for the inhaled route 
of vaccine administration over other routes have also been 
reported in animal studies 25.

Accordingly, many organizations have investigated 
the targeted delivery of their vaccine candidates to the 
mucosal surface of the nasal and airway epithelium with 

an aim to trigger mucosal immunity to offer protection 
against COVID-19. The first of the organizations to inves-
tigate the inhaled route for the targeted delivery of vac-
cines to treat COVID-19 was the Imperial College in Lon-
don, who with their Landmark trial aimed to develop an 
inhaled version of their siRNA vaccine [26]. Following 
that there have been many corporate and academic organi-
zations that have ventured into the development of inhaled 
and nasal spray versions of COVID-19 vaccines with an 
aim to trigger the mucosal immunity to combat COVID-
19. While most of these organizations in the inhaled 
COVID-19 vaccine space have explored and are currently 
in the process of developing aqueous formulation-based 
COVID-19 vaccines, some of them are also exploring dry 
powder versions of the vaccine. While the detailed list of 
organizations active in the development of inhaled and 
nasal versions of the COVID-19 vaccines is not the pri-
mary objective of this review, the readers are directed to 
another review enlisting these organizations [27].

Apart from vaccines, the targeted delivery of small 
molecules especially already FDA-approved anti-viral 
and anti-inflammatory compounds have also been inves-
tigated for their efficacy in treating COVID-19 [28]. For 
a detailed list of inhaled anti-viral and anti-inflammatory 
compounds that have been investigated for COVID-19 
treatment, the reader is directed to a review by Eedara 
et al. [12]. Inhaled dry powder of budesonide was shown 
to be successful in preventing exacerbation of COVID-19 
symptoms when administered early in the disease onset 
in the STOIC clinical trial by Ramakrishnan et al. [29]. 
Similar positive results were also reported for inhaled 
budesonide dry powder version by Yu et al. 30 wherein 
the authors have reported that the dry powder version of 
the steroid improved the time to recovery while reducing 
hospital admissions in COVID-19 patients who are at risks 
of complications. Likewise, a positive benefit for COVID-
19 patients was also reported for inhaled ciclesonide pres-
surized metered dose inhaler (pMDI) by Iwabuchi et al. 
[31]; however, Clemency et al. [32] have reported that 
the ciclesonide pMDI administration did not achieve the 
primary efficacy end point of reduced time for alleviation 
of COVID-19 symptoms in a randomized clinical trial. 
Such differences in treatment success could be attributed 
to the patient-related factors like respiratory rate that could 
have a vital impact on the deposition of inhaled therapeu-
tics in the lungs when coupled with the specific breathing 
pattern requirement for every inhaler. This is because the 
breathing pattern and inhalation flow rates presented by 
COVID-19 patients have an important effect on the air 
flow dynamics within the lungs which in turn can dictate 
the major mechanisms of aerosol deposition within the 
different lung regions. Thus, in addition to targeted deliv-
ery of COVID-19 vaccines to the lungs, the choice of the 
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specific type of inhaler can also have an important effect 
on the successful immunity development.

The breathing pattern and inhalation flow rates presented 
by COVID-19 patients is known to vary significantly from 
that of healthy people. This is mainly because of the fluid 
infiltration into the alveolar region of the lungs leading 
to acute respiratory distress syndrome (ARDS), wherein 
the patients develop rapid and shallow breathing profiles 
with significantly increased respiratory rates. Typically in 
COVID-19 patients with ARDS, respiratory rates more than 
the normal rate of 16 breathes per minute are recorded which 
can be in the range of 24–30 breathes per minute [33] and in 
some extreme cases respiratory rates of more than 30 have 
also been reported [34]. Thus, the diffuse alveolar damage 
seen in COVID-19 patients combined with the fluid infil-
tration into the alveolar space results in serious breathing 
difficulties for the COVID-19 patients.

Apart from the alveolar region damage–mediated ARDS, 
the virus has also been reported to enter into the brain tissue 
via the olfactory bulb mainly and accumulate in the res-
piratory center of the brain, especially in the brainstem. The 
viral infiltration into the respiratory center in the brainstem 
could thus lead to further impairment of normal breathing 
patterns observed in COVID-19 patients. Dey et al. [35] 
have reviewed the various physiological routes via which 
the virus can infiltrate into the brain and ultimately end up 
accumulating in the brainstem [35]. The authors have dis-
cussed several hypothetical routes for the viral entry into 
the brainstem including viral entry into the brainstem from 
the systemic circulation as a result of the blood–brain bar-
rier compromise. The virus has also been thought to gain 
access into the brain from the lungs via the vagus nerve and 
pulmonary stretch receptor routes. Thus, there are multiple 
physiological routes the virus can utilize in order to infil-
trate into the brain, leading to the impairment of the normal 
brainstem functioning paving the way to abnormal breathing 
patterns in COVID-19 patients.

Satturwar et al. [36] have also reported post-mortem evi-
dences of SARS-CoV-2 infiltration into the brain of patients 
who died from COVID-19 including characteristics like 
hemorrhage, acute infarction, and thrombi in the brains 
as indicated by their autopsy report. Similar post-mortem 
reports proving the presence of viral load in the brainstem 
and olfactory bulb of patients who died from COVID-19 
have been reported by Menter et al. [37]. Meinhardt et al. 
[38] have also reported significant copies of the viral RNA in 
the respiratory center of the brain in addition to many other 
organs. Therefore, there is significant clinical evidence to 
show that the virus can indeed infiltrate via many routes into 
different regions of the human brain and can also preferen-
tially accumulate within the respiratory centers of the brain 
that control important involuntary processes of breathing 
in humans.

Given the proven viral infiltration into the respiratory 
center in the brain combined with the ARDS symptoms seen 
in COVID-19 patients, a direct implication of such a clinical 
manifestation would be the difficulty for COVID-19 patients 
to inhale appropriately or sufficiently from any pharmaceuti-
cal inhaler. Furthermore, the differences in COVID-19 pro-
gression in patients and the degree of illness can also add to 
the variability in observable breathing patterns in COVID-19 
patients. Thus, it is very important to include the clinical fac-
tor of abnormal breathing pattern differences in COVID-19 
patient population while choosing an appropriate inhalation 
device for the targeted delivery of vaccines and therapeutics 
to treat COVID-19. This is because the lung deposition of 
inhaled therapeutics and vaccines is significantly affected 
by the breathing pattern and inhalation maneuver presented 
by the patients during inspiration from the inhaler [39]. 
Also, there are different types of pharmaceutical inhalers 
like pressurized metered dose inhalers (pMDIs), dry powder 
inhalers (DPIs), and nebulizers in the market that require 
different and specific types of breathing patterns for their 
correct operation in order to achieve optimal lung deposition 
of inhaled therapeutics using those inhalers [40, 41].

Furthermore, it is commonly observed in a clinical setting 
that for any given breathing pattern, the lung deposition and 
emitted dose can vary between different types of inhalers 
used for the delivery of the same therapeutics. Melchor et 
al. [42] have reported that administration of same dose of 
200 µg of salbutamol from a pMDI resulted in nominally 
higher peripheral lung deposition of salbutamol of 44.1% 
compared to 39.4% for the DPI, whereas the use of a spacer 
with the pMDI resulted in significantly higher salbutamol 
dose deposition of 49.4% in the peripheral lung compared 
to the DPI. Thus, the study by Melchor et al. [42] done in 
normal subjects and asthmatics clearly showed the differ-
ence in lung deliverable dose achievable for the same API 
at similar doses when delivered using different inhaler types. 
Therefore, the rapid and shallow breathing patterns com-
bined with the variability in the degree of breathing dif-
ficulties as a function of disease intensity typically seen in 
COVID-19 patients may not permit the prescription or usage 
of one universal inhaler type for all COVID-19 patient popu-
lation. Such a strong influence of breathing patterns on the 
regional lung deposition of inhaled dose of any small or 
large molecule requires the optimization and correlation of 
the formulation factors with that of the clinical factors seen 
in the COVID-19 patient population of interest for whom the 
targeted delivery of COVID-19 therapeutics and vaccines 
would be developed.

Apart from patient inhalation patterns, the other factors 
that are known to affect the regional lung deposition of 
inhaled therapeutics are the formulation factors and device 
design factors that can modulate the aerosolization effi-
ciency via their effect on the magnitude of aerodynamic 
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shear forces responsible for the breakage of the bulk for-
mulation into smaller aerosol droplets. These formulation 
factors can also vary between the different types of inhal-
ers in use like, for example, in the case of aqueous nebu-
lizer formulations, surface tension and viscosity could be 
considered few of the major parameters that can affect the 
primary aerosol droplet diameter and regional lung deposi-
tion. In the case of the pMDIs, the vapor pressure of the 
formulation which is mainly a function of hydrofluoroal-
kane (HFA) propellant and co-solvent concentration can 
have a major influence on drug deposition in lungs [43, 
44]. For the DPIs, the intra-particle cohesive and inter-
particle adhesive forces of attraction in the active pharma-
ceutical ingredient (API)-lactose carrier blend are major 
formulation factors influencing the deposition of inhaled 
therapeutics in the lungs [45]. This is because in the case 
of DPIs, the inspiratory force generated by the patient’s 
inhalation pattern from the DPI is required for the de-
aggregation of the API from the lactose carrier.

The various device design factors that can play an 
important role in the emitted dose and lung deliverable 
dose can also be categorized based on the specific type 
of inhaler in use. For example, in the case of pMDIs, the 
device design factors like spray orifice diameter, land 
length, volumes of metering, and expansion chamber are 
some of the major device parameters that have a profound 
influence on the aerosol droplet diameter distribution, spray 
pattern, plume geometry, and the overall performance of 
the pMDIs. Duke et al. [46] have reported that decreasing 
the spray orifice diameter has the effect of increasing both 
the plume velocity and fine particle fraction keeping the 
vapor pressure of the pMDI formulation constant [46]. In 
the case of DPIs, one of the major device parameters that 
can affect the fine particle fraction is the internal mesh 
design that is primarily responsible for the device resist-
ance that needs to be overcome by the patient’s inhalation 
flow rate in order to enable optimal de-aggregation of the 
API drug particles from the lactose carrier. Generally, it 
is considered that DPI devices with high resistance could 
result in higher fine particle fractions as a result of better 
de-aggregation of APIs from the lactose carrier, compared 
to DPIs with lower resistances [47]. Such a trend in fine 
particle fraction versus DPI resistance is attributable to the 
effective conversion of the kinetic energy from the patient’s 
inspiratory flow rate to aerodynamic shear forces that ulti-
mately dictate the magnitude of API de-aggregation from 
the lactose carrier. In the case of nebulizers, one of the 
major device-related parameters that can be cited to affect 
the aerosol droplet diameter and thus the deliverable dose 
to the lungs is the vibration frequency of the piezoelectric 
crystal (in the case of ultrasonic nebulizers) or the air-jet 
flow velocity (in the case of air-jet nebulizers) that dictate 
the mechanism of aerosolization in nebulizers [48, 49].

Thus, there are multiple factors including mainly the for-
mulation, device-related, patient-related, and clinical factors 
that can influence the targeted delivery of COVID-19 thera-
peutics and vaccines to the lungs. These factors not only are 
capable of influencing the lung deliverable dose and other 
major performance parameters in an independent manner but 
they can also exert their influence on the treatment success 
in a complex intertwined manner wherein these factors can 
cross-influence each other as well. In that regard, this review 
aims to discuss the various formulation, device, and clinical 
factors that need to be taken into consideration during the 
development of inhaled COVID-19 vaccines to the lungs. 
This review will focus specifically on the orally inhaled 
COVID-19 vaccine development strategies taking the exam-
ple of the recently FDA-authorized mRNA vaccines from 
Moderna and Pfizer. This review aims to discuss the various 
formulation, device, and clinical strategies that are applica-
ble towards the development of an orally inhaled version of 
the currently FDA-approved mRNA vaccines described in 
the perspective of the complex interplay between device fac-
tors and patient-related clinical factors. The review makes a 
note of manufacturer information for certain equipment and 
devices, only for the purposes of highlighting the relevant 
information for the quick reference of the reader and does 
not intend to promote any specific brand in any way.

The review expects the reader to visualize a possible 
perspective of the concept of vaccination in parallel to its 
commonly held prophylactic perspective. Such a paral-
lel perspective on vaccination is to be visualized in light 
of the highly mutative nature of SARS-CoV-2 that could 
enable the virus to evade specific type of vaccination in an 
obscure manner. Thus, an individual vaccinated with one 
specific type of vaccine against a specific strain of the virus 
might still carry the risk of being infected by mutant strains 
immune to the administered vaccine. In that perspective, the 
higher levels of mucosal antibodies the COVID-19 patients 
and/or healthy individuals can generate within their body 
via inhaling the mRNA vaccine compared to other routes 
of administration could increase their chances of being pro-
tected from more virulent strains yet to infect them. Thus, 
the common perspective of vaccine administration applica-
ble only for healthy individuals is to be critically visualized 
in the light of the highly transient nature of SARS-CoV-2 
and its variants.

Description of Moderna’s mRNA COVID‑19 
Vaccine Formulation mRNA‑1273

Each 0.5 ml of the Moderna mRNA-1273 vaccine contains 
100 µg of nucleoside-modified messenger RNA (mRNA 
– single stranded 5′-capped) encoding the pre-fusion sta-
bilized spike glycoprotein (S) of the SARS-CoV-2 virus 
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[50–53]. The vaccine is supplied as a sterile white to off-
white frozen suspension (to be thawed prior to use to a liquid 
phase) for intramuscular (IM) injection in total bulk volumes 
of 5.5 ml and 7.5 ml in the vial. The mRNA is formulated or 
encapsulated within lipid nanoparticles (LNPs) of average 
diameter typically varying between 60 and 100 nm [54] as 
characterized by dynamic light scattering (DLS). The differ-
ent types of lipids that make up the LNP in the mRNA-1273 
vaccine are the proprietary ionizable lipid SM-102 which is 
a synthetic amino lipid, polyethylene glycol (PEG 2000)—
dimyristoyl glycerol (DMG), 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC), and cholesterol in the molar ratio 
of 50:10:38.5:1.5 making up a total lipid content of 1.93 mg.

The encapsulation of the mRNA within the LNPs ena-
bles not only the protection of the naked mRNA from vari-
ous extracellular host degradative factors but also plays an 
important role in the uptake of the mRNA by the host cell. 
The encapsulation efficiency of the mRNA within the LNPs 
is however not revealed in any of the documents which could 
give an estimate of the percentage of mRNA present in the 
extracellular space compared to the encapsulated mass. 
The other inactive ingredients present in the mRNA-1273 
COVID-19 vaccine suspension are 0.31 mg tromethamine, 
1.18 mg tromethamine hydrocholoride, 0.043 mg acetic 
acid, 0.2 mg sodium acetate trihydrate, and 43.5 mg sucrose, 
water for injection. The tromethamine entities (Tris) along 
with acetic acid are used as buffers to maintain the pH of the 
formulation at 7–8 (precisely 7.5), while the sucrose serves 
as a medium of protection from extreme cold temperatures 
of storage required for maintaining the stability of the vac-
cine. Thus, it should be noted that out of the 0.5 ml of the 
total bulk aqueous–based formulation, about 47.263 mg is 
composed of chemical entities other than water, making the 
total weight percentage of water in the formulation to be 
around 91% w/w. The storage conditions for the mRNA-
1273 are specified at − 50 to − 15°C for newly received 
vials and after first dose has been withdrawn the vials can 
be stored at 2–25°C for up to 6 h [51–53].

Description of Pfizer’s mRNA COVID‑19 
Vaccine Formulation BNT162b2 
(COMIRNATY)

Each 0.3 ml dose of the Pfizer BioNTech BNT162b2 vaccine 
(now branded as COMIRNATY) contains 30 µg of nucle-
oside-modified messenger RNA (mRNA single stranded 
5′-capped) encoding the spike glycoprotein (S) of the SARS-
CoV-2 virus [55–58]. The vaccine is supplied as a sterile 
frozen suspension (− 80 to − 60°C), which is to be thawed 
prior to use to a liquid phase using sterile 1.8 ml of sterile 
0.9% NaCl (supplied separately), for intramuscular (IM) 
injection in total multi-dose bulk volumes of 0.45 ml, 2 ml, 

and 5 ml in the vial. The mRNA is formulated or encapsu-
lated within lipid nanoparticles (LNPs) of average diameter 
typically varying between 60 and 100 nanometers [54] as 
characterized by dynamic light scattering (DLS). The differ-
ent types of lipids that make up the LNP in the mRNA-1273 
vaccine are the ionizable cationic lipid ALC-0315, ALC-
0159, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 
and cholesterol in the molar ratio of 46.3:9.4:42.7:1.6 mak-
ing up a total lipid content of 0.77 mg [54].

The other inactive ingredients in the vaccine suspension 
are 0.01 mg potassium di-hydrogen phosphate, 0.07 mg 
disodium hydrogen phosphate dehydrate pH 7–8, 0.01 mg 
potassium chloride, 0.36 mg sodium chloride, and 6 mg 
sucrose in water for injection (WFI). The vials are labeled 
to be stored at ultra-low temperatures of − 90 to − 60°C until 
expiry date printed on label or they can also be stored at − 25 
to − 15°C for up to 2 weeks. For more details on the storage 
conditions of the vaccine, the reader is referred to references 
48–51. Thus, overall it can be seen that both the mRNA-
1273 and the COMIRNATY vaccines contain specific 
masses of viral spike protein mRNA encapsulated within 
LNPs comprising of different types of lipids. Therefore, the 
overall structural makeup of both the mRNA vaccines can 
be thought to be analogous to each other in that both vac-
cines have mechanisms of intended uptake by the host cells 
via LNP-mediated host-cell interactions. This commonal-
ity of mRNA-LNP encapsulation and LNP host-cell inter-
action–driven vaccine uptake mechanisms is cited on the 
grounds of their importance for the development of inhaled 
formulation versions of the mRNA-LNP vaccines. The fol-
lowing sections would describe the various inhalation plat-
forms that can be explored for the development of inhaled 
versions of the mRNA-1273 and COMIRNATY vaccines.

Formulation, Device, and Patient‑Related Clinical 
Factors to Consider in the Development of pMDI 
Versions of the COVID‑19 mRNA Vaccines

Pressurized metered dose inhalers (pMDIs) are multi-dose 
inhalers that typically contain the active pharmaceutical 
ingredient (API) either dissolved or suspended in almost 
completely liquefied high vapor pressure propellants con-
tained within metallic canisters [59, 60]. The most com-
monly used propellants in the currently marketed pMDIs are 
the hydrofluoroalkane (HFA) propellants that replaced the 
chlorofluorocarbons as a result of the Montreal Protocol [61, 
62]. HFA-134a and HFA-227 are the most commonly used 
HFA propellants that can either be used alone or in combina-
tion with each other in different molar ratios depending on 
the vapor pressure required for aerosolization of the pMDI 
formulation. Although recently the HFA-152a from Koura 
[63] is in the development phase promising to prove as better 
environment-friendly pMDI dispersion matrix compared to 
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other HFA propellants, there are currently no FDA-approved 
or -marketed pMDIs using HFA-152a. Apart from the HFA 
propellants, other excipients like ethanol and surfactants 
can also be incorporated into the formulation with an aim 
to improve the solubility of the API(s) and/or to modify 
the vapor pressure of the formulation. The optimization of 
pMDI formulation parameters like API solubility and vapor 
pressure via excipients can be useful to improve dosing 
reproducibility and prevent undesired API agglomeration.

The pMDIs frequently have held the largest market share 
of all the pharmaceutical inhaler types sold in the USA 
which was estimated at about 75% (55.3 million units of 
pMDI sold in 2019) of the total market share of inhalers 
compared to only 25% (18.9 million units of DPIs sold in 
2019) contributed by dry powder inhalers (DPIs) [64]. A 
similar trend in the increased sales of pMDIs (about 70%) 
over DPIs and nebulizers has also been reported for Euro-
pean countries by Janson et al. (2019) and Lavorini et al. 
(2011) [65, 66]. Furthermore, the pMDIs are also a popular 
choice among COPD and asthma patients because of their 
portability, disposability, and relatively lower cost [65, 67]. 
In spite of their extensive market share and being the most 
popular choice of inhalation device among patients and cli-
nicians, the pMDIs have not been extensively investigated 
for their suitability to deliver a wide variety of macromol-
ecules like peptides, proteins, nucleic acids, and other bio-
logics compared to DPIs and nebulizers.

The APIs in the pMDI-HFA-excipient formulation are 
held at high pressures of more than 3–5 bars within metallic 
canisters (typically made of aluminum alloys and in some 
cases stainless steel) due to the sealing of the metal canister 
with the metering valve via a mechanical crimping process. 
The pMDI canisters are supplied with a mouth-piece actua-
tor typically made of inert plastic materials with built-in 
laser drilled spray orifice and intricate micrometer scale 
channels for the passage of the pMDIs internal high-pressure 
formulation to the external atmosphere. The mouth-piece 
actuators mainly serve to provide the necessary aerody-
namic shear forces for the breakage of the metered pMDI 
formulation into micron-sized smaller aerosol droplets [68]. 
The mechanism of aerosol formation in pMDIs is based on 
the high vapor pressure of the HFA propellants enabling 
the ultra-rapid flash evaporation of the liquid portion of 
the propellant to vapor phase which is initiated within the 
expansion chamber of the metering valve upon depression of 
the pMDI canister. This ultra-rapid flash evaporation of the 
pMDI formulation proceeds all through the land length (the 
hollow cylindrical passage connecting the actuator’s expan-
sion chamber with its spray orifice) and spray orifice of the 
mouth-piece actuator producing a fine spray comprised of 
aerosol droplets containing the API(s) which can then be 
inhaled by the patient. The primary aerosol droplet diameter 
values at the mouth-piece exit are expected to be in the range 

of 1–5 microns and generally considered to be suitable for 
inhalation [69].

Therefore, to formulate the COVID-19 mRNA-LNP vac-
cines in a pMDI-HFA format, the physiochemical compat-
ibility of the mRNA and the lipids making up the LNP with 
that of the HFA propellant along with the other excipients 
in the pMDI formulation would be of prime importance. 
One of the major formulation aspects that would need to 
be demonstrated in order for the suitability and feasibility 
of using the pMDI-HFA platform for the non-invasive tar-
geted delivery of mRNA would be to demonstrate that the 
HFA propellant in the pMDI formulation does not signifi-
cantly affect or alter the biological activity and structural 
integrity of the mRNA or any other nucleic acid dispersed 
or dissolved in it. This is because any biological or small 
molecule for it to be effective in a pMDI-HFA formulation 
needs to be first properly dispersed or dissolved in the HFA 
propellant in an optimally homogenous manner to result in 
reproducible dosing. The low dielectric constant of the HFA 
propellant combined with the high surface charge density of 
the dispersed biological molecule can cause agglomeration 
of dispersed particles in the HFA medium. Accordingly, the 
following sections of this review will discuss some of the 
previously published In vitro and in vivo studies involving 
the pMDI-HFA formulation of various biologic molecules 
like proteins, nucleic acids encapsulated or coated with sur-
factants, and phospholipids/LNPs, prior to describing their 
applicability to mRNA-1273 and BNT162b2.

Conti et al. [70] have shown In vitro that chitosan-coated 
plasmid DNA nanoparticles (CS-DNA NPs) when formu-
lated as a suspension in a pMDI platform using HFA-227 as 
the propellant were able to transfect type II alveolar epithe-
lial cell line A549 even after 6 weeks of storage in the pro-
pellant. Furthermore, the same study also reported that the 
CS-DNA NPs were also able to maintain their size, shape, 
and morphology even after 1 year of storage or incubation 
in the HFA227 propellant (at 298 Kelvin) when visualized 
using scanning electron microscopy (SEM). This implied 
that the DNA particles were able to withstand the high-pres-
sure environment inside the pMDI canister. The study by 
Conti et al. [70] also reported high fine particle fractions of 
57–65% and mass median aerodynamic diameters (MMAD) 
of about 2 microns indicative of the efficiency of the aero-
solization process and its capability to deliver optimal DNA 
payload to the lungs. The authors had used pressure proof 
glass vials crimped with a 63-µl metering valve (EPDM, 
Spraymiser, 3 M Inc.) which are standard metering valves 
used in pMDI formulations.

Bains et al. [71] have reported similar In vitro results 
for the maintenance of structural and functional integrity 
of surfactant (lecithin)–coated plasmid DNA (synthesized 
by freeze drying) when the pDNA was formulated as a sus-
pension in HFA-134a propellant using ethanol (8% v/v) 
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as a co-solvent. The authors have reported the successful 
transfection of A549 cells by the pDNA aerosolized from 
the prepared pMDI-HFA-based formulation with the aid 
of cationic lipids pre-dissolved in the cell culture media. 
The same authors also showed that the greatest number of 
DNA particles was found on stages four (cut-off diameter 
2.1 microns) and five (cut-off diameter 1.1 microns) of the 
8-stage Andersen Cascade Impactor (ACI) following aero-
solization testing at a flow rate of 28.3 L per minute (l/min) 
indicating that most of the aerosolized DNA particles from 
the pMDI were in the respirable range. It is also to be noted 
that the device used by Bains et al. [71] consisted of an alu-
minum canister internally coated with fluorinated ethylene 
propylene and crimped with a Spraymiser™ 50-µl metering 
valve (3 M Drug Delivery Systems, Loughborough, UK). 
Thus, the choice of the metering valve with specialized 
internal coatings might also be an important formulation-
controlled device parameter to be taken into account. In 
the study by Bains et al. [71], the importance of using the 
appropriate amount of surfactant to coat the DNA particles 
is also emphasized as they have shown that excessive sur-
factant concentration might result in lower DNA transfection 
efficiency as a result of the anionic surfactants like lecithin 
affecting the lipid-DNA complexation. Lipids are typically 
complexed with DNA particle for efficient uptake of DNA 
by the host cells. Furthermore, the surfactant concentration 
should also be kept within range so as to prevent DNA par-
ticle agglomeration and enable easy dispersion of agglom-
erated particle with the application of simple shaking force 
by hand. The use of ethanol as a co-solvent to enable the 
dissolution of the lecithin surfactant in the HFA-134a pro-
pellant is also well illustrated in this study by Bains et al. 
[71]. Although flocculation was observed by both authors 
Conti et al. [71] and Bains et al. [71], these floccules were 
reported to be easily re-dispersed upon minimal shaking of 
the formulation resulting in homogeneous dispersion of the 
DNA particles.

Ying Li et al. [72] have reported the successful formu-
lation and delivery of bovine serum albumin (BSA) as a 
model protein using the pMDI-HFA134a platform [72]. The 
authors used prepared particles of BSA co-spray dried with 
sodium carboxy-methyl cellulose (Na-CMC) which were 
formulated as suspensions in HFA-134a without any other 
excipient-like ethanol or surfactant. In this study, Na-CMC 
was mainly used as a viscosity modifying agent for provid-
ing a solution suitable for spray drying and also to protect 
the BSA from thermal degradation during spray drying. 
When tested immediately after formulation on the twin-
stage impinger, the Na-CMC free formulation was reported 
to show a FPF of 46% compared to a significantly higher 
FPF of 53% for the 80% w/w Na-CMC formulation. After 
storage for 5 months at room temperature, the Na-CMC free 
formulation showed a FPF of 35% compared to 48% for the 

80% Na-CMC w/w formulation, thus suggesting superior 
FPF sustainability for the Na-CMC containing formula-
tion as a function of storage time. Thus, irrespective of the 
presence or absence of Na-CMC, significant levels of FPF 
were obtained that were indicative of the possibility of opti-
mal delivery of proteins to the lungs possible even without 
Na-CMC, although the addition of Na-CMC was shown to 
potentially result in improved and sustained FPF even after 
storage. Furthermore, the settling velocity, sedimentation, 
and re-suspension ability of the protein particles were shown 
to improve as a function of Na-CMC concentration in the 
formulation. Thus, the study by Ying Li et al. [72] demon-
strated the feasibility for formulating proteins in HFA-134a 
propellant without any excipient and still obtain significant 
FPF using a BK357 30-µl metering valve. However, the 
study did not report any protein functional assays as direct 
evidences to support the maintenance of 3-dimensional 
integrity of the proteins (and thus their functional activity) 
post spray drying and post exposure to HFA-134a.

Quinn et al. [73] have reported that the Fourier trans-
form (FT)-Raman spectrum of the protein lysozyme when 
suspended in HFA propellants (134a and 227) did not differ 
significantly in signal intensity and peak positions from that 
of the native protein molecule both in the solid and aqueous 
phase, in the primary regions of the FT-Raman spectrum. 
The results from Quinn et al. indicated that both the HFA 
propellants did not significantly alter the 3-dimensional 
structural integrity of the proteins suspended in them in 
the peptide backbone region, disulfide backbone, and C–C 
bonds. Oliver et al. [74] have also reported that the biologi-
cal activity of DNAse I was unaffected by the HFA propel-
lant even after storage for 6 months at − 18°C, as shown by 
the maintenance of 3-dimensional structure of the protein 
in HFA medium. Similar results have also been reported 
by Brown et al. [75] wherein they have demonstrated the 
6-month stability of the enzyme adenosine deaminase in a 
HFA propellant suspension when stored at 4°C/50% relative 
humidity and at 25°C/60% relative humidity.

Brown et al. [75] have reported the successful formu-
lation of surfactant-coated bovine gamma globulin protein 
in other non-aqueous propellants like dimethylether and 
have reported optimum protein to surfactant molar ratios 
to be 1:1000 to 1:2000 suitable for obtaining optimal lung 
deliverable dose and product stability. Surfactant quantities 
lower than tested in the study were shown to cause protein 
agglomeration and poor aerosolization efficiency while very 
high surfactant concentrations resulted in dissolution of pro-
teins in the propellant. In the same study, the authors have 
reported that the use of glass beads for agitation of pMDI 
formulation contents and inclusion of ethanol (2–4% w/w) 
resulted in increased respirable doses of the protein by vir-
tue of improving reverse micelles formation. The protein is 
postulated to be encapsulated within the surfactant micelles. 
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The authors also showed that reducing the protein concentra-
tion from 2 to 0.2 mg/ml more than doubled the respirable 
fraction of proteins. However, the safety profiles of dimethy-
lether compared to other FDA-approved HFA propellants are 
important points to take into consideration.

Williams III et al. [76] have also reported the develop-
ment of a surfactant-coated bovine serum albumin (BSA) 
suspension formulation in HFA-134a using ethanol as a 
co-solvent. The BSA-surfactant complex was lyophilized to 
remove the water and the resulting solid powder was sus-
pended in HFA-134a. The pMDI-HFA134a formulations 
were manufactured by the pressure filling method using 
silicone-lined glass aerosol vials (SGD Pharma, Paris, 
France) fitted with 150-µl metering valves (DF10 RC150, 
Valois of America, Inc., Greenwich, CT). Ethanol was used 
as a co-solvent to increase the solubility of the tested sur-
factants (Brij 97, Brij 98, Aerosol-OT (AOT), Tween 80) in 
HFA134a which is important to obtain a homogeneous dis-
tribution of surfactants in the propellant—a pre-requisite for 
obtaining sufficient dispersion of suspended proteins in the 
HFA134a. The authors have reported respirable BSA frac-
tions in the range of 46–50% for Brij and Tween surfactants 
containing formulations at a surfactant/BSA ratio of 500:1 
and ethanol concentration of about 7.89% (w/w). The study 
reported that lower levels of ethanol (1.58% w/w) were not 
sufficient to properly disperse the solid complex whereas 
higher levels of ethanol (11% w/w) were shown to result in 
reduced respirable or fine particle fraction due to increase 
in vapor pressure of the pMDI-HFA-ethanol blend. The use 
of ionic surfactant AOT was shown to result in lower fine 
particle or respirable fraction owing to the charge state of the 
surfactant in the propellant and also the DSC results showed 
that the ionic surfactant AOT decreased the stability of the 
protein whereas the inclusion of non-ionic surfactants like 
Brij and Tween increased the protein stability. Such sur-
factant-mediated protein deformation could be attributed to 
the charges of the proteins experiencing unbalanced electro-
static attractive and/or repulsive forces due to the surfactant 
charge. Therefore, the study by Williams III et al. [76] dem-
onstrated that through the proper choice of surfactant, etha-
nol, and protein concentration combined with lyophilization 
prior to formulation of protein into HFA propellant, a stable 
pMDI-HFA-protein formulation can be obtained that can 
result in sufficient protein dosing to the lung.

Nakate et al. [77] have reported the formulation of a 
cyclopeptide drug FK224 complexed with beta-cyclodex-
trin as the solubility enhancer in chlorofluorocarbon (CFC) 
propellant blend (CFC11/CFC12/CFC114 in the ratio 
17.5:65:17.5) containing 1% (w/v) lecithin as the dispers-
ing agent. The authors have reported about 50% of respirable 
dose of FK224 achievable In vitro using such a pMDI-CFC 
model which was also shown to result in about 67% of the 
total inhaled dose reaching the lungs of healthy volunteers. 

The authors had used a 20-ml aluminum canister (Bespak, 
UK) fitted with a 100-µl metering valve (Valois, France) and 
a type NK1 (Valois) mouth-piece for aerosolization which 
enabled emitted and respirable doses of the protein high 
enough to result in detectable protein levels in the plasma. 
Although Nakate et al. [77] have used CFC as the propellant 
which is not in use as per Montreal Protocol, the overall idea 
of delivering proteins using a pMDI format can be inferred 
from this study. The slightly lower vapor pressures of HFAs 
compared to CFCs combined with slower spray velocities 
possible for HFAs could possibly offset any hypothetical 
In vitro and/or in vivo differences in product performance.

Nyambura et al. [78] have formulated lysozyme protein 
nanoparticles complexed with lactose and coated with vari-
ous surfactants like lecithin in HFA-134a and have shown 
that the biological activity of lysozyme was unaffected by 
the HFA134a as indicated by the unaltered UV absorbance 
of the protein at 450 nm, with 98% retention of biological 
activity. The authors also showed that the use of surfactants 
like oleic acid and span 85 (2% w/v) resulted in stable pro-
tein suspensions in HFA-134a that could be re-dispersed 
easily with gentle shaking. The very popular and also highly 
unstable human insulin has also been formulated as a sus-
pension in HFA-134a propellant by Kos Pharmaceuticals 
(Weston, FL, USA) which has also been tested in type II 
diabetics to result in a rapid onset of action and compa-
rable blood glucose levels to insulin glargine at base line 
and after 28 days when administered pre-prandially. This 
clearly showed that the structural and functional integrity 
of insulin was not compromised while remaining suspended 
in HFA134a [79].

Adjei et al. [80] have reported that the pMDI delivery of 
leuprolide acetate, a luteinizing hormone-releasing hormone 
(LHRH) agonist which is a small peptide only nine amino 
acids long, resulted in more than 50% of the inhaled dose 
getting deposited in the lung yielding a bioavailable dose 
that was greater than that achievable from nasal adminis-
tration. Their study in healthy human males showed that 
the pMDI aerosol administration of leuprolide acetate using 
CFC11, CFC12, and span 85 resulted in significantly greater 
plasma AUC levels of the peptide compared to its nasal route 
of administration at all tested dose levels.

Therefore, there are multiple studies that have demon-
strated the successful formulation of highly unstable bio-
therapeutics like nucleic acids, proteins, and peptides in 
HFA propellants showing the maintenance of the structural 
and functional integrity of the bio-therapeutics while for-
mulated in various propellants. The stability of the bio-
therapeutics formulation in HFAs has also been shown to 
be sustained both with and without the aid of excipients 
like surfactants and co-solvents, depending on the nature 
of the physico-chemical interactions involved at the molec-
ular level between the suspended biomolecules and the 
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HFA propellant molecules. In that perspective of the bio-
therapeutic stability achievable with the HFA propellant 
as the dispersion medium or solvent, it should be plausible 
to expect similar or comparable maintenance of the stabil-
ity of COVID-19 vaccines (mainly the SARS-CoV-2 viral 
spike protein mRNA) when formulated in HFA propellants. 
However, both the mRNA-1273 and BNT162b2 contain the 
mRNA encapsulated within LNPs and therefore, it would be 
of importance to consider the formulation of LNPs and other 
lipid-based vectors in HFA propellants.

Vyas et al. [81] have studied the in situ formation of 
liposomes encapsulating isoprenaline from the aerosoliza-
tion of CFC propellant containing multiple dissolved lipid 
entities that commonly constitute the structure of LNPs. The 
authors have reported that the lipids and isoprenaline solubi-
lized in CFC propellant formed liposome encapsulating iso-
prenaline in situ during and post aerosolization that were in 
the size range of 2.15–2.62 microns comparable to the size 
of liposomes prepared using injection methods. The authors 
have also demonstrated increased entrapment efficiency of 
isoprenaline as a result of including charged lipids that can 
bond with oppositely charged hydroxyl or amino groups of 
isoprenaline; such charge-based interactions have also been 
seen in the negatively charged mRNA bonding with the posi-
tively charged lipids making up the LNPs of the COVID-19 
vaccines. The pMDI-CFC delivered liposomes were shown 
to sustain isoprenaline levels in lungs at more than 60% for 
5 h post aerosolization indicating the potential for sustained 
delivery of bio-therapeutics using the tested pMDI dosage 
form. The liposomal-isoprenaline aerosol formulation was 
also shown to increase the half-life of isoprenaline in the iso-
lated perfused rat lungs from 1 min (for the unencapsulated 
isoprenaline solution) to 5 h for the liposomal-isoprenaline 
formulation. Such sustained levels of bio-therapeutics in the 
lungs made possible using pMDIs could be beneficial from a 
clinical perspective to better treat COVID-19 by preventing 
further progression of the disease state to more serious con-
ditions via targeted sustained pMDI-based vaccine delivery 
to the lungs.

Farr et al. [82] have investigated the in situ formation of 
liposomes following aerosolization of a pressurized formu-
lation of phospholipids and concluded that the respirable 
fraction of liposomes is a function of lipid concentration, 
actuator orifice diameter, and vapor pressure of formulation. 
They have also demonstrated a formulation capable of deliv-
ering respirable fractions in the range of 20–45% without the 
use of any excipients like ethanol or surfactants that can add 
to improved stability and safety. The authors also confirmed 
the in situ formation of liposomes post aerosolization and 
deposition via scanning electron micrographs. Thus, this 
study is another example of how mRNA-LNP formulations 
can be initially dissolved in HFA propellants with or without 
any excipients, following which in situ formation of LNPs 

(encapsulating mRNA) post propellant evaporation can be 
achieved to obtain respirable mRNA doses during actuation 
of the pMDI.

Apart from LNPs and other lipid-based vectors, the poly-
meric nanoparticles (PNPs) have also been widely studied 
for their capabilities to deliver bio-therapeutics. Therefore, it 
might also be possible to encapsulate the viral spike protein 
mRNA within PNPs which can then be formulated within 
a pMDI-propellant format for their targeted delivery to the 
lungs. Bharatwaj et al. [83] have shown that the dispersion 
of chitosan-poly(lactic acid) (PLA) nanoparticles with a 
core of pol(D,L-lactide-co-glycolide) (PLGA) in HFA227 
resulted in maintenance of the structural and functional 
integrity of the PNPs as evidenced in their uptake by Calu-3 
cells In vitro. Furthermore, the PNPs loaded with coumarin 
resulted in a FPF of 55% and MMAD of 2.1 micron (GSD 
3.0) when formulated in HFA227 propellant and aerosolized 
using a 50-µl metering valve (EPDM spraymiser from 3 M) 
fitted with Ventolin HFA® actuators (GSK).

Thus, the formulation of lipid-based carriers and nano-
particles capable of encapsulating mRNA or any other bio-
logical entities in high vapor pressure propellants like HFAs 
has been demonstrated to be feasible in not only delivering 
reasonable respirable fractions of the encapsulated therapeu-
tics but the stability of the lipid-HFA formulation has also 
been shown to be feasible. Therefore, the formulation of the 
LNP-based Moderna’s mRNA-1273 and Pfizer BioNTech’s 
COMIRNATY COVID-19 vaccines should technically be 
possible using the pMDI-HFA format. In that regard, a few 
of the formulation strategies applicable to the formulation 
of the currently FDA-authorized COVID-19 mRNA-LNP 
vaccines will be discussed [84].

The mRNA-LNP particles of the COVID-19 vaccines 
can be directly added into pMDI canisters of specific vol-
ume following which crimping of the pMDI canister using 
50–100 µl metering valves can be done. The HFA propellant 
or their blends can then be pressure filled into the pMDI 
canister containing the mRNA-LNPs which can be expected 
to cause the dissolution of the lipids of the LNP causing the 
mRNA to be suspended in the matrix of HFA-lipid solution. 
The solubility of each of the lipids in the HFA propellant 
blends that form the LNP structure would have to be taken 
into account and depending on that either the addition of sur-
factants or ethanol as co-solvent will have to be investigated. 
Simultaneously, the stability of the mRNA in the chosen 
amounts of propellant and excipients would also need to be 
considered. Such a pMDI-HFA-lipid formulation containing 
the SARS-CoV-2 viral spike protein mRNA when actuated 
can be expected to form LNPs in situ that can assemble into 
solid lipid structures encapsulating the mRNA as observed 
in the study by Vyas et al. [81] and Farr et al. [82]. Such in 
situ formulation of mRNA-LNPs during and after actuation 
of the pMDI can be expected to result in the mRNA-LNPs 
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getting deposited in the different regions of the lungs. The 
in situ formation of LNP particles encapsulating the mRNA 
can also be investigated using appropriate laser diffraction 
studies or imaging studies to confirm the presence of LNPs 
post actuation of the pMDI formulation.

The direct addition of small volume (less than 1 ml) of an 
aqueous solution of the viral spike protein mRNA (without 
any lipids for encapsulation) into the pMDI canister followed 
by pressure filling the required quantity of HFA propellant is 
also a possible formulation route that can be inspired by the 
findings of the earlier mentioned studies. It can be expected 
that the actuation of such a pMDI-HFA-mRNA formulation 
although could deliver mRNA doses to the lungs, the free 
mRNA might not be taken up by the pulmonary cells for 
intracellular protein expression (due to their overall nega-
tive charge) and also might degrade in the lung biological 
milieu. The exposure of the free mRNA to the low dielectric 
constant HFA medium and the aerodynamic shear forces 
generated during aerosolization are important formulation 
and device-related factors that would need to be investigated 
in order to ensure that they do not have a significant impact 
on the structural and functional integrity of the formulated 
mRNA or any other biomolecule for that matter. Thus, the 
inclusion of lipids in the pMDI formulation might be an 
important excipient modification to not only maintain the 
structural and functional integrity of the suspended mRNA 
in the HFA pool, but also act as the vector for the successful 
internalization of the inhaled mRNA by the target pulmo-
nary cells in the respiratory tract.

The challenges of forming a stable dispersion of mRNA-
LNP particles in the HFA medium can be solved by various 
formulation approaches like coating the mRNA-LNP par-
ticles with surfactants like lecithin, Na-CMC, and cyclo-
dextrins prior to their exposure to the HFA propellant. The 
addition of the aforementioned excipients can prevent the 
agglomeration of the mRNA-LNP particles in the HFA 
medium and improve the overall stability of the formulation 
as seen in the studies by Nyambura et al. [78], Nakate et al. 
[77], Brown et al. [75], and Williams III et al. [76]. The use 
of ethanol in the formulation to aid in the solubility of the 
surfactants in HFA could also be an important formulation 
strategy to consider in forming a stable formulation.

Following the formulation of the mRNA-LNPs in the 
HFA propellant medium, the major performance-related 
parameter that could be investigated is the respirable frac-
tion and dose of the viral spike protein mRNA derivable 
from the chosen formulation strategy. The dose of mRNA 
or any other biomolecule in the respirable fraction delivered 
to the lungs should technically be high enough to trigger 
the mucosal immunity that can lead to secretion of IgA at 
levels higher than their IC50 against SARS-CoV-2 and its 
variants. A valuable In vitro study that could be conducted to 
confirm the successful performance of pMDI-HFA delivered 

mRNA-LNP would be to subject the cascade impaction-
derived respirable fraction of the mRNA to internalization 
assays using specialized pulmonary cells (pre-infected and/
or challenged later by viral loads) that are typically involved 
in the pathogenesis of COVID-19. The resulting secretion 
levels of antibodies by the cells and reduction in viral titers 
could be used as the metrics to assess the maintenance of 
the mRNA structural and functional integrity. However, the 
reports from experts in the inhalation product development 
field like Byron (1990) citing that the hydrophobic environ-
ments encountered in pMDI propellants do not necessarily 
denature the proteins and peptides is an encouraging obser-
vation in support of exploring the formulation of mRNA-
LNP COVID-19 vaccines in a pMDI-HFA format [85]. A 
major reason that might be preventing the low dielectric 
HFA medium from significantly degrading the structural 
and functional integrity of biomolecules could be due to the 
inability of the solvent molecules to access the surface area 
of the biomolecules [86] which could again be specific to 
the biomolecule of interest.

For the device choice, the commonly used metering 
valves and mouth-piece actuators employed in the cur-
rently marketed pMDIs could be investigated for aerosol 
delivery of the HFA-mRNA-LNP. Metering valves with 
metering chamber volumes of 25–100 µl and made of vari-
ous polymeric materials or stainless steel in combination 
with mouth-piece actuators with spray orifice diameters in 
the range of 200–300 microns and land length of 500–700 
microns could be potential starting point devices to test in 
the formulation stage. The material of construction of the 
internal parts (like the spring and gasket) of the pMDI can-
ister, metering valve, and mouth-piece actuator could also 
be an important parameter to investigate especially from 
the perspective of triboelectrification that can cause the 
materials and formulation to acquire electrostatic charges. 
Such electrostatic charge build up within pMDIs is a com-
monly encountered phenomenon that has been shown to be 
a function of material of construction of the device, moisture 
content, and also temperature (to name a few). Thus, the 
mRNA being a negatively charged species by nature could 
potentially adhere to internal cavities of the device that it 
could come in contact with during aerosolization as a result 
of electrostatic charge build up. Such mRNA-electrostatic 
charge interaction could lead to not only irreproducible dos-
ing but also to possible interaction of device-generated elec-
trostatic charges with the Van-der Waals and hydrogen bond-
ing forces making up the structural and functional integrity 
of the mRNA’s amino acid sequence.

The material of construction of the device should also be 
investigated for its potential to leach organic and inorganic 
substances into the pMDI’s bulk mRNA-HFA formulation 
that can affect the formulation stability and performance. As 
an example, the leaching of silicone oil typically used as a 
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lubricant in the pMDI metering valve into the HFA formula-
tion has been shown to cause drug particle agglomeration 
leading to the reduction of fine particle fraction. The choice 
of the device could also be based on the magnitude of the 
aerodynamic shear forces that can be generated during the 
aerosolization process that can disrupt the LNP structure 
exposing the mRNA prior to its deposition in the lungs.

From the clinical perspective, the success of pMDIs 
to target the COVID-19 mRNA vaccines to the intended 
regions within the lungs would be highly dependent on the 
breathing pattern of the COVID-19 patients which in itself 
could vary as a function of the disease severity. This is 
because of the synchronization of breathing and actuation of 
the pMDI required for optimal lung deposition of the inhaled 
dose with minimal possible oro-pharyngeal deposition. Fur-
thermore, the pMDIs generally require the patient to inhale 
slowly and deeply with an additional 10 s of breathe hold for 
sufficient deposition of the inhaled dose in the lungs. Such a 
breathing pattern requirement however may not be possible 
for all the COVID-19 patient population mainly owing to 
the ARDS-triggered rapid and shallow breathing patterns 
typically seen in COVID-19 patients. Another important 
aspect is how well the time of injection of the bulk aerosol 
dose from the pMDI matches with the time of initiation of 
the patient’s inspiratory cycle so that the majority of the 
emitted aerosol dose is injected just at the beginning of the 
inspiratory cycle which is an important condition to be sat-
isfied for optimal lung deposition from pMDIs. Therefore, 
from a clinical perspective, it is important to ensure that the 
synchronization of the breathing initiation and aerosol bolus 
injection is possible or not for the COVID-19 patients before 
choosing the pMDI-HFA as the dosage form for the targeted 
delivery of COVID-19 vaccines.

Such rapid and shallow breathing seen in COVID-19 
patients could further lead to increased respiratory rates 
(greater than 20 breathes per minute compared to 12–14 for 
normal adult) and altered tidal volume (about 400–500 ml 
compared to normal values of 1000  ml) [87,  88]. The 
increased respiratory rates can therefore cause higher air 
flow rates at the entrance of the oral cavity that could fur-
ther reduce lung exposure of mRNA-LNPs inhaled from the 
pMDI due to increased turbulence being experienced by the 
aerosolized mRNA dose leading to increased oro-pharyngeal 
deposition. Furthermore, the increased airway resistance 
seen in COVID-19 patients presenting ARDS can also lead 
to increased turbulent flow and reduced laminar flow in the 
upper airways that could further lead to decreased peripheral 
deposition of inhaled drug from the pMDI [89, 90]. The 
rapid and shallow breathing that may not enable the patients 
to hold their breath for 10 s post inhalation might also result 
in decreased deposition of aerosols via sedimentation in 
peripheral lung regions [90, 91]. Therefore, the likelihood 
of COVID-19 patients with ARDS to inhale correctly from 

a pMDI could be a challenging aspect from a clinical per-
spective which could lead to irregular dosing, in-adequate 
lung deposition, and ultimately treatment failure. Thus, 
even though the pMDIs can enable a feasible formulation 
of mRNA-LNPs in HFA propellants with or without any 
excipients, and even though a favorable MMAD and FPF 
for mRNA (encapsulated within LNPs) are possible from 
a pMDI-HFA format (as demonstrated in earlier described 
studies), the rapid and shallow breathing pattern combined 
with increased airway resistance and turbulence presented 
by the COVID-19 patients with ARDS might be the major 
hurdle in using the pMDI-HFA platform for the successful 
targeted delivery of COVID-19 vaccines to intended lung 
regions. The various studies discussing formulation of bio-
molecules in a pMDI platform are summarized in Table I.

Formulation, Device, and Patient‑Related Clinical 
Factors to Consider in the Development of DPI 
Versions of the COVID‑19 mRNA Vaccines

Dry powder inhalers (DPIs) are the second most popular 
pharmaceutical inhalers with approximately 25% market 
share in the inhaler market [64]. Briefly, the principle of 
targeted delivery using a DPI is based on the exposure of a 
blend of active therapeutics with a carrier or excipient to the 
patient’s inspired air leading to the de-aggregation of micro-
nized active therapeutics from the carrier particles. The dis-
persed active therapeutic is expected to get deposited (gov-
erned by the drug particles’ aerodynamic diameter) in the 
lungs and oro-pharyngeal cavities initiating the therapeutic 
action following the dissolution of the deposited therapeutics 
in the lung lining fluid. The different type of DPI formula-
tions could be an adhesive mixture, nucleus agglomerate, or 
a spherical pellet depending on whether the carrier particles 
are micronized to the same extent as the active therapeutics 
and based on the uniformity of distribution of the active 
therapeutic moiety over the surface of the carrier particles 
[94]. However the most commonly encountered DPI for-
mulation type in the commercially marketed inhalers is of 
the adhesive mixture type wherein the micronized APIs are 
attached primarily via Van der Waals forces to the surface 
of larger size lactose carrier particles. Based on the depend-
ence of the DPI device on patient’s inspiratory flow rate for 
sufficient de-aggregation of the API from the carrier excipi-
ent, the DPI devices can be broadly classified into active 
and passive devices. The active devices typically employ 
compressed air as an additional source of aerodynamic shear 
forces on top of the patient inhalation flow rate for the de-
aggregation of the micronized API from carrier particles.

Although the DPI system as a whole is not completely 
immune to moisture ingress, DPIs are widely regarded to be 
better suited for delivery of highly unstable bio-therapeutics 
like proteins and peptides mainly owing to their inherent dry 
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state that precludes the presence of moisture in the formu-
lation [95]. Such a relatively stronger fortress to moisture 
ingress (compared to pMDIs and nebulizers) could be attrib-
uted to the robust nature of the container closure system that 
come in immediate contact with the powder blend and also 
the DPI device compartments that serve as a safe locker 
for the blended powders. However, the blending process or 
any other manufacturing process of producing the blended 
powders could be susceptible to moisture ingress at a rate 
higher than that seen for pMDI pressure filling techniques. 
One of the major challenges in developing a DPI formulation 
for targeted delivery of bio-therapeutics is the need to obtain 
sufficient quantities of the micronized powder form of the 
biomolecule in the right geometric size. Further formulation 
challenges to overcome are the blending process of combin-
ing the micronized biomolecule with a carrier particle in 
order to produce a final blend of active-carrier entity with 
optimal intra-and inter-particulate cohesive-adhesive force 
balance that can sufficiently be overcome by the inspiratory 
force the target patient population can generate. The follow-
ing sections will review several reported studies that have 
investigated the formulation of biomolecules and vaccines 
as dry powders suitable for inhalation along with the degree 
of success achieved in treating the targeted diseases employ-
ing them. Based on these previously reported studies, the 
current review would aim to propose various formulation 
and device-related strategies that could be investigated for 
enabling the targeted delivery of the two currently FDA-
approved Moderna’s mRNA-1273 and Pfizer BioNTech’s 
COMIRNATY vaccines as dry powders.

Qiu et al. [96] have reported the development of a dry 
powder form of firefly luciferase mRNA using PEGylated 
cationic peptide, KL4 (a pulmonary surfactant protein B 
mimic) as the delivery vector combined with mannitol as 
carrier/bulking agent using spray drying and spray freeze 
drying for producing the dry powders. The KL4 cationic 
peptide was therefore used with an aim to immediately dis-
solve upon deposition in the lung lining fluids enabling the 
uptake of mRNA by the pulmonary cells. The SEM images 
of the resulting spray-dried and spray freeze–dried mRNA 
powders containing 5 µg of the mRNA were shown to be of 
spherical size with geometric particle diameter of less than 
5 microns suitable for inhalation. The authors have reported 
that the spray-dried mRNA-PEG-KL4 formulation resulted 
in a fine particle fraction of 36–41%, whereas the spray 
freeze–dried mRNA-PEG-KL4 formulation yielded a FPF 
of 62–68% and MMAD was less than 6 microns for both 
formulations in the NGI study. The authors had used a size 3 
hydroxypropyl methylcellulose (HPMC) capsule (Capsugel, 
West Ryde, NSW, Australia) containing the dry powders of 
mRNA loaded into the Breezhaler (Novartis Pharmaceuti-
cals., Hong Kong). The higher fine particle fraction for the 
spray freeze–dried mRNA formulation was attributed to the Ta
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higher porosity of the spray freeze–dried powders that could 
have imparted better aerodynamic properties to them mak-
ing them more suitable for deeper lung penetration in spite 
of their larger geometric size compared to the spray-dried 
particles. The authors have also reported that the PEGylation 
of the mRNA-KL4 peptide complex resulted in better uptake 
and transfection efficiency (almost fivefold) in both an In 
vitro A549 cell culture model and an in vivo mouse model. 
The PEGylation of the KL4 peptide was reported to have 
the effect of overcoming the poor aqueous solubility of the 
leucine rich regions of the KL4 peptide. The successful and 
safe transfection efficiency In vitro and in vivo showed that 
both the spray drying and spray freeze drying processes did 
not alter the structural and functional integrity of the mRNA.

Emig et al. [97] have recently investigated the In vitro 
and in vivo pulmonary delivery of dry powder version of a 
human monoclonal antibody AUG-3387 derived from the 
convalescent plasma of recovered COVID-19 patients. The 
AUG-3387 dry powder was manufactured using the pro-
prietary thin-film freeze (TFF) technology and was shown 
to exhibit a fine particle fraction of about 50% and MMAD 
of 3.74 microns. The authors also demonstrated that the 
intra-tracheal administration of the AUG-3387 dry pow-
ders (0.3 and 1 mg/kg) to Syrian Hamsters after 24, 48, and 
72 h of intra-nasal SARS-CoV-2 inoculation resulted in a 
dose-dependent 2.5- to fivefold reduction of the 5th day viral 
titers despite the fact that the treatment was delayed until 
24 h post inoculation. The very interesting finding by Emig 
et al. [97] that was in favor of the inhaled DPI version of 
the AUG-3387 over the intra-peritoneal (IP) route was that 
the IP route required 3-times higher dose compared to the 
inhaled route to result in similar viral load reduction. Such 
a viral load reduction capability of the inhaled dry powder 
of AUG-3387 also showed that the drying process did not 
alter the structural and functional integrity of the monoclo-
nal antibodies. The authors also demonstrated the efficacy of 
AUG-3387 against several of the mutant version of SARS-
CoV-2 emergent until the publication date of their study 
including the highly contagious delta variant, with an EC50 
of less than 200 ng/ml.

The targeted delivery of dry powders of biomolecules 
for the respiratory immunization against the influenza virus 
is a widely investigated area that can be highly relevant to 
the development of DPI versions of a COVID-19 mRNA 
vaccine. Audouy et al. [98] have shown that the pulmonary 
delivery of spray freeze–dried particles (using inulin as a 
cryoprotectant) of whole inactivated (WIV) live influenza 
virus to mice enabled the mice to develop sufficient immu-
nity against a lethal challenge of intra-nasally administered 
specific strain influenza virus particles. The dry powder 
vaccine administration enabled the mice to produce both 
systemic IgG (log 10 titer of about 3.5) and mucosal IgA 
antibodies, with the IgA antibodies readily detectable both 

in lungs and nasal cavity that was also nominally higher 
than the IgG titers obtained after intramuscular vaccination. 
The serum IgGs were also detected in the lungs following 
pulmonary administration of the spray freeze–dried vaccine. 
Furthermore, the weight loss seen in the mice 72 h follow-
ing lethal challenge with the influenza virus was most pro-
nounced in the control group (about 5%) compared to only 
about 1–2% seen in mice receiving the dry powder vaccine. 
The levels of neutrophils and macrophages in the broncho-
alveolar lavage (BAL) were also readily detectable follow-
ing inhalation of the dry powder vaccines. Furthermore, the 
viral titer load was also significantly lowered in the mice 
that inhaled the dry powder vaccine (log 10 value of about 
4) compared to the control groups (log 10 value of 5.2) and 
intramuscular vaccination group (log 10 value of 4.8).

Patil et al. [99] have also reported that the pulmonary 
administration of spray freeze–dried whole inactivated 
influenza virus vaccine (5 µg dose) supplemented with 
monophosphoryl lipid-A (MPLA) to mice resulted in higher 
induction of mucosal and systemic immunity compared to 
pulmonary administration of spray freeze–dried vaccine 
without MPLA. Furthermore, the study also showed that 
the inhaled dry powder form of the MPLA-influenza vac-
cine was able to result in better protection when the mice 
were exposed to influenza virus as indicated by the reduc-
tion of viral titers in the lungs and weight loss prevention. 
The spray freeze drying process employing inulin as a stabi-
lizer was reported to result in dry powder vaccine particles 
with aerodynamic diameters in the 1–5 microns (D10 0.7 
micron, D50 1.731 micron, D90 3.5 micron) range which 
the authors claim to be suitable for respiration although no 
cascade impaction results were reported. The spray freeze 
drying process was also shown not to affect the structural 
and functional integrity of the vaccine particles as evidenced 
by intact virus structures in the SEM images and compara-
ble hemagglutination assays. The addition of MPLA was 
shown to increase the respirable fraction of the dry powder 
vaccine by means of increasing the porosity of the spray 
freeze–dried particles while simultaneously not increasing 
the geometric particle size. Notably, the IgA levels in the 
broncho-alveolar lavage fluid, lungs, and nasal cavity were 
significantly higher for mice that received the dry powder 
MPLA-based vaccine compared to the intramuscular route 
indicating the better potential for the inhaled route to trigger 
the mucosal immunity.

Similar results for the efficacy of inhaled dry powder 
influenza vaccines were also reported by Amorij et al. [100] 
who investigated the respiratory immunization potential for 
the pulmonary delivery of dry powder influenza vaccine 
produced by spray freeze drying using inulin as a stabilizer. 
The authors reported that the dry powder influenza vaccine 
produced without any muco-adhesive adjuvants when deliv-
ered via the inhalation route to mice successfully triggered 
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significantly higher levels (by several folds) of cell-mediated 
(IFN-gamma and IL-4 producing T-helper cells), mucosal, 
and systemic immunity compared to the intramuscular route 
at similar dosing levels of 5 µg. The IgG and IgA levels 
in the lungs and serum were both significantly higher (by 
almost 50-folds) for the inhaled dry powder vaccine group 
compared to intramuscular route. Furthermore, the serum 
IgG levels remained higher at days 0, 28, and 42 for the 
mice that inhaled dry powder vaccines compared to the 
mice receiving vaccine via intramuscular route. The spray 
freeze–dried vaccine powders were also shown to result in 
40% fine particle fraction from In vitro cascade impaction 
studies indicating significant vaccine dose capable of depos-
iting in the lungs.

Smith et al. [101] have demonstrated the effectiveness 
of spray-dried lipid microparticles containing whole inacti-
vated influenza virus in triggering mucosal immunity of the 
respiratory tract when administered as a dry powder to the 
lungs of rats/mice using an insufflator. The authors had used 
lipids like dipalmitoyl phophotidylcholine (DPPC) and dis-
tearoyl phosphatidylcholine (DSPC) that are biocompatible 
lipids present in lung surfactant to form the lipid micropar-
ticles of typical size between 1 and 5 microns suitable for 
oral inhalation and respiratory deposition. The authors have 
reported significantly higher levels for IgG titers (even after 
28 days of initial immunization), IL-2, and IFN-gamma in 
the rats that received the spray-dried vaccines via the inha-
lation route compared to the rats receiving subcutaneous 
vaccines. Thus, the study by Smith et al. [101] depicts a 
scenario of lipid vector encapsulation of inactivated virus 
subject to spray drying to produce particles suitable for 
inhalation which gives an analogous formulation strategy 
to produce spray-dried particles of mRNA-LNP COVID-19 
vaccines.

Lin et al. [102] have reported the development of dry 
powder measles vaccines suitable for respiratory delivery 
using the carbon dioxide (CO2)–assisted nebulization with 
a bubble-dryer (CAN-BD) technique. They found that the 
dry powder measles vaccines when administered via the pul-
monary route to rhesus macaques using the PuffHaler- and 
BD Solovent–induced measles virus specific humoral and 
T-cell response in addition to providing complete protec-
tion against the virus up to 1 year. The CAN-BD process 
was reported to produce dry powder particles predominantly 
in the 1–5 micron range suitable for pulmonary delivery 
and also did not affect the viability and potency of the 
measles vaccine which remained stable for at least 2 years 
when stored at 2–8°C. The use of Puffhaler was shown to 
deposit the vaccine mostly in the upper airways whereas 
the Solovent deposited the vaccine mostly in the lower air-
ways as shown by the relative levels of the viral RNA in the 
tonsil and broncho-alveolar lavage (BAL) swabs, thus indi-
cating a device-dependent regional lung deposition profile 

for the aerosolized dry powder vaccine. The macaques that 
received the measles dry powder vaccine via the pulmonary 
route also showed higher levels of serum and mucosal anti-
body levels compared to the subcutaneous route at same 
dose. Specifically, the inhalation route also resulted in rapid 
higher levels of IgG, IgA, and IgM (that peaked at 8, 2, and 
4 weeks respectively post immunization) compared to the 
subcutaneous route. Furthermore, the inhaled dry powder 
measles vaccines resulted in higher levels of IFN-gamma 
and IL-4 producing T-cells indicating higher cellular level 
immune response to dry powder vaccine administration. The 
dry powder vaccine was also shown to protect the animals 
against a wild-type strain of the measles virus challenged 
intra-tracheally 16-month post dry powder aerosol immu-
nization as indicated by the negative RT-PCR results per-
formed on the cells from nasal swabs and the high levels of 
T-cell immune response.

The In vitro solid-state characterization and respirable 
fraction analysis for the CAN-BD processed dry powder 
measles virus vaccine employing myo-inositol as the stabil-
ity adding sugar has been reported by Burger et al. [103]. 
The authors reported that using an Aerolizer (Schering, 
Kenilworth, NJ), the cascade impaction studies showed a 
fine particle fraction of 50% (less than 5.8 microns) for the 
dry powder vaccine. The powder vaccine was also shown to 
maintain its moisture content (a key factor in vaccine stabil-
ity and potency) below 0.5% which enabled a shelf-life of 
2 years when stored at 2–8°C with the viral potency main-
tained at 1000 CCID50 even after 2 years.

The In vitro and in vivo (animal studies) results showing 
the positive results for the inhaled dry powder measles vac-
cine reported by Burger et al. [103] and Lin et al. [102] were 
also further reflected in the phase 1 study by Agarkhedkar 
et al. [104] who have reported the safety and efficacy of the 
inhaled dry power measles vaccines in humans. The authors 
showed that the subjects who received the dry powder vac-
cine via the Puffhaler and Solovent not only tolerated the 
vaccine dose with no adverse events (neither viral virulence 
nor neurological risk) but also developed significantly higher 
serum IgG levels compared to the subjects receiving sub-
cutaneous vaccines as measured on days 7, 28, and 84 post 
vaccination. Thus, the dry powder version of measles vac-
cines developed using the CAN-BD technique was shown to 
be effective in producing thermodynamically stable vaccines 
with respirable fractions sufficient enough to elicit protec-
tion against the measles virus both in animals and humans.

Tran et al. [105] have investigated the In vitro proper-
ties of chitosan nanoparticles containing pDNA produced 
using the spray freeze drying technique and reported that the 
dry powders resulted in a sustained release profile of pDNA 
(about 60% cumulative pDNA release over 90 days) with 
fine particle fractions of 20% and MMAD of 1.7 micron suit-
able for lung deposition. Thus, the study by Tran et al. [105] 
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demonstrated the advantage of an inhaled dry powder con-
taining biomolecule that can enable sustained release over 
a long period of time which would fit well into the vaccina-
tion protection expected from a COVID-19 mRNA vaccine 
expected to last for a long time. The pDNA nanoparticles 
were also reported to lose 10–20% of activity after storage at 
4 and 25°C respectively for 3 months indicating that they can 
retain 90% of their activity for a reasonable period without 
requiring ultra-cold storage conditions as required for the 
currently approved mRNA-LNP-COVID-19 vaccines.

Cheow et al. [106] have reported the superiority of 
the spray freeze drying process over traditional spray 
drying to produce dry powders of thermally unstable 
poly(caprolactone) (PCL—melting point 62°C) nanopar-
ticles encapsulating levofloxacin using polyvinyl alcohol 
(PVA) and mannitol as the excipients. This is because typi-
cally spray drying is done at inlet temperatures of around 
100°C to achieve a faster convective drying rate needed to 
obtain low density powders with aerodynamic diameters 
suitable for lung deposition, whereas in spray freeze dry-
ing, the typical temperatures encountered by the actives are 
in the ultra-low range of − 196 to 0°C and conditions are 
maintained below the triple point of water (6 mbar, 0.01°C) 
for production of dry powders. Thus, spray freeze drying 
offers the possibility to manufacture dry powders of bio-
molecules without employing high temperatures, making 
it suitable for thermally unstable molecules. However, the 
use of excipients is important in SFD process as cryo-pro-
tectants, and to facilitate re-dispersion of spray freeze–dried 
nano-aggregates to primary nanoparticles upon coming in 
contact with the lung lining fluid. Although this study did 
not employ a biological entity as the active, the study dem-
onstrated the superiority of spray freeze drying over spray 
drying for formulation of thermally sensitive therapeutics 
as dry powders for inhalation. The authors were able to pro-
duce particles with mean geometric diameters of 18 microns 
smaller than the secondary bronchial diameter with aerody-
namic diameters in the range of 4–5 micron owing to the 
high porosity (result of using mannitol as the excipient) that 
made the particles suitable for lung deposition in spite of 
their large geometric size. The cascade impaction studies 
demonstrated 94% of loaded dose emitted but with a low fine 
particle fraction of 10–14% when tested using a standard-
ized powder entrainment tube (SPET) at 85 l/min flow rate, 
which was attributed to agglomeration of nano-aggregates 
upon aerosolization.

Fiedler et al. [107] have shown that both spray drying 
(inlet 60°C and outlet 29°C) and spray freeze drying can be 
used to produce dry powder versions of three interleukin-8 
based proteins (7–74 kDa) that were shown to be stable 
for up to 12 weeks of storage without the use any adjuvant 
or any specialized excipients. Although the authors have 
reported that there was no alteration in the structural and 

functional integrity of the spray-dried or spray freeze–dried 
interleukins, the geometric diameters of the particles were 
shown to be greater than the range suitable for inhalation 
primarily due to particle agglomeration. Furthermore, the 
study also did not involve any cascade impaction techniques 
to assess the respirable faction of the spray-dried and spray 
freeze–dried powders. The absence of excipients in the for-
mulation and chosen spray atomization flow rate could have 
caused particle agglomeration leading to higher particle 
size distribution. Nevertheless, the study by Fiedler et al. 
[107] demonstrated that spray drying and spray freeze dry-
ing when conducted at optimal conditions can be used for 
production of stable dry powder versions of biomolecules.

Lo et al. [108] have reported that the spray freeze drying 
of bovine serum albumin (BSA) using hydroxypropyl-β-
cyclodextrin (HPβCD) as the stabilizer resulted in spheri-
cal and porous particles and fine particle fractions in the 
range of 50–80% (using Breezhaler®) alongside MMADs 
in the range of 1–2.5 microns. The authors also concluded 
that among the process parameters investigated the atomi-
zation gas flow rate had the maximum effect on the aero-
solization properties of the spray freeze–dried particles 
compared to solute and BSA concentration in the feed 
stock. The study reported that higher atomization flow rates 
resulting in reduced particle size and higher FPF. However, 
the high atomization flow rates were also associated with 
particle aggregation. The study also showed that the spray 
freeze–dried BSA was structurally stable as assessed by 
SDS-PAGE.

Liang et al. [109] have used spray freeze drying to pro-
duce dry powder DNA and siRNA particles using mannitol 
as the bulking agent that resulted in fine particle fractions of 
15–30% (DNA) varying directly as a function of DNA feed 
concentration and about 18% FPF for the siRNA using a low 
resistance Breezhaler device. The spray freeze–dried parti-
cles had the geometric size in the median range of 8–12 µm 
which although relatively large compared to typical inhal-
able particles size range was balanced by the high porosity 
of the particles that enabled 15–30% FPF.

Otake et al. [110] have reported the use of spray freeze 
drying of an aqueous formulation containing multiple hydro-
phobic amino acids using sodium fluorescein as the model 
active. The dry particles obtained were shown to be spheri-
cal with high porosity and geometric mean diameters in the 
range of 5–10 microns. The study by Otaka et al. (2016) also 
showed that particles produced using glycine as the excipi-
ent had the highest geometric particle size and lowest fine 
particle fraction (20%), whereas the L-phenylalanine-based 
particles showed the lowest geometric size but highest fine 
particle fraction (80%). The other amino acid groups used 
in the formulation resulted in FPFs in the range of 40–75%. 
The study also demonstrated that the use of amino acids 
(especially iso-leucine, leucine, and L-phenylalanine) not 
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only improved fine particle fraction but also enabled anti-
hygroscopic properties to the overall bulk of the dry powder 
by resisting moisture ingress for up to 4 weeks.

Milani et al. [111] have investigated the use of hydroxyl-
propyl beta-cyclodextrin (HPβCD) as an adjuvant protein 
stabilizer for the spray freeze drying of IgG antibodies in the 
presence of sugars like trehalose for synergistic protection 
to the protein. The spray freeze–dried particles were shown 
to be spherical and porous with geometric particle size in 
the range of 6–12 microns. The authors showed that the 
aggregation rate and stability of the IgG dry powders were 
dependent on the amount of trehalose and (HPβCD) in the 
stock feed. The most stable IgG spray freeze–dried powders 
were shown to result in a fine particle fraction and emitted 
dose in the range of 48–57% and 90–93% respectively using 
the Cyclohaler®. Thus, irrespective of the relatively larger 
geometric size, the porosity of the spray freeze–dried parti-
cles enabled a sufficiently high fine particle fraction to the 
dry IgG powders. An earlier study from the same research 
group by Pouya et al. [4] showed that the incorporation of 
trehalose: HPβCD was shown to result in the best protection 
to spray freeze–dried IgG particles while at the same time 
sustaining the fine particle fraction at more than 50% using 
the Cyclohaler ®

Liang et al. [112] have reported the use of spray drying 
and spray freeze drying for the production of pH-sensitive 
peptides complexed with DNA (at 10:1 w/w ratio) using 
mannitol as the carrier. The authors reported about 83% 
DNA recovery for spray freeze drying and 76% for spray 
drying and although both drying process did not alter the 
structural integrity of the DNA as indicated by gel retarda-
tion assays, it was seen that both the drying process resulted 
in modification of the original super coiled structure of 
the DNA to the more relaxed form. The spray-dried par-
ticles were smaller with D50 around 1.8 microns but not 
porous and also morphologically different from that of the 
highly porous spray freeze–dried particles that were larger 
(D50 about 10 microns). The FPF for the spray freeze dried 
although nominally higher was found to be almost the same 
as compared to the spray-dried formulation at about 50%. 
The authors also reported that while both spray drying and 
spray freeze drying did not alter the structural and functional 
integrity of the DNA complexes, the spray-dried DNA com-
plexes were shown to result in higher transfection efficiency 
(in A549 cell models) compared to both spray freeze–dried 
and freshly prepared DNA complex. The higher transfection 
efficiency for the spray-dried DNA powders was attributed to 
the possible difference in the cellular mechanism of uptake 
arising as a result of differences in particle morphologies. 
While the presence of mannitol in the formulation was 
shown to result in a dose-dependent increase in transfection 
efficiency owing to its ability to open up cellular channels for 
transport, both the drying process were prone to reduction 

in transfection efficiency when exposed to pulmonary sur-
factant containing broncho-alveolar lavage fluid.

The same group of authors (Liang et al. [113]) have also 
showed in another study the successful use of spray drying 
(inlet and outlet temperatures of 50°C and 34°C) for the 
production of dry powder siRNA electrostatically coupled to 
pH-sensitive peptides like histidine or 2,3-diaminopropionic 
acid and employing mannitol as a bulking agent. The authors 
used the low resistance Aerolizer® and showed that the In 
vitro fine particle fraction was 40% using the next-generation 
impactor operated at 100 l/min for 2.4 s. The particle size 
distribution for the siRNA dry powder complex as meas-
ured by laser diffraction was shown to be in the range of 
1.4 to 1.8 microns (D50) with D90 in the range of 2.7 to 3.5 
microns. The SEM images also showed spherical particles 
with wrinkled surface although no reports were made on 
their porosity. The spray-dried siRNA-peptide complexes 
were also shown In vitro to successfully transfect A549 and 
MDCK cells with both type of transfected cell lines show-
ing significantly higher resistance to lethal influenza viral 
challenge as implicated by more than 10,000-fold reduction 
in viral titers in A549 cells compared to negative controls. 
The authors also reported that the transfection efficiency of 
the siRNA dry powders in the presence of broncho-alveolar 
lavage fluid (BALF) was dependent on the nature of pep-
tide used for forming the complex with the siRNA. Such 
peptide-dependent siRNA transfection efficiency highlighted 
the function of the peptides to form stronger bonds with 
the siRNA necessary to overcome the degradative nature of 
the zwitterionic phospholipids present in BALF. Thus, the 
spray-dried process employed by Liang et al. was shown 
to be capable of producing stable siRNA dry powder suit-
able for inhalation from a low resistance inhaler, with the 
biomolecule’s structural and functional integrity intact. The 
structural and functional integrity of the siRNA was also 
shown to be unaltered by the drying process as indicated by 
the transfection efficiency and reduced influenza viral titers 
48 h post viral challenge.

Chow et al. [114] have reported the use of spray drying 
to make dry powders of siRNA and DNA using mannitol 
as bulking agent and stabilizer along with L-leucine as the 
dispersion enhancer. The inclusion of L-leucine was shown 
to reduce the geometric particle size along with MMAD 
and specifically the formulations containing L-leucine 
and mannitol in 1:1 ratio were reported to result in parti-
cle morphologies more suitable for inhalation compared to 
other groups. The geometric particle size (D50) of spray-
dried DNA particles were shown to vary between 2.2 and 3 
microns while that for spray-dried siRNA particles varied 
between 2 and 8 microns. The inclusion of L-leucine in 1:1 
ratio was shown to result in higher FPF of about 45% for the 
siRNA and about 55–60% for the DNA formulations using 
the Breezhaler®. The gel retardation assay showed that the 
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siRNA integrity was unaltered by the spray drying process 
performed at inlet temperature of 80°C and outlet tempera-
ture of 49–52°C.

Okuda et al. [115] have reported the use of supercritical 
carbon dioxide–based antisolvent precipitation technique to 
prepare dry powder of firefly luciferase gene siRNA which 
was shown to be effective when administered to mice via the 
trachea. Although the supercritical fluid technique resulted 
in long needle shaped particles, the authors have reported 
that the manual grinding of the particles enabled them to 
be suitable for intra-tracheal administration by achieving 
a particle size of 10–20 microns. The supercritical fluid 
technique and the manual grinding were also shown to not 
alter the structural and functional integrity of the siRNA 
as evidenced by gel electrophoresis. The authors have also 
reported that the use of chitosan as an excipient retained the 
siRNA in the lungs and delayed its translocation to other 
organs in the mice indicative of chitosan’s benefit in sus-
taining lung delivered doses of the siRNA. Furthermore, 
the authors have also reported that the molecular weight 
and degree of de-acetylation of chitosan to play an impor-
tant role in the siRNA transfection efficiency. The intra-
tracheally administered siRNA powders were also shown to 
inhibit the luminescence associated with the tumor growth 
induced by colon26/Luc cells in the lungs of the mice to 
a significantly higher degree compared to untreated mice, 
indicative of the successful transfection and gene silencing 
in lung epithelium. However, the study did not report any In 
vitro cascade impaction techniques in order to conclusively 
comment on the lung deposition efficiency, if the particles 
were to be inhaled from a DPI device.

Other studies employing supercritical carbon diox-
ide–based antisolvent precipitation techniques for the 
preparation of inhalable biomolecules have also been 
reported by Todo et al. [116] who have compared the 
supercritical f luid technique to spray drying for the 
preparation of inhalable insulin particles using manni-
tol as the carrier. The In vitro cascade impaction tests 
using the Jethaler (Hitachi Unisia Automotive., Ltd., 
Atsugi., Japan) showed that the use of the supercritical 
fluid–based technique resulted in MMAD in the range 
of 3.2 microns whereas the spray-dried powders showed 
a MMAD of about 4.7 microns. The authors have also 
reported that the supercritical fluid technique resulted 
in higher fine particle fraction (about 48%) compared 
to the spray-dried powders (about 30%) as seen in the 
In vitro cascade impaction tests. Furthermore, the SEM 
images were shown to depict a rectangular morphol-
ogy for the insulin powders produced using the super-
critical fluid technique compared to spherical particles 
obtained from spray drying which might have impor-
tant implications to the inter-particulate packing when 
loaded into the capsule of the DPI device and also while 

emptying from the DPI capsule upon inhalation. The 
study by Todo et al. [116] also reported that the insulin 
powders prepared by supercritical fluid technique were 
superior in their in vivo efficacy to reduce blood glucose 
level following intra-tracheal administration compared 
to the spray-dried counterpart. Thus, the supercritical 
fluid–based technique was shown not to alter the struc-
tural and functional integrity of the insulin even after 
the drying process.

Thus, there are multiple studies that have utilized dif-
ferent types of manufacturing techniques like spray dry-
ing, spray freeze drying, and supercritical fluid–based 
precipitation to produce dry powder version of biomol-
ecules for their targeted delivery to the lungs. Such tech-
niques are applicable to the production of dry powders of 
vaccines suitable for their targeted delivery to the lungs 
via the oral inhalation route. Therefore, the current FDA-
approved COVID-19 vaccines can be reformulated as dry 
powder versions using the commonly used techniques like 
spray drying, spray freeze drying, and supercritical fluid 
technique describe in previously reported studies. In that 
perspective, the following sections of the review will sum-
marize brief description of some of the formulation and 
device-related strategies applicable to the development of 
inhalable dry powder versions of the COVID-19 vaccines 
taking the currently FDA-approved COVID-19 vaccines 
as prototypes. The techniques described in the following 
sections are only hypothetical experimental designs point-
ing in the possible directions any targeted vaccine delivery 
program can take and subject the models to further In vitro 
and in vivo validation as applicable to various stages in 
vaccine development.

Taking the Moderna’s mRNA1273 vaccine as the exam-
ple, we see that the formulation is developed as an aqueous-
based vaccine suspension suitable for intramuscular admin-
istration with water for injection (WFI) as the dispersion 
medium. The LNP-encapsulated mRNA is suspended in 
the pool of WFI along with other dissolved excipients of 
which sucrose constitutes to the maximum weight percent-
age. The main purpose of including sucrose is to act as a 
cryopreservant to protect the LNPs and the mRNA from 
the recommended extremely low storage conditions. How-
ever, such a cryoprotective effect may not be required for 
dry powder version of the mRNA vaccine since extreme 
low temperature storage conditions may not be required to 
maintain the stability of the dry powder dosage forms in 
general, although refrigerated conditions or − 20°C might be 
applicable. Therefore, for the production of dry powder ver-
sion of Moderna’s mRNA1273 COVID-19 vaccine, sucrose 
may not be required as an excipient but rather bulking agents 
like mannitol or lactose can be added to the aqueous phase 
to serve as major excipient carrier particles as is typical of 
dry powder formulations for inhalation. A similar approach 
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can also be taken for the Pfizer BioNTech’s COMIRNATY 
vaccine since it also contains LNP-encapsulated mRNA in 
an aqueous suspension as the basic formulation design with 
high percentage of sucrose as a cryopreservant.

A typical starting point in the pre-formulation step (prior 
to drying process) would be similar to a thin-film evapora-
tion process involving the preparation of aqueous solution 
of the mRNA along with bulking agents like mannitol or 
lactose to make up the aqueous phase. Separately, the lipids 
making up the LNPs could be dissolved in an organic sol-
vent which can later be subjected to evaporation to result 
in a thin lipid film in the container. To this thin lipid film, 
the aqueous phase containing the mRNA and mannitol or 
lactose excipients can be added in a controlled manner to 
form the aqueous suspension of LNP-encapsulated mRNA 
vaccine. Thus, the same encapsulation process used in the 
production of LNP-loaded mRNA vaccine for intramuscular 
administration can be utilized but with lactose or mannitol 
replacing the sucrose. The LNP-mRNA suspension in the 
aqueous base containing the mannitol or lactose can then 
be used as the stock feed solution for spray drying, spray 
freeze drying, or supercritical fluid technique resulting in 
the production of dry powder particles containing the LNP-
encapsulated mRNA vaccine embedded in a solid powder 
matrix of mannitol or lactose similar to the dry powders 
obtained in the earlier mentioned studies.

Inclusion of non-viral vectors like chitosan in the for-
mulation can also be a possible formulation strategy to 
enhance the uptake of the mRNA vaccine and its stability 
as shown by Okamoto et al. [117]. This can be attributed 
to the enhanced cellular uptake processes like endocytosis 
that could specifically target chitosan-tagged molecules 
resulting in their higher uptake. However, the toxicity 
and comparative studies with a negative control in the 
absence of viral vectors can also be used to decide on the 
inclusion of non-viral vectors for enhanced uptake since 
the LNPs themselves might also be subject to endocyto-
sis. The interaction between LNPs and chitosan or other 
non-viral vectors in the formulation might also have to be 
taken into account in deciding whether or not to include 
non-viral vectors in the light of common cellular uptake 
pathways possible for LNPs and non-viral vectors which 
could lead to competitive inhibition of uptake of both 
entities in a non-synergistic type of interaction between 
LNPs and non-viral vectors.

The aqueous formulation containing LNP-encapsulated 
mRNA along with other excipients like mannitol or lactose 
can directly be subject to the spray drying process with the 
inlet and outlet temperatures being optimized as per the ther-
mal stability of the most heat-sensitive component keep-
ing the melting points of the formulation constituents in 
mind. The drying process parameters that can be optimized 
for desirable results could be the concentration of mRNA, 

lipids, and other excipients like mannitol or lactose in the 
stock feed along with instrument parameters like inlet and 
outlet temperature, stock feed rate, and shape of nozzles. 
The drying process and instrument parameters can be opti-
mized as per the solid-state properties of the dry powder 
mRNA-LNP particles and their corresponding melting and 
denaturing temperatures. The dry powder version of the 
mRNA-LNPs can be mainly characterized as per their aero-
dynamic performance using cascade impaction tests to see 
if sufficient quantity of the vaccine can be deposited in the 
lungs enabling required levels of different types of antibod-
ies being secreted in the lungs.

As much as it is important to devise a robust and optimal 
formulation strategy for the production of a dry powder ver-
sion of a COVID-19 vaccine, it is equally important to lay 
out the strategy for the optimal device selection based on 
clinically relevant parameters as applicable to the COVID-
19 patients. This is because the success of any inhalation 
treatment using any pharmaceutical inhaler is well known 
to depend on the intricate relationship between the formu-
lations, device, and patient-related clinical factors that are 
interdependent on each other. Therefore, the choice of the 
dry powder inhaler device to be used for inhalation would 
have to be considered based on the breathing patterns char-
acteristics of COVID-19 patients which could again vary as 
a function of the intensity and stage of the infectious disease. 
A significant percentage of COVID-19 diagnosed patients 
have been reported to present with shortness of breath with 
dyspnea being a common symptom across disease severity 
groups especially in moderate and severe cases. The respira-
tory rates have been reported to be greater than 30 breathes 
per minute characterized by rapid and shallow breathing in 
both moderate and severe COVID-19 cases that can mainly 
be attributed to development of ARDS as the virus infiltrates 
into the alveolar space and also into the respiratory center 
of the brain [118].

Thus, the rapid and shallow breathing characterized by 
higher respiratory rates seen in COVID-19 patients com-
pared to the normal breathing conditions is an important 
clinical factor to take into consideration in the choice of 
a suitable DPI device. As is already known, most of the 
DPIs have an intrinsic resistance that needs to be over-
come by the patient’s inspiratory force so that sufficient 
aerodynamic shear forces can be generated during inha-
lation that is needed for the optimal de-aggregation of 
the active moieties from the carrier particles for optimal 
lung deposition of inhaled therapeutics. Thus, the clini-
cally relevant dyspnea type of breathing factor need to be 
combined with the DPI’s intrinsic resistance value in the 
choice of a DPI for the targeted delivery of the COVID-19 
dry powder vaccines to the lungs. This is because most 
of the current DPI devices have been widely used for the 
treatment of COPD and asthma-related lung disorders 
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whereas the use of DPI for targeting COVID-19 vaccines 
would require the revisiting of the current DPI designs or 
may be even devising newer DPI designs more suitable 
for the peak inspiratory flow rates and inspiratory vol-
umes seen in COVID-19 patients [119, 120]. The ability 
of the COVID-19 patients to generate a rapid and deep 
breathing pattern as required by most of the current DPI 
designs in order to overcome the device resistance would 
thus plays an important role in the targeted delivery of 
dry powder COVID-19 vaccines to the lungs. The various 
studies discussing dry powder particles of biomolecules 
are summarized in Table II.

Conclusion

The major route of SARS-CoV-2 and its variants entry into 
the human body has been well established to be the nasal 
and oral inhalation route with the lungs being the primary 
organs of destruction and major sites of viral proliferation 
leading to cytokine storm–mediated ARDS. Furthermore, 
the very high expression of ACE2s on the mucosal surface 
of the human respiratory tract makes the respiratory tract 
more vulnerable to viral infiltration. Therefore, triggering 
the mucosal immunity via targeted delivery of COVID-19 
vaccines to the lungs can be expected to result in better pro-
phylactic protection from the virus and its variants compared 
to intramuscular administration of the vaccines. The targeted 
delivery of the current FDA-approved LNP-based mRNA 
vaccines from Moderna (mRNA1273) and Pfizer BioNTech 
(COMIRNATY) to the lungs via pMDI- and DPI-based for-
mulations could be important feasible options to explore in 
order to combat emergent strains of the virus. As inferred 
from previously reported studies on inhalable biomolecules, 
the mRNA-LNP-based COVID-19 vaccines might have few 
physico-chemical properties suitable for their formulation 
in HFA propellant–based (pMDI) and as dry powder–based 
(DPI) dosage forms.

The inherent lipid soluble nature of the lipid constitu-
ents of the LNPs in mRNA1273 and COMIRNATY is an 
important physico-chemical property that can enable the 
formulation of the lipids as a solution in the HFA propel-
lant along with the viral mRNA remaining suspended in the 
external pool of lipid-HFA. Previous studies investigating 
the pMDI-HFA-based formulations of biomolecules have 
reported the feasibility of formulating lipids as solutions in 
HFA along with the other hydrophilic biomolecules remain-
ing suspended and well dispersed in the external HFA pool. 
Thus, the pMDI-HFA-based platforms might rely largely on 
the ability of the dosage form to result in the in situ particle 
formation of LNPs encapsulating the mRNA as a result of 
the flash evaporation of the propellant.

For the purpose of dry powder COVID-19 vaccine for-
mulation, the fundamental aqueous nature of the LNP-
mRNA suspension of the mRNA1273 and COMIRNATY 
vaccines can be considered a suitable physico-chemical 
property that can enable them to be used as feed stock 
(starting material) for various drying processes like spray 
drying, spray freeze drying, and supercritical fluid pre-
cipitation techniques without any major formulation mod-
ification. In anticipation of the dry powder versions of the 
vaccines not requiring ultra-low storage temperatures, the 
sucrose in the currently approved intramuscular formula-
tion could be replaced with mannitol or lactose as bulking 
agents that can also serve as carrier particles for the dry 
powder version of the COVID-19 vaccine. Thus, there is 
reasonable evidence from previous studies investigating 
inhalable biomolecules and based on the major inherent 
physico-chemical properties of the current FDA-approved 
intramuscular COVID-19 vaccines to support the feasibil-
ity of developing pMDI and DPI versions of the vaccines. 
While it might also be feasible for the maintenance of 
structural and functional integrity of the mRNA when 
formulated as pMDI and DPI dosage forms, it might be 
important to investigate the maintenance of such struc-
tural and functional integrity of the mRNA vaccine for 
longer periods of time in order to allow sufficient time 
for shipment and storage of the vaccine.

The major clinical challenge in the development of 
pMDI and DPI formulations of the mRNA-1273 and 
COMIRNATY could be encountered in ensuring the 
suitability of the inhaler device for the COVID-19 
patients characterized with ARDS-related rapid and 
shallow breathing. This is because most of the pMDIs 
are generally regarded to require a slow and deep 
breathing (with breathe hold) and the DPIs are known 
to require sufficient inspiratory force to overcome their 
inherent device resistance. The breathing difficul-
ties and increased respiratory rates seen in COVID-19 
patients might present a significant clinical challenge 
in the development of a suitable pMDI and DPI ver-
sions of the COVID-19 vaccines. In that perspective, 
the breath actuated devices might be better suited for the 
targeted delivery of COVID-19 vaccines to the lungs. 
Thus, overall while the formulation of mRNA-1273 and 
COMIRNATY as pMDI and DPI dosage forms might 
be feasible, the success of such an inhaled version of 
the COVID-19 vaccine might ultimately depend on the 
matching of the breathing pattern of COVID-19 patients 
with the inhaler’s breathing requirements. The different 
formulation, device, and clinical strategies involved in 
the development of a nebulizer-based dosage form for 
the COVID-19 vaccines will be covered in part II of the 
review.
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