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Abstract

A novel SARS-like coronavirus (severe acute respiratory syndrome-related coronavirus-2,
SARS-CoV-2) outbreak has recently become a worldwide pandemic. Researchers from
various disciplinary backgrounds (social to natural science, health and medicine, etc.) have
studied different aspects of the pandemic. The current situation has revealed how the
ongoing development of nanotechnology and nanomedicine can accelerate the fight against
the novel viruses. A comprehensive solution to this and future pandemic outbreaks includes
preventing the spread of the virus through anti-viral personal protective equipment (PPE)
and anti-viral surfaces, plus efforts to encourage behavior to minimize risks. Studies of
previously introduced anti-viral biomaterials and their optimization to fight against SARS-
CoV-2 is the foundation of most of the recent progress. The identification of non-
symptomatic patients and symptomatic patients is vital. Reviewing published research
highlights the pivotal roles of nanotechnology and biomaterials in the development and
efficiency of detection techniques, e.g., by applying nanotechnology and nanomedicine as
part of the road map in the treatment of coronavirus disease 2019 (COVID-19) patients. In
this review, we discuss efforts to deploy nanotechnology, biomaterials, and stem cells in
each step of the fight against SARS-CoV-2, which may provide a framework for future efforts
in combating global pandemics.



Background and history

Coronaviruses are a group of related enveloped viruses with a large positive-sense single-
stranded RNA genome. Betacoronaviruses (Beta-CoVs) is one of four genera (alpha, beta,
gamma, and delta) of coronaviruses that cause respiratory tract infections in humans.
Among Beta-CoVs, the utmost clinical concerns in humans include human CoV-0C43 and
CoV-HKU1 (which can cause the common cold), SARS-CoV (Severe acute respiratory
syndrome-related coronavirus, which causes the disease SARS), MERS-CoV (Middle East
respiratory syndrome-related coronavirus, which causes the disease MERS), and SARS-CoV-2
(which causes the COVID-19). SARS and MERS are two examples of large-scale pandemics in
the two decades before the 2019 novel coronavirus diseases (COVID-19) [1]. Since the
outbreak, the genomic sequence and natural reservoirs of SARS-CoV-2 have been elucidated
[2]. The full-length genome sequence study revealed that SARS-CoV-2 shares 79.6% and 96%
sequence identity to SARS-CoV and bat coronavirus, respectively. The study indicated that
the natural reservoir host for SARS-CoV-2 is bats (which is also the case for a large number
of SARS-related coronavirus [3]) and currently available data does not recognize any animal
species acted as an intermediate host [4]. To visualize the evolutionary relationship among
the Beta-CoVs, their full-length genomes were mapped against the phylogenetic tree and
their main host reservoir species were illustrated through phyloT website
(https://phylot.biobyte.de/) based on the NCBI taxonomy (Fig. 1) [5]. Phylogenetic analysis
of Beta-CoV whole-genome revealed similar evolutionary relationships described in several
studies in detail [4]. SARS-CoV-2 is present in the respiratory tract in free, non-specific
bound, and specific bound states. The contamination of respiratory epitheliums is a
consequence of complex interactions at many lengths and time scales. Compared with the
SARS-CoV and MERS-CoV, SARS-CoV-2 showed high human-to-human transmissibility that
exacerbates the threat of a shocking pandemic [6]. The SARS-CoV-2 transmissibility and
disease severity in humans compared with other coronaviruses are pieces of the puzzle that
can be helpful to provide efficient solutions in the fight against the pandemic.
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Fig. 1. Phylogenetic analysis of full-length genomes of human CoV-0C43, HKU1, SARS-CoV,
MERS-CoV, and SARS-CoV-2 and their main host reservoir species. The branches denote the
relationship of genetic information between subsequent generations, and branch lengths
represent genetic change or divergence. The scale bar represents the degree of divergence
which generally estimate using the average number of nucleotide substitutions per site
(0.09 means 9% differences between two sequences of species). To visualize the
evolutionary relationship among the Beta-CoVs, their full-length genomes were mapped

against the phylogenetic tree and their main host reservoir species were illustrated through
phyloT website (https://phylot.biobyte.de/) based on the NCBI taxonomy

The outbreak of COVID-19 has emerged as a severe pandemic that has affected over eight
million people (confirmed cases) and killed more than 450,000 people worldwide between
December 2019 and Jun 2020 [7]. The strategic objectives for controlling the pandemic are
to interrupt human-to-human transmission through awareness-raising in the population,
rapid identification, early isolation and care for the patients, and acceleration of the
development of diagnostics, therapeutics, and vaccines, so as to minimize the societal and
economic impacts [8]. There are opportunities to take advantage of biomaterials,
nanotechnology, and cellular biology to study COVID-19 and provide impactful public health
interventions [9]. This review focuses on recent efforts and advancements in the use of
biomaterials and nanotechnology to overcome the novel-virus outbreak.



An introduction to preventative strategies

The rapid spread of COVID-19 in China and the importation of cases to other countries
posed a global public health emergency. Understanding the epidemiological parameters and
transmission characteristics of COVID-19 is essential to break the chain of transmission.
Epidemiological parameters like the interval between symptom onsets of successive cases in
a transmission chain, and time between infection and onset of symptoms, directly affect
transmission probability that should be considered for effective control of the pandemic.
The WHO has developed interim guidance and updated it according to scientific evidence.
According to guidance published on the 5th of June 2020, “COVID-19 virus is primarily
transmitted between people via respiratory droplets and contact routes. Therefore, the
transmission of the COVID-19 virus can occur directly by contact with infected people, or
indirectly by contact with surfaces in the immediate environment or with objects used on or
by the infected person” [10]. Physical distancing, hand hygiene maintenance, wearing
gloves, and masks could reduce potential exposure risk from infected people or
contaminated surfaces. In this regard, new protective materials and equipment are in high
demand since preventing the transfer of COVID-19 viruses into the host is a more effective
and cost-saving approach than fighting against the virus after infection. Since the onset of
COVID-19, a broad spectrum of antiviral materials in the form of coatings, thin-films, fabrics,
etc. have been studied. In this section of the review, ideas and studies about producing
effective self-protection tools to stop the spread of the COVID-19 will be discussed.

Personal protective equipment

According to the WHO interim guidance, the virus is primarily transmitted between people
via respiratory droplets when coughing, sneezing, or in very close personal contact [11]. In
this way, personal protective equipment (PPE) like gloves, eye protection, gowns, and masks
provide a barrier to prevent potential exposure to the virus. Fluid-resistant surgical filtering
facemasks are designed to protect patients and healthcare workers from the spread of
infectious diseases. Using facemasks and other PPE with anti-viral effects could offer a more
efficient alternative. Adding anti-viral filters to the common non-invasive ventilation masks
showed effective filtration of respirable particles relative to FFP3 and N95 respirators. The
suggested system is reusable and could solve the shortage of masks and respirators for the
protection of healthcare workers during the coronavirus pandemic [12]. Angiotensin-
converting enzyme 2 (ACE2), a membrane protein exposed on the surface of the host cell,
facilitated coronaviruses entry into host cells. Therefore, catching and holding coronaviruses
before entering host cells is a step in the fight against COVID-19. Aydemir et al. [13] have
suggested synthesizing of ACE2 coated/embedded nanoflowers or quantum dots to produce
chewing gums, nose filters, and self-protective tools like masks, gloves, and clothes (Fig. 2).
This concept can be used to produce long-lasting protective tools to minimize infections.
Since antibodies can neutralize viral antigens, immobilizing specific antibodies on air filters
represents a potentially effective way to preventing SARS-CoV-2 transmission.
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Fig. 2. Schematic representation of possible blocking of COVID-19 entering into the host at
first step by ACE-2 coated nanoflowers and quantum dots. Respiratory masks, nasal filters,
clothes, and chewing gums can be impregnated with functional ACE2-coated nanoflowers or
guantum dots. Reprinted with permission from [13]

Surface protective coatings can destabilize coronaviruses on diverse surfaces and provide
long-lasting protective tools. The stability of SARS-CoV-2 in aerosols and on different
surfaces was studied resulting in the WHO recommendations to appropriately/consistently
use disinfection products. According to one of these studies, SARS-CoV-2 is fairly stable on
plastic and stainless steel, remaining viable up to 72 h after application to these surfaces
[14]. One of the criteria to fight the spread of COVID-19 is to reduce transmission via
standard public health interventions based on surface disinfection in commercial,
healthcare facilities, nosocomial and residential environments. Liquid, gas, and light
disinfectants are not permanent and recontamination is easy, so the process of
decontamination must be repeated frequently. Self-disinfecting surfaces are continuously
active coatings that are capable of inactivating deposited pathogens, and antiviral coatings
offer a barrier to reduce human exposure to infectious viruses from fomites without the
need for regular cleaning and disinfecting. Several effective coating strategies like hybrid
coating, tin oxide nanowires, polysaccharide-coated NPs, zinc oxide tetrapod NPs, etc. have
been studied to control the infection of envelope viruses [15]. For instance, polymers
displaying quaternary ammoniums coated on stainless steel showed more than 90%
reduction of the coronavirus 229E within 10 min and by greater than 99.9% after 2 h of
contact. [16]. In SARS-CoV-2 research, most of the studies are theoretical studies, and
experimental studies are currently somewhat limited. In Table 1, some of the theoretical
and experimental studies were listed.



Table 1. Selected studies on anti-SARS-CoV-2 PPE and surface coating.

Composition Application Fabrication method | Results Ref

Ag nanocluster/silica Facial FFP3 Radio frequency co- | 100% [17]

composite mask sputtering inhibition

Ag NPs Polycotton Pad-dry-cure 99.99 % [18]

fabrics inhibition

SiO,-Ag nanoparticles air filter Aerosolized coating | 92 % inhibition | [19]

Ag Surfaces N/A Inadequate in | [20]
a naturalistic
medical
environment

Iron oxides Fabric N/A Ideation [21]

NPs combined with Powered air- Fused deposition N/A [22]

Standard polylactic purifying modeling (FDM).

acid respirators

Graphene and its Filters N/A Ideation [23]

derivatives

Early detection and diagnostic approaches

The general clinical symptoms of COVID-19 include fever, dry cough, headache, and dyspnea
that may progress to pneumonia and death. Some infected people have non-respiratory
symptoms, and some report no symptoms at all. Diagnosis based on clinical symptoms is
extremely difficult since there are no specific signs and symptoms of COVID-19 especially in
the early stages of this disease. Accurate diagnosis of COVID-19 is crucial to identify infected
people, especially asymptomatic carriers, to break the transmission chain. These
investigations have been conducted to fulfill the vital necessity for easily operated, rapid,
and uncomplicated detection techniques for the diagnosis of COVID-19. Other essential
features for an ideal detection device include high sensitivity, high selectivity, multiplexing
capabilities, multiple sensing modes, long shelf-life, mass manufacturing, and autonomous
use [24]. Due to this urgent and demand, SARS-CoV-2 detection assays have been rapidly
developed [25]. The detection strategies of viruses can be categorized into four main
methods: Viral RNA/DNA detection (genetic tests), viral protein detections (antigenic
recognition), antibody detection (serology tests), and direct detection of the virus. Real-time
reverse-transcription polymerase chain reaction (RT-PCR) is an RNA/DNA detection test that
is a gold standard for SARS-CoV-2 detection. However, this method’s accuracy and
sensitivity depend on viral replication, viral titer, and sample collection. The positive rate of
the first RT-PCR was around 70% [26]. Therefore, the false-negative results of RT-PCR raised
clinical concerns since the prevention of cross-infection is very crucial in outbreak control.
Moreover, genome sequencing is not applicable in rapid and mass diagnoses because of the
time necessary for sequencing and the need for sophisticated equipment. Serological tests
do not detect the virus itself but have been used to detect the viral protein or the antibodies
that are produced in response to SARS-CoV-2. This test is not currently recommended for
diagnosis. However, researchers have continued to work on serological tests with potential



for rapid detection to be used in SARS-CoV-2 detection. With current advances in
nanotechnology and nanofabrication, direct detection of the SARS-CoV-2 is a contemplative
subject in several research groups [27]. Biosensors and nanoscale visualization tools like x-

ray diffraction (XRD), electron microscopes, and atomic force microscopy (AFM) are
commonly used in the direct detection of viruses. In this section, recent advances according

to the role of biomaterials and nanotechnology in SARS-CoV-2 detection in each category

will be discussed.

Biosensors

There is a global demand for rapid, mass-produced, and cost-effective methods of diagnosis

of SARS-CoV-2 infections that needs to be met. Biosensors are analytical devices used to

detect analytes (e.g., biomolecules, species produced by microorganisms, etc.). Biosensors
typically consist of three parts: a bio-receptor (nucleic acids, antibody, enzyme, etc.),
transducer (magnetic resonance, electrochemical, optical, electrical, thermal), and

electronic system/signal processing. Biosensors have been developed to detect nucleic
acids, enzymes, antibodies, cells, bacteria, and viruses in samples taken from the human

body (e.g., blood, saliva, urine, etc.). In comparison with conventional virus detection
methods, biosensors should be rapid, inexpensive, and sensitive [28], potentially

incorporating nanomaterials that result in increasing sensitivity, ease of processing, and
higher signal/noise ratio; some examples of such SARS-CoV-2 sensors are discussed below

(examples highlighted in Table 2).

Table 2. Recently developed detection methods and their parameters in SARS-CoV-2

detection.
Type Target Biomaterials Advantages Ref
Plasmonic fiber N protein Gold Label-free [29]
optic absorbance nanoparticles
biosensor
Smartphone Nucleic acid Complementary | Fast [30]
based metal oxide
microfluidic semiconductor
Electrowetting- Nucleic acid Indium tin oxide | Small testing volume, fast, [31]
on-Dielectric safeguard against
contamination
Microfluidic ELISA | Monoclonal Glass capillary Small testing volume, fast, [32]
anti-S1 point-of-care
antibodies
Lateral flow IgM/IgG selenium Sensitivity of the kit is 94.74% | [33]
immunoassay antibody nanoparticle and the specicity is 95.12%,
portable, fast
Lateral flow IgG antibody | Colloidal gold Sensitivity of the kit is 69.1% [34]
immunoassay nanoparticles and the specificity is 100%,

portable, fast



https://link.springer.com/article/10.1007/s42247-020-00143-9#ref-CR28

Lateral flow IgM antibody | Colloidal gold Sensitivity of the kit is 100% [35]
immunoassay nanoparticles and the specificity is 93.3%,
portable, fast

Lateral flow IgM/IgG Colloidal gold The overall testing sensitivity is | [36]
immunoassay antibody nanoparticles 88.66% and specificity is 90.63
Chemiluminescen | IgM/IgG Magnetic 100% sensitivity for IgG and [37]
timmunoassays | antibody microbeads 88% sensitivity for IgM
Immunochromat | IgM antibody | Colloidal gold Reducing false-positive results | [38]
ography assay
(GICA) and
enzyme-linked
immunosorbent
assay (ELISA)
Colorimetric Nucleic acid Gold Naked-eye detection [39]
assay nanoparticles
Flow-virometry Virus magnetic nano- | Large-scale detection [40]

particles particles
Immunochromat | Nucleoprotei | Colloidal gold Sensitivity of the kit is 30.2% [41]
ographic assay n antigen nanoparticles and the specificity is 100%, fast
Surface enhanced | Virus Silver-nanorod Rapid and on-site diagnostic [42]
Raman scattering | particles array tool
(SERS)

Loop-mediated isothermal amplification (LAMP) is a highly specific isothermal amplification
assay that has been developed for the detection of multiple respiratory RNA viruses. The
development of a reverse-transcription LAMP assay (RT-LAMP) coupled with biotin and
streptavidin-conjugated nanoparticles yielded biosensors capable of detection of COVID-19
within an hour with 100% sensitivity and specificity in a total of 129 respiratory samples
[43].

Electrochemical biosensors can also offer rapid, sensitive, and selective detection of viruses,
and are consequently receiving increasing attention. The electrode materials have a crucial
role in the signal/noise ratio, limit of detection, response time, and sensitivity; and
nanomaterials with high surface area, electrical conductivity, electron-transfer-reaction, and
chemical stability can be used to produce high-quality electrochemical biosensors, because
the efficiency of these biosensors depends on the active area of the electrode [44]. A field-
effect transistor (FET)-based biosensor is one of the suggested biosensors for instantaneous
and accurate diagnosis of COVID-19 using small amounts of analyte. Recently, Seo et al.
developed a graphene-based FET biosensor functionalized with the SARS-CoV-2 spike
antibody for use as a SARS-CoV-2 detection platform, where the positive charge of the
antibody exerted an n-doping effect on graphene after they were immobilized on the
graphene surface (Fig. 3a), enabling the detection of SARS-CoV-2 from clinical samples with
a detection limit of about 50-100 copies (although improvements might be needed for more
accurate detection) [45].
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Fig. 3. Schematic diagram of some innovation in SARS-COV-2 detection process. a Real-time
graphene-based FET in which SARS-CoV-2 spike antibody is conjugated onto the graphene
sheet via 1-pyrenebutyric acid N-hydroxysuccinimide ester. Adapted with permission from
ref [45]. b Functionalized silver-nanorod substrate used in surface-enhanced Raman scatting
to detect binding of RBD on ACE2. Adapted with permission from ref [42]. ¢ Using of
colloidal gold in the conjugation pad in Lateral-flow assay schematic to detect IgM and IgG
antibodies [36]. d Using primary and secondary antibodies to detect SARS-CoV-2 via flow-
virometry process. Adapted with permission from ref [40].

Qiu et al. developed a plasmonic biosensor for the clinical COVID-19 diagnosis [46]. The
plasmonic chip with gold nanoislands functionalized with complementary DNA receptor was
capable of generating local plasmonic photothermal heat and transduces in situ
hybridization for highly sensitive and accurate SARS-CoV-2 detection (future iterations of
such sensors could enable real-time and label-free detection of viral sequences for
application in other pandemics).

Microfluidic opportunity

Microfluidic analytical devices offer opportunities for rapid, sensitive, specific, instrument-
free, user-friendly, point-of-care, and cost-effective detection of analytes with 3D printed
and paper-based microfluidic analytical devices becoming increasingly popular.
Temperature-dependent liquefied polymers like acrylonitrile-butadiene-styrene (ABS),
nitrocellulose, wax, polystyrene, cellulose fiber, poly(dimethylsiloxane) (PDMS), and PDMS
resin are common materials to construct 3D shapes [47], typically incorporating recognition
elements like DNA, RNA, and proteins, and potentially integrating other detection methods



like LAMP [48], ELISA [49], or CRISPR/Cas9 [50]. Microfluidic devices have been developed
for the identification of pathogenic microorganisms like bacteria, fungi, viruses, and
parasites [51]. For COVID-19 diagnosis researchers have detected biomarkers showing
elevated expression in patients infected with COVID-19 relative to healthy patients (such
biomarkers include serum ferritin, C-reactive protein, interleukin-2R, IL-6, D-dimer, and
serum amyloid A) [52]. Lin et al. [53] designed a portable microfluidic immunoassay system
for detecting 1gG/IgM/Antigen of SARS-CoV-2 in clinical human serum. They integrated the
microfluidic platform with a fluorescence detection analyzer. Their method revealed
comparable results with the gold-immunochromatographic assay for SARS-CoV-2 detection.

Rapid testing

The COVID-19 outbreak has been a challenge for laboratories worldwide because of the
huge number of samples and time-consuming diagnostic methods. Immunoassays may help
to study immune responses, determine the precise rate of infection, and in the
identification of donors for plasma therapy. Lateral flow immunoassays (LFIAs) are low-cost,
simple, accurate, rapid, and portable platforms for the detection and quantification of
specific antigens, antibodies, and products of gene amplification [54]. Chen et al. studied
replacing lanthanide-doped polystyrene nanoparticles (LNPs) with conventional fluorescent
dyes for detecting anti-SARS-CoV-2 IgG in human serum. The antibody-modified LNPs were
used to fabricate the LFIA strips, and they claimed that their validation experiments met the
requirements for clinical diagnosis of anti-SARS-CoV-2 IgG [55]. Li et al. developed an LFIA
that can detect SARS-CoV-2 antibodies (both IgM and 1gG) in human blood within 15 min,
employing a surface antigen from SARS-CoV-2 conjugated to colloidal gold nanoparticles
resulting in a method with an overall testing sensitivity of 88.66% and specificity of 90.63%
[36].

Isolation and detection of viral RNA (which is inherently unstable) has been used to detect
SARS-CoV-2. The silica-based spin-column RNA extraction method (spin-column traditional
method) is laborious, time-consuming, and vulnerable to contamination. To address this
issue, Zhao et al. have developed a polymer-coated magnetic nanoparticle viral RNA
extraction method for SARS-CoV-2 detection that functions because of the fast and effective
absorption of RNA molecules [56]. The extraction time for multiple samples was about 30
min which is significantly faster than 2 h for the traditional spin-column method. Somvanshi
et al. used the surface-functionalized magnetic nanoparticles to extract viral RNA from
several specimens via an automated process employing PCR for the diagnosis of COVID-19
[57].

The hybridization chain reaction (HCR) is a new method for nucleic acid detection through a
hybridization cascade without the need for enzymes; this new method needs less material,
less equipment and can be carried out at room temperature. Wu et al. employed in silico
designed HCR reactions for SARS-CoV-2 detection, using cDNA as the target instead of RNA.
The algorithm helped to analyze the target sequence and estimate the HCR efficiency and
ultimately calculation of the mean unpaired probability of the target sequence [58].

Treatment solutions



Currently, there are no specific antiviral drugs or vaccines for COVID-19, and most
treatments are supportive of cardiovascular, hemodynamic, and respiratory systems that do
not efficiently kill the virus. To develop a successful treatment, understanding of a virus’s
entry into the cell and the following events are beneficial. Generally, the SARS-CoV-2 life
cycle includes virus-host cell receptor binding, proteolytic cleavage of the virus envelope
followed by virus fusion into the host cell, viral RNA release and nucleoprotein uncoating,
translation and replication, transcription, RNA replication and packaging, translation,
assembly and budding, vesicle formation and exocytosis, and virus release. [59]. To clarify
the coronavirus entry procedure, researchers tried to highlight the major process essential
for interacting coronavirus with the ACE2 receptor. Previous studies emphasized the role of
RBD (receptor-binding domain ) region interactions while a study of SARS-CoV S proteins
suggested that host cell surface proteases cause refolding and energy release required to
create stable virus-cell binding [60]. Host proteases belong to the serine protease family
that cleave peptide bonds in S proteins. By designing a consensus Bat-SCoV genome and
replacing the Bat-SCoV spike RBD with the SARS-CoV RBD, Becker et al. showed despite
replacing the RBD of the lineage B bat virus Rp3 allowed the virus to enter cells expressing
human ACE2; they concluded that coordinated interactions between the S1 RBD and select
S2 domains might be important in epitope presentation and S protein function [61]. Letko et
al. indicated that in cells with low expression of ACE2 adding protease during the course of
SARS-CoV infection facilitated the virus entry [62].

To elucidate the potentially increased transmissibility of SARS-CoV-2 relative to SARS-CoV,
the role of cell proteases in S protein priming was studied by two groups. The Hoffmann
group has studied the role of cellular serine protease TMPRSS2 for S protein priming in
SARS-CoV-2 and SARS-CoV. They showed that priming of S protein by TMPRSS2 in SARS-CoV-
2 is essential for viral entry like SARS-CoV. Although, the presence of several arginine
residues at the $S1/S2 cleavage site in SARS-CoV-2 and lack of them at SARS-CoV have been
shown in this study [63]. In other attempts, Walls et al.’s studies showed the unexpected
furin-like proteases (PCSK3) cleavage site located at the S1/S2 boundary of SARS-CoV-2
comparative to SARS-CoV altering pathogenicity and increasing transmissibility of SARS-CoV-
2. Furin-like proteases mediate pre-cleavage at the S1/S2 boundary in target cells might
stimulate subsequent TMPRSS2-dependent viral entry [64, 65]. By comparing SARS-CoV-2
and SARS-CoV S-protein sequences and extracting pro-protein convertases cleavage amino
acid motifs, Coutard et al. indicated that S1/S2 boundary and S2' are proteolytic sites
activated by furin-like protease. With different basic residues at $1/S2 boundary and S2’ in
SARS-CoV-2 relative to SARS-CoV, suggesting a less efficient cleavage in SARS-CoV S-protein
leading to less viral spread and pathogenesis [66]. These revelations on the structural
characteristics of SARS-CoV-2 and comparing it with other coronaviruses are crucial to
clarify the pathogenic mechanisms. Based on recognized pathogenic mechanisms several
attempts are ongoing for possible treatment strategies. Using blocking monoclonal
antibodies (mAbs) from recently recovered COVID-19 patients was suggested by Chen et al.
for neutralizing virus infection. mAbs can specifically bind to the SARS-CoV-2 RBD region and
effectively block the viral entry to host cells [67]. Drug design and development is a
complex, expensive, and time-consuming process. Polypharmacology is a major challenge in



drug design due to unintended drug-target interactions that causes side effects or toxicities.
On the other hand, discovering the unknown targets for the existing drugs would help to
identify potential drugs for other diseases [68]. Repurposing existing drugs on the market is
an active area of intense research and clinical trials. The mechanism of action of these
repurposed drugs, listed in Table 3, are variable and include blocking the virus entry inside
the host cells, stopping virus replication, inhibiting protease activity, suppressing viral RNA
synthesis, reducing the production of cytokines, and activating the T cell. The administration
route of these conventional treatments is intravenous, and the delivery of their therapeutic

agents to specific sites is limited. Nanomedicine and nanotechnology have promise for
efficiently and selectively delivering such therapeutic agents into target sites (Fig. 4).

Table 3 Underinvestigating repurposing drugs in COVID-19

Drug Primary indication Mechanism of action Ref

Methylprednisolone | Anti-inflammation Suppression of exuberant and [69]
dysfunctional systematic
inflammation

Tocilizumab Rheumatoid arthritis Interleukin-6 inhibitor [70]

Sarilumab Rheumatoid arthritis Interleukin-6 inhibitor [71]

Baricitinib Rheumatoid arthritis Inhibit endocytosis [72]

Chloroquine Malarial Inhibition of pH-dependent viral [73]
fusion/replication

Hydroxychloroquine | Malarial Inhibition of pH-dependent viral [74]
fusion/replication

Teicoplanin Antibiotic Inhibiting the low pH cleavage of the | [75]
viral spike protein by cathepsin L

Azithromycin Antibiotic Reduced viral proliferation [76]

Type 1 interferon Cancer & autoimmune Inhibit viral replication [77]

diseases

Heparin Anticoagulant Bind to RBD and induce [78]
conformational changes in S-protein

Enoxaparin Anticoagulant Supportive [79]

Losartan (Cozaar) Hypertension and kidney | Angiotensin receptor 1 (AT1R)

disorders blockers

Lopinavir HIV Inhibits the protease activity of [80]
coronavirus

Lopinavir/ritonavir HIV Inhibits the protease activity of HIV [67]

Umifenovir (Arbidol) | Influenza Inhibit endocytosis [81]

Oseltamivir Influenza A Neuraminidase inhibitor [82]

(Tamiflu)

Remdesivir Ebola virus RNA polymerase (RdRp) inhibitor [83]

(Veklury)

Favipiravir (Avigan) | Ebola virus RNA polymerase (RdRp) inhibitor [84]

Lianhuagingwen Influenza Regulation of cytokines [85]




Fig. 4. Innovative nanomedicine and carriers have been designed for SARS-CoV-2 treatment.
Ag and Au NPs used as carriers for hydroxychloroquine/chloroquine molecules. Silica NP use
suggested as a non-viral delivery vehicle of vaccine. Lipid NP used to encapsulate self-
amplifying RNA encoding the SARS-CoV-2 S-proteins as a vaccine. LIFNano is a synthetic
stem cell NP suggested for use to treat patients with pneumonia.

Nanomedicines against COVID-19
Metal and metal oxide nanoparticles

Metal nanoparticles are used in the diagnosis and treatment of conditions because of their
interesting properties including plasmonic resonance, fluorescence enhancement,
photoluminescence, superparamagnetism, catalytic activity enhancement, cytotoxicity,
antiviral, production of reactive oxygen species, biocompatibility, and ease of elimination
from the body [86, 87]. Metallic NPs can form strong interactions with various species, may



cause viral denaturation (and reduced virulence in the long term), and provide a convenient
way to isolate the bound particles (e.g., with magnetic separation). Elucidation of specific
mechanisms of action will aid in the design of improved NPs for viral eradication. The
antiviral effect of metal nanoparticles is related to either inhibiting viral replication inside
the host cells or binding of metal nanoparticles to surface glycoproteins of viruses thereby
preventing the fusion of the virus into host cells. The antiviral activity of silver nanoparticles
against different viral families, like HIV-1, hepatitis B, respiratory syncytial virus, herpes
simplex virus, monkeypox virus, and HIN1 influenza, have been studied [88]. A nano-silver
inhalation delivery formulation (optimal nanoparticle sizes of 3—7 nm) was reported to be
useful at an early stage of respiratory infections in COVID-19 [89]. The mechanism of silver
NP action has not been clarified completely; however, inactivation of virus particles prior to
entry, interference with viral attachment, and interaction with viral RNA were shown in
some studies [90].

A gold-based compound like auranofin (a gold-containing triethyl phosphine) is an FDA-
approved medicine for the treatment of rheumatoid arthritis and in phase Il clinical trials for
cancer therapy. Inhibition of redox enzymes which results in cellular oxidative stress and
intrinsic apoptosis is assumed to be its mechanism of action. Rothan et al. investigated the
effect of auranofin on SARS-CoV-2, finding that auranofin inhibits 50% replication of SARS-
CoV-2 in Huh7 cells at low micro-molar concentrations, and dramatically reduced the
expression of SARS-CoV-2 induced cytokines in Huh7 cells, suggesting the drug could be
useful in restricting SARS-CoV-2 infection and associated lung injury [91].

According to a docking study of Abo-zeid et al., Fe,03 and Fe304 interacted efficiently with
the spike protein receptor-binding domain (S1-RBD). Both Fe;03 and Fe304 previously
showed similar performance with hepatitis C virus glycoproteins E1 and E2. The binding of
iron oxide nanoparticles (IONPs) with S1-RBD forms the most stable complex that is
expected to be associated with viral protein conformational changes and subsequently
inhibit virus entry into host cells. This binding could also initiate virus destruction through
the generation of reactive oxygen species (ROS), and a clinical trial for FDA-approved IONPs
for COVID-19 treatment has been endorsed [21].

Drug carriers

To achieve desired therapeutic effects, drug carriers are often employed to modify drug
absorption and distribution. Various drug delivery systems (including nanostructures,
nanofibers, dendrimers, liposomes, microspheres, micelles, protein-DNA complexes,
protein-drug conjugates, virosomes, etc.) have been studied and developed [92]; in the
ongoing pandemic, most studies focus on repurposing drugs and developing carriers for
local and effective drug delivery. Rezaee et al. studied the affinity of
hydroxychloroquine/chloroquine molecules towards silver and gold nanoparticles with the
help of molecular dynamics simulations, and the calculated charge-transfer interactions
suggest that these nanoparticles can be used as a drug delivery system for
hydroxychloroquine/chloroquine with decreased drug side effects [93].



Lipid-based formulations are promising carriers for targeted delivery of therapeutic agents.
Nanostructured lipid carriers derived from natural or synthetic lipids can be used for the
delivery of hydrophobic/lipophilic drugs with high bioavailability [94]. Pindiprolu et al.
suggested lipid carriers for intra-pulmonary delivery of salinomycin (a coccidiostat
ionophore drug with a broad spectrum of antibacterial, anti-parasitic, antifungal, and
antiviral effects). The antiviral effect of salinomycin is related to inhibition of the replication
of viral RNA in the cytoplasm by altering the pH, and encapsulation of salinomycin in lipid
nanocarriers enables aerosol-based pulmonary delivery providing sustained therapeutic
effects [95].

Graphene and its derivatives have been investigated for use in protective materials,
biosensors, antiviral drugs, and drug delivery owing to their high viral capture capacity,
electronic properties for signal amplification, electrostatic interactions with the proteins of
the virus, etc. [23, 96]; however, their in vivo cytotoxicity represents a challenge in their use
in treatments.

Vaccines

A vaccine provides acquired immunity to a particular transmissible disease. Vaccines are
typically composed of antigens (made from a weakened or killed form of microorganisms),
toxins, or surface proteins, that are recognized by the immune system and induce a strong
immune response. Recent innovative vaccines that are in development/use include
dendritic cells, DNA, recombinant vectors, RNA, and T-cell receptor peptides. Major
platform types of SARS-CoV-2 vaccine that have been studied include whole-cell killed or
live-attenuated vaccines, recombinant proteins, nucleic acid-based DNA and mRNA, and
replicating and non-replicating viral vectors [97]. The challenges faced in developing
effective vaccines include the selection of a potent antigen, efficient adjuvant
(immunological agents that activate the antigen), and delivery vehicles. In the past decade,
nanomaterials have gained significant attention as potential adjuvant and carriers. Several
nanoparticle-based vaccine adjuvant and delivery systems have been studied [98, 99].
According to the WHO, there have been 89 vaccine candidates in preclinical and clinical
stages until April 2020. Seven of those in the phase 1 clinical stage are nucleic acid vaccines
using non-replicating viral vectors for vaccine delivery, other candidates in the phase |
clinical stage include recombinant proteins, DNA, and RNA [100]. In the following section,
the latest progress and ideas on deploying biomaterials and nanotechnology in developing
SARS-CoV-2 vaccines will be discussed.

Lipid nanoparticles

LNPs are a unique class of lipids considered the most clinically advanced non-viral DNA/RNA
and drug delivery systems. They offer high encapsulation efficiency, improved penetration
into cells, and low cytotoxicity. The first LNP-formulated RNA-based drug was approved in
2018 by the FDA [101]. McKay et al. studied a self-amplifying RNA encoding the SARS-CoV-2
S-protein encapsulated with an LNP as a vaccine. LNP used in this study contained ionizable
cationic lipid/phosphatidylcholine/cholesterol/PEG-lipid with a mean hydrodynamic
diameter of ca. 75 nm. Their immunogenicity results showed the LNP vaccine-elicited robust



SARS-CoV-2 IgG antibody and cellular responses in mice. They claimed that their primary
results would enable the rapid translation of the designed SARS-CoV-2 vaccine to the clinical
trial [102].

Silica nanoparticles

Silica nanoparticles have shown great potential in drug and protein delivery because of their
chemical stability, biocompatibility, low toxicity, and the ability to be synthesized in various
sizes, shapes, and pore diameters. These characteristics besides the ability of silica
nanoparticles to induce both humoral and cell-mediated immune responses led to the study
of their potential to be used as antigen carriers and immunological adjuvant in vaccine
delivery [103, 104]. N4 Pharma has developed Nuvec® silica nanoparticles coupled with
polyethyleneimine that traps, protects and delivers DNA/RNA antigen into cells. Some key
features of these silica nanoparticles include adjuvant effect, generating Th1 response, high
loading capacity, strong bonding, and high cellular uptake [105]. Theobald suggested
Nuvec® as a non-viral delivery vehicle of vaccine can be a safe and effective alternative to
lipid nanoparticle system and non-replicating viral vectors that have been studied in many
companies in developing SARS-CoV-2 vaccine [106].

Innovative strategies: hopes and promises

In response to the COVID-19 outbreak, pharmaceutical companies and researchers have
stepped forward with plans to develop innovative strategies to fight the outbreak. Beyond
the vaccines, for example, the siRNA-based RNA interference (RNAi) mechanism has been
explored to eradicate viral genome from the host [107]. An additional promising strategy is
to deploy theranostic agents. Multidisciplinary nanomedicine and nanotechnology have a
pivotal role in changing conventional sight in disease diagnosis and therapy. Theranostic
approaches benefit from combining therapeutics and diagnostics strategies. During the last
few years, there has been ongoing progress in the field of theranostic approaches in
oncology and recently infectious diseases. Nanomaterials and nanostructures like graphene,
metal oxide, layered double hydroxides, metals, black phosphorus, transition metal
dichalcogenides, etc. made this possible [108].

Cellular nanosponge

Zhang et al. investigated a novel approach mimicking the molecular mechanisms of viral
infection. As mentioned above, SARS-CoV-2 uses ACE2 and CD147 receptors on the host cell
surface in cellular entry. Covering polymer nanoparticles with membranes from human lung
epithelial cells and macrophages creates a cellular nanosponge that can act as a decoy for
SARS-CoV-2 (Fig. 5). In their study, a poly(lactic-co-glycolic acid) (PLGA) nanoparticle covered
with cell membranes of human lung epithelial cells and macrophages that inherit the viral
receptors (ACE2 and CD147) related to SARS-CoV-2 entry into host cells. The designed
cellular nanosponges could neutralize the viral activity in a dose-dependent manner [109].
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Fig. 5. Schematic mechanism of cellular nanosponges inhibiting SARS-CoV-2 infectivity. The
polymeric NP cores with natural cell membranes from target cells inherit the surface antigen
profiles of the source cells and serve as decoys to bind with SARS-CoV-2 that blocks viral
entry and inhibits viral infectivity [109]

Stem cell therapy

Reducing the infection rate besides treating patients with pneumonia are key requirements
to reduce the mortality rate in the COVID-19. The currently available therapies in the COVID-
19 mostly fail in the acute inflammatory pneumonia stage. One of the novel therapeutic
strategies is using mesenchymal stem cells (MSCs). MSCs can provide a therapeutic
environment in the lung via secretion of various cytokines, tissue mediators, and growth
factors [110]. In one of the first attempts, a severely ill COVID-19 patient with ground-glass
opacity (GGO) on CT scan and liver injury were treated with allogeneic human umbilical cord
mesenchymal stem cells. After three intravenous infusions of stem cells, the patient was
able to start spontaneous breathing and walking [111]. Currently, several clinical trials on
using stem cells especially mesenchymal stem cells (MSCs) in COVID-19 treatment have
been registered in Clinicaltrials.gov. Studies have shown MSCs have immunomodulatory and
anti-inflammatory properties [112]. Metcalfe and his colleague from the University of
Cambridge have developed a synthetic stem cells nanoparticles “LIFNano” to treat multiple
sclerosis (MS). LIF (Leukaemia Inhibitory Factor) is a small blood-borne protein functioning
to repair damaged tissues throughout the body. They suggested the nanotechnology-based
LIFNano has the potential to rejuvenate damaged tissues and suppress cytokine storm in
COVID-19 patients with pneumonia [113]. Other manufacturers of regenerative products
like Exoflo™ and NestaCell® have started their clinical trials as a treatment of severe COVID-
19. Exoflo™ is an exosome formulation derived from allogeneic bone marrow MSCs. In the
clinical study, 24 patients with moderate to severe COVID-19 were administered a single 15
mL of Exoflo™ through intravenous infusion without any reaction. Their results indicated
that patients’ clinical status and oxygenation improved after one treatment [114]. NestCell®



is a MSC therapy produced by Cellavita Company. This product is under clinical trial to treat
patients with severe COVID-19 pneumonia. In the clinical trials, patients will receive 2 x

107 cells on days 1, 3, 5, and 7 [115]. According to extraordinary opportunity of tissue
engineering and biomaterials for long regeneration, bioengineering lung tissue might be an
advanced strategy in patients suffering from lung injury [116].

In silico studies

Beside accelerating in vitro and in vivo studies in discovering vaccines and new therapies
and diagnosing methods in COVID-19, artificial intelligence (Al)-inspired studies have
demonstrated great success in diagnosing and treatment methods. One of the first
applications of Al referred to COVID-19 was in medical imaging to detect and differentiate
bacterial and viral pneumonia in chest computed tomography (CT) images [117]. The second
use of Al is to help in understanding the virus-host cell interactions during the course of
infection is key to developing new therapeutic strategies and repurposing existing drugs. In
this regard, Gordon et al [118] cloned, tagged, and expressed 26 of the 29 proteins in
human cells to identified high confidence SARS-CoV-2/human protein/protein interactions.
And, through chemoinformatic databases and analyses of the above results, 67 druggable
human protein or host factors were targeted by 69 existing FDA-approved or in clinical trial
drugs. They claimed that they have started testing these compounds for the antiviral activity
to developing therapeutics agents against SARS-CoV-2. In another attempt, molecular
docking calculation showed hydroxychloroquine and azithromycin did not interact with
receptors. It assumed that these drugs act in different steps in the viral cycle. The
calculations indicated that metaquine (antimalarial substance) and saquinavir (anti-HIV
antiretroviral) were potential candidates for multi-target drugs for COVID-19 [119].

Conclusion

The sudden appearance and rapid spread of COVID-19 have promoted an urgent need for
mobilizing knowledge and facilities across the world to restrict the progressive socially and
economically destructive effects of the pandemic. Much unknown information about the
origin of SARS-CoV-2, the molecular events that led to human transmission from the main
source, high human-human transmissibility, and the virus-cell interactions are part of the
complexity to fight against the COVID-19. There has not been any clinically approved drug or
vaccine that specifically target SARS-CoV-2 but rapid progress is underway. Repurposing
drugs and upgrading present detection methods are part of the fighting strategies until
supplying effective treatments or providing the vaccine. In the meantime, nanotechnology
and nanomaterials are playing key roles either in slowing down the adverse effects or
proposing new therapeutic solutions. For instance, silica nanoparticles, which had been
developed as a vaccine carrier, are hopeful for developing the SARS-CoV-2 vaccine. It is clear
that a key to tackling this pandemic is to cover all aspects of the fighting like protective
equipment, detection technologies, and treatment solutions. The first step is to break the
transmission chain through personal protective equipment and disinfected surfaces.
Previously introduced anti-viral biomaterials accelerate research about fighting against
SARS-CoV-2. In the next step, using nanotechnology and nanomaterials develop detection
techniques rapidly. In the last step, nanomedicine and stem cells are part of the road map in



the treatment of ill COVID-19 patients. Through this review, we highlight the recent
advances in nanotechnology, biomaterials, and cellular biology that provide opportunities to
fight the SARS-CoV-2 more efficiently.
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