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Since its first emergence in December 2019, the coronavirus-2 infection has quickly

spread around the world and the severity of the pandemic has already re-shaped our

lives. This review highlights the role of nanotechnology in the fight against this pandemic

with a focus on the design of effective nano-based prevention and treatment options that

overcome the limitations associated with conventional vaccines and other therapies. How

nanotechnology could be utilized to understand the pathology of the ongoing pandemic

is also discussed as well as how our knowledge about SARS-CoV-2 cellular uptake and

toxicity could influence future nanotoxicological considerations and nanomedicine design

of safe yet effective nanomaterials.
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INTRODUCTION

In December 2019, a novel severe acute respiratory syndrome-coronavirus-2 (nCoV or
SARS-CoV-2) emerged and rapidly progressed into a global pandemic, as declared on 11 March
2020 (Baloch et al., 2020), shutting economies and leaving societies in a state of uncertainty.
At the time of writing this article (End of October 2020), more than 42 million cases were
confirmed, and more than 1.1 million deaths reported globally (WHO, 2020d). While treatment
options are still lacking, there have been joint efforts from both medical and scientific professionals
to come up with effective treatments that would minimize the severe impact of the pandemic.
Tremendous work has been put so far into this either to understand the mechanism of SARS-
CoV-2 infection, Accelerate drug repurposing, develop novel treatments andmass vaccination. This
review focuses on the contribution of the biomedical nanotechnology community to the pandemic
and how SARS-CoV-2 could reshape the future of nanomedicine and nanotoxicology. For other
potential applications of nanotechnology to the pandemic please refer to some excellent reviews
that have been recently published that gave a comprehensive overview on: (1) the application of
nanotechnology in the design of effective therapeutics and viral vaccines (Chauhan et al., 2020;
Shin et al., 2020; Weiss et al., 2020), (2) the potential of hard nanomaterials in the fight again the
pandemic(Reina et al., 2020), and (3) the potential of nanomaterial for efficient viral detection and
the design of disinfectants and personal protective equipment (Sportelli et al., 2020; Weiss et al.,
2020).

The therapeutic options considered so far are mainly based on repurposing other treatments
developed for related viral infections such as SARC-COV, MERS-COV by taking advantages
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of some of the similarities found between them (WHO, 2020a;
Zhou et al., 2020). Examples of those include; different antiviral
drugs [e.g., lopinavir/ritonavir and remdesivir (Beigel et al.,
2020; NCT04381936, 2020)] to inhibit viral replication, plasma
from COVID-19 recovered patients who have developed
antibodies for the virus (NCT04381936, 2020), immune
modulators such as anti-interleukin-6 (Campochiaro and Dagna,
2020), anti-inflammatory treatments, e.g., dexamethasone
(NCT04381936, 2020) and interleukin 1 receptor agonist
IL-1Ra (NCT04443881, 2020) as well as vaccines [such as
attenuated viruses (NCT04456595, 2020), messenger RNA
(mRNA) (NCT04283461, 2020), DNA (NCT04447781, 2020),
and recombinant proteins (NCT04466085, 2020)] delivered
through either viral-vectors (NCT04516746, 2020) or via
nanoparticles (NCT04368728, 2020). The results of the ongoing
trials with these treatments are not yet conclusive with only
a few options showing promising live-saving effects such as
dexamethasone (NCT04381936, 2020).

WHAT HAS NANOTECHNOLOGY OFFERED
FOR COVID-19 PANDEMIC?

Viruses are naturally occurring nanoparticles that operate
at the same metric scale as other nanomaterials. For years
the nanomedicine community invested lots of efforts to
copy viruses behavior by designing viral-like nanoparticles
for efficient targeted therapy and gene delivery (Jeevanandam
et al., 2019; Hashemzadeh et al., 2020). It is therefore not
surprising that nanotechnology tools offered great utility in
the ongoing pandemic through different routes spinning from
viral neutralization and detection to vaccine developments and
treatment (Mujawar et al., 2020). This section will cover the most
outstanding nanomedicine platforms that have been tested in
those areas and highlight the promises that these hold so far.

The availability of viral information in record time at
the start of the outbreak (Rao et al., 2015; Grifoni et al.,
2020; GISAID Next hCoV-9 App, 2020), helped catalyze
the design and development of many vaccine candidates.
In total, the world health organization (WHO) reported 44
vaccine candidates in clinical trials and 154 in preclinical
stages (WHO, 2020b). For full overview of those please refer
to the WHO DRAFT landscape of COVID-19 candidate
vaccines (WHO, 2020b) and other excellent review articles
that have detailed the different vaccine technologies developed
so far (Chauhan et al., 2020; Florindo et al., 2020; Shin
and Shukla, 2020). Several of those are novel vaccines
designed using nanotechnology tools. From those different
technologies mRNA vaccine formulated as lipid nanoparticles
was the first to progress into a clinical trial (NCT04283461,
2020). The urgency created by the pandemic prompted the
leverage of many traditional approaches in vaccine development
including; live attenuated viruses (LAV), inactivated viruses
and viral vectors which are after all considered natural
nanoparticles. LAV are based on live reproducing but avirulent
viruses that result in a single-dose immunity without illness
(Shin et al., 2020). The maturity of this technology allowed

their rapid progression into clinical trial and Codagenix
Incorporation’s is currently leading this area (Shin et al.,
2020). Although this technology has been in use for a long
time, it still raises safety concerns as it carries the risk of
reverting into the infectious state or becoming reactivated in
immunocompromised individuals (Luo et al., 2018). This is quite
worrying for a novel disease like COVID19 especially that the
pathological consequences are not fully understood (Shin et al.,
2020).

Other vaccine approaches are based on repurposing
mammalian virus vectors that have been developed for other
applications. From those, the leading candidates in COVID-
19 is the chimpanzee adenovirus vaccine vector (ChAdOx1)
developed by the University of Oxford named as AZD1222
which is currently in Phase III testing (NCT04516746, 2020).
The advantages of this class of vaccines are in their inherent
adjuvant capability and scalability. However, the downside of
this therapeutic modality is the risk of developing immunity in
individuals who have been exposed to similar viruses before,
which could compromise the vaccine efficacy (Mullard, 2020).

Due to the limitations observed in the vaccine candidates
listed above, novel candidates were developed. Nucleic acid-
based vaccines have shown a great promise especially those
acting by delivering genetic material (either as DNA or mRNA)
via nanoparticles (Figure 1). This stimulates the production
of specific viral proteins such as the spike protein that the
virus uses to bind and enter the host cells. For this class, the
use of nanoparticles is decisive to protect the structure of the
geneticmaterial besides the added advantage of improved cellular
uptake, ability to deliver multiple antigens to antigen-presenting
cells and training the immune system to produce both antibody
and T cell responses (Pardi et al., 2018; Smith et al., 2020). Nucleic
acid-based vaccines are also superior to traditional ones in terms
of safety, ease of design, stability and scalability (Shin et al.,
2020). At the forefront in DNA vaccines is INO-4800 combined
with electroporation which progressed into Phase I clinical
trial on the 7th of April 2020 (NCT04336410, 2020) and
Covigenix vaccine developed by Entos pharmaceuticals Inc.
which uses Fusogenix drug delivery platforms (Pharmaceuticals,
2020) and few other candidates (WHO, 2020c) which are still
in phase I/II clinical trials. The ability to produce mRNA
vaccine by in vitro transcription offers added benefits and
can therefore overcome many regulatory hurdles (Iavarone
et al., 2017). mRNA is also non-integrating compared to DNA
vaccines and thus lacks the issues of insertional mutagenesis.
Within this area, Moderna’s mRNA-vaccine (mRNA-1273) was
the first to enter phase I clinical testing on the 16th March
2020 (NCT04283461, 2020) and is currently in phase III
(NCT04470427, 2020). This was then followed by BioNTech-
Pfizer vaccine candidate (BNT-162) which also reached phase III
(NCT04368728, 2020). To take this a step further, scientists at
Imperial College London (ISRCTN17072692, 2020) andArcturus
Therapeutics (NCT04480957, 2020) developed self-replicating
RNA vaccines delivered via lipid nanoparticles (LNPs). The
encapsulation of self-replicating RNA in lipid nanoparticles
(LNPs) has a critical role in the success of this type of
vaccines. LNPs protects the RNA from enzymatic degradation;

Frontiers in Nanotechnology | www.frontiersin.org 2 December 2020 | Volume 2 | Article 610465

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles


Al-Ahmady and Ali-Boucetta Nanomedicine Future Post COVID-19 Pandemic

which translates into a more efficient mRNA expression. LNPs
are not limited by anti-vector immunity since unlike viral
vectors they do not carry any surface proteins. Moreover, RNA
amplification and protein expression processes take place in
the cytoplasm, which avoid any risk of genetic integration
(Geall et al., 2012). In addition, the half-life of RNA can be
extended and a higher level of the viral spike protein can be
achieved with a lower initial dose. Although nucleic acid-based
vaccines have not been clinically approved yet, this technology
is becoming very popular following the very recent approval
of RNA interference products [patisiran (Adams et al., 2018)
and givosiran (Balwani et al., 2020)]. Besides, many efforts
have been directed in recent years toward the development
of nano-cancer vaccines which provided a solid platform
that was efficiently repurposed for COVID-19 vaccines. For
mRNA vaccines, the synthetic lipid nanoparticles are integral to
their success in order to overcome the delivery challenge and
facilitate nucleic acid trafficking at the cellular and subcellular
levels (Pardi et al., 2018). In addition to lipid nanoparticles,
other nanocarriers are also emerging in this field including;
nanoemulsions, cationic polymers, peptides, dendrimers, natural
and synthetic polysaccharides, etc. (Shin et al., 2020). Another
promising nanotechnology platform for vaccine development is
the mannosylated polymeric vaccine. This platform has been
developed before for cancer prevention and has demonstrated
strong cellular and humoral immune responses (Conniot et al.,
2019). This technology is currently being tested preclinically for
SARS-CoV2 in combination with immunomodulators (Florindo
et al., 2020).

Apart from enabling the development of modern vaccines,
nanotechnology platforms demonstrated excellent ability in viral
neutralization. In this approach, cellular nanosponges were
designed by covering the surface of the nanoparticles with
human-cell derived membrane. These nanoparticles are made
to display angiotensin-converting enzyme 2 (ACE2) and CD147
receptors that mediate viral entry into host cells (Zhang et al.,
2020). Once the virus binds to the receptors at the surface of
nanoparticles, it becomes no longer available to infect the usual
cellular targets (Zhang et al., 2020). This technology is still in
its preclinical stage and further validation in animal models are
required before its translation into the clinical testing.

Another advantage that nanomedicine offers in this pandemic
is through targeting the SARS-CoV-2 viral RNA using RNA
interference (RNAi). Interesting examples developed previously
for other infections include; gene silencing of SARS M protein
gene expression using double-stranded RNAs (Patent application
CN101173275) or siRNAs to silence SARS genes encoding RNA
polymerase, helicase, nucleoprotein N, and proteolytic enzymes
(Patent application CN1569233). In these examples, excellent
viral inhibition was achieved reaching between 50 and 90%
antiviral activity (Chauhan et al., 2020).

From repurposed medications that have been tested for
COVID-19 in the RECOVERY Trial (NCT04381936, 2020),
dexamethasone was the first to demonstrate live-saving activity,
particularly in severe cases. Since in those cases, fatality is
triggered by an overreaction of the immune response leading to
hyperinflammation and macrophage activation syndrome. This

causes the overproduction of several proinflammatory cytokines
or what is called as the “cytokine storm” and also trigger
coagulation abnormalities causing multiple organ failure and
sadly death (Merad and Martin, 2020). Dexamethasone reduced
the risk of death by 35% for patients in intensive care units and
shortened the hospitalization time for COVID-19 patients. Until
now it is considered the only drug to demonstrate an impact and
improved patient survival (Ledford, 2020). The other attractive
side about dexamethasone is being of low cost, widely available
and has been used for many years in the treatment of other
pathologies. Nanomedicine formulations of dexamethasone have
been previously developed and already demonstrated positive
results in Phase I/II clinical trials in multiple myeloma patients
(NCT03033316, 2017) and many other preclinical models of
rheumatoid arthritis (Quan et al., 2014), inflammatory bowel
disease (Bartneck et al., 2015), wound healing (Gauthier et al.,
2018) and cancer (Banciu et al., 2008). Therefore, treatment of
COVID-19 patients with liposomal dexamethasone is expected to
outperform the free drug by taking advantages of nanomaterials
tendency to accumulate in hyperactivated alveolar macrophages
that play a critical role in the trigger of the disease. Ultimately
this is expected to improve oedema resolution and fibrinolytic
effects (Lammers et al., 2020). Similar effects have already been
demonstrated from liposomal amikacin which is approved in
2019 for complex lung infection with Mycobacterium avium
(Zhang et al., 2018). Apart from targeting local inflammation,
liposomal dexamethasone can also accumulate in the spleen and
bone marrow and therefore has a clear potential to attenuate
peripheral inflammation (Metselaar et al., 2003). Although
understandably, liposomal dexamethasone is more expensive
than the free drug, if its efficacy proves to outperform free
dexamethasone formulations then this might save more lives and
could significantly reduce healthcare costs in the long term.

Moreover, the unique properties of nanomaterials (e.g.,
thermal, electrical and optical, etc.) make them ideal for
developing highly sensitive sensors for biomarkers detection.
Although this area is outside the scope of this review, we
would like to mention here that new diagnostics tools based on
nanomaterials have already been developed and approved for
other infectious diseases such as Ebola (Tsang et al., 2016) and
Zika (Song et al., 2016; Afsahi et al., 2018) viruses. Recently,
Moitra et al. reported the development of a rapid and accurate
colorimetric assay that is suitable for detecting positive COVID-
19 cases from RNA samples in only 10minutes. In this assay,
gold nanoparticles (AuNPs) are surface-functionalized with
thiol-modified antisense oligonucleotides specific for multiple
genetic regions of nucleocapsid phosphoprotein of SARS-CoV-
2 to ensure detection sensitivity. Once thiol capped AuNPs
are in contact with the target RNA sequence of SARS-CoV-
2, agglomeration occurs leading to a change in AuNPs surface
plasmon resonance within a few minutes. Amplification with
ribonuclease H leads to visual detection of AuNPs precipitation
by the naked eye without the need for highly specialized
instruments (Moitra et al., 2020). All of the above makes such
nanotechnology platform ideal for mass screening as it is simple,
affordable, rapid, user friendly and can operate without the need
for sophisticated instruments. As such, this could make a generic
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FIGURE 1 | Schematic presentation of nucleic acid-based vaccine technologies which includes either; (1) DNA vaccines that delivers plasmid to the nucleus of

antigen presenting cell and (2&3) RNA vaccines which deliver either replicating or non-replicating mRNA into the cytoplasm of antigen presenting cells. Nucleic

acid-based vaccines stimulate the production of specific viral proteins such as the spike protein that the virus uses to bind and enter host cells. For this class, the use

of nanoparticles is decisive to protect the structure of the genetic material besides the added advantage of improved cellular uptake, ability to deliver multiple antigens

and training the immune system to produce both antibody and T cell responses.

sensor platform that can be easily adapted to detect different
genetic regions of the virus such as the spike gene (S-gene) or
envelope gene (E-gene) or could be easily adapted for future
infectious disease and pathologies. For other related examples of
nanotechnology-based platforms for COVID-19 detection please
refer to a recent excellent review on that (Talebian et al., 2020).

LESSONS LEARNT FROM SARS-CoV-2
CELLULAR UPTAKE AND TOXICITY

Despite the wide range of nanomaterials, their different
applications and varied interactions with cells and organs,
SARS-CoV-2 virus belongs to the exciting family of nature-
inspired nanoparticles. SARS-CoV-2 virus interaction with cells
has proven to lead to a dramatic nanotoxicity and damage to
different organs leading to death if the body defense system is
unable to defend itself or to shut it down. Nature has always
surprised us with the development of such terrific systems that

not only do they feed on our bodies and cause illnesses (such as
the flu and now the COVID-19 pandemic), but also show unique
ability to transfect cells which have led to their development
as powerful drug delivery systems (Xu et al., 2020). Viruses are
therefore double-edged-swords with harmful effects yet bringing
positive therapeutic opportunities. While COVID-19 has and
might change our lives forever, one should learn from the SARS-
CoV-2 virus interaction with cells and organs and apply this
knowledge in the future development of safe nanomaterials.
Therefore, what have we learnt so far from SARS-CoV-2 and
what can we reap and use in the development of safe and
effective nanomedicines?

Cellular Entry & Uptake of SARS-CoV-2
Virus
It has been reiterated that the power of SARS-CoV-2 is in its
cellular entry mechanism which is highly dependent on the
presence of angiotensin-converting enzyme 2 (ACE2) receptors
in the lungs (Xu et al., 2020) as represented in Figure 2. More
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specifically these receptors are present in alveolar epithelial cells,
macrophages in the lung as well as vascular endothelial cells
(Varga et al., 2020; Zhou et al., 2020). It has also been reported
that the virus induces down-regulation of ACE2 which can be an
important factor in the pathology of the disease especially that
vascular permeability in the airways, as well as inflammation, are
enhanced as a consequence (Tay et al., 2020).

While specificity and targeting have always been the dream in
any design of nanomedicines, we can clearly see that these are
the principles by which SARS-CoV-2 interacted with cells. The
so-called enhanced permeation and retention, or EPR effect for
short, has always been employed in the design of nanoparticles
to achieve passive targeting in cancer therapy. The focus has
therefore been in the careful tailoring of the physicochemical
properties of nanoparticles especially size and charge. In addition,
active targeting (through the attachment of targeting ligands
such as specific antibodies, aptamers and vitamins) has been
the highlight and focus in the design of targeted drug delivery
systems. In the case of COVID-19, the structure of SARS-CoV-2
virus allowed for the specific targeting of lung cells through ACE2
receptors and cellular uptake via clathrin-mediated endocytosis
(Brahim Belhaouari et al., 2020). The Spike (S) protein on the
SARS-CoV-2 virus, in particular, derives the entry of the virus
into cells with the S1 surface unit targeting ACE2 receptors
(Figure 2). Moreover, it is suggested that the cellular entry of
SARS-CoV-2 is primed by transmembrane protease, serine 2
(TMPRSS2) which leads to the S protein cleavage and fusion
of viral and cellular membranes (Hoffmann et al., 2020). While
this is a “live” nanoparticle, it is still important to consider
the effects of synthetic nanoparticles on cellular membranes
and clearly understand if any proteins or structures within the
membrane facilitate the entry of NPs especially those that do not
rely on targeting ligands. For instance, with carbon nanotubes
(CNTs), molecular dynamics simulation highlighted that salt
bridges can facilitate the flip-flop and translocation of CNTs
to the cytoplasm (Lopez et al., 2004) but is there more to this
story than what we are aware of? Moreover, one still wonders
about what facilitates the cellular uptake of 2D like nanomaterials
such as graphene oxide. Even with spherical NPs such as gold
NPs (AuNPs), we continue to learn about what drives their
interaction with lipid membranes. Contini et al. have recently
described, using a model liposomal membrane, the existence of
size thresholds at 10 and 50 nm that can determine different fates
of citrate coated AuNPs interaction with membranes (Contini
et al., 2020). While technology was initially limited in exploring
the cellular membrane, there are now versatile approaches to
track membrane proteins and control their movement such
that described by Li et al. which uses fluorescent magnetic
nanoparticles (FMNPs) (Li et al., 2020). The latter allows single-
particle tracking at 10 nm and 5 milliseconds spatiotemporal
resolution and in this way, the direct effects of NPs on membrane
proteins can perhaps be studied.

Besides, with a new paradigm evolving in regard to the
extravasation of nanomedicine in tumors (de Lázaro and
Mooney, 2020; Sindhwani et al., 2020) and brain (Al-Ahmady
et al., 2019) through transcytosis rather than the EPR effect, it
is time to revisit our understanding of nanomedicines cellular

uptake and interaction with cells and organs. SARS-CoV-
2 might bring us closer to the perfect experimental design
to fundamentally understand any potential direct or indirect
effects of nanoparticles on cells. Moreover, drug delivery has
always focused on cancer therapy through nanomedicines
intravenous administration and it is now the perfect time to
apply this knowledge in the development of novel therapeutics
for the treatment of other diseases. The fact that SARS-CoV-2
nanoparticles have led to a significant systemic effect through
inhalation, means the use of different routes of administrations
rather than the traditional intravenous route should be further
explored for nanomedicines. Although this strong systemic effect
seen with SARS-CoV-2 might sound alarming to some, it will
definitely allow the nanotoxicology community to better refine
current nano-risk assessments as well as to think wider about the
potential effects of NPs in vivo following human exposure (for
example through inhalation).

Trafficking of SARS-CoV2 Within Cells
Understanding where nanoparticles end up being within the cells
is as important as our understanding of their pharmacokinetics
in vivo. Cellular kinetics will help in the design of site-specific
nanoparticles as well as punctual nanomedicines that can deliver
the therapeutic cargo in a timely fashion within cells. Belhaouari
et al. observed the infectious cycle of SARS-CoV2 using scanning
electron microscopy and found that its virions were located at
the cell surface early post-infection (Brahim Belhaouari et al.,
2020) and that the virus corona spikes were sandwiched between
the particles and the cellular membrane. As most spherical
nanoparticles that are taken up inside the cell via endocytosis,
the virus then escapes the endosome and the single-stranded
RNA is released within the cytoplasm where replication and
transcription take place through the replication/transcription
complex (RTC) (Boopathi et al., 2020).

However, one of the main consequences of the cellular
translocation of CoV-SARS-2 is the disruption and
downregulation of ACE2 which leads to unregulated
inflammatory response and a severe lung pathology (Offringa
et al., 2020). What is crucial here is to understand the molecular
basis that allows for such disruption to ACE2 to occur and
investigate whether synthetic NPs could cause similar effects
on certain proteins? Moreover, there is a growing evidence
that the SARS-CoV-2 can cause analgesia through its effects
on the VEGF-A/Neuropilin-1 receptor signaling pathway
(Moutal et al., 2020). It was found that SARS-CoV-2 not
only binds to ACE2 protein but also to neuropilin-1, which
is a transmembrane glycoprotein highly expressed in the
respiratory and olfactory epithelium, vasculature and has
several roles within the nervous system (Cantuti-Castelvetri
et al., 2020). Within most of the nanotoxicology studies, the
effect of nanoparticles on cells and organs is usually purely
concentrated on the overall death or live effects and the
complete understanding of the effects of nanoparticles on
signaling pathways for example and proteins levels is often
neglected. Recent advances in remotely controlling cellular
processes using biofunctional magnetic nanoparticles have
created the field of “magnetogenetics” (Monzel et al., 2017)
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but in the absence of magnetism what can NPs further do
to cells in addition to them just getting inside. It is therefore
crucial to completely understand how nanoparticles behave
at the molecular level to allow for a better and safe design
of nanomedicines with a higher success rate of translation to
the clinic.

Toxicity of COVID-19 on Different Cells and
the Need for Relevant Models
In addition to the lungs, ACE2 is also expressed in other organs
such as the heart, kidneys and intestines (Crackower et al., 2002;
Hamming et al., 2004; Soler et al., 2013; Fan et al., 2020). This
meant that SARS-CoV-2 can cause damage to these organs and
has therefore proven to be a fierceful virus. In this infection, one
can think of the body as one entity and if one organ is attacked,
then the rest of the body and organs are affected.

While a fever, a dry cough, and shortness of breath
are the common early signs of COVID-19, pneumonia can
develop as a consequence of SARS-CoV-2 infection (George
et al., 2020). While the virus directly infects the air sacs
cell linings, it also triggers an immune response causing an
inflammation and fluid collection in the lung tissues. This is
not surprising news as some nanoparticles have been reported
to cause cell and lung epithelium damage especially following
repeated exposures. For example, Shvedova et al. showed that
the pharyngeal aspiration of single-walled carbon nanotubes
(SWNTs) dispersed in PBS lead to an early onset of an acute
inflammation which progressed into fibrosis and granuloma
formation (Shvedova et al., 2005). However, the physicochemical
properties of SWNTs and their aggregation could have led to
these pulmonary effects. Direct inhalation toxicological studies
with nanoparticles are non-existing and most models used
(pharyngeal aspiration, intraperitoneal injections) only mimic
to a certain extent what could really happen if NPs are
inhaled. Determining the actual inhaled dose(s) of NPs is
challenging and this has limited the specific design of direct
NPs inhalation studies. The question that poses itself here is
about whether the current doses used in these pseudo-inhalation
studies are too high leading to such detrimental effects or they
are too low and therefore the real consequences are perhaps
not picked-up.

With SARS-CoV-2 being a “live” nanoparticle this has meant
that (1) its nanosized particle size helped in its travel within
the lungs, (2) that the targeted nature of the virus enhanced
its specificity to particular cells, and (3) its replication within
tissues potentiated its ferocity. Moreover, the recent discovery
of lioneic acid (LA) presence within a pocket in the Spike
protein which is affecting LA metabolic pathways and leading
to the dramatic inflammation and pneumonia observed with
COVID-19 (due to the importance of LA in maintaining cellular
membranes in lungs) has unveiled a common character seen
with NPs (Toelzer et al., 2020). While this is a significant
discovery in understanding SARS-CoV-2, it isn’t really a
surprising one in the nano-field as it is known that NPs
can adsorb other materials and a good example about this
is the tremendous work done on the protein corona and its

effects on the toxicity of NPs as reviewed in Neagu et al.
(2017).

While SARS-CoV-2 has proven to be a savage virus through
its associated complications causing coagulation disorders for
COVID-19 patients (Al-Samkari et al., 2020; Kander, 2020)
and other extrapulmonary ramifications (Gupta et al., 2020)
such those on the heart (Samidurai and Das, 2020), brain (Lu
et al., 2020), kidney (Fanelli et al., 2020) and gastrointestinal
tract (Ng and Tilg, 2020; Villapol, 2020), there are still limited
studies on the effects of synthetic NPs on these organs following
different routes of administration. Perhaps the slight exception
is with CNTs as there are more studies about their pseudo-
inhalation consequences due to some resemblance to asbestos
fibers. For instance, Legramante et al. described that SWNTs
can cause dysautonomia following intratracheal administration
in rats which was manifested as an increase in baroreflex
sequences and a decrease in heart rate (Legramante et al.,
2009). The other pseudo-inhalation studies that discuss the
effects of NPs on some of those other organs are summarized
in these excellent reviews (Mann et al., 2012; Kan et al.,
2018).

However, we are still far from including such studies
regularly in the nanotoxicology assessments of NPs. This could
be due to absence of tools such as relevant disease models
or expensive animal experimentation or lack of expertise in
the area. Nevertheless, the establishment of centers like the
European Nanomedicine Characterization Laboratory (euNCL)
and Nanotechnology Characterization Lab in the US (NCL)
may facilitate these studies through the usage of their many
well-developed assay cascades. These assays might however not
be relevant to all NPs such as carbon-based nanomaterials
due to the problems of interference (Ali-Boucetta et al., 2011)
but the nanomedicine/nanotoxicology communities can help in
applying their already developed assays for use in these centers.
The COVID-19 pandemic has highlighted more than ever the
need to study the effects of nanoparticles on multiple organs
following acute and long term dosing but more importantly
the effects of comorbidities (such as obesity, diabetes and
cardiovascular diseases) (Johns et al., 1996; King, 2012) on
nanoparticles toxicological consequences and severity. While
older animals can be used to replicate the age effect, the
most challenging of all will be to replicate the ethnicity within
animals to better understand the predisposition of people to
illnesses like COVID-19 but more so to an increased toxicity
risk after exposure to nanoparticles either unintentionally
or intentionally for therapeutic purposes. Will some healthy
individuals be more susceptible to NPs than others? This
will be the question that needs answering in the near future
especially as more nanomedicines are making their way to
the clinic.

In an attempt to reduce animal testing, new in vitro models
are evolving and will hopefully allow us to better understand
the potential and toxicological effects of NPs (Stueckle and
Roberts, 2019). With the severity of the COVID-19 disease,
scientists around the globe quickly started developing COVID-
19 animal models (Imai et al., 2020; Singh et al., 2020) but
more interestingly relevant 3D models known as organoids to
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FIGURE 2 | Schematic representation of SARS-CoV-2 entry in cells through the ACE2 receptors Reprinted from “SARS-CoV-2 Targeting of ACE2 Receptor and Entry

in Infected Cell” template, by BioRender.com (2020). Available online at: https://app.biorender.com/biorender-templates.

be able to understand the drastic effects of SARS-CoV-2 in
vitro (Allison, 2020; Clevers, 2020; Dickson, 2020; Elbadawi
and Efferth, 2020; Yang et al., 2020). The joint research
efforts in understanding SARS-CoV-2 gives hope that similar
efforts will be put together to combat other illnesses such as
cancer and neurodegenerative disorders. It has also allowed
us to realize that what is seen with SARS-CoV-2 is a form

of nanotoxicity and that several new tools such as artificial
intelligence have been deployed to understand the disease and
develop therapies to combat it (Ahuja et al., 2020; Shaker et al.,
2020). Therefore, similar tools should be used in the design of
future nanotoxicology studies but also in the development of
bioinspired drug delivery systems like viruses (Aulicino et al.,
2020).
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THE FUTURE OF NANOMEDICINE &
NANOTOXICOLOGY AND CONCLUSIVE
REMARKS

Advances in nanotechnology design and fabrication set the
foundation for several innovative solutions many of those have
been repurposed in response to SARS-CoV-2 which highlights
the potential that nanotechnology hold for several applications
(Kaushik, 2019; Shin et al., 2020). Accelerated translation of those
technologies into the clinic and breaking barriers of regulatory
authorities indicates a build of trust in this growing field.
The use of lipid nanoparticle, viral based vaccines, viral-like
nanoparticles and other hard nanomaterials for vital detection
and fabrication of personal protection equipment has been at the
forefront in the COVID-19 pandemic. While these technologies
are all very promising, it is understandable that some may
take many months before proving their potential and may not
realize their true impact for COVID- 19 pandemic. However,
this will lay the basis for these platform technologies to adapt
to other currently existing health challenges and future health
crises. We believe that this will be a big push for nanomedical
applications and become an incentive for the scientific and
industrial communities, stakeholders, funding and regulatory
bodies to invest more effort in this ever-growing field.

An interesting feature of nanomedicine is the ability to
provide a generic platform that can be easily adapted to suit
the application in need. This has been extensively demonstrated
during this short period since the start of the pandemic. For
example, just by changing the therapeutic molecule encapsulated
inside natural or synthetic nanoparticles different examples of
COVID-19 vaccine have been developed. As of 29th of October
2020, there are already 13 vaccine candidates in clinical trials that
are based on nanotechnology, many are in Phase III and already
showing promising results. This is indeed not the case for small
drugmolecules that must be fully modified and undergo retesting

for each new application. Despite such clear differences, specific
regulations for nanomedicine approval is still lacking and any
new nanomedicine product still has to go through the full clinical
approval process (Germain et al., 2020). A recent comparison of
the approval rates of nanomedicine products compared to small
drug molecules has shown that nanomedicine outperformed
traditional drugs 4 times in oncology. Not many differences have
been observed in other medical conditions which have been
an area of debate recently, questioning whether nanomedicines
are still delivering to their potential and whether they have
any applicability outside oncology (Park, 2019). We believe that
during the coronavirus pandemic the nanomedicine field has
shined building up on excising platforms and knowledge and
provided innovative excellent therapeutic modalities for COVID-
19. Therefore, there is a need to build on existing power and
enable the clinical development of nanoproducts to solve unmet
clinical needs outside oncology. It is also crucial to address the
gaps facing nanomedicine development such as; clinical and
business engagement, nanotoxicological aspect of new classes of
nanomaterials, mass production to GMP standards and global
clarification on regulatory approval both on the physicochemical
characterization and biological activity particularly when it
comes to multifunctional products. In addition the design of
nanotoxicological studies should be expanded to include relevant
models (including co-morbidities) and exploit modern tools
to understand nanomaterials toxicity. History had shown that
crises can create new potential for innovative technology, and
this pandemic could be the time to re-shape the future of the
nanomedicine and nanotoxicology fields.
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