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ABSTRACT

COVID-19 outbreak can impose serious negative impacts on the infrastructures of societies including the
healthcare systems. Despite the increasing research efforts, false positive or negative results that may be asso-
ciated with serologic or even RT-PCR tests, inappropriate or variable immune response, and high rates of mu-
tations in coronavirus may negatively affect virus detection process and effectiveness of the vaccines or drugs in
development. Nanotechnology-based research attempts via developing state-of-the-art techniques such as
nanomechatronics ones and advanced materials including the sensors for detecting the pathogen loads at very
low concentrations or site-specific delivery of therapeutics, and real-time protections against the pandemic
outbreaks by nanorobots can provide outstanding biomedical breakthroughs. Considering the unique charac-
teristics of pathogens particularly the newly-emerged ones and avoiding the exaggerated optimism or simplistic
views on the prophylactic and therapeutic approaches including the one-size-fits-all ones or presenting multiple
medications that may be associated with synergistic toxicities rather than enhanced efficiencies might pave the
way towards the development of more appropriate treatment strategies with reduced safety concerns. This paper
highlights the significance of nanoplatforms against the viral disorders and their capabilities of genome editing

that may facilitate taking more appropriate measures against SARS-CoV-2.

1. Introduction

Coronaviruses include the related viruses group capable of causing
diseases in the birds and mammals [1]. In comparison to other RNA
viruses, coronavirus has the largest size of genome and spike peplomers
projecting from its surface [2]. Regarding the genetic recombination and
content, high-degree plasticity has been detected in the genomes of
coronaviruses (CoVs) [3,4]. Large genomes of CoVs could be associated
with increased mutation probabilities and facilitated viral attachment or
entry into the cells by using multiple receptors [5,6]. Attachment of the
spike glycoprotein to the host-cell receptor is followed by the cleavage of
protease, activation of the spike protein, virus entry into the host cell via
endocytosis or viral envelop fusion with cell membrane, un-coating the
virus and RNA genome entrance into the cytoplasm, translation of the
reading frame of viral genome by the host ribosome and forming a
polyprotein that can be cleaved by its own proteases into various non-
structural proteins which are implicated in transcription and replica-
tion of RNA [7,8]. Inactivation by the ether has revealed the lipid en-
velope of the virus [1]. From a historical point of view, discovery and
isolation of the virus in humans was performed in 1960s, however, it
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could not be cultivated by the standard methods [9]. In 1965, devel-
opment of novel cultivating techniques facilitated inoculation of the
isolated virus into the volunteers [10] followed by identification of a
variety of corona viruses in animals [11]. Other types of coronaviruses in
humans have been identified from 2003 to 2019 [11,12]. Coronaviruses
usually target the epithelial cells and transmit between the hosts via
various routes [1]. They can induce infections of the respiratory tracts in
humans including the bronchitis and pneumonia and other symptoms
such as those in the gastrointestinal tract that could be mild to fatal [13].
In December 2019, pneumonia outbreak was detected as a novel coro-
navirus strain which imposed a pneumonia pandemic, COVID-19 [14].
Unfortunately, the virus may coexist with humans for long periods of
time and the symptoms may occur via activation of the patients’ immune
responses [15,16]. In this respect, strengthening hosts’ immune systems
or controlling the hyperactive immune responses or inflammation can
provide more efficient protective effects.
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2. A quick look at the proposed strategies against the COVID-19
and the challenging issues

2.1. Antibody tests and real-time RT-PCR

Recently, FDA has warned about the limitations of antibody tests for
COVID-19 screening that may be due to the slow body response to the
virus, inability to confirm that people are no longer virus carriers,
showing false negative or positive results, technical difficulties in pro-
duction of proteins (as antigens) in the laboratories and determining
which proteins are the most appropriate ones for antibody production
[17]. Despite the easy screening and evaluation of the immunity, rapid
antibody testing cannot be a suitable substitute for COVID-19 diagnosis
by real-time RT-PCR which has been shown as one of the most precise
methods for evaluation and detection of the presence of genetic mate-
rials of RNA viruses including the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [18]. High specificity and sensitivity,
providing reliable diagnosis at the early stage of infection and high-
confidence detecting the low-copy targets, being faster than other
viral isolation techniques, and reduced risks of error or contamination
are the major advantages of real-time RT-PCR [19]. However, the
technique is associated with various limitations such as short detection
window, difficult scalability, and high costs [20]. Inappropriate col-
lecting methods or irregular viral loads can increase the rates of false
negative results including those related to the infections of COVID-19
[21]. Therefore, RT-PCR may not be applied as a unique test for guid-
ing the healthcare plans.

2.2. Vaccines

Development of vaccines has been a significant breakthrough in
biomedicine leading to the reduced mortality rates. Besides profound
influence on preventing or managing the infectious diseases, vaccines
including the peptide-based ones have attracted growing interests for
preventing chronic diseases such as cancer, neurological disorders, or
infections of the respiratory tract induced by the coronavirus [22,23].
Because of low immunogenicity of peptides, peptide vaccines are usually
applied along with the immune-stimulants such as adjuvants [24]. In
recent years, computational techniques have been applied for designing
multi-epitope peptide vaccines capable of triggering remarkable im-
mune responses [25]. However, the results should be validated during
the well-designed experiments in vitro and in vivo. Recently, peptide-
presenting NPs have been suggested as promising candidates for over-
coming some limitations associated with the peptide vaccines [26].

Hyper-variable viruses have remained as one of the major healthcare
concerns. For developing new prophylactic plans based on the epitopes
and specific targeting the conserved regions of the hyper-variable vi-
ruses, determining the immunogenic domains of viral proteins which are
able to elicit protective immune responses, is of great importance [27].
Identifying the conserved domains of proteins shared in various viruses
and capable of eliciting protective immune responses can provide novel
perspectives in developing epitope-based vaccines. Discovery of the
protective monoclonal antibodies (mAbs) capable of targeting the pro-
tein motifs which are widely shared, enables characterizing the peptides
capable of mimicking the epitopes and evoke protective immune re-
sponses [28]. Evaluating post-immunization and post-infection sera and
characterizing and cloning mAbs have been suggested as an appropriate
approach for identifying the protective epitopes [29]. Protective mAbs
against the protected regions could play an essential role in the immu-
nogen design and therapy [30]. Noteworthy, performing experimental
procedures for identifying protective epitopes of mAbs and T-cell acti-
vating peptides are usually burdened due to some limitations including
the technical ones. This has led to the development of various epitope-
related predictive evolvable algorithms which can be used for address-
ing the observational research [31]. Identifying the peptides capable of
eliciting efficient T-cell responses against the hyper-variable viruses can
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result in the development of novel vaccine formulations which evoke B-
and T-cell protective responses (Fig. 1). This might be of great value for
identifying the hyper-variable genomic hotspots in the coronavirus.

Besides application for analyzing the empirical data and improving
the efficiency of identification, in silico strategies can be used for pre-
dicting the immunogens for being included in new vaccine approaches
based on epitopes [32]. Data obtained from the modular immune in vitro
construct system and clinical studies have indicated that activation of all
components of the immune system is required for inducing appropriate
and long-lasting immune response [33]. In general, vaccination effi-
ciency depends on various factors such as the vaccine strain, nature of
disease, proper schedule of vaccination, appropriate modeling ap-
proaches for predicting the immunization process performance,
continuous monitoring particularly after presenting a novel vaccine,
maintenance of high rates of immunization, or idiosyncratic reactions
[34]. Regarding the development of effective and safe vaccines, various
challenging issues should be addressed such as several stages of the life
cycles of pathogens, diversity of pathogenic and physiologic oligomers
and isoforms, host-related or vaccine attenuation failures, lack of
appropriate response due to the various factors including the genetic
ones, complexity of the immunopathology, epitope nature, identifying
the pathological epitopes which could evoke specific antibody response,
inappropriate or various degrees of immune responses or difficulties in
prediction of this type of responses, and high rates of mutations in RNA
viruses that may protect them against the immune responses [26,35,36].
Identifying about 149 mutation sites across SARS-CoV-2 genome has
created more problems in development of an effective vaccine [37].
Recently, increasing efforts have been attracted towards designing the
vaccines against COVID-19 using a variety of methods such as altering
the nucleotide sequence of the viral genes and modification of mRNA
structures or adding a stabilization domain to the synthetic proteins of
virus for improved protein recognition by the immune system of host
[38,39]. Noteworthy, vaccine safety and efficiency should be assessed
using various virus strains in the animal models. In general, designing
process of mRNA vaccine include antigen selection, sequence optimi-
zation, modified nucleotide screening, evaluating the immune response,
performing appropriate safety tests, and providing optimized delivery
system [39,40]. Strategies for the development of mRNA vaccine against
SARS-CoV-2 include; i) using mRNA for expressing receptor binding
domain (RBD) and S protein, and ii) application of mRNA for expressing
virus-like particles (VPLs) [39]. In humans, the safety of platforms based
on mRNA for vaccine delivery has been previously reported [41],
however, there is no well-established data regarding those against
COVID-19. DNA vaccines which usually include antigen encoding
plasmid DNA molecules, are currently under development against SARS-
CoV-2 [42]. High pathogenicity of the virus may negatively affect the
successful passing of the clinical research phases. Virus-like particles
(VLPs) capable of mimicking the conformation and organization of
native viruses can be applied for evaluating the mechanisms of viral
infections, efficiency of vaccines, therapeutic agents, or delivery of
drugs [43,44]. They can be applied for determining SARS-CoV vaccine-
induced antibodies and enable assessment of vaccine efficiency in the
absence of appropriate animal models [45].

For accelerating development of vaccine against SARS-CoV-2, adju-
vants should be applied for increasing the immune response. In this
sense, aluminum adjuvant via phagocytosis facilitation, slowing antigen
diffusion from the site of injection, and stimulation of T helper type 2
immune response, MF59 through the creation of an immune environ-
ment at the site of injection and recruiting the immune cells for inducing
antigen-specific immune response, or adjuvant system series (ASO1-
AS04) could be suitable [46-48]. In general, optimal adjuvant is selected
based on the vaccine design process. Combination of various adjuvant
types can be used for increasing the immune response efficiency [49]. As
aforementioned, safety concerns have remained to be addressed relating
the development of drugs or vaccines including those against COVID-19
[50]. Besides the biological activities, membrane fusion, and receptor
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Fig. 1. Identification of the protein structural motifs for being included in the epitope-based vaccines for targeting the hypervariable viruses. Synergistic application
of the methods including the in silico and experimental approaches has been illustrated.

Adapted from Ref. [27]

binding capabilities, S protein has been shown as a promising antigen
candidate for development of vaccine. However, it can induce severe
damages in the liver and increased infection [51,52]. This necessitates
performing more rigorous research on both function and structure of S
protein.

2.3. Drugs

Some reports have suggested in vitro and in vivo efficiency of
hydroxychloroquine and chloroquine (FDA-approved drugs against the
malaria, rheumatoid arthritis, and lupus) against SARS-CoV-2 [53,54].
Besides disappointing or not-well-established findings, these drugs may
be associated with toxic effects on heart, kidney, liver, or neurons [55]
that may negatively affect their efficiency. The experimental antiviral
agent, remdesivir, has been represented for preventing the replication of
this rapidly spreading single-stranded RNA virus. The drug has shown
therapeutic potentials against SARS-CoV-2 in vitro and MERS-CoV in
non-human primates [56]. Initial findings of a few studies indicate the
relatively rapid recovery and improved rates of survival in some COVID-
19 patients receiving remdesivir [57,58]. Observational data should be
confirmed by well-designed, multicenter, and peer-reviewed clinical
trials for demonstrating the suitability and efficiency of the drug which
has shown various side effects including the hepatotoxicity. Further-
more, Chinese researchers have not found encouraging data during a
double-blind, randomized, and placebo-controlled study [59].
Regarding ritonavir-lopinavir, preliminary report indicate disappointing
results [60]. Favipiravir as an inhibitor of RNA polymerase has shown
efficiency against the viral infections such as influenza [61]. Few clinical
trials in China have represented favipiravir as an anti COVID-19 thera-
peutic agent due to the rapid clearance of virus and increased rate of
improvement in patient’s chest imaging [62]. This necessitates further

confirmations by more vigorous and controlled trials.

Besides the viral target proteins, inhibitors which target the inter-
action of virus with host factors could be promising candidates (host-
directed therapeutics) against the viral infections [63,64]. In general,
drugs capable of direct targeting the virus appear to provide more
therapeutic efficiency. SNG001, an experimental medication against the
chronic obstructive pulmonary disorder is currently under evaluation in
a phase-II clinical trial for its potential effectiveness against the COVID-
19 [38]. Recently, enhanced morbidity and mortality in the hyperten-
sive patients affected by COVID-19 has been reported [65]. Regarding
the inhibitors of angiotensin converting enzyme (ACE) or antagonists of
angiotensin receptor, there are no well-established studies demon-
strating the potential harms or benefits of these drugs in COVID-19
patients [66,67]. Despite the implication of ACE-2 in the viral entry
(Fig. 2) and COVID-19 pathogenesis [68], it could not be inhibited by
ACE inhibitors which are usually prescribed in the clinic [69].

Furthermore, application of ACE inhibitors or antagonists of the
angiotensin receptor may enhance ACE-2 expression and susceptibility
of patients to the viral propagation and entry into the host cells [70].
These drugs have not influenced mortality or morbidity in 112 patients
affected by both cardiovascular disease and COVID-19 [71]. Altogether,
there is no appropriate scientific evidence or clinical trial data sug-
gesting discontinuation of these medications in COVID-19 patients with
co-existing cardiovascular disorders. Evaluating the accuracy of the
contradictory hypotheses necessitates designing additional research
projects.

EK1 and HR2-derived peptides as the inhibitors of entry/fusion
appear to be effective against SARS-CoV-2 infections [72]. Furthermore,
clustered regularly- interspaced short palindromic repeats (CRISPR)-
Cas13d system has been suggested for targeting and cleaving the
genome of SARS-CoV-2 [73]. Intracellular poly(ADP-ribose)
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Fig. 2. Mechanisms of action of ACEI, ARB, and SARS-COV2 infection through ACE-2 receptors. ACEL: angiotensin-converting enzyme inhibitors, ARB: angiotensin

receptor blocker, ACE-2: angiotensin-converting enzyme 2.
Adapted from Ref. [71].

polymerases can inhibit the replication of coronavirus and viral mac-
rodomain has been suggested as an appropriate target for antivirus
treatment [74]. Further evaluations are required for supporting these
reports.

Based on the receptor-mediated endocytosis of coronavirus, target-
ing of endocytosis has been suggested as a promising approach against
SARS-CoV-2 [75]. Over the last decade, huge amounts of costs and time
for drug-related research and design has provoked development of more
advanced strategies and techniques. Artificial intelligence (AI) tech-
nologies have offered immense opportunities to analyze large-scale
multivariate data, solve complicated problems, make precise de-
cisions, identify novel compounds including the biomarkers and pre-
dicting their interactions, bioactivities, targets, and treatment outcomes,
provide novel insights into the disease pathomechanisms, and rapidly
design more effective therapeutics and carriers [76]. Platforms powered
by AI can be used for patient matching with relevant trials in the clinical
settings leading to the improved cost-effectiveness and error reduction.
A number of drugs targeting AP-2-associated protein kinase-1, as the
host kinase capable of regulating clathrin-dependent endocytosis have
been detected and baricitinib has been suggested as an appropriate drug
against COVID-19 due to its inhibitory effect on the kinase activity
[77,78]. Inhibitors of p21-activated protein kinase-1, an enzyme which
is involved in the viral entry and replication and can prevent micro-
pinocytosis, have been suggested as therapeutic agents against COVID-
19 [79,80]. Noteworthy, inhibitors like caffeic acid, ketorolac, tripto-
lide, or propolis are associated with low solubility and problems in cell
penetrability [81]. In this respect, newer inhibitors such as minnelide
and frondoside-A with improved solubility and potency have been
developed [82,83] that needs further evaluations.

The beneficial effects of corticosteroids for suppressing the hyper-
inflammatory response in some COVID-19 patients has remained
controversial. There is no well-established clinical evidence for sup-
porting corticosteroid therapy against the lung injury associated with
COVID-19 [84]. Recently, a retrospective study has shown the beneficial
effects of low dose corticosteroids in the critically-ill COVID-19 patients
[85]. Because of its high potency, dexamethasone may be considered for
suppressing the hyperinflammatory or immunologic reactions in pa-
tients with severe conditions, however, after appropriate infection
control. Furthermore, dexamethasone may worsen the present infection
or reactivate the previously managed one and intensify the negative
impacts of COVID-19 on various body organs including the heart that
may result in serious adverse effects. In this respect, further evaluations
are of critical importance to determine the appropriateness of

corticosteroids including dexamethasone against COVID-19 even in se-
vere conditions.

Preventing activation of Fc receptors may also be helpful for
reducing the inflammatory response induced by SARS-CoV-2 [86].
Furthermore, blocking interleukin-6 (IL-6) receptors or granulocyte-
macrophage colony stimulating factor may reduce SARS-CoV-2-
induced immunopathology [87].

2.4. Convalescent plasma (CP) therapy

In the case of an infection for which there is no particular treatment
approach, CP therapy (providing specific antibodies with human origin)
has been suggested as a promising strategy [88]. Regarding COVID-19,
CP can be obtained from a recovered patient with humoral immunity
against the disease [89]. However, evaluation of the safety and effi-
ciency of CP therapy has remained challenging that may be due to
imprecise mechanism of action or inappropriate clinical trials [88].

2.5. Monoclonal antibodies (mAbs)

mADbs can be applied for direct attacking and neutralizing the virus,
preventing the infection of host cells, or blocking the spike proteins for
preventing virus attachment to the host cells [90]. In patients recovered
from the infections of COVID-19, reproducing or engineering of the
functional copies may provide antibodies for mimicking or increasing
the immune system attack against the SARS-CoV-2 [91]. Tocilizumab as
a mADb against the receptor of IL-6 which has received FDA approval for
treating patients with giant cell arteritis and idiopathic or rheumatoid
arthritis [92], has been recently applied as the immunosuppressive drug
in COVID-19 patients in critical conditions in Italy and China and
promising results have been reported [93]. Meanwhile, performing
various clinical trials in different countries is required for obtaining
more conclusive data.

2.6. Tissue engineering (TE)

TE techniques which can be applied for repairing or replacing the
damaged tissues and organs, improving the efficiency of traditional
treatment strategies against a variety of disorders, screening of drugs, or
immunomodulation [94,95], may also be useful against the viral out-
breaks via designing the viral models, vaccine platforms, and systems for
delivery of therapeutics [96]. Tissue-engineered lung models can be
used for evaluating the developmental process of tissue and its
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physiological or pathological conditions including the infections
induced by viruses [97]. However, TE may be associated with a variety
of limitations that necessitates application of the modeling approaches
and newer technologies including 3D printing for obtaining biocom-
patible supporting materials [98].

2.7. Drug repurposing

Drug repurposing with present antivirals is also an encouraging
approach for treatment of the viral infections [99]. Noteworthy, the
safety and efficiency of the aforementioned investigative, preventive,
and treatment strategies including the traditional medicines or their
combination with conventional drugs against SARS-CoV-2 have not
been fully approved by health authorities [100,101]. Indeed, there is no
therapeutic agent with absolute safety. Development of the efficient
preventative or treatment strategies for limiting infections necessitates
consideration of the unique properties of pathogens including the vi-
ruses, selection of the appropriate sample size, sharing of datasets
extracted from high-quality evaluations, and identifying the limitations
of studies that might result in the increased efficiency and reduced safety
concerns.

3. The significance of editing the viral genomes

Genome editing is a genetic engineering type which targets the ge-
netic material insertion towards the specific sites. It may occur as a
natural process without needing to the genetic engineering [102].
Genome editing by the engineered enzymes; nucleases (transcription
activator-like effector, zinc finger, or mega-nucleases), and clustered
regularly-interspaced short palindromic repeats system have been
selected as the breakthrough and methods of the year by the prestigious
journals, Nature methods and Science [103,104]. These nucleases induce
double strand breaks (DSB) in the genes in a site-specific manner. Cre-
ation of DSB at specific sites is of critical importance in editing of genes
(Fig. 3). The breaks can be repaired via the homologous or non-
homologous pathways leading to the targeted-mutations [102].

In general, editing of the genome depends on the mechanics of DSB
repair through which various enzymes join DNA ends or a template
(homologous sequence) is applied to regenerate the missing sequence of
DNA at break point. In this context, a vector is created with appropriate
genetic components within the sequence which is homologous to DSB

Cas9 <,—:~\\\
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sequence leading to the desired alteration being inserted at DSB site
[105]. Efficient editing the genomes of plants and animals has been per-
formed since 2012 [106]. Using the engineered nucleases for removing or
adding the genomic components (i.e., editing), may be beneficial in
various fields of biomedicine such as evaluating the functions of genes,
development of the complex systems, gene mutations in a targeted
manner, chromosome rearrangements, gene labeling, or gene therapy in
which the defective genes are replaced by normal alleles at appropriate
locations [106]. The emergence of CRISPR technology has provided the
possibility of gene knockout upon mRNA delivery which encode gene-
editing nucleases (Fig. 4), [107].

In the viral diseases, CRISPR can be applied for targeting host or
virus for disrupting the genes which encode the viral receptor proteins
[108]. This system may also facilitate disease eradication and enable
taking genes from the human cells or replacing genes capable of acti-
vating cancer or other undesired defects. Because of its efficiency and
precision, CRISPR can be applied for establishment of the large-scale
productions [108].

During decades, mice have been used as a disease model host. Using
CRISPR system enables bridging the gaps between the animal disease
models and clinical trials via creation of the transgenic models in large
animals and non-human primates [109,110], targeting and eliminating
the endogenous retroviruses leading to the reduced risk of disease
transmission and immune barriers [108]. CRISPR-Cas9 as the most
versatile technique for engineering or editing of the genomes and gene
therapy, has enabled direct introducing of sgRNA and Cas9 protein into
the zygotes for obtaining intended modifications of genes, bypassing cell
targeting stage in the generation of transgenic lines, and significant
reduction of generation time [111]. The most widely applied CRISPR-
Cas9 machinery has been derived from the Streptococcus pyogenes and
Cas9 endonuclease from F. novicida is capable of RNA targeting [112].
CRISPR-Cas9 system of F. novicida has been applied for targeting single-
stranded RNA (4ssRNA) virus genome (hepatitis C virus, HCV) [113].
sgRNA and Cas9 targeted to 5 and 3’ un-translated regions of HCV
genome led to the significant reduction (50-60%) of the expression of
viral protein [113]. These findings might be helpful for development of
resistance to RNA viruses using the technology of gene editing.

Introducing CRISPR-Cas9 into the cells has been shown to increase
the efficiency of viral mutations in site-specific and accelerated manner
[114]. This system precisely control the mutation site and is a systematic
strategy for constructing recombinant viruses with large genomes and
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significant inhibition of the replication of viruses (wild-type ones) with
high-cleavage efficiency [115,116]. CRISPR-Cas9 has efficiently and
rapidly edited Vaccinia virus genome and showed capability of simul-
taneous engineering of 2 viral genes that might significantly expand
biomedical applications of the Vaccinia virus as a promising vector for a
variety of vaccines against the infectious diseases, delivery of genes, and
anticancer immunotherapies [117,118]. In usual, CRISPR-Cas system
targets DNA in hosts or viruses but the system is also capable of RNA
targeting and editing [114,119]. RNA-targeting CRISPR-Cas effector
CoC, system via cleavage of the viral RNA and preventing the replication
of virus can be considered as a promising strategy against RNA viruses
[120].

Acquiring a better understanding about the host response to SARS-
CoV-2 might be of therapeutic significance. DNA or RNA editing by
the endogenous deaminases can restrict the replication of particular
viruses [121]. Following SARS-CoV-2 virus entry into the human body,
two deaminase enzymes have shown the capability of editing the RNA of
virus and affecting its replication [121,122] that might be of great sig-
nificance against COVID-19. APOBECs and ADARs are deaminase fam-
ilies which are expressed in mammals and change nucleotide building
blocks of RNA in the virus via amino group removal [123]. They are
implicated in gene editing of the coronavirus that may influence the fate
of virus and affected patient [122]. After single-nucleotide variant
analysis in RNA sequencing data sets from the extracted fluid from the
COVID-19 patient’s lung, low levels of the mutation occurence were
observed and nucleotide alterations were identified that may be due to
the editing of RNA [122]. By comparing the genomes of MERS-CoV,
SARS-CoV, and SARS-CoV-2, researchers have suggested that deami-
nase enzymes are involved, at least in part, in the mutations of these
strains of coronavirus [122]. In this context, deaminase enzymes may be
considered as potential targets for development of novel therapeutics
against RNA viruses.

As previously reported, CRISPR-Cas9 machinery plays an important
role in eukaryotic antiviral defense [124]. Following application of
CRISPR-Cas machinery for producing DNA virus-resistant plants [125],
CRISPR-Cas9 system has been reprogrammed for conferring immunity
against RNA viruses in Arabidopsis and Nicotiana benthamiana plants

leading to the reduced accumulation of the viral RNA and symptoms of
infection [126]. Transgenic plants demonstrated inheritable resistance
and a remarkable reduction of viral accumulation was observed in the
progenies indicating the importance of CRISPR-Cas9 technology for
producing plants with stable resistance to RNA viruses [127]. Such
findings could be applicable to other species for direct targeting RNA
viruses in the eukaryotes and preventing further infections.

Nucleases which can be programmable enable accelerated engi-
neering of the genomes in cells or organisms [128], however, their
targeted delivery may be quite challenging. In this respect, Cas9-sgRNA
ribonucleoproteins-loaded murine leukemia VLPs have been applied for
inducing efficient editing of genomes in a variety of primary cells and
cell lines [129].

Application of targeted-RNA recombination has been shown as a
promising approach for manipulating the genome of coronavirus
(specially in 3’ part) [130]. The method consists of two steps for effective
selection of the recombinant viruses (based on the host cell switching)
including; i) preparing the interspecies chimeric coronavirus through
which the ectodomain of spike glycoprotein can be replaced by that of
the coronavirus distinct species tropism, ii) application of the chimeric
virus as recipient for recombining with donor RNA which carries orig-
inal spike gene. Afterwards, recombinant virus is isolated according to
its natural cellular tropism. Further created mutations in donor RNA
could be incorporated within the recombinant virus for generating the
mutant virus [130,131].

Accurate and efficient editing of the large genome of a virus neces-
sitates application of the straightforward and efficient technology
(instead of the multiple-step and time-consuming ones) for selecting
attenuated strains of vaccine and constructing mutant viruses or vectors
for gene therapy [112]. This can be done via introducing RNA-guided
nucleases into the host cells during the viral replication leading to the
inhibition of replication [132]. Engineered replication defective viruses
may also be applied for gene editing. In this sense, viral vectors as de-
livery devices for nucleases and DNA templates have been considered as
useful tools in the settings of genome editing [133]. Lentiviral vectors
can permanently induce genetic modifications in the target cells because
of the integrase dependent mechanisms [134]. This type of mechanisms
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are of critical significance for inducing stable genetic deficiencies in
target cells [135]. Using adenoviral vectors for inducing Apc mutations
or chromosomal inversion or rearrangement represent these vectors as
the donor DNA template source for genome editing in a homology-
directed manner and promising platforms which are able to introduce
designer nucleases in vivo [136]. However, activation of the adaptive
and innate immune responses against the viral particles or presence of
the designer nucleases for long periods of time in target tissues are
challenging issues [137] which should be addressed. Ideally, editing of
genomes should be performed in accurate and rapid manner for limiting
the potential toxicities and off target effects because of the expression of
effectors in a sustained fashion [138]. In order to minimize the limita-
tions of the genome editing, enhancement of the specificity and safety of
the engineered nucleases and improved detection capability of off target
effects, obtaining a deeper knowledge about the genome repair ma-
chinery, high throughput sequencing, identifying the secondary targets
and capturing the broken ends appear necessary [139,140]. Altogether,
application of an arrangement of tools but not one-fits-all ones appears
more useful for genome delivery or editing.

4. Nanoplatforms for viral detection and genome editing

Imminent breakthroughs in nanotechnology have revolutionized
theranostic strategies. Functional system engineering at molecular
scales, designing nanovectors including the nanoparticles (NPs) capable
of loading a variety of imaging or therapeutic agents for early detecting
the transforming cells or diseases, targeted therapy, and treatment
outcome monitoring [141,142] might have huge impacts on biomedi-
cine. Nanosensors have shown great potentials for detection of bio-
signatures of various disorders or too low concentrations of viruses and
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bacteria. Application of the colorimetric nanobiosensors for point-of-
care viral detection is an appropriate strategy against the pandemic
outbreaks [143], (Fig. 5). This might also be a promising approach
against the COVID-19 pandemic.

Hybrid nano-biosystems containing virus-derived biomolecules
conjugated to the NP surface which can serve as specific probes for virus
detection are more advantageous over the conventional methods in
terms of specificity, stability, sensitivity, and performance [144].
Nanocarriers due to their suitable physicochemical characteristics such
as small size of particles,

large surface area, and tunable charge of the particle surface which
facilitate particle penetration across the cell membrane, improved sol-
ubility, stability, and bioavailability of the entrapped drugs, targeted
delivery, and reducing drug resistance can be suitable reservoirs for
antiviral agents [145]. A variety of liposomal formulations, polymeric
NPs, nanosuspensions, nanoemulsions, dendrimers, solid lipid NPs, and
niosomes have been presented against the viral infections [146].
Furthermore, graphene oxide and silver nanocomposites has shown
promising antiviral activities [147]. Silver NPs (Ag-NPs) by interacting
with cell surface receptors inhibit virus entry into the host cells and
prevent its reproduction [148]. They interact with the genome of
double-stranded RNA viruses and inhibit their replication [149]. Ag-NPs
undergo color alterations because of the localized surface plasmon
resonance effect [150]. Ag-NPs modified by mercaptoethane sulfonate
or tannic acid have been shown to prevent infections induced by type 1
or 2 of the herpes simplex virus via inhibiting the penetration, attach-
ment, and spread of virus [151,152]. Gold NPs (AuNPs) because of their
distinctive electric, catalytic, and photonic characteristics and capability
of interactions with a variety of biomolecules such as RNA aptamers,
single-stranded DNA, and antibodies can be applied in the viral
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detection settings [153]. For virus detecting, Au-NPs are capable of
performing various functions such as amplification of color, fluores-
cence enhancing or quenching, and light scattering. Bioconjugates of
Au-NPs can be applied in the electrochemical, colorimetric, fluoro-
metric, and scanometric systems for detecting human viral groups
[154], (Fig. 6).

Highly sensitive and simple Au-NPs-based assays have represented
Au-NPs as promising nanoplatforms for detecting of various virus types
[155]. Meanwhile, special attention should be paid to the application of
advanced and rigorous methods for synthesis of the stable and uniform
Au-NPs with several surface modification possibilities, appropriate
conjugation of the specific targeting biomolecule to the NP surface,
application of the negative and positive controls and reference tests, and
in-field assessment of the novel Au-NPs-based techniques for confirming
their specificity and sensitivity. In recent years, a highly selective
colorimetric analysis has been performed for identifying the viral lysine
using the molecular-driven Au nanorods [156].

Carbon nanotubes (CNTs) with enormous potentials in a variety of
scientific domains such as nanomedicine, can be applied as nano-
reserviors for targeted delivery and controlled release of a variety of
therapeutics. CNTs with superior biocompatibility, solubility, mechan-
ical characteristics, and thermo-electrical conductivity have attracted a
growing interest in theranostic fields such as high-resolution imaging
and bio-sensing [157-162]. Besides the viral detection, CNTs can be
applied as nanocarriers of antiviral agents and improve their efficiency.
For instance, chemical linkage of ribavirin or isoprinosine on the surface
of single-walled CNTs for carrying the drug across the cell membranes
has led to the improved drug efficiency [163,164]. Besides Au-NPs and
mesoporous silica NPs, CNTs can be used as CRISPR-Cas9 carriers for
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delivery and editing of genomes. CNTs-DNA capable of coding Cas9-
protein and guide RNA is a suitable nanosystem for editing specific ge-
nomes [165]. Quantum dots capable of emitting the photons with spe-
cific wavelengths, can provide highly-sensitive and robust fluorescence
perspective for point-of-care viral detection [166,167]. These semi-
conductor particles may be modified and along with various nano-
structures can be applied for virus detecting [166]. As aforementioned,
safe and efficient delivery of the elements of gene editing towards the
specific region and providing targeted correction of genes devoid of off-
target adverse effects may be quite challenging. In this context, various
strategies have been proposed for improving the delivery efficiency and
facilitating clinical translation of the technology of genome editing
[168]. Engineering the non-viral NPs including the liposomes and
polymeric, inorganic, or lipid NPs enables overcoming many of the
limitations associated with the physical or viral approaches for delivery
of CRISPR-Cas9 and attenuating off-target effects [168], (Fig. 7).

Lipid NPs include a wide range of materials capable of delivery of a
variety of therapeutic agents including the nucleic acid-based ones.
Systematic screening of various lipid NPs formulations is a promising
approach for identifying the potent ones for tissue delivery of RNA-
based therapeutics [169]. Deep-sequencing of the nucleic acid-based
barcoded NPs in tissues after i.v. injection has facilitated identification
of a lipid-NP formulation which is able to deliver functional sgRNA and
siRNA to the endothelial cells [170]. Unchangeable shape and kinetic
stability have made lipid NPs advantageous over the colloidal systems
based on the lipids such as niosomes or liposomes. Lipid NPs improve the
capacity of loading and stability of the entrapped active molecules and
prevent their expulsion during the storage period [171-173]. They been
assessed for delivery of the messenger RNA (mRNA) delivery for

Basic functions of AuNPs in virus detection
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Adapted from Ref. [153].



P. Hassanzadeh

Life Sciences 274 (2021) 119289

Delivery modes

Plasmid

—

Cas9 mRNA/
sgRNA mix

=g

Cas9/sgRNA RNP

s

Target cleavage

Nonviral vectors

7 SN

Polymers

Nanoclew

Liposome

Fig. 7. Schematic representation of CRISPR-Cas9 system-based gene editing using the non-viral vectors. Engineering the non-viral nanoparticles including the li-
posomes and polymeric, inorganic, or lipid nanoparticles provides the possibility to overcome many of the limitations associated with the physical or viral ap-

proaches for delivery of CRISPR-Cas9 and attenuating off-target effects.
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preventing or treating a variety of diseases [107], (Fig. 8).

Based on the mRNA activity in the cytosol, it can prevent the risk of
mutagenesis in the genome [174]. Despite the potentials of mRNA for
preventing or treating a wide range of disorders and development of
advanced in vitro transcription technology for controlling the immuno-
genicity and stability of mRNA, extensive applications of mRNA-based
drugs necessitates designing the effective and safe vehicles for encap-
sulating and delivering mRNA payloads [175]. Lipid NPs are one of the
most appropriate nanoscale platforms for delivery of a wide variety of
mRNAs in vitro or in vivo [176]. These NPs have provided an effective
transfection for the entrapped mRNA in mice tissues [177]. Lipid NP
systems by encapsulating mRNA can be used for targeting the liver and
using it as bioreactor for producing the therapeutic proteins including
the hormones and monoclonal antibodies after intravenous injection
[178,179]. Following the intramuscular or intradermal injection of a
single low dose, mRNA-lipid NP systems have provided highly-efficient
vaccination (Fig. 9) against the Zika and influenza viruses [179].

mRNA-lipid NPs which code for the programmable nucleases enable
highly-efficient and persistent genome editing of several gene targets in
vivo [180]. Noteworthy, storing lipid-NPs for long periods of time is a
challenging issue for successful clinical translation. In this respect,
various conditions have been investigated for long-term storage of
mRNA-encapsulated lipid-NPs and stability of NPs was evaluated using
various concentrations of the cryoprotectants; mannitol, trehalose, or

sucrose. It has been found that addition of trehalose or sucrose (5%, w/v)
to the lipid NPs provides a suitable efficiency of mRNA delivery for
about 3 months [181]. Microfluidic mixing process is a common tech-
nique for mRNA encapsulation in lipid-NP systems [182]. Microfluidic
mixing method can be applied for development of appropriate lipid-NP
systems capable of encapsulating the negatively-charged macromole-
cules such as gold NPs, mRNA, and plasmids. Lipid-NPs composed of the
cationic lipid, PEG, cholesterol, distearoylphosphatidylcholine (DSPC),
and siRNA could be appropriately constructed using the techniques of
microfluidic mixing.

Molecular simulations have revealed the nano-structured core of the
lipid-NPs with aqueous compartments holding siRNA. Besides the im-
aging applications, lipid-NP-siRNA systems could be used as promising
therapeutics [182]. In recent years, microfluidic techniques have been
applied for improving the reproducibility and quality of lipid NPs
leading to more efficient tissue delivery of siRNA [183,184]. Formation
of lipid-NPs based on the fusion-dependent procedure provides a deeper
knowledge about the formation mechanism and structures of the lipid-
NPs-nucleic acid complex that might facilitate development of more
potent lipid-NP-nucleic acid polymers for biomedical applications
including the gene therapy [185].

As aforementioned, traditional therapeutics and vaccines against the
viral disorders may be associated with a variety of side effects including
the toxicity, resistance, and high costs. Over the last decade, increasing
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Adapted from Ref. [107].

interest has been attracted towards the mechanism and application of
RNAI as a tool for manipulation or controlling the expression of genes
and inhibiting viral replication [186,187]. RNAI is recognized as one the
most efficient and specific methods for silencing the genes including the
target transcripts of mRNA [188]. RNAi induced by the small-interfering
RNA (siRNA) is capable of inhibiting the viral antigen expression and
providing novel antiviral treatment approaches [189]. Because of the
capability of gene silencing, activity in the cellular processes, and low
cost, siRNA has been considered as an attractive medicinal modality.
Simultaneous treatment with various shRNAs or siRNAs has been sug-
gested against the viral infections and mutations [190].

Noteworthy, natural RNA may be associated with various chal-
lenging issues such as non-efficient delivery to the target tissues, short
half-life because of the susceptibility to the nucleases, rapid clearance,
immune response stimulation, and off target effects. Furthermore, spe-
cific targets are required for combating against the infections induced by
viruses and avoiding the mutant escapes [191]. In general, clinical
translation necessitates enhanced stability and reduced toxicity of RNAs,
targeted delivery, and preventing mutant escapes. Modification of RNAs
may result in the reduced immunogenicity and viral escape and
enhanced stability, however, the modified RNAs may still demonstrate
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poor uptake into the cells because of their negative charge, hydrophi-
licity, and rapid clearance [192]. Failure of the synthetic siRNAs in
crossing the biomembranes via the passive diffusion that may be due to
their polyanionic nature and high molecular weights, has provoked the
need to develop the technologies for transmembrane delivery of drugs
[193]. In this respect, various delivery systems including the lipid NPs as
one of the most advanced nanoplatforms for delivery of therapeutic
agents including the biomolecules, have been designed for providing
efficient uptake into the cells and accumulation at the target site or
synergistic effects between the traditional drugs and RNAs for pre-
venting the resistance [194]. Besides the ease of manufacturing and
safety, lipid NPs can be functionalized for achieving proper tropism that
might be of great significance when RNA interference is not organ-
specific [195]. In recent years, the technology of lipid NPs has facili-
tated clinical translation of nanodrugs such as those for efficient delivery
of siRNA against a variety of disorders such as amyloid polyneuropathy
that prevented production of pathological proteins. Development of
Onpattro, a lipid NP-based siRNA drug, has paved the way for clinical
translation of the lipid NP nanomedicines which contain nucleic acids
for expressing or silencing the target genes [196,197]. Increasing
research efforts have been attracted towards the maximizing siRNA-lipid
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NPs potency for gene silencing [198]. Cationic lipid NPs are promising
nanosystems for delivery of siRNA against the RNA virus, HCV. Intra-
venous treatment has reduced core protein of the virus in transgenic
mice [199]. Increasing clinical trials have also been carried out for
evaluating siRNA-loaded NPs including the lipid-based ones against the
infections induced by a variety of viruses such as HBV, HIV, and HCV
[200]. siRNAs entrapped into the lipid NPs have successfully targeted
Ebola virus outbreak strain and provided remarkable protection and
fully recovery for the rhesus monkeys when the therapy was begun three
days after the exposure [201]. In this sense, lipid NPs-delivered siRNAs
have been suggested for counteracting this type of lethal viral disease in
humans.

RNA vaccines can also be packaged within the lipid NPs as vectors
[202]. This type of vaccines are currently under development for
fighting against the coronavirus pandemic. mRNA vaccines could be
suitable substitutes to the traditional vaccine technology that may be
due to their high potency and short cycles of production [203]. mRNA
vaccine entrapped in the lipid NPs can generate vigorous immune re-
sponses [204]. It is possible to improve the tolerability of mRNA vaccine
without influencing its potency [205].

Combination of the lipid NP-based delivery system and sgRNA has
provided a significantly increased activity in vivo in both rat and mouse
models. It has been shown that lipid NP-based system is capable of de-
livery the components of CRISPR-Cas9 for obtaining the clinically-
relevant genome editing levels in vivo and significant reduction of
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transthyretin. Lipid NP-based delivery by achieving >97% knockdown
of the target protein after single dose and providing cumulative level of
editing after multiple doses has represented lipid NP system as an
effective platform for editing the genomes. The biodegradable and
transient lipid NPs-based system containing poly(amidoamine), chito-
san, or cell-penetrating peptides for CRISPR-Cas9 delivery has been
well-tolerated and the levels of editing was preserved for about one year
[206,207] indicating the ability of lipid NPs for providing knockdown
and genome editing with high durability. Noteworthy, durability is an
important factor which determines the efficiency of any gene editing
process [208]. In general, engineering of lipid NPs for regulation of
genes in specific cells or tissues is of great importance as the technology
could provide the possibility of gene therapy in an organ-specific fashion
[205]. Using the selective organ targeting (SORT) approach which is
compatible with various techniques of genome editing and may be
helpful for designing protein-replacement or gene correcting therapeu-
tic agents in targeting organs, lipid NPs carrying the therapeutic agents
based on the nucleic acids have been recently bioengineered for
inducing lung-, liver-, or spleen-specific regulation of genes [209]. Cell-
or organ-targeted SORT lipid NPs could be engineered for selective
editing of the hepatocytes, endothelial cells, epithelial cells, T cells, or B
cells [209]. Administration of tissue-specific mRNA-encapsulated lipid
NPs has provided sustained production of the therapeutic proteins with
minimal safety concerns [205]. In a study conducted by Cheng et al., i.v.
treatment with SORT lipid-NPs led to the increased delivery of mRNA
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and editing of genes in an organ-specific manner [209]. Besides the lipid
NPs, SORT method can be applicable to other forms of NP systems and
enables rational designing of carriers for various loads such as proteins
or a wide variety of drugs, high-degree editing in the specific organs or
cells, and more efficient treatment of various diseases [209]. Synthetic
NP vectors composing of the nucleic acids poly(bamino esters) have
been shown promising for delivery of nucleic acids against a variety of
diseases [210]. For expanding this advantage for systemic mRNA de-
livery, hybrid lipid-polymer NPs have been developed to deliver mRNA
into the lungs [211]. Co-formulation of poly(p-amino esters) with
polyethylene glycol-lipid has led to the development of mRNA formu-
lations with enhanced stability and potency and capable of mRNA de-
livery to the lungs in mice following intravenous injection [211]
indicating the effectiveness of degradable lipid-polymer NPs for sys-
temic mRNA administration.

In general, the molar ratios and components of lipid NPs which
usually consist of the cholesterol, phospholipids, polyethylene glycol
lipids, and cationic lipids, have been optimized for ensuring efficient
delivery of the nucleic acids to the tissue and providing potent silencing
of genes at clinically-relevant doses [212]. Increasing the molar com-
ponents of lipid NPs with additional molecules for tuning NP internal
charge can facilitate the delivery of therapeutics in an organ-specific
fashion and affect the cellular fate of NPs [213]. Addition of the
cationic lipid has been shown necessary for increased efficiency of
SORT-lipid NPs [209]. Using SORT-lipid NPs has also enabled CRISPR-
Cas system-based genome editing in a tissue-specific fashion [209].
Generating SORT-lipid NPs holding Cas9 mRNA and guide RNA facili-
tated editing of genes in the extra-hepatic tissues. Using various for-
mulations of SORT-lipid NPs in mice has enabled selective inducing of
target genome editing in a tissue-specific manner [209]. However, the
precise mechanisms by which the lipid NPs can be directed towards the
specific organs by SORT moderation have remained to be addressed.
Identifying the underlying mechanisms would enable fine tuning of
tissue- or organ-specificity of lipid NPs. Furthermore, the probable
immunogenicity should be rigorously evaluated prior to the imple-
mentation of SORT technique for rational designing of lipid NPs for
therapeutic modification of genes in various organs [207,209].

Using graphene oxide- or arginine-modified nanostructures or those
consisting of Cas9-peptide for CRISPR/Cas9 delivery has provided
suitable editing efficiency. NPs containing graphene oxide-PEG-
polyethyleneimine are capable of protecting the cargo, sgRNA-Cas9,
against the enzymatic hydrolysis [213,214]. Development of a cus-
tomizable nanocapsule for delivery of the single-guide RNA (sgRNA)
and Cas9 has enabled controlled stoichiometry of the components of
CRISPR and efficient generation of targeted genome edits, and limited
the potential safety concerns. This nanoplatform has efficiently deliv-
ered CRISPR-ribonucleoprotein complex for somatic genome editing in
vitro and in vivo [214,215].

As aforementioned, coronaviruses including SARS-CoV and MERS-
CoV are pathogens capable of causing widespread pneumonia out-
breaks with high mortality and morbidity rates. Highly contagious na-
ture and clinical importance of these viruses necessitate application of
advanced detection techniques. Using Au-NPs for detecting coronavi-
ruses is based on the development of specific and rapid detection of
molecules via colorimetric and electrochemical assays [153]. These as-
says particularly the colorimetric one put an end to the requirement of
skilled personnel or complex instrumentation and provides negative or
positive results only in the liquid phase which can be easily identified
(within 5 min) by unveild eye. Using the technique enables detecting
target SARS virus nucleic acids with the sensitivity limit of about 100 fM
[153] indicating the appropriateness of technique for early virus diag-
nosis that might be of great significance for these highly contagious
viruses.

siRNA ability for prophylaxis or therapy of the coronavirus-related
infections has been previously evaluated [216]. siRNA pre-existed in
the host cells is capable of inhibiting the replication of SARS-CoV and
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further infections because of disrupting virus RNA and inactivating the
replication machinery of the virus [217]. siRNA duplexes have been
assessed for anti-SARS-CoV effects in the primate cells and active du-
plexes and showed prolonged inhibitory effects on the replication of
SARS-CoV and further infection. Combination of the active sequences
provided increased antiviral potency and reduced viral escape because
of the mutation in siRNA target. In this sense, integrating siRNA du-
plexes has been shown as a promising approach for development of the
antiviral therapeutics [217]. Application of siRNA duplexes for treating
patients infected by CoV necessitates efficient delivery of this type siR-
NAs to the lungs. In the Rhesus macaque affected by SARS coronavirus,
siRNA has reduced viral load and replication and protected lungs against
the diffuse alveolar damage. It has been represented as a safe biological
agent with enormous potentials in targeted therapy or prophylactic
antiviral regimens [218]. Further clinical evaluations are required for
supporting such findings. M protein of SARS-CoV is critically involved in
the viral integration and infections [219]. Wang et al. have created two
siRNAs which targeted well-conserved and unexploited regions in M
(membrane) gene. Both siRNAs specifically and effectively inhibited the
expression of SARS-CoV membrane gene at new targeting sites [220].

Liver is one of the most vulnerable organs to the virus attacks. Pa-
tients affected by the liver diseases may be more vulnerable to the
negative outcomes of COVID-19 [221]. Based on the reports, dendrimer-
based lipid NPs have effectively delivered miRNAs/siRNAs for normal-
izing the functions of liver [222]. mRNA-encapsulated lipid NPs can be
applied for production of the therapeutic proteins and gene-editing
complexes for correcting disease-induced mutations in the hepatocytes
[223]. Single treatment with a lipid NP-based delivery system has led to
an efficient editing of transthyretin gene in mouse liver and a significant
and durable reduction of protein contents in the serum [223]. Nano-
blades which can be used for homology-directed repairs, are capable of
ribonucleoprotein cargo delivery in a rapid and transient fashion,
mediating knock-in in various cell lines and genome-editing in a dose-
dependent manner without significant influence on target cell prote-
ome, programming with Cas9 proteins for mediating transient targeted
gene activation or up-regulation [129]. Viral-derived Cas9-sgRNA
ribonucleoproteins-loaded nanoblades have been capable of editing the
genomes in mouse liver [129].

5. The roles of Al techniques, modeling approaches, and
nanorobots

Application of Al techniques for accelerating the process of nano-
fabrication and solving the associated problems, developing smarter and
hybrid technologies, producing the nanoarchitectures with enhanced
power of computation, and evaluating the impact of nanostructures on
the biosystems [224] enable overcoming the potential limitations of the
nanotech-based approaches. Computational modeling is an essential
step for creating functional systems for delivery of nanotherapeutics and
their clinical translation. Acquiring an improved understanding about
the underlying mechanisms of the bio-events and bio-nano interactions
and predicting the effects of formulation factors on distribution or de-
livery of the entrapped agent and dose-response are of critical impor-
tance for designing the nanotherapeutics with increased efficiency of
targeting and reduced safety concerns. Patient-specific models capable
of providing special opportunities can be applied for personalized
theranostics [225-227]. In recent years, advancements in the structural
and molecular biology and computational genomics have provided a
deeper knowledge about the structures of protein targets in both virus
and host that might result in the development of more efficient antiviral
agents [228]. Computer simulations via application of the structural
information and mutational analyses facilitate rational design of new
antiviral agents including the nucleotide inhibitors [229]. Advance-
ments in translational bioinformatics, structural biology, pharmacoge-
nomics, in silico techniques, and virtual designing of ligands enable
overcoming the newly-emerged and highly-mutating viruses and
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development of vaccines and a variety of highly-specific antiviral drugs
including those capable of inhibiting the proteins of virus [230,231].
Computationally-designed gRNAs targeting Vaccinia virus genes have
facilitated evaluating the functions of genes [118]. Inverse computa-
tional fluid dynamics (CFD) modeling enables identification of the
contaminants and their spread [232]. CFD models can be applied for
investigating the coronavirus spread [233]. Using computational tech-
nique, a project has been recently designed (Fig. 10) to construct COVID-
19 disease map for providing a comprehensive knowledge about the
mechanisms of interactions between SARS-CoV-2 virus and host and
development of models with high-quality capable of linking to the data
repositories [234].

COVID-19 map can serve as the platform for visual assessment and
computational analysis of the molecular procedures implicated in the
entry and replication of virus and its interactions with host, recovery of
the host cells, the mechanisms of repair, and immune responses [234].
Obtaining the improved knowledge of disease which is associated with
complex pathomechanisms and multi-organ and multi-cellular nature of
the infection, and facilitating the design process of efficient theranostics
are other beneficial aspects of the presented map [234]. Various path-
ways are included in the map such as the replication cycle of virus and
mechanisms of transcription, the effect of SARS-CoV-2 on the pulmonary
blood pressure, heme catabolism, apoptosis, interferon 2 signaling, and
SARS-CoV-2 proteins. COVID-19 diagram collections and metabolic
model of the alveolar macrophages in a patient affected by the virus are
also incorporated in the map [234,235]. Combination of the illustrative
representations of the mechanisms of COVID-19 with underlying models
in the map provides a suitable plan for the virologists, immunologists,
and clinicians for collaboration with the computational biologists and
data analyzers in order to build rigorous models and accurate inter-
pretation of data [236,237]. It would also be possible to better under-
stand host susceptibility characteristics including the age and gender,
progression of disease, mechanisms of defense, and treatment response.
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the comorbidities [234].

As aforementioned, the ability of precise genome modification and
regulating particular genes might be of great significance in biomedi-
cine. In order to better characterize the variables which control off-
target or on-target activity of the Type II CRISPR-Cas9 system, a bio-
physical model of genome regulation and editing based on Cas9 has been
developed for predicting the mechanism of controlling Cas9-based
binding and cleavage dynamics [238]. Combining the kinetics and
thermodynamics for modeling the formation, site selection, and diffu-
sion of Cas9-crRNA and determining kinetic factors has led to the
identification of DNA supercoiling as new mechanism which control
binding of Cas9. Furthermore, the model enabled prediction of the
binding frequency of Cas9-off-target across the human genomes
(Fig. 11) and revealed the reason for high off-target activity [238] that
might facilitate attenuation of this type of activity.

This quantitative, dynamical, and mechanistic CRISPR/Cas9 model
accounts for the formation and expression kinetics of the active complex
of Cas9:crRNA. It has been revealed that concentration of Cas9:crRNA
controls off-target activity and low level of the expression of crRNA is
suitable for formation of sufficient active dCas9:crRNA [238].

Over the last decade, remarkable advancements in nanotechnology
has facilitated designing the intelligent nanomechanical platforms
which are powered by the bio-molecular motors or various sources of
chemical energy [239]. These significantly durable nanomachines
enable monitoring the internal chemistry and activities of organs, and
accessing the diseased regions [240]. Development of the biologically-
inspired nanorobots with powerful engines capable of processing of in-
formation, sensing, actuation, signaling, entering the cells, cancer cell
destroying, cuting out the defective genes, and combating a variety of
diseases is an eminent breakthrough in biomedicine. Nano swimmers
which are able to maneuver through the physiological fluids for
targeted-therapy, bacteria nanobots, 3-D DNA nanomachines, and
remote-controlled nanorockets capable of targeted delivery of thera-

Application of the map with other disease maps enables assessment of peutics [241,242] can revolutionize the current theranostic
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Fig. 10. An overview of the map project of COVID-19. The replication cycle and interactions of SARS-CoV-2, immune system reaction, and the mechanisms of repair

have been highlighted in the map.
Adapted from Ref. [234].
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Adapted from Ref. [238].

interventions. Besides predicting and preventing the hazards of chem-
icals, nanorobots can cross over the body for cell repair, assisting a mal-
functioning organ, repairing tissues, evaluating brain activity, replacing
heart pacemakers, targeted gene or drug delivery, improvement of the
efficiency of currently available therapeutics, or monitoring the patient.
Nanobots along with the wireless transmitters provide the possibility of
modifying the treatment protocol [240,243]. Besides detecting or
destroying toxic agents, stimuli-responsive nanorobots can be used
against a variety of disorders including the viral infections [244].
MRI-guided nanomachines provide the possibilities of precise mag-
netic particle localizations or simultaneous tracking and actuating NPs
[245]. These nanoplatforms can be programmed for performing the
biological functions at cellular level such as attacking cancer cells or
viruses after systemic administration [240]. Folate substances may be
attached onto the nanorobot body which are powered by the flagella
motors [246]. This approach could be taken for drug delivery against the
human viral infections [247]. A Biomolecule or drug is released from a
nanorobot at distinct points via manipulation of the physiological pa-
rameters. Targeted release may be triggered by pH or temperature al-
terations [248]. Considering the unpredicted alterations of the
physiological parameters, developing the externally-triggered nano-
mamchines provides more appropriate controlled drug delivery [249].
Nucleic acid-based nanorobots capable of biosensing such as sensing
the flow rate, delivery of the cellular-compatible message and biological
activators, evaluating the inter- or intra-molecular forces, manipulating
the molecules or NPs for fabricating more advanced nanoplatforms,
controlling the chemical reactions, and triggering apoptosis [250,251]
might be the major components of the modern theranostic settings.
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These smart machines with new generation of nanomotors can move
through the fluid environments and execute specific missions [252].
Advanced simulation methods enables acquiring a deeper knowledge
about the mechanisms of nanorobot interactions within living organism
[253]. Regarding the virus pandemics, application of the programmed
nanorobots enables detecting various levels of specific proteins in the
bloodstream [248] that might facilitate characterizing of a specific
virus. Cell invasion by the influenza virus and secretion of a-N-acetyl-
galactosaminidase (a-NAGA) protein is followed by the immunosup-
pression and virus spread throughout the body [254]. a-NAGA over-
expression in bloodstream triggers the prognostic behavior of nanorobot
and electromagnetic signals could be transmitted to a mobile phone and
satellites followed by identification of the contaminated person position.
Programmable nanorobot can sense and detect a-NAGA concentration in
bloodstream [254].

Radio frequency identification device and complementary metal
oxide semiconductor transponder system are applied in the architecture
of nanorobot for positioning in vivo [256]. Furthermore, embedment of
nanobiosensors in the structure of nanorobot facilitates a-NAGA moni-
toring. Detecting the overexpression of protein indicates time of viral
contamination [255]. Making only a single mistake in the genome
editing may result in the catastrophic outcomes. Sometimes, CRISPR-
Cas9 may target wrong genes [257]. For obtaining a better knowledge
about the error types which may be made by CRISPR, a genome-
sequencing chip has been developed for evaluating the interactions
between the genomes and CRISPR, performing machine learning ap-
proaches to find true binding sites, simulating binding affinities,
designing short RNA for being matched with particular DNA sequence in
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order to guide enzymes including Cas9 to the desired DNA target [257].
Using nanobots including the micropropellers coated with nickel, the
potential challenges associated with CRISPR delivery may be overcome
[258] indicating the significance of these nanoplatforms in genome
editing.

6. Concluding remarks

Effective management or treatment of COVID-19 necessitates per-
forming well-designed basic and clinical investigations. Focusing on the
intracellular trafficking machinery and inter-patient variables might
provide smarter insights into the disease pathomechanism and treat-
ment response. Nanotechnology with capabilities of covering a wide
range of highly-advanced devices and biomaterials for early diseases
diagnosis and targeted delivery of theranostics including the proteins or
genes has provided outstanding breakthroughs in biomedicine. Devel-
opment of the scalable NPs with improved tissue penetration and proof-
of-concept nanorobots capable of early detection of pathogens and
destroying them, editing the genomes, and smart delivery of therapeu-
tics could be of great significance against the disease. Modeling ap-
proaches with conclusive influences on nanomedicine play an important
role in designing nanomaterials with optimal properties and activities.
High-performance multi-scale modeling and simulation methods with
ever-increasing predictability and power provide a deeper knowledge
about the bio-interactions and disease pathomechanism that might
result in the development of more efficient therapeutics with improved
outcomes.

Even after development of the preventive or therapeutic agents
including the membrane-modifiers and inhibitors of the virus entry or
membrane anchoring, they should undergo long-term safety, efficiency,
and immunogenicity assessments. In this respect, exaggerated opti-
misms or propaganda regarding the currently available or newly-
developed therapeutics may be associated with catastrophic outcomes.
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