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COVID-19 has recently become one of the most challenging pandemics of the last century with deadly outcomes
and a high rate of reproduction number. It emphasizes the critical need for the designing of efficient vaccines to
prevent virus infection, early and fast diagnosis by the high sensitivity and selectivity diagnostic kits, and effective
antiviral and protective therapeutics to decline and eliminate the viral load and side effects derived from tissue
damages. Therefore, non-toxic antiviral nanoparticles (NPs) have been under development for clinical application
to prevent and treat COVID-19. NPs showed great promise to provide nano vaccines against viral infections. Here,
we discuss the potentials of NPs that may be applied as a drug itself or as a platform for the aim of drug and
vaccine repurposing and development. Meanwhile, the advanced strategies based on NPs to detect viruses will be
described with the goal of encouraging scientists to design effective and cost-benefit nanoplatforms for preven-
Cells tion, diagnosis, and treatment.

1. Introduction
1.1. Coronavirus and its viral advanture in the body: Corona

COVID-19 is caused by the SARS-CoV-2 virus and it has recently
become one of the most challenging pandemics of the last century with
deadly outcomes and a high rate of reproduction number and trans-
mission. Since late 2002, coronaviruses have become a serious epidemic
problem with severe acute respiratory syndrome coronavirus (SARS) and
then with the onset of the Middle East respiratory syndrome (MERS) in
late 2012. The enveloped ssSRNA™ virus with an average particle size of
120-160 nm belongs to the subfamily, family, order, and the realm of
Orthocoronavirinae, Coronaviridae, Nidovirales, and Riboviria, respec-
tively [1]. Coronaviruses encode some structural and non-structural
proteins that might be considered as an anti-viral target, including
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phosphorylated nucleocapsid, envelope, membrane glycoproteins, spike,
helicase, papain-like protease and 3-chymotrypsin-like protease [2].
Although several of clinical trials are underway, currently, there is no
clinically effective protective vaccine or therapeutic drug for COVID-19
patients in the world. Due to the urgent need for the treatment of
COVID-19 patients and the desperation of uncertainly of any new vac-
cine, drug repurposing has been considered as a promising strategy.
Therefore, the crucial step in drug repurposing is to have a thorough and
accurate understanding and knowledge of structural differences of the
coronaviruses and RNA (Ribonucleic acid) viruses and their involved
receptors in a host.

Both SARS and COVID-19 were started from China during the spring
festival with the same animal source, bat, and eventually pangolin in
COVID-19 [3]. To the best of our knowledge, the coronavirus responsible
for SARS and COVID-19 attached to the receptor-binding site of
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angiotensin-converting enzyme 2 (ACE2). However, MERS was started
from Saudi Arabia with the animal source of camel and dipeptidyl
peptidase-4 (DPP4) receptor involvement. The age of involvement in
MERS and COVID-19 is middle age and occurs mostly in patients with the
underlying disease for 2-14 days post-exposure, unlike the SARS in
young individuals.

As aview of clinical features, these viruses share some similarities and
differences. They all appear to have common clinical symptoms such as
fever, cough, and general symptoms of the common cold. Pathologically,
ACE2 a cell surface receptor in human is the main receptor of the SARS-
CoV-2 virus. It is over-expressed in the lung, heart, kidney, testis, intes-
tine, and brain. Therefore, we expect these organs to experience cell and
tissue damages in part due to cytokine storm. However, CD147 (Basigin)
as an extracellular matrix metalloproteinase inducer is considered as the
other receptor for SARS-CoV-2 on the surface of lots of cells, including
epithelial cells, endothelial cells, leukocytes, red blood cells, etc. It is the
receptors of plasmodium falciparum on red blood cells, and also it has
rules in spermatogenesis, the responsiveness of lymphocytes, etc. [2].
However, the disruption of the CD147-C-type lectin leads to the induc-
tion of prostate cancer [4]. The point is related to the eventual influence
of prostate tissue by SARS-CoV-2 through the involvement of CD-147.
Clinically, MERS and COVID-19 cause higher cardiovascular problems
than the SARS, while SARS and COVID-19 patients more frequently than
MERS experienced renal and neurological problems.

The mechanism underlying the COVID-19 disease is in part related to
the decline of ACE2 (angiotensin-converting enzyme 2) owing to the
entrance of the virus by its spike glycoprotein resulting in spike cleavage
by transmembrane protease TMPRSS2. It triggers a cascade that leads to
inflammation, TNF-a production, and tissue damage through the C-ter-
minal cleavage of ACE2 by the TNF-alpha-converting enzyme (TACE).
The sodium-dependent neutral amino acid transporter (SLC6A19 or
BOAT1) occupies the C-terminal cleavage site and inhibits the effects of
TACE on ACE2. The inhibition of TACE, renin-angiotensin pathway, C-
terminal cleavage of ACE2, TNF-a, and inflammatory inhibitors will
decrease the level of virus infection and tissue damage. As depicted in
Figure 1, a virus is entered by binding to the ACE2 receptor on the cell
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surface of target cells and infects host cells [100]. However, chloroquine
has the potential to interfere at different points of this cycle. Further-
more, chloroquine has a possible inhibitory effect on the MAPK kinase
activity and hence a downregulation of certain proinflammatory
responses.

From the other side, the interaction of the virus by CD147 will cause
other parts of pathogenesis in patients [5]. However, one of the most
crucial pathogenesis mechanisms of SARS-CoV and MERS- CoV is
through delay interferon, TNF-a, and pro-inflammatory responses that
lead to the decrement of innate immunity in the host [6].

In the present paper, we discuss the diagnostic and therapeutic stra-
tegies for the other viruses which have similar mechanisms of action with
SARS-CoV-2. The aim was to repurpose some strategies to diagnosis and
cure the COVID-19 based on successfulness in similar diseases aiming to
reduce the time and cost of diagnosis and treatment.

2. What strategy been taking for the treatment of COVID-19

To design and evaluate a successful drug and vaccine repurposing, it
is necessary to know how much SARS-CoV-2 is close to the MERS-CoV
and SARS-CoV as a genotype and structure (Table 1). Nucleotide
sequence identity among the human coronaviruses, SARS-CoV, and
SARS-CoV-2, are varying from 99.99-79.7% and 82% in COVID-19 pa-
tients. The sequence homology of SARS-CoV and MERS-CoV with SARS-
CoV-2 are 70-77.5% and 50%, respectively [7, 8]. The proteins of the
envelope, membrane, nucleocapsid, S1, and S2 have 95-96, 91, 89.6-94,
70 and 99% similarity in SARS-CoV and SARS-CoV-2, respectively [7, 9,
10]. Noteworthy, the spike of MERS-CoV and SARS-CoV-2 just have a
31.9% amino acid identity that makes it unfavourable for drug repur-
posing in COVID-19 therapy. Furthermore, receptor-binding domain
(RBD) of spike and ORF3b, ORF8 in SARS-CoV-2, just have 40, 32 and
40% amino acid identity with SARS-CoV [10, 11]. Moreover,
SARS-CoV-2 has some mutations such as replacing serine instead of
glycine and proline instead of isoleucine in the position of 723 and 1010
of ORFlab compared to SARS-CoV, respectively [12]. ORFlab is
involved in the synthesis of papain-like protease: nsp3,

Figure 1. Schematic representation of the life cycle of SARS-
CoV-2 in the face to the host cells and in interaction with
chloroquine. SARS-CoV-2 binds to ACE2 using its spike and
then the spike undergoes cleavage by TMPRSS2 protease
o resulting in inhibition of antibody neutralization. S protein
< further cleaves by the cathepsin L resulting in a fusion of
2 endosomal membrane with the viral envelope to lead the
release of the viral genome into the cell cytoplasm, tran-
scription and translation of positive RNA and proteins. The
%' packed final virion is released from the host cells. Chloro-
2 quine influences on the life cycle of SARS-CoV-2 through the
£ disturbance in ACE2 receptor glycosylation, the biosynthesis
% of sialic acids, autophagosome formation, virus replication
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Table 1. The nuclear shuttle protein (NSP) function and amino acid identity between COVID-19 and bat-SL-CoVZXC21 and SARS [10]. Keys: ACIB, Amino acid identity;
btw, between; Fm, formulation.

NSPs and other Putative function Amino Putative AC identity btw AC identity btw
parts of coronaviruses acid cleave site COVID-19 & COVID-19 & SARS
position bat-SL-CoVZXC21
NSP1 suppress antiviral host response M1 - G180 LNGG'AYTR 96 84
NSP2 unknown A181 - G818 LKGG'APTK 96 68
NSP3 putative PL-pro domain A819 - G2763 LKGG'KIVN 93 76
NSP4 complex with nsp3 and 6: DMV Fm K2764 — Q3263 AVLQ'SGFR 96 80
NSP5 3CL-pro domain $3264 — Q3569 VTFQ'SAVK 99 96
NSP6 complex with nsp3 and 4: DMV Fm $3570 — Q3859 ATVQ'SKMS 98 88
NSP7 complex with nsp8: primase $3860 — Q3942 ATLQ'AIAS 99 99
NSP8 complex with nsp7: primase A3943 — Q4140 VKLQ'NNEL 96 97
NSP9 RNA/DNA binding activity N4141 - Q4253 VRLQ'AGNA 96 97
NSP10 complex with nsp14: replication A4254 — Q4392 PMLQ'SADA 98 97
NSP11 short peptide at the end of orfla $4393 — V4405 end of orfla 85 85
NSP12 RNA-dependent RNA polymerase $4393 - Q5324 TVLQ'AVGA 96 96
NSP13 helicase A5325 - Q5925 ATLQ'AENV 99 100
NSP14 ExoN: 3'-5' exonuclease A5926 — Q6452 TRLQ'SLEN 95 95
NSP15 XendoU: poly(U)-specific endoribonuclease A5926 — Q6452 PKLQ'SSQA 88 89
NSP16 2/-0-MT: 2'-O-ribose methyltransferase $6799 — N7096 end of orflb 98 93
Spike Host cell attachment and entry - - 80 76
Orf3a - - 92 72
Orf3b - - 32 32
Envelope protection - - 100 95
Membrane fusion - - 99 91
Orf6 - - 94 69
Orf7a - - 89 85
Orf7b - - 93 81
Orf8a/8b - - 94 40
Nucleoprotein Viral genome and proteins - - 94 94
Orfob - - 73 73
Envelope protection = = 100 95
Membrane fusion - - 99 91
Orf6 - - 94 69
Orf7a - - 89 85
Orf7b - - 93 81
Orf8a/8b - - 94 40
Nucleoprotein Viral genome and proteins - - 94 94
Orfob - - 73 73

chymotrypsin-like: nsp5, RNA dependent RNA polymerase: nsp12 (96%),
helicase (100%): nsp13 [10]. The function of every non-structural pro-
tein (nsp) and its sequence identity with SARS-CoV has been mentioned
in Table 1. Based on these pieces of information, for the drug repurpos-
ing, we can select the drugs and vaccines that share antiviral efficacy
among the SARS and COVID-19 by the targeting of the envelope, mem-
brane, nucleocapsid, S2 spike, RdRp, helicase, etc. [10] (Table 1).

Zhou et al. [9] found 47 human proteins in the HCoV-host inter-
actome and as a targeting biomolecules for targeting in drug develop-
ment such as STAT3, BCL2, SMAD3, PARP1, GSK3B, etc. They found
several HCoV-host interactions by network proximity analyses in a
human interactome and suggested repurposing of some drugs for
COVID-19 treatment [9]. The targeting of these proteins by the pre-exist
drugs may overcome the obstacles from the COVID-19. However, the
encapsulation and decoration of drugs into/on nanoparticles will
enhance their efficacy.

3. Diagnosis
The first stage of diagnosis in COVID-19 patients is based on a trav-

eling and communication history of patients. Then Chest X-Ray and CT
are recommended to detect ground-glass opacity and patchy bilateral

shadows in the lungs. Other analyses on blood serum are differential
CBC, CRP, LDH, AST/AL, procalcitonin, troponin I. Lymphopenia in pa-
tients indicated a bad prognosis of the disease. To detect the virus in
specimens, Real-time RT-PCR is recommended. However, the diagnostic
kit based on the RT-PCR technique has varied negative results. The PCR
positive results are valuable, and the negative results do not reject the
possible diseases. A systematic review indicated that the CT scan is a
valuable diagnostic method for the symptomatic and hospitalized pa-
tient, however, at the early stage PCR method is recommended [13]. The
biodistribution of SARS-CoV-2 in bronchoalveolar lavage fluid, sputum,
nasal, fibre-bronchoscope brush biopsy, pharyngeal, stool, blood and
urine, and their biodistribution were 93, 72, 63, 46, 32, 29, 1 and 0%,
respectively, during three days of hospitalization [14].

Accurate and early detection plays a critical role in limiting COVID-19
spread and prevents future epidemics. Nanotechnology, based on mo-
lecular techniques and specific pathogens targeting, has emerged as a
promising strategy in the early and fast COVID-19 detection. In the field
of NPs applications for SARS-CoV-2 detection, RNA might be extracted
using high-affinity silica-coated iron oxide NPs. Recently [15] has been
reviewed diagnostic strategies for SARS-CoV-2, focusing on nanotech-
nology. Notably, a molecular-based technique to assess the RNA virus has
superior sensitivity compared to antibody-based methods and serology.
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However, a lateral flow antigen detection based on colloidal gold NPs is
under investigation [16] and it seems that since virus infection is started
from the lung, the rapid (3-15 min) and early (three days post-infection)
serology methods by colloidal gold NPs are superior to PCR methods for
the detection antibodies against virus instead of RNA virus [17, 18].
These findings related to the sampling, time point of sample collection,
active infection versus post-infection seroconversion explains the false
negative results of PCR methods. This point of care testing has exhibited a
clinical sensitivity, specificity, and accuracy of 57%, 100%, and 69% for
IgM and 81%, 100%, and 86% for IgG, respectively while showing a
clinical sensitivity of 82% for detecting the both IgM and IgG. For
example, the gold NPs that quickly detect IgM and IgG antibodies derived
from SARS-CoV-2 virus [19]. Furthermore, Ahmed et al. [20] reported an
ultrasensitive chiro-immunosensor for viruses, including coronavirus
based on chiral AuNPs (CAu NPs)-quantum dot (QDs) nanocomposites
which showed significantly enhanced sensitivity in viral detection based
on exciton-plasmon interactions. Singaporean scientists developed an
RNA stabilization kit that stabilizes RNA of the virus at room temperature
to prevent its degradation up to one week storage [19].

As depicted in Table 1, it was shown some protein and structural
similarities and differences between SARS-CoV, MERS-CoV and SARS-
CoV-2 and then in Table 2, it was summarized the recent advance-
ments in nanoplatforms for the detection and treatment of SARS-CoV-2
with regards to its similarities and differences with two other sisters.
The other Nano platforms for the diagnosis of coronaviruses are poly-
meric NPs [21], chaperone-mediated ferritin nanoparticles [22], Nano-
bodies [23, 24, 25, 26, 271, Self-Assembling Protein Nanoparticle (SAPN)
[28], an adenoviral vector encoding Ad5 [29], spike protein nano-
particles [30], VLPs [31], AuNPs [32], AgNPs [33], Lumazine synthase
NPs [34, 35], Microneedle array (MNA) delivered SARS-CoV-2 S1 sub-
unit vaccines [36]. The based on the structure and protein similarities
between SARS-CoV, MERS-CoV and SARS-CoV-2, it may be proposed a
diagnostic method with less time and cost to design a new Kkit.

4. Properties of NPs for COVID-19 treatment

Nanomedicine, the application of nanomaterials to medicine, is used
in vectors, biosensors, drug and gene delivery. Nanotechnology, by tak-
ing off its unique physicochemical characteristics, leads to improved
therapeutic efficacy through enhanced drug bioavailability, overcome to
the low Log P (hydrophobicity or insolubility in water), specific delivery
to target sites in cellular and intracellular levels and reduces side effects;
it can also overcome the drug resistance, which is beneficial for viral
treatment. Nanomaterials that are scientifically engineered are used to
help pharmaceutical companies; they help to enhance the effectiveness of
therapy and target specific dysfunctional organs or decaying body cells.
The emergence of nanomaterials in recent years is swiftly transforming
the scientific landscape of fields as diverse as aerospace, military, and
medicine.

Nanoparticles (NPs) possessing unique physicochemical properties
showed virucidal activities [37]. Small size, large surface area, target-
ability, and stimulus-responsive characteristics, make NPs the effective
antiviral agents. NPs such as iron oxide, zinc oxide, silver, carbon-based
and AVNP2 are considered as the promising agents to modulate the viral
infection process. Metal NPs through their localized surface plasmon
resonance (LSPR) effect may act as the theranostic agents for the diag-
nostic and therapeutic applications [38] while polymeric NPs do not have
LSPR effect. They can inactivate viruses, including HIN1 and H5N1
influenza [39], poliovirus [40], NIPAH virus [41], respiratory syncytial
virus, herpes simplex virus, human papillomavirus, dengue, and lenti-
virus [42]. It has been shown that nitric oxide (NO) nanoparticles
through the supplementation of NO for endothelial cells and also, inhi-
bition of RNA replication by peroxynitrite residue derived from NO
prevent SARS-CoV infection and virulence [43]. Nanomaterials such as
AuNPs can be used to bind the coronavirus and interrupt its structure
through infrared light emission, and then the virus is deactivated by
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nanomaterials. In addition to the antiviral properties, NPs are determined
as promising antiviral drugs carriers. They increase the activity of the
drugs and improve their bioavailability. For example, chitosan NPs in the
form of an aerosol (Novochizol) encapsulate several drugs and adhere to
epithelial cells and can release the drug up to 3h. Therefore, drug dilution
in body fluid does not cause reduced drug effectiveness [19].

Currently, only a few unspecific anti-coronavirus agents with serious
adverse effects are available such as Kaletra (Lopinavir/Ritonavir),
hydroxychloroquine, oseltamivir phosphate, Azithromycin, etc. Whereas
acute respiratory distress syndrome (ARDS) derived from cytokine
release syndrome (CRS), especially interleukin (IL)-6, will worsen the
patient's fate. Therefore, the blocking of IL-6 and its receptor with Sil-
tuximab and Tocilizumab are under clinical trial studies [37]. However,
the role of lymphocytic apoptosis is not negligible in viral spreading by
macrophages in COVID-19 patients [44]. Although there is no specific
antiviral therapeutics for COVID-19, some unspecific medicines cured
the patients. Nanostructures enhance the efficacy of these therapeutic
agents.

Furthermore, siRNA, microRNA, and shRNA regulating viral gene
expression will be developed as novel therapeutic agents against COVID-
19 [45]. NPs cover the noncoding RNA and protect them from enzymes to
improve their functions [46]. Nanodiamond particles functionalized and
encapsulated with octadecylamine and dexamethasone show promising
results dose dependency on declining of TNF-a, iNOS, and macrophage
infiltration in mice [47]. However, the immunosuppression must be
targeted to specific immune cells to not leading to sepsis in patients;
extracorporeal perfusion of cytokines at the early stages using meso-
porous carbon absorbents and graphene [48] makes enough time to host
eliminate SARS-CoV-2 and limits mortality in patients derived from
cytokine storm, etc.

Noteworthy, combination therapy seems to combat pandemic dis-
eases. Co-delivery systems facilitate combination strategies [49]. Thus,
nanocarriers can be applied for the co-encapsulation of the candidate
drugs such as Remdesivir and hydroxychloroquine to treat COVID-19.

5. Preclinical assessment of NPs used for COVID-19 therapy

Some studies demonstrated the applications of NPs against corona-
virus. Fortunately, airborne nanomaterials due to a small size and their
tuneable physicochemical properties suited to penetrate alveolar
epithelial type II cells (AECII) in the deep lung. The nanomaterial may be
considered as a favourable candidate to deliver therapeutic agents in
COVID-19 patients [37]. The most important point is related to the
finding of some similar characteristics in viruses to repurpose medica-
tions such as attachment of virus attachment ligand (VAL) to heparan
sulphate proteoglycans (HSPG) or sialic acids (SA) on the surface of host
cells. The occupation of ligand sites on the cell surfaces, the viral
attachment will be diminished [37]. However, clearance and dilution of
nanomaterials upon virus replication have to be kept in mind.

Recently, different types of carbon dots have investigated for the
treatment of human coronavirus HCoV-229E infection. These nanoscale
materials derived from ethylenediamine/citric acid and modified
boronic acid ligands. The carbon nanomaterials inhibit and inactivate
HCoV-229E entry in a concentration-dependent manner [50]. The
functional groups of these carbon quantum dots interacting with
HCoV-229E entry receptors and inhibit viral replication (Figure 2).

In the meantime, gold nanorods (AuNRs) have been applied to in-
crease the inactivation of MERS-CoV. Conjugation of the AuNRs with an
HR1 peptide inhibitor, pregnancy-induced hypertension (PIH), exhibits
inhibitory effects and effectively prevents membrane fusion in MERS-
CoV infections. These stable PIH-AuNRs complex represented as a new
antiviral agent. These PIH-AuNRs possessing biocompatibility may pro-
vide fast clinical translation for MERS and eventually COVID-19 treat-
ment [51]. Moreover, a molecular docking study proposed that FeyO3
NPs strongly interacts to S1-RBD of the SARS-CoV-2 and eventually
through the viral protein conformational change promotes antiviral
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Table 2. Nano-based approach for viral diagnosis and treatment.

Nanoparticles Virus Mechanism of Antiviral Action Outcome Ref.
Chiral AuNPs-quantum dot coronavirus Chiral plasmon-exciton systems Viral detection [20]
nanocomposites
Nanoparticulate vacuolar ATPase Feline coronavirus Improved safety profile and Exhibits potent host-targeted [21]
blocker (diphyllin) enhanced inhibitory activity antiviral activity
poly(ethylene glycol)-block- against virus infection
poly(lactide-coglycolide) (PEG-
PLGA)
chaperone-mediated ferritin MERS-CoV Targeting the RBD, inhibited RBD Induce MERS-CoV RBD-specific [22]
nanoparticles binding to hDPP4 receptor protein antibodies (IgG,
IgG1, IgG2a, IgG2b, IgA) in mice
Elicit MERS-CoV
RBD-specific T-cell responses
(IFN-y, TNF-a) in mouse
splenocytes
Oligomeric Nanobodies MERS-CoV RBD-receptor binding inhibition Targeting the Receptor-Binding [23]
Domain dimeric Nb (Di-Nb) and
trimeric Nb (Tri-Nb) had higher
ability to bind MERS-CoV RBD
proteins
MERS-CoV-specific VHHs or MERS-CoV VHHs bind with exceptionally Efficiently blocked virus entry at [24]
nanobodies high affinity to the receptor- picomolar concentrations.
binding domain of the viral spike
protein
Nanobody (NbMS10) MERS-CoV Targeting the MERS-CoV spike Vigorous Cross-Neutralizing [25]
Nanobody (NbMS10) and human- protein receptor-binding domain Activity and Protective Efficacy
Fc-fused version (NbMS10-Fc) (RBD) against MERS-CoV
VHHs viral infections Binding to viral coat proteins or immunotherapeutic [26]
blocking interactions with cell- agents, inhibitors of viral entry
surface receptors
Nanobodies® for lung diseases Inhaled biotherapeutics in clinical development for the [27]
ALX-0171 treatment of respiratory syncytial
virus (RSV) infection
enVision SARS-CoV-2 Potential commercial rapid Rapid detection [47, 48]
Lab-on-Chip platform integrating diagnostic kits
PCR and microarray
Self-Assembling Protein Infectious bronchitis virus (IBV) The second heptad repeat (HR2) Vaccine [28]
Nanoparticle (SAPN) the genus gamma coronavirus region of IBV spike proteins High antibody responses
adenoviral vector encoding Ad5 MERS-CoV Stimulation of both Th1 and Th2 Heterologous prime-boost [29]
and spike protein nanoparticles responses against MERS vaccination (heterologous
immunization by priming with
Ad5/MERS and boosting with
spike protein nanoparticles)
spike nanoparticles MERS-CoV Targeting the S protein high titer anti-S neutralizing [30]
antibody and protective immunity
VLPs Human coronavirus NL63 Selectively transduce cells Development of a highly specific [31]
expressing the ACE2 protein delivery platform for displaying
narrow tissue tropism.
AuNPs MERS-CoV Color changes of AuNPs Label-free colorimetric detection [32]
AgNPs MERS-CoV color change paper-based colorimetric assay for [33]
DNA detection
Lumazine synthase NPs MERS-CoV The MERS-CoV spike protein Investigation of viral transmission [34]
selectively binds to sialic acid and pathogenesis
(Sia), and cell-surface
sialoglycoconjugates can serve as
an attachment factor
Lumazine synthase NPs MERS-CoV The importance of the S1 domain Investigation of viral transmission [35]
in MERS-CoV infection and and pathogenesis, species-specific
tropism colocalization of MERS-CoV entry
and attachment receptors
Microneedle array (MNA) SARS-CoV-2 Targeting the S protein Strong and long-lasting antigen- [36]

delivered SARS-CoV-2 S1 subunit
vaccines

specific antibody responses

efficacy [52]. Another strategy is to grab the virus by nano-sponges. They
have made nanosponges comprising the cell membrane of human mac-
rophages and lung epithelial type II cells and decorated them with the

Currently, some repurposing antiviral drugs have been suggested in
the treatment protocol of COVID-19, including IFN-o, Lopinavir/rito-
navir, Ribavirin, Chloroquine phosphate, and Arbidol [54, 55]. Chlo-

host receptors of SARS-CoV-2. Viruses are trapped into the nanosponges roquine shows antiviral efficacy through inhibition of

and neutralized [53].

endosome-lysosome fusion by endosomal pH enhancement, reduction
of viral load and virus entrance to host cells, and suppression of
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Figure 2. Binding of HCoV-229E virus to host cell. The virus binds to DPP4 cell
surface receptors via spike glycoprotein while carbon quantum dot, prepared by
hydrothermal carbonization, inhibits its interaction with cell surface receptor
and viral replication. Rights and permissions obtained from [50].

PICALM involve in endocytosis [56] Therefore encapsulation of the
hydroxychloroquine into the nanocarriers that deliver cargo to the
respiratory system and decline systemic administration side effects
such as retinopathy, myopathy, and heart diseases is valuable. The
nanocarriers can be liposomes, polymeric NPs same as albumin NPs,
micelles, etc [57].

However, as mentioned earlier, CD147 is a common receptor for
plasmodium falciparum, a parasite of malaria, and SARS-CoV-2. The
interaction of CD147 on RBCs and RAP2 from the plasmodium falcipa-
rum is necessary for a parasite invasion. Humanized CD147 antibody of
HP6H8 completely inhibits this interaction [58]. However, owing to
chloroquine resistance in malaria patients, it has been successfully
substituted with artemisinin.

Regarding the antiviral drug limitations, applying available nano-
platforms is suggested. Recent it has been surveyed antiviral drugs
nanocarriers, and some of them would be suggested for the treatment of
COVID-19. These include; selenium@oseltamivir and nano-formulations
of INFs-oa. Moreover, liver targeted delivery of INFs-a decorated by
hybrid NPs such as human serum albumin and copolymers of maleic
anhydride/alkyl vinyl ethers of oligo (ethylene glycol) is a valuable
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nanoplatforms. It can be functionalized by digalactosyl diacyl glycerol, a
natural glycolipid to selectively interact with the asialofetuin receptor of
liver hepatocytes. Other examples are Peglntron® and Pegasys® as two
FDA approved polymeric NPs containing PEG-interferon alfa-2b and
PEG-interferon alfa-2a, respectively and chitosan NPs for the oral de-
livery of IFNa [56, 59]; combination therapy of lopinavir/ritonavir/te-
nofovir by lipid nanoparticles composed of DSPC + MPEG + DSPE also
introduced, although, a combination of Lopinavir/ritonavir has been
suggested [60]. Combination therapy using nanomedicine not only in-
crease the therapeutic effects induced by synergistic effects of drugs but
also minimized the effective dose of drugs. In another antiviral study,
lopinavir/ritonavir loaded PLGA NPs showed potent antiviral activity
while reducing the effective dose [61]. Glutathione-capped Ag2S nano-
clusters were also potent nanomaterial for coronavirus suppressing. They
significantly prevent the RNA synthesis and budding and upregulate the
INF-stimulating genes (ISGs) expression (Figure 3) [62]. Kerry and et al
[41], also reviewed the nano-based approaches against viral infection in
which noticed the antiviral activity of graphene oxide (GO) with Ag NPs
study against Feline coronavirus (FCoV). GO-Ag NPs could efficiently
suppress the FCoV through lipid membrane rupture mediated interaction
of GO with lipid membrane and then, Ag NPs absorb the ~SH groups of
viral proteins. Furthermore, phage capsid NPs functionalized with
multivalent ligands in an arrangement in which it matches the geometry
of the spike protein binding site is promising. These NPs provide a col-
lective strength of multiple binding sites and cover the entire virus
envelop, thereby suppress the influenza virus entry [63]. The authors
announced that they immediately take this approach to combat corona-
viruses [64]. Another strategy is to rapidly eliminate pro-inflammatory
cytokines from the bloodstream before the further adverse effect in tis-
sues. It seems that extracorporeal perfusion through graphene and porous
carbons is promising to quickly remove the cytokines from the blood
circulation [48, 65]. However, a theranostic platform to detect and treat
the virus infection is of interest. In this regards, organic, inorganic and
virus-like NPs such as lipid NPs, dendrimer, magnetic and gold NPs have
been reported [66]. A clinical trial phase 1 has been recently designed to
investigate the safety and efficiency of aerosol inhalation of the exosomes
derived from allogeneic adipose mesenchymal stem cells in patients with
severe COVID-19 [67]. There are several nano-strategies to combat
SARS-CoV-2 by repurposing from pharmaceutics for other diseases with
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Figure 3. The anti-viral effect of Ag,S nanoclusters. They inhibit the replication of the viral genome and budding. However, they upregulate the INF-stimulating genes

(ISGs) expression. Rights and permissions obtained from [62].
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similar symptoms including TNF-a inhibitors and interferon producers.
TNF-« is accounted as the one of major cytokines involved in cytokine
storm and its inhibition will be promising to decline tissue damage
thereof. To this aim, TNF-a-siRNA will be helpful especially when are
encapsulated into the NPs to protect them from biodegradation and
enhance their bio-distribution and transfer to the inflamed tissues. Tar-
geted delivery to inflamed tissues may provide with acid-sensitive NPs
such as acid-sensitive sheddable PEGylated solid-lipid NPs (SLN). The
TNF-a-siRNA- SLN had high encapsulation efficacy up to 90% with a 5%
burst release of siRNA. However, they showed superior
anti-inflammatory efficacy than free-methotrexate, as well [68]. Other
nanoplatforms that inhibit TNF-o are surface charge tuneable
(PEG5K-b-PLGA10K) NPs [69], gold NPs [70], nanodiamonds [47],
Chitosan-Tripolyphosphate NPs [71], Polycaprolactone NPs [72], Mag-
netic nanocomposite particles [73], Zein NPs [74], Melatonin/Polydop-
amine Nanostructures [75], Polyurethane-chitosan copolymer [76],
Nanocrystalline suspension [77], Lyophilized non-aggregated NP of
Irbesartan (IBS-NPs) [78, 79]and Solid lipid NPs [80].

Besides, it has been proven that melatonin inhibits TNF-o production
and also, it has beneficial potential to decline COVID-19 symptoms. One
clinical trial on the efficacy of melatonin in COVID-19 patients has
proven its efficacy [81]. In other words, melatonin modulates the im-
mune system by acting on T cells and inhibiting of TNF-a [82].

It has been proven the general administration of interferon-o needs a
high dose of the parental regime and several severe side effects, there-
fore; encapsulation of the drug into a nanocarrier is of interest. For
example, encapsulated interferon-a into chitosan NPs with mucoadhe-
sive potential is promising to orally deliver the cargo. The NPs had a
particle size of 36 nm without the decline of interferon-a activity into the
carrier. Interferon-o -chitosan NP appear 1 h after the oral administration
in plasma of mice while the commercial interferon-alpha was not
detected. This finding showed that encapsulation of interferon-alpha into
a NP remains its activity and enhances its biodistribution. However, the
patients are more compatible with the oral administration of the injec-
tion [56]. Some other nanoplatforms that have been applied to produce
interferon are a derivate of chitosan NPs [25, 56, 59, 83], Fe304 NPs
[84], Disulfide-based PEGylatednanogels [85], CD44-targeted gluta-
thione-sensitive hyaluronic acid-mercaptopurine prodrug (HA-GS-MP)
[86],Nanoliposomes [87], Sirolimus nanocomposites [88], Sirolimus
Nanocrystals [89] and Calcium phosphate (CaP) NP-based vaccine car-
rier functionalized with CpG and viral peptides [90]. These NPs can
encapsulate biomaterials and drugs that induce interferon-a.

Hydroxychloroquine is another drug that uses in COVID-19 patients
through reduction of viral load and virus entrance to host cells. There-
fore, encapsulation of the hydroxychloroquine into the nanocarriers that
deliver cargo to the respiratory system and decline systemic adminis-
tration side effects such as retinopathy, myopathy, and heart diseases is
valuable. The nanocarriers can be liposomes, polymeric NPs same as
albumin NPs, micelles, etc [57].

Safe, and effective vaccines are crucial for disrupting the COVID-19
transmission chain, and nanotechnology plays a growing potent role in
vaccine development [91]. Novavax announced the development of a
novel virus-like particle (VLP; recombinant NP) formulation with the
Matrix-M™ adjuvant (RN 1235341-17-9) vaccine against at least one
trimer of an S protein in COVID-19. The vaccine elicits a neutralizing
antibody response in administered animals with a single prophylactic
injection [45, 92]. A novel development of vaccine [93] reported a
self-assembling peptide NP with deposition of N- and C-termini and
containing NSP10, a viral transcription factor, of the human SARS-CoV as
an antigen presentation platform.

A promising strategy in vaccine development is taking benefits of
mRNA owing to mimicking the natural infection and the ability to
combine multiple mRNAs into a single vaccine that resulted in the
stimulation of a more potent immune response. For example, mRNA
vaccines encapsulated in cationic lipid NPs that encode the full-length of
S, S1, or S2 proteins from SARS-CoV and MERS-CoV lead to more
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amplified neutralizing antibody responses than mRNA encoding the S2
subunit in mice with high efficacy. Recently, Moderna announced [94]
the release of the first mRNA-1273 vaccine formulated in cationic lipid
NPs against the S protein of COVID-19 for human application. Others
patented vaccines containing mRNA encoding at least one antigen from
MERS, including an S protein or an S protein subunit (S1), an envelope
protein (E), a membrane protein (M), or a nucleocapsid protein (N), all of
which caused to significant specific protective immunity. Notably, in-
tradermal injection of lipid NP (LNP)-loaded mRNA combination
encoding S proteins of MERS stimulated the humoral immune responses
in mice. Briefly, two companies developed nanoparticulate vaccines for
SARS-CoV-2, including LNP-encapsulated mRNA form the Moderna
(NCT04405076) and 3LNP-mRNAs from BioNTech/Fosun Pharma/Pf-
izer (2020-001038-36). These vaccines are under clinical trial studies.
Some other vaccines are under preclinical investigations including
LNP-mRNA from Translate Bio/Sanofi Pasteur, LNP-encapsulated mRNA
encoding RBD and LNP-encapsulated mRNA cocktail encoding VLP from
Fudan University/Shanghai JiaoTong University/RNACure Biopharma,
LNP-encapsulated mRNA from University of Tokyo/Daiichi-Sankyo,
Liposome-encapsulated mRNA from BIOCAD and LNP-mRNA from
CanSino Biologics/Precision NanoSystems. Please see the recent review
on vaccines on clinical trials and their mode of action for immunity
against the virus [55].

6. Remark

Overall, nanotechnology has emerged as a potent strategy for the
designing of antiviral therapeutics. However, translation of extensive
researches from bench to clinic is an urgent priority to control COVID-19.
Noteworthy, we offer the repurposing of their nano-platforms. These
nanosystems have been summarized in Table 3. Most recent R&D on
coronavirus vaccines has been dedicated to RNA and protein vaccines
containing the S RNA and protein subunits and explicitly targeting the
receptor-binding domain (RBD) of the S1 subunit of the viral S protein.
Modern vaccines composed of antigenic protein subunits, including viral
S protein subunits, present higher neutralizing antibody and more pro-
tective immunity compared to a live-attenuated virus, full-lengtth S
protein, and DNA-based S protein vaccines. Therefore, spike RNA and
protein segments are the preferred targets for SARS/MERS vaccine
development, which can take advantage of the same approach in
developing COVID-19 nano-vaccines. From the other side, NPs are ideal
carriers and therapeutics for pulmonary delivery [58]. In this point of
view, blocking the S- ACE2 receptor interaction by biocompatible NPs
would be promising; especially when the theranosticNPs are designed for
early and fast detection and effective treatment, Nanomaterials can act as
an adjuvant to enhance immunogenicity and antigen protection from
biodegradation. These immune-targeted nanotherapeutics show dose
spare, modulation of type of immunity, vast antibody responses, more
rapid and durable immunity in vaccinated individuals [95]. Their
responsiveness is size-dependent and, in some cases, may increase the
immunity responses 100 folds higher than the soluble antigens. The NPs
with 10-100 nm may be considered as a favourable particle size that can
be deposited in the alveolar region, and lesser [95] than this size may be
filtrated from the kidney. Nano-vaccines should act as a delivering and
immunomodulatory system. To reach this goal, functionalization of
nanomaterials with the ligands of TLR4 and NLRP3 and also dendritic
cells' receptors such as ligands of Fc receptor, mannose receptor and
CD11c/CD18 receptor, are promising. However, the cellular uptake may
improve by the active targeting of target cells, cell-penetrating peptides
(CPPs), cationic nanoparticles (branched PEI), etc. The candidate's
nanomaterials are MF59 (165 nm nanoemulsion), pH-sensitive or
redox-sensitive nanomaterials, liposomes, gold nanoparticles, polymer-
osome, virosomes, virus-like nanoparticles (VLNs) (15-30 nm), cationic
nanoparticles such as chitosan nanoparticles, the polymeric nanoparticle
of  PLGA, poly(ethyleneglycol)-b-poly(L-lysine)-b-poly(L-leucine)
(PEG-PLL-PLLeu) micelles, dendrimers, etc. [95]. Although two
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Table 3. The potential nano-based drugs repurposing for the treatment of COVID-19.

Nanoparticles Formulation Therapeutic agent Indication Ref
TNF-a Lipid NPs TNF-a siRNA rheumatoid arthritis [68]
inhibitors Surface charge tunable (PEG5K-b- TNF-o siRNA ulcerative colitis [69]

PLGA10K) nanoparticles

Gold NPs (AuNGs) - collagen-induced arthritic (CIA) [70]

Octadecylamine-functionalized ND-ODA and dexamethasone rheumatoid arthritis [47]

nanodiamond (ND-ODA) &

dexamethasone (Dex)-adsorbed

ND-ODA (ND-ODA-Dex)

Chitosan-Tripolyphosphate Melatonin Attenuating [71]

NPs Etoposide-Induced Genotoxicity

Polycaprolactone NPs Melatonin Glioblastoma [72]

Magnetic nanocomposite particles Melatonin breast cancer [73]

Zein NPs Melatonin - [74]

Melatonin/Polydopamine Melatonin Parkinson's Disease [75]

Nanostructures

Polyurethane-chitosan copolymer Mesalamine An anti-inflammatory drug for the [76]

treatment of inflammatory bowel
disease

Nanocrystalline suspension Irbesartan (IBS) angiotensin receptor blocker [77]

Lyophilized non-aggregated NP of Irbesartan (IBS) antihypertensive agent [78]

Irbesartan (IBS-NPs)

IBS NPs Irbesartan (IBS) angiotensin II receptor antagonist [79]

Solid lipid NPs Irbesartan (IBS) angiotensin receptor blocker [80]
Interferon Chitosan NPs Interferon-alpha viral infections and cancer [56, 59]
inducers diseases

Chitosan NPs 6-Mercaptopurine immunosuppressant and anti- [101]

cancer drug

hydroxypropyl-p-cyclodextrin mesalazine (MSZ) anti-inflammation activity [83]

(HP-B-CD) inclusion

complex loaded chitosan (CS) NPs

Folate Receptor-Targeted and 6-mercaptopurine (6-MP) Leukemia [25]

GSH-Responsive

Carboxymethyl Chitosan NPs

PVA-coating- Fe304 NPs 6-Mercaptopurine (6-MP) Leukemia Therapy [84]

Disulfide-based 6-mercaptopurine and methotrexate breast cancer [85]

PEGylatednanogels

CD44-targeted glutathione- mercaptopurine prodrug Leukemia [86]

sensitive hyaluronic

acid-mercaptopurine

prodrug (HA-GS-MP)

Nanoliposomes (Nanolimus) Sirolimus known as rapamycin Peripheral artery disease (PAD) [87]

Sirolimus nanocomposites Sirolimus macrocyclic lactone [88]

immunosuppressant,

anti-rejection reaction after organ

transplantation
Sirolimus Sirolimus the immunosuppressive agent also [89]
Nanocrystals used to

treat inflammation, cancer
Calcium phosphate (CaP) NP- - chronic retroviral [90]

based vaccine
carrier functionalized with CpG
and viral peptides

infection

developed SARS-CoV-2 nano-vaccines in clinical trials are encapsulated
RNA, the most preclinical vaccines focus on recombinant spike protein
vaccine, one reason my related to non-exciting of RNA vaccine in the
market. Therefore, the functionalization of NPs, such as liposomes with
versatile biomolecules and motifs that target SARS-CoV-2 would be
effective. However, functionalized graphene, carbon nanotubes, nano-
diamonds, and polystyrene particles provoke the immune system. For
example, amino-graphene oxide same as alum and ASO1 and ASO3
(conventional adjuvant) activate the inflammasome sensor NLRP3 and
interferon pathways of STAT1/IRF1, respectively resulting in macro-
phage/Th1 polarization and T cell chemoattractants [37, 96]. However,

graphene and fullerene are both candidates of photodynamic therapy
[97]

7. Barriers to overcome

Recently, due to the importance of limiting the virus pandemic in the
world, the results of the effectiveness of a new drug are announced every
day, which seems to be understandable, but it should be reviewed more
wisely. Nano drugs, meanwhile, acts as a double-edged sword. From one
side, there are some concerns about their toxicities, and on the other
hand, are promising to enhance the efficacy of drugs or act as a nano drug
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to inhibit virus attachment, fusion, replication, and infection or even
restrain the inflammatory and damaging cascade following virus infec-
tion in patients. There are several reports associated with mutagenicity,
tumorgenicity, producing free radicals, penetration into the brain, etc. of
NPs, especially metallic NPs. The caution should be considered related to
toxicity and size dose dependency, the route of administration, bio-
distribution, and biodegradability of NPs [38, 98]. Another critical point
is associated with the cell death mechanisms provoke by NPs and
cross-reaction with the efficacy of drugs against a virus such as auto-
phagy, ferroptosis, etc. [49, 99]. Translation of in vitro studies to clinical
investigations without definitive studies that carefully cover NPs’
biocompatibility resulted in irreparable damages.

8. Future perspective

Medical nanotechnology has established a new and mighty era in the
diagnosis and treatment of viruses, including COVID-19. However, the
safety, dose-response, and size-efficacy of nanoparticles are their concern
to translate to clinical applications. Designing nanoplatforms to diagnose
and treat the COVID-19 and limit triggering of tissue damage cascade in
human cells is necessary. To this aim, an accurate understanding of lethal
death mechanisms of NPs in cells and viruses, occupying of the receptors
binding sites of the virus in human cells using NPs and strategies to
manipulate virus structures and their enzymes by NPs (Virus-NP inter-
action) is crucial. Meanwhile, designing of the NPs with enhanced cir-
culation time, drug entrapment efficacy, and biodistribution that limit
drug metabolization and release in unwanted tissue and organs are of
interest. Noteworthy, to enhance the effectiveness of antiviral drug de-
livery by the NPs, they can be functionalized with the specific antibodies
and ligands for active targeting. However, NPs based on their small size
exhibit passive targeting potential. Advanced methods such as molecular
dynamic and molecular docking, stochastic, and micro-fluidic predicting
the involvement of viruses’ structures with NPs and Virus-NPs interaction
will be valuable to achieve this goal. Therefore, it appears that NPs
themselves and also as a combination therapy system or carriers for the
aim of drug repurposing and development will be promising in designing
rapid test diagnosis methods and therapeutic agents.
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