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a  b  s  t  r  a  c  t

The  high  transmission  rate and  serious  consequences  of the  unprecedented  COVID-19  pandemic  make  it
challenging  and urgent  to identify  viral  pathogens  and understand  their  intrinsic  resistance  mechanisms,
to  pave  the  way  for  new  approaches  to  combat  severe  acute  respiratory  syndrome  coronavirus-2  (SARS-
CoV-2).  Multivalent  interactions  are  responsible  for  performing  a broad  range  of  biological  functions
in  normal  cells,  such  as  cell-cell  communication  and  adhesion.  Multivalency  underlies  the  reversibil-
ity  of ligand-receptor  interactions  during  infections.  Previous  studies  into  multivalent  nanomedicines
used  against  viruses,  have  revealed  their  ability,  not  only  to  probe  the  molecular  processes  of viral  infec-
tions,  but  also  to  target  pathogen-host  cell  binding  with  minimal  collateral  damage  to  normal  cells.
Nanomedicines  are  comparable  in  size  to  viruses  and  to cell  receptor  complexes  (that  mediate  viral
uptake),  and  can  function  as safe  and  accurate  armoured  vehicles  to facilitate  the  transport  of  anti-viral
drugs. Multivalent  nanomedicines  can  be designed  to avoid  binding  to extracellular  serum  proteins,  and

ultimately  lead to destruction  of the viruses.  This  brief  perspective  highlights  the  potential  of  innovative
smart  and safe  multivalent  nanomedicines  that  could  target  multiple  viral  factors  involved  in infections
at  cellular  levels.  For  instance  it is possible  to target  viral  spike  protein  mediated  entry  pathways,  as
well  as  viral  replication  and  cell  lysis.  Nanomedicine-based  approaches  could  open  new opportunities
for  anti-coronavirus  therapies.

©  2020  Published  by  Elsevier  Ltd.
ntroduction

Nanotechnology is a multidisciplinary field integrating diverse
isciplines of engineering, chemistry, physics and medicine. Appli-
ations of nanotechnology for diagnosis, treatment, monitoring and
revention of diseases is commonly referred to as nanomedicine,
nd has shown the potential to make a significant impact on med-
cal diagnosis and treatment in the near future [1]. Nanomedicine
as enabled researchers to detect early biomarkers signifying the
resence a disease, as well as to treat the disease in a timely fash-

on. Nanoparticles (NPs) are therapeutic and diagnostic agents with
umerous advantages, including control over shape and size, tun-
ble porosity, and a large surface area for drug storage and release.
hey also have an extremely high surface-to-volume ratio, and the

bility to manipulate their dimensions and functionalise the sur-
ace with multivalent targeting moieties enables targeted delivery
o diseased tissues/cells [2]. Nanomedicine has successfully been
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used to improve treatment in a wide range of diseases, such as
cancer, cardiovascular, neurological disorders, and infectious dis-
eases [3]. The role of nanomedicine is highly relevant to tackle
the recently emerged coronavirus disease 2019 (COVID-19). The
multivalent nature of nanomedicines means they have significant
potential to treat COVID-19, and could provide a catalyst for novel
technologies in healthcare industries.

Coronaviruses (CoVs) are enveloped (covered in a lipid coat)
single-stranded positive-sense ribonucleic acid (RNA) viruses, hav-
ing a RNA genome between 26–32 kilobases, which is the longest
known viral RNA genome [4,5]. CoVs have been detected in a broad
range of hosts including species such as humans, mammalians and
avians. In some cases they may  cause serious diseases including
gastrointestinal, respiratory, and central nervous system disorders
[6,7]. CoVs are divided into four genera: alpha-, beta-, gamma-,
and delta-CoVs. The beta-CoVs are further divided into four sub-
groups (A, B, C, and D). There are six strains of CoVs within the alpha

and beta groups that can infect humans, including two  from alpha
(HCoV-229E and HCoV-NL63), two  from beta A (HCoV−OC43 and
HCoV-HKU1), one from beta B (severe acute respiratory syndrome
CoV (SARS-CoV)) and one from beta C (Middle East respiratory syn-

https://doi.org/10.1016/j.nantod.2020.100962
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rome CoV (MERS-CoV)) [8]. While gamma-CoVs only infect birds
avian species) and delta-CoVs infect both avians and mammalians
9]. The 21st century has witnessed an alarmingly high mortality
ate of severe pulmonary diseases in humans that were associ-
ted with SARS-CoV and MERS-CoV [10]. On the 10th of January
020, the genome sequence of the novel pathogen was  found to be
ore similar to SARS-CoV compared to MERS-CoV and was  there-

ore named SARS-CoV-2 [11,12]. SARS-CoV-2 belongs to the beta C
ubgroup with a single-stranded positive-sense RNA genome and
as found to have 79 % genetic similarity to SARS-CoV, and 98 %

imilarity to bat CoV RaTG13 [13]. COVID-19 is a rapidly spreading
nfectious disease caused by SARS-CoV-2. The four main structural
roteins encoded by CoVs include spike, envelop, matrix and nucle-
capsid proteins [14].

The mechanism of viral pathogenesis associated with SARS-
oV-2 remains largely unknown. It has been shown that
ARS-CoV-2 engages the same receptor used by SARS-CoV, i.e.
ngiotensin-converting enzyme 2 (ACE2) as a cell entry pathway.
urther findings showed that the spike protein binds to ACE2 with
igh affinity and then facilitates viral entry into specific host cells
hat express high levels of ACE2 [15]. AEC2 is actively involved in
he life cycle, transport of virus, replication, and regulation of viral
enomes in specific host cells. On the other hand, the ACE2 receptor
lso plays a beneficial role in many pathophysiological processes by
egulating amino acid transport thereby participating in inflamma-
ory and fibrotic responses to other diseases, including acute lung
njury and respiratory distress syndrome [16]. Briefly, ACE2 not
nly acts as a receptor for the entry of CoVs, but also protects living
ystems from severe pathological damage. ACE2 is also found on
he linings of blood vessels, and in the heart, kidneys and lungs. In
ddition to ACE2 receptor, the cellular serine protease transmem-
rane protease, serine 2 (TMPRSS2) has also been found to bind to
he spike protein of SARS-CoV-2 as a secondary entry pathway [17].

SARS-CoV-2 has already caused hundreds of thousands of deaths
cross the globe [4,5]. As we write this, the numbers are still rising
orldwide. SARS-CoV2 can be rapidly transmitted from person to

erson. SARS-CoV-2 is zoonotic in origin, and bats have been sug-
ested to be the primary source of transmission to humans [11]. It
as also been hypothesised that SARS-CoV2 was transmitted from
ats to other animals as an intermediate host [12]. The interme-
iate host lying in between the transmission of SARS-CoV2 from
ats to humans is yet to be identified, but pangolins have been sus-
ected. One person infected with SARS-CoV2 can pass the virus on
o three other people on average [12]. In a recent study it has been
ound that the environmental longevity of SARS-CoV-2 is similar
o that of SARS-CoV [18], so that SARS-CoV2 can remain viable and
nfectious on plastic or stainless steel surfaces (for up to days) and in
erosols (for up to 3 h). Currently the available molecular diagnostic
ool for the detection of SARS-CoV2 is nucleic acid testing which is
ased on reverse transcription-polymerase chain reaction (RT-PCR)
19]. RT-PCR is widely used in virology diagnostics and involves the
everse transcription of SARS-CoV2 RNA into DNA strands using
rimers that amplify only specific regions of DNA strands [19].
he accuracy and sensitivity of PCR depends on a number of fac-
ors such as primer and probe design, target selection, sequencing
lignment, RNA extraction and multiplexing of PCR assays (e.g.,
rimer/buffer/reaction conditions, incubation times and condi-
ions, and annealing temperatures) [19]. Other diagnostic methods
nclude computed tomography (CT) and loop-mediated isother-

al  amplification (LAMP assay) [20]. Researchers are currently
eveloping innovative diagnostic tools for a rapid, easy-to-apply
iagnostic method to identify both active and asymptomatic SARS-

oV2 infections in a quantitative manner [20]. The design and
evelopment of innovative diagnostic methods should circumvent
he clinical limitations of existing approaches such as low yields,
nd could focus on affinity/binding to ACE2, selectivity, half-life,
no Today 35 (2020) 100962

stability, and immunogenicity, and biodistribution of ACE2, which
may  significantly improve the diagnostic accuracy.

Therapeutic interventions

The multivalency associated with SARS-CoV-2 rests on the
following concepts: (a) the receptors (ACE2 and TMPRSS2)
intrinsically associated with CoVs are co-localised in virus-host
protein-protein networks at cellular or subcellular levels; (b) recep-
tors and co-receptors offer an effective way  towards elucidating
the mechanisms of viral pathogenesis; and (c) receptors and co-
receptors as multiple cellular targets offer an innovative strategy
for the development of preventive and treatment modalities. There
is no specifically validated therapeutic regime currently available
for the treatment of COVID-19. Few Food and Drug Administration
(FDA) approved drugs have been proposed as potential candi-
dates to treat COVID-19 based on their effectiveness against other
medical conditions, and against earlier strains of CoVs (such as
SARS-CoV and MERS-CoV) [21,22]. One promising strategy is to
use therapeutic agents, which can block the virus-host interac-
tome (such as ACE2 and TMPRSS2) and can target the multivalent
protein–protein interaction network. There are currently avail-
able drugs and inhibitors approved for other medical conditions,
which could selectively target these receptors (ACE2 and TMPRSS2)
[22]. To block virus entry into cells, some clinicians have proposed
the idea of using small molecule inhibitors of ACE2 or TMPRSS2
to treat SARS-CoV-2 infection [23]. FDA approved Janus kinase
(JAK) inhibitors could be effective in inhibiting multiple inflamma-
tory cytokines and reducing systemic inflammation. However JAK
inhibitors may  also increase the risk of thrombosis and viral reacti-
vation in a dose- and time-dependent manner [24]. For instance,
baricitinib, an FDA approved JAK inhibitor for the treatment of
rheumatoid arthritis, could potentially interfere with and inhibit
ACE2 [25]. TMPRSS2 inhibitors such as nafamostat mesylate and
camostat mesylate could also be used to block virus entry sites [26].
Oncology drugs, including sunitinib and erlotinib can inhibit and
disrupt AP2-associated protein kinase 1 (AAK1), which in turn could
inhibit the entry of viruses into cells, however, these drugs have
been associated with severe side-effects [27]. Moreover, mono-
clonal antibodies (mAbs) can block the spike proteins, which in turn
can inhibit membrane fusion and virus entry [28]. A few of these
drugs are under clinical trials to validate their potential antivi-
ral activity against SARS-CoV-2, and their ability to disrupt virus
entry pathways. Additionally, drugs for the treatment of pulmonary
fibrosis have also been proposed to treat SARS-CoV-2, such as
pirfenidone [29]. The potential antiviral activities of the aforemen-
tioned drugs and HIV drugs (combination of liponavir–ritonavir)
for the treatment of SARS-CoV-2 have been discussed elsewhere
[30,31].

CoVs are particles about 60−140 nm in diameter, approximately
25 times smaller than an E. coli bacterial cell (−2.5 �m)  [32]. One
possibility is to target the multivalent interaction of viruses with
cells, such as receptor-mediated endocytosis and direct fusion with
the cell membrane. Based on these multivalent interactions, the
effectiveness of monovalent (single target) drugs remains poor
against antiviral targets at the cellular or subcellular level. On  the
other hand, multivalent nanomedicines could be used to treat viral
infections and to regulate dysfunctional immune responses. They
may  be able to carry out synergistic effects to block pathogens
by either interfering with the direct interaction of viruses with
specific host cells, or crucial entry pathways of viruses [32,33].

Therefore, a multivalent therapeutic agent could offer tunable bind-
ing affinity towards biomolecules, ligands, receptors, co-receptors,
and the cell surface, thereby degrading viral RNA and inhibiting
host proteins. NPs are of a similar size to the virus and have the
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otential to interact with spike proteins and to bind to ACE2, which
ould disrupt the viral structure and interfere with viral replication
34]. In some circumstances the size of NPs can be small in com-
arison to drugs such as antibodies, which have larger molecular
tructures. Additionally, a messenger RNA (mRNA)–lipid NP-based
accine has previously been reported to treat SARS−CoV and MERS-
oV [30]. Nanomedicine-based approaches have been extensively

nvestigated for targeted drug/gene delivery, light-mediated ther-
py (photodynamic therapy and photothermal therapy) for a wide
ange of diseases, such as cancer, infections or neurological disor-
ers [35,36]. Nanomedicine using biocompatible and less toxic NPs
as been recognised as an enabling technology capable of provid-

ng innovative medical solutions to address unmet clinical needs.
anomedicines have been shown to help to treat viral infections
y various mechanisms, such as suppression of endocytosis in spe-
ific host cells, mitochondrial activation or inactivation, inhibition
f viral genome replication, and RNA-crosslinking [37]. NPs can be
weaked, tuned and functionalised with antibodies or nanobodies
o target and block pathogens before they affect living systems.
Ps have also been shown to be taken up by diseased cells to a
reater extent than normal cells, based on translocation mecha-
isms (outer wrapping, free translocation, enhanced permeability
ffect). The cell uptake is governed by their physiochemical charac-
eristics, such as size, shape, and surface chemistry. Moreover their
herapeutic usefulness is governed by their ease of functionalisa-
ion, and their magnetic and optical properties [38,39]. Moreover,
Ps also allow improved delivery of poorly soluble drugs, and can
e tailored for either active or passive targeting of specific cells
r tissues. Targeting specificity leads to only minimal collateral
amage to normal cells and tissue. This interplay between opti-
al features and size cannot be tuned in the same way with other
rug delivery vehicles [40].

Pristine and functionalised forms of dendritic polymers (such
s polyamidoamine (PAMAM) dendrimers), silver and gold NPs,
D-materials (such as graphene oxide nanosheets, graphene
anosheets, porous graphene), carbon nanotubes and carbon quan-
um dots have shown their ability to mediate multivalent inhibition
f viral infection pathways. This effect could be due to synergistic
argeting of receptors/co-receptors and pro-inflammatory path-
ays at the same time. [41]. Specifically, silver NPs have long

een recognised as potential antimicrobial agents, and recently, the
ntiviral actions of silver NPs have also been investigated [42]. Sil-
er ions released from silver NPs bind to the RNA viral genome and
ctivate interferon signalling pathways in the mitochondria, which
n turn activate mitochondrial proteins that may  have an antiviral
ffect [42,43]. Villeret et al. [44] demonstrated that silver NPs could
nhibit the interferon signalling pathway by stimulating the release
f two clinically relevant antiviral cytokines (CCL-5 and interferon-
eta) against an influenza virus. Silver NPs can also block the
utophagic flux caused by the virus by disrupting the mitochondrial
etwork. In another study, Du et al. [45] reported the antivi-
al activity of graphene oxide-silver NP nanocomposites against
orcine reproductive and respiratory syndrome (PRRS) virus, and
howed that these nanocomposites could prevent the virus from
ntering into specific host cells. Consequently, these nanocom-
osites inhibited the proliferation of the virus by enhancing the
roduction of interferon-alpha and interferon-stimulating genes.
olymer-functionalised gold NPs have been studied as efficient
ntiviral agents against HIV-1, H1N1, H3N2, H5N1 and dengue virus
46,47]. Iron oxide NPs (10−15 nm)  have also been developed and
ested against pandemic influenza virus strains A/H1N1/Eastern
ndia/66/PR8-H1N1 with 50 % inhibition efficacy [48]. Single walled

arbon nanotubes (of diameter 0.78 nm)  also showed pronounced
ffects against influenza A virus infection in mice as shown by
educed lung injury, lower cytokine expression, and reduction of
ntiviral gene expression [49].
no Today 35 (2020) 100962 3

Heparan sulfate increases the risk of virus entry, and it has also
been reported to act as a mode of entry in a few viral infections,
such as herpes simplex virus and dengue virus [50]. It has recently
been shown that heparan sulfate is also involved in SARS-CoV-
2, and can facilitate the secondary cleavage of viruses after their
fusion and co-localisation with secondary receptors [50]. Graphene
has shown a good viral inhibition capacity against heparan sul-
fate moieties, owing to its strong binding with viruses through
electrostatic interactions and redox reactions [51]. Multivalent 2D
polymer nanosystems have also been explored to block heparan
sulfate-dependent cell entry. Moreover, polymeric nanocompos-
ites may  be an ideal candidate to act as viral entry inhibitors owing
to their ability to undergo biodegradation into small fragments,
which can be cleared by the kidneys [52–54]. The antiviral activity
of graphene oxide (functionalised with �-cyclodextrin) has been
demonstrated against single-stranded RNA viruses, showing both
simultaneous inactivation and inhibition of the virus [55].

Multivalent PAMAM conjugates have shown effective antivi-
ral activity against influenza infections. For instance, Kwon et al.
[56] reported that multivalent 6′-sialyllactose-polyamidoamine
(6SL–PAMAM) conjugates could act as anti-influenza inhibitors
by multivalent binding to a hemagglutinin trimer, and showed
good inhibition of H1N1 infection with a survival rate of 75 %
in mice. In another study, Stertz et al. [57] reported the syn-
thesis of 3′-sialyllactose and 6′-sialyllactose-conjugated PAMAM
dendrimers, and demonstrated these polymers could inhibit the
binding of human and avian influenza virus strains to their
receptors. The strains included (H1N1, H3N2 and avian strains:
A/duck/England/1/1956 (EN/56), A/duck/Ukraine/1/1963 (UK/63)
and A/duck/Alberta/35/1976 (AL/76)).

Some metal-based and carbon-based NPs may  elicit toxicity
towards surrounding healthy tissues or cells, which can occur
through the release of toxic ions, proinflammatory cytokines, mem-
brane damage and the production of reactive oxygen species [58].
One strategy to enhance the therapeutic efficacy of nanomedicines
is by improving the selective and targeted accumulation of the NPs
in diseased cells, thereby limiting the NP accumulation in healthy
cells. The easy functionalisation and bioconjugation of NPs with
targeting moieties (such as viral receptors, antibodies, peptides or
proteins) can provide many exciting features, and can significantly
improve the targeted delivery of NPs to diseased cells, in compari-
son to unmodified NPs. These approaches using functionalised NPs
have been described for selective targeting and destruction of a
wide range of pathogenic microorganisms [59,60]. Selective and
targeted delivery of modified NPs could allow the specific iden-
tification of viral ligands and destruction of viruses at the site of
infection. In order to ensure the site-specific delivery of multiva-
lent nanomedicines to treat COVID-19, without any accumulation
in non-diseased tissues, NPs must be optimised in terms of the func-
tionalisation density of targeting moieties on the surface of the NPs,
to allow their systemic administration and dosing frequency.

NPs are broadly comparable in size to viruses and their
receptors, and represent a novel class of antiviral agents that
can efficiently bind to ligands and disrupt receptor-host cell
interactions. These multivalent NPs have several advantages in
comparison to standard monovalent drugs, such as high density of
binding moieties on each NP, ability to form multivalent ligand-
receptor pairs, RNA hybridisation up to many fold higher, and
transformation of inactive NPs into multivalent conjugates. The
application of nanomedicines has a great potential in anti SARS-
CoV-2 therapy by targeting entry pathways, by targeted binding
to the viral genome, modulation of viral transcription, trigger-

ing the production of reactive oxygen species, or activation of
AKT at a mitochondrial level. One “dichotomy” in the action of
nanomedicines is related to a possible toxic effect owing to the gen-
eration of reactive oxygen species in surrounding tissues, which
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ay  induce oxidative stress [61]. Moreover, several in vivo stud-
es have reported that different types of NPs could induce adverse
ide-effects including acute, sub-acute, sub-chronic damage, acti-
ation of pro-inflammatory cytokines, and delayed clearance from
he body [62,63]. There are several reports suggesting that appro-
riate functionalisation and bioconjugation of these NPs could
educe and minimize the adverse effects and toxicity of NPs [64,65].
anomedicine based approaches using functionalised NPs can also
e used as a photosensitiser for the photoinactivation of pathogens
ia the photodynamic effect. Similar nanomedicine approaches
ould potentially be explored for photocatalytic inactivation of
iruses, as well as for photodynamic [66] and photothermal [67–69]
herapy which can produce reactive oxygen species or photother-

al  heating within virus-infected host cells. Additionally, gas
herapies based on the release of nitric oxide [70], hydrogen sul-
de, or carbon monoxide could also be explored to complement

he hypoxia produced by CoV infections. Inhibition of viral bind-
ng to the host cell surface receptors using these light-mediated or
as-releasing therapies is another possibility.

ummary

The high multivalency of the SARS-CoV-2, including viral-host
nteractions, the viral life cycle, and regulation of the virus by
he host cellular network, highlights the importance of developing
nnovative multivalent antiviral nanoplatforms to specifically tar-
et cellular (sub)networks associated with SARS-CoV-2. Targeting
he key indispensable steps of infection (including viral entry into
pecific host cells) and the multivalency of the interactions between
he viral genome and host receptors could potentially be achieved
y using robust multivalent nanoparticles. In this perspective, we
ave summarised the current status of multivalent nanomedicines,
hich could possibly be used as inhibitors to treat SARS-CoV-2 cell

usion by interruption of the interplay between the virus and the
ost, and destroying specific target sites within the viral genome.
he results from different studies demonstrate that nanoparticles
ave the potential to target the invasive nature and high diversity
f SARS-CoVs, and may  potentially accelerate the leap from bench
o bedside.
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