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Abstract

Coronaviruses are a diverse family of viruses, and new strains can emerge. While the majority of coronavirus strains cause
mild respiratory illnesses, a few are responsible for severe diseases such as Severe Acute Respiratory Syndrome (SARS)
and Middle East Respiratory Syndrome (MERS). SARS-CoV-2, the virus responsible for COVID-19, is an example of a
coronavirus that has led to a pandemic. Coronaviruses can mutate over time, potentially leading to the emergence of new
variants. Some of these variants may have increased transmissibility or resistance to existing vaccines and treatments. The
emergence of the COVID-19 pandemic in the recent past has sparked innovation in curbing virus spread, with sanitizers and
disinfectants taking center stage. These essential tools hinder pathogen dissemination, especially for unvaccinated or rapidly
mutating viruses. The World Health Organization supports the use of alcohol-based sanitizers and disinfectants globally
against pandemics. However, there are ongoing concerns about their widespread usage and their potential impact on human
health, animal well-being, and ecological equilibrium. In this ever-changing scenario, metal nanoparticles hold promise in
combating a range of pathogens, including SARS-CoV-2, as well as other viruses such as norovirus, influenza, and HIV-1.
This review explores their potential as non-alcoholic champions against SARS-CoV-2 and other pandemics of tomorrow.
This extends beyond metal nanoparticles and advocates a balanced examination of pandemic control tools, exploring their
strengths and weaknesses. The manuscript thus involves the evaluation of metal nanoparticle-based alternative approaches
as hand sanitizers and disinfectants, providing a comprehensive perspective on this critical issue.
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Introduction

Since time immemorial, infectious diseases with the capacity
for pandemic spread have recurrently emerged. Instances such
as the Antonine plague, the Black Death, cholera, yellow fever,
the severe acute respiratory syndrome coronavirus, and the
swine flu exemplify major pandemics and epidemics that have
impacted humanity. Coronaviruses constitute a diverse viral
family, with the majority typically causing mild respiratory ail-
ments. However, a subset of coronaviruses has been linked to
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more severe clinical conditions, including Severe Acute Res-
piratory Syndrome (SARS) and Middle East Respiratory Syn-
drome (MERS). One illustrative case is SARS-CoV-2, which
exemplifies a coronavirus species with the potential to trigger a
global pandemic. In the latest historical context, SARS-CoV-2
was responsible for the emergence of a highly transmissible
and severe acute respiratory syndrome in 2019, designated as
Coronavirus Disease 2019 (COVID-19) which infected millions
of individuals worldwide. The COVID-19 pandemic posed a
significant public health challenge, and there is concern that a
potential resurgence may occur in the future owing to new strains
of the coronavirus. The presence of an infected host causes rapid
transmission in confined spaces and crowds. When an infected
individual sneezes or coughs, the agent is released into the air.
SARS-CoV-2 can persist on commonly touched surfaces for an
extended period before infecting the host through hand-to-face
contact (Chin et al. 2020). The virus can persist for up to 48 h
after being wrapped in droplets for hours (Chan et al. 2020) and
remain infectious on surfaces for up to 9-14 days (Abiodun et al.
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2020; Jing et al. 2020). SARS-CoV-2 has a unique mechanism
in which the virus binds to ACE-2 receptors in the human body
via its spike protein (Watanabe et al. 2020a, b; Naresh and Guru-
prasad 2023). ACE-2 receptor also permits fusion between the
host cell membrane and viral envelope, enabling the viral life
cycle to persist (Sportelli et al. 2020). Because important extra-
cellular viral components, such as spike proteins, are expected
to be relatively amenable to destruction. It's important to note
that the potential for SARS-CoV-2 or other novel coronaviruses
to pose future pandemics remains a concern. The risk of future
pandemics depends on various factors, including the following:

1. Virus mutations: viruses like coronaviruses can mutate
over time, potentially leading to the emergence of new
variants. Some of these variants may have increased
transmissibility, virulency, or resistance to existing vac-
cines and treatments.

2. Zoonotic spillover: zoonotic diseases occur when
a virus jumps from animals to humans. Continued
human interaction with wildlife and the global trade in
animals can increase the risk of such spillovers. Several
pandemics, including COVID-19, originated from
animal populations.

3. Global travel and connectivity: increased global travel
and interconnectedness make it easier for infectious
diseases to spread rapidly across borders, contributing
to pandemic potential.

4. Healthcare and public health preparedness: the ability to
detect and respond to new infectious diseases, as well
as the availability of vaccines and treatments, plays a
crucial role in determining the outcome of potential
pandemics.

Ongoing endeavors focus on monitoring and readiness
for the potential emergence of new viruses that could lead
to pandemics, including coronaviruses. These initiatives
involve activities such as surveillance, research, vaccine
development, and the implementation of public health
measures, potentially including the creation of a new class
of sanitizers or disinfectants. It is important to stay informed
through reliable sources and support public health efforts to
mitigate the risk of future pandemics, whether caused by
coronaviruses or other pathogens. Public health measures
such as vaccination, hygiene practices, and early detection
are essential tools in preventing and controlling the spread
of infectious diseases.

Disinfection is the key technique for preventing the
virulent spread of bacterial and viral pathogens including
SARS-CoV-2. According to the World Health Organization,
Alcohol-based hand sanitizers and disinfectants are
currently the most effective formulations to inactivate
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viruses and bacteria therefore these disinfectants have
been recommended as effective agents against microbial
infections. Moreover, Alcohol-based hand sanitizers
(ABHS) are recommended because of their quick action and
broad spectrum microbicidal activity in ensuring protection
against bacteria and viruses. The effectiveness against non-
enveloped viruses, on the other hand, is still uncertain (van
Doremalen et al. 2020).

Although alcohol-based (hand sanitizers and
disinfectants) are mildly flammable when the alcohol
level is excessively high, they can cause skin poisoning
(Toresdahl and Asif 2020). Skin toxicity when ethanol
concentrations are quite high and unregulated due to the
proliferation of fraudulent goods on the market is among the
rare side effects of alcohol-based hand sanitizers (Siddharta
et al. 2017; Kampf 2018). Therefore, hand sanitizers and
disinfectants based on nanoparticles could be an effective
and beneficial alternative against pathogens including
SARS-CoV-2 (Tang et al. 2020; Bull et al. 2020). Moreover,
excessive use of disinfectants and alcohol-based sanitizers
can result in bioaccumulation and biomagnification, leading
to toxicity, mutations, and the development of antibiotic-
resistant bacteria. The use of sanitizers and disinfectants
plays a crucial role in pandemic management, extending
beyond COVID-19 to address the challenges posed by
various epidemics and pandemics. Nevertheless, this review
highlights several notable gaps and concerns that warrant
attention to foster a more comprehensive understanding of
the subject and to explore potential remedies:

1. Effectiveness: The World Health Organization (WHO)
recommends ABHS as an effective and convenient
method for ensuring hand hygiene to combat the spread
of the COVID-19 pandemic. However, it is crucial
to carefully design and formulate ABHS to achieve
the desired quality, efficacy, and safety. The inactive
ingredients used in ABHS may have unforeseen
effects on product performance, emphasizing the
need for thorough consideration in their formulation.
Additionally, safety features should be incorporated into
ABHS products to minimize risks, including concerns
such as flammability and the potential for exposure
through ingestion.

2. Adbverse effects: while the text briefly mentions concerns
about the adverse effects of alcohol-based sanitizers and
disinfectants on human and animal health, as well as the
environment, it does not delve into these concerns in
detail. A more comprehensive exploration is necessary
to understand the nature and extent of these adverse
effects, considering their potential impact on various
epidemics and pandemics.
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3. Lack of alternative solutions: while the text discusses
the potential use of metal nanoparticles as an alternative
to alcohol-based sanitizers and disinfectants, it lacks
sufficient information on their mechanism of action,
safety profile, and availability. A more in-depth
examination of this alternative solution is essential, as
it may hold relevance for a wide range of infectious
disease scenarios.

4. Environmental impact: the text briefly acknowledges
the negative effects on the environment and ecological
balance resulting from the use of sanitizers and
disinfectants. It is imperative to provide a detailed
account of how these products can harm the environment
and suggest potential solutions or alternatives that are
environmentally friendly, considering their application
in various epidemic and pandemic settings.

5. Regulatory and safety considerations: the review
overlooks regulatory considerations for sanitizers
and disinfectants, a critical aspect of their usage. It is
vital to discuss how these products are regulated and
the safety standards they must meet to ensure their
responsible use during epidemics and pandemics on a
global scale.

6. Global perspective: while the discussion primarily
focuses on the global response to COVID-19 and future
epidemics and pandemics, it should also acknowledge
regional disparities in the availability and utilization of
sanitizers and disinfectants. Access to these essential
products can vary significantly between countries and
regions, and understanding these variations is vital for
comprehensive pandemic preparedness.

Nonetheless, while alcohol-based disinfectants and
sanitizers have played pivotal roles in mitigating the
impact of COVID-19 including other pandemics, and
protecting public health, there are substantial concerns
surrounding their widespread use. These concerns range
from potential adverse effects on human and animal health
to the disruption of ecological balance and environmental
harm. Amidst these apprehensions, metal nanoparticles
emerge as a ray of hope, offering a promising alternative
to combat not only SARS-CoV-2 but also a range of other
virulent pathogens, including norovirus, influenza, and
HIV-1, etc. Their broad-spectrum antiviral properties
position them as formidable contenders in the array of
pandemic control strategies.

To enrich the discourse and address these gaps, this review
will encompass more comprehensive insights into metal nan-
oparticles as alternative potential non-alcoholic disinfectants
and sanitizers effective against SARS-CoV-2 and future pan-
demics. Furthermore, it will provide a balanced examination
of the advantages and disadvantages of various pandemic

control measures, alongside potential alternatives, to offer a
more holistic perspective on this critical topic.

Structure and stability of SARS CoV-2
in different environments

Coronaviruses (CoVs) are members of the Coronaviridae
family, which comprises the a-coronavirus, -coronavirus,
y-coronavirus, and d-coronavirus (Yin and Wunderink
2018). Alpha- and beta-coronaviruses (CoVs) can infect
mammals, whereas gamma- and delta-coronaviruses can
also infect birds. So far, seven CoVs including (1) Human
coronavirus 229E (HCoV-229E), (2) Human coronavi-
rus NL63 (HCoV-NL63), (3) Human coronavirus OC43
(HCoV-0C43), (4) Human coronavirus HKU1 (HCoV-
HKU1), (5) Severe Acute Respiratory Syndrome Corona-
virus (SARS-CoV), (6) Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) and (7) Severe Acute Respira-
tory Syndrome Coronavirus 2 (SARS-CoV-2), have been
found to infect humans. First four cause a mild upper res-
piratory tract infections (Tosta 2022). These infections are
usually self-limiting and manifest as symptoms similar to
common cold such as cough, congestion and mild respira-
tory symptoms. On the other hand the other three corona
viruses have been associated with more severe respiratory
illnesses such as pneumonia and Acute Respiratory Dis-
tress Syndrome (ARDS) (Kane et al. 2023). SARS-CoV-2
exhibits a spherical morphology with a diameter ranging
from 50 to 140 nm. Its genetic material consists of a 30 kb
positive-stranded RNA viral genome, which undergoes
transcription to produce both structural and non-structural
proteins. Enclosed by a lipid bilayer, the virus envelope is
adorned with glycoproteins that extend outward as spikes
and transmembrane proteins. These specialized proteins
play a crucial role in facilitating the virus's attachment to
the host cell surface and mediating its entry into infected
cells. Within the lipid membrane, the genetic RNA code
of the virus is enveloped, subsequently undergoing repli-
cation once inside the host cell. The spike glycoprotein is
a homotrimer found on the surface of coronaviruses that
serves a critical function in recognizing the human host
cell surface receptor angiotensin-converting enzyme-2
(ACE-2) (Guruprasad 2021). This recognition is essential
for the fusion of the viral and host cellular membranes,
which allow the viral nucleocapsid to be transferred into
the host cells. SARS-CoV-2 is thought to have started
in bats and then spread to humans via pangolins as an
intermediate host (Li et al. 2020; Han 2020). The viral
genome undergoes multiple modifications in the spike
proteins to be able to leap species and infect a new mam-
malian host. An N-terminal S1 subunit and a C-terminal
membrane-proximal S2 subunit make up the spike protein.
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S1A, S1B, S1C, and S1D domains make up the S1 subunit.
The N-terminal domain (NTD) of the S1A domain detects
carbohydrates, such as sialic acid, which is essential for
virus attachment to the host cell membrane (Ahmadi et al.
2023). The structure of SARS CoV-2 has been depicted
in Fig. 1.

The SARS-CoV-2 spike protein's S1B domain, also
known as the receptor-binding domain (RBD), interacts
with the human ACE-2 receptor (Wang et al. 2020; Guru-
prasad 2021). Three-length helices, several helical segments,
prolonged twisted sheets, a membrane-spanning helix, and
an intracellular cysteine-rich section make up the structural
constituents of the S2 subunit. In SARS-CoV-2, the PRRA
sequence motif between the S1 and S2 subunits contains a
furin-cleavage site (Ou et al. 2020). A second proteolytic
cleavage site S2' is present in the S2 subunit, ahead of the
fusion peptide. Both of these cleavage sites are involved
in viral infection of host cells. At room temperature, it is
stable throughout a wide pH range (pH 3.0-10.0) and is
particularly stable in a favorable environment (Chin et al.
2020; Van Doremalen et al. 2020). In diverse conditions,
SARS-CoV-2 can survive for 4-7 days on smooth surfaces
like paper, glass, plastic, and stainless steel and up to 7 days
on the external part of surgical masks (Chin et al. 2020).
SARS-CoV-2 was not found on printing or tissue sheets after
3 h, and treated wood and cloth tested negative for the virus
after two days (Chin et al. 2020) SARS-CoV-2 seems to be
more persistent on stainless steel and plastic than on copper

Fig. 1 The structural composi-
tion of SARS-CoV-2
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and paperboard, with active virus detected up to 72 h result
of exposure to these surfaces (Van Doremalen et al. 2020).
The infectivity of the virus relies on critical factors such as
the structural integrity of the viral membrane, the defined
topology and tertiary structure of membrane proteins, and
the conserved structure and activity of the virion genome.
Damage or disruption to key components like glycoproteins,
lipid envelope, spike proteins, and the virion genome can
lead to virus inactivation or exert effects on its infectivity
(Al-Sayah 2020). SARS-CoV-2 has demonstrated resistance
to a broad spectrum of antimicrobials (Chin et al. 2020).
Figure 2 depicts the survival time of SARS-CoV-2 on vari-
ous surfaces.

Coronavirus has a unique genomic sequence, similar to
Severe Acute Respiratory Syndrome because they belong to the
same genus Beta-Coronavirus, and have nearly the same shape
(Yin and Wunderink 2018; Naresh and Guruprasad 2023). They
are single-stranded RNA viruses with a positive strand. The
good news is that a solvent like propanol, isopropanol, or ethanol
can be used to eliminate, deactivate, or render these viruses
redundant. Certain disinfectants, chloroforms, and antiseptics
can also stop them from growing (Jing et al. 2020). Alcohol
is a powerful disinfectant against lipophilic and hydrophilic
viruses at concentrations of 60-80% (Jing et al. 2020). Within
the range of 60-85%, ethanol demonstrates higher efficacy
against viruses when contrasted with isopropanol (60-80%)
and n-propanol (60-80%) (Gold and Avva 2018). To date,
most of the effective hand sanitizer products are alcohol-based
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Fig.2 SARS-CoV-2 survival
duration across varied surfaces
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formulations containing 62-95% of alcohol as it can denature
the proteins of microbes and has the ability to inactivate viruses
(Jing et al. 2020). A study done with WHO demonstrated the
efficiency of alcohol as a potent virucidal against emerging
pathogens such as Ebola Virus, Zika Virus, SARS-CoV, and
MERS-CoV. Another study conducted in Germany discovered
ethanol at a concentration of 42.6% eliminates SARS and MERS
coronaviruses. These studies proved the efficacy of alcohol-
based hand sanitizers varied depending on concentration levels
(Dexter et al. 2020). Non-ionic (uncharged) detergents are
favored among anionic detergents because they are superior
hydrocolloids, have lower surface tension, produce less foam,
and do not suffer from the formation of complexes with hard
water, which promotes microbial buildup in the leftover (Dhama
et al. 2021).

Disinfectants and sanitizers: types and their
mode of action against pathogens
including SARS-CoV

Detergents, alcohols, acids, oxidizing agents, halogens, phe-
nols, aldehydes, and quaternary ammonium compounds, are
all examples of disinfectants and sanitizers (Choi et al. 2021).
They may be classified into two categories: non-alcohol-based
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||
2daysl \ | Glass
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and alcohol-based. Both of these categories have varying
degrees of efficiency against germs and viruses. These have
a variety of action mechanisms, however, the majority of
them target the outer lipid layer of coronaviruses (CoVs) to
inactivate the viral particles (Choi et al. 2021). Duarte and
Santana (2020) explored various disinfection measures and
control of SARS-COV-2 transmission and reported that virus
can be inactivated by heating at 56 °C for 30 min and by using
lipid solvents such as ethanol (>75%), isopropanol (>70%),
formaldehyde (>0.7%), povidone iodine (>0.23%), sodium
hypochlorite (>0.21%), or hydrogen peroxide (>0.5%), but
not chlorhexidine. Of the various types of disinfectants and
sanitizers, alcohol-based counterparts have been most com-
monly used against a variety of pathogens including SARS-
CoV. Microorganisms are harmed by alcohol because it
denatures proteins, causing membrane disintegration and cell
destruction (Al-Sayah 2020). Figure 3 depicts how sanitizers
and disinfectants prevent viral dissemination. A few recent
studies have given a comprehensive overview of the use of
hand sanitizers in COVID-19 prevention (Vuppu et al. 2023;
Ma et al. 2023). The modes of action of various sanitizers and
disinfectants, against various pathogens including SARS CoV-
2, are enlisted in Table 1.

@ Springer



111  Page 6 of 30

Archives of Microbiology (2024) 206:111

Fig.3 Viral spread prevention
with disinfectants and sanitizers

Alcohol based
disinfectants and
sanitizer

Non-alcohol-based hand sanitizers
and disinfectants

Alcohol-free are those that do not contain alcohol but
do contain detergents such as Benzalkonium chloride.
Antiseptics, soaps, and gels are examples of alcohol-free
sanitizers, which have a wide range of applications and
modes of action (Erasmus et al. 2010; Ma et al. 2023). Some
examples of non-alcoholic commonly used disinfectants are
discussed hereafter.

Sodium hypochlorite

Sodium hypochlorite (NaOCI) stands as the food industry's
primary disinfectant of choice. It boasts potent oxidizing
capabilities, a wide-ranging antimicrobial effectiveness, and
a remarkable history of application spanning more than a
century. Alkalis and acids facilitate their antiviral activity
through OH™ and H" ions, which disrupt nucleic acid bonds,
precipitate proteins, alter cytoplasmic pH, and hydrolyze
lipids (Morris and Esseili 2023).

Hydrogen peroxide (H,0,)

It catalyzes the conformational changes and oxidation of
lipids and proteins, ensuing in membrane disarray and swell-
ing as a result of H" ion saturation (Al-Sayah 2020). H,0,
has the potential to degrade membrane proteins, enzymes,
and nucleic acids, resulting in viral inactivation (Stuart et al.
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2020) whereas; Peroxides induce acute toxicity in greater
quantities (Holm et al. 2019). H,0, has virucidal action
against SARS-CoV at concentrations of 1-3%, It takes one
min to destroy the virus, although the gaseous version is
even more potent (Goyal et al. 2014). H,0,-based non-touch
eradication techniques, particularly in healthcare settings
and critical care units with potential pathogens (Huttner and
Harbarth 2015), can help prevent environmental contamina-
tion after regular sanitization (Huttner and Harbarth 2015).
In clinical settings, airborne H,O, in the form of vapor and
Dry mist has been used as an infection control agent in the
environment (Falagas et al. 2011).

Quaternary ammonium (QA) compounds

Quaternary ammonium compounds are characterized by four
alkyl groups attached to a central nitrogen atom. Common
examples include benzalkonium chloride, benzethonium
chloride, and cetylperidium chloride. These compounds
exert their function by adsorbing the cytoplasmic mem-
brane and inducing leakage of cellular components. They
exhibit higher susceptibility towards Gram-positive bacteria
and lipophilic viruses. In contrast, fungi, mycobacteria, and
Gram-negative bacteria show relatively lower responses to
these compounds. The coronavirus's protein and lipid struc-
tures are impacted by quaternary ammonium (QA) disin-
fectants, thereby constraining the virus's propagation (Baker
et al. 2020). Benzalkonium chloride, a frequently used
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Table 1 Modes of action of commonly used disinfectants and sanitizers against various pathogens including SARS CoV-2

S.no. Disinfectants

Concentration (%) Application sites

Mode of action

References

1

Sodium hypochlorite

Hydrogen peroxide

Quaternary ammonium
compounds

Phenols and phenol-
derivatives

Formaldehyde and
Glutaraldehyde

Iodine-based compounds

100-200 ppm

0.125-35%

200 ppm or more

05-5.0%

0.5-3.0%

1% or less

Non-living surfaces

Food (35%)

Mouth wash (3%)

Skin (0.125%)

Non-living surfaces (35%)

Food and non-food
surfaces (>200 ppm)

Hospitals and healthcare
facilities, high-touch
surfaces in airports or
other transportation hubs

Medical devices and
surgical equipment,
surfaces in health care
facilities, environments,
laboratories

Skin, mucous membrane
and tissues, medical
equipment, dental

Halogenation of cellular
components

Oxidation of cellular
components by free
radicals

Inactivate surface tension
Lower surface tension
Degrade cell tension

membrane damage which
leads to the leakage of
intracellular components
and denaturing of
proteins

Alkylation of proteins and
nucleic acids

Penetration of membrane,
attack on proteins at the
sulfuryl and disulfide

Kumar et al. (2020) and Yari

et al. (2020)

Kumar et al. (2020) and
Mahmood et al. (2020)

Lingayya et al. (2020) and
Kumar et al. (2020)

Al-Sayah (2020)

Al-Sayah (2020)

Kariwa et al. (2006) and
Eggers et al. (2018)

settings

7 Ethanol (ethyl alcohol) 70-95% Skin (80%)

Non-living surfaces

(70-95%)
Food (70%)

8 Isopropanol (isopropyl 60-90% Skin (75%)
alcohol)
(60-90%)

Food (70%)

Non-living surfaces

bonds, damage to the
nucleic acids

Denaturation of protein Mahmood et al. (2020),
Kumar et al. (2020) and

Kratzel et al. (2020)

Protein denaturation in the
plasma membrane

Mahmood et al. (2020),
Kumar et al. (2020) and
Kratzel et al. (2020)

quaternary ammonium compound, has been associated with
causing dermatitis (Holm et al. 2019; Okeke et al. 2023).

Phenols and phenol-derivatives

Compounds commonly derived from substituted
phenols and bisphenols, where the hydrogen atom on
the aromatic ring is substituted by either an alkyl group
or a halogen (McDonnell and Russell 1999), exhibit
notable efficacy against various pathogens including
viruses. Phenol derivatives, within a concentration range
of 0.5-5%, have demonstrated the ability to rapidly
deactivate viruses, including HIV, and other hydrophilic
viruses. The deactivation mechanism involves inducing
membrane damage, resulting in the leakage of intracellular
components and the denaturation of proteins (Al-Sayah
2020).

Aldehydes

Formaldehyde and glutaraldehyde are recognized as
high-level disinfectants for medical devices and surgical
equipment. These function as disinfectants against bacteria
and viruses by alkylating their proteins and nucleic acids.
They exhibit activity against coronaviruses within a
concentration range of 0.5-3% within a 2-min exposure
period (Rabenau et al. 2005a, b; Kariwa et al. 2006;
Al-Sayah 2020).

lodine-based compounds

Povidone-iodine, has a longstanding application as an
antiseptic on skin and tissues, exhibiting effectiveness
against a broad spectrum of bacteria and viruses including
SARS-CoV at a concentration of 1% or less (Wood
and Payne 1999; Kariwa et al. 2006; Eggers et al. 2015,
2018). The liberated elemental iodine can permeate cell
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membranes, targeting proteins at sulfuryl and disulfide
bonds, along with causing damage to nucleic acids (Kariwa
et al. 2006; Eggers et al. 2015, 2018).

Alcohol-based hand sanitizers and disinfectants

Alcohol-based hand Sanitizers (ABHS), contain ethanol,
isopropanol, or n-propanol. Alcohols have broad activity
against a wide range of microorganisms, although they
are less efficient against protozoa (Carling 2021). It is
recommended that the alcohol concentration ranges from
60 to 95% by volume to achieve optimal bactericidal activity
(Centers for Disease Control and Prevention 2016). Some
reports indicate 60-80% of alcohol concentration to be
optimal for antimicrobial activity (Manaye et al. 2021;
Ma et al. 2023). The antimicrobial properties of alcohols
stem from their capacity to dissolve lipid membranes and
denature proteins in microbes. Alcohols exhibit a broad-
spectrum antimicrobial effect against most vegetative forms
of bacteria, including Mycobacterium tuberculosis, fungi,
and enveloped viruses like the human immunodeficiency
virus (HIV) and herpes simplex virus. However, they do
not effectively combat bacterial spores commonly present
in raw materials. Addressing this limitation, the addition of
hydrogen peroxide (3%) is proposed as a potential solution,
although careful handling during production is necessary
due to its corrosive nature (World Health Organisation
2009). Ethanol is superior to isopropanol against hydrophilic
viruses, such as rotavirus, human immunodeficiency virus
(HIV), and coronaviruses, while isopropanol is more active
against lipophilic viruses, such as poliovirus and hepatitis A
virus (HAV) (Al-Sayah 2020). Ethanol and isopropanol are
capable of destroying coronavirus at 70-90% concentrations
within 30 s (Kampf et al. 2020). It is believed that the alcohol
causes membrane damage and denaturing of virus proteins
in addition to damaging the RNA. The strong ability of these
alcohols to form hydrogen bonding and their amphoteric
nature allow them to disrupt the tertiary structure of proteins
by disrupting the intramolecular hydrogen bonds within
the structure. If used correctly, they are quite successful in
preventing SARS-CoV-2-based infections. When alcohol-
based hand sanitizers are utilized, the procedure becomes
easier because time is not wasted. Various components of
alcohol-based hand sanitizers and disinfectants are discussed
hereafter.

Ethanol
Ethanol is a chemical substance that is a volatile,
flammable, colorless liquid with a distinct odor

(Winnefeld et al. 2000). Alcoholic beverages, such as
beer, wine, and distilled spirits, contain ethanol as an
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intoxicating element. At a concentration of less than 75%
ethanol works as a powerful virucidal agent, inactivating
all lipophilic viruses such as herpes, influenza, and
vaccinia as well as some hydrophilic viruses such as
enterovirus, adenovirus, rotaviruses, and rhinovirus.

Isopropanol

Isopropyl alcohol is a colorless, flammable, and pungent
chemical substance. The simplest example of secondary
alcohol is an isopropyl group connected to a hydroxyl group.
It's a white liquid with antibacterial qualities. It's used to make
acetone and its derivatives, as well as a solvent (Oluwatuyi
et al. 2020a, b). It has a high level of antiviral activity against
lipid viruses (McMullan et al 2016). Apart from its lipid
solvent characteristics, the principal method of action is
protein coagulation and denaturation.

Propanol

Propanol is the most common kind of alcohol. As the lipid
membrane of microorganisms is altered, about 65-90% of
the alcohol concentration in a particular hand sanitizer is
efficient to destroy or act against microbes (Song et al. 2019).
The World Health Organization (WHO) has endorsed two
formulations for alcohol-based hand sanitizers, distinguished
solely by their alcohol constituents, and is widely adopted
globally. Formulation 1 comprises Ethanol 80% v/v, glycerol
1.45% v/v, and hydrogen peroxide (H,0,) 0.125% v/v.
Formulation 2 consists of Isopropyl alcohol 75% v/v, glycerol
1.45% v/v, and hydrogen peroxide 0.125% v/v (Singh et al.
2020). Recognizing the inherent variability of raw materials
and the volatility of alcohol, in response to the COVID-19
pandemic, the United States Pharmacopeia has revised WHO
Formulation 2 by elevating the concentration of isopropanol
to 91% v/v. The consideration of an n-propanol-based
formulation has not been put forth due to the absence of safety
data regarding human use (Singh et al. 2020).

Most hand sanitizers contain alcohol as the active
ingredient, effectively destroying microorganisms. Avail-
able in supermarkets and pharmacies, these sanitizers are
portable and can be stored in various locations such as
desks, bags, vehicles, and other frequently visited places.
Offering both advantages and disadvantages in the con-
text of skin hygiene, these sanitizers are applied to the
skin, specifically the epidermis, dermis, and hypoder-
mis, constituting the three layers of the integumentary
system. The skin acts as a formidable barrier against
potential microbial intruders, employing innate defense
mechanisms (Myung et al. 2021). Prolonged use of hand
sanitizers and frequent handwashing have been empiri-
cally linked to alterations in the composition of the skin
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microbiota (Oughton et al. 2009). Maintaining a harmoni-
ous microbial community on the skin is crucial for reduc-
ing virulence (Kampf et al. 2010). The natural process of
skin regeneration takes approximately twenty-eight days,
involving mitotic divisions in the basal epithelium and
culminating in desquamation (Stebbins et al. 2011). This
continuous shedding of dead keratinocytes effectively
diminishes the presence of microorganisms that might
have colonized it, significantly mitigating the risk of bac-
terial infiltration while preserving a balanced microbial
population (Coronado et al. 2012).

Adverse effects associated
with alcohol-based disinfectants
and sanitizers

Due to their high flammability, alcohol-based hand sanitizers
can be dangerous when used irresponsibly near a fire source
(Myung et al. 2021). Skin burns have been recorded as a result
of using these sanitizers, particularly when handling heat
sources soon after application. It is recommended to stay away
from a fire source for at least 15 min or until the skin surface is
dry after using them. Despite their effectiveness, alcohol-based
hand sanitizers are ineffective against non-lipophilic viruses,
bacterial spores, and protozoa. Individuals unaware of this
fact may mistakenly believe they are safe from non-lipophilic
viruses after exceeding prescribed limits. using these sanitiz-
ers (Fahimipour et al. 2018). Skin poisoning can occur when
alcohol concentrations The proliferation of unregulated brands
in markets poses a risk of selling products with high alcohol
concentrations that may cause skin toxicity. To maintain hand
cleanliness and avoid practices that may cause or worsen skin
irritation, it is recommended to choose products with fewer
irritating components and moisturizing properties (Wickett
and Visscher 2006).

Healthcare professionals can opt for products that are not
only effective but also safe for all skin types. Research has
explored the use of benzethonium chloride, enhancing anti-
viral efficacy while mitigating adverse effects on the skin and
addressing flammability concerns associated with alcohol-
based hand sanitizers (Clayton et al. 2017). Triclosan, a com-
mon active ingredient in hand sanitizers known to destroy
microorganisms on hands, may contribute to the development
of antibiotic-resistant bacteria. Personal protective equipment,
regular handwashing, and surface disinfection have all been
linked to an elevated risk of irritation or allergic contact der-
matitis (Babino et al. 2022). First-line COVID-19 healthcare
workers at the epicenter in China reported a high incidence of
hand hygiene-induced skin damage. Among healthcare work-
ers in Hubei province, 76.6% who performed hand hygiene

more than ten times per day reported experiencing hand skin
damage with dermatitis symptoms (MacGibeny and Wassef
2021). Hand sanitizers have several adverse effects, includ-
ing poisoning by alcohol-based hand sanitizers containing
concentrations to ensure hand hygiene. Table 2 enlists some
merits and demerits of the most commonly used sanitizers
and disinfectants, while Fig. 4 depicts various adverse effects
associated with alcohol-based sanitizers.

Dermal effects

Prolonged and frequent use of alcohol-based sanitizers has
the potential to disrupt the natural pH balance of the skin,
resulting in issues such as dryness, flakiness, and a weak-
ened skin barrier (Imran et al. 2023). Regular use of these
sanitizers may cause the skin to become dry, flaky, and more
susceptible to damage. Additionally, individuals applying
alcohol-based sanitizers may experience a burning or sting-
ing sensation, particularly if their skin is sensitive or already
compromised. This discomfort can be more pronounced for
those with delicate skin. Moreover, individuals with height-
ened sensitivity to the chemicals in alcohol-based sanitizers
may develop allergic reactions, including conditions like
contact urticaria (Yuindartanto et al. 2023).

Respiratory effects

The use of alcohol-based sanitizers, especially in poorly ven-
tilated areas, has the potential to irritate the respiratory tract.
This irritation may manifest as symptoms such as coughing,
throat discomfort, and difficulty breathing. Individuals, espe-
cially healthcare workers, who regularly use sanitizers in set-
tings with inadequate air circulation may face an increased
risk of respiratory issues due to prolonged exposure to sani-
tizer vapors (Hasanien et al. 2023).

Systemic effects

The consumption of alcohol-based sanitizers, particularly
those with high alcohol content, can lead to digestive issues,
alcohol poisoning, central nervous system depression, and
other systemic complications. Children are particularly sus-
ceptible to accidental ingestion, as they may mistake sani-
tizers for beverages. To prevent such incidents, it is crucial
to keep alcohol-based sanitizers out of reach of children,
closely monitor their usage, and adhere to safety guidelines
(Alwan et al. 2023).
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Role of hand sanitizers in controlling
SARS-CoV-2 transmission

In a global context grappling with the complexities of infec-
tious diseases, researchers across the world are diligently
engaged in the development of efficacious treatments, vac-
cines, and preventative measures. COVID-19, predominantly
disseminated through aerosols and droplets, has underscored
the pivotal role of meticulous hand hygiene in mitigating
community transmission. Governments, collaborating with
public health agencies and organizations, actively support
and endorse this indispensable practice (Dhama et al. 2021;
Abuga and Nyamweya 2021; Prajapati et al. 2022). Epide-
miological investigations have accentuated the significance
of specific preventative measures, considering the dura-
tion and nature of exposure, in averting infections. A study
indicates that the practice of hand hygiene can diminish
infection transmission by approximately 16%, establishing
it as a crucial element in our combat against infectious dis-
eases (Natnael et al. 2022). Recognizing the practicality of
hand sanitizers, the World Health Organization advocates
for their use as a convenient alternative to handwashing,
particularly when soap and water are unavailable. In Ger-
many, a noteworthy behavioral shift was observed, with hand
hygiene compliance surging from 47% to nearly 95% during
the COVID-19 pandemic. This substantial increase under-
scores the significance of this practice in our daily lives.
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Hand sanitizers have emerged as effective tools in the battle
against SARS-CoV-2, with their efficacy influenced by vari-
ous factors, including viral strains, sanitizer composition,
and environmental conditions (Natnael et al. 2022).

A comprehension of the scientific principles governing
hand sanitizers reveals that their effectiveness stems from their
ability to disrupt the lipid layer protecting the virus's core.
This lipid layer is susceptible to commonly used disinfectants
such as alcohol and soaps. However, the inclusion of specific
compounds in sanitizer formulations, such as emollients and
fragrances, can occasionally compromise their antimicrobial
activity. Natural emollients like Aloe vera exhibit promise, pos-
sessing inherent antimicrobial properties. Hydrogen peroxide,
another compound with antimicrobial properties, acts as an
oxidant, releasing highly reactive hydroxyl free radicals that
interact with various components, including lipids, proteins,
and nucleic acids. Despite its effectiveness, hydrogen perox-
ide cannot serve as an active ingredient in hand sanitizers due
to its potential harm to the skin (Marumure et al. 2022). It is
essential to note that commercially available sanitizers have
been associated with adverse effects on both the environment
and human health. The primary ingredients in alcohol-based
sanitizers, as recommended by the World Health Organization,
involve combinations of ethanol, isopropyl alcohol, and hydro-
gen peroxide. The misuse and abuse of these components can
result in toxic consequences for both human health and the
environment. Methanol contamination has been identified as a
source of toxicity in alcohol-based hand sanitizers, and exces-
sive use of such sanitizers can elevate the risk of skin infections
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due to damage. Moreover, the release of alcoholic components
into the environment poses a more significant hazard to aquatic
life compared to terrestrial organisms (Mahmood et al. 2020).

As we navigate the challenges presented by infectious
diseases, it becomes imperative to conduct comprehensive
research to formulate safe, cost-effective hand sanitizers that
are accessible and affordable, particularly for individuals
in low-income countries. This endeavor entails a thorough
understanding of the science behind these sanitizers, includ-
ing their benefits, potential risks, and their impact on both
human health and the environment.

Nanotechnology: shield against SARS-CoV-2
and future pandemics

Nanotechnology-based sensors and disinfectants have dem-
onstrated utility in detecting and combatting SARS-CoV-2.
The antiviral attributes of nanoparticles present an opportu-
nity to enhance respiratory personal protective equipment
(PPE) with self-sterilization capabilities against viruses like
SARS-CoV-2 and influenza (Talebian et al. 2020). Antiviral
agents with prolonged efficacy that can be aerosolized are
valuable for preserving the cleanliness of human habitats and
protective equipment. Broad-spectrum nanoparticles mim-
icking biological heparan sulfate can be employed to bind
viral glycoproteins and disrupt their interaction with host cell
receptors (Cagno et al. 2018; Dey et al. 2018). Zinc, as a nan-
oparticle, hampers viral entry while concurrently inhibiting
viral RNA polymerase and viral reproduction through metal

Fig.5 Various kinds of metal
nanoparticles as viral disinfect-

NANOTECHNOLOGY BASED VIRAL

ion release (Zoghi et al. 2021). Silver, gold, titanium dioxide,
zinc oxide, copper, and iron oxide represent potential nano-
particles, as illustrated in Fig. 5. These nanoparticles have
the potential to interfere with viral infections, particularly by
inhibiting adhesion and compromising integrity. Processes
such as limiting receptor binding sites, reactive oxygen spe-
cies (ROS) degradation to cellular components, and nullify-
ing key viral components exemplify the virucidal actions of
these nanomaterials (Imani et al. 2020).

Metal nanoparticles provide diverse inactivation mecha-
nisms, offering a broader range of applications compared
to narrow-spectrum antivirals and antibiotics. This com-
plexity makes it challenging for bacteria and viruses to
develop numerous defensive mutations, thereby reducing
the likelihood of resistance (Galdiero et al. 2011). With a
large specific surface area and distinctive chemical proper-
ties, metal nanoparticles are at the forefront of nanomate-
rial exploration, making them suitable for various biomedi-
cal applications, from antiviral surface coatings to disease
treatment. The efficient antiviral activity of nanoparticles is
facilitated by their large surface area-to-volume ratio, allow-
ing for potent antiviral effects with minimal metal content.
Additionally, their small size enables easy incorporation
into medications, polymers, and various surfaces (Rai et al.
2016). Metals such as copper, silver, and gold exhibit oli-
godynamic effects with well-established biocidal proper-
ties persisting on the nanoscale (Prasher et al. 2018). This
approach has the potential to enhance the inhibition of viral
penetration into cells, solvation of the lipid bilayer envelope,
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and ROS production, thereby augmenting the effectiveness
of disinfectants (Jamshidinia and Mohammadipanah 2022).

Metal and metal oxide-based nanoparticles
as potential non-alcoholic disinfectants
and sanitizer

Disinfectants and sanitizers play an increasingly pivotal
role in daily life, serving as somewhat effective preventive
measures against the novel Coronavirus. However, their
long-term use poses risks to overall health. In the context
of the coronavirus disease 2019 (COVID-19) pandemic,
these agents were crucial for prevention; unfortunately,
excessive anticipation led to uncontrolled use. Despite
their potential to prevent COVID-19, widespread appli-
cation raised severe issues, including detrimental effects
on animal and human health, along with negative envi-
ronmental consequences. Highly toxic chemical disinfect-
ants are employed for surface decontamination in various
settings, necessitated for safety. Nonetheless, alternative
procedures with minimal contaminants and toxicity are
being developed. Safe, affordable, and effective disinfect-
ants, especially those based on eco-friendly nanotechnol-
ogy and nanomedicine, are crucial innovations for mitigat-
ing these impacts.

Copper, copper oxide, silver, and zinc antiviral nanopar-
ticles offer a feasible alternative to chemical procedures,
applicable to PPE materials and surfaces (Ruiz-Hitzky et al.
2020; Valdez-Salas et al. 2021). Recent studies confirm nano
disinfectants as reliable strategies for decontamination, recy-
cling, and antimicrobial enhancement of medical protective
clothing (Valdez-Salas et al. 2021). Advanced nanomedicine

Fig.6 Mechanisms of antiviral VIRAL
activity of nanoparticles INFECTION Virus
<" particles
SW g
AL ] :‘52’}3.

Binding and
penetration

and nanotechnology techniques address the global increase
in infection cases, particularly viral illnesses (Nikaeen et al.
2020). Nanoparticles, with prolonged antiviral activity (Cam-
pos et al. 2020; Ruiz-Hitzky et al. 2020), are proposed as
attractive disinfection alternatives (Fig. 6), offering the poten-
tial for environmentally friendly and long-lasting disinfectants
and sanitizers.

The antiviral properties and mechanisms of various met-
als and their oxides have undergone extensive research. The
action of nanoparticles against pathogens involves multiple
steps, as outlined below:

1. Prevention of attachment and penetration: binding or
destroying viral surface features, such as spike glyco-
proteins, hinders attachment and penetration into host
cells (Almasi and Mohammadipanah 2021) (Fig. 7a).

2. Degradation of viral components: reactive oxygen spe-
cies (ROS) and metal ions play a role in breaking down
nucleic acid, glycan shield, protein capsid, and lipid
envelope of the virus (Imani et al. 2020) (Fig. 7b).

3. Direct interaction with virus components: metal ions and
nanoparticle permeation enable direct interaction with
proteins, genetic material, and surfaces of the virus. This
compromises viral unification and inhibits processes like
genome replication and protein translation (Imani et al.
2020) (Fig. 7c).

4. Disruption of disulfide bonds: breakdown of disulfide
bond(s) between cysteine amino acid residues in viral
glycoproteins leads to their denaturation and deactiva-
tion (Akhtar et al. 2019) (Fig. 7d).
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Fig. 7 Various modes of action of NPs: inhibition of binding (a), production of metal ions and reactive oxygen species (b), inhibition of genome
replication and protein translation (c¢), and breakdown of disulfide bonds (d)

Silver-based nanoparticles

Silver, a noble metal with a rich history of medical use in
various cultures and widespread applications in modern bio-
medical technology, possesses notable microbicidal action,
making it an excellent sterilizing agent in wound care prod-
ucts, surgical equipment, cleaning filters, and touch surfaces.
For sustained microbicidal properties, plastics are commonly
infused with silver thiosulfate in silica gel microparticles, as
observed in Japan across items ranging from children's toys
to toilet seats (Morones et al. 2005). Additionally, Ag nano-
particles find utility in biomedical devices, wound dressing,
textiles, and keyboards (Zhang et al. 2016).

Breakthroughs in nanotechnology have resulted in the
availability of pure AgNPs with actionable and chemical
activity for antimicrobial applications. These nanoparticles
offer novel solutions to challenges in modern medicine, par-
ticularly against pandemic viruses and antibiotic-resistant
bacteria. In a study, 14 nm AgNPs were employed against
the African swine fever virus (ASFV) due to the absence of
vaccination for ASFV, emphasizing the role of disinfection
in preventing the spread of this highly contagious disease
among domestic pig herds (Dung et al. 2020). Similarly,

@ Springer

nanoparticle-based disinfectants and sanitization hold prom-
ise in combating SARS-CoV-2, especially in locations where
immunization efforts face challenges. Researchers deter-
mined that 0.78 ppm AgNPs represented the optimal non-
toxic concentration for porcine alveolar macrophage (PAM)
cells, exhibiting significant antiviral activity against ASFV.
AgNPs were found to disable ASFV's membrane proteins,
inhibit viral entry into host cells, and demonstrate biocidal
activity against fungi and bacteria such as E. coli, Salmo-
nella enterica, Coliforms, and Vibrio cholerae (Dung et al.
2020). AgNPs were also shown to bind to HIN1 influenza
A, inactivating membrane proteins (Mori et al. 2013).

Silver, extensively explored in nanoparticle form, proves
effective against a broad spectrum of viruses and bacteria,
offering potential applications in self-sterilizing materi-
als. The antiviral mechanisms of silver nanoparticles focus
on their ability to bind and interact directly with chemical
groups on protein structures and viral lipid membranes,
impeding viral adherence to host cells. These mechanisms
involve reactions with phosphate, imidazole groups, sulf-
hydryl, amino, and carboxyl, leading to the destruction of
membranes and inactivation of enzymes (Xu et al. 2012;
Chen et al. 2016).
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Penicillium oxalicum GRS-1 and Aspergillus terreus N4
emerged as a sustainable tool for producing AgNPs with
antibacterial and disinfectant qualities (Rose et al. 2020;
2023). The biosynthesized Ag nanoparticles using P. oxali-
cum GRS-1 were found to be effective against common
food-borne pathogens, including S. aureus, E. coli and S.
typhimurium with MBC values of 32, 16 and 32 pg/ml,
respectively. AgNPs from A. terreus N4 also demonstrated
effective disinfectant properties. These AgNPs hold promise
as alternatives to alcoholic disinfectants due to their superior
bactericidal efficacy at low concentrations. Nevertheless,
further research is imperative to comprehensively investigate
their antiviral properties before endorsing them as versatile
sanitizers and disinfectants suitable for diverse applications.

Nanoparticle size and concentration are crucial fac-
tors influencing antimicrobial activity, with a higher per-
centage frequently associated with greater effectiveness
within the optimal 5-15 nm size range (Mori et al. 2013;
Dung et al. 2020). Silver nanoparticles exhibit an anti-
viral mechanism against various viruses such as PEDV,
HIV-1, influenza A (Kim et al. 2020), and poliovirus
(Huy et al. (2017). Silver inhibits the growth of SARS-
CoV-2 by breaking down spike protein bonds. The bac-
tericidal effect of silver nanoparticles against challenging
multi-drug resistant bacteria, such as MRSA, enhances
their potential for broad-spectrum antiseptic surface coat-
ing (Hulme 2022). Spherical-shaped Ag nanomaterials
exceeding 20 nm in size demonstrate anti-coronavirus
activity (Carvalho and Conte-Junior 2021). A study com-
paring Kaolinite-supported silver nanocomposites with a
commercially available disinfectant (Aqua Tab) yielded
similar results (Woldegebreal et al. 2022).

Gold-based nanoparticles

Gold is recognized for its antiviral capabilities and its anti-
viral effects and possibilities as a harmless disinfecting
substance are aided by its ability to form interactions with
biomolecules. One of the main techniques for limiting viral
dissemination as a nanoparticle is to bind Binding receptors
on viral surfaces that are targeted and inhibited, impairing
binding and host cell incorporation (Meléndez-Villanueva
et al. 2019). One study observed this antiviral mechanism
against the measles virus (MeV) using 11 nm gold nanopar-
ticles (Kimling et al. 2006) synthesized using the Turkevich
method.

Gold nanoparticles are effective antiviral drugs that work
by attaching to viral surface structures and inhibiting their
function, similar to how Copper and silver work. One study
established that if gold nanoparticles have a positive surface
charge, they will be attracted towards oppositely charged
SARS-CoV-2 virion (Rosa et al. 2021). Vonnemann et al.

(2014) Increased interaction of gold nanoparticles to the viral
envelope and membrane proteins is facilitated by oppositely
charged molecule attraction, which can result in functional
inhibition via cluster formation and receptor obstruction. Rai
et al. (2016) also showed that if the viral pathogenicity and
inhibitory mechanism are well understood, surface modifica-
tion can boost the virucidal effectiveness of metal and metal
oxide nanoparticles against a specific virus. SARS-CoV-2
virions might be precisely incorporated into the interface of
gold nanoparticles (AuNPs) for targeted suppression, based
on the previous investigation into SARS-CoV-2 pathogen-
esis via inhibition of spike protein binding to ACE-2 recep-
tor, and gold nanoparticles may interact with ACE-2 recep-
tor and spike protein (Lan et al. 2020). One study reported
that peptide-functionalized gold nanoparticles can be used
as antiviral agents (Carvalho and Conte-Junior 2021). How-
ever, compared to other metal nanoparticles, there is a scar-
city of information on AuNPs for commercial processes such
as personal protective equipment or coating materials. This
is likely due to gold nanoparticles are higher cost, which
limits their applicability.

Titanium dioxide-based nanoparticles

Titanium dioxide has several advantages, including mini-
mal human toxicity and high UV-activated viral suppression
(Liu et al. 2016). When exposed to oxygen, moisture, and
UVA photons, it produces hydroxyl radicals (OH), neutral
hydroxide ions, and superoxide (O72) as a photocatalytic
reaction and is an example of ROS (reactive oxygen spe-
cies) (Park et al. 2014). Unpaired electrons in ROS are par-
ticularly unstable, and they react quickly with biomolecules
in electron-exchange processes. ROS can disrupt proteins,
nucleic acids, and polysaccharides and thus are harmful to a
wide range of species (Sun and Ostrikov 2020).

Several studies have demonstrated the effectiveness of
TiO, as an active antiviral coating material, against feline
calicivirus (FCV), bacteriophage MS2, murine norovirus,
and human norovirus (Park et al. 2014), Both non-enveloped
viruses like noroviruses and enveloped viruses like HSV-1
can be inactivated by TiO, photodegradation mechanism
(Park et al. 2014). SARS-CoV-2, like HSV-1, is an encap-
sulated virus with a basic lipid bilayer shell that could be
sensitive to TiO, surface coatings.

Given that SARS-CoV-2 spreads as aerosolized aque-
ous droplets that deposit on surfaces in the availability of
moisture and UV wavelengths, the photodegradation of TiO,
is well suited to inactivating the virus (Chin et al. 2020).
Even under ordinary indoor lighting, through photocatalysis
processes, to initiate the process of photocatalysis moisture
could be used so there is a generation of reactive oxygen
species in TiO, nanoparticle-based surface coatings. Inter-
actions with nanoparticles and their generated ROS may
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damage spike protein is the example of surface, because
SARS-CoV-2 is an enveloped virus with a surface glyco-
protein and outer lipid bilayer, for fusing with the human
host, they are anchored in and rely on an uncompromised
membrane (Bianchi et al. 2020). SARS-CoV-2 suppression
would then be done by reactive free radicals causing oxida-
tive damage to its nucleic acids, base proteins, and lipids.
Furthermore, in a rat model of hepatitis, reactive oxygen
species (ROS) were found to be able to disrupt and change
the oligosaccharides of glycoproteins in the case of copper
ions (Yasuda et al. 2006). Cation interactions with hydro-
gen peroxide, for example, can easily form hydroxyl radi-
cals, which disrupt N-linked glycosidic linkages between
proteins, oligosaccharides, and glycoprotein glycosylation
is reduced as a result of this interaction, which changes bio-
logical function.

To protect susceptible epitopes from immunological
antibodies, the spike SARS-CoV-2 protein has a lot of
glycosylation again from the human cell that synthesized
it (Casalino et al. 2020). This glycan coating is important
for SARS-CoV-2 infectivity, as it aids immune evasion and
allows the virus's ability to penetrate the body's host cells
As a result, the glycosylation of the viral spike protein is
significantly reduced caused by ROS potentially making
the virus less virulent before it is exposed to the host and
easier to kill by the host's immune response. A surface coat-
ing, possibly based on TiO,, could be used to preemptively
modify SARS-CoV-2 oligosaccharide moieties, as the TiO,
photocatalytic process also produces hydrogen peroxide and
hydroxyl radicals.

Further research into a composite covering containing
TiO, and Cu to see whether the spike glycoprotein may be
destroyed by ROS, resulting in SARS-CoV-2 suppression
is also worthwhile. The concept is that TiO, nanoparticles
can directly engage with SARS-CoV-2 virions and cause
physical harm (Akhtar et al. 2019). They showed that TiO,
nanoparticles (NPs) inactivate Newcastle and influenza
viruses by destroying their membranes, an activity that
could be transferred to SARS-CoV-2 because all are
enclosed RNA viruses with comparable structures. This
possibility appears to be supported by preliminary studies
(Khaiboullina et al. 2020). Another intriguing development
is TiO, nanoparticles' virucidal activity against enveloped
viruses, norovirus surrogates, and human norovirus.

Noroviruses exhibit substantial genetic variability
and a rapid mutation rate, posing challenges for vaccine
development and constraining the duration of immunity
post-recovery. Additionally, a minimal infectious dose of
viral particles (Teunis et al. 2008), resistance to alcohol
sanitizers due to a non-enveloped structure (Liu et al.
2010; Park et al. 2010), and sustained viability on surfaces
for several weeks (Liu et al. 2009) collectively contribute
to their heightened transmissibility (Bartsch et al. 2016).
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Consequently, in terms of persistence and environmental
stability on cross-contaminated materials, enteric viruses
closely resemble SARS-CoV-2 over extended periods,
displaying a proclivity for rapid mutation (Chin et al.
2020). Significantly advancing our capacity to inhibit the
transmission of both non-enveloped and enveloped infectious
viruses, particularly in vulnerable settings such as hospitals
and eateries, would necessitate the implementation of swift
disinfection strategies. A recent investigation demonstrated
the efficacy of predominantly spherical-shaped nanoparticles
at a concentration of 300 mg/ml on self-cleaning surfaces
(Carvalho and Conte-Junior 2021).

Copper-based nanoparticles

The Smith Papyrus, Egyptian medical literature dating
between 2600 and 2200 B.C. (Grass et al. 2011), contains
the first reported use of copper for its antibacterial qualities.
It tells the story of how people discovered the benefits of
copper in cleaning chest wounds and keeping safe drinking
water. In 1832 and following outbreaks in Paris, France,
copper miners were shown to be significantly less vulnerable
to cholera (Grass et al. 2011) making copper's medical
potential more generally acknowledged in the nineteenth
century. Subsequently, scientific investigation on copper
has allowed for a greater knowledge of copper's action as
a natural microbicide, and it has become more widely used
as a valuable metal for a variety of uses, including sterile
touch surfaces and medicines (Grass et al. 2011; Rai et al.
2018; Ermini and Voliani 2021). CuSNPs showed low
bioavailability and low toxicity to fish embryos because of
their low solubility (Kong et al. 2022; Palencia and Garcia-
Quintero 2023). Because of their versatility, affordability,
and low toxicity, copper and numerous of its compounds
are currently intriguing prospects in nanomaterials research.
copper compounds have a higher antiviral activity than
cupric oxide because of their oxidation state. On solid-state
surfaces and in solution, Cu,0O and Cul compounds have
been shown to potentially suppress bacteriophages, FCV,
influenza, HCV, and HSV (Mazurkow et al. 2019).

Free radical formation, disulfide bond breaking, direct
membrane contact, and competitive inhibition of receptors
are just some of the antiviral mechanisms used by copper-
based nanoparticles and chemicals (Broglie et al. 2015;
Tavakoli and Hashemzadeh 2020). One study discovered
that the size range of 40-160 nm copper nanoparticles
was excellent against enveloped viruses and had greater
nanoparticles in proportion than the ideal sizes for zinc and
silver nanoparticles (Tavakoli and Hashemzadeh 2020).
Copper is typically considered safe for human contact
in real-world applications, as unless ingested, it is non-
irritating to the skin and extremely non-cytotoxic (Hostynek
and Maibach 2004).
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Copper nanoparticles' antiviral action involves oxidative
damage to biomolecules induced by reactive oxygen species
(ROS). Copper as a catalyst facilitates the formation of ROS,
especially hydroxyl radicals, in Fenton and Haber-Wiess-
like processes (Fujimori et al. 2012). Lipid peroxidation,
protein misformation, and genetic damage are all caused
by hydroxyl radicals quickly bonding with biomolecules
to resolve unpaired electrons copper nanoparticles and
reactive oxygen species (ROS) can cause oxidative damage
to SARS-CoV-2 since it is a lipid-enclosed RNA virus with
spike and capsid proteins (Schoeman and Fielding 2019;
Bianchi et al. 2020; Imani et al. 2020). Furthermore, the
antiviral mechanism involving the SARS-CoV-2 spike
protein, copper, and free radicals can preferentially target
oligosaccharide glycosylation. In their investigation, Eguchi
et al. found that copper ions and hydrogen peroxide produce
free radicals that can rupture glycosidic linkages (Eguchi
et al. 2002).

In oligosaccharide monomers and glycoproteins in a
rat model of hepatitis (Yasuda et al. 2006). The N-acetyl
group of N-Acetylglucosamine residues was degraded
by free radicals, which they discovered using reversed-
phase high-performance liquid chromatographic analysis.
Although severe acute respiratory syndrome -2 viral
glycan shields are mainly linked with 22 sites via N- linkage
this targeting of N-linked glycosylation is noteworthy.
Many key oligosaccharides on the spike protein, including
oligomannose (Man5GIcNAc2 and Man9GIcNAc2), connect
to the protein via GIcNAc at their base at these places
(Watanabe et al. 2020a, b). Oligomannose structures protect
SARS-CoV-2 and utilize the spike glycoprotein receptor-
binding region to contact ACE-2 sites, as part of the glycan
shield (Watanabe et al. 2020a, b). Spike glycoprotein of
the SARS-CoV-2 may become highly susceptible to
antibodies by preventing it from adhering to host cells,
whether copper nanoparticles can produce hydroxyl radicals
that cleave the N-linked linkages in oligomannose and
other glycans and degrade those (Watanabe et al. 2019).
Furthermore, the potential of copper ions to disrupt disulfide
bonds has been established in SARS-CoV-2, which has
S—S bonds that keep the spike protein in the correct fold
(Minoshima et al. 2016).

The virus would be unable to infect host cells through
ACE-2 if the spike protein was inactivated. Copper-based
nanomaterials could prophylactically inhibit SARS-CoV-2
via ROS-mediated glycosylation and disulfide breakdown
processes could be explained by these inactivation processes
(Van Doremalen et al. 2020). SARS-CoV-2 was immediately
inactivated by copper coatings, with a half-life of a drop
of 0.774 h and a full reduction with no active virus found
after 4 h, according to their findings. Copper outperformed
stainless steel and polypropylene polymer in terms of
efficacy (Van Doremalen et al. 2020). The virucidal activity

of different Cu-based nanoparticles, which are similar
to TiO,, against human norovirus (Broglie et al. 2015).
Another avenue to broad-spectrum disinfecting surfaces
could be encapsulated viruses such as influenza A, key
breakthrough would be rapid disinfection methods that
deactivate both enveloped and non-enveloped viral domains.
With the EPA's approval of copper surfaces for use against
coronavirus (Michels 2021) and greater studies into Copper-
based nanoparticles (NPs) are required to evaluate their
disinfection potential for SARS-CoV-2 and their durability
for usage in self-sterilizing floors, as well as the inclusion of
copper compounds into industrial textile goods.

Zinc oxide-based nanoparticles

Zinc oxide has been used as an antiseptic for at least
4000 years when it was used in ointments to treat Egyptian
Civilization, diseased hair follicles manifested as carbuncles
and boils (York et al. 2009). ZnO and its nanoparticles (ZnO
NPs) have been shown to have antibacterial activities against
a wide variety of bacteria, including E. coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Pseudomonas vulgaris,
and Campylobacter jejuni (Siddiqi et al. 2018). At the same
time, zinc oxide is regarded as safe for human contact,
even in nanoparticle form. Zinc nanoparticles are used in
sunscreen, textiles, hair dye, lipsticks, dressing material, and
nanofibers (Fytianos et al. 2020).

Through Zn** suppresses coronavirus and antivirus RNA
polymerase activity, zinc ionophores prevent virus repro-
duction. Zn?* ions and pyrithione inhibit SARS-CoV, and
arterivirus RNA replication at low doses (Ishida 2020). For
disinfection, Zinc oxide nanoparticles (ZnO NPs), like other
metal oxide nanoparticles, improved with greater concen-
tration and exposure. El-Megharbel et al. (2021) found that
zinc oxide nanoparticles (ZnO NPs) suppress SARS-CoV-2
at low nanoparticle levels (IC50 of 526 ng/ml) via direct
targeting. Enveloped viruses, like SARS-CoV-2, also have a
lipophilic outer membrane that nanoparticles might rupture
and penetrate in a similar way to that bacteria are inacti-
vated mechanism (Schoeman and Fielding 2019; Bianchi
et al. 2020; El-Megharbel et al. 2021). SARS-CoV-2 virus
particles were demonstrated to be destroyed by bifunctional
soap by degrading their lipid bilayer outer membrane, sug-
gesting that nanoparticles like ZnO could target the same
structures to achieve viral inactivation (Chin et al. 2020).
Moreover, due to its photocatalytic function, it has a simi-
lar effect as TiO, and ZnO may share inactivation mecha-
nisms, such as hydroxyl radical-mediated breakage of oli-
gosaccharides from the glycan shield and ROS-mediated
viral integrity degradation (Yasuda et al. 2006). ZnO-NPs,
on the other hand, are most suited for somewhere other
than the body, such as in cleaning products and surface
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coating, where the antiviral effect can be utilized with the
least amount of danger of exposed live healthy cells (El-
Megharbel et al. 2021).

Iron oxide-based nanoparticles

Due to their high biocompatibility and magnetic properties,
iron—gold-based hybrid nanoparticles are a ubiquitous
nanomaterial employed in medical appliances such as
biosensors, imaging contrast agents, and cancer nanotherapy
(Tarkistani et al. 2021; Mondal et al. 2023). IO-NPs, for
example, can be regulated by an external magnetic field
and used to target drugs or produce local hyperthermia for
tumor treatment (Chang et al. 2018). Various European
Union agencies and the US Food and Drug Administration
(FDA) have approved iron oxide nanoparticles (I0-NPs)
for anemia treatment (Bobo et al. 2016), which, when
combined with antibacterial (Yu et al. 2020) and antiviral
activity against influenza subtypes (Qin et al. 2019; Kumar
et al. 2019) and Dengue virus (Murugan et al. 2017). Iron
oxide nanoparticles have a variety of antiviral properties,
including the formation of reactive oxygen species (ROS),
lipid peroxidation, and binding to viral surface proteins to
prevent viral attachment to host cells. SARS-CoV-2 has
a lipid membrane envelope making it sensitive to lipid
peroxidation, and ROS and nanoparticle binding can block
its integral membrane proteins. Other encapsulated viruses
may be susceptible to iron oxide such as SARS-CoV-2,
by attacking the envelope of the virus, which is a widely
stable structure between viruses that are encapsulated (Qin
et al. 2019). Abo-zeid et al. (2020) published a detailed
theoretical molecular docking analysis demonstrating
the unique interactions of 10-NPs with SARS-COV-2
viral glycoproteins and found that both Fe;O, and Fe,0,
significantly interact with the HCV glycoproteins E1 and
E2 and SARS-CoV-2 S1-RBD. Fe,O; preferred to form a
complex with HCV E1 and E2 whereas, Fe;0, forms a more
stable complex S1-RBD.

In the case of the spike glycoprotein, the binding
affinity region of SARS-CoV-2 may be prevented from
sticking to the host cell receptor (ACE-2 receptors) by iron
oxide nanoparticles (IO-NPs), preventing the virus from
infecting cells. Furthermore, the formation of reactive
oxygen species by IO-NPs is thought to cause inactivating
oxidative damage to viral lipid envelopes (Abo-Zeid et al.
2020). Studies with various metal nanoparticles support
this mechanism of oxidative inactivation, as did a study
by Qin et al. in which lipid peroxidation of the influenza
lipid envelope killed virions (Qin et al. 2019). If iron oxide
(IO-NPs) are combined with other metal nanomaterials,
such as silver nanoparticles (Ag-NPs), new properties
emerge. Antibacterial and synergistic antiviral action can
be produced, indicating that they have possibilities to
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be used in surface coatings and cleaners in general. Iron
oxide nanoparticles are also biocompatible, and because
they already have FDA permission, they might be quickly
repurposed into antiviral nanomaterials to protect human
surroundings and personal protective equipment (Singh
et al. 2023). Different types of metal and metal oxide
nanoparticles and their mode of action are summarized in
Table 3.

Green synthesis of metal nanoparticles

The green synthesis of metal nanoparticles, a sustainable and
environmentally friendly approach, has gained significant
attention in recent years. Various biological resources, such
as plants, bacteria, fungi, and algae, have been utilized in
this process (Soltys et al. 2021).

Bacterial synthesis

The green synthesis of metal nanoparticles using
bacteria and other microorganisms is a promising and
environmentally friendly approach, as highlighted by
Jeevanandam et al. (2022) and Ali et al. (2015). This method
offers reduced toxicity and lower production costs compared
to traditional synthesis methods. The use of agriculture
waste as a bioresource for nanoparticle synthesis is also
discussed (Jeevanandam et al. 2022). The potential of
microorganisms as a source for nanoparticle production is
further emphasized by Ali et al. (2015).

Bacteria showcase a remarkable proficiency in the
synthesis of nanoparticles (NPs), specifically in the case
of gold (Au) and silver (Ag) NPs. Pseudomonas stutzeri,
an Ag-resistant bacterium, assumes a pivotal role in
the biosynthesis of Ag NPs. These NPs materialize in
concentrated AgNO3 media, with cells aggregating Ag
significantly, resulting in the bulk accumulation of Ag in the
form of 200 nm diameter NPs, exhibiting sizes ranging from
35 to 46 nm (Klaus et al. 1999). Waghmare et al. (2017)
reported the synthesis of manganese (Mn) and zinc (Zn)
NPs using Streptomyces HBUM171191. This synthesis was
accomplished through the reduction of MnSO, and ZnSO,
in the presence of actinomycetes biomass in rotator shakers,
resulting in NPs within the range of 10-20 nm.

Nair and Pradeep (2002) uncovered that subjecting lac-
tobacilli bacteria to highly concentrated metal solutions
induces the formation of small-sized Au, Ag, and Ag—Au
hybrid NPs, characterized by excellent shape and size. This
process occurs through an intracellular method. In the explo-
ration conducted by Shivaji et al. (2011), silver nanoparticles
(AgNPs) were synthesized utilizing cell-free culture super-
natants derived from five psychrophilic bacteria, namely



111

Page 19 of 30

Archives of Microbiology (2024) 206:111

(2200

yeuedIpewweyoJA pue BIUIPIYSWE[ pue

(0202) "Te 12 1w ‘(0Z07) Yapezwoysey
pue 1joyeAe], {(z10¢) e 30 Howtlng

(2207) yeuedipewrwegoy pue
epIUIpIYswef pue (0z0g) ‘T8 19 fuew] (0z07)
‘Te 39 o[nsedl ap ‘(0107) 'Te 10 erodInzZe

(zeoo)
yeuedIpeWWEYOJA PUe BIUIPIYSWE[ pue

(0207) T8 19 tuew] “(0107) T8 19 Oluld-wereq

(2207) yeuedipewureyoy pue
eIuIpIyswe( pue (170g) Yeuedipewnueyojy
pue Isewy ‘(0g0T) ‘e 30 ruewy

(0202) T 1 Sund “(0107) T8 19 vIe]

90BJINS UOLIIA [JIM UOIIORIONU]
surojoid [e11A Jo uonepeIisop

pue s[esIper [AX0IPAY JO UONBIdUID)
surajo1d pue SoUBIQUIAW U2IMIIq
SUONORINUI 1011 "s109ds UAFAX0 9ANIRAI
Jo uoneurio} ay) pue suor roddoo aanoeoIq

JO 9seo[a1 oY) AQ pasned SI aFewep dANBPIXQO
surajord

PUE SOURIQUISW USIM]Aq SUONIBIANUI JOII(

snaia O snnedoy ‘1-
adAy, snuta xopduig sad1oH “(600Z(INTH)

Suneoo [eLeyoeqnue uorsiadsip oddo)  orwopued) uISLIO QUIMS JO SIUIIA Y BZUSNPU]

adojoAus [en1a Jo uonejudwIesy
suoneIae
[eIonas pue uoneuLIojop [edrsAyd
ySnoIYy) 20ULHUS [EIIA YIIM SULIJIOIU]
soroads
ua3Axo aanoear donpoid Jy3iy sta—A ) £q
pajeny sassaooid onA[eiesojoyq “s198IU00
Queiquiow Aq paurrey a1e sodo[oAUD [eIIA

Jysew oueu X AN (ZNEH) urens sniiA ezuonguy

[ICREL

0} snI1A ) Jo Surpuiq 2y3 Joj uonnedwo)
SUOT)EI)[E [EUOTJBULIOJUOD PUE UOT)EUWLIOJOP

eorsAyd £q 9ouenUQ [eIIA YIIM SULIQJIAIU]
Surpuiq [[90-SNIIA JOPUIY 0) PAYOIWIW

are sueoA[309101d reydns ueredoy
uonorRIaIUI

S118)SOII0I[3 PUB UONBANIORUI [RUONIOUN]
pasn st
sur101dooA[3 [esiA Jo Surpuiq A103IqIyul

paviodar JoN 90UBNUQ PUE JUSWIYOL)E [BIIA J0[q O],

(1-ASH) 1 2dA[, sniia xordwrs-sodioyg

sorontedoueu yyim Jurpuiq Jo

/pue YN POpUBns-2[qnop Im UONIBINU]
Ky1anoogur

[e1A 99npa1 0) uondIoSIAYD UOLIA
SpIoe ourwe JuIpuiq pue ‘a3eAed[d

puoq 2pryd[nsIp ‘uoneInjeudp urNoId
Pasn 9Ie SUOLIIA [JIM SUOIIORIOIUT

10211 “2Indonas Yy astwoIdwod o,
S9[NOJ[OWOIq
[e11A soSewep saroads uaSAx0 aATIORAI
Jo uononpoid Y], ‘SpIoe d12[oNU [BIIA

SurperSop Aq uonesrdar [era jo uoniqryuy

I0ATIS je[nonredoueu ondosnue
[98 ‘Ysem yinouwr I9A0URU ‘JUITIANOP SOIIA [eNAOUAS
KIpune[ I9A0URU ‘I9ZNIULS SA0YS ZUQ[Y  Alojendsar ‘sniia ezuangur ‘snaia g snnedoy

0D pue oY)
sopixo 10ddoo pue roddo)

(“OLL) aprxo1p wnueL,

PIOD

10ATIS

SAOURIJY

SJUBIOQJUISIP Paseq-[errdjewouru pasoiddy SNIIA SOSTLIIA JsureSe uonoe Jo PO

soronredoueN

uonoe Jo apout 119y pue safontedoueu Jo sadA) snourep € ajqel

pringer

As



111

Page 20 of 30

Archives of Microbiology (2024) 206:111

Table 3 (continued)

18

Ghaffari et al. (2019) and Imani et al. (2020)

References

Approved nanomaterial-based disinfectants

Not reported

HINI influenza A virus, Herpes Simplex

Virus

Photocatalysis of reactive oxygen species by

Mode of action against viruses

Nanoparticles

Zinc

Springer

virus Type -1, Herpes Simplex virus Type

ultraviolet light
Electrostatic interactions cause lipid

membrane disruption. Heparan sulphate

mimicking to trap virions before

attachment Dissociated zinc ions prevent
viral replication by inhibiting RNA-

dependent RNA polymerase
Virus inhibition only after viral entry into

the host cell
Direct interaction with virus, trap the virions

and subsequently block viral entry

Malik et al. (2017), Qin et al. (2019) and

Not reported

HINI influenza A virus

The viral envelope is lipid peroxidized to

Iron oxide (Fe;0,)

Kumar et al. (2020)

destroy it and neighboring proteins
To block viral-host cell invasion, it binds to

the sulfur-bearing residues (—SH groups) of

influenza proteins
Inhibition of viral RNA synthesis

Pseudomonas antarctica, Pseudomonas proteolytica, Pseu-
domonas meridiana, Arthrobacter kerguelensis, and Arthro-
bacter gangotriensis, alongside two mesophilic bacteria,
Bacillus indicus, and Bacillus cecembensis. The resultant
AgNPs exhibited sizes ranging between 6 and 13 nm and
maintained stability over a remarkable duration of 8 months
in the absence of light. Interestingly, the synthesis and sta-
bility of AgNPs were found to be contingent upon factors
such as temperature, pH, and the specific bacterial species
(P. antarctica or A. kerguelensis) contributing to the super-
natant. A noteworthy observation indicated that the super-
natant from A. kerguelensis failed to produce AgNPs under
conditions conducive for P. antarctica-mediated synthesis.
This study underscores a crucial revelation that the constit-
uents within the cell-free culture supernatants, facilitating
the synthesis of AgNPs, exhibit variability among different
bacterial species. Moreover, the AgNPs synthesized through
this process demonstrated bacteriocidal properties. Notably,
this report unveils, for the first time, insights into the genera-
tion of AgNPs through the utilization of culture supernatants
from psychrophilic bacteria. Additionally, it establishes that
culture supernatants from species of Arthrobacter, a genus
hitherto unexplored, possess the capability to synthesize
AgNPs, thereby broadening the scope of nanoparticle syn-
thesis methods,

Further investigations have unveiled that the temporal
alignment of NP development does not invariably coincide
with the duration of culture preparation. Experiments often
involve an incubation period of 2 h, yielding surprisingly
diverse morphologies that facilitate a wide array of applica-
tions (Vigneshwaran et al. 2006). He et al. (2007) delved
into the extracellular method for Au NP formation, develop-
ing NPs of varying morphologies, encompassing shape and
size, with the aid of bacteria Rhodopseudomonas capsulata.
These NPs exhibit stability over three months, underscoring
the bacteria's resistance to Au ions and Au NPs.

Fungal synthesis

In the realm of metal nanoparticle (NP) formation, fungi,
akin to bacteria, demonstrate notable potential, highlighting
their adept bearing, metal agglomeration propensity,
and impressive linking capability. Aspergillus sp. and
Penicillium emerge as particularly favorable candidates
for synthesizing metal NPs, owing to their convenient
manipulation in laboratory environments. Fungi unleash a
substantial quantity of enzymes, expediting the reduction
of silver ions and consequent NP generation (Mandal et al.
2006). The roots of fungal involvement in NP fabrication
trace back to the early twentieth century, exemplified by
the development of silver NPs measuring approximately
25+ 12 nm in diameter, courtesy of the fungus Verticillium
(Mukherjee et al. 2001).
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A spectrum of fungi, including Aspergillus niger, Fusar-
ium solani, Aspergillus oryzae, Pleurotus sajor-caju, and
Trichoderma viride, has been enlisted in the extracellular
green synthesis of silver NPs, yielding varied morpholo-
gies. Fusarium oxysporum, when exposed to silver ions,
stands out for producing stabilized silver hydrosol (Gade
et al. 2008; Ingle et al. 2009; Nithya & Ragunathan 2009;
Binupriya et al. 2010; Thakkar et al. 2010). Furthermore,
investigations into the antimicrobial activities of Ag NPs
developed by Phoma glomerata against Escherichia coli and
Staphylococcus aureus have added valuable insights to this
dynamic field of study (Birla et al. 2009).

The green synthesis pathway of NPs involving fungi
enjoys global recognition across diverse scientific domains,
manifesting both extracellular and intracellular occurrences.
Notably, Aspergillus sp. and Penicillium exhibit a proclivity
for generating silver and gold NPs (Shankar et al. 2003;
Vigneshwaran et al. 2006). Fungi-mediated NP synthesis
gains preference over its bacterial counterpart for various
reasons, including the augmented release of proteins and
enzymes, fostering heightened NP production (Narayanan
and Sakthivel 2011). There is evidence suggesting fungi
produce smaller-sized NPs by accumulating a greater metal
content intracellularly (Mukherjee et al. 2001).

The conditions of the medium play a pivotal role in influ-
encing the green synthesis of metal NPs. For instance, Tri-
chothecium sp. orchestrates the extracellular reduction of gold
NPs, with non-agitation conditions enhancing the secretion
of proteins and enzymes, while agitation impedes the process
(Ahmad et al. 2005). Fungi-mediated NP synthesis encom-
passes both intra and extracellular methods, each exhibiting
distinct characteristics. Intracellular approaches lead to down-
stream processes with diminished yields, while extracellular
methods result in NP formation beyond the cell, often regener-
ating under low-flow conditions (Dhillon et al. 2012).

In a study by Rose et al. (2018), a natural variant of Peni-
cillium oxalicum GRS-1 showed the capability of reducing
Ag ions into Ag nanoparticles extracellularly with sizes rang-
ing from 10 to 40 nm. They also utilized a cultured strain of
Aspergillus terreus N4, known for its dual nitrate reductase
activity in both periplasmic and intracellular regions as a
potent reducing agent, converting Ag+ ions into Ag0, ulti-
mately leading to the creation of AgNPs (Rose et al. 2023).

Plant extract synthesis

The current research focus extends to the synthesis of
metal ion nanoparticles from plant extracts, harnessing
phytoconstituents like saponins, alkaloids, flavonoids,
and terpenoids. This green synthesis approach yields non-
toxic, high-yield, scalable, and well-defined nanoparticles,

proving effective and easily manageable nanoparticles
(Ramadhan et al. 2012; Bethke et al. 2018). Saratale et al.
(2018) comprehensively reviewed diverse green synthesis
practices, emphasizing applications in biomedicine and
agriculture. Natural medicinal plants contribute to diverse
nanoparticles, exhibiting properties such as anticancer,
antibacterial, antioxidant, anti-inflammatory, and antiviral
effects (Bordiwala 2023). Green synthesis of AgNPs from
Aloe vera leaf extract showed enhanced antibacterial
properties against gram-negative (Escherichia coli,
Pseudomonas aeruginosa, Enterobacter spp.) and gram-
positive (Staphylococcus aureus) bacteria, which suggests
possible bio-medical applications (Anju et al. 2021). Larger
nanoparticles of 30 nm and 50 nm were also found to be
effective, although smaller Ag nanoparticles had a broader
spectrum of action and lesser cytotoxicity, probably due
to their capacity to more easily bind virions (Park et al.
2014). The Ives cultivar pomace extract can generate stable
AgNPs for use in wastewater disinfection (Raota et al. 2019).
In vitro analysis affirms the antimicrobial potential of Ixora
brachypoda leaf aqueous extract-synthesized AgNPs,
suggesting broad-spectrum antimicrobial properties against
multi-drug resistant microbial pathogens (Bhat et al. 2021).
AgNPs synthesized using E. billardieri extract provide
cost-effective technology for industrial manufacturing, with
potential applications in various industries (Allafchian et al.
2022). Gold nanaoparticles are also reported using garlic
extract (Allium sativum) as a reducing agent in combination
with chloroauric acid (HAuCl4) (Meléndez-Villanueva et al.
2019).

Contemporary scientific inquiry is systematically investi-
gating the medicinal properties inherent in naturally occur-
ring plants to elucidate their potential applications. Empiri-
cal evidence indicates that nanoparticles synthesized from
various plant-derived materials, such as gold (AuNPs), silver
(AgNPs), copper (CuNPs), zinc (ZnNPs), platinum (PtNPs),
iron (FeNPs), nickel (NiNPs), and cobalt (CoNPs), manifest
noteworthy attributes including anticancer, antibacterial, anti-
oxidant, anti-inflammatory, and antiviral properties (Bordiwala
2023). The amalgamation of bacteria, fungi, and plant extracts
in the green synthesis of metal nanoparticles presents a holistic
and sustainable approach. Each microorganism brings unique
attributes, contributing to the versatility and effectiveness
of this innovative methodology. As research progresses, the
potential applications of green-synthesized nanoparticles con-
tinue to diversify across various scientific fields.

The use of green-synthesized metal nanoparticles for
disinfection against SARS-CoV-2 is a promising area of
research. The metal nanoparticles, particularly ZnO and silver,
have shown promising results in disinfection against SARS-
CoV-2. Copper nanoparticles, synthesized from copper sulfate,
have been found to significantly reduce the infectivity of the
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virus on coated surfaces (Purniawan et al. 2022). Sportelli
et al. (2022) demonstrated the efficacy of ZnO nanoparticles
in reducing viral load by 70-90%, while Baselga et al. (2022)
and Lam et al. (2022) both reported the antiviral activity
of silver nanoparticles in coatings and composites, with
inactivation yields greater than 99.9%. These studies highlight
the potential of these nanoparticles in preventing the spread
of SARS-CoV-2, particularly in high-risk environments such
as hospitals and public places. Karthik et al. (2022) further
support this, emphasizing the biocompatibility and antiviral
potential of silver nanoparticles synthesized through green
methods. Rose et al. (2023) demonstrated the antimicrobial
activity of green synthesized AgNPs against common
foodborne pathogens, including Staphylococcus aureus
and Salmonella typhimurium, indicating their potential as non-
alcoholic disinfectants. da Silva et al. (2023) demonstrated the
effectiveness of PVC nanocomposites with silver nanoparticles
in reducing the virucidal activity of SARS-CoV-2. Mbatha
et al. (2023) provided a broader perspective on the application
of green-synthesized metal nanoparticles in COVID-19
therapies, emphasizing the need for eco-friendly materials
and safety evaluation. These studies collectively underscore
the potential of green-synthesized metal nanoparticles in
disinfection for SARS-CoV-2.

Advancing understanding of metal NPs
for adoption as disinfectants: addressing
gaps and challenges with potential solutions

The widespread adoption of metal nanoparticles (NPs)
as disinfectants necessitates further research to establish
their direct efficacy against SARS-CoV-2, coupled with
comprehensive safety assessments. Moreover, overcoming
manufacturing challenges is paramount before the large-
scale utilization of inorganic NPs. Given the structural
resemblances between SARS-CoV-2 and other enveloped
viruses, it is imperative to seriously consider the incorpo-
ration of metal nanoparticles into self-sterilizing surfaces
as a means of sanitation. These metal and metal oxide
nanoparticles harbor significant potential as alternatives in
the ongoing battle against future pandemics, concurrently
safeguarding human health through their distinctive anti-
bacterial and antiviral properties. Notwithstanding their
potential, there exist specific gaps and challenges in har-
nessing metal nanoparticles as non-alcoholic disinfectants
and sanitizers, which are subsequently delineated along
with potential solutions.
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Gaps and challenges

1. Efficacy and safety: there is a lack of comprehensive
research on the efficacy and safety of metal
nanoparticles as disinfectants against SARS-CoV-2
and other pathogens. Studies need to be conducted to
determine the minimum effective concentration of metal
nanoparticles required for disinfection while ensuring
safety for human contact.

2. Mechanism of action: understanding the precise
mechanism by which metal nanoparticles interact with
viruses like SARS-CoV-2 is crucial. Research should
focus on elucidating these mechanisms to optimize
nanoparticle properties for better disinfection.

3. Environmental impact: the environmental impact of
using metal nanoparticles, especially in large-scale
applications, needs to be thoroughly assessed. This
includes evaluating their potential for bioaccumulation
and toxicity in ecosystems.

4. Stability and longevity: investigating the stability and
longevity of metal nanoparticles as disinfectants is
essential. Questions about the degradation of these
nanoparticles over time and their effectiveness in real-
world conditions need to be addressed.

5. Resistance development: it is important to study whether
pathogens can develop resistance to metal nanoparticles
over time. This could have implications for long-term
use.

6. Regulatory approval: the regulatory approval process
for using metal nanoparticles as disinfectants can
be complex and varies by region. Streamlining this
process and establishing clear guidelines for their use is
necessary.

7. Cost-effectiveness: assessing the cost-effectiveness of
metal nanoparticles compared to traditional disinfection
methods is crucial, especially for widespread adoption
in resource-limited settings.

Exploring potential pathways for solutions

1. Rigorous research: comprehensive in vitro and in vivo
research studies are required to determine the efficacy,
safety, and optimal concentrations of different metal
nanoparticles (e.g., silver, copper, zinc) against SARS-
CoV-2 and other pathogens.

2. Mechanistic studies: in-depth mechanistic studies are
required to understand how metal nanoparticles inter-
act with viruses at the molecular level. This can guide
the design of nanoparticles with enhanced antiviral
properties.
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3. Environmental assessment: evaluation of the envi-
ronmental impact of using metal nanoparticles as
disinfectants is required. This may involve conduct-
ing ecotoxicity studies and developing strategies for
responsible nanoparticle disposal.

4. Stability testing: long-term stability testing of metal
nanoparticles is required to assess their shelf life and
effectiveness under various environmental conditions.

5. Resistance monitoring: surveillance programs are to be
carried out to monitor the development of resistance
to metal nanoparticles by pathogens. This can inform
strategies to mitigate resistance.

6. Regulatory streamlining: collaboration with regulatory
agencies is required to expedite the approval process
for metal nanoparticles as disinfectants, ensuring that
safety standards are met.

7. Cost—benefit analysis: cost-effectiveness analyses
are required for comparing metal nanoparticles to
traditional disinfection methods, considering factors
such as initial costs, longevity, and environmental
impact.

8. Education and training: education and training for
healthcare workers and the public are required on the
proper use of metal nanoparticles as disinfectants to
maximize their effectiveness and safety.

9. Scaling production: research and development to
scale up the production of metal nanoparticles for
widespread use, especially in regions with limited
access to traditional disinfectants is needed.

10. International collaboration: international collaboration
is needed to share research findings, best practices,
and regulatory guidelines related to the use of metal
nanoparticles as disinfectants in the context of
pandemics. This can accelerate progress and ensure
global preparedness.

This review paper has comprehensively assessed the
gaps and concerns associated with the use of sanitizers
and disinfectants in pandemic control, offering insights
into the need for in-depth data, safety considerations,
environmental valuations, and equitable distribution
strategies. Furthermore, we have explored the potential of
metal nanoparticles as a viable alternative to alcohol-based
sanitizers and disinfectants, underlining their promising role
in enhancing the global response to SARS-CoV-2 and future
pandemics.

Conclusion

In conclusion, while metal nanoparticles are being consid-
ered as a potential substitute, it is imperative to acknowl-
edge that, akin to alcoholic disinfectants with concomitant

side effects, nanoparticles may also pose potential risks to
human health. Therefore, the exploration of nanoparticles as
an alternative should be approached judiciously, considering
potential side effects and necessitating comprehensive safety
assessments before widespread implementation. Although,
silver nanoparticles have undergone extensive research for
their antiviral properties, but the effectiveness of metal nano-
particles in combating viruses varies and is influenced by
factors such as the particular virus, nanoparticle size and
shape, and the method of application. This emphasizes the
importance of a thorough investigation into safety and bio-
compatibility before considering their clinical applications.
Persistent research in this domain is essential, as novel find-
ings may continue to refine our comprehension of the poten-
tial advantages and risks associated with the utilization of
metal nanoparticles for antiviral therapies.
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