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the phylogenetic and taxonomical finding 
on February 11, the coronavirus (COV) 
study group (CGS) of the International 
Committee on Virus Taxonomy (ICTV) 
designated the virus as SARS-CoV-2.[1] 
The same day, the director general of the 
World Health Organization (WHO) desig-
nated the disease caused by SARS-CoV-2 
“coronavirus disease 2019” (COVID-19). 
The WHO declared COVID-19 a pan-
demic On March 11, 2020. Globally as of 
June 2021, 179 686 071 confirmed cases of 
COVID-19, including 3 899 172 deaths, 
reported by WHO.[2] Reducing the burden 
of COVID-19 infection by developing vac-
cines and antiviral drugs is still a big chal-
lenge for researchers and clinicians.

Nowadays, nanotechnology is a prom-
ising player in the scientific and medical 
fields with many applications.[3,4] A new 
dimension has been opened by the func-

tionally tunable nanosized materials for industrial, biomedical, 
and scientific purposes, which provides a set of techniques that 
allow the manipulation of structural and functional properties 
on a microscale.[5,6] Nanotechnology is kindred with the bio-
medicinal involvement of nanoparticles (NPs), which are not 
only used as the backbone in the vaccine to formulate “nano-
vaccines,” nanomaterial-based antiviral agents, disinfectants; 
which inhibit the multiplication within the host or inactivate 
them outside the host, but also the application of designed 
nanorobots to detect and repairs of tissue defects at the cellular 
level.[7,8] Unlike the conventional drug formulations, which typi-
cally circulate throughout the entire body parts, nanoparticles 
may target a desired part of the body as a targeted drug delivery 
vehicle. Compared to conventional vaccines, nanovaccines or 
surface-functionalized nanoparticles can be designed, explicitly 
targeting lymphatic organs and immune cells to provoke better 
immune responses. Moreover, the localized infections are chal-
lenging to be treated by the conventional vaccines but can be 
treated by the nanovaccines with specific cells or organ-targeting 
molecules. In some cases, the nanobased settings are applied to 
enhance the solubility of hydrophobic compounds. These sys-
tems are helpful to protect the antigens from degradation and 
stabilize a large number of therapeutic biomolecules, such as 
peptides, proteins, and nucleic acids on the substrate.[9] Viral 
infections, particularly COVID-19, have posed a severe threat to 
public health globally because of their wide-sphered distribu-
tion and their potent ability to change the genetic makeup.[10] 
Unfortunately, viruses have adopted various alternative tactics 

The COVID-19 infections have posed an unprecedented global health emer-
gency, with nearly three million deaths to date, and have caused substantial 
economic loss globally. Hence, an urgent exploration of effective and safe 
diagnostic/therapeutic approaches for minimizing the threat of this highly 
pathogenic coronavirus infection is needed. As an alternative to conventional 
diagnosis and antiviral agents, nanomaterials have a great potential to cope 
with the current or even future health emergency situation with a wide range 
of applications. Fundamentally, nanomaterials are physically and chemically 
tunable and can be employed for the next generation nanomaterial-based 
detection of viral antigens and host antibodies in body fluids as antiviral 
agents, nanovaccine, suppressant of cytokine storm, nanocarrier for efficient 
delivery of antiviral drugs at infection site or inside the host cells, and can also 
be a significant tool for better understanding of the gut microbiome and SARS-
CoV-2 interaction. The applicability of nanomaterial-based therapeutic options 
to cope with the current and possible future pandemic is discussed here.

1. Introduction

A novel coronavirus (SARS-CoV-2) causing pneumonia was 
traced and identified in China in December 2019. Based on 
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for entry into cells, long-term survival strategy within the cells, 
and activation, inhibition, or modification of the host defense 
mechanisms at multiple stages.[11] So that, viral infections are 
one of the leading causes of morbidity and mortality, which 
causes a substantial global economic regression.[12,13] Nano-
technology wrapping a multidisciplinary field may find the 
permanent solution to these lethal infections. The unique phys-
icochemical property of nanomaterials is their selective interac-
tion with viruses that make them a potential antiviral agent.[14] 
This review aims to provide an overview of previous and recent 
nanomaterial-based diagnostic and therapeutic options against 
viruses, especially coronavirus, and focus on possible strategies 
to fight against the current pandemic.

2. The General Structure and Pathophysiology of 
COVID 19
The novel coronavirus taxonomically belongs to the coro-
naviridae family, whose genome size usually range from 26 
to 32  kb.[15–18] The virus genome has been fully sequenced, 
showing a higher order of similarity in nucleotide sequences 
with other coronaviruses responsible for fatal pulmonary dis-
eases such as SARS-CoV.[17,19] corona virus (COV) could be 
50−150 nm in size, which structural components are made of 
nucleocapsid (N) proteins bound to (+) single-stranded RNA 
covered by an envelope, which consists of a lipid bilayer con-
taining membrane (M), envelope (E), and spike (S) proteins 
(Figure  1).[20,21] The most common symptoms of COVID-19 
infection are fever, cough, and fatigue. Other clinically diag-
nosed symptoms are dyspnea, headache, loss of appetite, 
panting, sore throat, vomiting, diarrhea, rhinorrhea, and 
abdominal pain. The degree of disease severity may be high in 
patients having previous health complications such as hyper-
tension, diabetes, and coronary heart disease.[22,23] The incu-
bation period is observed to be between 5 to 14 days based on 
human host physiology before disease onset. Recently, it is also 
reported that COVID-19 exhibits severe effects on other organs 

such as the heart, kidney, eyes, and brain.[24–27] The central 
target in the human cell, the virus, selectively interacts with the 
cell surface receptor called angiotensin-converting enzyme II 
(ACE2), which is required for efficient uptake of the virus par-
ticle the host cell.[27–30] The molecular details of the interaction 
have been investigated by analyzing the crystal structure, which 
shows that the C-terminal domain (receptor binding domain 
(RBD) of the envelope-embedded spike (S) 1 protein) of SARS-
CoV-2 binds with ACE2.[20] Further, coronavirus multiplication 
in host cell has been characterized by the following crucial 
steps: i) attachment of viral spike (S) glycoprotein to its com-
plementary human cell receptor, ii) virus endocytosis in cells, 
iii) virus uncoating, iv) virus replication, and v) virus release 
(Figure 2).[20] Therefore, the binding of the spike protein to the 
ACE2 receptor is essential for hijacking the host cell machinery 
and multiplication of virus, and treatment approaches are 
needed to focus on disrupting this key event. Further in this 
scenario, there may be multiple possible approaches to inhibit 
ACE2 binding: i) involvement of soluble, recombinant ACE2 
protein, which acts as a mimetic receptor to bind the virus 
and prevent uptake into host cells selectively.[27] ii) vaccination 
with antibodies that specifically bind to the spike protein and 
interfere with ACE2 interaction and iii) inhibition of host pro-
teases that process the Spike protein and are essential for ACE2 
binding to subsequent membrane fusion that enable intracel-
lular delivery of the virus.[29]

3. Role of Nanomaterials in Viral Infection 
Diagnosis and Therapy
The infectious agents (viruses, bacteria, fungi, and other para-
sites) kill nearly 15 million people annually.[30–32] The maximum 
number of mortalities is reportedly caused by acute respiratory 
infections and human immunodeficiency virus (HIV).[32,33] 
Many therapeutic routes are opted to treat these types of infec-
tions. Unfortunately, the current COVID-19 pandemic posed a 
significant threat before humanity and kills over one million 
people worldwide, so there is an urgent need for improved 
and efficient treatment strategies to overcome the challenge. 
Nanotechnology has proved essential in the biomedical and 
translational medicine field by offering significant advantages 
in diagnostics and therapeutic applications.[34] Furthermore, the 
biological system connects a strong link with nanotechnology, 
which combines both phenomena of nanobiotechnology and 
nanomedicine to diagnose, prevent, and treat diseases.[35,36] 
Moreover, nanomaterials are also explored as an actual delivery 
vehicle in the drug delivery system.[31,37,39] shows some prac-
tical inactivation approaches that might help block the spread 
of SARS-CoV-2 infection. The development of antiviral thera-
pies takes a long time before being available to patients because 
many regulatory norms are required to fulfil the safety and effi-
cacy of drug formulations.[40,41] Moreover, resistance might be 
developed due to mutations in the precise viral targets as SARS-
CoV-2 continues to mutate; these mutations are also common 
when attempting to treat other viral infections. There has been 
increasing interest in the design and development of novel, 
broad-spectrum antiviral agents, which might be less prone to 
resistance and could be employed against different pathogenic 
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Figure 1.  Scanning electron microscopic image showing SARS-CoV-2(also 
known as 2019-nCoV) virus particles (yellow), isolated from a COVID-19 
patient in the U.S., emerging from the surface of host cells (pink) cultured 
in the lab. Reproduced under terms of the CC-BY license.[21] Copyright 
2020, NIAID.
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viruses, including new variants.[42–44] Considering these chal-
lenges, nanotechnology provides several solutions to diagnose 

and treat viral infections outside and inside the host. In this 
context, various nanomaterial-based therapeutics have already 
been successfully studied to treat several human viral patho-
gens such as HIV, human papillomavirus, herpes simplex, and 
respiratory viruses.[42–45] Nanomaterial-based formulation strat-
egies should be an advantage to fight against COVID-19 as well 
as any future pandemics, in many ways, including i) nanomate-
rial-based novel vaccines and drugs, which can be used for tar-
geted delivery of broad-spectrum antivirals to the affected body 
parts; ii) precise, rapid, sensitive and reliable diagnosis, and 
serology, iii) ultrafine filters for face masks or blood-filtering, iv) 
novel antiviral coated surfaces that prevent the viral adhesion 
and can inactivate the virus, and v) the improvement of tools 
for contact tracing (Figure 3).[46]

3.1. Nanomaterial-Based Disinfection Formulations

In the view of various transmission modes of coronavirus 
(via cough, air droplets, or biofluids), one possible strategy to 
fight against the virus is through blocking its spread by dis-
infecting air, skin or surrounding surfaces.[47] Conventionally, 
chemical disinfectants like chlorine, peroxides, quaternary 
amines, and alcohols are used to disinfection and sterilize 
personal protective equipment and other surfaces against a 
wide variety of pathogens.[48] Despite better chemical disin-
fectants, some limitations are also associated, such as high 
concentration requirements for complete viral load elimina-
tion, compromised effectiveness over time, and possible risks 
to public health and the environment.[49,50] Hence, metallic 
nanoparticles such as silver, copper, titanium dioxide have 
been proposed as alternative disinfection agents because of 
their inherent broad-spectrum antiviral activities, long time 
persistence, and requirement of a much lower dosage for 
effect.[51,52] Previous studies demonstrated that silver nano-
cluster and silica nanocomposite coating on face masks had 
antiviral effects against SARS-CoV-2.[53] For example, tita-
nium dioxide and silver ions nanoformulation is durable, self-
sterilizing, and applied for disinfecting surfaces. Similarly, 
titanium dioxide nanoparticles based photocatalytic coating 
on surfaces can decompose organic compounds, including 
viruses, in the presence of light by damaging the viral mem-
brane.[54] The antiviral nanomaterial coating can also be 
achieved into respiratory face masks to enhance their viral 
inhibitory effect.[55] Scientists successfully designed a breath-
able and disposable filter cartridge from cellulose nanofibers, 
which efficiently filters fine particles smaller than 100 nm.[56] 
Due to, high surface-area-to-volume ratio and specific phys-
icochemical properties, other nanomaterials such as graphene 
can also be incorporated to adsorb and complete eliminate of 
SARS-CoV-2 burden.[57] For example, a USA-based company 
has developed a reusable face mask made up of microporous 
conductive graphene foam that can trapping microorganisms 
and inactivates them through the conduction of electrical 
charge.[58] Nanoparticle-based colloidal suspensions are prom-
ising antiviral solutions for the disinfection and sterilization 
of personal protective equipment and other surfaces. Cho 
et al. 2014, formulated a mixture composed of colloidal silver, 
titanium dioxide (TiO2) NPs, a dispersion stabilizer, a binder 
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Figure 2.  SARS-CoV-2 structure and pathophysiology. A) SARS-CoV-2 life 
cycle: The viral spike (S) protein binds to the ACE2 receptor of the host. 
Following the entry, the virus envelope’s proteolytic cleavage occurs and 
facilitates the release of viral genomic RNA in the cytoplasm, leading 
to the formation of small RNAs (subgenomic mRNAs). These mRNAs 
are translated to several viral proteins (i.e., S, M, N, etc.) essential for 
the reassembly of the virus particle. These synthesized proteins (S, E, 
and M) enter the endoplasmic reticulum (ER), where nucleoprotein com-
plex formation occurs from the combination of nucleocapsid (N) pro-
tein and genomic positive RNA strand. The complete functional virus 
particle (proteins and viral genomic RNA assembly) occurs in ER-Golgi 
compartments of the host cell. These virus particles are then transported 
and released via vesicles formation and exocytosis; B) the interaction of 
ACE2-RBD (S protein): A single unit of peptidase domain of human ACE2 
(red) interacting with the RBD sequence of the virus Spike protein (blue), 
(boxed region represents the amino acid interactions sites). Reproduced 
with permission.[20] Copyright 2020, American Chemical Society.
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and water, showed efficient antibacterial, antifungal and anti-
viral activities.[59] Similarly, an Indian start-up has developed a 
nonalcoholic colloidal silver solution that can disinfect hands 
and other nonbiologic surfaces where the novel coronavirus 
may survive for a long duration.[60] Furthermore, metal nano-
particle-based coating formulations might be incorporated in 
air filter systems. For example, silver nanoparticle decorated 
silica particles is developed and coated on the air filters to eval-
uate filtration efficiency and antiviral activity in the presence 
of aerosolized virus particles. Subsequently, the result shows 
enhanced antiviral efficiency of the filter with coating areal 
density and diminishes dust loading.[61] Various nanoparticles 
have been formulated and tested for their antiviral activity 
with air filter coatings (Table 1).[62–68] So, these nanomaterials 
have considerable potential as disinfectants against patho-
gens, especially coronaviruses, due to their unique properties, 
including intrinsic antiviral, reactive oxygen species (ROS) 
generation ability, photodynamic and photothermal medi-
ated killing capabilities. Further, by applying biodegradable 
materials such as polymeric and lipid-based formulations, any 

hazardous effects of metallic nanomaterials on human health 
and the environment can also be prevented.[69]

3.2. Potential Application of Nanomaterial for Detection  
of Viruses

Human pathogenic viruses are a significant threat to human 
safety that cause fatal viral disease nowadays when humanity 
faces COVID-19 pandemic. The high prevalence of these dis-
eases is due to the unavailability of efficient and reliable detec-
tion tools. Therefore, there is an urgent demand to detect and 
identify viruses quickly, selective, and accurate. Different type 
of biosensors and kits has been designed, developed, and com-
mercialized for detection of viruses. However, they have many 
drawbacks (Table 2). Nanomaterial-based biosensors and detec-
tion kits look promising and have strong potential to overcome 
these challenges and perform real-time, direct detection of 
molecular targets in pathogenic viruses.[70] For the suspected 
patients showing initial symptoms, the Centre for Disease 
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Figure 3.  Nanomaterials for prevention and therapy of COVID-19. Integrating nanomaterials into personal protective equipment (PPE) can prevent the 
entrance of SARS-CoV-2 into the respiratory system. Nanomaterials could also be used as a carrier of drugs to the pulmonary system via inhalators. 
Cellular interaction of viral particles at the alveoli can be inhibited using targeted NPs against angiotensin-converting enzyme 2 (ACE2) receptors or 
viral S protein. Various mechanisms can inactivate viral particles systemically, such as neutralizing NPs or photocatalytic nanomaterials. Nanomaterial-
based vaccines or immunomodulation can prevent SARS-CoV-2 infection or even boost the immune response during infection. PDT, photodynamic 
therapy. Reproduced with permission.[46] Copyright 2020, American Chemical Society.

Table 1.  Typical antiviral nanoparticles for coating of air filters and protective equipment. PEDV, porcine epidemic diarrhea virus; NDV, Newcastle 
disease virus.

Nanomaterial types Size [nm] Antiviral activity References

Ag-NPs 7.1 Infected cells treated with Ag-NPs for 48 h have shown 98% survival [62]

Ag@OTV 3 Infected cell survival rate increased to 90% [63]

Ag2S NPs <5 Reduces PEDV load more than 99% [64]

Au-NPs 10 Reduce viral load to 92% after 6 h of incubation [65]

CuO NPs <100 Viral load reduction reached to five orders of magnitude [66]

Cu2O NPs 50 Reduced infection to 90% at concentration of 4 µg mL−1 [67]

TiO2 8 Effective antiviral activity against NDV at the concentration of 6.25 µg mL−1 [68]
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Control & Prevention (CDC) recommends collecting samples 
to diagnose the COVID-19 infection from the upper respiratory 
tract (such as nasopharyngeal and oropharyngeal swab) and, if 
possible, the lower respiratory tract (such as sputum, tracheal 
aspirate, or bronchoalveolar lavage). Additional samples (that 
is, stool and urine) can also be collected if required for further 
confirmation.[76] In routine-based testing, the infection of SARS-
COV-2 is determined by detecting viral genes, namely N, E, S, 
and RNA-dependent RNA polymerase (RdRP), using reverse 
transcription polymerase chain reaction (RT-PCR). Additionally, 
if required, the RNA-sequencing technique is also employed to 
confirm the presence of SARS-CoV-2 infection. However, these 
methods demand expertise in molecular biology techniques 
and expensive laboratory equipment whereas, results are prone 
to be falsely negative or vice versa in the low viral load in the 
swab sample.[77]

Recent advances in nanosciences and the development of 
printed electrodes on a chip, nanomaterial-based sensors, and 
detection kits became possible. They emerged as a reproducible 
and advanced tool for viral infection diagnosis. Fundamentally, 
the interaction between the receptor-decorated sensor and ana-
lyte becomes highly efficient due to nanosize devices’ large sur-
face-to-volume ratios.[78] Because of unique inherent properties 
such as physicochemical, mechanical, and magnetic, various 
nanomaterials, such as gold nanoparticles, carbon nanotubes 
(CNTs), magnetic nanoparticles, and quantum dots (QDs), have 
been exploring the development of biosensors.[79,80] Quantum 
Dots (QDs) are nanosized semiconductor crystals in a diameter 
range of 2–10  nm with specialized optical and electrical prop-
erties.[79] Underexposure to ultraviolet radiation, QDs emit dif-
ferent wavelengths of visible light. The emitted wavelengths are 
size-dependent on QDs, and the gap between energy bands in 

small QDs are higher than in larger QDs. So, after exposing 
small QDs under ultraviolet radiation, electrons move to a high 
energy level and release excess energy when they return to a 
steady state. As a result, visible light emitted from small QDs 
has high energy and tends to be blue, while large QDs emitted 
in the reddish range because of the small energy gap and loss of 
less energy. Accordingly, by enlarging the size of the QDs, the 
light spectrum shifts toward red from blue.[79,80] The light emis-
sion of QDs is a desired property for medical labeling, imaging 
or sensing applications such as distinguishing between normal 
and tumor cells, gene therapy studies, and proteomic anal-
ysis.[81] From the virology point of view, QDs are an essential 
tool for providing rapid, efficient, sensitive and real-time detec-
tion of pathogenic viruses for early monitoring and prevention 
of viral diseases.[81–83] For example, in a sandwich immunocom-
plex system, the mouse antihuman IgG (Ab1IgG) coupled with 
magnetic Fe3O4 nanospheres were used as an immune capture 
probe (Fe3O4@Ab1IgG). Rabbit antihuman IgG (Ab2IgG) cou-
pled with highly luminescent quantum dot nanobeads (QBs) 
as a fluorescence detection probe (QBs@Ab2IgG) was applied 
for high sensitivity detection. Under optimal conditions, the 
detection of human IgG with a lower limit at 4 pg mL−1 was 
achieved.[88] So, QDs have many promising unique properties 
for developing an efficient biosensor for tackling diagnostic 
challenges (Figure 5B). Additionally, some quantum dot-based 
sensors are summarized in (Table  3) which show promising 
detection efficiency toward diagnosing viral infections.[84–87]

Generally, commercially available testing kit operations are 
based on the interaction of complementary ligand or nucleic 
acid strands with antibodies (enzyme linked immunoassay 
(ELISA)) or RNA (RT-PCR) associated with the virus.[89] Some 
limitations are associated with these kits, such as false-negative 
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Table 2.  Advantage and disadvantages of conventional viral detection methodologies.

Detection technique Detection principle Detection time Advantages Disadvantages References

Cell culture Infectivity assay Days Broad spectrum; 
inexpensive

Difficult to maintain cell cultures; prone to 
contamination

[71]

Electron microscopy Viral particle Hours Broad spectrum; rapid 
method

minimum 106 particles mL−1 required for 
detection, prone to cross morphologies

[72]

Hemagglutination assay Viral protein Hours Easy; inexpensive Less sensitive, fresh reagents required [73]

ELISA Viral protein Hours Single step process; 
effective at high analyte 

concentrations.

High analyte concentration required, 
produced antigen or antibody responses are 

indistinguishable in one step

[74]

PCR Viral nucleic acid Hours Extremely high sensitivity; 
easy to set up

Highly prone to contamination, difficult to 
quantitate results

[75]

Table 3.  Quantum dot based nanosensors previously explored for viral infection detection. Hepatitis virus B (HBV); Epstein–Barr virus (EBV).

Virus Biosensor type Interaction site Labeling site QDs type Purpose References

HBV Optical Virus nucleocapsid RBV SA-QDs Single-virus tracking [84]

EBV Optical Carcinoma cells 
membrane

Anti-EBV capsid  
antigen IgA

CdTe@dBSA-QDs Early screening and Diagnosis 
of EBV-associated infections

[85]

Avian Leukosis Virus 
(ALVsJ)

electrochemical Envelope Anti-ALV s-J-Ab2 GQD Viral detection [86]

Influenza Vaxigrip Electrochemical Envelope HA vaxi CdTe-QDs Virus vaccine isolation and 
detection

[87]
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results, long response times, and poor analytical sensitivity.[90] 
Researchers have recently developed a colloidal gold-based 
testing kit that facilitates easy conjugation of gold nanoparticles 
to IgM/IgG antibodies in human serum, plasma, and whole 
blood samples to overcome such challenges.[91] However, the 
targeted IgM/IgG antibodies in this detection method were not 
specific to COVID-19. In some cases, it produced false negative 
or positive results in patients suffering from health complica-
tions other than coronavirus infections.[91] In another approach, 
researchers from the University of Maryland, USA, developed 
a colorimetric assay based on gold nanoparticles, capped with 
efficiently designed thiol-modified DNA antisense oligonu-
cleotides specific for N-gene (nucleocapsid phosphoprotein) 
of SARS-CoV-2.[92] This colorimetric assay was able to diag-
nose positive COVID-19 cases from the isolated RNA samples 
within 10 min.[92] These kinds of testing kits can be potentially 
valuable to provide a real-time diagnosis of novel coronavirus 
infections. However, their performance would still be affected 
by the viral load. To overcome such limitations, scientists devel-
oped a unique dual-functional plasmonic biosensor by incorpo-
rating the plasmonic photothermal effect and localized surface 
plasmon resonance (LSPR) based sensing transduction that 
provides an alternative and promising detection tool for clinical 
COVID-19 diagnosis.[93] Through nucleic acid hybridization, 
2D gold nanoislands functionalized with complementary DNA 
receptors facilitate sensitive detection of the selected sequences 
from SARS-CoV-2. To enhance sensing performance, thermo-
plasmonic heat is generated on the gold nanoislands chip when 

illuminated at their plasmonic resonance frequency. Outstand-
ingly, this dual-functional LSPR based biosensor has shown 
high selectivity toward the SARS-CoV-2 gene sequences with a 
detection limit as low as 0.22 × 10−12 m.[93] A colloidal gold nano-
particle-based lateral-flow (AuNP-LF) assay has also been devel-
oped to achieve fast and on-site detection of the IgM antibody 
in host serum sample against the SARS-CoV-2 through the 
indirect immunochromatography method. The IgM detection 
performance of the AuNP-LF assay kit was evaluated by testing 
serum samples of COVID-19 infected patients and normal 
humans. Results were compared with the RT-PCR, which 
showed 100% and 93.3%, respectively (Figure  5A).[94] Further, 
to get rapid and highly sensitive detection of SARS-CoV-2 in 
clinical samples, ultrasensitive field-effect transistor (FET)-
based biosensors have shown promising results.[95] Coating 
of graphene sheets of the FET can develop this system with a 
specific antibody against SARS-CoV-2 spike protein.[95] The FET 
devices can detect the spike protein at concentrations of 1.31 × 
10−5 × 10−12 m in phosphate-buffered saline (PBS) while 1.31 ×  
10−3 × 10−12 m in clinical transport medium with no recordable 
crossreactivity against MERS-CoV antigen.[95] Paper-based col-
orimetric sensors might be helpful in nucleic acid detection 
based on pyrrolidinyl peptide nucleic acid (acpcPNA)-induced 
silver nanoparticle aggregation, applied for SARS-CoV-2, which 
was successfully used for MERS-CoV, mycobacterium tubercu-
losis and human papillomavirus detection (Figure  4).[39,96] In 
this way, nanomaterial-based biosensors and real-time detection 
kits can facilitate faster, more accurate, and reliable detection of 
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Figure 4.  Schematic diagrams are showing different examples of nanomaterial-based COV detection methods. a) The conjugate of fluorescent Zr QDs 
and magnetic nanoparticles with antibodies binds specifically to COV. In COV, a magnetic fluorescent complex is formed, isolated magnetically and 
detected by fluorescence measurements. b) Nanotraps are employed to concentrate COV to improve their stability, and facilitating their detection. 
c) Reverse transcription PCR (RT-PCR) is carried out in the presence of nanoparticles, improving the efficacy of the polymerase chain reaction, and 
resulting in better detection sensitivity of this method. d) COV detection method, which is based on the interactions between complementary DNA 
originating from COV and acpnPNA probe at the surface of Ag-NP, results in a separation between Ag-NPs, and a yellow color associated with the 
luminescence of well-dispersed Ag-NPs, further revealing COV presence. Reproduced with permission.[39] Copyright 2020, American Chemical Society.
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Figure 5.  A) Description of operation principle of the Au-nanoparticle based lateral flow (NPLF) strip. Reproduced with permission.[94] Copyright 
2020, American Chemical Society. B) Schematic presentation of the determination of human IgG based on fluorescence linked immunoassay (FLISA). 
Reproduced with permission.[88] Copyright 2020, American Chemical Society.
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the virus even at the early stages of the infection (low viral load) 
due to the versatility of surface modification of nanoparticles.

3.3. 2D Materials (2DMs) for the Sensing of SARS-CoV-2

The rapid advances of 2DM biosensors have gained massive 
momentum in the healthcare sector’s development and com-
mercialization of sensing devices.[97,98] The 2DM family of 
members contains graphene, transition metal dichalcogenides 
(e.g., MoS2), nonmetallic nanosheets such as hexagonal boron 
nitride and graphitic C3N4 (gC3N4), transition metal dioxides 
(e.g., MnO2), and transition metal carbides and nitrides known 
as MXenes (e.g., Ti3C2) and Xenes (e.g., phosphorene, com-
monly named black phosphorus) that can exhibit electrical, 
optical, and electrochemical properties. These unique inherent 
properties of 2DM can be exploited to enhance the sensitivity 
and reach minimum bio analyte detection limits. Similarly, 
2DMs exhibit a wide range of specific electronic properties, 
ranging from metallic/semimetallic (e.g., graphene) to semi-
conducting (e.g., MoS2) and insulating (e.g., hexagonal boron 
nitride), that are crucial for establishing different elements of 
biosensors. 2DM biosensors allow rapid and efficient detection 
of viruses, viral components like nucleic acid, and host-asso-
ciated biomolecules such as antibodies, which simplifies the 
development and reduction of both cost and time compared to 
conventional assays. The selectivity between two analytes can 
be made high, allowing the differentiation of virus subtypes.[99] 
Primarily developed 2DM-based biosensors based on electro-
chemical and electrical detection of the viruses; however, colori-
metric immunoassay and SERS, SPR, and fluorescent optical 
sensors were also reported.[100–106] The development of a rapid 
and précised diagnostic platform for the direct detection of 
intact viruses and viral antigens like spike proteins, envelope, 
matrix, and nucleocapsid along with nucleic acid in clinical 
samples is needed to mitigate the COVID-19 pandemic. A FET 
graphene biosensor was recently developed to detect SARS-
CoV-2 in clinical samples such as nasopharyngeal swabs from 
COVID-19 patients.[107] Coronaviruses are assembled with four 
structural proteins: spike, envelope, matrix, and nucleocapsid. 
The spike protein was used as the antigen, as its amino acid 
sequence varies among coronaviruses allowing SARS-CoV-2 
selectivity. The spike protein of SARS-CoV-2 is vital for host 
cell entry. A specifically designed antibody against SARS-CoV-2 
spike protein was immobilized on the graphene-based device, 
which could differentiate between SARS-CoV-2 from another 
coronavirus (MERS-CoV). Increased detection limit could be 
reached by increasing the signal-to-noise ratio by using other 
2DMs.

Nucleic acid biosensors are widely developed for the detec-
tion of viruses. These devices mainly rely on electrochemical 
and fluorescence detection, while colorimetric, electrical, pho-
toelectrochemical, SERS, and electrochemiluminescence-based 
devices for sensing nucleic acids were also designed.[105,108] 
Many fluorescence detection systems exploit different adsorp-
tion profiles of oligonucleotide fragments on the surface of 
various types of 2DMs upon a conformational change after 
binding with the target viral nucleic acids. The planar struc-
ture of 2DMs allows the stable adsorption of many types of 

DNA probes. 2DMs such as graphene oxides (GO) are proved 
to offer great adsorption properties for single-stranded DNA 
(ssDNA) over double-stranded (dsDNA). The bases of ssDNA 
are partially uncoiled and can be exposed to the 2DM surface. 
In addition to the diverse use of GO, other 2DMs such as MoS2, 
graphdiyne, g-C3N4, δ-FeOOH, Ti3C2, metal-organic framework 
(MOF), and covalent-organic framework (COF) nanosheets can 
also be employed as fluorescence quenchers. The fluorescence-
based biosensors mainly rely on different adsorption capacities 
of fluorescently tagged DNA or RNA on the 2DM surface after 
binding with the target viral nucleic acids that induced con-
formational changes. As an alternative to labeling with fluoro-
phores, DNA probes can also be conjugated to DNAzymes.[99] 
the combination of lateral flow test strips incorporating 2DMs 
and nucleic acid amplification by PCR can develop relatively 
fast response devices at a low cost. In our opinion, FETs can be 
investigated further for DNA sensing because of the charged 
phosphate backbone that could induce doping and hence be 
used as the transducing mechanism in such devices. Finally, 
beyond virus detection, the possibility of simultaneous detec-
tion and silencing of viral genes offers a great example that 
such a use of 2DMs is an effective approach for developing 
future theragnostic platforms for viral infections. It is also con-
siderable that 2DMs, other than graphene, lack well-developed 
and reliable synthesis methods for large-scale production to 
ensure structural homogeneity of 2DMs in terms of size and 
thickness. Moreover, some 2DMs, particularly graphene, tend 
to restack through the formation of multilayers due to strong 
noncovalent interlayer interactions. The reduced active sur-
face area may impact the performance and reproducibility of 
2DM-based biosensors. To overcome this challenge, the intro-
duction of spacers or the construction of 3D networks can limit 
restacking. In addition, 3D graphene materials display remark-
able properties, such as enhanced conductivity and electrocata-
lytic properties in all directions, high surface area, and more 
controlled pore sizes.[99,116,117]

3.4. Inactivation Strategies of the Virus Before Entry in the  
Host Cell

Nanomaterials can be synthesized with a large surface area 
(smaller in size). Therefore, based on surface properties, 
nanomaterials efficiently adsorb biomolecules and form a 
biomolecular corona.[42] Considering the biocompatibility of 
nanomaterials, this passive, nontargeted adsorption might be 
utilized to bind with viruses’ surfaces. Viral surface proteins are 
mainly enriched by sugar moieties or having positively charged 
amino acid sequences that ensure the selective binding to host 
cell surface lectins or glycosaminoglycans (GAGs) of heparan 
sulfate (HS) receptors.[42] Selective interactions of virus parti-
cles with host cell receptors are further ensured by multivalent 
binding; that is why single-molecule inhibitors are often not 
capable of interfering with this important event, but multiva-
lent NPs are superior to block binding of different viruses the 
host cell.[118] For example, cell-surface receptor heparan sulfate 
mimetic Gold NPs capped with mercaptoethane-sulfonate are 
effective inhibitors of HSV type 1 infection which, competitively 
binds to the virus spike proteins. These polyvalent sulfated 
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Au-NPs inhibit virus binding to the host cell, dependent on 
their size.[119] Papp et  al. demonstrated that sialic acid (SA) 
decorated gold NPs effectively inhibited the interaction of the 
influenza virus to the target cell receptors.[120] Recently, another 
research group reported that antiviral NPs (Au and iron oxide 
core) adsorbed long and flexible linkers mimicking HS that 
strongly bind irreversibly and inactivate respiratory syncy-
tial virus (RSV) in a lung infection model.[121] In an advanced 
therapeutic approach, seven different surfaces functionalized 
carbon quantum dots (CQDs) were investigated for treating 
human coronavirus HCoV-229E infections (Figure  6A,B).[122] 
These functionalized CQDs showed a concentration-dependent 
antiviral effect with an estimated EC50 of 52  ± 8  µg mL−1. 
The antiviral mechanism of these CQDs was revealed, which 
demonstrated that it inhibits HCoV-229E entry due to the inter-
action of the functional groups of the CQDs with HCoV-229E 
receptors.[122] Some surface-functionalized antiviral nanopar-
ticles with their mode of action are summarized in (Table  4) 
which showed potent antiviral activity against different viruses 
(Figure  6C).[123–148] Hence, many studies strongly support bio-
compatible, surface-functionalized NPs can act as broad-spec-
trum antivirals specifically against SARS-CoV-2. Fortunately, the 
receptor-binding domain of the spike S1 protein of SARS-CoV-2 
binds with both ACE2 and heparin, which multivalent binding 
nanoparticles can target.[149] Another strategy like administra-
tion of recombinant ACE2 to inhibit binding competitively via 
the spike S1 protein can also be promising to inhibit the viral 
uptake.[150] Thus, many surface functionalization options and 
technologies can be explored for selective targeting of virus 
binding with the host cell surface receptors.

The re-exploration of the antimicrobial uses of silver provides 
another large view at the interface of chemistry and medicine, 
of the nonlinear progress of scientific research. Several effective 
new silver-based antimicrobial formulations have been com-
mercialized in the last two decades as next-generation broad-
spectrum antivirals with low toxicity and affordable cost.[151] 
Nano Ag has been widely used as antibacterial material due 
to its high specific surface area and unique tunable chemical 
and physical properties.[152] The antiviral properties of Nano-Ag 
have also been extensively studied. According to the available 
literature, the antiviral mechanism of nano-Ag is as follows: 1) 
Nano Ag has a strong adsorption affinity toward the virus and 
interacts with the viral envelope protein, which can affect the 
interaction between the virus and the cell receptor, thereby 
preventing the entrance of virus in the host the cell.[153] The 
adsorption effect may depend on the size effect of nano-Ag.[154] 
2) Nano Ag combined with the virus can release Ag ions, which 
react with viral proteins and inactivate them, or react with viral 
nucleic acids to prevent viruses from replicating.[155] 3) Nano-
Ag’s surface can activate oxygen to produce ROS, which oxi-
dizes the virus and seriously damages its structure.[156,157]

In another example, through a fluorescence spectroscopic 
approach, Tiwari et  al. 2020, studied the interaction of poly-
ethylenimine (PEI) functionalized silver nanoparticles with 
cells of Acinetobacter baumannii.[158] The reports have shown 
that the silver nanoparticles selectively bind with surface-
expressed proteins, quenching the autofluorescence of pro-
teins damaging the cell structures at shallow MIC values 
(≈5 µg mL−1).  Similarly,  they have also utilized other capping 

agents like 3-aminopropyletrimethoxysilane, 3-glysidoxypropy-
letrimthoxysilane and organic reducing agents’ cyclohexanone 
and formaldehyde.[159] However, the MIC value of these silver 
nanoparticles was high in comparison to PEI functionalized 
Ag-NPs.[159] Mechanistically, compared to the size of the SARS-
CoV virus (100–150  nm), including other human and plant 
pathogenic viruses, the 5–10 nm sized PEI functionalized silver 
nanoparticles have a great affinity toward the surface biomol-
ecules, particularly proteins and resulting inactivation. Thus, 
it should be considered that SARS-CoV-2 viruses have protea-
ceous spike receptors that play a fundamental role during the 
infection. The inactivation of viral receptor protein by function-
alized silver nanoparticles can prevent the entrance of the virus 
inside the host cell. In another mode, due to the small size of 
silver nanoparticles, it can enter the cell and inactivate the rep-
licating viruses. The surface charge and size of silver nanoparti-
cles with PEI capping can also be tuned as per requirement by 
using a varying molecular weight of PEI.[158] PEI molecules can 
be linear or branched. It has also been studied that the higher 
molecular weight of PEI functionalized silver nanoparticles 
had a more potent effect on the bacterial cell. The polyethyl-
eneimines are cationic, hydrophilic polymers and functionali-
zation of silver nanoparticles have great scope as an air disin-
fectant, antiviral surface coatings, antiviral coating of masks, 
PPE kits, and household exhausts as front-line defense material 
against COVID-19 or other viral and microbial pathogens from 
humans to plants.[158]

Graphene and its derivatives are an exciting member of the 
carbon nanostructures group (graphene, the building block of 
graphite). Structurally, graphene’s are anatomically 2D layers of 
hexagonally bonded carbon atoms. Such carbon structure can 
exhibit fundamental properties such as large specific surface 
area, high mechanical strength, electron conductivity, optical 
and catalytic characteristics.[160–174] These unique properties of 
graphene and its derivatives have made these nanostructured 
materials suitable for various biological and medical applica-
tions, including antipathogenic applications.[175–181] In order to 
cope with the current COVID-19 pandemic, It should be men-
tioned that the antibacterial and antiviral activity of graphene 
or graphene-based nanomaterials can be explored based on 
various effects, including membrane, oxidative, and photo-
thermal stresses as well as charge transfer, and the entrapment 
effect of graphene materials on various bacterial species.[182,183] 
One important aspect is the interactions between the virus 
and graphene-based materials. Graphene and its derivatives 
exhibit the ability to inactivate different viruses through various 
mechanisms, namely photothermal activity and inhibit cel-
lular infection by binding the nanomaterials to the S-protein of 
viruses or host cell receptors. Two critical characteristics of gra-
phene materials are based on their functionalization capability 
and being used as the substrate to load other antiviral agents 
homogeneously. In contrast with graphene, GO is the oxidized 
form of graphene with hydroxyls, epoxides, diols, ketones, or 
carboxyl functional groups located on its surface. The presence 
of oxygen on the basal planes and edges of GO increases its 
hydrophilicity, water dispersibility, and attachability compared 
to graphene. This activity has been evaluated using RNA (por-
cine epidemic diarrhea virus, PEDV) and DNA (pseudorabies 
virus, PRV) viruses as a model.[184,185] PEDV is a coronavirus 
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that infects pigs, causing severe diarrhea and dehydration, 
resulting in significant piglet mortality. PEDV cannot be trans-
mitted to humans.[186] The graphene and graphene-based anti-
virals can be exerting their effect via direct antiviral, through 
photocatalysis, graphene oxide-silver nanocomposite systems, 
cell surface mimetics, and search and destroy strategy.

The exploration of antiviral properties and applications of 
carbon-based nanomaterials such as graphene and graphene 
oxide are still under investigation, and much research is needed 
to assess the potential of these materials. Carbon nanomaterials 
have, however, the potential to create antiviral systems with 
reduced toxicity. Thus, a full cytotoxicity assessment appears to 
be the main issue to develop antiviral applications for such a 
class of materials.

3.5. Nanomaterials Coated Filtration System to Inactivate the 
SARS-CoV-2

An effective PPE kit (personal protective equipment) is the 
first-line defense weapon for health professionals and the gen-
eral public to fight against the spread of SARS-CoV-2.[187] The 
employment of masks has proved an integral part of complete 
prevention that can minimize the spread of respiratory viral 
infections like COVID-19.[188] However, no effective antimi-
crobial or antiviral agent coated PPE kit is currently available, 
thereby providing people with passive barrier protection. The 
PPE reduces the chance of microbes/viruses releasing into the 
air but cannot inactivate or prevent the spread of microbes/
viruses in the filtration systems.[189] Even high efficiency par-
ticulate air (HEPA) filters can only trap the virus particle but 
not kill them. Hence, the development and rapid production of 
antiviral coated face masks and other protective materials that 
can destroy the microbe/virus and immobilize the aerosol drop-
lets should be a top priority to limit airborne transmission of 
COVID-19.

Several nanotechnology-based interventions using suitably 
designed materials for trapping and inactivation of COVID-19 
are currently being developed, e.g., deposition of Ag nanoparti-
cles on the filter surface (Mask and PPE), use of photocatalytic 
materials, carbon materials, catechin based filters can show 
virucidal activity. Self-assembling silver nanoparticles spray 
recently been documented involving the active role of siloxane-
silver nanoparticles nanofluid.[190,191] This enabled the self-
assembling of silver nanoparticles over various solid substrates, 
including mask and PPE.[192]

Graphene oxide has been proved as an antiviral mate-
rial for the inhibition of viral helicase. Some studies con-
ducted with SARS-CoV and hepatitis C virus non-structural 
protein 3 (HCV-NS3) helicase have shown that viral helicase 

adhered to the surface of graphene oxide by π−π stacking 
interactions between hexagonal units of graphene oxide and 
nucleotides.[193,194] This interaction facilitates the employment 
of graphene as a coating material to boost the viral trapping 
properties of the mask.[195] Multifunctional nanomaterials like 
“nanoflowers” of transition metal dichalcogenides have the 
potential to accommodate a high proportion of nanoparticles 
and active molecules on their surfaces and edges, thereby 
inactivating pathogens by disrupting their cellular functions. 
Because of their many properties, such as high air stability and 
strong substrate adhering nature, the virus is quickly detected 
and inactivated by these nanoflowers, making them applicable 
for use in various filtration platforms.[196] The antiviral prop-
erties of Metal nanoparticles are well established, especially 
silver nanoparticles (Ag-NPs). They act as inhibitors of viral 
replication and target viruses for their viricidal action. For 
example, Ag-NPs inhibit the HIV-1 virus entry in host cells and 
can interact with cell receptors.[197] It is also documented that 
Ag-NPs interact with a viral genome and inhibit viral replica-
tion in double-stranded RNA viruses. Similarly, biocompatible 
polymer-stabilized gold nanoparticles (AuNPs) have shown 
antiviral activity against HIV-1 and other influenza virus sub-
types (e.g., H1N1, H3N2, H5N1). It has also been documented 
that sulfated ligand coated gold nanoparticles, silver nanopar-
ticles, and hybrid silver−copper nanoparticles can bind the 
HIV envelope glycoprotein (gp120) and inhibit cellular HIV-1 
infection in vitro.[198,199] Furthermore, tannic acid and mercap-
toethanol-sulfonate functionalized Ag-NPs can prevent HSV 
infection by specifically inhibiting virus binding, penetration, 
and spreading post-infection.[200,201] The application of these 
antiviral metal nanoparticles could greatly help enhance a 
mask’s filtration and viral trapping efficacy. They can also be 
applied to modify surgical masks, respirators and other protec-
tive equipment in combating the spread of COVID-19. Other 
metal nanoparticles like copper and zinc nanoparticles have 
been explored for their antimicrobial and antiviral effects. 
In a study, Hang et  al. investigated the inhibitory property of 
cuprous oxide nanoparticles (CO-NP) against Hepatitis C virus 
(HCV) infection. They reported that CO-NPs at nontoxic con-
centrations could significantly inhibit attachment and entry of 
HCV pseudoparticle (HCVpp) in the host cell.[68] Similarly, Cu 
metal nanoparticles were also influential in inactivating the 
human coronavirus through a ROS dependent mechanism.[202] 
Owing to these unique properties, Cu nanoparticles can 
be used as an antiviral coating material. A mask containing 
nanofibers embedded with CuO has been developed by the 
Respilon group, which can filter out viruses, and CuO present 
on the nanofibers is assumed to kill trapped viruses.[203]

Similar to copper, the divalent metal ion of Zn is also an 
effective antiviral agent. A study conducted to understand 
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Figure 6.  A) Viral inhibition using CQDs-3, CQDs-5, and CQDs-6. B) Influence of CQDs, prepared by hydrothermal carbonization, on the binding of 
HCoV-229E virus cells: a) inhibition of protein S receptor interaction, and b) inhibition of viral RNA genome replication. Reproduced with permis-
sion.[122] Copyright 2019, American Chemical Society. C) Schematic diagram of diphyllin antiviral mechanism. Diphyllin demonstrated prominent 
inhibitory activity in anti-feline infectious peritonitis virus (FIPV) infection by attenuating cellular organelle acidification, thus blocking virus entry. In 
addition, diphyllin treatment displayed significant suppression in the viral load of Antibody Dependent Enhancement (ADE) of FIPV infections. By 
using a nanoparticulate drug delivery system, diphyllin exhibited improved safety and enhanced antiviral activity. Reproduced under terms of the CC-BY 
licence.[123] Copyright 2017, The Authors, published by Springer Nature.
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the antiviral effect of metal ions such as Hg2+, Zn2+, and 
Cu2 were tested. Among all metal ions tested, Zn2+ exhib-
ited more effective inhibitory properties.[204] Reports dem-
onstrated that Zn2+ ions and Zn2+ ionophores effectively 
inhibit replicase and RdRp enzymes of SARS at a molecular 
level.[205] Another study established that PEGylated ZnO nan-

oparticles effectively reduce the number of copies of herpes 
simplex virus-1 DNA.[206] In addition to the antiviral prop-
erty at the biomolecule interface, coating surfaces with ZnO 
makes the surface water repellent and thus helps protect 
against contamination with any body fluids/droplets such as 
blood.[207]

Part. Part. Syst. Charact. 2022, 39, 2100159

Table 4.  Some nanoformulated antiviral nanomaterials and their antiviral mechanism. FCoV, feline coronavirus; PEDV, porcine epidemic diarrhea 
virus; TGEV, transmissible gastroenteritis virus; PRRSV, porcine reproductive and respiratory syndrome virus; HSV, herpes simplex virus; HV, herpes 
virus; RSV, respiratory syncytial virus; HAV, hepatitis virus A; MPV, human meta-peumo-virus; NA, data not available.

Nanomaterial backbone Size [nm]/shape Active nanoagent Virus type Results References

PEG−PLGA 40 nm Diphyllin F-CoV Combination of PEG−PLGA-diphyllin 
mediated reduction of endosomal 

acidification in fcwf-4 cells

[123,124]

Graphene-Ag 7.5 nm Ag-NP F-CoV In fcwf-4 cells, prevents infection of 
F-CoV

[125]

Ag2S nanoclusters Sphere 3.2 nm Ag2S Nanoclusters PEDV Reduces PEDV infection in Vero 
cells by blocking RNA synthesis and 

budding.

[126]

Ag-NP and NW <20 nm Ag NP/NW TGEV Reduces TGEV infection in ST cells [127]

Graphene oxide NA NA RSV Directly bind with virus and block 
attachment to host cell

[128]

Nanogel NA NA PRRSV Inhibit attachment and penetration. [129]

Ag-NPs NA NA HV Inhibit viral attachment [130]

Graphene oxide NA NA HV Viral attachment inhibitor [131]

Au-NPs NA NA HV Inhibition of viral attachment and 
penetration

[132]

Nanocarbon NA NA HV Inhibit virus entry in cell [133]

Silicon nanoparticles NA NA Influenza A inhibit progeny virus formation [134]

Gd2O3:Tb3+/Er3+ 
nanoparticles

NA NA Zika virus Act as antigen carriers for Zk2 peptide 
of Zika virus

[135]

Copper oxide nanoparticles NA NA HSV type 1 Leads to oxidation of viral proteins 
and degradation of viral genome

[136]

Zirconia nanoparticles NA NA H5N1 influenza virus Induce cytokines production [137]

Zinc oxide nanoparticles NA NA H1N1 influenza virus Inhibit virus multiplication [138]

Surface functionalized Antiviral Ag-NPs

Ag-NPs Spherical 1−10 nm Foamy carbon, PVP and BSA HSV type1 Interacts with viral protein gp120 [139]

Ag-NPs NA PVP, BSA, and recombinant 
F protein (RF 412)

RSV Interacts with G-protein on the virus 
surface

[140]

Ag-NPs Spherical 2−5 nm Oseltamivir, Amantadine, 
Zanamivir

H1N1 influenza virus Block the activity of neuraminidase 
and hemagglutinin

[141,142]

Ag-NPs NA Poly-phosphonium-oligo-
chitosans

HAV, NoV and CoxB4 Inhibit viral attachment and 
penetration

[143]

Ag-NPs Spherical 10−80 nm Polysaccharide MPV Blocking virus-host cell binding and 
penetration

[144]

Ag-NPs Spherical 10 nm Polysaccharide TCRV Inactivates virus outside host cell [145]

Ag-NPs Spherical 4 nm Mercapto-ethanesulfonate HSV-1 Competitive inhibition of viral binding 
to the cell

[146]

Ag-NPs Spherical 2−5 nm PEI and antiviral siRNA EV71 Prevent accumulation of ROS and 
leads to activation of AKT and p53 

proteins

[147]

Ag-NPs Spherical 46 nm Tannic acid HSV-2 Blocks the attachment, penetration, 
and spread of viral particles to the 

host cell

[148]
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3.6. Nanomaterial-Based Nanovaccines Strategies against 
SARS-CoV-2

From reporting the genetic sequence of SARS-CoV-2 on Jan-
uary 11, 2020, rigorous research efforts have been dedicated 
to developing a vaccine against COVID-19. Several research 
groups globally are developing the coronavirus vaccine, which 
is either under clinical trial or in the preclinical stage and can 
take months to years to commercialize for mass immunization. 
Considering vaccine and immunization research, nanomate-
rials can provide multiple ways to induce the immune system 
and direct the immune response, specifically against SARS-
CoV-2 antigens. A vaccine’s development depends on the direct 
administration of viral antigens such as recombinant spike pro-
teins, vectored vaccines, whole inactivated/attenuated virus, or 
RNA viral antigens. Generally, antigens for immunization are 
viral surface proteins such as the immunogenic spike protein 
(S1), potentially targeted by patients’ antibodies.[40] Because the 
S1 protein is vital for cellular uptake of virus inside a host cell, 
several scientists explore this protein as the primary target for 
a vaccine. There are some challenges related to the safe and 
efficient administration of a drug, protein, or RNA into the 
patient. Sometimes the cargos are prone to degradation, low 
bioavailability, and immediate clearance. Nanotechnology pro-
vides an excellent platform to tackle these challenges, though 
nanocarriers can overcome some of these limitations. Fur-
thermore, biocompatible polymeric, lipid-based, or inorganic 
NPs can be designed for their physicochemical characteristics 
to encapsulate cargo proteins with high loading efficiency, 
enhanced protein delivery, and improved pharmacokinetics 
over conventional approaches.[208] The success of vaccination 
depends on the suitable type of polymer in combination with 
the antigen. It is observed that the intranasal administration 
of polymer encapsulated antigen triggers a robust immune 
response.[209,210] Likewise, researchers have developed lipid 
and lipid-based nanoparticles as a delivery vehicle for mRNAs 
and siRNAs delivery to enable the synthesis of vital viral pro-
teins for vaccination or to inactivate critical viral target genes, 
respectively.[211] A lot of nanoformulated anti-coronavirus vac-
cines have been developed. They offer better efficacy and 
immune induction than their non-nanoformulated counter-
parts. These specialized vaccines have a nanomaterial backbone 
of gold nanoparticles, polymers such as PLGA, chitosan, PEI, 
or protein assemblies (Table 5).[213–224] The backbones are con-
jugated or decorated with an active ligand consisting of COV 
antigen, specific COV proteins such as spike (S1).[212] When 
mice and chickens were immunized with nanoformulated vac-
cines, it induces the production of cytokines, essentially γ-IFN, 
IL-1β, IL-2, and IL-6, as well as an enhanced activity of spe-
cific immune cells as macrophages, lymphocytes, and B cells, 
were observed.[212] COVID-19 have a crucial feature to trigger 
uncontrolled cytokine release in the patient body, cumulatively 
known as cytokine release syndrome (CRS), which leads to an 
excessive immune response and severe clinical complications. 
This inflammatory storm leads the acute respiratory distress 
syndrome (ARDS) associated with multiple-organ failure, 
ultimately causes the death of patients. Remarkably, the role 
of interleukin (IL)-6 has been revealed in ventilator assisted 
patients. Interleukin (IL)-6 is a well-regulated host’s innate 

immunity triggered cytokine response against an infection. The 
overproduction, unbalanced and prolonged cytokine response 
can severely harm the host body. Therefore, therapeutic options 
for effective suppression of the host immune system triggered 
cytokine storm are under investigation. Nanomaterials have 
been exploited to maintain the immune response to a balanced 
level, and such proprieties might be explored to control the 
cytokine storms. Nanomaterial-based systems can potentially 
enhance the efficiency of immunosuppressive drug delivery to 
targeted immune cells, prevent drug distribution to nontarget 
tissues and organs, and minimize side effects. Additionally, 
rationally designed nanosystems can be explored to evade the 
immune system and increase the solubility of poorly soluble 
immunosuppressive agents.

3.7. Photodynamic and Photocatalytic Approaches  
for Inactivation of SARS-CoV-2

In addition to antiviral and nanoformulated vaccine strategies, 
photodynamic therapy (PDT) and photocatalytic inactivation 
process promising and unique way to destroy the SARS-CoV-2. 
Using a light-dependent method, PDT attacks virus-infected 
cells via the excitation of photosensitizers (PSs), which leads 
to the generation of ROS in the presence of oxygen and, ulti-
mately, cell death takes place. Conventionally, photodynamic 
therapy is applied to treat various oncological disorders.[225] 
Despite being explored to treat oncological disorders, PDT has 
some limitations related to photosensitizers. Several photosen-
sitizers are hydrophobic and prone to get aggregate in aqueous 
solutions that affect their photochemical and photobiological 
properties and limit the application as virotherapy.[226,227] Sev-
eral nanomaterial-based approaches have been made to tackle 
the challenges of improving photosensitizer physicochemical 
properties for effective use of PDT as a pathogen eliminating 
methodology (Table  6).[246–284] Lim et  al. have introduced an 
efficient, NPs-based model for photodynamic elimination 
of viruses in this row. In this system, sodium yttrium fluo-
ride (NaYF4) upconversion NPs (UCNs) developed with zinc 
phthalocyanine photosensitizer grafted onto their surface. The 
PEI coated UCNs were hydrophilic and easier to manipulate. 
These UCNs showed antiviral activity against both enveloped 
and nonenveloped viruses models such as Dengue virus sero-
type 2 and adenovirus type 5.[228] Similarly, considering the 
physicochemical properties of photosensitizer, biocompatible 
MXenes, such as Ti3C2Tx, have shown promising results.[229] 
MXenes are hydrophilic and explored as the most efficient 
light-to-heat transforming materials.[229] The plasmonic reso-
nance extinction maxima of Ti3C2Tx and several other MXenes 
have at 780 nm, making it suitable for using near-infrared (IR) 
light-mediated PDT.[230] In addition to being hydrophilic, they 
also carry a highly negative charge (in solution, zeta-poten-
tial value is between −30 and −80 mV). For example, Ti3C2Tx 
MXene has a solid ability to absorb amino acids; in this way, 
it would probably bind to viral spike proteins and immobilize 
the virus, followed by deactivating it.[231] MXenes are photo-
catalytically active, and when a virus is adsorbed onto the sur-
face, it can inactivate the virus under light exposure.[222–234] A 
vast range of MXenes, including Ti3C2Tx, Ta4C3Tx, Nb2CTx, 
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Table 6.  Summary of nanomaterial-based approaches for the improvement of physiochemical properties of photosensitizers (PSs).

Approach Chemical moiety Action mechanism Physicochemical characteristics References

Development of advanced PSs 
with unique physicochemical 
properties

Organic derivatives of conventional 
PSs, nanoparticle-based organic dyes

Intramolecular or intermolecular 
resonance energy transfer

Highly biocompatible, involved in type II 
PDT and less Stable

[246–249]

Inorganic semiconductors such as 
TiO2, β-SnWO4, G-QDs, bismuth 

oxyhalide, and Cd-Se

Separation of electrons holes from 
the covalent band and conduction 

band

Highly stable, tunable optical properties, 
involved in type I and type II PDT

[250–259]

On the basis of utilization of  
different lights

NIR-activated nanomaterials such 
as UCNP-based Nanoplatforms and 

TPA

FRET from photoconverting or self-
illuminating nanoparticles to PSs

Deep tissue penetration capability and 
have potential photothermal effect

[260–266]

X-ray-activated nanomaterial mate-
rials such as SCNPs, PLNPs

Deep tissue penetration capability, can 
lead to potential radiation damage

[267–272]

Design of new platforms based 
on the features of TME

TME-responsive nanomaterials: 
biochemical-triggered PDT 

enhancement

Mutual interactions between nano-
medicines and TME to favor tumors 

targeting

High selectivity, specificity, efficiency, and 
bioavailability

[273–281]

TME-modulating nanomaterials: 
reoxygenation in hypoxic tumors

Decomposition of hyperoxide or 
water to generate O2 and relieve 

hypoxia

Low oxygen dependence and enhanced 
ROS-generating efficiency

[282–284]

Table 5.  Nanoparticles as immunogenic agents for vaccines. Abbreviations: GM-CSF, granulocyte−macrophage colony-stimulating factor; HA, 
hemagglutinin; iBALT, inducible bronchus-associated lymphoid tissue; PLGA, poly (lactic-co-glycolic acid); STING, stimulator of interferon genes.

NPs Conjugate/adjuvant Size [nm] Virus Model organism Outcomes References

Au-NPs SARS-CoV Spike protein 40, 100 SARS In vivo; BALB/c mice Strongly induce IgG response [213]

VLPs with Au-NPs Avian IBV Spike protein AuNPs:100
VLPs:139

IBV In vivo; BALB/c mice Induce strong antigen-specific cellular 
immunity, IgG, IgA responses.

[214]

VLPs from MERS CoV 
Spike protein

Alum, matrix
M1

NA MERS In vivo; BALB/c mice VLPs and Matrix M1 induce high anti-S 
titers

[215]

VLPs from SARS CoV 
and MERS-CoV Spike 
protein

Alum, matrix
M1

≈25 SARS, MERS In vivo; BALB/c mice Induce high antibody titers against 
homologous virus.

[216]

VLPs from MERS-CoV 
Spike protein

Ad5/MERS, Alum VLPs: 35
with

alum: 80

MERS In vivo; BALB/c mice Induces CD8+ T cell, TNF-α, IL-2, 
GM-CSF, and IFN-c responses.

[217]

VLPs from HRC subunit 
of SARS-CoV Spike 
protein

25−30 SARS In vivo; BALB/c mice Generate neutralizing mice antisera [218]

VLPs from bacterio-
phage P22

IAV HAs ≈26 SARS, Influenza 
A

In vivo; C57BL/6 mice Recognizable by TLR-2 receptor and pro-
tect from infection and weight loss

[219]

VLPs using canine 
parvovirus

MERS-CoV RBD, 
poly(I:C)

≈25 MERS In vivo; BALB/c mice Mixed Th1 and Th2 responses, increase in 
antibody titers

[220]

Chitosan NPs SARS-CoV N protein 210 ± 60 SARS In vivo; BALB/c mice Dendritic cell targeting, strong CD4+ 
response, high levels of IgG, IgG1, IgG2a, 

IgG2b, IgA, IFN-γ

[221]

Heat shock protein 
caged NPs

NA 120 SARS, H1N1, RSV In vivo; C57BL/6 Induce strong nasal antibodies. forma-
tion of iBALT structures of B cells, CD4+ T

cells, dendritic cells and CD8+ T cells.

[222]

PLGA STING, MERS-CoV 
Spike protein, MF59

≈148 MERS In vivo; C57BL/6 mice STING encapsulated in PLGA induce 
strong RBD specific CD4+, CD8+, bal-

anced Th1/Th2 response.
IgG2a; IFN-β, TNF-α, IL6 generation

[223]

CDs NA 1.6 PEDV In vitro; Vero and PK-15 
cells

Induce IFNs and pro-inflammatory 
cytokines

[224]

 15214117, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppsc.202100159 by Indian Institute O

f T
echnology, W

iley O
nline L

ibrary on [26/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2021 Wiley-VCH GmbH2100159  (15 of 26)

www.advancedsciencenews.com
www.particle-journal.com

are biocompatible and have antimicrobial activity due to their 
charge transferability and hydrophilicity.[235–242] In addition to 
MXenes, fullerene and graphene are also efficient nanomate-
rials for virus inactivation by PDT. They have shown promising 
results against Semliki Forest virus (SFV), vesicular stoma-
titis virus (VSV), HSV-1, HIV-1, mosquito iridovirus (MIV), 
influenza A virus (IAV), and phage MS2.[243] Another tech-
nology, femtosecond (fs) pulsed laser irradiation techniques, 
has attracted attention to the selective inactivation of virus 
contaminations in biological samples. For example, group 
research demonstrated the enhanced photonic inactivation of 
Murine Leukemia Virus (MLV) via 805 nm femtosecond pulses 
through gold nanorods.[244] The localized surface plasmon res-
onance overlapped with the excitation laser. The results shown 
that the ≥3.7-log reduction in viral load was achieved by 10 s 
laser exposure with incident laser powers ≥0.3 W. Interestingly, 
the fs-pulse induced photodynamic inactivation was selective to 
the virus. It did not pose any effect on co-incubated antibodies. 
The mechanism behind the photodynamic inactivation of the 
virus was due to interference of viral fusion to the host cell, 
followed by damage of the viral envelope.[244] Photocatalytic 
inactivation of infectious agents, specifically adsorbed on sur-
faces or pathogen borne air droplets, can be employed against 
various infectious agents like bacteria and viruses, including 
SARS-CoV-2. For example, a metal–organic framework, zinc-
imidazolate MOF (ZIF-8), was developed, exhibiting almost 
100% pathogen inactivation efficiency in saline within two 
hours under simulated solar irradiation. Mechanistic insight of 
pathogen disinfection revealed that photoelectrons trapped at 
Zn+ centers within ZIF-8 via ligand to metal charge transfer 
(LMCT) are responsible for oxygen-reduction mediated reac-
tive oxygen species (ROS) generation. ZIF-8 fabricated air 
filters significantly reduce airborne pathogens in 30  min and 
97% PM removal (Figure 7).[245]

3.8. Nanocarriers for Efficient Drug Delivery

Several nanoformulated or designed nanovehicles such as non-
metal NPs, QDs, carbon nanomaterials, polymeric NPs (chi-
tosan, PLGA), γ-PGA (poly-γ-glutamic acid), metal/metal oxide 
NPs, silica NPs, carbon black NPs, liposomes, dendrimers, 
solid lipid nanocarriers, and virus-like particles (VLPs) have 
been explored to deliver several biomolecules, (Figure  8A,C), 
e.g., drugs, proteins or peptides, DNA, or RNA, antibodies, 
and vaccines for inhibiting the multiplication of virus or a 
compelling attempt from promoting a protective humoral 
immune response (Table 7).[246,285,298] With the development of 
the advanced nanoscale active biomolecule carriers, scientists 
have looked forward to using inorganic components to obtain a 
biologically inert structure to explore biological building blocks 
capable of displaying multiple functionalities to the ultimate 
construct. Almost every nanocarrier developed to date has one 
common layby; whether administered through any route, all 
will come into contact with the body fluid. When nanocarriers 
come in contact with body fluid, they react uniquely according 
to their physicochemical properties and the tissue of body 
parts.[286] Therefore, inorganic NPs can be chemically function-
alized as globular protein mimics because of their comparable 

size, charge, shape, and surface features resembling proteins. 
Hence, these nanomimetics can be used in nanobiotech-
nology to exploit viral pathways or cell receptor interactions 
with NPs.[287] In a recent study, ML336 (a chemical inhibitor 
of Venezuelan Equine Encephalitis Virus) loaded lipid-coated 
mesoporous silica nanoparticles (LC-MSNs) were employed, 
effectively reducing VEEV infection in vitro and in vivo. The 
large surface area of the MSN core promotes hydrophobic drug 
loading while the liposome coating retains the drug and ena-
bles enhanced circulation time and biocompatibility. Overall, 
(LC-MSNs) might be explored for an efficient delivery platform 
for the Anti-SARS-CoV-2 drug formulations (Figure  8B).[288] 
In a drug delivery system, the surface recognition and specific 
interactions between the drug-loaded vehicle and biological site 
are essential for successful drug release. The biological mole-
cules such as membrane proteins have been proposed as an 
agent to convey targeting and shielding moieties parallel.[289] 
The principle of biomimicry or bioinspiration might be 
exploited for designing viruses like NPs based delivery vehicles 
that can circulate in the blood system without any resistance by 
the endothelial barrier and deliver the payload with high effi-
ciency.[290] Another strategy can be applied to efficiently deliver 
repurposed antiviral drugs through the conjugation of cell-pen-
etrating peptides (CPPs) to the carrier. CPPs are short cationic 
peptides, which facilitate enhanced intracellular intake and 
delivery of various drug molecules in the cytoplasm or nucleus 
without any measurable toxicity and damaging effect on the cell 
membranes integrity.[291–293] Mechanistically, the TAT peptide 
(positively charged) interact with negative charges of phospho-
lipids membrane electrostatically or nonelectrostatic hydrogen 
bonding or hydrophobic interactions.[292,293] Further, these 
CPPs facilitate the delivery of the cargo into the cell through 
macro-pinocytosis, caveolae-mediated endocytosis of clathrin-
independent endocytosis. It has also been revealed that HIV1 
TAT-peptides directly penetrate the plasma membranes by 
forming nanoscale pores.[294] CPPs conjugated nanocarriers has 
several advantages over conventional delivery systems such as 
it is inexpensive, easy to design, have more excellent capability 
to translocate into a wide range of cell types, higher rate of cel-
lular permeability and uptake, more accessible to pass through 
biological barriers, along with large cargo carrying capacity 
and reduced cell toxicity without inducing any immunological 
response.[295,296] Hence, cell-penetrating peptide conjugated 
nanocarriers can be a promising option for the targeted delivery 
of drug cargo at the cellular level. However, some limitations 
have also been linked with CPPs, such as low cell specificity, 
prone to uptake into intracellular endosomes and inactivation 
by proteases.[297]

3.9. Role of Nanotechnology to Understand the Gut Microbiome 
and SARS-CoV-2 Interactions

The integrity of the gut microbiome (the collective genomes 
of the diverse microbiota that reside in the gastrointestinal 
tracts of humans) could conceivably be disturbed by SARS-
CoV-2, causing gut dysbiosis in the host, as with other infec-
tious diseases. Some signs may connect gut functionality 
and microbiome responses to SARS-CoV-2.[308] New research 
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indicates that SARS-CoV-2 may be spread by faucal−oral trans-
mission.[309] The highest SARS-CoV-2 mortality and morbidity 
is in the elderly and those with underlying health problems 
associated with inflammation and other disorders, such as dia-
betes.[310] Interestingly, these cohorts tend to have less diverse 
gut microbiomes.[311] Links between the gut microbiome and 
age-related health decline have been consistently shown.[312] 
Ageing is associated with significant shifts in microbiome 
diversity and proinflammatory states. The elderly microbiome 
generally shows a shift away from Firmicutes, which domi-
nates in younger adults, toward genera such as Alistipes and 
Parabacteroides.[313] A substantial interindividual variability has 
been characterized in the elderly person gut microbiome, with 
fluctuations featuring Faecalibacterium and Ruminococcus and 
specific Clostridium clusters, especially IV and XIVa. These 
may explain, in part, the different impacts of viral infections 
in elderly individuals. Many different direct or indirect micro-
biome pathways could contribute to SARS-CoV-2-gut inter-
actions. Direct or indirect pathways can be considered the 
pulmonary inflammation is seen in SARS-CoV-2 patients in the 
second week of infection. Direct suppression or promotion of 
viral infection by the microbiome can occur via various mecha-
nisms, such as genetic recombination, alteration of virion sta-
bility, driving the proliferation of cells, simulating attachment 
to permissive cells, and contributing to viral replication sup-
pression; promotion of viral infection may occur by inducing 
systems’ immunoregulatory and perturbing local immune 
responses.[314] An essential step for understanding the effect of 
the gut on SARS-CoV-2 is identifying the main gut microbiome 
species interacting with this virus. In this regard, the prob-
ability that SARS-CoV-2 may interact with one or many of the 
present microbiota (1500 species) in the gut makes the matter 
complicated. However, some microbiome associated microbial 
species get influenced by SARS-CoV-2 infection and produce 
some signature biomolecules. For example, Lactobacillus spe-
cies can produce lactic acid, and the consequent pH changes 
inactivate different viruses due to carbohydrate fermenta-
tion.[314] The integrity of epithelial cells in the gut is essential, 
as they produce antiviral compounds that are hostile to viruses. 
The colonic epithelial cells’ functionality relies mainly on the 
luminal presence of butyrate as an energy source, and the main 
butyrate-producing bacteria in the gut belong to the phylum 
Firmicutes. One hypothesis regarding microbiome interactions 
with SARS-CoV-2 is relevant to the microbiomes’ impacts on 
cytokines. Cytokines are small proteins molecules that lead 
the body’s response against infection and inflammation. For 
example, type II interferon (interferon-γ) classically play essen-
tial roles in antiviral responses.[315] More importantly, microbial 

metabolic processes in the gut strongly impact the production 
of cytokines. Microbiota can increase chronic phase proteins 
and interferon signaling in lung cells to protect against influ-
enza infection. Nanotechnology may play a critical role in rapid 
diagnosis, monitoring, and designing practical therapeutic 
actions for COVID-19 with relevance to the gut modulation by 
SAR-CoV-2. Noninvasive breath tests, with arrays of nanomate-
rials, can identify the presence of volatile organic compounds 
with the signatures of modulated microbiota (abundance of 
Prevotella) and hence, recognize the presence of SAR-CoV-2 for 
quick diagnosis and monitoring.[316,317]

In order to detect such type of signature molecule, Nakhleh 
et al. developed a noninvasive AI nanoarray based on molecu-
larly modified gold nanoparticles and a random network of 
single-walled carbon nanotubes for the classification of several 
diseases from exhaled breath.[317] The recorded performance of 
designed artificially intelligent nanoarray was clinically assessed 
on both breath samples (having 17 different disease conditions 
or healthy controls) collected from 1404 patients. Experimental 
data showed 86% accuracy and allowing both detection and 
discrimination between the different disease conditions exam-
ined.[317] Some therapeutic strategy depends on eliminating a 
specific bacterial strain in the gut, in this case, broad-spectrum 
antibiotics would not work, as they also eliminate beneficial 
bacteria and consequently weaken the gut microbiome barrier. 
In this scenario, nanotechnology can play an efficient role in 
developing nanomaterial-based drugs, with the possibility of 
precise delivery in the gut. These drugs should target undesir-
able bacterial strains in the gastrointestinal tract and enhance 
their health by improving gut barriers against pathogens and 
inflammatory agents and by providing the base for creating 
disruptive interventions based on microbiome engineering. 
Nanoscale-enabled tools will likely enable us to observe, navi-
gate, and act through the gut’s complicated ecosystem to help 
find either a cure or mitigating procedures for COVID-19.

4. Safety Concerns Related to the Application  
of Nanomaterials
Deep understanding of the cytotoxic properties of nanomate-
rials is obviously indispensable if they are explored as nano-
medicine. Nowadays, therapeutic nanomedicine related safety 
concerns are the central theme of the discussions among scien-
tists, whether nanotechnology should use strategically as a ther-
apeutic agent or be regulated to prevent physical, environmental 
harm. Hence, a comprehensive understanding of the interface 
between biological systems and nanomaterials is essential, 
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Figure 7.  A) Band-structure characterization and photocatalytic disinfection mechanism of ZIF-8 (zinc-imidazolate MOF). i) The band positions of 
ZIF-8 for the reactive oxygen species (ROS) formation potential, conduction band (CB), and valence band (VB) represent conduction band and valence 
band, respectively. ii) Electron paramagnetic resonance (EPR) spectra of ZIF-8 at 77 K in dark and under light irradiation (300 nm < λ < 1100 nm) in 
different atmosphere. iii) EPR spectra of DMPO−•O2− for ZIF-8 under light irradiation and in the dark. iv) Steady-state concentration of •O2− calcu-
lated from the decay of nitroblue tetrazolium (NBT) and hydrogen peroxide (H2O2) accumulation over time, respectively. v) The first-order disinfection 
rate on ZIF-8 with different scavengers (IPA → •OH, L-His → 1O2, Cr (VI) → e−, Oxalate → h+, SOD → •O2−, CAT → H2O2). vi) Dependence of the 
amount of released H2O2 by ZIF-8 on the wavelength of incident light and the ultraviolet–visible (UV–vis) spectra of ZIF-8. The error bars are calculated 
by repeating the measurements three times. SOD superoxide dismutase, IPA isopropanol, DMPO 5,5-diemthyl-1-pyrroline N-oxide. B) Schematic of 
metal–organic framework (MOF)-based filter. Schematic representation of MOF-based filter (MO-filter) for integrated air cleaning. Reproduced with 
permission under common creative 4.0 attribution licence.[245] Copyright 2019, The Author(s).
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Figure 8.  A) Different nanocarrier platforms utilized for combination drug therapeutics. Reproduced with permission[20] Copyright 2020, ACS nano.  
B) Schematic of ML336 loaded LC-MSNs. The antiviral ML336 was incubated with MSNs before vesicle fusion with liposomes containing a composi-
tion of 77.5% DSPC:2.5% DSPE-PEG 2000:20% cholesterol at mole ratios; Reproduced with permission.[288] Copyright 2018, Springer Nature. C) An 
illustration of an active nanosystem demonstrating antimicrobial peptide delivery into an infected cell. Reproduced with permission under common 
creative attribution licence.[31] Copyright 2018, The Author(s).
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introducing unique surface features that can be explored to 
control nanomaterials’ exposure, bioavailability, and biocata-
lytic properties. The central tendency of nanoparticles to form 
an aggregate in a natural and biological system can be taken 
advantage of to reduce their toxicity. For example, the degree of 
aggregation of TiO2 nanoparticles determines their cytotoxicity 
on fish cells underexposure to ultraviolet radiation.[318] The DNA 
cleavage effect of nanoparticles is higher in distilled water than 
in PBS, depending on particle dispersion. Therefore, potentially 
competing principles (aggregation, dispersal, translocation, and 
bioavailability) must be studied in detail to design an efficient 
nanosystem for therapeutic applications. One approach could 
be to use neutral nanoparticles to aggregate and immobilize 
at disposal sites. Surface coating is another designing feature 
to improve nanoparticle safety by preventing bioreactivity. For 
example, antioxidant analogues (i.e., oligomeric pro-anthocyan-
idins) have been explored as coating agents for particulates that 
generate ROS. However, many coating chemicals are biologi-
cally labile and degradable, which means, initially, a nontoxic 
nanomaterial prone to become toxic after losing its coating. So, 
coating nanoparticles with protective agents effectively prevents 
the dissolution, inhibits the release of toxic ions, and provides a 
physical barrier against cellular uptake.[319] A handful of coating 
materials, including biocompatible organic or inorganic sub-
stances (i.e., PEG–SiO2, gold, biocompatible polymers), can be 
explored.[320] Modification of surface charge is another approach 
to reducing toxicity.[321,322] For example, layer by layer coatings 
of polyelectrolytes on gold nanorods decrease their cellular 
uptake by modifying their surface charge and functionality. It 
is essential to consider their aspect ratios, hydrophobicity, and 
stiffness for the safe design of materials that form bio persis-
tent fibers (for example, CNTs).[323] Chemical functionalization 
of short (<5 µm) MWCNTs can provide stable dispersions of 
individual tubes in physiological media, allowing their safe 
use as imaging and drug delivery devices.[324] These materials 
have a high urinary excretion rate that provides an additional 
safety margin, as demonstrated in the biomedical develop-
ment of potentially toxic nanomaterials such as quantum 
dots.[325] Experimental evidence suggests that prolonged, rigid 
CNTs should be avoided for in vivo applications; their func-
tionalization with small hydrophilic groups is a safety feature 
allowing the formation of stable dispersions with high excre-
tion rates.[325,326] Another potential approach to mitigate the tox-
icity of nanomaterials is the modulation of the oxidative state 
of nanomaterials at the interface. The toxicity of hydrophobic 
C-60 derivatives can be modulated by increasing their hydration 

through surface functionalization.[327] It has been theorized that 
increasing the solubility of fullerenes through specific func-
tional groups might lower ROS formation. Overall, suitable 
nanomaterials are promising options to cope with the current 
pandemic through biosensors for detection, contrast agents, 
and targeted drug delivery vehicles that can deliver antimicro-
bial, antiviral, or antitumoral agents. Unfortunately, the long-
term implications are mainly unknown.

5. Concluding Remarks

The COVID-19 pandemic has posed a global public health 
emergency before the human race as an unprecedented situa-
tion. Coordination among researchers from various fields with 
professional expertise is required to cope with such a compli-
cated challenge. Increasing diversity in therapeutic strategy 
with a multi and interdisciplinary methodology involving trans-
versal disciplines will be indispensable to achieve advanced 
and efficient solutions to address such pandemics.[144] This 
review article highlighted the inherited potential of specific 
nanotechnologic platforms for improving coronavirus detec-
tion, disinfection, and multiplication inhibition. Nanomaterials 
can allow specific SARS-CoV-2 binding at nanoparticle surface 
or improve PCR efficacy, which generally leads to better sen-
sitivity than other detection methods. Nanomedicines exhibit 
several advantages over conventional antiviral drugs in the 
fight against COVID-19. These include improved drug safety, 
increased solubility of poorly soluble drugs, better virus inhi-
bition, and a more balanced immune response and organ tar-
geting than their non-nanoformulated counterparts. Moreover, 
Nanomaterial formulated vaccines can replace the requirement 
of standard adjuvants. Moreover, the promising properties 
of these nanomaterials are also explored in the specific anti-
viral treatments, where nanoformulated antiviral drugs could 
block virus replication, trigger an anti-COV immune response, 
or prevent COV-induced apoptotic cellular death. However, 
nanomaterials have a great potential to solve the current chal-
lenges in the health sector; the long-term health implications 
are mainly unknown. Some nanomaterials already have dem-
onstrated adverse behavior in biological systems that excel 
the researchers to investigate the nanomaterial-related safety 
issues. Overall, nanomaterial-based therapeutics are promising 
in the fight against infectious diseases, including the SARS-
CoV-2 pandemic, along with considering safety issues related to 
the minimal cytotoxicity of nanoformulated agents.

Part. Part. Syst. Charact. 2022, 39, 2100159

Table 7.  Categories of nanomaterials used for nanoformulated drug/vaccine delivery.

Type of materials Classical example Functions/Advantages References

Organic nanoparticle-based carriers Liposomes The efficient and controlled delivery of nucleic acid-based 
antigens

[298–300]

Polymer-based nanoparticle Efficient loading of different cargos with various forms and 
functions; shows self-adjuvanticity in some cases

[301–303]

Inorganic nanoparticle-based carriers Mesoporous silica nanoparticles Multiple site cargo loading; controllable release of cargo; 
shown self-adjuvanticity in some cases

[304]

Magnetic nanoparticles Vaccine delivery along with imaging capabilities [305,306]

Gold nanoparticles Vaccine delivery along with imaging capabilities [246,307]
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