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a b s t r a c t   

Nanoparticles provide new opportunities in merging therapeutics and new materials, with current research 
efforts just beginning to scratch the surface of their diverse benefits and potential applications. One such 
application, the use of inorganic nanoparticles in antiseptic coatings to prevent pathogen transmission and 
infection, has seen promising developments. Notably, the high reactive surface area to volume ratio and 
unique chemical properties of metal-based nanoparticles enables their potent inactivation of viruses. 
Nanoparticles exert their virucidal action through mechanisms including inhibition of virus-cell receptor 
binding, reactive oxygen species oxidation and destructive displacement bonding with key viral structures. 
The prevention of viral outbreaks is one of the foremost challenges to medical science today, emphasizing 
the importance of research efforts to develop nanoparticles for preventative antiviral applications. In this 
review, the use of nanoparticles to inactivate other viruses, such as influenza, HIV-1, or norovirus, among 
others, will be discussed to extrapolate broad-spectrum antiviral mechanisms that could also inhibit SARS- 
CoV-2 pathogenesis. This review analyzes the published literature to highlight the current state of 
knowledge regarding the efficacy of metal-based nanoparticles and other antiviral materials for biomedical, 
sterile polymer, and surface coating applications. 

© 2021 Elsevier Ltd. All rights reserved.    
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Introduction 

Human civilization has contended with disease outbreaks 
throughout recorded history, from the Antonine Plague of 250 to the 
1720s Bubonic Plague, and the 1920 Spanish flu that are still in
famous in our collective memory. For the first time, humanity has 
the ability to meaningfully use nanotechnology to combat a major 
infectious disease, namely the COVID-19 pandemic caused by SARS- 
CoV-2. SARS-CoV-2 has spread to millions of people worldwide 
through a novel mechanism of binding to ACE-2 receptors in the 
human body using its spike protein [1]. This structure not only 
identifies receptors on potential host cells but also facilitates fusion 
between the viral envelope and the host cell membrane, allowing 
the viral life cycle to continue unregulated [2]. 

Nanotechnology has proven valuable in both understanding and 
combating COVID-19 with applications including nanopore sequencing 
for rapid diagnosis and lipid nanoparticle carriers for delivering mRNA 
vaccines [3–6]. Beyond conventional diagnostic techniques, nanoma
terials also enable accurate biosensors that can detect the presence of a 
virus with only a microlitre of human serum [3,7–9]. For example, the 
immune colloidal gold technique, an immunoassay based on labeling 
an antibody with plasmonic gold nanostructures, can enable an am
plified fluorescent signal once a viral antigen is captured for imaging of 
antibody binding [9]; a chromic sensor with functionalized gold 
nanoparticles will show red-blue color change if the target virus is 
present [8]; or functionalized graphene electrodes able to accurately 
detect signs of COVID-19 infection through conductance changes 
caused by nucleocapsid protein antigen, immunoglobulins, and 
C-reactive protein in human serum [7]. Such technologies provide rapid 
and scalable point of care detection of viral infection. 

Although effective pathogen detection has been made possible 
by nanomaterials, there remains the significant challenge of pre
venting infections. Transmission through contact surfaces such as 
doorknobs, packaging, and handrails is responsible for many pre
ventable and nosocomial infections that cause extensive loss of life 
and healthcare expenditures as a pathway by which infectious pa
thogens spread between people [10]. Contributing to SARS-CoV-2's 
potent transmissibility is its ability to survive for long periods on 
common touch surfaces before infecting a host through hand-face 
contact [11], particularly in cold environments [12–14]. Therefore, 
targeting the virus before infection and in the early stages of its 
pathogenesis through self-sterilizing surfaces is an attractive 
strategy since essential viral components such as the spike proteins 
are likely to be extracellular and, therefore, relatively accessible to 
degradation. Though there is some evidence that this may not the 
most virulent pathway to infection by SARS-CoV-2 [15,16], disin
fection is the primary method of inhibiting virulent spread against 
viruses with no viable vaccine. Likewise, nanoparticle-based disin
fection could be useful against SARS-CoV-2 in areas where vacci
nation rollout is challenging, or to augment vaccination efforts. 

Given the prevalence and utility of plastic-based products in 
modern society, actively integrating nanostructures into polymers 
that self-sterilize against pathogens can provide a route to slow the 
transmission of viral infections. Face masks are another essential 
tool in slowing the transmission of viruses such as SARS-CoV-2, and 
polyimide thin films with nanoporous membranes and carbon-based 
nanomaterials can act as protective barriers against viruses in per
sonal protective equipment (PPE) and air filters [3]. The surface 
chemistry of a polymer nanofibre filter can be fine tuned for optimal 
protection against a specific virus [17]. However, incorrect use and 
disposal of PPE may put the wearer in contact with virions trapped 
in the fabric, increasing their risk of infection. Therefore, the antiviral 
properties of nanoparticles also hold potential for equipping re
spiratory PPE to self-sterilize against viruses such as SARS-CoV-2 and 
influenza [18]. Long-lasting and sprayable antiviral materials are also 
valuable in keeping human environments and protective equipment 
clean. This can include broad-spectrum nanogels or nanoparticles 
that mimic cellular heparan sulfate to adhere viral glycoproteins and 
block their interaction with host cell receptors [19,20]. In addition to 
preventing viral entry, certain nanomaterials such as zinc also in
hibit viral RNA polymerase and thus viral replication through metal 
ion release [21–23]. 

There are a number of potential nanoparticles that could inter
fere with viral infections, particularly in preventing attachment and 
compromising integrity, including titanium dioxide, zinc oxide, iron 
oxide, silver, copper, and gold. The virucidal mechanisms exhibited 
by these nanomaterials include but are not limited to the inhibition 
of binding receptors, oxidation damage to biomolecules from re
active oxygen species (ROS), and bonding that disables key viral 
structures [24–26]. Compared to narrow-target antibiotic and anti
viral drugs, metal-based nanoparticles have a diverse array of in
activation mechanisms, making it difficult for bacteria and viruses to 
develop resistance as they would have to acquire multiple protective 
mutations simultaneously [27]. Particularly photodynamic and 
photocatalytic materials, which can achieve efficient, broad-spec
trum and long-acting killing of pathogens, offer a potential route to 
sterilizing surfaces on exposure to light. Furthermore, cytotoxicity is 
a core aspect that needs to be considered for nanoparticles that 
come in contact with biological systems as excessive cytotoxicity 
will affect not only pathogens but also human cells. Given the lim
ited time span for direct research on SARS-CoV-2 and its rapidly 
mutating variants, the use of nanoparticles to inactivate other 
viruses, such as influenza, HIV-1, swine flu, herpes simplex, or nor
ovirus, will be discussed to extrapolate broad-spectrum antiviral 
mechanisms that could also inhibit SARS-CoV-2 pathogenesis. This 
review analyzes the published literature to highlight the current 
state of knowledge regarding the efficacy of metal-based nano
particles for biomedical, sterile polymer, and surface coating appli
cations, and proposes areas of potential development specifically 
against SARS-CoV-2 pathogenesis. 

N. Lin, D. Verma, N. Saini et al. Nano Today 40 (2021) 101267 

2 



The antiviral properties of metal and metal-based nanoparticles 

Metal and metal-based nanoparticles (NPs) are at the forefront of 
nanomaterials research due to their high specific surface area and 
unique chemical properties that make them candidates for appli
cations from disease therapeutics to antiviral surface coatings. 
Notably, the high surface area to volume ratio of nanoparticles en
ables efficient antiviral activity with relatively small amounts of 
metal. Further, their size enables ease of integration into medicines, 
polymers, and various surfaces [27]. Metals including copper, silver 
and gold exhibit the oligodynamic effect with well established bio
cidal characteristics that continue to persist on the nanoscale  
[28–30]. These metals and several of their oxides have been widely 
studied to elucidate their antiviral properties and mechanisms. 
Across the literature, the primary methods observed by which metal 
nanoparticles inhibit viruses include:[27,30,25,26,31–34]. 

• Binding or disrupting viral surface structures (e.g. spike glyco
proteins) to prevent attachment and entry into host cells.  

• Production of metal ions and reactive oxygen species (ROS) 
through chemical pathways that adhere to and degrade viral 
components such as the glycan shield, lipid envelope, protein 
capsid, and nucleic acids. 

• Direct interaction with viral surfaces, proteins, and genetic ma
terial through the diffusion of nanoparticles and metal ions to 
damage viral integrity and inhibit functions such as protein 
synthesis and genome replication.  

• Cleavage of disulfide bonds between cysteine amino acid residues 
to denature and disable viral glycoproteins. 

These are summarized in Fig. 1. The particular mechanisms by which 
specific nanoparticles act on different viruses are highly variable, 
dependent both on the nanoparticle reactivity and virus structures. 

The subsequent sections will explore each type of metal based na
noparticle and provide a snapshot of established research on their 
antiviral properties. 

Titanium dioxide (TiO2) nanoparticles 

Titanium dioxide has desirable properties, including low toxicity 
to humans and excellent UV-activated viral inhibition [35]. Its an
tiseptic mechanism is primarily the photocatalytic production of 
reactive oxygen species (ROS) such as hydroxyl radicals (OH), neutral 
hydroxide ions, and superoxide (O2 ) when exposed to oxygen, 
moisture, and UVA photons [24,36,37]. ROS with unpaired electrons 
are highly unstable and rapidly react with biomolecules in reactions 
that exchange electrons. These reactions cause oxidative damage 
through alterations in the structure of polysaccharides, proteins, li
pids, and nucleic acids, making ROS cytotoxic to a wide variety of 
organisms [38–40]. 

The evidence supporting TiO2 as a active antiviral coating ma
terial has been shown by a number of groups, including against 
human norovirus and several norovirus surrogates (bacteriophage 
MS2, murine norovirus (MNV), and feline calicivirus (FCV) [24]), 
human influenza A (A/PR8/H1N1) [37], and herpes simplex virus 
1(HSV-1) [41]. Hajkova et al. conducted a study on HSV-1 using TiO2 

thin films glass substrates prepared by plasma-enhanced chemical 
vapor deposition and compared against unmodified glass samples. 
Viral solutions of 109-1010 of virus particles per mL were deposited 
on the coated and blank glass samples and illuminated for 6 h with a 
UV-A lamp. Afterwards, the viral suspensions were used to infect cell 
cultures with a 24 h incubation period. The reduction in viral in
fectivity was evaluated using a glycoprotein gC monoclonal anti
body, which turns brown in the presence of intact HSV-1. As shown 
in Fig. 2, both cell cultures infected with virus samples from blank 
glass whether dark or UV illuminated showed active viruses (A, B)  
[41]. However, the viral samples exposed to TiO2 films under UV light 
were inactivated and not able to infect or replicate as evidenced by 
the absence of brown coloration and glycoprotein gC. The antiviral 
mechanism is also proposed to be the destruction of virions by hy
droxyl radicals and superoxide anions (free OH- and O2 ) produced 
through TiO2 photocatalysis [41], similar to that observed in bacteria. 
The specific antiseptic mechanisms of ROS in bacteria include per
oxidation of lipid membranes, carbonylation of proteins, and de
gradation of genetic material [38,39,42]. Park et al. [24] proposed 
that similar mechanisms may apply to viruses when exposed to Ti 
containing compounds, including damage to the viral membrane, 
protein capsid, and RNA, supporting the mechanisms suggested by 
Hajkova et al. [24,41]. 

However, regular TiO2 is activated by only UVA photons 
(λ  <  387 nm), which can limit its applicability indoors with pre
dominantly visible-range lighting. Nakano et al. showed that the 
intensity and duration of direct UVA illumination has a substantial 
effect on the virucidal activity of TiO2 against H1N1 as measured by 
viral titer assay according to 50% tissue culture infective dose 
(TCID50) in Madin-Darby canine kidney (MDCK) cells [37]. This dose 
is the concentration of viral fluid that infects 50% of the cells, in 
infectious unit per mL. They showed that TiO2 coated glass had 
highly increased activity as illumination increased from 0.001 to 
1.0 mW cm−2. At typical indoor lighting intensities (~ 0.01 mW cm−2), 
some activity was observed, but required nearly 24 h to decrease the 
viral titer below the detection limit [37]. Park et al. examine a po
tential solution to this challenge through the use of fluorinated TiO2 

which can more efficiently utilize fluorescent lighting for photo
catalytic disinfection [24]. Specifically, they analyzed the use of na
noparticle films of TiO2 and F-TiO2 in UVA-activated antiviral surface 
coatings against various norovirus surrogates (human norovirus, 
MS2, MNV, and FCV). They prepared TiO2 films by mixing TiO2 NPs in 
a suspension of polyethylene glycol before spreading the mixture on 

Fig. 1. Schematic of possible antiviral mechanisms of metal and metal-based nano
particles. (a) Nanoparticles engage in complex bond formation and electrostatic in
teractions with viral surface proteins to inhibit virus-host cell attachment and entry. 
(b) Nanoparticles undergo pathways including UV photocatalysis to generate reactive 
oxygen species that readily react with and damage viral biomolecules. (c) 
Nanoparticles and produced metal ions directly interact with and diffuse through the 
viral envelope or capsid to compromise its structure. (d) Nanoparticles undergo re
actions that break disulfide bonds within viral glycoproteins, denaturing them to 
reduce infectivity by hindering viral binding of target receptors on host cells. 
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a glass plate, drying at room temperature, and finally baking at 
450 °C for 30 min to bind the film. A surface-fluorinated TiO2 sample 
was also prepared by soaking a TiO2 coated plate in a 30 mM pH 3.5 
sodium fluoride solution for 30 min. Viruses samples measuring 
25 μL were deposited onto both pristine TiO2 and F-TiO2 surfaces and 
exposed to 10 μW/cm2 fluorescent lighting. Virus inactivation was 
subsequently measured by plaque assay or PCR RNA copy quantifi
cation [24]. 

Park et al. found that the fluorinated TiO2 surface inactivated 
MS2 phage 4 times faster than regular TiO2. Further, fluorinated TiO2 

reduced the infectivity of the norovirus surrogates by 2.4 log10 PFU/ 
mL on average, two orders of magnitude higher than pristine TiO2. 
The greater photocatalytic efficiency of F-TiO2 was used to explain 
these results under fluorescent lighting, which is composed of less 
than 5% UVA. Park et al. suggest that surface fluorination of TiO2 

reduces UV reflectance while producing additional free OH- and O2

that can damage viruses [24]. This virucidal action was long-lived 
and potent, with MS2 infectivity reduced to undetectable levels after 
12 h under common office lighting [24]. The retention of antiviral 
properties under widespread indoor lighting conditions makes F- 
TiO2 nanoparticle coatings promising for sterile surface applications 
and the prevention of virus transmission. These studies show that 

the photodegradation mechanism of TiO2 can inactivate both non- 
enveloped viruses such as noroviruses and enveloped viruses such as 
HSV-1 [24,41]. Notably, SARS-CoV-2 is an enveloped virus like HSV-1 
with a similar fundamental lipid bilayer exterior which may be 
vulnerable to TiO2 surface coatings. 

With regard to the optimal substrate for TiO2 coatings, Jalvo et al. 
found that TiO2 driven photodegradation of bacteria occurs at a rate 
50 times higher on porous surfaces such as glass microfibre filters, 
compared to smooth glass slides [43]. The surface coatings employed 
in this study used 5 nm anatase TiO2 NPs synthesized by sol-gel with 
11.5 mL of titanium tetraisopropoxide stirred with an acidic aqueous 
solution with a 140:1 water to nitric acid proportion that was aged 
and dialyzed. The nanoparticle suspension was spread over the glass 
slides and enriched into the glass filters by impregnation. Notably, 
the total amount of TiO2 required to coat the porous filters was much 
lower per unit area while achieving a superior overall dispersion as 
the glass fibers created a structure of TiO2 microsized sheets. The 
nanoparticle-based TiO2 coatings were analyzed using the methy
lene blue 365 nm UV-A photodegradation test against strains of 
Staphylococcus aureus and Pseudomonas putida. Following 2 h of ex
posure to visible/near UV light (11.2 W m−2 in the 290–400 nm 
range) on the porous glass filter, almost all bacterial cells (99.9%) 

Fig. 2. (a) Effect of UV-irradiated TiO2 Film on the proliferation of HSV-1 in cell culture (i) control 1: Infected with virus from black glass sample placed in dark; (ii) control 2: 
Infected with virus from blank glass with UV illumination; (iii, iv) Infected with virus exposed to UV illuminated TiO2 film. Reproduced with permission from Wiley from Ref. [41] 
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (b) Inactivation kinetics of bacteriophage MS2, murine norovirus, and feline calicivirus deposited on a dry 
surface coated with (i) TiO2 and (ii) F-TiO2 (UVA Intensity = 10 μW cm−2, Temp = 24 °C). Reprinted from Ref. [24] with permission from Elsevier. 
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became inactivated, showing membrane degradation from the gen
erated intracellular ROS (Fig. 3) [43]. As shown in other studies, ROS 
generation is applicable to viral inactivation as well [24,41]. The 
result from this study suggests that porous surfaces may increase 
photoactive surface area, enabling more efficient TiO2 photocatalysis 
with less material and UV irradiation. 

TiO2 nanoparticles have also shown promising results in pre
venting infection of virus-inoculated cells. One study conducted by 
Akhtar et al. produced TiO2 NPs with an average diameter of 8 nm 
using a sonochemical method developed by Srivastava et al. [44] and 
evaluated the NPs inhibitory efficacy against Newcastle disease virus 
(NDV), one of the most virulent poultry viruses [45]. When NDV 
inoculated chicken embryos were treated with varying concentra
tions of TiO2 NPs, no hemagglutination was observed in NP con
centrations from 6.25 μg/mL to 100 μg/mL, indicating complete viral 
inactivation after 96 h. The suggested mechanism of action is direct 
NP-virus interactions that damage the viral envelope’s lipids and 
deform the glycoprotein spikes, making the virus unable to attach 
and initiate infection [45]. This secondary mechanism is also sup
ported by Mazurkova et al.,[46] who demonstrated in their study 
that TiO2 NPs still exhibited antiviral activity against influenza even 
when not UV illuminated. Based on their observations, it is sug
gested that TiO2 NPs can also achieve viral inactivation by pene
trating and disintegrating the viral envelope [46]. 

Takeaway and applicability to SARS-CoV-2 

The photodegradation mechanism of TiO2 in the presence of UV 
wavelengths and moisture is suited to inactivating SARS-CoV-2 given 
that the virus spreads as aerosolized aqueous droplets that settle on 
surfaces [11]. A TiO2 nanoparticle-based surface coating could use 
the moisture in the droplets as a reagent to start the production of 
ROS through photocatalysis reactions, even under standard indoor 
lighting. Given that SARS-CoV-2 is an enveloped virus, with a lipid 
bilayer exterior and surface glycoproteins (see Fig. 4a), the interac
tions with nanoparticles and their produced ROS with the SARS- 
CoV-2 viral membranes may compromise surface proteins such as 
the spike glycoprotein, which are rooted in and depend on an intact 
membrane for fusion with host cells [47]. 

SARS-CoV-2 inhibition would then be achieved through the 
oxidative damage to its base proteins, lipids, and nucleic acids by 
reactive free radicals. Furthermore, a study by Yasuda et al. found 
that ROS (in their case from copper ions) were able to alter and 
cleave the oligosaccharides of glycoproteins in a hepatitis rat model  
[49]. Notably, they found that cation reactions with hydrogen per
oxide can readily generate hydroxyl radicals that degrade N-linked 

glycosidic linkages between oligosaccharides and proteins. This in
teraction reduces the glycosylation of glycoproteins and alters bio
logical function. In SARS-CoV-2, the spike protein uses extensive 
glycosylation acquired from the human cell that produced it to 
shield vulnerable epitopes from immune antibodies [50] (see Fig. 4). 

This glycan shield plays a crucial role in SARS-CoV-2 infectivity 
and helps facilitate immune evasion so the virus can successfully 
reach host cells in the body. Therefore, a significant ROS-mediated 
reduction in the viral spike protein’s glycosylation before exposure 
to the host could make the virus less infectious and more easily 
destroyed by the host’s immune response. Preemptive modification 
to SARS-CoV-2 oligosaccharide moieties could be achieved through a 
surface coating possibly based on TiO2 as its photocatalytic reaction 
also generates hydrogen peroxide and hydroxyl radicals. A combi
nation of TiO2 and Cu in a composite coating may be worth further 
research as well to evaluate if SARS-CoV-2 inactivation can be 
achieved through ROS-mediated degradation of the spike protein 
glycan shield. The idea that TiO2 nanoparticles themselves can di
rectly interact and physically damage SARS-CoV-2 virions is also 
substantiated by the studies of Akhtar et al. and Mazurkova et al.  
[45,46]. They demonstrated that TiO2 NPs cause membrane de
struction to inactivate of influenza and Newcastle disease virus; an 
action which may be transferable to SARS-CoV-2, given that all are 
enveloped RNA viruses with similar structures. Preliminary research  
[51] seems to support this possibility. 

The virucidal action of TiO2 nanoparticles against human nor
ovirus and norovirus surrogates, in addition to enveloped viruses, is 
another particularly promising development. Noroviruses possess 
high genetic variability and a rapid mutation rate that makes vaccine 
development highly challenging while limiting the duration of im
munity for recovered persons. In addition, the low infectious dose of 
18 viral particles or less [52], an alcohol sanitizer-resistant non-en
veloped structure [53,54], and ability to survive for up to several 
weeks on surfaces [55], results in potent transmissibility [56]. 
Therefore, enteric viruses are similar to SARS-CoV-2 with respect to 
their environmental stability, ability to survive for prolonged dura
tions on cross-contaminated surfaces [11], and rapid mutation. Thus, 
rapid disinfecting methodologies that can stem the spread of both 
enveloped and non-enveloped virus domains in vulnerable en
vironments such as hospitals and restaurants would be a major 
breakthrough. 

Zinc oxide (ZnO) 

The use of zinc oxide as an antiseptic may trace as far back as 
4000 years to ancient Egypt when it was used in ointments to treat 

Fig. 3. Diagram of TiO2 photocatalysis. Antimicrobial action occurs through the production of ROS on exposure to specific UV wavelengths. SEM images illustrate Staphylococcus 
aureus samples before and after exposure to TiO2 surface with arrows indicating damage to bacterial membranes. 
Reprinted from Ref. [43], with permission from Elsevier. 
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infected hair follicles in the form of boils and carbuncles [57]. 
Modern science has confirmed that ZnO and its nanoparticles (ZnO 
NPs) possess antibacterial properties against an extensive range of 
microorganisms, including Escherichia coli, Pseudomonas aeruginos, 
Klebsiella pneumonia, Pseudomonas vulgaris, and Campylobacter jejuni  
[58,59]. At the same time, zinc oxide, even in nanoparticle form, is 
considered safe for human contact, as it is utilized in sunscreens, and 
even consumed as a supplement in zinc fortified foods [60,61]. This 
is particularly because the toxic effects of ZnO NPs, bulk ZnO, and 
Zn2+ are similar, unlike many other systems [62]. The toxicity of ZnO 
to pathogens and minimal impact on human cells has led to appli
cations of nanoscale ZnO for lining food packaging and plastics to 
confer antimicrobial activity against foodborne and infectious pa
thogens [63]. In regards to food packaging, zinc oxide has been 
successfully integrated with petroleum-based and biodegradable 
PHBV polymers to improve food shelf-life and safety, using methods 
such as melt mixing, electrospinning or solvent casting [64]. Zinc 
oxide NPs are a leading virucidal candidate for therapeutic and 
surface coating applications given their unique attributes of low 
cytotoxicity to human cells, ROS-generating photocatalysis, and 
proven effectiveness at damaging lipid membranes through diffu
sion and accumulation. 

The unique chemical properties of ZnO NPs compared to their 
bulk form, as with most NP systems, results from their high specific 
surface area, leading to greater activity against pathogens. Against 
bacteria, ZnO NPs can act through a mechanism of destructive dif
fusion through the cell membrane, which causes lysis [59]. For in
stance, Xie et al. used SEM imaging to study the impact of 0.5 mg/L 
ZnO NPs on Campylobacter jejuni [63]. They found that the bacteria 
changed from their usual spiral shape to a coccoid morphology with 
instances of membrane penetration and rupture (Fig. 5) [63]. The 
images suggest that ZnO NPs accumulate on and compromise the 
lipid membrane to inactivate the bacteria. From across the literature, 
ZnO NP biocidal activity is generally observed to improve with de
creasing particle size, affording greater effective surface area [65]. 

Furthermore, ZnO has a similar band gap to TiO2 and can also act 
as an effective, low-cost photocatalyst in the presence of water and 
sunlight or artificial UV [66]. ZnO NPs have been reported by groups 
such as Premanathan et al. and Ong et al. to undergo UV photo
catalysis pathways that generate excess ROS such as superoxide, 
hydroxyl radicals, and hydrogen peroxide [66,67]. As seen in TiO2 

photodegradation, these ROS can cause oxidative stress and lipid 
peroxidation that damages biological membranes and may induce 
apoptosis [24,41,67]. Zinc ions have also been demonstrated to ex
hibit virucidal effects on viruses through protease inhibition and 

disruption of viral RNA polymerase [68]. Inactivation by ZnO NPs, 
like other metal nanoparticles, benefits from increasing exposure 
time and concentration. 

As transmission through contact surfaces is a challenging in
fectious pathway [10], there have been efforts to combat this by 
developing long-lasting coatings and sprays that target viruses and 
bacteria while remaining safe for people. One method of creating a 
stable, biocompatible coating is the use of hydrogel polymers mixed 
with ZnO NPs, as reported by Schwartz et al. [69]. The coating de
veloped is an antimicrobial composite hydrogel formed by mixing 
poly(N-isopropylacrylamide) with zinc oxide nanoparticles. SEM 
imaging of the resultant film showed an even distribution of ZnO 
NPs that was highly effective in entirely disabling E. coli at a low zinc 
oxide concentration of 1.33 mM. The composite coating was also 
found to be safely non-toxic during seven days of exposure to 
mammalian NIH/3T3 cells. The researchers propose that the de
monstrated coating could be employed for self-sterilizing biome
dical devices and hospital surfaces. 

Although studies focused on the antiviral influence of zinc oxide 
nanoparticles are far less prevalent in the literature than those ex
amining its antibacterial properties, there are a few notable studies. 
Mishra et al. have researched zinc oxide as an antiviral agent through 
a micro-nano structure (MNS) morphology that targets the attach
ment phase of herpes simplex virus type-1 (HSV-1) pathogenesis  
[70]. HSV-1 possesses positively charged envelope glycoproteins that 
electrostatically bind to negatively charged heparan sulfate (HS) 
areas on the cell surface to induce filopodia-like structures that 
enable viral entry [71]. The researchers targeted this entry me
chanism using ZnO MNSs, which resemble sea urchins with nano
scopic spikes, mimicking the HS structures on the cell surface that 
the HSV-1 normally targets with its glycoprotein spikes. The partial 
negative charge of the MNSs causes electrostatic binding to HSV-1 
virions, which trap them on the surface of the MNSs and prevent the 
virus from reaching any host cell receptors (Fig. 6) [70]. The in
hibitory effect was further enhanced when ZnO MNSs were pre
treated with UV-irradiation, which creates additional oxygen 
vacancies and negative charge centers on the MNS surface, leading 
to higher attraction and binding to HSV-1 virions [72]. The ZnO 
nanostructures were able to effectively prevent infection of zebrafish 
embryos and human corneal fibroblasts by HSV-1. Thus, ZnO MNSs 
proved powerful at inactivating the virus with low toxicity to host 
cells at concentrations up to 500 μg/mL. The study of Wu et al. [72] 
supports the potential for ZnO nanotechnology as a biocompatible 
prophylactic agent that can prevent infection of enveloped viruses 
such as herpes simplex through applications such as topical creams 

Fig. 4. (a) Diagram of SARS-CoV-2, the virus that causes COVID-19. An enveloped virus with a lipid membrane featuring a “corona” of spike (S) proteins. Reproduced with 
permission from Scientific American from Ref. [48]. (b) The N-linked core oligosaccharide. N-linked glycans make up a part of SARS-CoV-2 spike proteins start as "core oligo
saccharides" that have the structure shown. These are bound to the polypeptide chain through an N-glycosidic bond with the side chain of an asparagine. 
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or surface coatings; it may be possible to adapt this approach to 
mimic other viral targets, potentially including SARS-CoV-2, so that 
it can be used against a broader range of pathogens. 

In a recent study, El-Megharbel et al. examined the antiviral activity 
of ZnO NPs against SARS-CoV-2 directly and found potent inhibition at 
a low nanoparticle concentration (IC50 of 526 ng/mL) [73]. The ZnO 
NPs were characterized using a suite of spectroscopic tools and found 
to have a diameter of 40–60 nm as determined by TEM. The antiviral 
activity and IC50 were determined by infecting Vero-E6 cells with 
SARS-CoV-2 and then overlaying cell culture with different con
centrations of ZnO NPs. Following 72 h incubation, the cells were 
stained to evaluate the viral inhibition and determine which con
centration reduced the cytopathic effect by 50% relative to the control 
(IC50). The low concentration IC50 suggests substantial impairment of 
SARS-CoV-2 pathogenesis. However, MTT assay found that ZnO NPs 
were moderately cytotoxic to Vero cells with a 292.2 ng/mL con
centration resulting in 50% cell death. The proposed mechanism is that 
ZnO NPs produce Zn2+ ions and varied reactive oxygen species that can 
damage proteins, lipid membranes, and nucleic acids to cause both 
SARS-CoV-2 inactivation and cell apoptosis [73]. 

Another approach uses polymer functionalization of ZnO NPs to 
provide greater stability, lower toxicity, and controlled release an
tiviral action. Ghaffari et al. [74] and Tavakoli et al. [75] explored this 

option for H1N1 influenza virus, and for herpes simplex virus type 1, 
respectively. By examining the antiviral effect of zinc oxide nano
particles both with and without polyethylene glycol (PEG) surface 
functionalization on infected cell lines, Ghaffari et al. found that the 
highest non-toxic concentration for PEGylated ZnO-NPs was 200 μg/ 
mL, resulting in an H1N1 inhibition rate of 94.6% while the non- 
PEGylated ZnO-NPs were only non-toxic up to 75 μg/mL which 
achieved 52.2% inhibition for H1N1 influenza-infected Madin-Darby 
canine kidney (MDCK)-SIAT1 cells [74]. For the same concentration 
(200 μg/mL), Tavakoli et al. saw an inhibition rate of approximately 
92% with HSV-1-infected Vero cells [75]. Time-of-addition assay 
found that PEGylated ZnO NPs were most effective when added 1 h 
post-infection, which suggests that the nanoparticles influence early 
stages of viral pathogenesis and may interfere with the initiation of 
infection or subsequent viral genome replication [75], though con
firmation requires quantitative protein expression measurements. 
PEGylation of the nanoparticles was achieved by mechanical ball 
milling, which also created smaller nanoparticles. This decreased 
size is also a possible mechanism of increased antiviral activity since 
the smaller NPs are expected to be more reactive with a greater 
surface area to volume ratio and greater facilitated diffusion [74]. 
Overall, coating the surface of ZnO NPs with polyethylene glycol can 
enhance antiviral efficacy and lower in vitro cytotoxicity. 

Fig. 5. (a) SEM images of Campylobacter jejuni cells treated with 0.5 mg/mL of zinc oxide nanoparticles for 12 h under microaerobic conditions. (b) untreated cells as a control. (c, 
d) Antibacterial activities of ZnO nanoparticles against C. jejuni. Freshly grown bacterial cultures (108–109 CFU/mL) were treated with a range of concentrations of ZnO nano
particles. Culturable cell numbers were determined at the time intervals after treatment shown on the figure. The values for CFU/mL are the means of 12 replicates. Error bars 
indicate standard deviations of the means. 
Adapted from Ref. [63] with permission from the American Society for Microbiology. 
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Takeaway and applicability to SARS-CoV-2 

Given that enveloped viruses such as SARS-CoV-2 also have a 
lipid bilayer outer membrane, nanoparticles could disrupt and 
permeate the membrane in a similar manner to the bacterial in
activation mechanism [47,76], and in fact this is what El-Megharbel 
et al. observed [73]. Amphiphilic soap is well known to effectively 

destroy SARS-CoV-2 virions by dissolving its lipid membrane, which 
supports the possibility that nanoparticles such as ZnO may achieve 
viral inactivation by targeting the same structures [11]. The ZnO 
micro-nano structure morphology electrostatically targeting virions 
suggested by Mishra et al. [70,72] developed for HSV may be adapted 
to resemble other viral targets such as that of SARS-CoV-2. Fur
thermore, with similar photocatalytic action, ZnO may share 

Fig. 6. ZnO micro-nanostructures (MNSs). (a) Synthesis of the ZnO material can be done in large quantities, please note the 23 mm diameter coin. (b) Microscopic image, 
comparison between a standard powder (A) and the material synthesized here (B). (c) Electron micrograph showing the complex geometries. (d) The powder contains a larger 
quantity of filopodia like structures, which have (e) spikes down to the nanoscale. (f) Model for the ZnO-MNSs based HSV-1 inhibition. Interaction of HSV with ZnO-MNSs bearing 
nanospikes results in HSV-1 trapping that prevents early phases of virus-cell interactions and viral entry. 
Adapted from Ref. [70], with permission from Elsevier. 
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inactivation mechanisms with TiO2, including the cleavage of oli
gosaccharides from the glycan shield by hydroxyl radicals and ROS- 
mediated degradation of viral integrity [49]. However, due to the 
high cytotoxicity of ZnO-NPs observed by El-Megharbel et al. [73], 
such nanoparticles would be best suited to use outside the body 
such as in disinfectants and coatings where the antiviral action can 
be leveraged with minimal risk of contact with live human cells. 

Iron oxide nanoparticles 

Iron oxide nanoparticles (IO-NPs) are a prominent nanomaterial 
used in biomedical applications ranging from cancer nanotherapy to 
biosensors to contrast agents for imaging, owing to their high bio
compatibility and magnetic properties [77–80]. Notably, IO-NPs can 
be modulated under an external magnetic field and used for drug 
targeting or to induce local hyperthermia for tumor treatment [81]. 
Their proven safety in anemia treatment has led to US Food and Drug 
Administration (FDA) and various European Union agency approvals  
[82], which combined with demonstrated antibacterial [83] and 
antiviral activity against influenza subtypes [84,85], rotavirus [86], 
and Dengue virus [87], may make IO-NPs valuable tools in pre
venting the spread of viral infections [88,89]. 

Qin et al. evaluated the efficacy of large (~ 200 nm) iron oxide 
(magnetite, Fe3O4) nanoparticles against influenza A, and found 
broad-spectrum antiviral activity against 12 viral subtypes (H1-H12) 
through a range of in vitro and in vivo tests [84]. Pre-exposure of 
influenza A virus to a concentration of 4 mg/mL iron oxide nano
particles for 2 h efficiently inhibited virus-induced cell death in 
MDCK cells and mouse models showed a 100% survival rate 14 days 
post-infection [84]. Similarly, Kumar et al. [85] saw significant an
tiviral potency against H1N1 influenza plaque formation in a dose 
and time dependent manner for small, 10–15 nm diameter, nano
particles, where an 8-fold reduction in viral RNA transcripts was 
observed using RT-PCR, for in vitro treatment of the virus with IO- 
NPs compared to untreated control. 

The broad spectrum efficacy against influenza subtypes was 
made possible by targeting the viral envelope, which is a highly 
conserved component across enveloped viruses [84]. The main 
mechanism observed by Qin et al. for influenza sub-type viruses was 
lipid peroxidation of the viral envelope and damage to neighboring 
proteins that compromised virion integrity and infectivity [84]. In 
this way, the nanoparticles exert lipoxidase enzyme-like activity and 
the nanozyme action enables effective catalysis of viral lipid struc
tures. Destruction of the viral envelope was confirmed through 
transmission electron microscopy and degradation of influenza 
glycoproteins, hemagglutinin and neuraminidase was found through 
Western blot (Fig. 7). For smaller particles, Kumar et al. proposed 
that the small size of these IO-NPs enabled preferential reaction and 
binding with the sulfur-bearing residues (-SH groups) of influenza 
proteins to prevent virus-host cell binding, inhibiting viral proteins 
and replication [85]. 

Furthermore, it has been found that coating Fe3O4 nanoparticles 
with polymers such as polyvinyl pyrrolidone (PVP) [90], poly
ethylene glycol (PEG) [90] or glycine [85] can enhance their anti- 
influenza activity, stability, and safety. MDCK cell viability studies for 
PVP and PEG coating using MTT assay showed that polymer-coated 
magnetite nanoparticles exerted less cellular toxicity at all con
centrations compared to uncoated magnetite nanoparticles after 
72 h of exposure [90]. With functionalization with glycine, Kumar 
et al. [85] found that IO-NPs were also not significantly cytotoxic at 
the effective concentration of 2 pg/mL for Monkey African green 
kidney (MA104) cells. The improved safety may be a result of the 
polymer-coating reducing nanoparticle-cell interactions or mem
brane alterations yielding higher stability [85,90]. 

Coated particles have an added effect, where they not only retain 
their antiviral efficacy, but are seen to even exceed that of pristine 

NPs. In cytopathic assay, Kumar et al. [90] observed a 30 μg/mL 
concentration of pristine magnetite NPs inhibited influenza viral 
plaque formation by 30% whereas the PEG- and PVP-coated mag
netite NPs achieved 45% and 55% plaque inhibition, respectively. 
TEM imaging showed that polymer-coated magnetite NPs also en
tered the cytoplasm of infected cells where they bound with the 
viral nucleic acids before replication. A significant reduction in in
fluenza RNA was confirmed by RT-PCR [90]. The enhanced antiviral 
efficacy from polymer coating may be caused by the deprotonation 
of the magnetite nanoparticle surface which confers a negative 
charge. Kumar et al. found that negatively charged nanoparticles 
strongly impede the H1N1 virus due to electrostatic interactions 
between the nanoparticles and viral structures such as the lipid 
membrane, glycoproteins and RNA. NP binding interactions can 
compromise viral viability, prevent cellular entry, or impair re
plication intracellularly [90]. 

Due to their relatively low cytotoxicity and approved use in vivo 
in iron replacement therapies and as contrast enhancement reagents 
for magnetic resonance imaging [82], IO-NPs have great potential in 
infection prevention and control in healthcare settings. IO-NPs can 
be integrated into PPE such as masks and gloves, as well as patient- 
contact materials such as bedsheets and pillow covers [84]. The use 
of sterilizing nanoparticles could inactivate viruses within fabrics 
and limit the spread of infections among healthcare providers and 
patients [88]. In fact, Qin et al. showed that when integrated into a 
facemask, iron oxide nanoparticles provided increased protection 
against 3 epidemic influenza A subtypes: H1N1, H5N1, and H7N9  
[84]. The use of IO-NPs in disinfection is also supported by prior 
research exploring their use for water treatment. When embedded 
in fiberfill, Fe2O3 NPs were found to disinfect MS2 phage and rota
virus in solution [86]. This effect could be enhanced, and extended to 
bacteria such as E. Coli, by producing hybrid metal compounds, such 
as Ag-modified Fe2O3 nanoparticles [91], embedded in the fiberfill. 
Through a mechanism of electrostatic adsorption to the high surface 
area nanoparticles [86], the capsids of rotavirus virions were struc
turally degraded through interaction with the hematite, as observed 
in TEM microscopy. In aqueous solutions, hematite acquires a surface 
charge from the dissociation of surface hydroxyl groups that remove 
viruses from water by electrostatic interactions and the formation of 
surface complexes [92]. Such a mechanism, which can be manipu
lated using polymer functionalization or environmental conditions 
to modify the surface charge, makes IO-NPs particularly attractive as 
a surface coating. 

Iron oxide nanoparticles thus show potent inhibition of viruses 
and biocompatibility that may be enhanced with polymer surface 
modification or hybridization with other particles [91]. Further 
studies can help determine practical applications, better elucidate 
methods of mitigating cytotoxicity risk, and examine efficacy against 
other viruses including SARS-CoV-2 [85,90]. 

Takeaway and applicability to SARS-CoV-2 

In summary, iron oxide nanoparticles exhibit a broad range of 
antiviral mechanisms including ROS generation, lipid peroxidation, 
and binding to viral surface proteins to impair attachment to host 
cells. The lipid membrane envelope of SARS-CoV-2 renders it vul
nerable to lipid peroxidation while its integral membrane proteins 
can be inhibited by ROS and nanoparticle binding. By targeting the 
viral envelope, which is a highly conserved component across en
veloped viruses [84], or its spike proteins, iron oxide could also be 
effective against other enveloped viruses such as coronaviruses. 
Recently, Abo-zeid et al. performed a detailed theoretical molecular 
docking study showing the specific interactions of IO-NPs with the 
viral glycoproteins of SARS-CoV-2 [88]. They evaluated the binding 
affinity of Fe3O4 (magnetite) and Fe2O3 (hematite) nanoparticles to 
SARS-CoV-2 spike protein receptor binding domain (S1-RBD) and 
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hepatitis C virus (HCV) E1 and E2 glycoproteins. Fe3O4 NPs were 
found to form more stable complexes and preferentially bind with 
S1-RBD compared to Fe2O3 NPs. In contrast, Fe2O3 NPs had stronger 
interactions than Fe3O4 for HCV E1 and E2 glycoproteins. The 
binding of IO-NPs to viral glycoproteins involves the formation of 
hydrogen bonds to amino acids in the glycoprotein. For instance, the 
interaction of Fe3O4 with S1-RBD involved the formation of four 
hydrogen bonds, with a total intermolecular energy of 11.40 Kcal/ 
mol. The authors propose that nanoparticle binding induces irre
versible conformational changes to the glycoproteins that prevents 
viral binding and entry into host cells. For SARS-CoV-2, IO-NPs may 
inhibit the spike protein receptor binding domain from attaching to 
host cell ACE-2 receptors, thus stopping the initiation of cellular 
infection. Further, it is proposed that IO-NPs could initiate in
activating oxidative damage to viral lipid envelopes through the 
generation of reactive oxygen species [88]. This mechanism of oxi
dative inactivation is supported by studies with other metal nano
particles and by Qin et al. where lipid peroxidation of the influenza 
lipid envelope destroyed virions [84]. Antibacterial and synergistic 
antiviral activity can also be achieved when IO-NPs are utilized 
alongside other metal nanoparticles such as Ag-NPs, which de
monstrates potential for use in general disinfectants and coatings. 
Iron oxide nanoparticles also exhibit good biocompatibility and the 
existing FDA approval means iron oxide nanoparticles could be re
purposed with relative ease and haste into antiviral nanomaterials 
for safeguarding human environments and PPE. 

Silver-based nanoparticles 

Silver is a noble metal with an extensive history of medical uses 
in many cultures and a myriad of applications in current biomedical 
technology. Often, these applications utilize the unique microbicidal 
activity of Ag, which makes it an excellent sterilizing agent in wound 
care products, surgical devices, disinfecting filters and for protecting 
contact surfaces. In Japan, for example, silver thiosulfate in silica gel 
microspheres is often integrated into plastics from children’s toys to 
toilet seats for long-term microbicidal properties [93]. Silver deri
vatives such as AgNO3 have also been used for decades in eye drops, 
and topical burn creams where they provide silver ions that inhibit 
pathogens and prevent infection [94]. With advances in nano
technology, pure silver nanoparticles (AgNPs) with high efficiency 
and chemical activity are now available for antiseptic uses. The ad
vent of AgNPs has enabled new strategies to overcome challenges 
facing modern medicine, including antibiotic-resistant bacteria and 
epidemic viruses. 

Dung et al. recently applied 14 nm AgNPs in antiseptic applica
tions against African swine fever virus (ASFV) [95]. With no vaccine 
available against ASFV, disinfection is the primary method of 
inhibiting its virulent spread among domestic pig populations. 
Likewise, nanoparticle-based disinfection could be useful against 
SARS-CoV-2 in areas with barriers to vaccination rollout , or to 
augment vaccination efforts. To ensure viral inhibition without cell 
cytotoxicity, the researchers exposed porcine alveolar macrophage 

Fig. 7. IONzymes compromise the lipid envelope and neighboring proteins of IAVs through lipid peroxidation. (a, b) The level of lipid peroxidation (MDA detection) when 
liposomes were treated by IONzymes, (c) or when IAVs (H5N1 SY strain) were treated by IONzymes. (d) TEM image of IAVs treated by IONzymes (4 mg/mL). The left image: 
untreated IAVs. The asterisk: the destroyed lipid envelope of virion. Scale bar: 50 μm. (E) Western blot analysis of hemagglutinin, neuraminidase, matrix protein 1, and nu
cleoprotein protein of IAVs treated by IONzymes. Adapted from Ref. [84], under CC BY 4.0. 
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(PAM) cells to various concentrations of AgNPs and assessed cell 
death. The highest non-toxic concentration to PAM cells was found 
to be 0.78 ppm AgNPs. At this concentration, AgNPs showed potent 
antiviral activity and completely inhibited all viral titers (infectious 
unit per mL) of less than or equal to 103 50% hemadsorbing doses 
(≤103 HAD50) from infecting PAM cells. They suggest that AgNPs can 
bind to and disable areas of ASFV’s membrane proteins, such as the 
binding domains of glycoproteins, thereby preventing viral pene
tration into host cells. Dung et al. have also shown the biocidal ac
tivity of AgNPs against a range of microbes, including Salmonella 
enterica, E. Coli, Vibrio cholerae, and Coliform bacteria and fungi  
[95,96]. Smaller particles, ~5 nm with a narrow size distribution 
formed by reverse micelle techniques, were able to 100% inhibit 
bacteria cultures at a concentration of 3 ppm and fungi at 15 ppm 
after 30 min of exposure [96], showing the effectiveness of AgNPs 
across a broad range of pathogens. 

The binding of AgNPs to inactivate membrane proteins is also 
supported by research into other enveloped viruses such as hepatitis 
B [31] and H1N1 influenza A [97]. Lu et al. found that AgNPs of sizes 
10 nm and 50 nm are inhibitors of hepatitis B virus (HBV) replication  
[31]. Using a real-time PCR method [98] to compare the HBV DNA 
content from AgNP treated and untreated hepatoblastoma cells, they 
quantified dose-dependent viral inactivation after 48 h of incuba
tion. 10 nm AgNPs showed 38% inhibition at 5 μM and 80% viral in
hibition at 50 μM, while 50 nm AgNPs showed 53% and 92% 
inhibition at the same concentrations, respectively. They propose 
that there is a high binding affinity of nanoparticles for HBV DNA and 
extracellular virions. This direct binding, which was determined 
using a UV–vis absorption titration assay, could inhibit nucleotide 
replication through DNA damage and disable virions by membrane 
degradation [31]. Regarding toxicity, this study also found that larger 
nanoparticles (800 nm) presented significantly higher cytotoxicity in 
cell culture compared to the 10 and 50 nm NPs. Similarly Xiang et al. 
showed that Ag NPs with a range of sizes between 5 nm and 20 nm 
can provide enhanced protection against influenza virus infection 
without the risk of cell toxicity, at an optimal concentration [97]. 

The targeting of viral glycoproteins particularly through the 
disulfide bonds is explored by Lara et al. in their study examining the 

efficacy of AgNPs against HIV-1 [25]. They found that silver nano
particles attach to and disrupt cysteine-cysteine disulfide bond re
gions on the CD4 binding domain of the HIV-1 glycoprotein gp120  
[25]. The carboxyl half of the gp120 CD4 binding domain has two 
disulfide bonds that represent vulnerable targets with which silver 
ions can form complexes [99]. Specifically, silver ions can bind 
sulfhydryl groups on cysteine residues to disrupt disulfide bonds. 
The result would be denaturation due to changes to the protein fold 
of gp120, which inactivates it and blocks the virus from fusing with 
target cells through the CD4 receptor [94]. Kim et al. also observed 
such a mechanism in Ag NPs targeting influenza A virus [100]. A 
study by Siriwardana et al. supports the ability of silver nano
particles to bind and cleave disulfide bonds [101]. Using surface- 
enhanced Raman spectroscopic (SERS) measurements, they find that 
cysteine binds to silver nanoparticles initially through its carbox
ylate group before forming a thiolate. This interaction eventually 
forms an SeAg bond that cleaves the S-S disulfide bond [101]. This 
disruption of disulfide bonds would fundamentally change the 
protein fold of a glycoprotein and may inhibit its function in at
taching to target receptors. An inactivating mechanism targeting 
disulfide bonds in glycoproteins would be highly relevant to com
bating SARS-CoV-2, which also relies on its spike glycoprotein to 
bind to ACE-2 receptors. 

Galdiero et al. provides a review of the literature on AgNPs as 
antiviral agents upto 2011, summarizing that for enveloped viruses, 
AgNPs inhibit the copy process of viral nucleotides in infected cells, 
which consequently prevents viral replication. This is a result of 
silver cations (Ag+) generated by the AgNPs or surface binding to 
electron donor groups such as sulfur, oxygen, and nitrogen that are 
found as thiols or phosphates on viral glycoproteins, enzyme factors 
and genetic structures. When proteins and enzymes form complexes 
with silver, their protein folding changes, which can cause dena
turation that incapacitates essential viral functions such as RNA re
plication and vesicle formation for cell entry. Fig. 8 illustrates a 
typical viral life cycle and several antiviral mechanisms of Ag na
noparticles [27]. 

Additionally, Lara et al. conducted a time of addition experiment 
to discover that AgNPs reduced infectivity in a variety of HIV-1 

Fig. 8. Schematic model of a virus infecting an eukaryotic cell and a snapshot of the antiviral mechanisms of Ag nanoparticles. Reproduced from Ref. [27] under CC BY 4.0.  
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strains, including those with resistance to antiretroviral drugs [25]. 
When compared to the antiretrovirals, which each target only a 
particular stage of the HIV life cycle such as entry, retrotranscription, 
or gene integration, AgNPs exhibited sustained antiviral activity at 
every stage, suggesting broader inhibitory mechanisms. Beyond 
targeting of gp120-CD4 in HIV-1 to prevent cell entry, they observe 
that AgNPs suppress the expression of TNF-α, an essential cytokine 
for HIV-1 replication that modulates proper RNA transcription  
[25,94]. This suggests that AgNPs can target both cell entry and 
retrotranscription steps in the HIV-1 replication cycle, and this 
variety in targets decreases significantly the likelihood that AgNP 
resistant strains may emerge. 

Huy et al. synthesized AgNPs using an electrochemical method 
and found that the AgNPs could also inhibit non-enveloped viruses 
at non-toxic, low concentrations [102]. To elaborate, they found that 
AgNPs at a concentration of 3.13 ppm were able to almost com
pletely inhibit poliovirus particles, after 30 min for viral concentra
tion of the 50% tissue culture infectious dose (1TCID50) and after 
60 min for viral concentration 10TCID50. The AgNPs were found to be 
biocompatible and safe for human rhabdomyosarcoma (RD) cells at 
concentrations up to 100 ppm while being toxic to poliovirus. The 
researchers found reduced cytopathic effect and cell death when 
infected RD cells were incubated with NPs compared to non-treated 
controls. The high cell viability presents possible inhibitory effects of 
AgNPs on viral binding and reproduction. Huy et al. hypothesized 
that the small size of AgNPs at about 7.1 nm and their high specific 
surface area enabled them to react readily with and prevent viral 
binding to RD cells [102]. Chen et al. showed that silver nano
particles can directly damage the protein capsid of adenovirus type 3  
[103] using TEM, and it is likely that AgNPs could cause similar 
disruption of poliovirus proteins [102]. These studies reinforce the 
broad antiviral capabilities of silver nanoparticles against both en
veloped and non-enveloped viruses. 

In addition to pure silver nanoparticles, bulk forms and nano
particles of silver compounds have also been found to be functional 
antivirals. For instance, Du et al. examined the antiviral mechanism 
of Ag2S nanoclusters (NCs) against coronaviruses with porcine epi
demic diarrhea virus (PEDV) as a model [104]. The Ag2S NCs were 
produced with glutathione as a capping reagent and had an average 
size of 5.3 nm. After 12 h of exposure, Ag2S NCs were determined to 
significantly suppress PEDV titers by 3 log (99.9%) in plaque assay 
remaining non-cytotoxic at 46 μg/mL [104]. The researchers’ analysis 
of the antiviral mechanisms indicated that Ag2S NCs treatment in
hibits the synthesis of viral negative-strand template RNA and blocks 
viral budding, preventing cell-cell transmission. They also found that 
Ag2S NCs stimulated the innate immune response to combat viral 
infection by activating the production of interferon-stimulated genes 
(ISGs) and the expression of proinflammatory cytokines in Vero cells  
[105]. The effectiveness of a silver nanomaterial in this study is 

notable because PEDV and SARS-CoV-2 share a very similar makeup 
being in the same coronavirus family with shared components such 
as positive-sense single-stranded RNA, spike proteins, and an en
velope. The results, therefore, suggest that anti-SARS-CoV-2 agents 
could be developed from silver-based nanomaterials. 

Though Minoshima et al. found that solid-state silver compounds 
such as Ag2S display little antiviral efficacy against enveloped in
fluenza A and non-enveloped bacteriophage Qβ [106], they observed 
that water-soluble silver compounds, AgNO3 and Ag2O, did show 
significant antiviral action against influenza with exceptional de
gradation of neuraminidase [106]. The mechanism behind the spike 
protein degradation is again the breakage of disulfide bonds, which 
are essential for proper protein folding and function. The effect on 
disulfide bonds was determined using the technique developed by 
Koide et al. [107] where monobromobimane fluorescence of a 
trypsin inhibitor model protein in phosphate buffer is used to detect 
thiol concentration. Trypsin inhibitor protein has two disulfide 
bonds between thiol groups and shows less fluorescence when these 
bonds are broken. The largely ineffective Ag2S did not affect the thiol 
concentration, while the water-soluble compounds AgNO3 and Ag2O, 
which dissociated silver ions, showed significantly reduced fluores
cence, indicating the breakage of disulfide bonds in the trypsin 
model protein [106]. It is suggested that silver ions denature proteins 
by breakage of S-S bonds according to the following reactions  
[108,109]: 

+
+ +

+

+ +
R S S R Ag 2R S Ag
R SH Ag R S Ag H

(ReSeSeR and ReSeH represent disulfide (S-S) bond and cy
steine residues, respectively, in trypsin inhibitor protein). 

The results substantiate the disulfide cleaving mechanism for the 
effect of pure AgNPs [25,101]. Further, it proves that ions sourced 
from compound nanoparticles or bulk coatings also have the ability 
to break disulfide bonds in glycoproteins to disrupt their function 
and ability to infect cells. 

Given the prevalence and utility of plastic-based products in 
modern society, another approach for virus inactivation is to pro
duce composite polymers incorporating nanoparticles that can self- 
sterilize against pathogens. Castro-Mayorga, et al. explored the an
tiviral properties of silver nanoparticles against norovirus surro
gates, murine norovirus (MNV) and feline calicivirus (FCV), when 
integrated into a polyhydroxyalkanoate bioplastic film (Fig. 9) [110]. 

A homogeneous distribution of 0.27 ppm AgNPs within poly (3- 
hydroxy butyrate-co-3-hydroxyvalerate) (PHBV) films was achieved 
by depositing a coating of thermally post-processed electrospun 
PHBV18/AgNP fiber mats over compression molded PHBV3 films  
[110]. The two norovirus surrogates were inoculated onto the AgNP 
fiber films with 100% relative humidity at 25 °C and 37 °C following 

Fig. 9. SEM images of electrospun fibers, (a) without AgNP (PHBV18), (b) with AgNP (PHVB18/AgNP), and (c) size distribution of fibers. 
Reprinted from Ref. [110], with permission from Elsevier. 
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an adapted ISO Standard 22196:2011 [111,112]. Subsequently virus 
inactivation was measured in cell culture based on the formation of 
cytopathic effects, followed by the quantification of the viruses by 
plaque assay, at 50% tissue culture infectious dose (TCID50). After 
24 h of exposure at 37 °C, FCV was inactivated entirely, and MNV 
infectivity decreased by 0.86 log TCID50/mL. In the same conditions, 
the bacteria S. enterica and Listeria monocytogenes were also com
pletely inactivated after contact with the film. At 25 °C, viral in
activation was less potent with FCV and MNV titers only decreasing 
by 1.42 and 0.14 log TCID50/mL, respectively. The proposed me
chanisms include AgNP driven denaturation of protein capsids and a 
synergic effect with nanoparticle-generated Ag+ ions that displace 
essential bonds in the viral structure. The low concentration in
tegration of AgNPs into the PHBV film provided virucidal activity 
against norovirus surrogates with negligible alteration to optical and 
mechanical properties [110]. The effectiveness of silver-infused 
plastics against FCV demonstrated by Castro-Mayorga et al. [110] is 
supported by a similar study by Martínez-Abad et al. [113], who used 
solvent casting to integrate silver ions into polylactide plastic. They 
also found that after 24 h of exposure, FCV was reduced by 2 log 
TCID50/mL on 0.1% silver films and fully inactivated on 1% silver films  
[113]. Thus, the use of silver for antiviral polymers is possible with 
potential applications in custom packaging and contact surfaces. 

Another approach to an antiviral environment was conducted by 
Park et al., who developed and tested micrometer-sized magnetic 
hybrid colloids (MHCs), which integrate AgNPs on their surfaces. 
They evaluated the efficacy of AgMHCs for inactivating bacter
iophage ϕX174, murine norovirus (MNV), and adenovirus serotype 2 
(AdV2) in solutions of tap water and surface river water [114,115]. 
Ag-MHCs with 30 nm silver nanoparticles (silver content: 400 ppm) 
were found to be the most effective, reducing the infectivity of phage 
ϕX174 and MNV 2 log after exposure to 4.6 × 109 particles/mL for 1 h 
at 25 °C. The authors describe the primary antiviral mechanisms of 
the MHCs as the creation of complexes with thiol groups on viral 
coat proteins and ROS catalysis. In the former, the nanoparticles 
coating the MHC bind with viral surface structures such as the gly
coproteins or capsid, which chemisorbs virions to prevent them 
from infecting cells. In the latter, silver is involved in aerobic reac
tions that generate free radicals, which in turn, causes oxidative 
damage to viral biomolecules [116]. Further, another study con
ducted by their group found that Ag-MHCs caused E. coli reductions 
of more than 6 log CFU/mL [115]. These results suggest that AgNP- 
MHCs can be applied for disinfection of bacteria and viruses in 
mediums such as sprays or surface coatings while minimizing en
vironmental pollution since they can be magnetically recovered. 

It is also possible to form composite material systems where both 
the nanoparticle and the support are active against viral bodies. 
Chen et al. demonstrated that graphene oxide sheets with silver 
nanoparticles lowered the infectivity of enveloped feline coronavirus 
and non-enveloped infectious bursal disease virus, with low cyto
toxicity [117]. They found that silver nanoparticles conjugated with 
sulfur groups in viral proteins to break disulfide bonds while the 
negatively charged graphene oxide interacted with positively 
charged lipids in enveloped viruses to cause membrane rupture. 
Therefore, the antiviral activity of the composite was enhanced re
lative to each component on their own [117]. 

Takeaway and applicability to SARS-CoV-2 

Silver was among the most studied nanoparticles in the pub
lished literature, and this is for good reason, given its exceptional 
virucidal and bactericidal effectiveness against a large range of 
viruses and potential for applications in self-sterilizing materials. 
Across these papers, the antiviral mechanisms of silver nanoparticles 
have centered around its ability to directly bind and react with 
chemical groups on viral lipid membranes and protein structures, as 

well as provide competition for the binding of the virus to the cell. 
Silver, in both nanoparticle and ionic form, can inactivate viruses by 
disrupting membranes and denaturing enzymes via reactions with 
sulfhydryl, amino, carboxyl, phosphate, and imidazole groups  
[94,117–119]. The recurring factors that affect antiviral activity are 
nanoparticle size and concentration with a high concentration 
generally correlated with greater efficacy and an optimal size range 
of 5–15 nm [25,27,94–97,102,110,119]. Larger nanoparticles in the 
sizes of 30 nm and 50 nm were also found to be potent, but there 
was an observed trend of broader spectrum activity and lower cy
totoxicity for smaller Ag nanoparticles, possibly due to their ability 
to more easily bind virions [24,27,31]. Analysis of the SARS-CoV-2 
spike protein conducted by Shang et al. shows that it also contains 
disulfide bridges between cysteines that are essential to its structure 
and operation [120]. Therefore, the proven antiviral mechanism of 
silver and silver compound nanoparticles against HIV-1, influenza A, 
and particularly PEDV may transfer to the inactivation of SARS-CoV- 
2 through the disruption of bonds in its spike protein  
[25,100,101,104]. The potential of silver nanoparticles for broad- 
spectrum antiseptic surface coatings is further enhanced by their 
bactericidal effect against burdensome multi-drug resistant bacteria 
such as Methicillin-resistant Streptococcus aureus (MRSA), Pseudo
monas aeruginos, ampicillin-resistant E. coli O157: H7 and ery
thromycin-resistant S. pyogenes [25,121]. 

Copper-based nanoparticles 

The first recorded use of copper for its antimicrobial properties is 
found in the Smith Papyrus, an Egyptian medical text dated between 
2600 and 2200 B.C [122]. It records how people discovered copper’s 
utility in sterilizing chest wounds and storing safe drinking water. In 
the 19th century, copper’s medical potential became more widely 
recognized by the observation that copper workers were far less 
susceptible to cholera in the 1832 and subsequent outbreaks in Paris, 
France [122]. Since then, scientific research into copper has enabled 
a more complete understanding of the mechanism for copper as a 
natural microbicide, and it has become an important metal with 
many applications such as sterile touch surfaces and medicines  
[122–125]. In contrast to other nanoparticle materials such as gold, 
silver, and silica, copper is an essential trace element for regular 
metabolism in the human body, which makes it safe in the small 
dosages that might be used in Cu nanoparticle-based surface coat
ings [126]. Copper and several of its compounds are now promising 
candidates in nanomaterials research, given their versatility, avail
ability, and relatively low toxicity. This section highlights several 
notable studies into the antiviral potency of copper-based 
nanoparticles. 

Copper(I) iodide 

Cuprous iodide nanoparticles of various diameters have been 
studied for their antiviral activity against a strain of H1N1 influenza  
[127] and feline calicivirus (FCV) [128]. Cuprous iodide was chosen 
for its stability, and white color that can be easily integrated into 
masks, filters, and other surfaces without the black-brown dis
coloration associated with other copper compounds [127]. CuI of 
160 nm diameter was found to present significant viral inhibition 
against influenza with increasing nanoparticle dose with a 50% ef
fective concentration (EC50) of about 17 μg/mL after exposure for 
60 min [127]. At CuI nanoparticle concentrations above 100 μg/mL, 
the viral titer declined to the lower detectable limit of plaque ti
tration assay (Fig. 10) [127]. The researchers also performed gel 
electrophoresis (SDS-PAGE) analysis on virus samples treated with 
different concentrations of CuI NPs. The SDS-PAGE data showed that 
influenza treated with at least 1 μg/mL CuI NPs (Fig. 10, Column 4) 
had wider protein bands with lower intensity compared to intact 
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viruses in columns 1–3, which had defined narrow bands. The 
widening band trend with greater CuI concentration was consistent 
for the 70 kDa hemagglutinin (HA) protein, the 55 kDa neur
aminidase (NA) protein, and the 26 kDa matrix (M1) protein 
(Fig. 10c). Therefore, the data confirm the degradation of influenza 
proteins, including the spike proteins, hemagglutinin and neur
aminidase by the CuI nanoparticles. With regards to the inactivation 
of FCV, 60 min of exposure to CuI NPs reduced infectivity of FCV to 
Crandell-Rees feline kidney (CRFK) cells by 6 log (99.9999% reduc
tion) when exposed to a concentration of 100 μg/mL and reduced 
below the lower detection threshold of plaque assay at 1000 μg/mL 
CuI nanoparticles (Fig. 10) [128]. Further, CuI nanoparticles were 
compared to a CuCl2·2H2O solution generating Cu+

2 ions alone, and 
the nanoparticles were found to have superior antiviral activity. 

Electron spin resonance (ESR) spectroscopy was used to de
termine the mechanism of viral inactivation by CuI NPs [127,128], 
which showed that CuI NPs dissociate into Cu+ and generate highly 
reactive hydroxyl radicals (OH-) in phosphate-buffered saline. Such 
ROS are known to cause oxidative damage to biological molecules 
resulting in nucleic acid mutations and random amino acid mod
ifications [39,40]. Production of OH- is suggested to occur through a 
multistep Fenton-like reaction [129,130]: 

+ +
+ +
+ + +

+ +

+

+ +

2Cu O 2Cu 2O
2O 2H H O O

Cu H O Cu OH OH.

2
2

2

2 2 2 2

2 2 2

This generation of OH- by CuI is suggested by Fujimori et al. to be 
responsible for the observed spike protein degradation in influenza  
[127]. Although not directly measured, peroxidation of the lipid 
membrane from Cu+ and ROS reactions are also known to contribute 
to viral inactivation [131], and could be a mechanism for influenza 
deactivation. For FCV, amino acid oxidation within the viral capsid 
proteins was confirmed by nano LC-MS analysis [128]. Therefore, the 
mechanism of inactivation for non-enveloped viruses appears to be 
predominately NP generated Cu+ ions reacting to produce ROSs that 
inflict oxidative damage to the protein capsid [127,128]. 

As respiratory viruses, influenza and coronaviruses share struc
tural characteristics such as a lipid envelope with spike glycopro
teins that bind target cells. Thus, with demonstrated impairment of 
influenza and viral proteins, it is possible that CuI nanoparticles will 
exert similar antiviral effects against SARS-CoV-2 and other similar 
viruses. 

Copper sulfide 

Broglie et al. authored one of the only papers investigating the 
antiviral potential of copper sulfide shell/gold core nanoparticles 
(Au@CuS NPs), specifically for inhibiting human norovirus [132]. The 
researchers hypothesize that nanoparticles can act as potent vir
ucides due to their high specific surface area that enables them to 
directly disrupt viral membranes and denature proteins. Au@CuS 
NPs of 2–5 nm were mixed in tiered concentrations with 0.37 μg/mL 
of non-infectious norovirus-like particles (VLPs), and antiviral ac
tivity was measured using an ELISA method [133]. After 10 min of 
exposure, Au@CuS nanoparticles were able to inactivate about 50% of 
the VLPs at 0.083 μM NP concentration. At ten times higher con
centration of 0.83 μM, the NPs were able to achieve 100% inactiva
tion of the VLPs after 10 min. In addition to concentration, contact 
time was found to be a key factor in antiviral effectiveness, with the 
lower 0.083 μM NP dose also achieving 100% VLP inactivation after 
60 min. Subsequent analyses with Western blot and dynamic light 
scattering showed a 86–95% reduction of a 32 kDa P domain protein 
and a decline of average particle size from the 38 nm size of VLPs 
before treatment to fragments of <10 nm after NP exposure, re
spectively (Fig. 11a). These results suggest that Au@CuS NPs caused 
the breakdown of VLP proteins into smaller fragments. TEM imaging 
of the VLPs supported this conclusion as physical degradation and 
capsid rupture was observed after NP contact (Fig. 11b). 

The authors proposed mechanisms including contact binding, which 
compromises the VLP capsid integrity and diffusion of NPs or Cu2+ ions 
across the viral capsid. In the latter case, the NPs and Cu2+ are proposed 
to cause RNA and protein damage through chemical reactions that 
induce ROS formation. The central role of ROS in viral inactivation 
by nanoparticles is consistent with other Cu-based NP studies  
[127,128,134,135]. Though the nanoparticles in the Broglie et al. study 
were synthesized by a two-step method by first growing gold NPs using 
a seeded growth method and then coating these cores with CuS nano
shell [136], they suggest that the CuS shell is most likely the active 
component and that the gold core could be substituted or even pure CuS 
nanoparticles could be used instead with similar effectiveness [132]. 

Copper oxides 

A wide variety of studies have examined the anti-septic proper
ties of copper oxides with several mechanisms proposed for the viral 
inhibition observed: 

Fig. 10. (a) Inactivation of influenza (105 PFU/0.1 mL) with various concentrations of CuI suspensions in phosphate-buffered saline (PBS) after exposure for 60 min. The dotted line 
indicates the lower detection limit. (n = 6 samples per plot). Reproduced from Ref. [127] with permission from American Society for Microbiology (b) Effect of CuI nanoparticles 
(circle) or Cu2+ (square) on feline calicivirus (FCV) infectivity in Crandell-Rees feline kidney (CRFK) cells. FCV cells (1.3 × 108 PFU mL−1) were subjected to various concentrations of 
CuI nanoparticles and CuCl2·2H2O for 60 min. Dotted line represents a detection limit. Reprinted from Ref. [128], with permission from Elsevier. (c) Degradative effects of CuI on A/ 
H1N1pdm. The data represent SDS-PAGE gel results (CBB stain). Concentrations of CuI in PBS are the following lane 1 0 μ/mL (only PBS); lane 2 0.01 μ/mL; lane 3 0.1 μ/mL; lane 4 
1 μ/mL; lane 5 10 μ/mL; lane 6 100 μ/mL; lane 7 1000 μ/mL. M indicates the molecular mass marker. HA, hemagglutinin; NA neuraminidase; M1, matrix protein. Reproduced from 
Ref. [127] with permission from American Society for Microbiology. 
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• Interference with viral replication stages such as transport into 
the cell nucleus or during gene replication and packaging [135].  

• Nanoparticles disrupt viral proteins that enable viral egress into 
the nuclear membrane and prevent cell enzymes from building 
new virions [137]. 

• ROS generation by free copper ions released from the nano
particles, which precipitate inactivation via oxidation for loss of 
envelope or capsid integrity, and degradation of the viral genome  
[138], with denaturation of DNA and damaged cell integrity [134].  

• Damage to viral proteins through the breakage of disulfide bonds, 
which are essential for proper protein folding and function [106]. 

Both Cu(I) and Cu(II) oxides have been shown to be effective anti- 
viral agents. Hang et al. for example investigated the potential of 
cuprous oxide (Cu2O-NPs) nanoparticles as an inhibitor against he
patitis C virus (HCV) [139], a pathogen expected to become resistant 
to existing antiviral drugs due to its high mutation rate. Cu2O-NPs 
were studied in cell culture with Huh7.5.1 cells, and antiviral efficacy 
was evaluated through immunofluorescence assay, qRT-PCR count of 
HCV RNA, and Western blot analysis. The Cu2O-NPs with an average 
size of 45.4  ±  6.8 nm, as determined by TEM, were found to sig
nificantly inhibit HCV infection at a concentration as low as 2 μg/mL, 
while not being cytotoxic to Huh7.5.1 cells at NP concentrations of 

≤16 μg/mL even when incubated for 72 h [139]. Immunofluorescence 
assays consistently showed fewer positive HCV-infected Huh7.5.1 
cells after treatment with Cu2O-NPs compared to the untreated 
control (Fig. 12a). Compared to the control, qRT-PCR also found that 
HCV RNA levels were reduced by 18%, 88%, and 90% following Cu2O- 
NP doses of 1, 2, and 4 μg/mL respectively (Fig. 12b). Finally, when 
HCV core protein expression was analyzed by western blot assay, the 
Cu2O-NP concentrations that effectively inhibited HCV RNA levels 
also caused reductions in viral core proteins, suggesting degradation 
by the NPs (Fig. 12c) [139]. 

When analyzing the antiviral mechanism with a time of addition 
assay, the researchers found that Cu2O-NPs did not prevent the later 
stage HCV replication within cells but rather interfered with the 
early steps of the attachment and fusion of infectious virions into 
hepatic host cells. Therefore, the determined mechanism is that 
Cu2O-NPs with larger diameters than the HCV virions (>60 nm) in
hibit virus-cell binding by polyvalent binding of virions [139]. Since 
HCV is an enveloped virus, it utilizes glycoproteins on its surface 
envelope to bind specific receptors on the host cell [140–143]. Fol
lowing attachment, the virus fuses with the host cell membrane to 
form a vesicle and then releases its genetic material and enzymes 
into the cytoplasm. Through this study, Hang et al. demonstrated 
that Cu2O-NPs block the HCV attachment to the host cells and inhibit 

Fig. 11. (a) DLS measured mean size of particles in treated and untreated VLP solutions. Green represents the average size of untreated VLPs. Red dashed represents the size of 
Au@CuS NPs. Blue dotted represents the size of viral fragments and NPs after treatment of NPs. (b) TEM images of untreated VLPs and VLPs treated with 0.083 μM and 0.83 μM 
Au@CuS NPs for 30 min. Arrows indicate examples of intact VLPs which are lighted colored circles and aggregated together; Treatment with 0.083 μM NPs caused VLPs to entirely 
break down into fragments and no intact VLP can be seen. Reproduced from Ref. [132] under CC BY 4.0. 
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the viral entry step to prevent infection. Cu2O-NPs may interact with 
the virion surface to result in permanent blocking of receptor 
binding domains on HCV envelope glycoproteins, thus inhibiting the 
virus’s ability to infect hepatocytes through CD81 and CLDN1 co- 
receptors [144]. This mechanism presents the possibility that Cu2O- 
NPs could bind similarly to the spike glycoprotein of SARS-CoV-2 to 
functionally inactivate it from infecting cells through the ACE-2 re
ceptor. Therefore, cuprous oxide nanoparticles present a promising 
option for a novel antiviral agent and warrant further research for 
practical applications. 

On the other hand, Tavakoli et al. examined the antiviral ability of 
similarly sized (40 nm) cupric oxide nanoparticles (CuO-NPs) against 
herpes simplex virus type 1 (HSV-1), while considering the cyto
toxicity of nanoparticles to the cells themselves. TCID50 assay of 
infected cells treated with tiered concentrations of CuO-NPs was 
conducted to determine antiviral effectiveness. They found that CuO 
nanoparticles exhibit substantial antiviral properties with an 83.3% 
inhibition rate of HSV-1 at the most effective non-toxic concentra
tion of 100 μg/mL [135]. 

The CuO nanoparticles were also compared to the established 
drug Acyclovir (Fig. 13) [135]. Although the CuO-NPs were not as 
effective as the synthetic drug against HSV-1 (83.3% vs 100% at a 
100 μg/mL dose), there remained substantial viral inhibition at 
higher NP concentrations, which supports the use of NPs in com
bating novel drug-resistant HSV-1 strains. 

Regarding the difference between cupric oxide (CuO) and cu
prous oxide (Cu2O) for antiviral activity, several studies have sought 
to compare the two copper oxidation states and determine the op
timal compound. For example, Mazurkow et al. conducted zeta 

potential measurements of the two compounds and found that Cu2O 
had a higher isoelectric point of 11.0 compared to 7.4 for CuO [145]. 
The isoelectric point of Cu2O means it has a higher positive surface 
charge at around pH 7 where the researchers evaluated antiviral 
activity. This positive surface charge enabled Cu2O filters to better 
absorb and inactivate bacteriophage MS2 due to electrostatic inter
actions. Similar results were reached by Sunada et al. who de
termined that Cu2O loaded onto a glass substrate was able to reduce 
bacteriophage Qβ infectivity by five orders of magnitude (99.999% 
reduction) within 30 min while CuO coated glass was not able to 
achieve a significant reduction in the same time frame [146]. Further, 
the antiviral effect of Cu2O against bacteriophage Qβ was found to 
exceed that of silver ions from a silver-powdered glass substrate. The 
proposed mechanism is that direct contact with the surface of solid- 
state cuprous compounds causes more efficient denaturation of 
biomolecules in viruses, but the difference with CuO is not fully 
explained [146]. 

Minoshima et al. also found that Cu2O is a more effective antiviral 
than CuO against both enveloped influenza A and non-enveloped 
bacteriophage [106]. Against titers of influenza glycoproteins, neur
aminidase and especially hemagglutinin, solid-state cuprous oxide 
(Cu2O) was able to significantly degrade the proteins within 30 min 
based on red blood cell and chemiluminescence assays, a finding 
which aligns with the anti-influenza efficacy of cuprous iodide (CuI) 
determined by Fujimori et al. [127]. However, cupric oxide (CuO) did 
not substantially affect the titers of either protein (Fig. 14). Cu2O also 
exhibited rapid inactivation of bacteriophage with a 6 log (99.9999%) 
reduction after 30 min while cupric compounds CuO and CuCl2 only 
achieved 0.088 log and 0.24 log reductions, respectively. These 

Fig. 12. Copper oxide NPs inactivate HCV. (a) Immunofluorescence images of Huh7.5.1 cells at 72 h post-infection. Cells were stained with HCV-positive serum treated with tiered 
concentration of copper oxide NPs (b) copper oxide NPs reduce HCV RNA in a dose-dependent manner; RNA content was determined by qRT-PCR. (c) Western blot analysis of HCV 
core protein expression showing significant degradation compared to GAPDH antibody loading control. 
Reprinted from Ref. [139] with permission from Elsevier. 
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results show significant contrast between cuprous and cupric com
pounds and suggest that cuprous copper (Cu(I)X) compounds are 
effective against both enveloped and non-enveloped viruses by tar
geting viral surface proteins [106]. 

By comparing the effect of various copper compounds to those of 
silver, Minoshima et al. proposed that the mechanism behind the 
glycoprotein degradation was the breakage of disulfide bonds, which 
are essential for proper protein folding and function [106]. Using 
monobromobimane fluorescence of a trypsin inhibitor model pro
tein in phosphate buffer to detect thiol concentration [107], they 
found that CuO did not affect the thiol concentration; Cu2O was able 
to reduce fluorescence by half, suggesting weak but still present 

interactions with disulfide bonds; and water-soluble CuCl2 with 
dissociated copper ions showed significantly reduced fluorescence, 
indicating the breakage of disulfide bonds in the trypsin model 
protein [106]. It is suggested that copper denatures proteins by 
cleavage of disulfide bonds similar to the mechanism for silver 
nanoparticles discussed previously, according to the following 
reactions [108,109]: 

+
+ +

+

+ +
R S S R Cu R S Cu S R
2R SH Cu R S Cu S R 2H

2

2

(ReSeSeR and ReSeH represent disulfide (S-S) bond and cysteine 
residues, respectively, in trypsin inhibitor protein). 

Fig. 13. Evaluation of effect of CuO-NPs on HSV-1 antigens expression on Vero cells using the immunofluorescence assay (IFA). (a) Virus control, (b) Cell control, (c) HSV-1 infected 
cells treated with 100 μg/mL CuO-NPs. Intensity of fluorescence signals in HSV-1 infected cells treated with CuO-NPs was significantly decreased as compared with virus control, 
indicating a strong antiviral activity of CuO-NPs on the expression of HSV-1 antigens. In C, the green dots are viral antigens expressed in the different cell compartments, which 
were stained with the goat anti-human IgG conjugated with fluorescein isothiocyanate (FITC). (d) The impact of CuO-NPs against HSV-1 viral load, determined by real-time PCR. 
CuO-NPs at the concentrations of 40, 80, and 100 μg/mL led to 51.8%, 66.3%, and 83.3% inhibition rates. Compared with established Acyclovir antiviral drug. (e) FE-SEM image of 
CuO-NPs (magnification 70k×). Structural and morphological evaluation of CuO-NPs revealed a uniform particle size and shape distribution with nearly spherical shape with an 
average size of 40 nm. 
Adapted from Ref. [135], with permission from Elsevier. 

Fig. 14. Hemagglutinin (HA) titer and neuraminidase (NA) activity exposed to Cu2O and CuO suspensions. Effect on (a) HA titer and (b) NA activity of Cu2O (filled circles) and CuO 
(open circles) as determined by a hemagglutination test and chemiluminescence using the NA-Star method, respectively. Cu2O shows significantly greater degradation of the 
proteins. (c) Level of fluorescence, corresponding to total thiol (R-SH) from trypsin inhibitor protein, after incubation with different copper and silver compounds. Incubations 
were carried out for 4 h with each compound suspension (2.8 mmol). A control without compound was included. 
Adapted from Ref. [106], with permission from Elsevier. 
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Therefore, copper ions sourced from nanoparticles or bulk coat
ings also have the ability to break disulfide bonds in glycoproteins to 
disrupt their function and ability to infect cells. 

Due to their proven efficacy, low cytotoxicity, and relatively low 
cost as a coinage metal, the incorporation of copper oxide NPs into 
self-sterilizing structures, including biodegradable antiviral poly
mers and woven fibers has been a rapidly developing area. Castro- 
Mayorga et al. examined two electrospun PHBV polymers that were 
enriched with 0.1% or 0.05% CuO nanoparticles as antiviral biode
gradable polymers [110,147]. In an antiviral assay against murine 
norovirus [111,112], the 0.1% and 0.05% nanoparticle films achieved 
1.83 and 3.19 log TCID50/mL reductions of viral infectivity, respec
tively [147]. After MNV was exposed to the coated complex for a full 
24 h at 25 °C, no infectious virus was detected. 

Borkow et al. [148] examined the potential of copper-based na
noparticles for a self-sterilizing antiviral face mask by impregnating 
Cu2O NPs into a 4 layer N95 mask following established methods  
[149,150]. The mask was exposed to H1N1 in a simulated breathing 
apparatus, and no infectious virions were recovered after 30 min, 
showing potent inactivation of human influenza A (Fig. 15) [148]. The 
presence of Cu2O NPs within the mask fibers effectively disabled any 
trapped virions without altering the mask’s filtration properties or 
compliance of the NIOSH N95 standard. Compared to control N95 
masks, the antiviral function of copper-interwoven masks was 
greater by five orders of magnitude [148]. Fujimori et al. also claimed 
to have coated non-woven fibers with CuI nanoparticles while 
maintaining a white color and antiviral potency, though the data was 
unpublished [127]. The potent antiviral action of CuI NPs against 
influenza and feline calicivirus suggest that they could also be si
milarly incorporated into masks, protective equipment and surfaces. 

Takeaway and applicability to SARS-CoV-2 

In summary, the oxidation state of cuprous copper compounds 
provides greater antiviral efficacy over cupric oxide. CuI and Cu2O 
compounds have been demonstrated to effectively inhibit influenza, 
HCV, HSV, FCV, and bacteriophages on solid-state surfaces and in 
solution [106,127,145,146]. Copper-based nanoparticles and com
pounds exhibit promising antiviral ability through the entire range 
of antiviral mechanisms including free radical generation, disulfide 
bond cleavage, direct membrane interaction, and competitive in
hibition of receptors [127,128,132,135,139]. In contrast to the optimal 
sizes for silver and zinc nanoparticles, the size range for effective 
copper nanoparticles against enveloped viruses in the literature 

(40–160 nm) was found to feature larger nanoparticles on average  
[127,135,139]. In regards to real-world applications, copper is gen
erally considered safe for human contact, being non-irritating to the 
skin and, unless consumed, is highly non-cytotoxic [151]. Therefore, 
the element has been incorporated into antimicrobial fabrics, poly
mers, and self-sterilizing PPE [147,148,150], some of which have 
achieved FDA or US government Environmental Protection Agency 
(EPA) approval [152–154] and already exist as commercial products  
[155,156]. 

Throughout the discussed studies, oxidative damage to biomo
lecules caused by ROS is a common antiviral mechanism of copper 
nanoparticles. The generation of ROS, including hydroxyl radicals, is 
facilitated by copper as a catalyst in Fenton and Haber–Weiss like 
reactions [127,129]. Hydroxyl radicals will rapidly bond with bio
molecules to resolve unpaired electrons resulting in lipid peroxida
tion, protein misformation, and genetic damage. As a lipid enveloped 
RNA virus with spike and capsid proteins, SARS-CoV-2 is susceptible 
to oxidative damage from copper nanoparticles and ROS [47,76]. 
Furthermore, the copper and free radical antiviral mechanism can 
also specifically target the oligosaccharide glycosylation on the 
SARS-CoV-2 spike protein. Eguchi et al. demonstrated in their study 
that the free radical products of copper ions and hydrogen peroxide 
are able to cleave glycosidic linkages [157] in oligosaccharides 
monomers as well as those in glycoproteins in a hepatitis rat model  
[49]. Specifically, using reversed-phase high performance liquid 
chromatographic analysis, they found that free radicals destroyed 
the N-acetyl group in N-Acetylglucosamine (GlcNAc) residues. This 
targeting of N-linked glycosylation is notable because the glycan 
shield of SARS-CoV-2 is primarily N-linked with 22 sites. At these 
sites, many important oligosaccharides on the spike protein attach to 
the protein via GlcNAc at their base (Fig. 4b) including oligomannose 
(Man5GlcNAc2 and Man9GlcNAc2) [1]. As part of the glycan shield, 
oligomannose structures play a role in protecting the spike protein 
receptor-binding domain which SARS-CoV-2 uses to bind ACE-2 re
ceptors (Fig. 22) [34]. If copper nanoparticles are able to generate 
hydroxyl radicals that target and destroy the oligomannose and 
other glycans by cleaving their GlcNac N-linked bonds, then the 
SARS-CoV-2 spike protein could be inhibited from binding to host 
cells and made more susceptible to antibodies [158] (Fig. 16). Fur
thermore, the demonstrated ability of copper ions to break disulfide 
bonds is applicable to SARS-CoV-2, which has SeS bonds that 
maintain the proper fold of its spike protein [106,120]. Like Ag+, 
copper ions interact with and form displacing bonds with disulfide 
and cysteine residues that could result in misfolding and denatura
tion of the SARS-CoV-2 spike protein [108,109]. An inactivated spike 
protein would leave the virus unable to infect host cells through 
ACE-2. Both ROS-mediated glycosylation and disulfide breakage 
mechanisms of copper-based nanomaterials could prophylactically 
disable SARS-CoV-2. These inactivation mechanisms may explain the 
results seen by van Doremalen et al. [10]. Their findings revealed 
that copper surfaces were able to quickly disable SARS-CoV-2 with a 
half-life reduction in 0.774 h and a complete reduction with no vi
able virus detected after 4 h. The efficacy of copper exceeded that of 
stainless steel and polypropylene polymer [10]. 

The virucidal action of various Cu based nanoparticles, similar to 
TiO2, against human norovirus and norovirus surrogates  
[128,132,147], as well as enveloped viruses such as influenza, could 
be another pathway to broad spectrum disinfecting surfaces. Rapid 
disinfecting approaches that disable both enveloped and non-en
veloped virus domains would be a major breakthrough. With EPA 
approval of copper surfaces for use against coronavirus [153], and 
incorporation of copper compounds into commercial textile pro
ducts, further study of Cu-based NPs is critical to examine in
activation efficacy for SARS-CoV-2 and stability for applications in 
self-sterilizing surfaces. 

Fig. 15. (a) The test mask was composed of 2 external spunbond polypropylene layers 
[A and D] containing 2.2% Cu2O particles (weight/weight), one internal meltblown 
polypropylene layer [B] containing 2% Cu2O particles (w/w) and one polyester layer 
[C] containing no nanoparticles. (b) SEM picture and energy dispersive x-ray spectrum 
analysis of external layer A (c) SEM picture and EDX of internal layer B. Reproduced 
from Ref. [148] under CC BY 4.0. 
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Gold-based nanoparticles 

Gold is a metal known for its stability, inert biocompatibility, and 
tendency to form complexes with biomolecules, all of which con
tribute to its antiviral properties and potential for safe sterilizing 
materials. As a nanoparticle, one of gold’s primary mechanisms to 
limit viral spread is coupling with and blocking binding receptors on 
viral membranes, which prevents attachment and fusion into host 
cells. For instance, Meléndez-Villanueva et al. observe this antiviral 
mechanism against measles virus (MeV) with 11 nm gold nano
particles synthesized according to the Turkevich method [159] 
adapted with garlic extract (Allium sativum) as a reducing agent 
combined with chloroauric acid (HAuCl4) [26]. The AuNPs were 
characterized by surface plasmon resonance with a wavelength peak 
at 537 nm. In cultures of infected Vero cells, the 50% effective con
centration (EC50) of AuNPs was 8.829 μg/mL, and MeV replication 
was actively restricted. Viral infectivity was reduced by 57.07% at the 
highest tested NP concentration of 10 μg/mL after 1 h. In cytotoxicity 
assays, AuNPS were not statistically harmful to Vero cells from 
tested concentrations up to 100 μg/mL. Further, PFU and qPCR tests 
determined that AuNPs had direct interaction with viral particles 
that prevented their contact with cells. Virucidal assays then mea
sured viral load reductions of 84% after 3 h and 92% after 6 h (Fig. 17). 
TEM imaging also showcased bound nanoparticles surrounding the 
MeV envelope (Fig. 17). 

Time of addition studies, where the Vero cells were exposed to 
AuNPs at different times after MeV infection, showed that the most 
substantial inhibition occurred in the early stages, 15 min and 30 min 
after infection. The early action suggests that AuNPs act in the initial 
stages of the measles virus life cycle and could be inhibiting viral 
entry into cells. The prompt inactivation of measles viruses led the 
researchers to propose the mechanism of AuNPs preventing viral 
attachment to host cells by binding to and blocking receptors on 
the viral membrane. This mechanism is enabled by the garlic 

extract-induced positive surface charge of the AuNPs, which attracts 
toward the negative charge of the viral membranes where the NPs 
couple with and block receptors (Fig. 18). 

Overall, Meléndez-Villanueva et al. find that gold nanoparticles 
synthesized with garlic extract possess low cytotoxicity with an ef
fective inhibitory mechanism against measles virus, which currently 
lacks an established post-infection treatment [160]. The demon
strated virucidal activity of AuNPs could make them applicable to 
the prevention of infections for MeV and other enveloped viruses 
such as SARS-CoV-2. 

Functionalizing AuNPs has been shown to be effective in both 
reducing cytotoxicity and improving the efficacy of anti-viral ac
tivity. Cagno et al. developed an antiviral approach using non-cyto
toxic gold nanoparticles coated with 1-undecanesulfonic acid [20]. 
These nanoparticles had long and flexible linkers that enabled them 
to mimic the structure of heparan sulfate proteoglycans, a highly 
conserved cellular target of many viruses. The nanoparticles were 
found to capture and exert forces of about 190 pN to irreversibly 
deform viruses before they could infect cells and showed high effi
cacy, even at low concentrations, against herpes simplex virus (HSV), 
human papillomavirus, respiratory syncytial virus (RSV), Dengue, 
and Lentivirus [20]. Papp et al. also find antiviral activity against 
enveloped influenza in their study examining sialic acid functiona
lized AuNPs of two different diameters, 2 nm and 14 nm [161]. Via 
hemagglutination assay, the particle size was found to be critical to 
antiviral effectiveness as the larger NPs were able to inhibit he
magglutination by influenza in red blood cells, while the smaller NPs 
did not have any effect. Additionally, when an infected cell culture 
was treated with 14 nm Au, the cell survival rate achieved was 60%, 
while the same test with 2 nm AuNPs only resulted in 5% cell sur
vival. This substantial disparity in efficacy was attributed by the 
authors to multivalent effects causing the binding forces between 
viral surface proteins and larger AuNPs to be stronger [162]. TEM 
imaging was conducted of influenza virions incubated with 14 nm 

Fig. 16. Comparison of viral spike (S) protein glycan shields. From left to right, MERS-CoV S, SARS-CoV-1 S, SARS-CoV-2 S, LASV GPC, and HIV-1 Env. Site-specific N-linked glycan 
oligomannose qualifications are colored according to the key. Oligomannose and dense glycosylation contributes to viral immune evasion. For instance, the extreme glycosylation 
of the HIV Env protein protects it from antibodies and contributes to the virus’s ability to infect the immune system. Reducing SARS-CoV-2 glycosylation would alter S protein 
function while making it more vulnerable to recognition and neutralization in the body. Reproduced from Ref. [1], under CC BY 4.0. 
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AuNPs, and the nanoparticles were shown to readily attach to sur
face structures such as the hemagglutinin spike protein (shown for 
larger functionalised particles in Fig. 19) [161]. The mechanism of 
viral inactivation is described as blocking the sialic acid receptor- 
binding between influenza and its target cells, which stops the fu
sion step of influenza pathogenesis. This paper demonstrates the 

importance of nanoparticle size to antiviral activity and proves that 
gold nanoparticles can inactivate respiratory viruses through com
petitive inhibition of viral fusion proteins needed for cell entry. 

Regarding the optimal size of gold nanoparticles for antiviral 
effect, Vonnemann et al. found that larger ligand-functionalized gold 
nanoparticles (>50 nm) inhibit the vesicular stomatitis virus (VSV) 

Fig. 17. (a) Images demonstrating the virucidal effect of AuNPs, showing cellular control (CC), viral control (VC), and NP treated samples at different periods of incubation (0, 3, 
6 h) (b) TEM image of a regular Measles virus. (c) TEM image of a measles virus exposed to AuNPs. Inset shows the nanoparticle that is interacting with the measles virus envelope. 
Reproduced from Ref. [26], under CC BY 4.0. 

Fig. 18. Schematic representation of the proposed virucidal action of gold nanoparticles reduced with Allium sativum garlic extract (AuNPs-As) on Measles virus infection. (Left) A 
regular viral infection starts upon virion-Vero cell receptor binding. (Right) In cells treated with AuNPs-As, the attachment step is blocked by the binding of AuNPs-As and the viral 
envelope which prevents infection. Reproduced from Ref. [26], under CC BY 4.0. 
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Fig. 19. (a–c) Cryo-TEM images of VSV incubated with (a) 19 nm AuNP-OH, (b) 19 nm AuNP-SO4Na and (c) 52 nm AuNP-SO4Na, respectively. While the hydroxyl-functionalized 
gold nanoparticles did not show any visible attachment to the virus, the use of 19 nm polysulfated gold nanoparticles resulted in a multiple decoration of VSV; 52 nm polysulfated 
nanoparticles, on the other hand, show the formation of dense clusters consisting of virus and gold particles. Cluster formation is initiated by strong polyvalent AuNP-SO4Na/virus 
interaction. (d) Cryo-ET reconstruction of a 19 nm AuNP-SO4Na/VSV sample area (virions are labeled in green). Removal of the top section of the reconstructed volume affirmed 
the accumulation of unbound particles at the surface of the vitrified icelayer and the spatial resolution of the multiple virus decoration. The clipping plane is marked by arrows. 
Reproduced with permission of The Royal Society of Chemistry from Ref. [163], through CCC. 

Fig. 20. Comparison of the size-dependent virus-inhibition by ligand functionalized gold nanoparticles (a) Although smaller sized gold nanoparticles decorate virions, the 
inhibition of virus-cell binding turned out to be inefficient. (b) Larger virus-sized gold nanoparticles induce the formation of virus-inhibitor clusters, inhibiting the virus-cell 
binding more efficiently. Reproduced with permission of The Royal Society of Chemistry from Ref. [163], through CCC. 

N. Lin, D. Verma, N. Saini et al. Nano Today 40 (2021) 101267 

21 



up to two orders of magnitude more efficiently than smaller parti
cles, which suggests a unique mechanism of viral inactivation. Using 
electron microscopy, they noted that gold nanoparticles that were 
equal to or larger than the virus act as efficient cross-linkers that 
could polyvalently bind and trap many virions. In contrast, smaller 
gold nanoparticles less efficiently coat the surface of individual virus 
particles [163] (Fig. 20). The VSV-NP clusters formed by larger 52 nm 
nanoparticles have greater contact area and more interaction sites 
by which to attach and disable VSV virions. Although less effective, 
the smaller 19 nm nanoparticles were still able to reduce VSV in
fectivity by preventing its binding to its cellular target, namely low- 
density lipoprotein receptors [164]. The prominent finding from this 
study is that polysulfated gold nanoparticles inhibit VSV cell infec
tion through a mechanism strongly-dependent on particle size. 

Gold nanostructures of non-spherical morphologies also have 
unique antiviral properties and mechanisms. For example, Bawage 
et al. researched the antiviral action of gold nanorods (45 nm x 
10 nm) against respiratory syncytial virus (RSV) [33]. The survival 
rate of cells infected with RSV was 82% when treated with 2.5 μg/mL 
of gold nanorods. Gold nanorods were suggested to inhibit viral in
fections primarily via stimulation of the innate cellular immune 
response. Porous gold nanoparticles were shown by Kim et al. [100] 
to decrease influenza viability by binding to disulfide bonds in he
magglutinin due to gold-thiol interactions. These interactions caused 
conformational changes to HA that interfered with viral entry. The 
survival of MDCK cells after exposure to AuNP-treated influenza 
(H1N1, N3N2, H9N2) improved to 96.8% compared to 33.9% survival 
in cells infected with non-treated virus. Carja et al. minimize cyto
toxicity of AuNPs by engineering plasmonic gold and layered double 
hydroxide (LDH) self-assemblies (AuNPs/LDHs) [165]. AuNPs/LDHs 
were constructed by organizing 3 nm AuNPs on top of larger 150 nm 
LDH nanoparticles. The AuNP/LDH complexes showed exceptional 
antiviral abilities at very low concentrations and reduced the 
number of virions emitted from infected cells by up to 90%. The gold 
released from the AuNPs/LDHs composites prevented viral budding 
and transmission from the surface of host cells by forming a mem
brane sequestering layer that trapped virions. Kim et al. found that a 
mesoporous structure achieved through a soft-templating method  
[100] could improve the activity of AuNPs, allowing it to inactivate 
influenza A virus, regardless of genetic mutation through disulfide 
bond breakdown [100]. 

Takeaway and applicability to SARS-CoV-2 

In summation, gold nanoparticles are potent antiviral agents 
with mechanisms that involve binding to viral surface structures to 
inhibit their function, similar to that observed for Ag and Cu. If gold 
nanoparticles are synthesized with a positive surface charge such as 
that demonstrated by Meléndez-Villanueva et al., then they will be 
electrostatically attracted to the negative residues of SARS-CoV-2  
[26,166]. The electrostatic attraction would promote greater binding 
of AuNPs to the viral membrane and glycoproteins, which can result 
in functional inactivation through receptor blockage and cluster 
formation, as shown by Papp et al. and Vonnemann et al. [161,163]. 
Furthermore, Rai et al. have demonstrated that the virucidal po
tential of metal nanoparticles to a specific virus can be increased 
through surface modification if the viral pathogenesis and inhibitory 
mechanism are well defined [30]. Given established research into 
SARS-CoV-2 pathogenesis through spike protein- ACE-2 receptor 
binding and the knowledge that gold nanoparticles can bind spike 
proteins, the surface of AuNPs could be modified to specifically ac
commodate SARS-CoV-2 virions for targeted inactivation [120,167]. 
However, the overall literature on AuNPs for industrial applications 
such as surface coatings or personal protective equipment is limited 
compared to other metal nanoparticles, likely due to the higher cost 
of gold nanoparticles limiting their practicality. 

Hybrid surface coating 

Given the action of various nanoparticles through different me
chanisms of virus inactivation, a promising approach is to produce 
hybrid surfaces with more than one type of particle to increase the 
efficacy in self-sterilization. Hodek et al., for example, developed a 
hybrid surface coating containing silver, copper and zinc cations 
with the goal of combating viral transmission through contaminated 
surfaces [168]. The surface coatings were produced through radical 
polymerization via a sol-gel method and spread on glass slides or 
into the wells of polymethylmethacrylate (PMMA) plates. To test 
viral inactivation, the coated glass slides or PMMA plates were ex
posed to 10 μl droplets of several viruses such as human im
munodeficiency virus type 1 (HIV-1), influenza, dengue virus, herpes 
simplex virus, and coxsackie virus before incubation for 5–240 min. 
These slides were then sampled and compared against virus samples 
on the equivalent uncoated control during titer determination of 
recovered virus [168]. 

Using SEM imaging to measure the coatings’ morphology, the 
researchers found superior adhesion to the glass slides. 
Consequently, the HIV-1 titer was reduced by a substantial 
99.5–100% after only 20 min of exposure to the coating on glass. On 
PMMA plates, the inactivation was 75–100% after 20 min and 
98–100% after 120 min. The inactivation of other viruses was slower 
on the surface coating with 240 min of exposure achieving 97% 
(dengue), 100% (herpes simplex) and 77% (influenza) reduction in 
viral titers [168]. The coating was less effective against the non- 
enveloped coxsackievirus with only marginal reductions after 4 h. 
The researchers observed that the overall properties of the hybrid 
surface coating depended more on the sol synthesis and curing 
methods than the substrate. For instance, the coatings cured at 
150 °C were thinner than those cured at 90 °C, while heat poly
merization created better mechanical properties than photo
polymerization. Cytotoxicity is an essential consideration for surface 
coatings that may be used in human environments. Even though Ag+, 
Cu2+, and Zn2+ ions are generally more cytotoxic than their corre
sponding nanoparticles, the hybrid coating in this study was found 
to be safe with minimal viability impact on Vero and HeLa cells  
[168,169]. Through repeated washings, the researchers did not find 
significant leaching of the metal ions suggesting that the coating 
stably releases ions at a rate that produces virucidal activity while 
being safe to human cells. 

The proposed antiviral mechanism is the release of ions from the 
coating, including Ag+, Cu2+, and Zn2+, that react with and damage 
virions. As discussed previously, silver and copper ions can induce 
membrane lysis and bind or cleave thiol groups on proteins to 
compromise their function. Zinc ions have also been demonstrated 
to exhibit virucidal effects on viruses through protease inhibition 
and disruption of DNA to RNA transcription [68]. The rapid in
activation of HIV-1 by the studied surface coating suggests direct 
damage to the viral membrane or infectivity nullification through 
binding to glycoproteins. The antiviral inhibition of dengue virus is 
also significant because it and SARS-CoV-2 are both positive-sense 
single-stranded RNA viruses. Dengue virions also bind to host cell 
receptors through their viral envelope glycoprotein E, which con
tains 12 conserved cysteine residues that are connected by six dis
ulfide bonds. Silver ions may disrupt these disulfide bonds to 
prevent viral endocytosis akin to the antiviral mechanism against 
HIV-1 described by Lara et al. [25,94]. Copper ions may also con
tribute to binding disulfide bonds and cysteine residues to denature 
viral glycoproteins as demonstrated by Minoshima et al. [106]. Fur
thermore, the complete inactivation of herpes simplex virus sug
gests that silver may also disrupt its double-stranded DNA due to its 
high binding specific affinity. This mechanism was also reported by 
Lu et al. for silver nanoparticles against hepatitis B virus where DNA 
replication processes were inhibited to cease viral infectivity [31]. 
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Finally, the small impact of the hybrid coating on the non-en
veloped coxsackie virus suggests that the antiviral mechanism of 
metal ions is primarily driven by interactions with the viral envelope 
and surface structures such as glycoproteins [168]. Thus, this coating 
design would target the enveloped viruses, a classification which, 
importantly, includes SARS-CoV-2. Overall, the silver-copper-zinc 
hybrid coating evaluated in this study exhibits potent virucidal effect 
which, combined with its previously reported inhibition of MRSA 
bacteria, presents a promising sterile surface coating [170]. 

Nangmenyi et al. sought to improve antibacterial performance of 
iron oxide nanoparticles by conjugating a small amount of silver 
nanoparticles alongside the iron oxide [91]. The result was a hybrid 
material composed of Ag-modified Fe2O3 nanoparticles embedded in 
fiberglass created with aqueous hydrothermal reduction process. A 
99% inactivation of 106 CFU/mL E. coli culture was observed within 
the first minute of contact with the Ag/Fe2O3 fiberglass. This system 
leveraged the strengths of both silver and iron oxide to achieve 
disinfection efficacy against E. coli and MS2 phage that was greater 
than either material alone. It should be noted that using metal na
noparticles together may also reduce the risk of pathogen resistance 
given the multiple inactivation mechanisms [91]. 

Ditta et al. also compared the antiviral activity of glass coated 
with thin films of titanium dioxide (TiO2), copper oxides (CuO and 
Cu2O), and a hybrid of copper oxides and TiO2 under UVA irradiation 
prepared by atmospheric chemical vapor deposition or sol-gel pro
cess [171]. Factors that affected the antiviral ability of the films in
cluded thickness to provide greater UV absorption and roughness for 
greater surface area. The composite coating was created by first 
depositing a copper oxide film of both Cu2O and CuO on a glass 
substrate and then a layer of TiO2. Using bacteriophage T4 as the 
viral model and E. Coli as the bacteria model, the CuXO/TiO2 com
posite coating exposed to water and UV light achieved a >9 log re
duction after 80 min, which was higher than the films of only TiO2 or 
copper oxides [171]. The virtually complete inactivation of patho
gens suggests that TiO2 photocatalysis and the reaction pathways of 
copper may act synergistically to disable viral suspensions. The 
combination of free radicals from TiO2 and solid-state contact killing 
from copper likely combine to provide a more efficient inactivation 
mechanism than either substance alone. Furthermore, copper can 
generate ROS as well through Fenton-like reactions that require 
hydrogen peroxide and superoxide as intermediates [127]. TiO2 

photocatalysis with water and oxygen generates H2O2 and O2 and 
may supply these intermediates for the copper-catalyzed reactions, 
accelerating the production of ROS via two pathways. A combination 
of the two substances in a composite coating may be worth further 
research as well to evaluate if SARS-CoV-2 inactivation can be 
achieved through ROS-mediated degradation of the spike protein 
glycan shield. The promising result from this study supports the use 
of TiO2 in combination with copper oxides to enhance the effec
tiveness of antiviral thin films. 

Another promising option for virucidal surfaces features coatings 
based on water-insoluble hydrophobic polycations such as N, N- 
dodecyl methyl-polyethylenimine (PEI). One group who has ex
plored this method is Haldar et al., who exposed droplets of H1N1 
influenza to glass slides painted with 750 kDa PEI and evaluated the 
viral inactivation with plaque assay in Madin-Darby canine kidney 
(MDCK) cells. After 30 min of exposure to the PEI slide, not a single 
plaque was formed in the subsequent assay, suggesting very potent 
antiviral activity. When the researchers retested the PEI slide with a 
higher initial concentration of influenza, plaques were still not ob
served, which indicates a reduction in viral infectivity of at least 
10,000 times (4 log) [172]. To further determine the pace of viral 
inactivation by PEI, the experiments were redone varying the virus- 
slide exposure time from 1 min to 2 h. It was found that a 4 log 
reduction was achieved in only 5 min of viral exposure to PEI, 
suggesting almost instantaneous inactivation on contact. The 
proposed mechanism credits the many polycationic branch chains 
in PEI for damaging and disintegrating the viral membrane of 
influenza. 

Hsu et al. build upon the results of Haldar et al. by applying PEI to 
disinfect aqueous solutions of influenza and further elucidating the 
antiviral mechanisms. Unlike temporary chemical disinfection 
methods, PEI-based coatings can render a surface antibacterial and 
antiviral for long time periods while being resistant to multiple 
washes. Expanding on previous findings, Hsu et al. applied PEI to 
polyethylene and polypropylene substrates in addition to glass and 
found that PEI thoroughly disinfected influenza solutions regardless 
of the surface it is on [173]. Further, PEI coatings were tested against 
a broader range of influenza viruses, including avian pathogenic 
wild-type and mutant zanamivir-resistant strains and again, com
plete inactivation of these strains was achieved. The inactivation was 
confirmed by ELISA and SDS-PAGE analysis of the PEI-exposed viral 
solutions, which indicated the disappearance of viral particles from 
solution and a 94% reduction in influenza proteins [173]. This dis
appearance provides clues as to the specific mechanism of PEI in 
disabling enveloped viruses like influenza. Namely, when viral par
ticles come into contact with the PEI coating, they become perma
nently adhered to the polycationic structure via electrostatic and 
hydrophobic interactions. A subsequent qRT-PCR probing for influ
enza RNA in the PEI-treated solution found substantial quantities of 
viral RNA, suggesting the leakage of core RNA from trapped virions. 
SEM imaging confirmed the rupture of virions. 

A complete model of disinfection by PEI can thus be explained as 
contact immobilization of virions to the polycationic surface. The 
lipid membrane of the virus then loses integrity and ruptures 
through the reversal of phospholipids caused by hydrophobic and 
electrostatic interactions (Fig. 21) [173]. The effectiveness of PEI 
based coatings against influenza also presents a promising option for 
inactivating SARS-CoV-2 and other enveloped viruses, given the 
mechanism of targeting the envelope lipid bilayer. 

Fig. 21. The proposed mechanism of influenza virus inactivation by N,N-dodecyl methyl-polyethyleneimine coatings. (a) An influenza virion diffuses to the polycation-coated 
surface from solution and (b) adheres to it. Significant degradation to the viral envelope is induced by the hydrophobic polycations causing (c) the viral genomic RNA to leak from 
the envelope into solution leaving a ruptured virion inactivated on the surface. Bottom right: SEM images comparing intact (a) and ruptured virion (b). Reproduced from Ref. [173], 
Copyright (2011) National Academy of Sciences. 
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Advantages and disadvantages of metal-based nanoparticles 

Advantages 

Metal and metal based nanoparticles exhibit a versatile range of 
antiviral mechanisms that target conserved viral components such 
as structural proteins and the lipid envelope with broad spectrum 
efficacy against many species of viruses. 

While viruses may be able to develop specific resistances through 
a limited number of mutations in response to a traditional antiviral 
drug, the probability of being able to concurrently develop multiple 
resistance mutations that directly counter the multiple mechanisms 
of a metal-based NP is unlikely [27,174]. Different NPs could attack 
viruses through diverse pathways such as oxidative stress, protein 
disruption, as well as lipid envelope and capsid damage [27]. For 
instance, the common mechanism of reactive oxygen species pro
duction circumvents bacterial and viral resistance by simultaneously 
damaging multiple targets on the pathogen and compromising its 
integrity [38,42,175]. The ability to treat resistant pathogens is a 
significant advantage of nanoparticles over antiviral and antibiotic 
drugs which often target one component of a pathogen and thus are 
susceptible to resistance [25,139]. In addition to antiviral activity, the 
antibacterial properties of metal nanoparticles provide utility in 
thoroughly sterilizing environments and may reduce the risk of 
secondary bacterial infections caused by COVID-19 [176]. 

Further, the physicochemical properties of metal nanoparticles 
can be more finely controlled by modifying their size and surface 
functionalization compared to organic lipid or polymer-based NPs  
[177]. These advantages in microbicidal activity are complemented 
by the practical benefits of long-term stability of metal nanoparticle 
products and their relative ease of manufacturing [178]. The che
mical and colloidal stability of metal nanoparticles makes them vi
able for applications where sustained activity is needed such as 
surface coatings, sterilizing sprays, biomedical products, and reu
sable fabrics [179]. Metal nanoparticles can also be produced in a 
cost-effective manner with a range of techniques from green 
synthesis to electric plasma discharge to reverse micelle deposition  
[180,26,181–184,185]. Compounds such as titanium and zinc oxides 
exhibit unique optical properties such as generating antiviral ROS 
upon exposure to UV-wavelengths; therefore, their incorporation 
would synergize well with UV disinfection regimes and sunlit en
vironments [43,114]. Finally, the magnetic properties of metal 
compounds such as iron oxides enable the targeting of nanoparticles 
and enhanced recovery from the environment to minimize pollution 
using magnetic field manipulation [80,81,114]. 

Disadvantages and considerations 

Although metal nanoparticles hold significant potential for 
combating SARS-CoV-2 and other viruses, there remain limitations 
that must be considered. For instance, it is challenging to produce 
nanoparticles at industrial scale and difficult to synthesize pure and 
uniform batches [186]. Consistent reproducibility is important as 
batch-to-batch variation in nanoparticles can lead to unforeseen 
changes in physicochemical and pharmacokinetic properties [187]. 
Increasing the complexity of nanoparticle systems with multiple 
drug encapsulation or surface ligands will require multiple produc
tion steps and further the difficulty of large-scale manufacturing  
[188]. Additionally, in therapeutic and imaging applications, many 
nanoparticle products have been unable to fulfill the promise of 
selective targeting to specific tissues and further development is 
needed for ligand-mediated targeting [189,190]. 

The most significant limitation that must be considered is the 
safety and cytotoxicity of such materials. Nanoparticles typically 
have higher toxicity than bulk materials given their small size and 
ability to penetrate biological membranes which could lead to 

persistence in multicellular organisms, if exposure is long term and 
in high concentrations [191]. Nanoparticles with virucidal mechan
isms, particularly reactive oxygen species generation, pose a risk of 
damage to not only viruses, but also human cells if left unregulated 
in close proximity. If used in vivo, metal-based NPs can pose a risk of 
accumulation and toxicity to tissues and organs, as some are non- 
biodegradable by enzymes in the body. Thus, it is important to de
sign nanoparticles from a safety perspective that prioritizes biode
gradability or optimized clearance from the body [192]. 

Non-metallic nanoparticles, such as those composed completely 
of polymers or integrating lipids and cell membranes, usually exhibit 
superior biocompatibility [193,194]. An alternative to metal nano
particles for viral inhibition are nanosponges made up of nano
particles with a poly-lactic-co glycolic acid (PLGA) core coated in 
either human lung epithelial type II cell or macrophage cell mem
branes [194]. Incorporating human cell membranes that are natural 
targets of SARS-CoV-2, such biomimetic decoys can competitively 
bind the virus. Zhang et al. [194] showed that these nanosponges can 
attract and sequester SARS-CoV-2 to prevent host cell entry, by 
displaying the same receptors that the virus uses for infection. Ef
ficacy was dose-dependent and a concentration of 5 mg/mL caused 
SARS-CoV-2 infectivity inhibition of 88–93% with good safety when 
administered to lungs in mice. Importantly, the effectiveness of cell 
membrane-coated nanosponges may be resistant to viral mutations 
as all known SARS-CoV-2 variants target the same host cells to in
itiate infection [194]. With the use of respiratory cell membranes, it 
is also possible that nanosponges could broadly inhibit other re
spiratory viruses which infect the same cells. Although promising in 
vivo, it remains to be seen if nanosponges can be utilized in appli
cations outside the body. 

It is, however, possible to decrease the cytotoxicity and sec
ondary effects of ROS-associated oxidative damage to healthy cells. 
The size of nanoparticles plays a role in their safety, with larger 
nanoparticles (>100 nm) generally exhibiting lower cytotoxicity 
than smaller nanoparticles [195,196]. However, there is often a 
trade-off in efficacy as smaller particles tend to have greater anti- 
viral potency [25,27,65,74,94–97,102,110,119]. However, for some 
particles such as Ag, smaller sizes exhibited lower cytotoxicity 
possibly due to their ability to more easily bind virions [27]. 
Therefore, careful studies on the effect of nanoparticle size on both 
anti-viral activity and cytotoxicity need to be undertaken. Bio
compatible coatings and surface modifications with polymeric 
compounds such as polyethylene glycol or polyvinyl pyrrolidone also 
reduce cytotoxicity by preventing nuclear condensation and bioac
cumulation [74,75,90,161,163,195]. These polymer ligands often have 
the secondary effect of increasing the anti-viral potency of the 
functionalized nanoparticles [26,70,90,161,163], making them an 
effective strategy in designing safe anti-viral metal based nano
particles. 

Although the safety of nanoparticles is an important considera
tion, when they are properly embedded in surfaces and polymers to 
confer antiviral properties, nanotoxicity is less of a concern given the 
reduced likelihood for NP entry into the human body compared to 
NP applications such as drug delivery. Nevertheless, the potential 
toxicity of metal nanoparticles must be considered and further in
vestigated with applications such as facemasks and other PPE where 
inhalation and close contact may provide routes of NP entry into the 
body. These safety considerations also give rise to significant reg
ulatory hurdles for any potential nanoparticle product [188,197]. 

Prospective nanoparticle applications to SARS-Cov-2 inhibition 

Although there have been few direct studies exploring SARS- 
CoV-2 inactivation by nanomaterials due to its recency, the many 
antiviral mechanisms observed for other viruses can be analyzed 
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for applicability to the novel coronavirus based on shared 
characteristics. 

First, the generation of excess ROS is a broad biocidal mechanism 
exhibited by many metal oxide particles, such as TiO2 and ZnO na
noparticles through UV photocatalysis [24,41,43,66,67] or directly 
from iron oxide and Cu based materials [84,85,131,138]. Throughout 
the studies reviewed, ROS such as hydroxyl radicals have been de
monstrated to destructively bind with biomolecules in the process of 
resolving their unpaired electrons. This mechanism causes oxidative 
damage to the lipid membranes, protein capsids, and genetic ma
terial of viruses that impairs their ability to enter hosts and replicate  
[38,39,41,42,84]. SARS-CoV-2 is an enveloped positive-sense single- 
stranded RNA virus with all the mentioned components. Therefore it 
would be susceptible to ROS-mediated photodegradation by TiO2 

and ZnO [47,76]. Nanoparticle surface coatings based on TiO2 and 
ZnO have potential for the sterilization of sunlit outdoor contact 
surfaces or for indoor applications under fluorescent light as de
scribed by Park et al. [24]. Additionally, studies such as that by Fu
jimori et al. demonstrate that copper-based nanoparticles such as 
CuI NPs can partake in Fenton-like reactions that generate ROS [127]. 
These free radicals were shown to effectively degrade the he
magglutinin and neuraminidase glycoproteins that influenza uses to 
bind its host cells. Abo-zeid et al. recently showed that iron oxides 
are predicted to directly interact with S1-RBD on the SARS-Cov-2 
spike protein, leading to irreversible conformational changes that 
would prevent viral binding [88]. As respiratory viruses, influenza 
and SARS-CoV-2 both utilize spike glycoproteins to infect similar 
host cells [158]. Therefore, the observed degradation of influenza 
glycoproteins by metal generated ROS could also result in the in
activation of SARS-CoV-2's main virulence mechanism. 

On the topic of glycoproteins, ROS catalyzed by nanoparticles can 
also cause the cleavage of oligosaccharides from glycoproteins as 
demonstrated by Yasuda et al. and Eguchi et al. [49,157] for Cu and 
by Kumar et al. [85] for Fe. Notably, for Cu compounds, the hydroxyl 
radicals generated by copper ions in Fenton-like reactions could 
break N-linked glycosidic linkages at N-Acetylglucosamine (GlcNAc) 
residues [49,157]. GlcNAc residues attach oligosaccharides of the 
glycan shield to the spike protein, which suggests that nanoparticle 
generated ROS can influence deglycosylation of SARS-CoV-2 via 
cleavage of these oligosaccharides [1,34,158]. The SARS-CoV-2 spike 
protein depends on its glycosylation for immune evasion and proper 
binding to ACE-2. For instance, in their detailed model of the spike 
protein, Watanabe et al. identified glycosylation sites N165, N234, 
and N3 [94], which shield the receptor-binding domain (Fig. 22) [1]. 
These sites contain oligosaccharides with GlcNAc residues that could 
be cleaved by hydroxyl radicals. A disruption of the glycan shield in 
the receptor-binding domain could expose the spike protein to an
tibodies and compromise host cell binding. Thus, an antiviral surface 
that employs this mechanism could preemptively reduce or disable 
the infectivity of SARS-CoV-2 and make it more easily destroyed by a 
host’s immune response. Consequently, copper-based nanomaterials 
are a promising candidate for SARS-CoV-2 inactivation by targeting 
its oligosaccharides. However, the inactivation mechanisms require 
further research to determine the conditions under which they can 
occur and whether hydroxyl radicals produced without copper can 
achieve the same results. If hydroxyl radicals are the only require
ment, then other photodynamic materials that generate ROS, such as 
ZnO and TiO2, or even cation producing photoactive molecules like 
ZnTMPyP4+ photosensitizer [198], would also be able to target and 
damage the glycan oligosaccharide shield on the spike protein of 
SARS-CoV-2 [24,41,66,67]. In total, the ROS-mediated mechanisms 
discussed play a vital role in the antiviral efficacies of specific na
noparticles and may inactivate SARS-CoV-2 through oxidative da
mage to its glycan shield, proteins, and lipid membrane. 

In addition to ROS-driven antiviral mechanisms, nanoparticles 
interfere with viral viability through direct physical interactions and 
the formation of chemical bonds. As shown by Lara et al., one of the 
mechanisms by which silver nanoparticles disable HIV and influenza 
A is through the formation of complexes with disulfide bonds on its 
gp120 envelope glycoprotein [25,94,100]. Like SARS-CoV-2, HIV uses 
an envelope-based glycoprotein to bind to target receptors on host 
cells and disabling it inhibits the entry stage of the viral life cycle  
[99]. Similarly, iron oxide nanoparticles have been shown to bind 
with the sulfur-bearing residues (-SH groups) of influenza proteins 
to prevent viral-host cell entry [85]. The SARS-CoV-2 spike protein 
also has disulfide bond regions between cysteines in its receptor- 
binding domain that are essential to binding the ACE-2 receptor  
[120]. AgNPs, IO-NPs or both together might work to inactivate the 
SARS-CoV-2 spike protein by binding in these vulnerable disulfide 
regions. Specifically, Siriwardana et al. proved that silver nano
particles bind to cysteine residues as a thiolate before eventually 
replacing the SeS bonds between cysteines with SeAg bonds [101]. 
Minoshima et al. substantiated this mechanism and demonstrated 
that Cu2+ ions could undergo the same pathway to disrupt disulfide 
links in influenza glycoproteins [106]. Nangmenyi et al. [91] showed 
significant broad spectrum activity against both bacteria and viruses 
by producing a hybrid material composed of Ag-modified iron oxide 
nanoparticles. Since disulfide bridges are crucial to the tertiary and 
quaternary structure of proteins, the formation of cysteine-silver 
complexes would change the fold of the glycoprotein, which could 
inhibit its ability to complete host cell attachment and fusion. The 
disulfide bonding mechanism may not be solely limited to metal 
cations as the hybrid surface coating developed by Hodek et al., 
which also released zinc ions, was effective against HIV-1, influenza 
and dengue virus, all of which feature disulfide bridges between 
cysteine in their glycoproteins [168]. 

Further, the literature on gold, iron oxide and zinc oxide nano
particles showcases a tendency to form complexes with biomole
cules and bond with viral surface structures to inhibit their function. 
Studies by Mishra et al. Papp et al., Meléndez-Villanueva et al., 
Kumar et al. and Abo-zeid et al., for example, illustrate how metal 
nanostructures can bind to viral surface receptors through electro
static interactions to block their ability to identify and attach to 
corresponding receptors on their target cells [26,70,85,88,161]. Zinc, 
iron and gold can also be easily functionalized with polymers such as 
polyethylene glycol on their exterior to provide lower cytotoxicity, 
stability, and improved virucidal characteristics [74,90,161,163]. By 
inhibiting herpes simplex virus, influenza, and measles virus, which 
all share the same fundamental envelope structure with SARS-CoV- 
2, it can be inferred that the metal nanostructures would remain 
effective against the novel coronavirus [26,70,161], as shown ex
plicitly for iron oxides by Abo-zeid et al. [88]. 

Finally, nanoparticles of zinc oxide, iron oxide, silver, and copper 
have also been demonstrated using SEM and TEM to directly interact 
with and compromise bacterial membranes [59,63,64,84,110,122,138]. 
This occurs through the diffusion of nanoparticles and metal ions 
through the membrane, which causes cell death by lysis [59,63]. 
Given that both cell membranes and viral envelopes are based on the 
same lipid bilayer structure, it can be inferred that nanoparticles 
smaller than individual virions could act with a similar bilayer 
penetration mechanism to cause viral inactivation through damage to 
the envelope. On the topic of the envelope as an antiviral target, 
PEI-based polycationic coatings exhibit potent destruction of influ
enza through envelope rupture and RNA leakage within minutes of 
contact [172,173]. Further, iron oxide nanoparticles can catalyze lipid 
peroxidation of viral envelopes to compromise their integrity while 
degrading surface proteins [84]. With a lipid envelope encasing a 
central core of its RNA, SARS-CoV-2 would also be vulnerable to these 
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mechanisms. Combining nanoparticle approaches with polycationic 
coatings could result in highly effective self-sterilizing surfaces 
through immobilization and lysis. 

In summary, metal and metal based nanoparticles may work to 
disable SARS-CoV-2 early in its pathogenesis by targeting its spike 
proteins through competitive inhibition or disulfide cleavage to 
prevent the virus from entering and infecting cells. Further, direct 
physical damage to viral membranes of enveloped viruses such as 
SARS-CoV-2 is exhibited by many nanoparticles due to their high 

specific surface area and small size. Titanium dioxide, zinc oxide, 
iron oxide, and cuprous compounds have been proven to inactivate 
viruses in solid-state surface coatings or in polymers with a high 
degree of effectiveness. Notably, these compounds share the blanket 
antiviral pathway of ROS generation to degrade essential viral 
structures and deglycosylate spike proteins. Therefore, ROS gen
erating nanomaterials are optimal prophylactic agents for self-ster
ilizing surface coatings and polymers. These are summarized in  
Table 1 and Fig. 23. 

Fig. 22. The glycan shield of SARS-CoV-2 in top down and side orientations. The glycans are colored according to oligomannose content as defined by the key. ACE-2 receptor 
binding sites are highlighted in light blue. The S1 and S2 subunits are rendered with translucent surface representation, colored light and dark gray, respectively. The flexible loops 
on which the N74 and N149 glycan sites reside are represented as gray dashed lines, with glycan sites on the loops mapped at their approximate regions. Reproduced from Ref. [1], 
under CC BY 4.0. 

Table 1 
Summary of possible anti-viral metal and metal oxide nanoparticles with the primary viral inhibition mechanisms and the viruses and some bacteria as discussed against which 
they have already shown efficacy.     

Nanoparticle Antiviral mechanism Tested viruses and bacteria  

Titanium Dioxide (TiO2) Reactive oxygen species generation through photocatalytic reactions 
driven by UV–vis light. Membrane interactions that damage viral 
envelopes. Physical deformation and conformational changes to 
interfere with viral entry. 

Influenza A (H1N1), Human Norovirus, feline calicivirus, herpes 
simplex virus-1 (HSV-1) Bacteria: E. coli, P. putida, S. aureus. 

Zinc Oxide (ZnO) Disruption of the lipid membrane via electrostatic interactions. 
Mimicry of heparan sulfate to capture virions before attachment. UV 
photocatalysis of reactive oxygen species. Dissociated zinc ions 
inhibit RNA-dependent RNA polymerase to impair viral replication 

Influenza A (H1N1), Herpes simplex virus type-1 Bacteria: E. coli, P. 
aeruginos, K. pneumonia, P. vulgaris, C. jejuni 

Iron Oxide (Fe3O4) Lipid peroxidation of the viral envelope to degrade it and 
neighboring proteins. Binding with the sulfur-bearing residues (-SH 
groups) of influenza proteins to prevent viral-host cell entry. 

Influenza A (H1-H12 subtypes) Bacteria: E. coli, P. vulgaris, and S. 
aureus 

Silver (Ag) Variable based on virus: Disulfide bond cleavage, binding amino 
acids, and protein denaturation Reactive oxygen species generation 
that damages viral biomolecules. Direct interactions with virions to 
compromise structure Chemisorption of virions to suppress viral 
infectivity Degradation of viral nucleic acids to inhibit replication 

African swine fever virus, Hepatitis B virus (HBV), influenza A, HIV- 
1, poliovirus, adenovirus type-3, porcine epidemic diarrhea virus, 
murine norovirus, feline calicivirus, adenovirus serotype 2, 
bacteriophage ϕX17, bacteriophage Qβ Bacteria: S. enterica, E.coli, 
MRSA, P. aeruginosa, V. cholerae, S. pyogenes, L. monocytogenes, and 
Coliform 

Copper and Copper 
Oxides (CuO 
and Cu2O) 

Release of bioactive copper ions and reactive oxygen species 
generation to cause oxidative damage. Direct membrane and protein 
interactions. 

Influenza A (H1N1), feline calicivirus, human norovirus-like 
particles, hepatitis C virus, herpes simplex virus type-1, 
bacteriophage Qβ 

Gold (Au) Inhibitory binding of viral glycoproteins to prevent viral attachment 
and entry. Mimicry of heparan sulfate proteoglycans to prevent 
virus-cell binding. Electrostatic interaction and functional 
inactivation. Physical deformation and conformational changes to 
interfere with viral entry. 

Measles virus, influenza A, vesicular stomatitis virus, respiratory 
syncytial virus (RSV), herpes simplex virus (HSV), human 
papillomavirus (HPV) 
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Conclusion 

To conclude, research on metal, metal oxide and metal-based 
nanoparticles indicates several potential options for antiviral surface 
coatings, each with distinct mechanisms. From ROS-driven de
gradation to blocking spike proteins to capsid destruction, nano
particles have demonstrated their effectiveness in disabling a broad 
range of viruses through a variety of targets. For the application of 
sterilizing contaminated surfaces, nanoparticles exhibit potent an
tiviral and antibacterial activity. If applied to contact surfaces and 
polymers, metal nanoparticles can confer their sterilizing properties 
to limit viral transmission and improve the safety of human en
vironments. Disinfection is the primary method of inhibiting viru
lent spread against viruses with no viable vaccine, or ones that 
rapidly mutate. Likewise, in areas where vaccination rollout face 
barriers, or to augment vaccination efforts, nanoparticle-based self- 
sterilizing surfaces could be useful against SARS-CoV-2, and future 
emerging viruses. This can be amplified by using multiple types of 
metal and metal oxide nanoparticles together to take advantage of 
diverse inactivation mechanisms, while preventing the development 
of resistance. Without appropriate preparation, another pandemic in 
the future is not a matter of if but when, so adaptable nano
technologies will play a crucial role in the diagnosis, treatment and 
prevention of future viral outbreaks. 

Further research must be conducted to determine the efficacy of 
NPs on SARS-CoV-2 directly as well as the safety evaluations before 
the possibility of widespread use as a disinfectant. Additionally, the 
manufacturing challenges remain to be addressed before inorganic 
NPs can be used at scale. However, given similarities between SARS- 
CoV-2 and other enveloped viruses, NPs warrant serious considera
tion for potential applications in sanitation products and self-ster
ilizing materials. Because of their unique antimicrobial and potential 
antiviral nature, metal and metal oxide nanoparticles represent a 
promising tool in the global effort to combat COVID-19, and future 
epidemics, and safeguard human health. 
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