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ARTICLE INFO ABSTRACT

Keywords: The current world health threat posed by the novel coronavirus disease of 2019 (COVID-19) calls for the urgent
SARS-CoV-2 development of effective therapeutic options. COVID-19 needs daunting routes such as nano-antivirals. Hence,
COVID-19

the role of nanotechnology is very critical in combating this nano-enemy “virus.” Although substantial resources
are under ongoing attention for prevention and care, we would like to start sharing with readers our vision of the
role of inhaled nanomaterials and targeting systems that can play an important role in the fight against the
COVID-19. In this review, we underline the genomic structure of COVID-19, recent modes of virus transmission
with measures to control the infection, pathogenesis, clinical presentation of SARS-CoV-2, and how much the
virus affects the lung. Additionally, the recent therapeutic approaches for managing COVID-19 with emphasis on
the value of nanomaterial-based technical approaches are discussed in this review. This review also focuses on
the safe and efficient delivery of useable targeted therapies using designed nanocarriers. Moreover, the effec-
tiveness and availability of active targeting of certain specific receptors expressed on the coronavirus surfaces via
tailored ligand nanoparticles are manipulated. It was also highlighted in this review the role of inhaled medicines
including antivirals and repurposed drugs for fighting the associated lung disorders and efficiency of developed
vaccines. Moreover, the inhalation delivery safety techniques were also highlighted.

Nanostructure materials
Receptor targeting
Inhalation therapeutics

1. Introduction infecting beta-CoV (SARS-CoV-2) [3-8]. Although COVID-19 has
higher number of cases, the mortality rate is lower than in SARS-CoV
and MERS-CoV [9,10]. Phylogenetic analysis suggests that

SARS-CoV-2 origin is bat-borne because of the 96% genetic similarity;

Late 2019, coronavirus disease-2019 (COVID-19) caused by a novel
coronavirus, which is officially named severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2), has emerged in Wuhan, China.
Then SARS-CoV-2 has spread around the world causing an unprece-
dented public health crisis. As of January 03, 2021, this pandemic has
globally caused around 83,326,479 confirmed cases and 1,831,703
deaths [1]. On March 2020, the World Health Organization (WHO)
declared COVID-19 a pandemic [2].

New mammalian CoVs are now regularly recognized, such as severe
acute respiratory syndrome coronavirus (SARS-CoV) emerged in China
in 2002, Middle East respiratory syndrome coronavirus (MERS-CoV)
emerged in Saudi Arabia in 2012 and the latest emerging human-

however, pangolins may be a potential intermediate that facilitate
spillover to human [10-15].

The inhalation route of drugs is highly recommended for patients
suffering from lung disorders than other administration routes. Drug
delivery to the lungs offers several advantages regarding both local and
systemic delivery. It is suitable for delivering peptides, proteins, large
Mwt compounds [16] minimizing systemic side effects, and localizing
drugs to their specific site of action. In this review, we shed lights on
recent information regarding the coronavirus genomic structure, at-
tempts that should be made to reduce the transmission of the virus,
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pathogenesis, and clinical presentation of COVID-19 virus. Also, we
highlighted the coronavirus and lung, the value of nanomaterial-based
technical approaches in fighting against the virus via the lungs, recent
therapeutics via inhalation and inhalation delivery safety techniques.

2. Coronaviruses

Coronaviruses (CoVs) belong to the Coronaviridae, are large single-
stranded, enveloped positive-sense RNA viruses [9,17,18]. CoVs can
infect humans and animals, where they can multiply in other animals
“intermediate hosts” and acquire a series of mutations to cross-species
and infect humans [19-22].

There are four human CoVs (229E, NL63, OC43, and HKU1) asso-
ciated with mild respiratory tract infections. Importantly, three more
pathogenic beta-CoVs, which are severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus
(MERS-CoV), and the novel severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), resulted in major outbreaks, causing fatal
diseases [5-8,19,23-27].

Late 2002, SARS-CoV emerged from bats in China, causing SARS,
while in late 2012, MERS-CoV emerged in Middle East region [5-8,
24-27]. We are currently in the midst of a global crisis caused by the
novel SARS-CoV-2 [25,28-30]. SARS-CoV-2 is the seventh identified
human CoV (HCoV), which has emerged in Wuhan, Hubei province,
China in December 2019 and it is able to infect humans causing
COVID-19. SARS-CoV-2 is relatively more infectious than SARS- and
MERS-related viruses and it has spread rapidly worldwide. The basic
reproductive rate (Rg) for SARS-CoV-2 is 1.8-3.6 compared with 2-3 for
SARS-CoV and <1 for MERS-CoV [31]. On March 2020, it was declared
by the World Health Organization (WHO) that COVID-19 outbreak is a
global pandemic. The comparative genome analysis suggested that bats,
which are the host of more than 30 different CoVs including SARS-CoV,
MERS-CoV, could be possible natural reservoirs of SARS-CoV-2 due to
the 96% similarity with BAT-CoV-RaTG13 [11,32-35]. The intermedi-
ate hosts of CoVs are unknown however, a probable Pangolin origin of

A- Genomic organization of SARS-CoV-2
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SARS-CoV-2 has been revealed due to the 91.02% and 90.55% similarity
of Pangolin-CoV with SARS-CoV-2 and BAT-CoV-RaTG13, respectively
[36].

The structure of SARS-CoV-2 is similar to the other CoVs structure
(Fig. 1) [30]. SARS-CoV-2 genome (Fig. 1A), which is a single-stranded
positive-sense RNA (around 30 Kb), has approximately 13-15 open
reading frames (ORFs). The genetic arrangement of these open reading
frames is similar to that of SARS-CoV and MERS-CoV [37,38]. These
ORFs are organized as protease and replicase (1a-1b) and the structural
proteins including spike (S), envelope (E), membrane (M), and nucleo-
capsid (N) proteins [13,39-46]. These proteins are very important for
the virus replication, assembly, survival inside the host and pathogenesis
[47-50]. ORFs la and 1b encode polyproteins (ppla and pplab), where
pplabis encoded by the ribosomal frameshift mechanism of the gene 1b.
Sixteen non-structural proteins are encoded from a single ORF (the first
one), however the remaining ORFs located on 3’ end, encode accessory
and structural proteins [43,51]. This novel CoV is officially named
SARS-CoV-2 due to the 79.5% phylogenetic similarity with SARS-CoV
[52].

Spike (S) glycoprotein is the major immunodominant antigen, which
is expressed on the viral surface and composed of three S1-S2 hetero-
dimers that are able to bind the angiotensin-converting enzyme 2
(ACE2) receptor on the host cells (Fig. 2) [44-46,53].

S protein has a significant role in the pathogenesis through binding to
the host cell receptors via its receptor-binding domain (RBD) and
conformational changes of S protein [54,55]. S1 is responsible for
recognition and binding to host cell receptors, then S2 mediates fusion of
the viral envelope with the membranes of host cells. Following binding
to host cell receptors (Fig. 2), the virus enters and releases its genome,
initiating RNA synthesis and protein synthesis for viral assembly [56].
The virus is then transported to the surface and released from the cells by
exocytosis [56]. Despite the several mutations of SARS-CoV-2 S1, the
binding with ACE2 is preserved in humans and some animals [54,57].
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Fig. 2. The replication cycle of SARS-CoV-2 in host cells. (Created with BioRender.com).

3. Mode of transmission of coronaviruses

Several routes of transmission have been reported with this rapidly
spreading SARS-CoV-2. Direct contact and droplet transmission is the
most significant route of transmission. Significant SARS-CoV-2 infection
in indoor environments highlights the potential airborne transmission
due to transport of some small droplets after evaporation of liquid
content of the expired droplets by air viral spread as aerosol droplets
[58-61]. These infected droplets can spread for meters. Detection of
SARS-CoV-2 in fecal and wastewater samples indicates the possibility of
fecal-oral transmission [9,62,63]. Moreover, SARS-CoV-2 could be
transmitted through the conjunctival secretions and tears [64].

4. Pathogenesis and clinical presentation of COVID-19

The pathogenesis of SARS-CoV-2 starts with the viral binding to
ACE2 receptors on host cells. When the virus enters the cell and rapidly
replicates, it triggers strong immune responses associated with a cyto-
kine storm (hypercytokinaemia) due to uncontrolled pro-inflammatory
cytokines release [65-70]. This cytokine storm may be the reason
behind ARDS and the multi-organs dysfunction and damage [68]. The
wide distribution of ACE2 receptors on human cells such as in lung,
kidney, heart, and liver may contribute to the different clinical mani-
festations and also explain the multi-organ dysfunction [34,68,69,
71-74]. Diffuse pulmonary intravascular coagulopathy resulted from
extensive alveolar and interstitial inflammation [75,76].

The clinical spectrum of COVID-19 varies from asymptomatic to
multi-organ manifestations. The common symptoms of COVID-19
include fever, cough, sore throat, muscle or body aches, conjunctivitis,

headache, slight dyspnea and loss of taste or smell. Diarrhoea, nausea
and vomiting have been also reported [73,77]. The severe COVID-19
patients suffer from acute respiratory distress syndrome (ARDS), respi-
ratory failure and may suffer from failure of other organs, requiring
intensive care [52,70,78]. Because we are still in the midst of COVID-19
pandemic, it is too early to estimate the mortality rate compared to the
previous SARS-CoV and MERS-CoV outbreaks, which were associated
with 10% and 35% mortality, respectively [9,10].

5. Coronaviruses and lung

Most of human body is attacked by CoVs, especially the respiratory
tract, where the lungs are considered as the biggest target. HCoV-229E
and HCoV-0OC43 infect respiratory tract causing common cold [79,80].
HCoV-NL63 and HCoV-HKU1 are accompanied with mild upper respi-
ratory tract infections, bronchiolitis and pneumonia [81-84]. However,
SARS-CoVs, MERS-CoVs and SARS-CoVs-2 emerged from wildlife,
causing global outbreaks due to severe respiratory tract infections. The
human CoVs enter the body mainly through the nose or mouth- and
infect cells that line the respiratory tract from the nose down into lungs.
The lungs of SARS-CoV-2 infected people are well studied to understand
the mechanisms of corona viral pathogenesis in the lungs. Several
changes have been reported in infected patients such as an increase in
the weight of lungs, consolidation, gray-white viscous fluids, white
mucous, edema, and presence of pink froth in the airways with
dark-colored hemorrhage [85,86]. Additionally, it was found that there
are giant pneumocytes, intra-alveolar fibrin accumulation surrounded
by fibroblasts, viruses inside pneumocytes, hyaline membrane forma-
tion, infiltration of neutrophils, lymphocytes and macrophages into the
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alveoli, and lymphocytic inflammation [87-90]. Further, cytoplasmic
vacuolization in the pulmonary arteries, pulmonary microangiopathy
and small vessel thrombosis were observed [87,88]. The diffuse alveolar
damage is commonly reported with SARS-CoV-2 patients.

Alveolar epithelial cells have an essential role in the initiation and
regulation of local immune responses to viral infections in the alveoli.
Interactions of CoVs with alveolar epithelial cells mediate the immune
response in lungs to fight infected cells. Macrophages present the corona
viral antigen to T cells producing chemokines and cytokines, resulting in
cytokine storm associated with disease severity [91]. The inflammatory
cytokines include interleukins (IL-1f, IL-6, IL-12, IL-18, IL-33), IFN-qa,
IFN-y and tumor necrosis factor (TNF-a) and chemokines, particularly
CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10. Due to immune reaction
and release of inflammatory molecules, lungs swell and air spaces filled
with fluid, protein and dead cells that end with inability for the lung to
adequately oxygenate the blood. Based on severity, damage to lungs
may last for a lifetime with varying levels of breathing impairments.
Cytokine storm is considered the main cause of acute respiratory distress
syndrome (ARDS), causing lung damage. The increased production of
proinflammatory factors is related to hypercoagulation and dissemi-
nated intravascular coagulation. Some studies revealed that SARS-CoV-2
was found to negatively affect the antigen presentation via down regu-
lation of MHC class I and II molecules, resulting in impediment of T
cell-mediated immune response [92].

Up to date, the complete eradication of pneumonia associated with
COVID-19 is difficult. The treatment is mainly supportive such as using
ventilators to help lungs maintaining high oxygen levels. Because all the
observations indicate that exudative inflammation happens in early to
late stages of COVID-19 pneumonia, the addition of potent anti-
inflammatory agents to the antiviral therapy is also helpful to support
some cases.

6. Therapeutic approaches

Due to a lack of safe and effective vaccines from the beginning of
pandemic to a relatively the beginning of 2021, only preventive mea-
sures are applied for COVID-19 infected persons [4,30]. There is an
urgent need to develop an effective vaccine and specific treatment to
overcome the current COVID-19 pandemic and the future CoVs muta-
tions. Since the emergence of SARS-CoV-2 several institutions and
companies are working on developing effective therapy against
COVID-19 [93,94]). Some of promising vaccine candidates have been
moved to the clinical phase such as mRNA-1273 (NCT04405076) [95],
PiCoVacc (NCT04456595), Ad5-nCoV (NCT04313127) [96], INO-4800
(NCT04447781) [97] and LV-SMENP-DC (NCT04299724).

Some previous vaccines have been designed to be administered via
inhalation route [98-100]. Inhaled vaccines are either deposited in the
alveoli (alveolar vaccination) or deposited in the upper airways (bron-
chial vaccination). Local vaccination in the airways has the ability to
protect against bronchopulmonary infections [101]. When the vaccine
inhaled, it covers large area (140 m? after alveolar application and 1 m?
after bronchial application) [39]. These vaccines showed equal or better
induction of humoral immunity compared to the invasive routes such as
subcutaneous or intramuscular administration [98,99].

7. Nanomaterials and COVID-19

Nanomaterials (NPs) are applicable tools in medicine to target spe-
cific cells with specific medical use. NPs can be used in drug delivery by
controlling the size and surface structures. NPs can be used as smart
systems for antiviral activity by coating, enclosing, overlay the drugs
and imaging agents [102,103]. Hsu et al. [104], prepared a novel
berberine NPs containing heparin and berberine coated with linear
polyethyleneimine (LPEI) for antiviral activity. Berberine (BBR) is a
famous Chinese herbal isoquinoline alkaloid with multiple biological
consequences: antivirals, antimicrobials, antidiarrheal, and antitumor
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activities. Joshi et al. [105], studied the chloroquine conjugated gold
NPs for antiviral activities. The chloroquine-conjugated gold NPs were
bound efficiently with bovine serum albumin which have antiviral ac-
tivity. It was reported by Figueroa et al. [106], that NPs coated
angiotensin-converting enzyme can target viruses. The expression of the
receptor on the surface of viruses can confirm the NPs uptake due to
endocytosis. Itani et al. [107], formulated theranostic NPs for delivering
anticoagulants, vaccines, siRNA, and peptides to target infection sites
affected by COVID-19. They proposed NPs as intranasal delivery against
viral pulmonary diseases. The theranostic NPs have three broad cate-
gories: a) organic, such as liposome, polymeric nanoparticles, and
dendrimer. b) Inorganic such as gold, silver, quantum dots, iron nano-
particles, c) virus-like or self-assembling protein nanoparticles [108].

Aydemir et al. [109], reported that NPs could be used as
self-protection to stop the spread of the virus worldwide. Thus, devel-
oping self-protection tools including mask, gloves and clothes-based NPs
can stop the spread of the COVID-19. Also, can be kinds of nose filters,
chewing gums, dresses, filters and gloves, which may block viruses
before arriving into the host cells. Leung et al. [110], developed air
filters (e.g., breather, face mask, ventilator, medical breathing filter/-
system) with 90% capture on 100 nm COVID-19 airborne with a drop in
pressure of less than 30 Pa (3.1 mm water). The test filter is arranged in
2, 4, and 6 stacking multiple modules with loaded PVDF nanofibers
(mean diameter 525 + 191 nm) at each module’s level. This design
decreased the electrical weakness of the nearby charged nanofibers and
reduced the filter’s flow resistance. The electrostatic effect gives an extra
100-180% performance with an ambient aerosol with droplet size more
than 80 nm, which can be applied to the smallest size of COVID-19 virus
if such filter modules are used.

Woon Fong Leung et al. [111], have examined the development of
new technologies charged with PVDF nanofibers, with a target at 100
nm to catch the deadly airborne coronavirus effectively. Airbodies of
sodium chloride 50-500 nm created from submicron aerosol generators
simulated the virus and its attached particles. PVDF nanofibers were
manufactured with fiber diameters of 84, 191, 349 and 525 nm with
brilliant morphology. Chan et al. [112], reported that the basic nano-bio
interaction studies could be customized to recognize how SARS-CoV-2
infects their cells (e.g., SARS-CoV-2 is 60-140 nm and interact with
ACE2) that can resulted in new therapies and design.

As SARS-COV-2 expresses the angiotensin-converting enzyme 2
(ACE2) on its surface, NPs can be conjugated with ligands to target the
virus’s receptors. These ligands can be peptides, antibodies, or hor-
mones [113,114]. This kind of conjugation might be helpful for the
destruction of such viruses as COVID-19 [115]. The possible uses of
anticoagulation in COVID-19 could be of attention, such as anticoagu-
lants heparin can be conjugated to NPs potentially as anti-viral activities
against COVID-19 [116]. Moreover, NPs can transport anticoagulants to
specific cells which offer controlled-release therapy [108]. These anti-
coagulant drugs can be inhaled, absorbed through the skin transdermal,
and or injected. This kind of delivery is considered smart targeting
through nanocarriers such as (polymeric micelles, liposomes, and
hydrogels). Also, some inorganic nanostructured such as (quantum dots,
gold and silica nanoparticles) can transport the anticoagulant on its
surfaces [117]. Lembo et al. [118], established heparin nanostructured
based on the self-association of (O-palmitoyl-heparin and a-cyclodex-
trin) in aqueous medium for antiviral activities against herpes simplex
viruses, respiratory syncytial virus, and human papilloma virus. The
O-palmitoyl-heparin and a-cyclodextrin based heparin
Nano-assemblages has been shown to have antiviral efficacy against
herpes simplex viruses of form 1 and 2 (HSV 1 and HSV 2), human
papillomavirus 16 (HVP- 16), and respiratory syncytia viruses (SRV).
Effective drug binding studies showed that AuNPs bound in Subdomain
ITA of BSA at a warfarin binding site I, and were further followed by
fluorescence tester steps Trp212 [105] (Fig. 3).

Vaccines are a helpful tool in stopping disease by boosting the im-
mune system against the infected pathogen. There are many types of
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vaccine being estimated which is a messenger RNA (lipid nanoparticle-
mRNA) vaccine based on the previous studies of SARS-CoV and the
Middle East Respiratory Disorder (MERS) [112]. The vaccine conjugated
NPs aim to instruct the immune system with more defense than that of
the vaccine only, which is sometimes more potent than what would be
delivered through natural infection and occurs with fewer health sig-
nificances (Fig. 4).

Liposomal nanoparticles (LNPs) formulation can be established in
nanotechnology to deliver vaccines, RNA/DNA, and antibodies to reach
the target. LNPs can be produced with outer cationic membranes to
enable cell entry of COVID-19 [116]. Nevertheless, solid LNPs have
some significant drawbacks, including cell toxicity, stimulate systemic
cytokines releasing, possible liver and spleen-accumulation, leading to
hepato-toxicity. In addition, low hydrophilic molecular drug payloads,
and their rapid clearance via the reticuloendothelial system (RS) as a
major clearing route. The challenge is to deliver enough nucleic acid to
the cells without any unwanted side effects. This degree of output
variability has prompted scientists to explore alternatives to LNPs [119].
To facilitate the production of cancer and viral vaccines based on
mRNAs and pDNA, N4 Pharma developed a new silica nanoparticle
technology to deliver vaccines and medicines. The original technology
was created as a nanosilica system to provide a hepatitis B-vaccine that
reduces the number of dosage levels per day from three to one. It was
licensed by researchers in Australia at Queensland University (UQ).
Nanosilica can be functionalized with polyethylene (PEI) to protect
nucleic acids (such as mRNA/pDNA) from nuclease enzymes as they
travel to the cells. Inside the cell, the DNA/RNA is released and results in
a foreign/target protein synthesis that activates the immune system,
leading to both a cellular and a humoral immune response [116]
(Fig. 4).
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8. The recent nano-formulation COVID-19 vaccines

In November 2020, BioNtech & Pfizer released the final findings of
the COVID-19 vaccine clinical trial phase 3 [120]. Even Moderna had
recently released a positive test from their phase 3 clinical trials [121].
The effectiveness is claimed to be in the range of 95.0% & 94.5% for
BioNtech & Pfizer, and Moderna vaccines; respectively. BNT162b2, a
small German start-up vaccine and mRNA-1273, Cambridge-based
biotech, developed in cooperation with the National Institutes of Health
to be the first approved prophylactic courses vaccines against
SARS-CoV-2 infection. The Pfizer-BioNTech COVID-19 Vaccine contains
30 mcg of a nucleoside-modified messenger RNA (modRNA) encoding
the viral spike (S) glycoprotein of SARS-CoV-2 formulated in lipid
nanoparticles [122]. Moderna COVID-19 Vaccine includes 100 mcg of a
nucleoside-modified messenger RNA encoding the viral spike (S)
glycoprotein of SARS-CoV-2 prepared in the form of lipid nanoparticles
[123]. These new RNA vaccines introduce viral proteins into the body
using nanotechnology platforms [124]. The ingredients of Pfizer vaccine
are: lipids (430 mcg (4-hydroxybutyl)a zanediyl)bis(hexane-6,1-diyl)bis
(2-hexyldecanoate), 50 mcg 2[(polyethylene glycol)-2000]-N,N-dite-
tradecylacetamide, 90 mcg 1,2-distearoyl-sn-glycero-3 -phosphocho-
line, and 200 mcg cholesterol), 10 mcg potassium chloride, 10 mcg
monobasic potassium phosphate, 360 mcg sodium chloride, 70 mcg
dibasic sodium phosphate dihydrate, and 6000 mcg sucrose. While
Moderna stated the materials without quantities, they used lipids
(SM-102; 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000 [P EG2000-DMG]; cholesterol; 1,2-distearoyl-sn-glycero-
3-phosphoocholine [DSP C]), and tromethamine [125].

However, mRNA requires a carrier to safely be carried over the
plasma membrane and enter the cytosol. Lipid nanoparticles are often
used for many mRNA-based therapeutics, including BNT162b2 and
mRNA-1273. mRNA is loaded in positively-charged lipids, which ren-
ders it responsive to RNase-mediated degradation and forms various
sized particles. When the liposomes are within the cell, they induce a
molecular trigger to turn on an innate immune response [126,127].
Many examples of the vaccines are currently being developed for
SARS-CoV-2, which are under further clinical trials, can be found in the
following literature [127]. BNT162b2 and mRNA-1273 would not be the
first nano-formulations approved for human use. If successful, it will be
a highly impactful implementation of nanomedicine at a global scale,
with a wide-ranging audience.

Researchers developed a SARS-CoV NPs vaccine of blends SARS-CoV
S-protein with matrix-M1 adjuvant. These formulations appeared
healthy, and the adjuvant-based vaccine displayed ~100 times higher
geometric mean fold IgG increases than those without adjuvant [128].
The developed RNA vaccines to treat COVID-19 will be provided by
intramuscular route. Several developers embrace the LNP-based solu-
tion for distributing mRNA vaccines, while DNA vaccines will be sup-
ported by electroporation or needle-free injectors to enhance gene
transfection [129].

9. Inhalation therapeutics for COVID-19

So far, the inhalation route of drugs is highly considered for patients
suffering from lung disorders compared with other routes. Drug delivery
to the lungs offers several advantages regarding both local and systemic
delivery as well as it is suitable for delivery of peptide, proteins, and
large Molecular weight compounds [16]. From the vaccine point of
view, vaccination via the lungs has a significant attention, especially in
case of COVID-19 where the virus residence in the lung as well as higher
antigen stability if delivered as dry powder inhaled [16,130]. Moreover,
delivery of vaccine via the lungs showed to be effective and safe
non-injectable strategy. The aerosolized measles vaccine eliminated
morbidity and mortality in young children and decrease the severity of
associated pneumonia [131]. Therapeutic materials delivered to the
lungs proved highly effective and showed low toxicity with a high local
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concentration at the desired site of action in the respiratory system.
Hence, minimized systemic side effects were observed due to lower
systemic exposure. In the market, there are many approved inhaled
medications for lung disorders e.g., inhaled ribavirin for respiratory
syncytial virus infection [132], zanamivir used for influenza [133], in
addition, different chronic disorders which treated successfully via
inhalation like cystic fibrosis, asthma, COPD and pulmonary hyperten-
sion [134].

Lung pneumonia and other acute respiratory tract disorders are
associated with SARS-COV-2 patients with high incidence [135]. Bac-
terial invasion and colonization in the lungs need effective and abrupt
treatment. Different strategies have been developed for effective lung
pneumonia management. Antibacterial, antiviral [136], and steroidal
drugs, pneumococcal vaccine [137] are almost extensively used to
control pneumonia and decrease severe cases progression.

Ciclesonide, steroid compound, used via inhalation for the treatment
of bronchial asthma and control other inflammations associated with
bronchial tract [138]. Other systemic steroids were also considered such
as hydrocortisone, methylprednisolone, dexamethasone, while inhaled
ciclesonide is still superior for rapid control of symptoms and lowering
the incidence of severing disease progression. It has also shown a proven
strong antiviral activity against SRAS-COV-2 [139]. Inhaled ciclesonide
is sufficient to control inflammation associated with SRAS-COV-2. Virus
replicates in the alveolar region during its entry to the lungs, causing
lung damage and local inflammation as pointed earlier.

Iwabuchi et al. [138], studied the effect of the inhaled ciclesonide for
COVID-19 pneumonia and reported the presence of the steroid in the
lungs for a relatively long time to control the local inflammation as well
as inhibiting the virus proliferation via its antiviral activity. Another
recent study proposed by Wang et al., who demonstrated the repur-
posing of furosemide, loop diuretics, as an effective small molecule
therapeutics against COVID-19 [140]. Authors revealed that inhaled
furosemide can decreases the level of lipopolysaccharide-induced pro-
duction of pro-inflammatory cytokines. They also proved that furose-
mide is a potent inhibitor of IL-6 and TNF-alpha release.

WuY etal. [12], have demonstrated the effect of inhaled freeze-dried
plasminogen. The idea based on patients with COVID-19 show typical
signs of acute respiratory distress syndrome with the formation of a
hyaline membrane composed of fibrin and ground-glass opacity. Au-
thors have proved the effect of plasminogen for fibrin degradation. Their
study delineates the improvement in 5 clinically moderate cases after
inhalation of plasminogen as demonstrated from the lower range and
density of ground-glass opacity. In addition, oxygen saturations were
improved in 6 clinically severe cases. Finally, they concluded that
inhaled plasminogen may be effective in treating lung lesions and
hypoxemia observed with COVID-19 infection.

Kavanagh et al. [141], studied the effect of inhaled hydroxy-
chloroquine to improve efficacy and reduce its harmful effect on the
heart as a pursuable treatment of COVID-19 [95]. It was found that in
vitro levels of hydroxychloroquine were effective as an antiviral in
alveolar cells [142]. Authors advocate that early inhalation of a small
dose of aerosolized hydroxychloroquine was effective in early treatment
or prophylaxis of COVID-19 than oral drug delivery.

Ameratunga et al., have investigated the potential of inhalation of
modified angiotensin-converting enzyme 2 (ACE2) as a decoy to miti-
gate SARS-CoV-2 infection. Authors hypothesized the production of
modified recombinant soluble human ACE2 molecules, shACE2, which
is similar to that present in the surface of respiratory mucosa. After
inhalation of these modified molecules, the virus will bind to these
decoy receptors [143,144]. This modified molecule has a high affinity
for SARS-CoV-2 spike (S) glycoprotein and block SARS-CoV virus from
infecting cells in culture [145]. shACE2 was delivered via Respimat®
inhaler to newly diagnosed infected patients via the lungs. Respimat is
an ideal delivery device than nebulizers and dry powder inhalers as it
induces lower shear stress which dislikes denaturing protein [144].
Finally, they prove that the binding of SARS-CoV-2 to the modified
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inhaled shACE2 could alter the trajectory of the infection, delaying the
destruction of pulmonary epithelium and allowing appropriate protec-
tive immune responses against the virus.

Zachar O et al. [146], studied the effect of inhaled silver nano-
particles novel formulation for COVID-19 treatment. Authors have
evaluated the potential anti-microbial colloidal silver formulations
delivered via inhalation to minimize the aggravation of respiratory
system infections associated with COVID-19. Both antibacterial and
antiviral effects were investigated. Results showed that a minimal IC
would require silver nanoparticle treatment deposition of 11 pg which
comes about from inhalation of about 33 pg of silver aerosol (since only
about 30% of inhalation get deposited). If treatment is performed 3
times daily, it translates into a daily deposition of about 33 pg and
aerosol inhalation of 100 pg. Similarly, like the antibiotic’s regimens,
author recommended 3x IC dosage, amounting to daily deposition of
about 100 pg and aerosol inhalation of 300 pg, taken over 5 days. Ac-
cording to the safety information for silver dosage regimen, the pro-
posed formulations can be effective for preventing and treatment of any
respiratory  viral infections at early stages, including
COVID-19/SARS-CoV-2.

In another investigation performed by van Haren et al. [147], they
tried to administer unfractionated heparin via nebulizers. They built
their study upon investigation of patients with SARS-CoV-2 have sig-
nificant high levels of inflammatory cytokines in their plasma and
broncho-alveolar lavage fluid and significant coagulopathy resulted
from diffuse alveolar damage and extensive pulmonary coagulation.
Unfractionated heparin has anti-inflammatory activity, mucolytic, and
antiviral activity. It inactivates SARS-CoV-2 virus and prevent its entry
to the mammalian cells. Authors revealed that inhaled unfractionated
heparin improve patient’s outcome, reduce pulmonary dead space,
microvascular thrombosis and clinical deterioration.

Pindiprolu et al. [148], justified the performance of salinomycin as
an effective antiviral agent against SARS-CoV-2 through formation of a
nanostructured lipid delivery system followed by pulmonary inhalation.
Nanostructured lipid is biocompatible for pulmonary delivery, easily
aerosolized into fine droplets with optimal aerodynamic particle size
distribution. Also, they impart a sustained released performance due to
their prolonged adhesion to the lung epithelium [149-151].

Recently, a group of researchers at the University of Texas at Austin
succeeded in developing a dry powder inhalation of remdesivir, abroad
spectrum antiviral agent, for non-hospitalized COVID-19 patients. Re-
searchers said that the developed new formulation produced using the
thin film freezing technology could deliver a low drug dose that tackles
the disease in its early stages and targets COVID-19 directly in the lungs
[152].

10. Inhaled nasal spray vaccine for COVID-19

No doubt, the vaccine delivery via the intra-nasal route is considered
a promising approach. Inhaled nasal spray offers numerous advantages
compared with conventional routes like oral one. It demonstrates
excellent safety and enhanced convenience as well as elicit both sys-
temic and local immune response [153]. The induced mucosal response
comes from the high network lymphatic tissues associated with nasal
epithelium. It was reported that vaccine delivered via the nasal route
induce both serum IgG and mucosal IgA which useful for enhanced
vaccine efficiency [154,155]. Moreover, nasal vaccine can induce
cross-protection via formation of cross-reactive antibodies [156].
Furthermore, vaccines delivered via spraying into the nose do not
require needles, may not needs to be stored and shipped at low tem-
perature and can also reduce the need for health staff to administer them
[157]. Intra-nasal vaccine is an alternative pathway to control
COVID-19 as the first line barrier for virus is the nasal mucosa before
virus dissemination into other organs. Rodney G King et al., pointed out
that a single dose intranasal delivery of adenovirus type 5 vectored
vaccine encoding the receptor-binding domain of SARS-CoV-2 spike
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protein elicits both systemic and immune response against SARS-CoV-2
in laboratory mice. Authors revealed that such high response was
attributed to the induction of mucosal IgA, serum neutralizing anti-
bodies, and CD4" and CD8" T cells with a Th1-like cytokine expression
profile [158]. Researchers from Oxford University and Imperial College
London have succeeded to develop vaccine against COVID-19 and tried
its inhalation to demonstrate its response in the respiratory tract [159].
Scientists in both sides said that the delivery via the inhalation route is
expected to give more immune response and be safer than the intra-
muscular route. It can also induce immune responses in the target place
to enable a rapid response after exposure to an airborne virus. Other
researchers funded from NIHR and UK research and innovation have
tried the safety and effectiveness of delivering the CoV developed by
Oxford University and Imperial College by inhalation directly through
the respiratory tract [160]. Dr. Chiu, a group leader, said; it was proved
that influenza virus vaccines succeeded to induce a significant immune
response when administered via the nasal route and can protect people
from flu as well as decrease the possibility of virus transmission. And so,
we are hoping to get similar results with COVID-19 virus if inhaled.

Michael S. Diamond and co-workers have demonstrated a single
intranasal dose of a chimpanzee adenovirus-vectored vaccine encoding a
perfusion stabilized spike protein (ChAd-SARS-CoV-2-S). This formula-
tion can induces high levels of neutralizing antibodies, promotes sys-
temic and mucosal immunoglobulin A (IgA) and T cell responses, and
almost entirely prevents SARS-CoV-2 infection in both the upper and
lower respiratory tracts [161]. Authors delineate that intranasal
administration of ChAd-SARS-CoV-2-S is a candidate for preventing
SARS-CoV-2 infection and transmission and curtailing pandemic spread.

A phase I clinical trial test for the intra-nasal COVID-19 vaccine spray
test has received approval in China [162]. The intra-nasal spray consists
of weakened flu viruses such as HIN1, H3N2, and B with genetic seg-
ments of COVID-19’s Spike (S) protein, mimics the infection of respi-
ratory viruses and can stimulates the immune response. This clinical
trial has begun in last November 2020, enroll 100 patients and will take
at least a year to complete. Scotty Chung-Siu, Senior Analyst at Global-
Data, commented, “The spray vaccine should be easier to mass-produce
and distribute because it will utilize the same production technology as
the influenza vaccine. Furthermore, there are currently five vaccines in
development for COVID-19 with intra-nasal route of administration, all
of which contain the COVID-19’s S protein in their formulations".

11. Inhalation delivery safety techniques

It is also crucial to emphasize on the different techniques used for
COVID-19 patients to deliver drugs via the inhalation route. Sometimes
failure during the aerosolization therapy could worsen the condition and
participates in more spreading of virus [163]. Different practical stra-
tegies have been investigated and pointed out for aerosol drug delivery
to mild, moderate and severe patients with COVID-19 [163]. In mild
cases, it was advised to use pressurized metred dose inhaler, pMDIs, or
dry powder inhalers, DPIs, instead of nebulizers; however, if the patient
has an acute respiratory failure, a nebulizer can be used. It is also
preferable to deliver aerosol therapy in a negative pressure room with all
protective cloth, masks, and equipment. In moderate cases, the high
flow nasal cannula is preferred for aerosol drug delivery for patients
suffering from asthma and COPD [164-166]. Rooms should also be
operated under negative pressure and all protective equipment and
gowning should be operated and worn as well. In severe cases, in which
patients under ventilation support, they could receive any aerosol
therapy using the jet mesh nebulizer which did not affect the ventilation
circuit, thus preventing virus spreading [167]. It is also preferable to
place the mesh nebulizer before the humidifier which could improve the
efficiency of the treatment and reduce any possible contamination from
the patients [168-170]. In addition, do not combine aerosol therapy
with pulmonary clearance techniques such as chest physical therapy
[163]. Galindo-Filho VC et al. [163], performed a study to compare the
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effect between vibrating mesh nebulizers and jet nebulizer for optimal
drug deposition in COPD patients with COVID-19. It was found that
vibrating mesh nebulizer deposited three folds more drug into the lungs
than jet nebulizer for patients with moderate to severe COPD.

Infection control during aerosol therapy is an issue hence exposure to
the exhaled aerosol during aerosol treatment among health care pro-
fessionals is a matter of concern in COVID-19 pandemic. It was inves-
tigated that exposure to virus and poor adherence to the infection
control procedure could aggravate occupationally acquired infection
[171,172]. Therefore, the measures taken to reduce the possibilities of
infection must be strictly followed. The contact distance should not be
less than 2 m. Hui et al., identified the dispersion distances mainly
depending on the aerosol-generating procedure and intervention [173,
174]. Patients with COVID-19 or suspected persons should always be
worn protective masks. In addition, all health care professionals should
wear protective equipment e.g., face mask, aprons and frequent hand
hygiene, double gloving, surgical respirators type N-95 or FFP-2 all-time
[175].

During our hard time of COVID-19 era, the preventive measures that
must be followed to decrease the virus transmission during inhalation
therapy did not have a specific frame with determined guidelines. So,
measures for aerosol device evaluation for contamination, possibility of
transmission of virus and procedure for safe used of each aerosol device
is essential during the era of COVID-19. It is also essential to have
research studies point out the evidence of safety of different aerosol
devices used by patients with COVID-19 and the respective risks of
inhaler contamination and transmission of virus.

Different devices used for inhalation therapy e.g., pMDIs, DPIs,
nebulizers and soft-mist inhalers which are commonly used for different
lung infections management. Each device has its advantages and limi-
tations, as well as capacity to deliver the required dose to the patient.
Amongst inhalers, the soft mist inhaler showed the lowest contamina-
tion as well as viral transmission during device preparation and treat-
ment while they needs some patients training for effective hand-breath
coordination [176]. In comparison to the dry powder inhaler, irre-
spective of being not expensive and does not require coordination be-
tween breathing and activation, but it is highly restricted with
COVID-19 patients due to its high rate of viral transmission, especially
during coughing and lung irritation [177]. On the other hand, nebulizers
still have controversial issues about their safety uses with COVID-19
patients and their risks for virus transmission [178]. It was also
proven that pMDIs has a low risk than other medical aerosol devices as it
generates lower emitted dose, drug is enclosed in canister and short time
for treatment [178-180]. Risks associated with aerosol therapy
regarding virus transmission could be decreased by taking specific
procedures as pointed by Fank et al., 2020 [179].

Finally, it is very important to point out the efficacy of proposed
treatment of COVID-19 via the lungs compared with other routes. The
international society of aerosol medicine considered the urgent need for
rapid development of inhaled therapies for COVID-19. Hence, the res-
piratory tract considered the location of initial infection and the route of
disease progression [181].

12. Conclusion

No doubt the nanotechnology has the most effective tools for
developing effective treatment and vaccination for generally respiratory
tract disorders and specifically for COVID-19. Searching for suitable
nano-carrier for delivering therapeutics and repurposed drugs is also
essential for effective management of SARS-CoV-2. Scientists struggled
to find alternative approaches for advanced nanomaterials as an excel-
lent potential usage in COVID-19. In addition, the designing of novel
nano-carrier based vaccine is vital for clinical success. The nanoparticles
can be conjugated with an active ligand such as anticoagulants, and
vaccines for stopping disease by boosting the immune system against the
infected pathogen. The conjugated NPs with more amount of defense
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than that of vaccine or drug itself only, which is sometimes stronger than
what would be delivered through natural infection and occurs.

Inhalation strategy for controlling the respiratory disorders generally
and SARS-CoV-2 specifically is the main target now as announced from
the International Society of Aerosol Medicine. Different investigated
materials like steroids, plasminogen, hydroxychloroquine, heparin and
ACE2 showed excellent candidates to be utilized for treatment of SARS-
CoV-2 associated disorders when administered via inhalation. It is also
worthy to mention that different devices used to deliver medications to
the lungs need strict precautions when used with COVID-19 patients to
decrease the potential of their contamination and virus transmission.
Not only the aerosol devices, but also all the staff and patients must
follow the precautions to minimize virus transmission. More than dozens
of vaccines being under study for phase II trials after exceeding phase I
to find suitable vaccine for tackling this outbreak. BioNtech and Pfizer
succeeded to develop vaccines based on mRNA encoding viral S glyco-
protein. This vaccine showed an outstanding effectiveness and now they
are produced extensively to vaccinate people all over the world. De-
livery of vaccine via the nasal route gets much more attention as it is
expected to give more immune response and be safer compared with
intramuscular route. Intranasal administration of ChAd-SARS-CoV-2-S
vaccine is a candidate for preventing SARS-CoV-2 infection and trans-
mission and curtailing pandemic spread. Also, it is almost five vaccines
in China are under development for COVID-19 with intranasal routes of
administration, all of which contain the COVID-19 (S) protein in their
formulations. It will be recommended to deliver vaccine via the lungs as
it is the primary place for virus attack and spreading. Moreover, it is
imperative to find new paths to manage the health care risks associated
with SARS-CoV-2 and further investigation of novel inhaled medication
delivery for any future respiratory pathogens.
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