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A B S T R A C T

The recent corona virus disease (COVID-19) outbreak has claimed the lives of many around the world and
highlighted an urgent need for experimental strategies to prevent, treat and eradicate the virus. COVID-19, an
infectious disease caused by a novel corona virus and no approved specific treatment is available yet. A vast
number of promising antiviral treatments involving nanotechnology are currently under investigation to aid in
the development of COVID-19 drug delivery. The prospective treatment options integrating the ever-expanding
field of nanotechnology have been compiled, with the objective to show that these can be potentially developed
for COVID-19 treatment. This review summarized the current state of knowledge, research priorities regarding
the pandemic and post COVID-19. We also focus on the possible nanotechnology approaches that have proven to
be successful against other viruses and the research agenda to combat COVID-19.

1. Introduction

In December 2019, the World Health Organization (WHO) was in-
formed about the pneumonia case of unknown cause, detected in the
seafood market of Wuhan city in Hubei province, China. The cause was
identified as novel coronavirus (n-CoV) based on the laboratory find-
ings in reference to Severe Acute Respiratory Syndrome (SARS) and
Middle East respiratory syndrome coronavirus (MERS). In a short span
of time, it has become a global phenomenon since the case of single
pneumonia in Wuhan. Later, on 30 January 2020, WHO declared the
2019-nCoV outbreak a Public Health Emergency of global health
Concern, stressing the need for worldwide action, international co-op-
eration and solidarity and collaboration to control the outbreak? On 11
February 2020, WHO announced a name for the new coronavirus dis-
ease: COVID-19, later 11 March 2020, assessed that COVID-19can be
characterized as a pandemic. The current areas known to be pandemic
for COVID-19 outbreak globally have been summarized in Fig. 1, as on
10 August 2020. The journey status of rapidly progressing COVID-19
outbreak can be categorized into four stages globally. The first stage, is
when cases of an infection are imported into a country from the other
infectious country. The second stage of an outbreak is when there are
cases of local transmission from infected patients. Community

transmission is the third stage of an outbreak and fourth stage is when
an infection becomes endemic with no clear endpoint. The world has
seen three coronaviruses in last two decades, SARS, MERS, and now
COVID-19.SARS-CoV was recognized at the end of February 2003 in
Guangdong, China, and spread to many countries including European
Union (EU), Southeast Asia, South Africa and North America [1].

Transmission was primarily person to person through infectious
droplets that occurred during coughing or sneezing, through personal
contact (shaking hands), or by touching contaminated surfaces. SARS-
CoV-2, SARS and MERS coronaviruses are thought to have originated
from bats and transmitted to humans from an intermediate host, civets
and dromedary camels, respectively. For SARS-CoV-2, the zoonotic
source and intermediate host is not confirmed yet and research is going
on [2].The mean incubation period is about 5 days, ranging from 1 to
14 days and 95% of patients are likely to experience symptoms within
12.5 days of contact. However, asymptomatic carriers have been re-
ported and the incubation period is 19 days, making it even more
challenging to screen the infection [3].

The care advised is to give fluid management, oxygen supportive as
patients condition [4,5] and antibiotic in secondary infection if any
reported [6]. Based on evidence from laboratory, animal, and clinical
studies, the following treatment options were selected according to
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WHO: Remdesivir; Lopinavir/ritonavir; Lopinavir/ritonavir with inter-
feron β-1a [7]. There is only one way the world can exit this pandemic-
and that is through science. We need diagnostic detection kit to detect
and prevent the spread of the virus, vaccines for long-term protection,
treatments to save lives in the shorter-term and social science to un-
derstand the behavioral and societal implications. It's critical that the
global research effort is rapid, robust and is conducted at scale and co-
ordinated across multiple countries. The WHO solidarity trial will
provide this by testing existing and new drug molecules to treat COVID-
19 and ensure equitable access to any drugs that prove effective. Global
powers must now step-up to ensure the WHO has all the support needed
[7].

A vast number of promising anti-viral treatments are currently
under investigation to aid in the development of COVID-19 drug de-
livery. The current review focuses on the possible particulate delivery
approaches and the research agenda to combat COVID-19. The current
state of knowledge, research priorities regarding the pandemic and post
COVID-19has been discussed. We also summarized the prospective
treatments integrating the ever-expanding field of particulate delivery
systems that have proven to be successful against other viruses, with the
objective of showing that these can potentially be developed for COVID-
19 treatment.

2. Virology of COVID-19

The virus causing the COVID-19 pandemic is corona virus, named as
SARS-CoV-2, which belongs to genus β coronavirus along with SARS-
CoV and MERS-CoV [8]. This genus belongs to sub-family Coronavir-
inae, family Coronaviridae and order Nidovirales [9]. Morphologically,
CoVs are a group of highly diverse, enveloped, positive-sense and
single-stranded RNA (ss-RNA) virus. They cause several diseases in-
volving respiratory, enteric, hepatic, and neurological systems with
vary severity among humans and animals [10].

In brief, n-CoV consists of four proteins three associated with en-
velope and one nucleocapsid protein (N) to pack the genome as shown
in Fig. 2. The three structural proteins include membrane protein (M),
envelope protein (E) and spike protein (S). In which, M determines the
shape of the viral envelope and forms the central organizer of n-CoV
assembly. Protein E interacts with M protein to form the viral envelope.

The crown like appearance of the n-CoV is due to the large protrusions
of S protein from the virus envelope. The S protein is a critical de-
terminant of viral host range, tissue tropism and a major inducer of host
immune responses [10].

3. Clinical presentations

The clinical presentations of COVID-19are varying from asympto-
matic forms to clinical conditions characterized by respiratory failure to
multi-organ and systemic manifestations [11].The most common
symptoms include fever, cough, and fatigue, while other symptoms
include sputum production, headache, haemoptysis, diarrhea, dys-
pnoea, and lymphopenia [12]. The clinical manifestations of the disease
were divided into three categories by authors of Chinese CDC report.
First, mild pneumonia and non-pneumonia are in mild category (81% of
cases). Second, dyspnea, blood oxygen saturation (SpO2) ≤ 93%, PaO2/
FiO2 ratio or P/F [the ratio between the blood pressure of the oxygen
(partial pressure of oxygen, PaO2), respiratory frequency ≥ 30/min,
and the percentage of oxygen supplied (fraction of inspired oxygen,
FiO2)] < 300, and/or lung infiltrates> 50% within 24 to 48 h in se-
vere disease category in approximately 14% of cases, and third re-
spiratory failure, septic shock, and/or multiple organ dysfunction or
failure in critical condition, as seen in 5% of cases [13].

4. Diagnosis

Computer tomography (CT) imaging and pathology laboratory tests
can be considered as two important diagnostic tools to diagnose COVID-
19.Clinical features revealed by a chest CT scan presented as pneu-
monia, however, there were abnormal features such as RNAaemia,
acute respiratory distress syndrome, acute cardiac injury, and incidence
of grand-glass opacities that led to death [14].

The most common laboratory method for the clinical diagnosis of
COVID-19 is nucleic acid detection by real time- PCR, which is further
confirmed by next generation sequencing [15]. WHO approved the first
two diagnostic tests for emergency use during the COVID-19 pandemic
[16]. Both are in vitro diagnostics, the tests are genesig Real-Time PCR
Coronavirus and cobasSARS-CoV-2 Qualitative assay for use on the
cobas® 6800/8800 Systems [17,18].

Fig. 1. Globally, as of 3:06 pm CEST, 10 August 2020, there have been 19,718,030 confirmed cases of COVID-19, including 728,013 deaths, reported to WHO.
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5. Transmission

WHO reported the initial cases of COVID-19 were from the Huanan
Seafood market, and observed that SARS-CoV-2 was transmitted from
animal to human [19]. However, a genomic study has proven that the
virus was introduced from another source, yet unknown location into
the market where it spread more rapidly, although human-to-human
transmission is also reported previously. Person-to-person transmission
is thought to occur through near contacts mainly through respiratory
droplets produced during coughing or sneezing by an infected person.
Fomites may be a large source of transmission, as SARS-CoV has been
found to persist on surfaces up to 96 h [20] and other coronaviruses for
up to 9 days [21].

The basic reproductive number (R0) measures the transmissibility
of a virus, representing the average number of new infections generated
by an infectious person in a fully susceptible population. Therefore, R0
can be used to understand the transmissibility of SARS-CoV for pre-
dicting the transmission. The number infected is likely to increase with
stronger transmission potential, if R0 > 1 and transmission is likely to
die out eventually, if R0 < 1 [22]. Study by Ying Liu et al. estimated

that R0 was 3.28 with 2.79 median value for COVID-19, which exceed
WHO estimates from 1.4 to 2.5 [23]. Studies from previous outbreak
found R0 to be 2.7 for SARS [24] and 2.4 for 2009 pandemic
H1N1influenza [25]. Because R0represents an average value it is also
important to consider the role of super spreaders, who may be hugely
responsible for outbreaks within large clusters but who would not lar-
gely influence the value of R0 [26]. R0 remains unstable during the
initial stages of pandemic due to short onset time and insufficient data
availability.

6. Prevention of COVID-19

Prevention is always better than cure to combat of any infectious
disease. To fight the unprecedented and rapidly progressing COVID-19,
the only solution is to follow preventive measures. Washing hands
frequently with water and soap, or clean them with alcohol-based sa-
nitizers, maintaining at least 1 m distance, covering mouth-nose during
coughing or sneezing. Practice physical distancing devoid unnecessary
travel and staying away from large groups of peoples [27]. For early
detection of the virus, public awareness should be created regarding the

Fig. 2. Overview of COVID-19 with special emphasis on structure, induction, immune response and complications.
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unusual symptoms like chronic cough or shortness of breath. Quar-
antine of suspected people, isolation of the infected people and their
close contacts can be the crucial step in eradication of the virus.

Mitigating social gatherings, temporary school closure, home iso-
lation, close monitoring of symptomatic individual, provision of life
supports (e.g. oxygen supply, mechanical ventilator), personal hand
hygiene, and wearing personal protective equipment such as facemask
should also been forced by the government to prevent the further
transmission of virus [28].

7. Pathophysiology of SARS-CoV-2

Specific replication mechanism is still unclear for SARS-CoV-2. It
had been reported that replication of coronavirus, SARS-CoV-2 is si-
milar to that of other viruses of the coronavirus family, such as SARS-
CoV and MERS-CoV. It may be two step reaction of SARS-CoV-2 virus to
enter in the body to spread the infection. Firstly, binding to angiotensin-
converting enzyme-2 (ACE-2) or CD-147or dipeptidyl peptidase 4 (DPP-
4) [29]or transmembrane protease serine 2(TMPRSS2) and the second
is cleavage of the spike protein by the TMPRSS2 [30], which exposes
the fusion peptide, allowing it to survive in low-pH endosomes [31].

ACE-2 receptors have been found as the main cellular receptor for
binding with the receptor-binding domain of virus spikes and re-
sponsible receptors for human-to-human transmissions of SARS-CoV.
ACE-2 protein is abundantly found in alveolar epithelial cells of lungs
and enterocytes of small intestine. It was found that the virus primary
binds to the target site on lung epithelial cells. Wang et al also found
that ACE-2 was abundantly expressed in gallbladder, liver, kidney,
testes, gastrointestinal tract, and bladder suggesting that these organs
may be vulnerable to SARS-CoV-2 infection, which may help to

understand the routes of infection and disease manifestations [32].
However, patients with SARS-CoV-2 infection primarily exhibit lesions
in the lungs, despite the ACE-2 receptor being widely distributed in
various organs of the human body, so this connection needs to be in-
vestigated further.

In addition, ACE-2 is highly expressed in vascular endothelial cells,
which raises the question of whether the virus can cause damage to
vascular endothelial cells or impact glomerular function. Xu et al. re-
cently found that it has been seen rare kidney damage in COVID-19
patients in Zhejiang [33]. It is not clear yet that the SARS-CoV-2binds
with ACE-receptors only or other receptors also. The organs withACE-
2positive cells match the organs involved with the disease, as reported
in clinical studies, which raises the question of whether novel cor-
onavirus infection causes more deaths by multiple organ dysfunction
syndrome (MODS) or respiratory failure [31].

SARS-CoV-2 spike (S) glycoprotein binds with ACE-2 receptor and it
is a crucial step for the virus entry in to host cells. Homotrimers (S1 and
S2) of S proteins assists the attachment to the host receptors. The S2
subunit of SARS-Cov-2 is highly conserved and serves as a target for
antiviral therapeutics. Several therapeutics approaches of virus-re-
ceptor binding affinity are under investigation. Systematic detection of
β-CoV receptors showed that human cells expressing ACE-2 was en-
hanced the detection of entry of SARS-CoV-2 but human Dipeptidyl
peptidase-4 (DPP4) or APN (Aminopeptidase N) had not enhanced
entry of SARS-CoV-2. While, another study showed that S protein of
SARS-CoV2 and ACE-2 binding efficiency is 10- to 20- fold higher than
that of SARS-CoV. It is evidenced by Cryo-TEM Structure of the SARS-
CoV-2 Spike in the prefusion conformation [34].

After entry of virus in to the cell, IL-6 is produced by activated
leukocytes and acts on a large number of cells and tissues. Levels of

Fig. 3. Mechanism of cytokine storm in COVID-19 and its potential therapy. Adapted with permission, copyright 2017 Elsevier B.V.
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tumor necrosis factor α (TNF-α), IL-1β, IL-8, IL-12, monocyte che-
moattractant protein 1 (MCP1), macrophage inflammatory protein 1A
(MIP1A)and interferon-gamma inducible protein (IP10) are also in-
creased in SARS CoV-2 infected patients as shown in Fig. 2 [30]. The
incidence of ARDS, shock, secondary infection, acute kidney injury and
heart was significantly higher in patients with intensive care unit (ICU)
than in non-ICU patients. The main proportion of IL-6 above normal
was significantly higher than that in the patients. Infection with MERS
coronavirus can induce increased concentration of pro-inflammatory
cytokines (tumor 616 necrosis factor α, IL15, and IL17, and interferon-
γ,). The severe COVID-19 cases may benefit from IL-6 pathway in-
hibition given the associated Cytokine Release Syndrome (CRS) and
sHLH (Secondary hemophagocytic lymphohistiocytosis) like serum cy-
tokine elevations, which may be a target of the treatment of COVID-19
infected patients [35]. Excessive tissue damage is occurred owing to the
excessive release of cytokines. In some cases, a reaction takes place
which is labeled as ‘cytokine storm’. This is given in Fig. 3 with its
possible treatments [36]. It is able to promote the differentiation of B
lymphocytes, promotes the growth of some categories of cells, and in-
hibits the growth of others [30].CD4+T/CD8+T counts continued to
decline until death. Wan et al. found that CD4+T and CD8+T were
lower in severe patients, which suggested that lymphocytes were more
inhibited in severe patients. Lymphocytopenia may be related to a cy-
tokine storm caused by viral invasion. In mild patient, reduction rate of
CD4+T, CD8+T, B cell is less as compared to severe patients [37].

8. Treatment

Avoidance is the principal method of deterrence. Searching of ac-
curate treatment for COVID-19 patients has been in progress and wide
range of possible treatments is being tested by researchers. Numerous
collaborative efforts to discover and evaluate the effectiveness of anti-
viral, immune-therapies, monoclonal antibodies, and vaccines have
rapidly emerged. These all treatment is symptomatic but oxygen

therapy using ventilator plays major role in the treatment of COVID-19.
All the recommended treatments for COVID-19 as shown in Fig. 4.

9. Mechanical ventilation

When respiratory failure is occurred in COVID-19 patients, me-
chanical ventilation becomes the necessary treatment. In addition, he-
modynamic support is also required for managing septic shock.
Mechanical ventilation should be with lower tidal volumes (4 to 6 ml/
kg predicted body weight; PBW) and lower inspiratory pressures,
reaching a plateau pressure (Pplat) < 28 to 30 cm H2O [38]. Positive
end-expiratory pressure (PEEP) must be as high as possible to maintain
the driving pressure (Pplat-PEEP) and as low as possible (< 14
cmH2O). Moreover, one must always remember that avoiding dis-
connections from the ventilator for preventing loss of PEEP and at-
electasis. Finally, the use of paralytics is not recommended unless
PaO2/FiO2 (partial oxygen pressure/fraction of inspired oxygen) <
150 mmHg. The prone ventilation for> 12 h per day, and the use of a
conservative fluid management strategy for ARDS patients without
tissue hypo perfusion (strong recommendation) are emphasized [30].

10. Drug treatment option strategies to combat COVID-19

As previously discussed, no effective drug treatment is available for
fighting this COVID-19. But several drugs including anti-viral, anti-
malarial, anti-microbial and several anti-bacterial drugs have been
available and using in the treatment against COVID-19. Mostly com-
bination of drugs serves as an effective treatment against COVID-19.
Systemic corticosteroids (Hydrocortisone, methyl prednisolone, dex-
amethasone, and prednisolone) are not recommended in the treatment
of viral pneumonia or ARDS due to the increased mortality and sec-
ondary infection rates in influenza, impaired clearance of SARS-CoV
and MERS-CoV, and complications of corticosteroid therapy in survi-
vors [39].

Fig. 4. Treatment options for covid-19 illustrating mechanical ventilation, monoclonal antibodies, drug treatment by WHO, plasma therapy.
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Moreover, COVID-19 is a viral disease not bacterial infection.
Therefore, one should avoid in-appropriate administration of anti-
biotics, although some treatment centre recommended it. Several ap-
proaches have been proposed such as lopinavir/ritonavir (400/100 mg
every 12 h), chloroquine (500 mg every 12 h), and hydroxyl-chlor-
oquine (200 mg every 12 h). Alpha-interferon (e.g., 5 million units by
aerosol inhalation twice per day) is also used [30].

Mostly remdesivir, an inhibitor of RNA polymerase with in vitro
activity against multiple RNA viruses, including Ebola- could be effec-
tive for both prophylaxis and therapy of HCoVs infections. In vitro,
Remdesivir inhibits all human and animal coronaviruses tested to date,
including SARS-CoV-2 and have shown antiviral and clinical effects in
animal models of SARS-CoV-1 and MERS-CoV infections. Remdesivir
was found superior to a therapeutic regimen as compared to combi-
nation therapy of interferon β and lopinavir-ritonavir in a lethal murine
model of MERS. In SARS-CoV-2 replication, Remdesivir is identified as
potent inhibitor in bronchial airway epithelial and human nasal cells.
Administration of early remdesivir was shown to exert significant an-
tiviral and clinical effects in a non-lethal rhesus macaque model of
SARS-CoV-2 infection, (reduced pulmonary infiltrates and virus titres in
broncho-alveolar lavages vs. vehicle only. Authors reported that pa-
tients received remdesivir had a 31% times faster recovery in com-
parison to placebo (p < 0.001). Specifically, the median time to re-
covery was 11 days for patients treated with remdesivir compared to
15 days for those who received placebo. Results also suggested a sur-
vival benefit, with a mortality rate of 8.0% for the group receiving
remdesivir versus 11.6% for the placebo group (p = 0.059) [30].

Although several studies have been available suggesting remdesivir
give no proper results against COVID-19. Wang et al carried out ran-
domised, double-blind, placebo-controlled, multicentre trial of re-
mdesivir on 237 COVID-19 patients. The 158 patients were given
Remdesivir out of 237 patients, and 79 patients were given placebo
formulation. It was found that clinical improvement in the remdesivir
group was not significantly different to that of the control group.
Remdesivir had a numerically faster time to clinical improvement in
comparison to placebo. Mortality rate of both the groups was similar
[40].

Favipiravir (FPV) is the first approved drug by the national medical
products administration of China for the treatment of COVID-19 [41].
Cai et al. performed an open-Label Control Study of FPV on COVID-19
patients. In these experiments, 35 patients were given treatment of FPV
and 45 patients were treated with lopinavir and ritonavir (LPV/RTV)
combination. It was found that those treated with FPV appeared to have
faster viral clearance and better chest imaging change than patients
treated with LPV/RTV [42].

Chang et al. carried out studies on COVID-19 patients by giving
favipiravir versus Arbidol. Total 240 patients were taken. Among them,
120 patients were given treatments of favipiravir and 120 patients were
given the treatments of Arbidol. It was found that no difference was
seen in both treatments after 7 days. Favipiravir showed significant
relief in cough and pyrexia after 7 days treatments [43].

Clinical trials in the initial stages failed and no difference was ob-
served in COVID-19patients. In addition to remdesivir, we tend to
evaluate all of the evidence related to the other antiviral drugs, which
called the attention, such as ribavirin, favipiravir, oseltamivir and
umifenovir [44]. Ribavirin (Tribavirin) is a broad-spectrum guanosine
analogue against RNA and DNA viruses such as hepatitis C and E [45].
Ribavirin in conjunction with interferon showed synergistic activity in
in vitro antiviral study. This result suggested that ribavirin elicits an-
tiviral activity at lower concentration with interferon. Therefore, a
combination therapy of interferon and ribavirin were widely used due
to synergistic effect. Simultaneous use of three or more antiviral drugs
is not recommended and patient symptoms will recover after drug
withdrawal. Antiviral drugs should be stopped if nucleic acid test re-
sults from sputum specimens remain negative for more than three times
[46].

Chloroquine and hydroxychloroquine (HC) had received intense
attention because of viral enzymes or processes inhibition especially in
Iran, U.K, France. However, FDA revoked the emergency use author-
ization due to severe cardiac adverse events and other potential side
effects. The potential benefits of chloroquine and HC no longer out-
weigh the potential risks for the authorized use [47]. HC is superior to
chloroquine and reported positive results in some pre-clinical data in
vitro and protocols. Both of these anti-malaria drugs might actually do
more harm than good due to many side effects and should be prescribed
not more than 7 days. The main concerns in rare cases are cardiac ar-
rest, retinal damage and ocular toxicity, particularly due to the fact
that, people with heart conditions are at higher risk of severity [48].

Philippe Gautret et al. conducted study on hydroxychloroquine and
azithromycin as a treatment toCOVID-19. It was found that patients
treated with hydroxychloroquine showed significant reduction in viral
infection as compared to the control. Hydroxychloroquine in combi-
nation with azithromycin were more effective in the elimination of
virus [49].

Magagnoli et al. conducted study to study the outcomes of hydro-
xychloroquine in COVID-19 patients. This study was carried out on total
368 patients and it was divided in three groups namely HC treatments,
without HC treatments and combination treatments of HC and azi-
thromycin. Primary outcome of this study was analysis of mortality rate
and required ventilation facility on these groups. It was found that 27.8,
22.1 and 11.4 mortality rate was found in HC group, combination group
and without HC group, respectively. It was also found that mechanical
ventilation occurred in 13.3% of the HC group, 6.9% of the combina-
tion group, and 14.1% of the without HC group. Therefore, it was in-
vestigated that no effect was found in mortality rate after HC treatment
and combination treatments but, significant reduction of mechanical
ventilation was observed after combinational treatments when com-
pared to other two groups [50].

Atypical gastrointestinal, cardiovascular manifestations may be
present in conjunction with constitutional and respiratory symptoms in
COVID −19 patients. Akshay Avula et al. identified four patients with
radiographic confirmation of acute stroke and PCR (polymerase chain
reaction) confirmed SARS-CoV-2 infection and elucidated the imaging
findings, clinical characteristics, and the clinical course. Average time
of onset of stroke after COVID-19 diagnosis was 12 days. Elevated levels
of D-dimer, C-reactive protein, ferritin, and interleukin-6 indicating a
high inflammatory state and abnormalities with the coagulation cas-
cade, respectively, might play a role in the pathophysiology of stroke in
the setting of COVID-19 infection. Despite these reports, all four cases
here presented with a cerebrovascular accident in early stages of their
illness [51].

The management of venous thromboembolism (VTE) and antith-
rombotic therapy for acute coronary syndromes (ACS) is very crucial in
covid-19 pandemic. Anticoagulants like Vitamin K antagonists, dabi-
gatran, apixaban, betrixaban, edoxaban, rivaroxaban and antiplatelets
like clopidogrel, prasugrel ticagrelor, cilostazol may have interactions
with COVID −19 investigational drug. Therefore, drug interactions
should be kept in mind to mitigate the thrombotic and hemorrhagic
events in high-risk patients [52].

11. Monoclonal antibody

Various monoclonal antibody has been explored in the treatment of
COVID-19. Mainly, gimsilumab and leronlimab have been used in the
treatment of COVID-19. Gimsilumab targets a pro-inflammatory cyto-
kine known as a granulocyte-macrophage colony-stimulating factor
(GM-CSF). The expression of pro-inflammatory cytokines was inhibited
by gimsilumab, which increases inflammation. By this mechanism, it
reduces the cytokine storm in the airway pathways and provides
symptomatic relief to patients from COVID-19 [53]. In a recent study, it
was identified that monoclonal antibody namelyCR3022 binds and
cover the spike RBD of virus. Therefore, ACE-2 receptor cannot bind
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with the epitopes of monoclonal antibody, which cover the RBD of
virus. Although entry of virus into body, it cannot be replicated due to
unavailability of binding site of host virus [41]. CR3022 has the po-
tential to be developed as a therapeutic candidate, alone or in combi-
nation with other neutralizing antibodies for the prevention and
treatment of COVID-19 infection. Leronlimab CCR5 is a protein on the
surface of white blood cells that plays an important role in the way HIV
develops in the human body. Leronlimab is a monoclonal antibody
being studied as a potential treatment for HIV. It binds to the CCR5
receptor, which inhibits the release of inflammatory cytokine [54].

12. Plasma therapy and its advancement

Convalescent plasma (CP) is a promising plasma antibody treatment
that could help patients whose bodies cannot produce enough anti-
bodies fighting against COVID-19 to cure the disease. With support
from UK National Institute for Health Research (NIHR), the trial is led
with NHS Blood and Transplant and University of Cambridge experts
[55]. The UK Government approved a national clinical trial to assess
plasma therapy for the treatment of COVID-19 patients. This trial will
decide that these treatments should be used or not in the COVID-19
patients in future. If the treatment will become effective, total
10,000 units of convalescent plasma will be supplied to the patients in a
scaled-up national programme that enabling the treatment of 5000
patients per week [55]. Duan et al. checked the effectiveness of con-
valescent plasma therapy for COVID-19 patients. It was observed that
anti-bodies levels were sudden increased and reduced the concentration
of reactive proteins in COVID-19 patients. The clinical symptoms were
significantly improved along with increase of oxy-hemoglobin satura-
tion within 3 days without any adverse effects [56].

Researchers will use plasma from patients recovering for at least
28 days to increase antibody levels. The main findings from available
data are as follows: (a)mortality may be reduced by plasma therapy in
critically ill patients, (b) neutralizing antibody titers are increased and
disappearance of SARS-CoV-2 RNA after CP therapy, and (c) beneficial
effect on clinical symptoms after administration of convalescent plasma
[57].

Plasma therapy in COVID-19 patients shown safe, clinically effec-
tive, and reduces mortality based on the limited scientific data. In this
simple method, doctors isolate antibodies from the plasma of recovered
patients’ blood and administer them to currently exposed and infected
patients. Antibodies aid in the recognition of the pathogens and reject
the pathogen in the patients [55]. However, large multicenter clinical
trials are urgently needed to conclude the optimal doses and treatment
time point for the CP therapy to tackle COVID-19 pandemic.

13. Nanotechnology and microparticles based applications for
COVID-19

Currently, COVID-19 has non-specific treatment. In humans,
COVID-19 kicks off the respiratory system through droplets from
coughs and sneezes of infected persons. Generally, respiratory system
can be divided into two regions namely upper (nasal cavity, sinuses,
nasopharynx, oropharynx, larynx, and trachea) and lower tract
(bronchioles, alveolar ducts and alveolar sacs).Their journey to the
lower respiratory tract after infecting the upper respiratory tract is the
cause of respiratory illness [58].

Major obstacles in drug delivery to upper respiratory tract are
smaller surface area, lower blood flow, mucus layer (traps inhaled
substances) and filtration of foreign objects [59]. The large surface
area, ciliated cells of lower respiratory tract may be ideal area for de-
livery as it is connected directly to systemic circulation via pulmonary
circulation with few challenges like branched nature alveolar macro-
phages and pulmonary surfactant (phospholipids, proteins and mucins)
decrease delivery efficiencies [60]. However, the delivery to lower tract
should overcome muco-ciliary and cough clearance mechanisms. To

address these barriers nanotechnology-based approaches can be im-
plemented due to their characteristic features.

Studies reported that the microparticles (MPs) with aerodynamic
size between 1 and 5 μm could escape the mucociliary clearance and
deposit in the lower airways. This aerodynamic size range is mainly
using in several commercial inhalation products [61]. Ribavirin, Za-
namivir, Laninamivir, Interferon-α2 are currently available inhaled
anti-viral agents against the human respiratory viruses RSV, rhinovirus,
influenza A and B, parainfluenza, adenovirus and coronavirus [62].

Nanotechnology is defined as the application of particles with di-
mension(s) of roughly 1 to 100 nm scale by the National
Nanotechnology Initiative [63]. The principal mechanisms of particle
deposition in the respiratory tract depend on particle size; for larger
particles, impaction and sedimentation are important, but for nano-
particles less than 160 nm in diameter, diffusion represents the prin-
cipal mechanism. Hence, nanoparticles and micro-particles approaches
provide a broad range of opportunities for COVID-19 with new solu-
tions for clinical problems [64].

Nanotechnology has immense potential to aid in the development of
COVID-19 drug delivery due to wide range of advantages such as (i) the
small size and morphology of the nanoparticles (NP) enables the drug
delivery to physiologically in-accessible sites and eliminate immune
response by reticular endothelial cells [64], (ii) large surface-to-volume
ratio of NP increases drug loading [65], (iii) the ability to cross nega-
tively charges membranes due to surface charge modification of NP
[66], and (iv) NP possess intrinsic virucidal activity, such as gold and
silver NP [67].

The performance of the COVID-19 therapeutics can be ameliorated
by various approaches of particulate drug delivery systems such as (i)
encapsulation of therapeutics in the core to increase stability (ii) spe-
cific targeting through targeting moieties (iii) functionalization with
polymer like PEG to decrease the amount of drug required to produce
action. Metallic, organic, and hybrid NP as well numerous nanocarriers
are different approaches of nanotechnology in conjunction with large
porous micro-particles (LPMP), solid lipid micro-particles (SLMs) can
be used for anti-viral therapy [64].

LPMP represent an outstanding approach to improve deep lung
deposition and to bypass macrophage uptake. LPMP are light particles,
with an appropriate aerodynamic diameter of 1–3 μm, large geometric
diameter of 5–30 μm and density of< 0.4 g/cm3. The high porosity of
LPMP allows them to penetrate deeply into lungs by inhalation.
However, particles of 1–5 μm tend to aggregate via van der Waals at-
traction and 1–3 μm particles are captured by lung macrophages thus
reducing their effect. Therefore, longer residence time was observed
with MP of geometric diameter ≥ 20 μm being too large to be pha-
gocytosed by alveolar macrophages. Therefore, particles should be light
with large geometric diameter and low aerodynamic diameter to
achieve deep delivery into lungs [68]. Garcia-Contreras et al. for-
mulated large porous particles for treatments of tuberculosis in guinea-
pig model [69]. Like COVID-19, in tuberculosis disease also requires to
reach the drug at lung site. It was observed that treatments of lung
infection using large porous particle significantly reduced bacterial
burden as compared to other drug delivery.

Ben-jebria et al. formulated pulmonary aerosol drug delivery for
porous microparticles. It was found that particles deposit inside the
lower lungs was increased as compared to conventional dosage form.
The systemic bioavailability by pulmonary route was increased using
porous microparticles [70]. It was also observed that drug release from
the formulation was sustained, which is required in COVID-19 patients.

To produce inhalable SLMs with stealth effect and deep lung de-
position, cisplatin microcrystals were prepared by high pressure
homogenization (HPH) in isopropanol (IPA) then embedded into solu-
bilized lipid (Tristearin, TS) and/or PEGylated components (DSPE-me-
thyl-PEG conjugate-2000, DSPE-mPEG-2000) or D-α-Tocopherol poly-
ethylene glycol 1000 succinate (TPGS) via spray-drying technique.
SLMs was explained by the increased solubilization of un-entrapped
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cisplatin microcrystals on SLM surface by PEGylated fractions leading
to initial burst effect followed by retarded dissolution from the en-
capsulated microcrystals. Use of biocompatible phospholipids that
imitate lung surfactants including dipalmitoyl phosphatidylcholine
(DPPC) and dipalmitoyl phosphatidyl ethanolamine methoxy (poly-
ethylene glycol) (DPPE-PEG). These surfactants could possibly mini-
mize the surface tension of particles thus facilitating particle migration
deeply to peripheral regions of lungs. Moreover, PEGylation using
muco-penetrating DPPE-PEG provided stealth effect, which enabled
escape from opsonization by alveolar macrophages and ensured longer
residence time in the lungs [71]. In COVID-19 infection, drug has to
reach lower respiratory tract. Santo et al. formulated dry powder of
quercetin loaded SLM and diffusion of quercetin was enhanced by lipid
excipient in lungs [72]. Mezzena et al. prepared budesonide loaded
microparticles using spray drying method. It was found that suitable
size and controlled release formulation was prepared and it was eval-
uated using in vitro method [73]. Hence, SLM would become effective
delivery in COVID-19 infection.

14. Inorganic NPs (INPs)

Inorganic nanoparticles (INPs) are utilized for a wide variety of
purposes such as targeted imaging for diagnostics, photothermal
therapy, medication and many promising applications in the biome-
dical field [74]. Metallic NP (MNP) and nanocarriers (NC) can be ca-
tegorized under inorganic NP. Smaller particle size, controlled tun-
ability, improved stability, enhanced permeability, large surface-to
volume ratio are the characteristic features of inorganic NP [75]. Me-
tallic NP such as silver, gold, iron oxide and nanocarriers of silica, ti-
tanium, carbon are the most common inorganic -NP. Silver nano-
particles (AgNP) are widely researched nanotechnology approach to
treat viral infections. Many assumptions of NP have already been made
to develop a novel strategy to eliminate or improve the severity of the
infection.

Anti-viral activity of AgNP is well established in treating viruses
such as HIV, HBV, HSV, RSV [74]. The virucidal activity of AgNP may
not be similar in all viruses. For example, the viral inhibition in HSV-2
is achieved due to binding of AgNP to sulfhydryl group of surface
glycoproteins of virus which prevent viral internalization. In virus like
Peste des petits ruminants, AgNP interacts with virion surface and core
protein to impair viral entry into target cells [76]. The virucidal activity
of AgNP by these modes can be explored to improve the activity of
therapeutics. In recent literature survey, Oron Zachar concluded that
colloidal silver of particle sizes between 3 nm- 7 nm can be highly ef-
fective to prevent and treat viral infection at initial stage of respiratory
infections [77]. Sarkar has hypothesized that the application of water
dispersed AgNP (10 nm) in conjunction with bronchodilators in lungs
through simple nebulizer machine or bi-level ventilation may result in
better virucidal activity [78]. Therefore, the anti-viral efficiencies of
MNP for the treatment of COVID-19can be explored with particular
emphasis on formulation composition, delivery method and safety for
clinical evaluation.

Literature on anti-viral activity of gold nanoparticles (AuNP) is in-
adequate to apply it for COVID-19. However, AuNP stabilized with
certain biocompatible polymer work as an effective anti-viral agent
against HIV-1, H1N1, H3N2, H5N1, dengue virus, bovine viral diarrhea
virus and Foot-and-mouth disease virus [74]. Other metallic NP like
Magnetic, Titanium, and Silica need to be perfectly conceptualized to
explore the antiviral activity for COVID-19 treatment. Carbon based
nanocarriers such as fullerenes, carbon nano-tubes have gained much
attention due to optical, electronic, mechanical and thermal properties
in past decade. They possess many advantages but their applications in
the field of virology are limited to some viruses. Antiviral or virucidal
activities of these carbon-based nanomaterials have been evaluated
against some viruses such as herpes simplex virus type 1(HIV-1) [79],
H3N2 [80], Grass carp reovirus (GCRV) [81]and Respiratory syncytial

virus (RSV) [82].
Fullerenes are formed by 60 carbon atoms and have the shape of a

truncated icosahedron that form a hollow sphere one nanometer in
diameter. Fullerenes are water insoluble, but derivatization makes them
water soluble.C60 spontaneously forms a stable aggregate in contact
with water with nanoscale dimensions (25–500 nm), termed nano -C60
that are both soluble and toxic to microorganisms. Glyco-fullerenes are
the carbohydrate derivatives possess combination of interesting biolo-
gical properties due to the amphiphilic nature with fullerene lipophilic
part. Fullerenes are advantageous compared to other carbon nanos-
tructures due to the 3D structure and the possibility of operating the
different locations of the C60 cage in a controlled manner. Fullerenes
are advantageous compared to other carbon nanostructures due to the
3D structure and the possibility of operating the different locations of
the C60 cage in a controlled manner [83]. Munoz et al. synthesized
amphiphilic glycodendro fullerene monoadducts and tested for anti-
viral activity in an experimental infection assay using Ebola virus gly-
coprotein pseudotyped viral particles on Jurkat cells over expressing
DC-SIGN and an improvement in the IC50 [84]. Siddiquie et al. dis-
cussed that fullerene-coated surfaces with size less than 60 nm can be
used to decrease the adhesion of virus on the surface, as they will be
hydrophobic as well as toxic to the envelope and prevent transmission
[85]. In this regard, fullerenes can be considered as attractive spherical
frameworks for a multivalent presentation of ligands.

Carbon nanotubes (CNT) are unique, 3D carbon-based nano-
particles, composed of thin graphite tubular sheets rolled up into
hollow and tiny nano-needle tubular structure used in the field of
biological sciences in last few decades [86]. CNTs belong to the full-
erene family. They have small size dimensions (10–100 nm), high di-
mensionality (2D, and 3D),excellent electrical, thermal and mechanical
properties and physicochemical features like surface load capacity and
great storage space in the inner tube (inner void space) will result in
biological properties, such as good biocompatibility, bio-absorption
rate, permeability of biological barriers, multi-energy surface/tube
chemical functional group capability, and targeted bio-molecules
modification potency, etc. [87]. Currently, the applications of CNTs in
the biomedical field are explored by surface functionalization, grafting
targeted molecules on the surface for site specific delivery, exploiting it
superior near-infrared light absorption characteristics and good pho-
tothermal conversion [88,89]. Yang proposed project to illuminate new
way to fight COVID-19 with acidizing and RNA lyase-modified CNTs in
conjunction with photodynamic thermal effect. Authors explored the
nature of CoV, as they are labile to acidic environment and high tem-
perature [90]. These characteristics provide new ideas for the devel-
opment of new anti-CoV drugs.

Quantum dots (QDs) are the nano (2 to 10 nm) semiconductor
crystals with unique electronic and optical properties used in biome-
dical sector as they cross the BBB in conjugation with a therapeutic
molecule [91]. Specifically high quantum yield, size-tunable light
emission, intensive fluorescence, appreciable chemical and photo-sta-
bility have revolutionized the concept of nano-based sensing or diag-
nostics [92]. Giaxia et al. showed that QDs in conjugation with trans-
ferrin (targeting molecule) and Sequinavir could freely cross an in vitro
model of BBB with promising anti-viral activity against HIV [93]. In
addition, QDs have been utilized either as therapeutics or for in vitro
diagnosis of viral pathogens. Much progress has been made in the
evaluation of carbon-based nano-systems against viral infection, but
their commercialization depends on the safety and superiority over the
competing methods [94].

15. Organic NPs

The use of organic NPs (ONP) over INPs is well studied in biome-
dical field due to various safety issues [95]. ONP possess many ad-
vantages over other nanoparticles platforms, such as self-assembly in
physiologically mild conditions, and chemical diversity for
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accommodating a variety of modalities, sizes, surface functionalization,
shapes, and compositions [75]. Multiple forms of ONP are being
exploited in nanomedicine but only few are presently being evaluated
for their virucidal activity. These include lipid based NP, polymeric NP,
and dendrimers.

NP made from lipids is unique class for biomedical applications
comprised of outer biodegradable phospholipid bilayer and an inner
hydrophilic core designed to hold aqueous therapeutic agents. The
flexibility of liposome is to hold both hydrophobic and hydrophilic
molecules. A major advantage of liposomal NP is the versatility of the
lipid bilayer, which can be functionalized with targeting moieties.
Chemical diversity, high loading capacity, and intrinsic bio-degrad-
ability are the characteristics beneficial to drug delivery [96].

The pH-sensitive or thermo sensitive linkers can be used to release
the drug payload in response to environmental conditions for prolonged
stimulation of immune response. Modifying surface charge of liposomes
can also be used to enhance the bioavailability to explore the negative
charge of mucosal membrane and escape form the clearance me-
chanism of mucosal cilia [97]. Das et al. reported that the bioactive
lipids such as Arachidonic acid and other unsaturated fatty acids can
inactivate enveloped viruses including SARS-CoV-2, SARS and MERS to
combat COVID-19 [98]. Furthermore, liposomes with bioactive lipids
have the great potential for anti-viral therapy.

Polymeric MP and NP (PNP) has shown the exciting features such as
flexible properties, viable synthetic protocols, and biocompatibility,
making it an interesting candidate for biomedical applications. PNP can
be synthesized with the help of polymers such as linear, branched, and
3D networks (i.e. highly branched) of natural or synthetic origin [99].
Various polymers have immensely contributed to accurate under-
standing of properties such as biocompatibility, bioavailability, im-
mune-compatibility etc. for biomedical sciences. Poly (lactic-co-glycolic
acid) (PLGA) is the well explored polymer approved by FDA due to
biocompatibility and biodegradability in the human body [58]. Syn-
thetic hydrophobic polymers are commonly used in the fabrication of
MPs with the aim of sustained drug release. Inhalable PLGA, PCL or PLA
MPs were successfully fabricated by spray-drying of mixed organic so-
lution. But their uses either for development or for improvement of an
anti-viral have been investigated only for some pathogenic viruses like
influenza, HIV and rabies virus [74].

As an alternative to synthetic polymers, some natural polymers e.g.
sodium alginate and chitosan are characterized by unique muco-ad-
hesive properties and therefore used in design of controlled release
MPs. Chitosan, and N-(2-hydroxypropyl) methacrylamide/N-isopropyl
acrylamide are other examples, which showed promising results as in-
tranasal vaccines against viral infections. Chitosan is attracted parti-
cular interest for intranasal administration due to their non-toxic
nature, biocompatibility, biodegradability, capability to open up tight
junctions between epithelial cells [100] and ability to be easily mod-
ified into desired shape and sizes [101]. Chitosan can enhance en-
durance of PNP in mucosal environment and penetration to mucosal
tissue, when conjugate with therapeutics [102]. Some other polymers
e.g. sodium hyaluronate (HYA) are utilized for pulmonary drug delivery
based on their targeting potential in lungs [103]. HYA played a vital
role in controlling tumor proliferation and metastasis via targeting CD-
44 receptors [104].

Dendrimers NP are three-dimensional hyperbranched organic
compounds, well-organized nanoscopic molecules, possess low poly-
dispersity index, biocompatibility and biodegradability in the field of
nanomedicine [105]. This allows the potential utilization of dendrimers
NP in various therapies against tumors, bacterial and viral infections.
Dendrimers act as extraordinary vehicle for the targeted delivery of
drug/ gene/ peptides in biological system with limited utility and ap-
plication in antiviral therapy [106]. The globular structure of den-
drimers enables NP to accommodate drug molecules in the interior
cavity i.e. by physical encapsulation and on surface by covalent con-
jugation [107]. To date, dendrimers with anti-viral activity in

conjugation with therapeutic agents have already been documented
against some viruses including influenza virus, Ebola-virus, zika virus,
HSV-1, 2 and HIV. Research on the efficacy of dendrimers as a nano-
particulate system for designing an anti-viral therapy have been in-
troduced by some of the pioneering researches, but their efficiency
against is yet to be evaluated [74].

Hybrid nanosystems are combination of inorganic-organic, in-
organic-inorganic, and organic-organic nanoparticulate systems en-
gineered based on specific requirement or use at targeted site. Joshy
et al. reported the zidovudine loaded polyvinylpyrrolidone (PVP)/
stearic acid (SA)-polyethylene glycol (PEG) nanoparticles led to sig-
nificant improvement in cellular internalization murine neuro-2a and
HeLa cells. Authors concluded that hybrid nanoparticles may be a
promising approach for anti-viral drug delivery for use in HIV/AIDS
therapy [108].

Nanoviricides are polymeric micelles designed by NanoViricides
Incorporation Company (Shelton, Connecticut, United States)to destroy
viruses. As defined by Nanoviricides Inc., nanoviricide is a polymeric
single chemical chain with covalently attached ligands that specify the
virus target. The attached ligands determine the anti-viral activity of
the drug [109]. Nanoviricide binds to specific virus type at several
points, coat the virus particles and dismantle the virus particle and
attack the viral genome optionally to destroy virus completely. Nano-
viricides complete the task of destroying the virus particles without
immune system assistance. Currently nanoviricides drug candidates are
in preclinical studies with planned clinical trials [54]. The Company has
worked on developing an animal model to test anti-coronavirus effec-
tiveness in vivo using a model coronavirus that binds to the same ACE-2
receptor as SARS-CoV-2, namely human coronavirus NL-63 (hCoV-
NL63). The researcher anticipates using this animal model to obtain
indications of effectiveness of the nano-viricide test drug candidates
against the model coronavirus in vivo. Nanoviricides represent the next
great advance in anti-viral strategies in “Immunotherapeutic” (anti-
bodies and vaccines) [32].

NPs possess the ability to deliver a wide range of antigenic moieties
to the antigen-presenting cells by safeguarding the native structure of
the antigen in order to enhance the safety and the efficacy of the vac-
cine. NPs can target both adaptive and innate immune systems.
Nanosize and flexibility are the key advantages of nanocarriers in
vaccine development. NPs can be administered by oral, intranasal
routes, subcutaneous and intramuscular injections by overcoming tissue
barriers and targeting key locations like epithelial, mucosal barriers and
lymph nodes [110]. In the roles of various beneficiaries, biocompat-
ibility, in vivo biodistribution, biodegradation, and bio-corona forma-
tion are some of the important features that continue to shape the
current scientific community to this day.

16. Research agenda for panacea of COVID-19

The objectives of the research agenda are to combat COVID-19
through rapid diagnosis, in facilitating ideal care to all the affected
persons, to learn from the current outbreak response and be prepared
for unpredictable epidemics in future. The research agenda can be di-
vided into five broad areas of research action as summarized in Fig. 5.

17. Ground work

A myriad of things plays an important role in research and devel-
opment during outbreaks. To combat any disease the first step in the
path of research lies in the success of the ground work. The ground
work in the case of COVID-19 begins with understanding the virus
origin, transmission and diagnosis then therapeutic treatment strate-
gies.

The research regarding the natural history of virus includes its
origin, genomic sequence to support the clinical management and de-
velopment of interventions. The compartments of replication, prognosis
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information, surrogate markers for infectivity, phenotypic changes are
all concerns that need to be addressed in the ground work of research
agenda. A rapid task to be undertaken at this moment is the mod-
ification of clinical skill for the rapid diagnosis of the infection and
tracks the changes in virulence. Newly emerged virus may change its
phenotype making it difficult for the research and development of the
therapeutics in future. The demanding research activities included
termination, development of diagnostic kits with high quality and
performance to detect the virus.

18. Epidemiology

The extensive research in the field of epidemiology may help in the
prevention of transmission and future spillover of the disease. The re-
search in the epidemiology involves the source, route of transmission,
transmission dynamics, demographic study, severity, vulnerability and
control the transmission of the disease.

Research in the early stages provided us the information regarding
ecological reservoirs for SARS-CoV-2 are bats [111]. Further, the route
of transmission from animals to humans remains unclear; it may in-
volve other/ intermediate hosts as seen with SARS-CoV or MERS-CoV.
Finally, the original transmission to humans may not have happened at
the market itself but elsewhere, with the market serving as a location
for viral contamination and further exposure of humans. The re-
productive number for the corona virus is yet to be determined accu-
rately to understand the dynamics of transmission. The importance,
impact and existence of symptomatic and asymptomatic transmission
need to be understood clearly along with the role of environmental
factors (temperature, humidity and so on). The severity profile, the
range of clinical presentations, classification of symptoms is the es-
sential knowledge gaps in the area of epidemiology. The need to de-
termine asymptomatic or symptomatic transmission of COVID −19,
across the range of severity with aid of detailed observational studies

[112]. Early studies identified patients with other medical conditions
such as diabetes, hypertension and cardiovascular disease had more
severe infections, and the disease was more common in men. Very few
cases have been reported in children [11]. There is currently limited
understanding of severity in different populations and risk groups.

Family cluster studies [113], case studies, mathematical modeling
to determine transmission parameters are being investigated carefully
to understand COVID-19 in better way [114–116]. The further research
in the field of epidemiology should be directed to understand the
transmission potential, transmission dynamics, identify effective con-
trol and mitigation measures.

19. Immunology

The knowledge of immunology directly or indirectly aids in the
development of interventions and clinical management of COVID −19.
The basic information of immunology is to know about the role of in-
nate and adaptive immune response in clearance of pathogen. As a part
of innate immunity body produces inflammatory proteins like inter-
ferons (including IL-1β, IL-6, TNF-α, etc.) as first line defense. Adaptive
immune response involves B cell activation resulting in antibody pro-
duction. In addition, T lymphocytes including CD4+ T cell derived
cytokines, CD8+ T cell mediated cytotoxicity play important role in
clearance of virus. However, adaptive and innate immune responses
work together in sequence to combat any viral infection in healthy
immune cells. In case of defective immune response or dysfunctional
immune, cytokine storm will be triggered and circulates to other or-
gans, leading to lung and multi-organ damage [117].

Some studies have suggested that SARS-CoV-2 has the capacity to
escape innate immune responses but the mechanism remains unclear
[117–119]. Further studies to characterize the host immunity, popu-
lation immunity, vaccine-induced immunity and mucosal immunity are
necessary. To support the research and development, studies regarding

Fig. 5. Research agenda regarding the COVID-19 pandemic and it illustrates the five broad areas of research and goals to combat COVID-19.
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the strength, kinetics and the duration of immunity need to be clarified.
In addition, detailed investigation of the determinants of healthy versus
dysfunctional outcomes is required to combat COVID-19.

20. Viral therapeutics in combating COVID-19

Viral therapeutics to fight COVID-19 includes monoclonal anti-
bodies, repurposed drugs or anti-viral drugs in development stage. To
deal with the outbreak immediately, the only option is to repurpose the
antiviral drugs due to lack of time by evaluating its safety and efficacy.
Among the landscape of therapeutics, based on the broad antiviral
spectrum, Remdesivir was considered as first priority. Among the re-
purposed drugs, the investigation of the anti-retroviral medicine (HIV
protease inhibitors), lopinavir/ritonavir, either alone or in combination
with Interferon β was considered a suitable second option for rapid
implementation in clinical trials [120]. However, immunotherapies like
convalescent sera or other agents are also considered for the treatment
option.

The research in the field of viral therapeutics should involve iden-
tification of more therapeutics candidates for clinical evaluation along
with the development of in vitro and in vivo studies. To maximize the
efficacy of the treatment, combination therapy needs to be explored to
gain additive or synergistic effects, or reduces the risk of drug re-
sistance. The lack of information regarding the clinical evolution, epi-
demiological studies, and therapeutics as none of them were developed
for COVID-19 stands as a major milestone.

To succeed rapidly in the research and development (R&D) of
COVID-19, animal models that can mimic the human disease char-
acteristics need to identify urgently to perform in-vivo preclinical stu-
dies. Therapeutics (anti-viral agents) and clinical trials of drugs for
prophylactic use need to be developed to protect the risk population. To
reduce the mortality and improve clinical disease outcome; the research
agenda should cover the investigation of prophylaxis, combination
therapies, evaluation and safety studies of repurposed agents to pro-
gress in the battle against COVID-19outbreak.

21. Vaccination in combating COVID-19

Vaccines serve as therapeutic and prophylactic agent to combat any
infection. One of the major challenges is to handle the enhanced dis-
eased condition occurring in immunized animals upon exposure to
virus, studied in case of SARS and MERS-CoV vaccine candidates in
mice. First step in the vaccine research includes the design of the target
product profile (TPP) to provide guidance for the formulators. Animal
model development, assay development, vaccine trial design, manu-
facturing processes can be regarded as the key areas of research in the
“safe and effective” vaccine development. A list of vaccine candidates
developed to combat COVID-19 with a particular focus on vaccine
status and development is described in Table 1 [121]. (See Table 2.)

Animal models, mimic aspects of a diseased condition found in
humans are used to evaluate the disease. To evaluate the potential of
vaccine, standardize animal models are to be developed to understand
the enhanced disease after vaccination. Therefore, a validated animal
model should be developed to extrapolate the human conditions prior
to large scale efficacy studies. Development and standardization of
assay in support the immune responses and clinical case to support the
research in the field of vaccine research. Developing of master protocols
in determining the safety and efficacy before widespread distribution of
vaccine for COVID-19 pandemic [141]. Finally, develop manufacturing
processes to rapidly enable the production of high-quality large quan-
tities of clinical grade and GMP materials to aid the research activities.

22. Post COVID-19 era

The devastating COVID −19 led to the social crisis and an economic
system failure globally. Post COVID-19 involves complications, lessonsTa
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learned, immunity, financial loss and preparedness. The only compli-
cation of COVID-19 is a type of pneumonia called 2019 novel cor-
onavirus-infected pneumonia (NCIP) in conjunction to ARDS,
RNAaemia, acute cardiac injury, and secondary infection associated
with other types of corona virus [142].

Sekowski et al reported the high chances of Posttraumatic Stress
Disorder (PTSD) in COVID-19 survivors based on previous research on
PTSD in epidemic survivors (e.g. SARS)[143]. PTSD is a serious mental
disorder that negatively affects functioning and social life by reliving
the traumatic event, emotional numbness and increased arousal. Pre-
liminary report by Bo et al indicated that almost all clinically stable
patients with COVID-19 in China experienced significant severity of
post-traumatic stress symptoms [144]. Both the studies suggest to
regularly screen for PTSD and pay attention on individuals at increased
risk of complications, appropriate crisis psychological interventions and
long-term follow up assessments should be started immediately for
COVID-19 survivors. The issue of negative detrimental impact of sig-
nificant posttraumatic stress prevalence of PTSD in individuals post
COVID-19 remains a matter of future research as symptoms may de-
velop up to 6 months after the traumatic event [143].

Immunity remains the cornerstone for post COVID−19 survival.
The strength and duration of immune response in COVID−19 survivors
remain as the major knowledge gap. There is no evidence at this point
that people can't be reinfected with the virus and the development of an
antibody response will be protective from secondary infection, ac-
cording to WHO. Some countries suggested detection of antibodies to
COVID−19, could serve as the basis for an ‘immunity passport’ or
certificate of immunity assuming that they are protected against re-
infection. But WHO said that issuing such certificate increases the se-
verity of the disease. HERD immunity would be played an important
role to address the devastating COVID-19, which is an indirect pro-
tection conferred to the susceptible ones by immune individuals against
a specific pathogenic infestation in a given population [112]. It is
possible only through vaccination. Vaccine approval may take up to a
decade or more to win approval based on their ability to prevent disease
in population. Typically, HERD immunity isn't achieved in a short time
like year or two and would take several years to confer sufficient ‘HERD
immunity’ to fight COVID-19 [145].

The lessons from unprecedented COVID−19 teach one about the
importance of readiness, preparedness and response actions to combat
sudden epidemics globally. In the battle of COVID-19 it is very crucial
to maintain close watch of recovered patients, understand the long-term
complications associated the risk of relapse and post discharge sur-
veillance of COVID-19 survivors. Emergency response mechanisms, risk
communication and public engagement case finding, contact tracing
and management, surveillance, public health measures, laboratory
testing are the various priority areas of work in the transmission of
COVID as per the interim guidance document by WHO.

23. Conclusion and future perspective

The COVID-19 outbreak has been declared as a pandemic and re-
presents one of the biggest risks globally, as the virus infects a large
number of human populations, and the outbreak can cause severe
medical complications with economic impact. This study presents the
current status of the deadly infectious COVID-19 with special emphasis
on the research agenda to fighting against COVID-19.The current re-
view focuses on the possible particulate delivery approaches and the
research agenda to combat COVID-19.The research agenda discussed in
this context covers all the areas such as ground work, epidemiology,
immunology, viral therapeutics and vaccine. The challenges, knowl-
edge gaps and the research efforts are discussed in the specified areas.
The major goals to combat COVID-19 are to identify, diagnose, treat
and stop the transmission of virus due to its sudden spill over globally.
Future perspective should focus on repurposing of antiviral drugs, de-
velopment of animal models, in-vitro in-vivo studies to aid the

screening of antiviral drugs, prevent transmission of disease, and de-
velop vaccine as early as possible.
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