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Abstract: The novel human coronavirus SARS-CoV-2 (severe acute respiratory syndrome coron-
avirus 2) has caused a pandemic. There are currently several marketed vaccines and many in clinical
trials targeting SARS-CoV-2. Another strategy is to repurpose approved drugs to decrease the burden
of the COVID-19 (official name for the coronavirus disease) pandemic. as the FDA (U.S. Food and
Drug Administration) approved antiviral drugs and anti-inflammatory drugs to arrest the cytokine
storm, inducing the production of pro-inflammatory cytokines. Another view to solve these un-
precedented challenges is to analyze the diverse nanotechnological approaches which are able to
improve the COVID-19 pandemic. In this original minireview, as promising candidates we analyze
the opportunity to develop biocompatible dendrimers as drugs themselves or as nanocarriers against
COVID-19 disease. From the standpoint of COVID-19, we suggest developing dendrimers as shields
against COVID-19 infection based on their capacity to be incorporated in several environments
outside the patients and as important means to stop transmission of SARS-CoV-2.

Keywords: COVID-19 pandemic; SARS-CoV-2; nanotechnology; dendrimers; repurposing strategy

1. Introduction

Pandemics have affected civilizations throughout human history, with the first known
epidemic occurring during the Peloponnesian War in 430 BC. The current outbreak of a
new SARS-CoV-2 causes a disease known as COVID-19. In a rapid historical way, in late
December 2019 several health facilities in Wuhan, located in the Hubei province of China,
reported groups of patients with pneumonia of unknown cause but similar to patients
with SARS and MERS, with symptoms including fever, cough and chest discomfort, and
in severe cases dyspnea and bilateral lung infiltration [1,2]. According to hospital reports,
most cases were epidemiologically linked to the Huanan Seafood Wholesale Market. This
market sells not only seafood but also live animals, including poultry and wildlife [3].
On December 31, the World Health Organization (WHO) was informed of an outbreak of
pneumonia of unidentified cause in the Wuhan region following public information [4].
Due to the rapid, global spread of the catastrophic COVID-19 pandemic, many health
systems have been overwhelmed by the disease’s rapid emergence and high levels of new
cases, revealing the global community’s response. Virus transmission can occur through
physical contact, encompassing coughing, sneezing, speaking and singing [5], and can
produce both mild and more severe symptoms, such as the loss of smell and taste and
critical lung respiratory failure, including acute pneumonia, multiorgan failure, and an
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uncontrolled inflammatory response (named ‘cytokine storm’), unfortunately resulting
in death in the most serious cases [6]. Importantly, recent reports have highlighted that
many infected people show no symptoms. Consequently, it is quite impossible to precisely
evaluate the rate of infection in the general population. Currently, an important issue
is the apparition of mutations in various regions of the world [7]. From January 2020
onwards, the COVID-19 global health pandemic has led to a frenetic search for potential
therapies and preventive measures. Consequently, a tsunami of papers and reviews have
been published, which continues today, enabling better comprehension of all aspects
of COVID-19 infection; these studies include details on many potential virus-based and
host-based targets against viral entry, transcription and translation, genome synthesis and
assembly within the replication cycle, as well as clinical lessons learned and novel drugs [8],
vaccines and therapeutic molecules [9]. Additionally, new biological agents have been
developed, for instance those aimed at controlling the cytokine storm (vide infra).

At the forefront of approaches for tackling the COVID-19 pandemic are some con-
comitantly developed strategies [9] worth noting, particularly drug repurposing [10,11]
and the development of vaccines targeting specific strains of the virus [12]. A tidal wave of
repurposing candidate trials rapidly emerged, however no effective drugs targeting SARS-
CoV-2 are currently on the market [13,14]. This repurposing strategy involves the selection
of existing approved drugs, with various targets and mechanisms of action, for treatment
of COVID-19, either alone or in combination, and includes many potentially targetable
steps of the coronavirus life cycle [15]. Importantly, there is always a risk when combining
numerous substances. An interesting analysis was performed by McKeigue et al. showing
that severe COVID-19 is strongly associated with inappropriate polypharmacy [16]. On
11 May 2020, the novel use of already established drugs, such as hydroxychloroquine
and chloroquine, was approved in the treatment of COVID-19 infection through the EUA
process, despite very limited and controversial clinical evidence [17]. On 15 June 2020, the
FDA revoked its EUA for hydroxychloroquine due to a lack of efficacy. Recently, a critical
analysis was conducted by Boener [18]. Nearly 60% of the Phase III clinical trials used hy-
droxychloroquine or chloroquine, with an estimated cost over USD 6 billion in the past year.
However, the drug repurposing strategy against the COVID-19 disease remains a very inter-
esting approach and is based on previous successes in the clinical setting, for instance those
of Viagra and Thalidomide [19]. Several drug categories have been selected and screened
for use in COVID-19 therapy, including: (1) antiviral drugs [15]; (2) anti-malaria drugs [20];
(3) cardiovascular drugs [15]; (4) various traditional Chinese medicines [15,21]; (5) natural
plant products [22]; (6) psychotropic drugs [23]; (7) inhibitors of SARS-CoV-2S-protein
from in silico analysis [24,25] and virtual screening [26–28]; (8) drugs blocking SAR-CoV-2
endocytosis [29]; (9) antiseptic quaternary ammonium drugs with broad-spectrum an-
tiviral activities [30]; (10) anticancer drugs [31,32]; (11) anti-HCV drugs and nucleotide
inhibitors [33]; (12) adamantane derivatives [34]; (13) host transcriptome-guided drug
repurposing candidates [35]; (14) drugs for leprosy treatment [36]; (15) lipid lowering
agents [20]; (16) rheumatoid arthritis drugs [20]; and (17) SiRNAs therapeutics [37]. It is
also important to note that Pfizer is currently developing novel protease inhibitors against
COVID-19, including PF-07304814 and PF-07321332 (oral administration) that are in Phase
I clinical trials [38].

Importantly, the development of anti-inflammatory drugs as complementary ther-
apeutics for treating COVID-19 is important with regards to the development of the
uncontrolled “cytokine storm” that leads to lethal lung injury. In this direction, the combi-
nation of thalidomide, acting as an immunomodulator and anti-inflammatory agent, with
low-dose glucocorticoids was reported in the treatment of a COVID-19 patient with severe
COVID-19 pneumonia; cytokine surge inhibition, immune function regulation, reduced
oxygen consumption and relief of digestive symptoms were all observed [39]. Several
additional clinical trials have been registered [40], and similarly, antibodies against the in-
terleukin 6 (IL-6) receptor [41,42] and IL-6 itself are under development for the treatment of
the acute respiratory distress syndrome (ARDS) suffered by some COVID-19 patients [42].
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Another direction is the development of neutralizing monoclonal antibodies such as 47D11
humAb that binds to the S protein RBD and can neutralize SARSCoV-2 infection [43].

From a cursory glance, over the last decade, nanotechnology has opened up an exten-
sive realm of research and application. Within this field, the aim of nanomedicine, which
uses various powerful nanotechnologies and specific nano-objects, is to optimally solve
specific clinical problems, combat diseases and find solutions to public health problems.
Interactions of these nanodevices with biological molecules at a nanoscale are based on
the characteristics of these nanoparticles, such as the volume/surface ratio, nature of the
groups on the surface, shape and surface charge [44,45]. Nanomedicine is poised to revolu-
tionize medicine through the development of more precise diagnostic and therapeutic tools.
The field of nanomedicine encompasses many therapeutic features and disciplines [46].
The aim is to develop innovative applications in the health field by exploiting the in-
trinsic physical, chemical and biological properties of these versatile nanoscale materials
for precision medicine [45,47]. Precision nanoparticles, such as, for instance, PEGylated
and non-PEGylated liposomes, micelles, nanocrystals, polymer-drug conjugates, polymer-
protein conjugates, polyplexes, degradable nanogels and dendrimers, have been designed
and developed for the application of nanotechnology in nanomedicine [48].

Dendrimers are synthetic homogeneous nano-sized symmetric macromolecules with
nearly monodisperse structure. The design of dendritic macromolecules is a relatively new
field in nanomedicine developed by Tomalia et al. [49]. For instance, drug delivery [50] was
pioneered in 1978 by Vogtle and colleagues [51]. Then, Tomalia et al. named this new class
of versatile NPs “dendrimers”, formed from the two Greek words “dendros”, meaning
“tree” or “branch”, and “meros”, meaning “part” [52].

As shown in Figure 1, related to the well-known polyamidoamine (PAMAM) den-
drimers, these hyperbranched macromolecules contain symmetric branching elements,
which are built around a central core where dendrimer growth begins and that allow
internal cavities [53,54]. Formed of repetitive units geometrically organized under radial
layers, dendrimers are often classified based on their generation number (e.g., G0-Gn).
Importantly, dendrimers have a distinct ramified and tailored architecture that allows
for a diverse set of functionalized moieties to be introduced on their surfaces, thereby
enabling fine-tuning of their physicochemical and/or biological properties [55,56]. To date,
there are over 100 families of dendrimers [57]. Importantly, biologically targeted active
compounds, such as small molecules, macromolecules, peptides and metal nanoparticles,
can be encapsulated inside the void spaces of dendrimers, whereas small molecules, macro-
molecules, targeting peptides, antibodies and nucleic acids can be conjugated or complexed
with the end surface groups [58–60]. The main objective of dendrimer application is to
improve the therapeutic outcomes of the loaded drugs, such as their pharmacokinetic
(PK)/pharmacodynamic (PD) profiles [61]. These nanodevices can be considered “Trojan
horses” for targeting specific organs, tissues and sites of inflammation in COVID-19 pa-
tients (vide infra). Low polydispersity and biocompatibility are the two main challenges to
be considered for the use of dendrimers in nanomedicine, both as nanocarriers and as drugs
(active per se) [62–64]. Many studies have highlighted dendrimers as nanocarriers [65], for
instance in cancer chemotherapy [66], but few studies have depicted the development of
dendrimers as active drugs per se, which represents a new strategy for developing new
drugs [64].

In this original review, we discuss advanced dendrimer designs as promising candi-
dates against COVID-19. We analyze the opportunity to develop biocompatible dendrimers
as drugs themselves or as nanocarriers against COVID-19 infection. From the standpoint
of COVID-19, we suggest developing dendrimers as shields against COVID-19 infection
based on their capacity to be incorporated in several environments outside or within the
various prophylactic measures developed to curtail the COVID-19 pandemic.
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Figure 1. Schematic representation of 2D G4 PAMAM dendrimers and structural elements as an example.

2. General Aspects of Applications of Nanotechnology in COVID-19 Treatment:
A Concise Overview

In the nanotechnology approach nanoparticles (NPs) and viruses act at the same scale,
which makes this strategy very powerful for treating COVID-19, including the development
of nanomaterial-based vaccines. Several diverse approaches against COVID-19 using
nanotechnology have been analyzed in several tutorial reviews and have opened many
technology-based opportunities [67,68]. A very interesting example is in the theranostic
nanoparticles field. In order to improve anti-COVID-19 treatment efficacy, intravenous
injection or inhalation of potent corticosteroid drugs, such as dexamethasone, under
PEGylated liposomal nano-formulation has been developed [69]. The objective is to treat
infections caused by SARS-CoV-2 by the pulmonary delivery in alveolar macrophages of
dexamethasone liposomes which hyper-activates the immune cells based on its anti-edema
and anti-fibrotic mechanism and attenuates the production of proinflammatory cytokines.
A second aspect concerns the intranasal delivery therapy. Delivery of bioactive entities
including NPs to the lungs through the nasal cavity represents an interesting safe and
non-invasive administration way to effectively treat viral infection due to the cavity’s
abundant capillary plexus and large surface area [70]. Given that infection with SARS-
CoV-2 starts on the mucosal surface of the nasal cavity as well the eye, mucosal therapy
appears to be one of the most important strategies for treating such infectious diseases. The
major characteristics of NPs targeting the nasal cavity with safety and efficacy are surface
charge, size and shape [71]. An interesting analysis has been highlighted by Marasini and
Kaminska regarding characteristics of liposome-based vaccines for their delivery through
the nasal route. Epaxal® and Inflexal® V are already available to protect against hepatitis
A and influenza, respectively [71]. The delivery of drugs and NPs including liposomes
to the pulmonary respiratory system via inhalators (inhalation aerosols) represents a
powerful technique to tackle COVID-19 [72]. Beyond therapeutics to fight COVID-19,
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personal protective equipment, such as masks, gloves and gowns, as well self-disinfecting
surface technologies, have attracted considerable attention. Thus, to inactivate SARS-CoV-
2 using external environmental nanotechnology, several techniques have been studied,
such as (non-exhaustive list): (1) development of air filter fibers such as TiO2-coated
filters [73] to capture particles (300 nm diameter size range). Development of face masks
which not only can capture the aerosol droplets but can immobilize and kill SARS-CoV-2
(and other virus and bacteria). Nanographenes [74], gold, silver [75], copper [76] NPs
and transition metal dichalcogenides [68], for instance under nanoflower forms, have
attracted enormous attention and may be a suitable candidate for the inactivation of SARS-
CoV-2. Interestingly, the development of antiviral agents shielding the viral surface and
consequently preventing the viral entry into the host cytoplasm has attracted attention
in antiviral research. An interesting example is the design of bovine serum albumin
(BSA)-coated tellurium nanostars, preventing the cell entry of arterivirus (e.g., porcine
reproductive and respiratory syndrome virus) and coronavirus (e.g., porcine epidemic
diarrhea virus) [77]. Another example is the synthesis by Dey et al. of nontoxic flexible
nanogels based on dendritic polyglycerol sulfate exhibiting an antiviral activity against
herpes simplex virus type 1 (HSV-1) by blocking virus attachment to cell membranes [78].

Importantly, to overcome the catastrophic COVID-19 pandemic, rapid and successful
development of several suitable and effective preventive vaccines has been prioritized. The
four main advanced nanoplatform vaccines [67,79,80], including viral vector vaccines, virus
vaccines, protein-based vaccines, nucleic acid vaccines, represent a fantastic step forward to
dreadful pandemic [81]. These antiviral therapeutics use lipid-NPs [82] to package strands
of mRNA, encoding SARS-CoV-2 spike protein, in engineered nanoliposomes: mRNA-1273
Moderna/NIAID and BNT162 BioNTech/Pfizer, as well as the DNA plasmid vaccine
with electroporation, INO-4800, from Inovio Pharmaceuticals/CEPI/Korean Institute [81].
One advantage to the use of lipid nanoparticles, such as liposomes, in this new vaccine
race (e.g., Moderna/NIAID and BNT162 BioNTech/Pfizer) is that their size is similar to
that of the virus, thus enabling them to come in close proximity to attack. In addition to
liposomes, other nano-formulations have been developed, such as nanocrystals, emulsions,
micelles, solid lipid, linear or hyperbranched polymeric nanoparticles and dendrimers [83].
An analysis of the evolutionary fate of SARS-CoV-2 in the post-vaccination phase has been
advocated by Fernandez [84]. Recently, Miao et al. emphasized a very interesting overview
analysis of mRNA vaccines, including recent progress and existing challenges which have
become a promising platform for cancer immunotherapy [85].

3. Dendrimers Used in COVID-19 Treatment: Few Clinical Examples but
Limitless Possibilities
3.1. Dendrimers as Nanocarriers or Nanodrugs: A Concise Overview

In the dendrimer space field [86], an important direction is the development of den-
drimers as drugs themselves, i.e., as the active component. In contrast to the use of
dendrimers as nanocarriers for the delivery of active therapeutic agents (which is the
majority of published studies), few teams are currently working on the development of
dendrimers to be used as antiviral, antibacterial, antimicrobial, anticancer, antioxidant,
antiviral, antitubercular and anti-inflammatory agents [64]. Figure 2 shows a global view of
the dendrimers used in therapeutic domains, including conjugated or complexed SiRNAs
as nanocarriers and as active drugs per se (see ref. [64] for data). Clearly, this Figure
illustrates the limitless possibilities of using dendrimers as nanodrugs and nanocarriers in
multiple therapeutic realms using these two strategies.
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3.2. Dendrimer Nanoplatforms in Anti-Viral Therapeutic Domain at a Glance

Very recently, as pinpointed by Filipczak et al., much attention is now being paid to
research into the use of dendrimer nanoplatforms as antiviral agents against several types
of virus including: (1) human immunodeficiency virus (HIV); (2) coronaviruses; (3) Ebola
virus; (4) influenza virus; (5) herpes simplex virus; (6) hepatitis C; (7) HPV (cervical cancer);
(8) FMDV (foot-and-mouth disease virus); and (9) RVS (respiratory syncytial virus) [87].
In the same direction, in 2012, Mintzer and Grinstaff et al. highlighted the role of dendrimer
multivalency to combat emerging and reemerging infectious disease [88]. Recently, Ortega
et al. advocated for the use of dendrimers and dendritic materials against several viral
infections including Enterovirus A71, Ebola virus, Zika and Dengue viruses [89].

Within non-exhaustive reported studies about the use of dendrimer platforms for
potentially treating COVID-19, several papers can be highlighted. As presented by Itani
et al., dendrimers potentially make strong interactions with viruses and should prevent
host cell infections against COVID-19. This outstanding review analyzed the promising
role of NPs such as theranostic dendrimers as effective carriers for therapeutics or immune
modulators to help in fighting against COVID-19 [90]. Interestingly, similarly to SARS-CoV-
2, Kandeel and colleagues studied the antiviral activity against Middle East respiratory
syndrome coronavirus (MERS-CoV) with a series of 16 diverse PAMAM dendrimers [91].
In these very interesting studies, three types of polyanionic dendrimers bearing sodium
carboxylate terminal groups (generations 1.5, 2.5, 3.5 and 4.5), amido-ethanol hydroxyl
groups (generations 2, 3, 4 and 5), succinamic acid groups (generations 2, 3, 4 and 5)
and polycationic dendrimers containing primary amine groups (generations 2, 3, 4 and 5)
were designed and used in a MERS-CoV plaque inhibition assay. G(1.5)-CO2Na PAMAM
dendrimer showed the most potent inhibition of MERS-CoV plaque formation (40.5%
inhibition), followed by G(5)-succinic acid-PAMAM dendrimer (39.7% inhibition), bearing
16 and 128 terminal groups, respectively. The cationic dendrimers were cytotoxic against
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Vero cells. The authors suggested to use these dendrimers as nanocarriers by incorporating
antiviral agents.

Recently, Wagner and colleagues described the preparation of amphiphilic polypheny-
lene dendron conjugates bearing on the surface of alternative hydrophilic (sulfonic acid)
and lipophilic (propyl) groups. This surface construction serves as a biorecognition unit
that bind to the surface of adenovirus 5 (Ad5), and provides high gene transduction efficien-
cies and high-protein binding capacity [92]. The pattern of the amphiphilic polyphenylene
dendron originated from desymmetrization of amphiphilic polyphenylene dendrimers.

Using molecular dynamic simulation studies, Han and Král proposed that the binding
affinity of peptide inhibitors extracted from ACE2 providing high SARS-CoV-2 blockage
will be enhanced when multivalent binding of multiple peptides is attached to surfaces of
nanoparticles, dendrimers and clusters [93]. In addition, these inhibitors could be used as
inhaled therapeutics, preventing the virus activation in lungs.

3.3. Dendrimers in Clinical Phase to Tackle COVID-19

Despite the large amount of research performed over the past decades, few dendrimers
have crossed the milestone of entering a clinic. Starpharma Holdings Ltd.
(Melbourne, Australia) marketed the first-in-class generation three L-lysine dendrimer,
VivaGel® (SPL7013) [94,95], for use in antiviral and antibacterial applications, such as
treatment and prevention of bacterial vaginosis and as an antiviral agent [96]. As shown
in Figure 3, VivaGel® bears 32 sodium 1-(carboxymethoxy) naphthalene-3,6-disulfonate
surface groups. Very recently, Starpharma announced the development of VivaGel® as
a potent antiviral agent against the respiratory syncytial virus (RSV), for use both before
and after exposure to the virus, using nasal spray technology (VIRALEZETM). Expanding
studies examining additional viruses, such as the SARS-CoV-2 and influenza respiratory
viruses, are ongoing [96]. Initial results showed that VivaGel® inhibits replication of SARS-
CoV-2 in Vero E6 and Calu-3 cells by reducing virus-induced cytopathic effects as well
infectious virus release with an EC50 of approximately 0.002 mg/mL and a selectivity
index of 2197. In Vero E6 and Calu-3 cells, VivaGel® inactivated SARS-CoV-2 infectivity by
> 99.9% (1 min of exposure). Additionally, in a primary human airway epithelial cell line,
VivaGel® inhibited infection via inhibition of virus-host cell interactions. Studies regarding
the binding of VivaGel® to SARS-CoV-2 spike protein, thus blocking the interaction of
the virus with the host human membrane ACE2 protein (the first event of infection), are
ongoing, as are investigations into its use as an antiviral agent against COVID-19 via nasal
or inhalational administration [97]. One of the important advantages of dendrimers is that
they can reach the systemic circulation via multiple administration routes, such as oral,
intravenous, transdermal, topical ocular [98] (Figure 4) and nasal routes [99]. In an excel-
lent review, Kuzmova and Minko highlighted the strong advantages of nanotechnology
approaches for inhalation treatment of lung diseases [100]. This point is fully in agreement
with Gatti and De Ponti regarding the development of repurposed anti-COVID-19 disease
treatments using a new formulation type such aerosol administration that overcome the
PK issues, such as for chloroquine, hydroxychloroquine, remdesivir and heparine [101].

Interestingly, Sahu et al. analyzed the possibilities of using biocompatible polymers as
preventive measures against the ocular transmission of COVID-19 in healthcare workers,
since goggles and face shields are unable to offer complete protection. The main nanoparti-
cles highlighted and discussed in the article are chitosan, heparin, hyaluronic acid and the
use of lower generation dendrimers in the prevention of viral interactions (HSV-1, HSV-II
and HIV) with healthy cells [102].
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Similarly, Orpheris Inc. (Redwood City, CA, USA) [103] is testing a therapeutic
involving N-acetyl-cysteine coupled to the inactive dendrimer OP-101 (chemical structure
not disclosed) in patients with severe COVID-19. In a randomized, double-blind, placebo-
controlled Phase II clinical study (NCT04458298), OP-101 was shown to reduce COVID-19-
related inflammatory cytokine storms through analysis of pro-inflammatory biomarker
levels in the blood [104]. The previous therapeutic indication of OP-101 was for the
treatment of childhood cerebral adrenoleukodystrophy [105].

4. Dendrimer Platforms for Virus Detection

Interestingly, nanotechnology based on dendrimers has also recently been advocated for
in virus detection outside of patients by Farzin et al. Modification of an HT18C6(Ag) electrode
with chitosan and G3 PAMAM dendrimer-coated silicon quantum dots (SiQDs@PAMAM)
enabled detection of the SARS-CoV-2 virus using voltametric determination of its RNA-
dependent RNA polymerase sequence [106].

One nanotechnological strategy worth noting is the development of novel SARS-CoV-
2 testing and diagnosis/detection kits using dendrimers, for instance the development of
sensitivity enhancement of a surface plasmon resonance sensor (SPR) [107,108].
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5. Conclusions and Perspectives

The simultaneous development of nanotechnology and nanomaterials for use in the
diagnostics and therapy of dangerous viral infections, especially COVID-19 caused by
SARS-CoV-2, represents a multidisciplinary perspective encompassing diverse fields of
research. Nanoparticles (e.g., gold nanoparticles, quantum dots, graphene oxide, zinc oxide,
organic nanoparticles and liposomes) have been developed as novel antiviral therapeutics,
for instance in the treatment of human coronaviruses [109]. To stop the spread of COVID-19,
a new class of engineered and nanoarchitectured mRNA vaccines have been developed
that encode the SARS-CoV-2 spike protein encapsulated within liposomes to protect it
from degradation and shuttle it into cells; several of these vaccines have been marketed.
Concomitantly, a strategy for repurposing existing approved small molecular drugs has
been developed, with clinical trials being conducted on numerous existing antiviral drugs,
such as remdesivir, hydroxychloroquine, favipiravir, pirfenidone, baricitinib, camostat,
lopinavir/ritonavir [10,11] and paritaprevir [110] in search of an effective treatment for
COVID-19. Additionally, several antiviral candidates are in clinical trials, such as the SARS-
CoV2-3CL protease inhibitor PF-07321332 from Pfizer, as well as IL-6 inhibitors, including
tocilizumab, to fight the cytokine storm associated with COVID-19 pneumonia. Virtual
screening and repurposing, for instance with FDA-approved drugs against SARS-CoV-2,
have also been described [111].

In the nanomedicine domain, the development of engineered, highly ordered, branched
polymeric macromolecule dendrimers as active drugs themselves has been less investi-
gated than the use of dendrimers as nanocarriers. To date, very few studies have been
performed using dendrimers as first-in-class active drugs for the treatment of COVID-19
caused by SARS-CoV-2; the main actors in this field are Starpharma Holdings Ltd. (Mel-
bourne, Australia, vide supra), which is developing a nasal spray form of VivaGel® that
uses VIRALEZETM spray technology, and Orpheris Inc. (Redwood City, CA, USA, vide
supra), which is clinically developing the dendrimer OP-101. Interestingly, the Mediphage
company (Waterloo School of Pharmacy and Professor Roderick Slavcev, Canada) is de-
veloping a nasal spray vaccine based on DNA technology using the same administration
pathway [112]. Generally speaking, we fully support the development of encapsulated
anti-COVID-19 treatments such as chloroquine, hydroxychloroquine and heparin with
biocompatible dendrimers via aerosol administration to increase their respective PK/PD
profile [70]. Currently, more than a dozen teams are working on COVID-19 vaccines
that can be squired/sprayed into the nose triggering the mucosal immune system, pro-
ducing specific antibodies in the nose and stopping SARS-CoV-2 infection at its point
of entry [113]. We strongly recommend the development of active dendrimers against
COVID-19, triggering mucosal and systemic immunity.

In parallel to ramping up the production of robotics such as ventilators [114], we fully
agree with Weiss et al. [67] that prophylactic nanotechnology tools should be developed for
inactivating SARS-CoV-2 in the forms of self-disinfecting surfaces, for instance using copper
in place of stainless steel as an antimicrobial surface, and the widespread use of protective
face masks with materials that immobilize and kill the virus, such as nanographene deriva-
tives. In addition to the development of biocompatible dendrimers as delivery vehicles,
dendrimers themselves have a place in the platform of therapeutics and are a promising
candidate against SARS-Cov-2. Dendrimers can encapsulate or be conjugated to antiviral
drugs, such as those against SARS-CoV-2 (vide supra). Alternatively, dendrimers can be
conjugated to adenosine while also encapsulating -tocopherol to tackle the uncontrolled,
virally induced hyperinflammation associated with COVID-19, as proposed by P. Couvreur
et al., who developed squalene-based multidrug nanoparticles [115].

As highlighted and analyzed in Chakravarty and Vora’s tutorial paper [116], dif-
ferent types of nanomaterials can serve as delivery vehicles for known antiviral drugs,
including lipid-based, polymer-based, lipid-polymer hybrid-based, carbon-based and in-
organic metal-based nanomaterials, in addition to newer promising anti-viral treatment
approaches encompassing nanotraps, nanorobots, nanobubbles, nanofibers, nanodiamonds
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and nanovaccines. Additionally, nanoplatforms entirely composed of dendrimers should be
investigated as promising candidates in the fight against viral infections such as SARS-CoV-
2; this includes the development of (glyco) dendrimersome nanoplatforms as virus-mimic
nanoparticles [117]. Dendrimers also have a rightful place in these platform materials
due to their capability to encapsulate metal nanoparticles, encompassing copper oxide in
nanofiber-based nanofilters [118].

In The Plague (1943), Albert Camus warns humans to never forget the lessons of
hardship with this statement: “To state quite simply what we learn in time of pestilence:
that there are more things to admire in men than to despise”.
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6. Synowiec, A.; Szczepański, A.; Barreto-Duran, E.; Kevin Lie, L.K.; Pyrc, K. Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2): A Systemic Infection. Clin. Microbiol. Rev. 2021, 34, e00133-20. [CrossRef]

7. Pachetti, M.; Marini, B.; Benedetti, F.; Giudici, F.; Mauro, E.; Storici, P.; Masciovecchio, C.; Angeletti, S.; Ciccozzi, M.; Gallo, R.C.;
et al. Emerging SARS-CoV-2 mutation hot spots include a novel RNA-dependent-RNA polymerase variant. J. Transl. Med. 2020,
18, 179. [CrossRef]

8. Prajapat, M.; Sarma, P.; Shekhar, N.; Avti, P.; Sinha, S.; Kaur, H.; Kumar, S.; Bhattacharyya, A.; Kumar, H.; Bansal, S.; et al. Drug
targets for corona virus: A systematic review. Indian J. Pharmacol. 2020, 52, 56–65.

9. Duan, Y.; Yao, Y.; Kumar, S.A.; Zhu, H.-L.; Chnag, J. Current and future therapeutical approaches for COVID-19.
Drug Discov. Today 2020, 25, 1545–1552. [CrossRef]

10. Tiwari, V.; Beer, J.C.; Sankaranarayanan, N.V.; Swanson-Mungerson, M.; Desai, U.R. Discovering small-molecule therapeutic
against SARS-Cov-2. Drug.Discov. Today 2020, 25, 1535–1544. [CrossRef]

11. De Savi, C.; Hughes, D.L.; Kvaerno, L. Quest for a COVID-19 Cure by Repurposing Small-Molecule Drugs: Mechanism of Action,
Clinical Development, Synthesis at Scale, and Outlook for Supply. Org. Process Res. Dev. 2020, 24, 940–976. [CrossRef]

http://doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://doi.org/10.1038/s41579-020-00459-7
http://www.ncbi.nlm.nih.gov/pubmed/33024307
http://doi.org/10.1080/22221751.2020.1723441
http://www.ncbi.nlm.nih.gov/pubmed/32005086
http://doi.org/10.1001/jama.2020.2648
http://doi.org/10.1016/j.ijantimicag.2020.105924
http://doi.org/10.1128/CMR.00133-20
http://doi.org/10.1186/s12967-020-02344-6
http://doi.org/10.1016/j.drudis.2020.06.018
http://doi.org/10.1016/j.drudis.2020.06.017
http://doi.org/10.1021/acs.oprd.0c00233


Pharmaceutics 2021, 13, 1513 11 of 14

12. Lurie, N.; Saville, M.; Hatchett, R.; Halton, J. Developing Covid-19 vaccines at pandemic speed. N. Engl. J. Med. 2020, 382,
1969–1973. [CrossRef]

13. Guy, R.K.; DiPaola, R.S.; Romanelli, F.; Dutch, R.E. Rapid repurposing of drugs for COVID-19. Science 2020, 368, 829–830.
[CrossRef]

14. Mucke, H.A.M. COVID-19 and drug repurposing tsunami. Assay Drug Dev. Technol. 2020, 18, 211–214. [CrossRef] [PubMed]
15. Pawekzyk, A.; Zaprutko, L. Anti-COVID drugs: Repurposing existing drugs or seach for new complex entities, strategies and

perspectives. Future Med. Chem. 2020, 12, 1743–1757. [CrossRef] [PubMed]
16. McKeigue, P.M.; Kennedy, S.; Weir, A.; Bishop, J.; McGurnaghan, S.J.; McAllister, D.; Robertson, C.; Wood, R.; Lone, N.; Murray,

J.; et al. Relation of severe COVID-19 to polypharmacy and prescribing of psychotropic drugs: The REACT-SCOT case-control
study. BMC Med. 2021, 19, 51.

17. U.S. Department of Health and Human Services. Trump Administration Announces Framework and Leadership for ‘Opera-
tion Warp Speed’. 15 May 2020. Available online: https://www.hhs.gov/about/news/2020/05/15/trump-administration-
announces-framework-and-leadership-for-operation-warp-speed.html (accessed on 2 September 2021).

18. Boener, L.K. The antivirals that weren’t: Drug repurposing for COVID-19 produced misleading results. CEN.ACS.ORG,
29 June 2021.

19. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al.
Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 2019, 18, 41–58. [CrossRef]

20. Abuo-Rahma, G.E.-D.A.; Mohamed, M.F.A.; Ibrahim, T.S.; Shoman, M.E.; Samire, E.; El-Baky, R.M.A. Potential repurposed
SARS-CoV-2 (COVID-19) infection drugs. RSC Adv. 2020, 10, 26895. [CrossRef]

21. Ren, X.; Shao, X.-X.; Li, X.-X.; Jia, X.-H.; Song, T.; Zhou, W.-Y.; Wan, P.; Li, Y.; Wang, X.-L.; Cui, Q.-H.; et al. Identifying potential
treatments of COVID-19 from Traditional Chinese Medicine (TCM) by using a data-driven approach. J. Ethnopharmacol. 2020, 258,
112932. [CrossRef]

22. Sampagi-Ramaiah, M.H.; Vishwarkarma, R.; Shaanker, R.U. Molecular docking analysis of selected natural products from plants
for inhibition of SARS-CoV-2 main protease. Curr. Sci. 2020, 118, 1087–1092.

23. Plaze, M.; Attali, D.; Petit, A.-C.; Blatzer, M.; Simon-Lorier, E.; Vinckier, F.; Cachia, A.; Chrétien, F.; Gaillard, R. Rupurposing
chlorpromazine to treat COVID-19: The reCOVery study. L’Encéphale 2020, 46, 169–172. [CrossRef]

24. Ciliberto, G.; Cardone, L. Boosting the arsenal against COVID-19 through computational drug repurposing. Drug Discov. Today
2020, 25, 946–948. [CrossRef] [PubMed]

25. Elmezayen, A.D.; Al-Obaidi, A.; Sahin, A.T.; Yelekçi, K. Drug repurposing for coronavirus (COVID-19): In silico screening of
know drugs against coronavirus 3CL hydrolase and protease enzymes. J. Biomol. Struct. Dyn. 2020, 26, 2980–2992.

26. De Oliveira, O.V.; Rocha, G.B.; Paluch, A.S.; Costa, L.T. Repurposing approved drugs asinhibitors of SARS-CoV-2-S-protein from
molecular modeling and virtual screening. J. Biomol. Struct. Dyn. 2020, 39, 3924–3933. [CrossRef]

27. Adem, S.; Eyupogiu, V.; Sarfraz, I.; Rasul, A.; Ali, M. Identification of potent COVID-19 main protease (Mpro) inhibitors from
natural polyphenols: An in-silico strategy unvells a hope against CORONA. Preprints 2020, 2020030333. [CrossRef]

28. Shah, B.; Modi, P.; Sagar, S.R. In silico studies on therapeutic agents for COVID-19: Drug repurposing. Life Sci. 2020, 252, 117652.
[CrossRef]

29. Glebov, O.O. Understanding SARS-CoV-2 endocytosis for COVID-19 drug repurposing. FEBS J. 2020, 17, 3664–3671. [CrossRef]
30. Baker, N.; Williams, A.J.; Tropsha, A.; Ekins, S. Repurposing quaternary ammonium compounds as potential treatments for

COVID-19. Pharm. Res. 2020, 37, 104. [CrossRef]
31. Saini, K.S.; Lanza, C.; Romano, M.; de Azambuja, E.; Cortes, J.; de las Heras, B.; de Castro, J.; Saini, M.L.; Loibl, S.;

Curigliano, G.; et al. Repurposing anticancer drugs for COVID-19-induced inflammation, immune dysfunction, and
coagulopathy. Br. J. Cancer 2020, 123, 694–697. [CrossRef]

32. Ciliberto, G.; Mancini, R.; Paggi, M.G. Drug repurposing against COVID-19: Focus on anticancer agents. J. Exp. Clin. Cancer Res.
2020, 39, 86. [CrossRef]

33. Elfiky, A.A. Anti-HCV, nucleotide inhibitors, repurposing against COVID-19. Life Sci. 2020, 248, 117477. [CrossRef]
34. Cimolai, N. Potentially repurposing adamantanes for COVID-19. J. Med. Virol. 2020, 92, 531–532. [CrossRef]
35. Loganathan, T.; Ramachandran, S.; Shankaran, P.; Nagarajan, D.; Mohan, S.S. Host transcriptome-guided drug repurposing for

COVID-19 treatment: A meta-analysis based approach. PeerJ 2020, 8, e9357. [CrossRef]
36. Yuan, S.; Yin, X.; Meng, X.; Chan, J.F.-W.; Ye, Z.-W.; Riva, L.; Pache, L.; Chan, C.C.-Y.; Lai, P.M.; Chan, C.C.-S.; et al. Clofazimine

broadly inhibits coronaviruses including SARS-CoV-2. Nature 2021, 593, 418–423. [CrossRef]
37. Sajid, M.I.; Moazzam, M.; Cho, Y.; Kato, S.; Xu, A.; Way, J.J.; Lohan, S.; Tiwari, R.K. siRNA Therapeutics for the Therapy of

COVID-19 and Other Coronaviruses. Mol. Pharm. 2021, 18, 2105–2121. [CrossRef] [PubMed]
38. Pfizer Initiates Phase 1 Study of Novel Oral Antiviral Therapeutic Agent against SARS-CoV-2. Available online: https://

www.pfizer.com/news/press-release/press-release-detail/pfizer-initiates-phase-1-study-novel-oral-antiviral (accessed on 2
September 2021).

39. Chen, C.; Qi, F.; Shi, K.; Li, Y.; Li, J.; Chen, Y.; Pan, J.; Zhou, T.; Lin, X.; Zhang, J.; et al. Thalidomide combined with low-dose
glucocorticoid in the treatment of COVID-19 Pneumonia. Preprints 2020, 10, e35.

40. Khalil, A.; Kamar, A.; Nemer, G. Thalidomine-revisited: Are COVID-19 patients going to be the latest victims of yet another
theoritical drug-repurposing? Front. Immunol. 2020, 11, 1248. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMp2005630
http://doi.org/10.1126/science.abb9332
http://doi.org/10.1089/adt.2020.996
http://www.ncbi.nlm.nih.gov/pubmed/32551883
http://doi.org/10.4155/fmc-2020-0204
http://www.ncbi.nlm.nih.gov/pubmed/32698626
https://www.hhs.gov/about/news/2020/05/15/trump-administration-announces-framework-and-leadership-for-operation-warp-speed.html
https://www.hhs.gov/about/news/2020/05/15/trump-administration-announces-framework-and-leadership-for-operation-warp-speed.html
http://doi.org/10.1038/nrd.2018.168
http://doi.org/10.1039/D0RA05821A
http://doi.org/10.1016/j.jep.2020.112932
http://doi.org/10.1016/j.encep.2020.05.006
http://doi.org/10.1016/j.drudis.2020.04.005
http://www.ncbi.nlm.nih.gov/pubmed/32304645
http://doi.org/10.1080/07391102.2020.1772885
http://doi.org/10.20944/preprints202003.0333.v1
http://doi.org/10.1016/j.lfs.2020.117652
http://doi.org/10.1111/febs.15369
http://doi.org/10.1007/s11095-020-02842-8
http://doi.org/10.1038/s41416-020-0948-x
http://doi.org/10.1186/s13046-020-01590-2
http://doi.org/10.1016/j.lfs.2020.117477
http://doi.org/10.1002/jmv.25752
http://doi.org/10.7717/peerj.9357
http://doi.org/10.1038/s41586-021-03431-4
http://doi.org/10.1021/acs.molpharmaceut.0c01239
http://www.ncbi.nlm.nih.gov/pubmed/33945284
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-initiates-phase-1-study-novel-oral-antiviral
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-initiates-phase-1-study-novel-oral-antiviral
http://doi.org/10.3389/fimmu.2020.01248
http://www.ncbi.nlm.nih.gov/pubmed/32574274


Pharmaceutics 2021, 13, 1513 12 of 14

41. Tleyjeh, I.M.; Kashour, Z.; Damlaj, M.; Riaz, M.; Tlayjeh, H.; Altannir, M.; Altannir, Y.; Al-Tannir, M.; Tleyjeh, R.; Hassett, L.; et al.
Efficacy and safety of tocilizumab in COVID-19 patients: A living systematic review and meta-analysis. Clin. Microbiol. Infect.
2021, 27, 215–227. [CrossRef] [PubMed]

42. Khan, F.A.; Stewart, I.; Fabbri, L.; Moss, S.; Robinson, K.; Smyth, A.R.; Jenkins, G. Systematic review and meta-analysis of
anakinra, sarilumab, siltuximab and tocilizumab for COVID-19. Thorax 2021, 76, 907–919. [CrossRef] [PubMed]

43. Wang, C.; Li, W.; Drabek, D.; Okba, N.M.A.; van Haperen, R.; Osterhaus, A.D.M.E.; van Kuppeveld, F.J.M.; Haagmans, B.L.;
Grosveld, F.; Bosch, B.-J. A human monoclonal antibody blocking SARS-CoV-2 infection. Nat. Commun. 2020, 11, 2251. [CrossRef]
[PubMed]

44. Soares, S.; Sousa, J.; Pais, A.; Vitorino, C. Nanomedicine: Principles, Properties, and Regulatory Issues. Front. Chem. 2018, 6, 360.
[CrossRef] [PubMed]

45. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [CrossRef] [PubMed]

46. Webster, T.J. Nanomedicine: What’s in a definition? Int. J. Nanomed. 2006, 1, 115–116. [CrossRef] [PubMed]
47. Kargozara, S.; Mozafari, M. Nanotechnology, Nanomedicine: Start small, think big. Mater. Today Proc. 2018, 5, 15492–15500.

[CrossRef]
48. Seleci, M.; Ag Seleci, D.; Joncyzk, R.; Stahl, F.; Blume, C.; Scheper, T. Smart multifunctional nanoparticles in nanomedicine.

BioNanoMaterials 2016, 17, 33–41. [CrossRef]
49. Kannan, R.M.; Nance, E.; Kannan, S.; Tomalia, D.A. Emerging concepts in dendrimer-based nanomedicine: From design principles

to clinical applications. J. Intern. Med. 2014, 276, 579–617. [CrossRef]
50. Tomalia, D.A.; Nixon, L.S.; Hedstrand, D.M. The Role of Branch Cell Symmetry and Other Critical Nanoscale Design Parameters

in the Determination of Dendrimer Encapsulation Properties. Biomolecules 2020, 10, 642. [CrossRef]
51. Buhleier, E.; Wehner, W.; Vogtle, F. Cascade and nonskid-chain-like syntheses of molecular cavity topologies. Synthesis 1978, 2,

155–158. [CrossRef]
52. Tomalia, D.A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, K.; Martin, S.; Roeck, J.; Ryder, J.; Smith, P. A new class of polymers:

Starburst-dendritic macromolecules. Polym. J. 1985, 17, 117–132. [CrossRef]
53. Esfand, R.; Tomalia, D.A. Poly(amidoamine) (PAMAM) dendrimers: From biomimicry to drug delivery and biomedical applica-

tions. Drug Discov. Today 2001, 6, 427–436. [CrossRef]
54. Lyu, Z.; Ding, L.; Huang, A.Y.T.; Kao, L.; Peng, L. Poly(amidoamine) dendrimers: Covalent and supramolecular synthesis.

Mater. Today Chem. 2019, 13, 34–48. [CrossRef]
55. Stiriba, S.-E.; Frey, H.; Haag, R. Dendritic polymers in biomedical applications: From potential to clinical use in diagnostics and

therapy. Angew. Chem. Int. Ed. 2002, 41, 1329–1334. [CrossRef]
56. Mignani, S.; Rodrigues, J.; Tomas, H.; Roy, R.; Shi, X.; Majoral, J.-P. Bench-to-bedside translation of dendrimers: Reality or utopia?

A concise analysis. Adv. Drug Deliv. Rev. 2018, 136–137, 73–81. [CrossRef] [PubMed]
57. Chis, A.A.; Dobrea, C.; Morgovan, C.; Arseniu, A.M.; Rus, L.L.; Butuca, A.; Juncan, A.M.; Totan, M.; Vonica-Tincu, A.L.; Cormos,

G.; et al. Applications and Limitations of Dendrimers in Biomedicine. Molecules 2020, 25, 3982. [CrossRef] [PubMed]
58. Abbasi, E.; Fekri Aval, S.F.; Akbarzadeh, A.; Milani, M.; Nasrabadi, H.T.; Joo, S.W.; Hanifehpour, Y.; Nejati-Koshki, K.; Pashaei-Asl,

R. Dendrimers: Synthesis, applications, and properties. Nanoscale Res. Lett. 2014, 9, 247. [CrossRef]
59. Noriega-Luna, B.; Godínez, L.A.; Rodríguez, F.J.; Rodríguez, A.; de Larrea, G.Z.-L.; Sosa-Ferreyra, C.F.; Mercado-Curiel, R.F.;

Manríquez, J.; Bustos, E. Applications of Dendrimers in Drug Delivery Agents, Diagnosis, Therapy, and Detection. J. Nanomater.
2014, 2014, 507273. [CrossRef]

60. Ihre, H.R.; de Jesús, O.L.P.; Szoka, F.C.; Fréchet, J.M.J. Polyester dendritic systems for drug delivery applications: Design, synthesis,
and characterization. Bioconjug. Chem. 2020, 13, 443–452. [CrossRef] [PubMed]

61. Cheng, Y.; Xu, T. The effect of dendrimers on the pharmacodynamic and pharmacokinetic behaviors of non-covalently or
covalently attached drugs. Eur. J. Med. Chem. 2008, 43, 2291–2297. [CrossRef] [PubMed]

62. Parat, A.; Bordeianu, C.; Dib, H.; Garofalo, A.; Walter, A.; Bégin-Colin, S.; Felder-Flesch, D. Dendrimer-nanoparticle conjugates in
nanomedicine. Nanomedicine 2015, 10, 977–992. [CrossRef]

63. Lee, C.C.; MacKay, J.A.; Fréchet, J.M.; Szoka, F.C. Designing dendrimers for biological applications. Nat. Biotechnol. 2005, 23,
1517–1526. [CrossRef] [PubMed]

64. Mignani, S.; Shi, X.; Rodrigues, J.; Tomas, H.; Karpus, A.; Majoral, J.-P. First-in-class and best-in-class dendrimer nanoplatforms
from concept to clinic: Lessons learned moving forward. Eur. J. Med. Chem. 2021, 219, 113456. [CrossRef] [PubMed]

65. Mittal, P.; Saharan, A.; Verma, R.; Altalbawy, F.M.A.; Alfaidi, M.A.; Batiha, G.E.-S.; Akter, W.; Gautam, R.K.; Uddin, S.; Rahman, S.
Dendrimers: A New Race of Pharmaceutical Nanocarriers. BioMed Res. Int. 2021, 2021, 8844030. [CrossRef]

66. Tomar, N. Dendrimers as Nanocarriers in Cancer Chemotherapy. Int. J. Chem. Mol. Eng. 2019, 5, 14–32.
67. Weiss, C.; Carriere, M.; Fusco, L.; Capua, I.; Regla-Nava, J.A.; Pasquali, M.; Scott, J.A.; Vitale, F.; Unal, M.A.; Mattevi, C.; et al.

Toward Nanotechnology-Enabled Approaches against the COVID-19 Pandemic. ACS Nano 2020, 14, 6383–6406. [CrossRef]
68. Yang, D. Application of Nanotechnology in the COVID-19 Pandemic. Int. J. Nanomed. 2021, 26, 623–649. [CrossRef]
69. Lammers, T.; Sofias, A.M.; van der Meel, R.; Raymond, R.; Storm, G.; Tacke, F.; Koschmieder, S.; Brümmendorf, T.H.; Kiessling, F.;

Metselaar, J.M. Dexamethasone nanomedicines for COVID-19. Nat. Nanotechnol. 2020, 15, 622–624. [CrossRef]

http://doi.org/10.1016/j.cmi.2020.10.036
http://www.ncbi.nlm.nih.gov/pubmed/33161150
http://doi.org/10.1136/thoraxjnl-2020-215266
http://www.ncbi.nlm.nih.gov/pubmed/33579777
http://doi.org/10.1038/s41467-020-16256-y
http://www.ncbi.nlm.nih.gov/pubmed/32366817
http://doi.org/10.3389/fchem.2018.00360
http://www.ncbi.nlm.nih.gov/pubmed/30177965
http://doi.org/10.1038/s41573-020-0090-8
http://www.ncbi.nlm.nih.gov/pubmed/33277608
http://doi.org/10.2147/nano.2006.1.2.115
http://www.ncbi.nlm.nih.gov/pubmed/17722527
http://doi.org/10.1016/j.matpr.2018.04.155
http://doi.org/10.1515/bnm-2015-0030
http://doi.org/10.1111/joim.12280
http://doi.org/10.3390/biom10040642
http://doi.org/10.1055/s-1978-24702
http://doi.org/10.1295/polymj.17.117
http://doi.org/10.1016/S1359-6446(01)01757-3
http://doi.org/10.1016/j.mtchem.2019.04.004
http://doi.org/10.1002/1521-3773(20020415)41:8&lt;1329::AID-ANIE1329&gt;3.0.CO;2-P
http://doi.org/10.1016/j.addr.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29155170
http://doi.org/10.3390/molecules25173982
http://www.ncbi.nlm.nih.gov/pubmed/32882920
http://doi.org/10.1186/1556-276X-9-247
http://doi.org/10.1155/2014/507273
http://doi.org/10.1021/bc010102u
http://www.ncbi.nlm.nih.gov/pubmed/12009932
http://doi.org/10.1016/j.ejmech.2007.12.021
http://www.ncbi.nlm.nih.gov/pubmed/18276038
http://doi.org/10.2217/nnm.14.196
http://doi.org/10.1038/nbt1171
http://www.ncbi.nlm.nih.gov/pubmed/16333296
http://doi.org/10.1016/j.ejmech.2021.113456
http://www.ncbi.nlm.nih.gov/pubmed/33878563
http://doi.org/10.1155/2021/8844030
http://doi.org/10.1021/acsnano.0c03697
http://doi.org/10.2147/IJN.S296383
http://doi.org/10.1038/s41565-020-0752-z


Pharmaceutics 2021, 13, 1513 13 of 14

70. Alshweiat, A.; Ambrus, R.; Csoka, I. Intranasal nanoparticulate systems as alternative route of drug delivery. Curr. Med. Chem.
2019, 26, 6459–6492. [CrossRef]

71. Marasini, N.; Kaminskas, L.M. Subunit-based mucosal vaccine delivery systems for pulmonary delivery are they feasible?
Drug Dev. Ind. Pharm. 2019, 45, 882–894. [CrossRef]

72. Schreier, H.; Gonzalezrothi, R.J.; Stecenko, A.A. Pulmonary delivery of liposomes. J. Control. Release 1993, 24, 209–223. [CrossRef]
73. Lee, B.-Y.; Behler, K.; Kurtoglu, M.E.; Wynosky-Dolfi, M.A.; Rest, R.F.; Gogotsi, Y. Titanium dioxide-coated nanofibers for

advanced filters. J. Nanopart. Res. 2010, 12, 2511–2519. [CrossRef]
74. Guardian G-Volt Masks Use Graphene and Electrical Charge to Repel Viruses. Available online: https://grapheneindustry.org.

au/2020/05/g-volt-mask/ (accessed on 2 September 2021).
75. Orlowski, P.; Tomaszewska, E.; Gniadek, M.; Baska, P.; Nowakowska, J.; Sokolowska, J.; Nowak, Z.; Donten, M.; Celichowski,

G.; Grobelny, J.; et al. Tannic acid modified silver nanoparticles show antiviral activity in herpes simplex virus Type 2 infection.
PLoS ONE 2014, 9, e104113. [CrossRef]

76. Warnes, S.L.; Little, Z.R.; Keevil, C.W. Human coronavirus 229E remains infectious on common touch surface materials. mBio
2015, 6, e01697-15. [CrossRef] [PubMed]

77. Zhou, Y.Z.; Jiang, X.; Tong, T.; Fang, L.; Wu, Y.; Liang, J.; Xiao, S. High antiviral activity of mercaptoethane sulfonate functionalized
Te/BSA nanostars against arterivirus and coronavirus. RSC Adv. 2020, 10, 14161. [CrossRef]

78. Dey, P.; Bergmann, T.; Cuellar-Camacho, J.L.; Ehrmann, S.; Chowdhury, M.S.; Zhang, M.; Dahmani, I.; Haag, R.; Azab, W.
Multivalent Flexible Nanogels Exhibit Broad-Spectrum Antiviral Activity by Blocking Virus Entry. ACS Nano 2018, 12, 6429–6442.
[CrossRef] [PubMed]

79. Chung, Y.H.; Beiss, V.; Fiering, S.N.; Steinmetz, N.F. Covid-19 vaccine frontrunners and their nanotechnology design. ACS Nano
2020, 14, 12522–12537. [CrossRef] [PubMed]

80. Calina, D.; Sakar, C.; Arsene, A.L.; Salehi, B.; Docea, A.O.; Mondal, M.; Islam, M.T.; Zali, A.; Sharifi-Rad, J. Recent advances,
approaches and challenges in targeting pathways for potential COVID-19 vaccines development. Immunol. Res. 2020, 68, 315–324.
[CrossRef]

81. Van Riel, D.; de Wit, E. Next-generation vaccine platforms for COVID-19. Nat. Mater. 2020, 19, 810–812. [CrossRef]
82. Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles—From Liposomes to mRNA Vaccine Delivery, a Landscape of

Research Diversity and Advancement. ACS Nano 2021. [CrossRef]
83. Choi, Y.H.; Han, H.K. Nanomedicines: Current Status and Future Perspectives in Aspect of Drug Delivery and Pharmacokinetics.

J. Pharm. Investig. 2018, 48, 43–60. [CrossRef]
84. Fernadez, A. COVID-19 evolution in the post-vaccination phase: Endemic or extinct? ACS Pharmacol. Transl. Sci. 2021, 4, 403–405.

[CrossRef] [PubMed]
85. Miao, L.; Zhang, Y.; Huang, L. mRNA vaccine for cancer immunotherapy. Mol. Cancer Ther. 2021, 20, 41. [CrossRef]
86. Mignani, S.; El Kazzouli, S.; Bousmina, M.M.; Majoral, J.-P. Dendrimer space concept for innovative nanomedicine: A futuristic

vision for medicinal chemistry. Prog. Polym. Sci. 2013, 38, 993–1008. [CrossRef]
87. Filipczak, N.; Yalamarty, S.S.K.; Li, X.; Parveen, F.; Torchilin, V. Developments in Treatment Methodologies Using Dendrimers for

Infectious Diseases. Molecules 2021, 26, 3304. [CrossRef]
88. Mintzer, M.A.; Dane, E.L.; George, A.; O’Toole, G.A.; Grinstaff, M.W. Exploiting dendrimer multivalency to combat emerging and

reemerging infectious diseases. Mol. Pharm. 2012, 5, 342–354. [CrossRef] [PubMed]
89. Ortega, M.A.; Merino, A.G.; Fraile-Martínez, O.; Recio-Ruiz, J.; Pekarek, L.; Guijarro, L.G.; García-Honduvilla, N.; Álvarez-Mon,

M.; Buján, J.; García-Gallego, S. Dendrimers and Dendritic Materials: From Laboratory to Medical Practice in Infectious Diseases.
Pharmaceutics 2020, 12, 874. [CrossRef]

90. Itani, R.; Tobaiqy, M.; Faraj, A.A. Optimizing use of theranostic nanoparticles as a life-saving strategy for treating COVID-19
patients. Theranostics 2020, 10, 5932–5942. [CrossRef] [PubMed]

91. Kandeel, M.; Al-Taher, A.; Park, B.; Kwon, H.; Al-Nazawi, M. A pilot study of the antiviral activity of anionic and cationic
polyamidoamine dendrimers against the Middle East respiratory syndrome coronavirus. J. Med. Virol. 2020, 92, 1665–1670.
[CrossRef] [PubMed]

92. Wagner, J.; Li, L.; Simon, J.; Krutzke, L.; Landfester, K.; Mailnder, V.; Mgllen, K.; Ng, D.Y.W.; Wu, Y.; Weil, T. Amphiphilic
Polyphenylene Dendron Conjugates for Surface Remodeling of Adenovirus 5. Angew. Chem. Int. Ed. 2020, 132, 5761–5769.
[CrossRef]

93. Han, Y.; Král, P. Computational Design of ACE2-Based Peptide Inhibitors of SARS-CoV-2. ACS Nano 2020, 14, 5143–5147.
[CrossRef]

94. Bernstein, D.I.; Stanberry, L.R.; Sacks, S.; Ayisi, N.K.; Gong, Y.H.; Ireland, J.; Mumper, R.J.; Holan, G.; Matthews, B.; McCarthy,
T.; et al. Evaluations of Unformulated and Formulated Dendrimer-Based Microbicide Candidates in Mouse and Guinea Pig
Models of Genital Herpes. Antimicrob. Agents Chemother. 2003, 47, 3784–3788. [CrossRef]

95. Tyssen, D.; Henderson, S.A.; Johnson, A.; Sterjovski, J.; Moore, K.; La, J.; Zanin, M.; Sonza, S.; Karellas, P.; Giannis, M.P.; et al.
Structure Activity Relationship of Dendrimer Microbicides with Dual Action Antiviral Activity. PLoS ONE 2010, 5, e12309.
[CrossRef] [PubMed]

96. StarPharma. Available online: https://starpharma.com/news/328 (accessed on 2 September 2021).

http://doi.org/10.2174/0929867326666190827151741
http://doi.org/10.1080/03639045.2019.1583758
http://doi.org/10.1016/0168-3659(93)90180-D
http://doi.org/10.1007/s11051-009-9820-x
https://grapheneindustry.org.au/2020/05/g-volt-mask/
https://grapheneindustry.org.au/2020/05/g-volt-mask/
http://doi.org/10.1371/journal.pone.0104113
http://doi.org/10.1128/mBio.01697-15
http://www.ncbi.nlm.nih.gov/pubmed/26556276
http://doi.org/10.1039/D0RA01387K
http://doi.org/10.1021/acsnano.8b01616
http://www.ncbi.nlm.nih.gov/pubmed/29894156
http://doi.org/10.1021/acsnano.0c07197
http://www.ncbi.nlm.nih.gov/pubmed/33034449
http://doi.org/10.1007/s12026-020-09154-4
http://doi.org/10.1038/s41563-020-0746-0
http://doi.org/10.1021/acsnano.1c04996
http://doi.org/10.1007/s40005-017-0370-4
http://doi.org/10.1021/acsptsci.0c00220
http://www.ncbi.nlm.nih.gov/pubmed/33615191
http://doi.org/10.1186/s12943-021-01335-5
http://doi.org/10.1016/j.progpolymsci.2013.03.003
http://doi.org/10.3390/molecules26113304
http://doi.org/10.1021/mp2005033
http://www.ncbi.nlm.nih.gov/pubmed/22126461
http://doi.org/10.3390/pharmaceutics12090874
http://doi.org/10.7150/thno.46691
http://www.ncbi.nlm.nih.gov/pubmed/32483428
http://doi.org/10.1002/jmv.25928
http://www.ncbi.nlm.nih.gov/pubmed/32330296
http://doi.org/10.1002/ange.201913708
http://doi.org/10.1021/acsnano.0c02857
http://doi.org/10.1128/AAC.47.12.3784-3788.2003
http://doi.org/10.1371/journal.pone.0012309
http://www.ncbi.nlm.nih.gov/pubmed/20808791
https://starpharma.com/news/328


Pharmaceutics 2021, 13, 1513 14 of 14

97. Paull, J.R.A.; Heery, G.P.; Bobardt, M.D.; Castellarnau, A.; Luscombe, C.A.; Fairley, J.K.; Gallay, P.A. Virucidal and antiviral
activity of astodrimer sodium 1 against SARS-CoV-2 in vitro. bioRxiv 2021. [CrossRef]

98. Mignani, S.; El Kazzouli, S.; Bousmina, M.; Majoral, J.-P. Expand classical drug administration ways by emerging routes using
dendrimer drug delivery systems: A Concise overview. Adv. Drug Deliv. Rev. 2013, 35, 1316–1330. [CrossRef] [PubMed]

99. Mignani, S.; Shi, X.; Karpus, A.; Majoral, J.-P. Non-invasive intranasal administration route directly to the brain using dendrimer
nanoplatforms: An opportunity to develop new CNS drugs. Eur. J. Med. Chem. 2020, 209, 112905. [CrossRef]

100. Kuzmova, A.; Minko, T. Nanotechnology approaches for inhalation treatment of lung diseases. J. Control. Release 2015, 219,
500–518. [CrossRef]

101. Gatti, M.; De Ponti, F. Drug Repurposing in the COVID-19 Era: Insights from Case Studies Showing Pharmaceutical Peculiarities.
Pharmaceutics 2021, 13, 302. [CrossRef]

102. Sahua, D.K.; Pradhana, D.; Naikb, P.K.; Kara, B.; Ghosha, G.; Ratha, G. Smart polymeric eye gear: A possible preventive measure
against ocular transmission of COVID-19. Med. Hypotheses 2020, 144, 110288. [CrossRef]

103. Pharmaceutical Business Review. Available online: https://www.pharmaceutical-business-review.com/news/orpheris-enrols-
first-patients-in-phase-2-clinical-study-evaluating-op-101-for-severe-covid-19/ (accessed on 2 September 2021).

104. Mahmudpour, M.; Roozbeh, J.; Keshavarz, M.; Farrokhi, S.; Nabipour, I. COVID-19 cytokine storm: The anger of inflammation.
Cytokine 2020, 133, 155151. [CrossRef]

105. Kannan, S. OP-101: A novel therapy for treatment of childhood cerebral adrenoleukodystrophy. In Proceedings of the
3rd Annual Congress on Rare Diseases and Orphan Drugs, San Antonio, TX, USA, 30 October–1 November 2017;
Available online: https://www.longdom.org/proceedings/op101-a-novel-therapy-for-treatment-of-childhood-cerebral-
adrenoleukodystrophy-18784.html (accessed on 2 September 2021).

106. Farzin, L.; Sadjadi, S.; Sheini, A.; Mohagheghpour, E. A nanoscale genosensor for early detection of COVID-19 by voltammetric
determination of RNA-dependent RNA polymerase (RdRP) sequence of SARS-CoV-2 virus. Microchim. Acta 2021, 188, 121.
[CrossRef]

107. Setareh, M.; Kaatuzian, H. Sensitivity enhancement of a surface plasmon resonance sensor using Blue Phosphorene/MoS2
hetero-structure and barium titanate. Superlattices Microstruct. 2021, 153, 106867. [CrossRef]

108. Shrivastav, A.M.; Cvelbar, U.; Abdulhalim, I. A comprehensive review on plasmonic-based biosensors used in viral diagnostics.
Commun. Biol. 2021, 4, 70. [CrossRef]

109. Gurunathan, S.; Qasim, M.; Choi, Y.; Do, J.T.; Park, C.; Hong, K.; Kim, J.-H.; Song, H. Antiviral Potential of Nanoparticles—Can
Nanoparticles Fight against Coronaviruses? Nanomaterials 2020, 10, 1645. [CrossRef] [PubMed]

110. Joshi, T.; Pundir, H.; Chandra, S. Deep-learning based repurposing of FDA-approved drugs against Candida albicans dihydrofolate
reductase and molecular dynamics study. J. Biomol. Struct. Dyn. 2021, 21, 1–17.

111. Kandeel, M.; Al-Nazawi, M. Virtual screening and repurposing of FDA approved drugs against COVID-19. Life Sci. 2020, 251,
117627. [CrossRef]

112. Mediphage in the News. Available online: https://www.mediphage.ca/press (accessed on 2 September 2021).
113. Cross, R. Stopping COVID-19 where it starts. CEN.ACS.ORG, 7 June 2021; 25–29.
114. Malik, A.A.; Tariq, M.; Koisar, R. Repurposing factories with robotics in the face of COVID-19. Sci. Robot. 2020, 5, abc2782.

[CrossRef] [PubMed]
115. Dormont, F.; Brusini, R.; Cailleau, C.; Reynaud, F.; Peramo, A.; Gendron, A.; Mougin, J.; Gaudin, F.; Varna, M.; Couvreur, P.

Squalene-based multidrug nanoparticles for improved mitigation of uncontrolled inflammation in rodents. Sci. Adv. 2020, 6,
eaaz5466. [CrossRef] [PubMed]

116. Chakravarty, M.; Vora, A. Nanotechnology-based antiviral therapeutics. Drug Deliv. Transl. Res. 2020, 11, 748–787. [CrossRef]
117. Javed, B. Bioactive Virus-Mimicking Nanovesicles from Dendrimersomes: A Novel Approach to Understanding SARS-CoV-2

Host-Interactions to Better Design Therapeutics. Front. Mol. Biosci. 2020, 21, 188. [CrossRef]
118. Iran Leverages Nanotechnology to Launch West Asia’s Largest Face Mask Production Plant. Available online: https://statnano.

com/news/67581/Iran-Leverages-Nanotechnology-to-Launch-West-Asia%E2%80%99s-Largest-Face-Mask-Production-Plant
(accessed on 2 September 2021).

http://doi.org/10.1101/2020.08.20.260190
http://doi.org/10.1016/j.addr.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23415951
http://doi.org/10.1016/j.ejmech.2020.112905
http://doi.org/10.1016/j.jconrel.2015.07.024
http://doi.org/10.3390/pharmaceutics13030302
http://doi.org/10.1016/j.mehy.2020.110288
https://www.pharmaceutical-business-review.com/news/orpheris-enrols-first-patients-in-phase-2-clinical-study-evaluating-op-101-for-severe-covid-19/
https://www.pharmaceutical-business-review.com/news/orpheris-enrols-first-patients-in-phase-2-clinical-study-evaluating-op-101-for-severe-covid-19/
http://doi.org/10.1016/j.cyto.2020.155151
https://www.longdom.org/proceedings/op101-a-novel-therapy-for-treatment-of-childhood-cerebral-adrenoleukodystrophy-18784.html
https://www.longdom.org/proceedings/op101-a-novel-therapy-for-treatment-of-childhood-cerebral-adrenoleukodystrophy-18784.html
http://doi.org/10.1007/s00604-021-04773-6
http://doi.org/10.1016/j.spmi.2021.106867
http://doi.org/10.1038/s42003-020-01615-8
http://doi.org/10.3390/nano10091645
http://www.ncbi.nlm.nih.gov/pubmed/32825737
http://doi.org/10.1016/j.lfs.2020.117627
https://www.mediphage.ca/press
http://doi.org/10.1126/scirobotics.abc2782
http://www.ncbi.nlm.nih.gov/pubmed/33022618
http://doi.org/10.1126/sciadv.aaz5466
http://www.ncbi.nlm.nih.gov/pubmed/32548259
http://doi.org/10.1007/s13346-020-00818-0
http://doi.org/10.3389/fmolb.2020.00188
https://statnano.com/news/67581/Iran-Leverages-Nanotechnology-to-Launch-West-Asia%E2%80%99s-Largest-Face-Mask-Production-Plant
https://statnano.com/news/67581/Iran-Leverages-Nanotechnology-to-Launch-West-Asia%E2%80%99s-Largest-Face-Mask-Production-Plant

	Introduction 
	General Aspects of Applications of Nanotechnology in COVID-19 Treatment: A Concise Overview 
	Dendrimers Used in COVID-19 Treatment: Few Clinical Examples but Limitless Possibilities 
	Dendrimers as Nanocarriers or Nanodrugs: A Concise Overview 
	Dendrimer Nanoplatforms in Anti-Viral Therapeutic Domain at a Glance 
	Dendrimers in Clinical Phase to Tackle COVID-19 

	Dendrimer Platforms for Virus Detection 
	Conclusions and Perspectives 
	References

