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Abstract: The pandemic outbreak of Coronavirus disease 2019 (COVID-19) has drastically changed
the picture of global healthcare. With the rapid emergence of novel variants of severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2) that rendered the currently available therapeutic and
diagnostic approaches inefficient in containing the transmission of infection, it becomes important
to focus on strategies to break the transmission chain. The major approach to contain the spread of
infection is the promotion of adequate hand hygiene practices in public as hands are an important
source of pathogenic microbes. Hand hygiene is an important part of everyday life for maintaining a
healthy and disease-free lifestyle. With the outbreak of the pandemic, people are now understanding
the importance of hand hygiene practices. The global market of hand sanitizers has experienced
rapid growth and high demand. This review aims to discuss the use of sanitizers during the period
of COVID-19 and their role in controlling the transmission of infection. It also focuses on global
market trends, the advancements in the development of sanitizer formulations, and the limitations
of commercial sanitizers. Therefore, the formulation of an effective hand disinfectant is crucial for
preventing future pandemic outbreaks.
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1. Introduction

The COVID-19 pandemic caused by SARS-CoV-2 has taught the human population the
importance of hygiene and sanitation practices in the prevention of infections. SARS-CoV-2
is an RNA virus that evolves frequently due to mutations caused by a lack of fidelity of
RNA Polymerase and recombination [1,2]. Consequently, it leads to the emergence of
numerous novel variants with varied transmission and virulence rates. The emerging
variants are further classified into variants of concern, variants of interest, variants of high
consequences, and variants being monitored [1]. According to the data from World Health
Organization (WHO), there are over 763 million confirmed COVID-19 cases with over
6 million deaths reported till April 2023 [3]. The virus causes complications in multiple
organs and organ systems resulting in increased hospitalization and mortality [2]. It also
renders the old and immunocompromised people susceptible to various co-infections, the
prominent being opportunistic fungal pathogens. These co-infections have reportedly
resulted in enhanced severity and increased mortality [4].

Therefore, the most important approach is to break the transmission chain and focus
on developing efficient prevention strategies to avoid consequential complications and
problems. The SARS-CoV-2 virus gets transmitted primarily through droplets and aerosols
released from the respiratory tract of an infected individual. The predominantly used
preventive interventions used for the containment of COVID-19 include surface disinfection,
hand hygiene, Personal Protective Equipment (PPE), vaccination, physical distancing, and
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movement restriction [5]. The outbreak of COVID-19 has made the public realize the
significance of hand hygiene to contain infection transmission and prevent nosocomial
infections [6,7]. Hands are a reservoir of numerous pathogenic microorganisms that can
easily enter the body through the eyes, nose, and mouth. The microflora on the hand
is categorized into resident and transient flora (including pathogenic microbes) [6]. It is
an important aspect of everyday life for the maintenance of a healthy and disease-free
lifestyle. Important methods of hand hygiene include handwashing with soap and water,
alcohol-based hand sanitizers, and alcohol-free hand sanitizers. Additionally, the use of
gloves and skin protectants also facilitates the reduction in the pathogenic contamination
of hands [6].

The first commercial alcohol-based disinfectant “Sterillium” was released in 1965. It
was made up of 75% alcohol and glycerine. In the year 1988, Gojo released a hand gel
called “Purell” which contained 70% ethanol and propylene glycol [8]. It has gradually
increased in prominence in the global market during the last decade. However, with the
spread of the COVID-19 pandemic, the importance of hand hygiene and the benefits of
sanitizers was highly popularized, rapidly increasing the market and consumer demand.
More research into new formulations for cost-effective, large-scale production resulted in
the development of alcohol-free sanitizer formulations.

This review discusses the types, mechanism, and role of hand sanitizers in control-
ling the transmission of COVID-19. It focuses on the global market trend of sanitizers,
advancements in sanitizer formulation and techniques and limitations of the currently
available formulations.

2. Types of Sanitizers

According to the Centers for Disease Control and Prevention, if water and soap are
not readily available, the use of sanitizer can be favored. Hand sanitizers are categorized
into two types, namely, alcohol-based and alcohol-free sanitizers, based on the presence
of alcohol in the formulation as the key antimicrobial agent [9], as shown in Figure 1.
Alcohol-based sanitizers have alcohols like isopropyl alcohol, ethanol, and n-propanol
as the main component, whereas non-alcoholic sanitizers are made of antimicrobials like
benzalkonium chloride, triclosan, povidone-iodine, and chlorhexidine gluconate [6].
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Alcohol-based sanitizers contain 60% to 95% ethanol, isopropanol, or n-propanol [6,10],
which is mixed with water and emollients like propylene glycol and glycerine to prevent
drying out skin, thus neutralizing various types of microorganisms [11]. Alcohol-free
(aqueous) sanitizers are generally based on disinfectants, such as benzalkonium chloride
(BAC), and antimicrobial agents such as triclosan, chlorhexidine, chloroxylenol, and iodine
or iodophores [6,12]. These substances effectively eliminate a wide array of microorgan-
isms, and unlike alcohol, are less affected by organic residues. Quaternary ammonium
compounds (quats) are formed from benzalkonium chloride and related compounds which
are non-corrosive and effective against many microorganisms [12].

Alcohol-based sanitizers reportedly are efficacious against a wide array of microor-
ganisms such as viruses, bacteria, and fungi. However, they are also associated with
numerous adverse events like contact dermatitis, redness, and itching [13]. To surmount
the limitations of alcohol-based sanitizers, alcohol-free sanitizers containing compounds
with antimicrobial activity and a cost-effective production method were developed. This
was also with the aim to fulfill the growing demand for sanitizers in the market.

3. Mechanism of Action of Sanitizers

The different types of hand sanitizers have distinct modes of action for the elimination
of pathogens. These are explained below.

3.1. Alcohol-Based Sanitizer

Alcohol-based sanitizers are the most widely used hand sanitizers with ethanol and
isopropanol as the most commonly used alcoholic components in sanitizers. Alcohol is
most effective at concentrations of 60–80% concentrations. Concentrations of alcohol higher
than 80% alcohol are less potent as the proteins are not easily denatured in the absence of
water [12,14]. Alcohol causes the coagulation/denaturation of proteins, leading to damage
to the protective coating of microbes, thus resulting in their elimination. The alcohol n-
propanol has high utility in biocides. However, its mode of action is not well understood
but is assumed to be related to membrane damage or inhibition of transcription and protein
synthesis by affecting ribosomes and RNA Polymerase [15]. The alcohol n-propanol is
not accepted by FDA for hand sanitizer formulation as it can exhibit potentially toxic
implications on human health. It is generally used to prepare industrial solvents (e.g.,
cleaner). Accidental or intended exposure by ingestion can result in symptoms like reduced
breathing and heart rate, leading to death. Exposure to the skin or eyes can cause irritation
and allergies [16].

Alcohols have good in vitro germicidal activity against gram-positive and gram-
negative vegetative bacteria in addition to mycobacterium and fungi. Alcohol also shows
virucidal activity against enveloped and non-enveloped viruses [12,17]. It has a direct
impact on crucial metabolic pathways and can lead to membrane damage and loss of
cellular integrity [15].

Water is essential in alcoholic sanitizers because it facilitates the denaturation of
proteins. Therefore, absolute alcohols are not a preferred component of sanitizers and
disinfectants [15].

In the case of viruses, the alcohol-based sanitizers target the viral coat, constituted
by host lipid envelopes and protein capsid. Although the mechanism of action is not
well understood, it is well known that ethanol has greater viricidal activity than propanol.
Ethanol has high efficacy against enveloped viruses which constitute a major proportion of
clinically relevant viruses [15].

3.2. Alcohol-Free Sanitizers

With the increase in global consumption of sanitizers, non-alcohol-based sanitizers
are also being greatly popularized. The mechanism of activity of some of the important
constituents of such sanitizers is discussed hereafter.
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3.2.1. Benzalkonium Chloride

Benzalkonium chloride is a widely used primary component of alcohol-free sanitizers.
It targets the lipid membranes of viruses and bacteria, including SARS-CoV-2. The cationic
head groups are adsorbed on the negatively charged phospholipid heads following the
accumulation of the compound on the bilayer membrane, which consequently loses its
fluidity creating hydrophilic gaps on it. Subsequently, the alkyl tail of the compound
disrupts the lipid membrane [15]. Its mode of action is by reducing the surface tension,
degrading the enzymes, and denaturing the cellular proteins [18,19].

3.2.2. Chlorhexidine

Chlorhexidine is primarily efficient against gram-positive bacteria and has minimal
effectiveness against Gram-negative bacteria and enveloped viruses. It disrupts the ar-
rangement of cytoplasmic membranes, therefore causing precipitation of cell contents [20].

3.2.3. Chloroxylenol

Chloroxylenol acts as an antimicrobial agent. It disrupts the synthesis of cell walls in
microorganisms and is effective against bacteria as well as viruses [21].

3.2.4. Iodine/Iodophors

Iodine has a germicidal effect on Gram-positive, Gram-negative, spore-forming bacteria,
as well as a number of fungi and viruses. It enters the cell wall of microorganisms and develops
complexes with unsaturated fatty acids or amino acids that inhibit the synthesis of cellular
components. Its characteristic mode of action includes oxidation/substitution by free iodine [22].

3.2.5. Triclosan

Triclosan disrupts the bacterial membranes leading them to death [22]. It has excep-
tional efficacy against Gram-positive bacteria [23]. However, the efficacy of triclosan can
be affected by pH or ionic concentration [24]. As it is effective in disrupting the lipid
membrane, it can be used for inactivating viruses [18].

The mechanism of key antimicrobial agents in sanitizers is summarized in Table 1.

Table 1. Mode of action of ingredients in Hand sanitizers.

Ingredients Mechanism of Action

Alcohol
• Causes the death of organisms by denaturing the cellular proteins.
• It is a lipid solvent that damages the lipid bilayer of the cell membrane and cell wall.
• It is also a dehydrating agent and causes loss of water from cells.

Hydrogen peroxide
Releases highly reactive hydroxyl free radicals that can either cleave or form cross-links with the
sulfydryl residues or double bonds of lipids, proteins, and nucleic acids, that are exposed,
causing degradation.

Benzalkonium chloride
• Reduces the surface tension.
• Degrades the enzymes.
• Denatures the cellular proteins.

Iodophores/Iodine • Iodine is a powerful oxidizing agent and irreversibly oxidizes cellular materials.
• It brings halogenation of tyrosine residue of protein and enzymes and inactivates it.

Triclosan
• Bactericidal in nature.
• Disrupts the membrane by degrading the enzymes that produce fatty acids for the membrane

and cell wall.

Chlorhexidine
• Chlorhexidine is a widely used biocide in antiseptic products. It has broad-spectrum biocidal

activity and skin tolerability.
• In the case of viruses, its activity is restricted to lipid-enveloped viruses.
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4. Role of Hand Sanitizers in Controlling COVID-19 Transmission

SARS-CoV-2 is a zoonotic virus [3], the classification of which is depicted in Figure 2.
SARS-CoV-2 is a member of the family Coronaviridae and the order Nidovirales. The
virus is categorized as a Sarbecovirus of the type Betacoronavirus, which also includes the
viruses SARS-CoV-1 and MERS-CoV. The virus possesses rapid transmission with high
mutation rates [25]. As a result, in a span of three years, multiple lineages and variants have
emerged. The numerous rapid mutations in the viral genome have resulted in numerous
variants in a short time span. These variants are classified into a variant of interest (VOI), a
variant of concern (VOC), and a variant of high consequences (VOHC) [26].
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The virus has challenged the domain of health care, all across the globe, questioning
the current understanding of the virus life cycle, disease prognosis, drug, and vaccine
development [26]. The mode of transmission of SARS-CoV-2 is through the air via respi-
ratory droplets (sneezing, coughing, or talking) or contact with the infected person. The
virus is deposited on the surfaces within 1 to 4 m of the source of ejection.

The virus has a structural protein called Spike (S) which binds to the angiotensin-
converting enzyme 2 (ACE 2) receptor on the surface of the host cell facilitating the release
of viral genetic material, resulting in the infection [29]. The symptoms of the COVID-19
infection range from asymptomatic (in patients with mild infection) to serious complications
that could eventually lead to mortality [30]. Thus, preventive measures like regular hand
sanitation, and the use of masks, gloves, and face shields should be adhered to in order to
avoid transmission of infection, especially from asymptomatic patients.
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Globally, a large amount of research is being carried out to develop effective treatments
or therapies, vaccines, and prevention strategies [31]. Although COVID-19 primarily
spreads through aerosols and droplets, and most infections are attributed to these methods,
good hand hygiene may limit community transmission [32]. Consequently, this approach
is supported and promoted by governments across the globe, along with the aid of public
health agencies and organizations [33]. Several epidemiological studies have identified
that the risk of infection transmission is dependent on the type of preventive intervention
employed, as well as the duration and nature of exposure [34]. A study found that the
practice of hand hygiene reduces the transmission of infections by approximately 16% [35].
The World Health Organization has encouraged the use of hand sanitizers as an alternative
to hand washing due to their simplicity of use, efficacy in decreasing the microbial count
on hands, rapid drying upon application, and independence from soap and water, which
are not always accessible [33]. A study conducted in Germany revealed that compliance
with hand hygiene increased from 47% prior to the COVID-19 pandemic to approximately
95% during the pandemic [35]. Sanitizers are effective disinfectants for eliminating the
SARS-CoV-2 virus, with their efficacy dependent on the characteristics of the viral strains,
the properties and composition of sanitizers, and the virus’s environment or habitat. For
instance, hand sanitizers reduce the virus from epidermal layers of hands and consequently
clean it. The persistence time of SARS-CoV-2 is shown in Table 2. The sanitizers and
disinfectants cancel out this persistent duration by immediately eliminating the pathogens
present on the surface [31].

Table 2. Duration of persistence on the surface of different materials [31].

Surface of Materials Duration of Persistence

Surgical masks Up to 7 days

Glass, plastic, bank notes, stainless steel 4–7 days

Printing and tissue papers Up to 3 h

Treated wood and cloth Up to 2 days

Copper and cardboard Up to 72 h

There is a wide range of compounds that are effective against the SARS-CoV-2 virus,
which includes ethanol (predominantly at 75%), formaldehyde (>0.7%), isopropanol (>70%),
povidone-iodine (>0.23%), sodium hypochlorite (>0.21%), and hydrogen peroxide (>0.5%) [31].
Consequently, these compounds are extensively used for developing novel hand
sanitizer formulations.

Different alcohols display varying levels of effectiveness against viruses in the case
of alcohol-based hand sanitizers. Ethanol has a broad range of effectivity against viruses,
isopropanol has relatively greater lipophilic activity than ethanol. The activity of alcohols
against viruses is by attacking and disrupting the membrane proteins that are crucial for
viral replication and survival. In the case of SARS-CoV-2, the M and E proteins constitute
the envelope in addition to the lipid layer that safeguards the core of the virus. The lipid
layer facilitates easy disruption by most commonly used disinfectants, including alcohols
and soaps. The addition of other compounds in the composition of alcohol-based sanitizers
like emollients and fragrances has been reported to reduce antimicrobial activity. However,
natural emollients like Aloe vera are found to exhibit antimicrobial activity independently,
and so are better alternatives to the chemical emollients in the composition. The alcohol-
based sanitizer formulations recommended by WHO are also found to be efficacious in
inactivating the virus. Another antimicrobial compound that exhibits antimicrobial activity
is hydrogen peroxide (H2O2). It is a biocide that acts as an oxidant by releasing highly
reactive hydroxyl free radicals that can either cleave or form cross-links with the sulfydryl
residues or double bonds of lipids, proteins, and nucleic acid that are exposed to it. In a
study conducted to study the effectivity of H2O2 on N95 filters, it was found that the virus
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was eliminated within the time duration of 10 min. However, it cannot be used as an active
compound in hand sanitizers because high concentrations of it are harmful to the skin [18].

The sanitizers available on the market, however, are found to be associated with
numerous harmful effects associated with both environmental as well as human health [31].
According to the recommendation by WHO, the main ingredients of alcohol-based sanitiz-
ers include different combinations of ethanol, isopropyl alcohol, and hydrogen peroxide.
However, abuse and misuse of these components can result in toxic implications on human
health as well as the environment. Studies have attributed the toxicity of alcohol-based
hand sanitizers to methanol contamination. On the other hand, hydrogen peroxide on
ingestion can result in conditions such as gastrointestinal problems, vomiting, mild mucosal
irritation, and portal vein embolism. Excessive usage of hand sanitizers containing alcohol
can raise the risk of infections owing to skin damage. The alcoholic components of the
sanitizers can enter the environment through evaporation or spillage. They reportedly are
more hazardous to aquatic life compared to terrestrial life [36]. Thus, extensive research
is required in this domain to obtain formulations that are safe and free of limitations in
addition to being cost-effective to make them accessible and affordable to people from
low-income countries.

5. Growing Market of Sanitizers during COVID-19

Hand sanitizers have become an indispensable component of our daily existence,
especially after the COVID-19 pandemic. Their popularity has skyrocketed in recent years,
and the demand for these products has been steadily increasing [37].

5.1. Factors Facilitating Market Growth

• Increased Awareness of Hygiene

The COVID-19 pandemic has caused people to become more aware of the importance
of hygiene, particularly hand hygiene. People have become more conscientious about using
hand sanitizers to prevent the transmission of viruses [32]. Hand sanitizers, along with
other preventive measures, may aid in reducing community transmission. Governments,
health organizations, and the media have all emphasized the importance of hygiene, which
has led to increased awareness among people. This results in increased purchases of
sanitizers contributing to the growing market [38].

• Convenience

Sanitizers are easy to use, portable, and can be carried around. They do not require
water or soap, making them ideal for use when traveling, or when access to water and soap
is limited [15]. With the increasing popularity of on-the-go lifestyles, the convenience of
sanitizers has become more appealing to consumers.

• Increased Demand from Healthcare Industry

The healthcare industry has always been a significant consumer of sanitizers. How-
ever, the outbreak of the COVID-19 pandemic has caused a surge in demand. Hospitals,
clinics, and other healthcare facilities have had to increase their use of sanitizers to prevent
the spread of the virus [36]. The increased demand leads to a shortage of supplies. Con-
sequently, production has to be increased in order to meet the rising demand. This leads
to growth in the market of hand sanitizers and increased research for the development of
novel formulations with easy-to-access ingredients.

• Improved Formulations

Sanitizer formulations have improved significantly over the years, making them more
effective and appealing to consumers. Sanitizers now come in a variety of formulations,
including gels, sprays, and wipes. Manufacturers have also introduced sanitizers with
moisturizing properties to prevent skin dryness, which can occur with frequent use [7].
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• Availability

The availability of sanitizers has also contributed to their growing market. In the
past, sanitizers were primarily used in hospitals and other healthcare facilities. However,
with the increasing demand, they are now widely available in stores, online, and even in
vending machines [39].

• Affordability

The affordability of sanitizers has also played a significant role in their growing market.
With a wide range of brands and commercialized formulations, sanitizers are now available
at different price points, making them accessible to consumers across different income
levels [40].

5.2. Economics of Market of Sanitizers

The economics of a sanitizer market can be understood through the principles of
supply and demand. As the demand for sanitizers increases, manufacturers seek to produce
more to meet this demand. However, the cost of producing sanitizers can vary depending
on factors such as the formulation, packaging, and raw materials used [41]. Sanitizers
typically contain alcohol, which can be expensive depending on the source and quality.
Manufacturers may need to adjust their pricing strategies in response to fluctuations in the
cost of raw materials [32]. In a free market, the price of sanitizers will be determined by the
interaction of supply and demand [37]. The pricing of sanitizers is influenced by a range
of additional factors, including production costs, competition, and consumer demand. As
the demands return to the pre-pandemic level, a decline in the price of sanitizers may be
experienced [39].

The market for sanitizers is highly competitive, with a range of brands and formu-
lations available. There are several large manufacturers, as well as smaller players who
specialize in niche products. The market is characterized by low barriers to entry, meaning
that new players can enter the market relatively easily. In recent years, there has been a
trend towards consolidation in the market, with larger manufacturers acquiring smaller
players. This has led to increased concentration in the market, with a small number of large
players dominating the industry. The sanitizer market is also subject to external factors such
as regulation and the availability of raw materials [40]. For example, regulations regarding
the ingredients used in sanitizers and GMP requirements can impact the production costs
and pricing strategies of manufacturers. Similarly, shortages of raw materials can lead to
supply disruptions and an increase in prices.

Another important factor in the sanitizer market is brand loyalty. Consumers may
develop a preference for a particular brand based on factors such as perceived product
quality, price, and packaging. Manufacturers must work to differentiate their products
from those of their competitors and develop brand loyalty among consumers [42].

Finally, the economics of the sanitizer market are influenced by distribution and
marketing strategies. Manufacturers must ensure that their products are widely available
to consumers through a range of channels such as supermarkets, drugstores, and online
retailers. Effective marketing can help to drive demand for sanitizers and increase brand
loyalty among consumers [43]. Marketing is an essential component of the economics of the
sanitizer market. Manufacturers must develop effective marketing strategies to promote
their products and differentiate themselves from their competitors. Marketing costs can
vary depending on the channels used, such as television, social media, or influencer
marketing. Effective marketing can help to drive demand for sanitizers and increase brand
among consumers.

6. Challenges in Effective Sanitation Due to COVID-19

During the COVID-19 pandemic, despite guidelines outlined by the WHO such as
regular handwashing or maintaining social distancing, there were a number of compli-
cations in some aspects that prevented effective arrest of the spread of the virus. One of
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these was the absence of facilities that are important for the maintenance of good hygiene
practices, as well as the use of common locations like water sources or toilets. As a result,
many of the surfaces (walls, faucets, door handles) function as fomites through which the
virus can be indirectly transmitted. This is an issue that is common in densely populated
locations including both cities and rural areas [44]. Approximately 3 billion people lacked
access to basic hygiene facilities such as water and soap during the pandemic. Masks and
other personal protective equipment (PPE) were mandated to prevent the spread of the
coronavirus, which transmits through the air and contact with people or surfaces. However,
there was a lack of these protective materials, despite their importance in preventing the
spread of the virus in the population (particularly among patients and frontline employees).
A key inference to learn from in the future would be to maintain large stocks of such
important supplies in advance [45].

A recent study identified substandard preparations as well as detected toxic contami-
nants (like methanol and 3-methyl-butanol) in many hand sanitizer brands in Johannes-
burg, South Africa. The public should be made aware of this lack of compliance with the
guidelines resulting in poor quality formulation, which could have a negative impact on
health [46]. Another study on commercial sanitizers in South Africa found that only 4 sani-
tizers out of 18 test samples were effective against Pseudomonas aeruginosa, Escherichia coli,
Klebsiella pneumoniae, Enterococcus faecalis, and Staphylococcus aureus, while other sanitizer
samples were completely ineffective against the aforementioned test pathogens. Seven
samples claimed to exhibit an efficiency of 99.99% and showed effectiveness against only
E. coli [47]. A similar study was performed in Ethiopia recently to analyze the quality and
efficacy of local brands of hand sanitizers. The results of this study revealed that over
one-third of the analyzed hand sanitizers failed to comply with the guidelines of WHO
with respect to the limit of ethanol and hydrogen peroxide in the formulation [48]. Similar
results were also obtained in a study conducted on marketed hand sanitizers in Kenya. It
was found that out of 74, only 3 sanitizer samples showed compliance with the regulatory
guidelines. The majority of the commercial samples were substandard and exposed the
public to toxic contaminants [49]. In the context of Saudi Arabia, a similar study identified
196 samples out of 1409 that did not comply with international standards. They contained
toxic impurities like acetaldehyde, methanol, and 1-propanol [50].

On the other hand, after the outbreak of the COVID-19 pandemic, Health Canada
executed some major modifications in the regulatory guidelines with respect to labeling,
packaging, and ethanol levels. These changes reportedly result in increased susceptibility
of the population to various health risks. The permission to use technical-grade ethanol for
sanitizer formulation, as well as increased permittance or threshold level of toxic contami-
nants in the formulation, are important alterations with drastic negative implications on
human health. Furthermore, improper labeling has also resulted in increased incidences
of toxicity due to accidents or unintended uptake of alcohol-based hand sanitizers [51].
Thus, these findings signify the importance of adequate regulatory guidelines to promote
the health of the citizens and lower the susceptibility to toxicity and adverse effects due
to exposure to substandard or poor-quality hand sanitizers. The safety and efficacy of the
sanitizer formulations should be prioritized and strictly monitored to avoid unintended
negative implications on health.

The dissemination of SARS-CoV-2 through wastewater is a concern that focuses more
on sanitation. While the likelihood of the disease spreading through water has been
eliminated to a large extent, it has been discovered in the excrement of patients with the
disease as well as in effluent in outbreak-affected areas. Concern has also been identified
regarding the disposal of waste from COVID-19 patients in low-income areas [44]. The
disposal of this waste necessitated a distinct waste disposal area and toilets that must
be cleaned twice daily by a worker wearing the proper PPE clothing for handling such
hazardous material [52].

An important aspect of COVID-19 and sanitation is properly planned and funded
logistics, which enable the acquisition and distribution of the necessary resources for
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maintaining sanitary and hygienic conditions. Approximately 62% of excrement-based
effluent is improperly managed, especially with respect to the treatment of wastewater. One
reason for this is the inadequacy of data required for proper planning and administration
of sanitation resources, especially in areas such as water scarcity/availability in a particular
area. This problem is exacerbated by the fact that data collection efforts of this type are
hampered by a lack of manpower or infrastructure [52].

Certain diagnostic procedures, such as RT-PCR (Reverse Transcription-Polymerase
Chain Reaction), necessitate a certain level of expertise in order to guarantee accurate
diagnosis. This alone necessitates the presence of trained professionals who are able to
operate the instrument and complete the procedure [53].

As a result, the major challenges in maintaining hygiene and sanitation during the
pandemic include the availability of resources such as water and soap, the use of common
areas such as bathrooms, the proper disposal of waste from infected patients, and the
logistical constraints that come with attempting to design and manage such a system.
Other significant challenges include the availability of necessary supplies of PPE kits and
equipment, as well as aspects at testing centers such as testing methodologies and sanitation,
as well as the knowledge required to carry out said diagnostic operations. Solutions to
these problems can be advantageous for the preparation of any future pandemic outbreaks.

7. Advancements in Sanitizer Formulation

In the wake of COVID-19, the world has found itself increasingly dependent on
sanitation practices and products to help maintain hygienic conditions and curb the spread
of the virus. The increased use of hand sanitizers has bolstered pharmaceutical companies
to identify or develop compounds with potential for use as hand sanitizers.

Many of the synthetic hand sanitizers available on the market cause side effects like
itching, peeling, and redness in the skin. They can also cause ocular injury on accidental
contact [19]. Consequently, alternative actives and formulations for hand sanitizers that do
not inherently irritate the skin upon application are being researched. One example of this
is the development of sanitizer using methanolic extract derived from the Lawsonia inermis
plant, which has demonstrated antimicrobial activity on a broad scale [54].

Electrolyzed water (EW) has gained popularity as a general disinfectant. It possesses a
disinfectant effect mainly attributed to the reduced pH and enhanced oxidation-reduction
potential in addition to the complementary influence of the compounds HClO, H2O2,
hydroxyl group, and Cl2. Conditions such as low pH have a detrimental impact on
the permeability of microbial membranes inhibiting their multiplication. The increased
oxidation-reduction potential is an important factor responsible deaths of bacterial cells
by affecting their metabolism. The hydroxyl ions and H2O2 molecules result in damage to
the lipid membrane, denaturation of cellular proteins to inhibit multiplication as well as
cleavage of bacterial DNA [55].

Sanitation is also important in preventing the spread of diseases like COVID-19,
and several countries implemented a number of approaches to help with this endeavor
throughout the epidemic. One of the most fundamental strategies that was implemented
was better dissemination of WASH (water, sanitation, and hygiene) methods like ensuring
access to a clean supply of water and soap, as well as sharing knowledge of how to properly
wash hands, through campaigns and multiple channels of communication.

Other secondary measures that were employed were applied more at a smaller scale
in homes or institutions. This included measures such as quarantining symptomatic
individuals, avoiding sharing of items, or the availability of domestic sanitation products
such as bleach or filters, at homes. In the case of public places like schools, transport
stations, or offices, legislation advocated for the addition of measures such as facilities for
handwashing, which are fully functional and modified to suit the needs of the individuals
who use it or the frequent disinfection and cleaning of facilities such as bathrooms with
multiple users.
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The third facet of the sanitation strategies employed by governments entails legislation,
which permits the availability of sanitation resources at all times, as well as increasing the
availability of these services to as many people as possible. This includes measures such
as ensuring a minimum amount of water is available at all times for use, as well as the
provision of essential sanitary facilities such as toilets to avoid resorting to measures such
as defecating in open environments or sharing facilities.

Initiatives by governments that support the continuous availability of these essential
resources in their fullest possible capacity through various means are being used to sup-
port the prior strategy of ensuring sanitation facilities are available in as many places as
possible. Included in these measures is the routine maintenance of sanitation apparatus,
which ensures that all treatment and sanitation processes are operating at peak efficiency.
Regular logistical support is provided for systems such as wastewater treatment, along with
adequate safety equipment (masks and gloves) for workers and engineers handling these
appliances or working on the processes, and a dependable power supply to consistently
support these sanitation processes and techniques. In addition, it is necessary to develop
infrastructure that can adapt to the requirements of communities and individuals who rely
on these systems [56].

An overview of the recent advancements in the development of sanitizer formulations
and techniques is presented in Table 3. It includes some of the aforementioned formulations
and techniques like Lawsonia inermis methanolic extract-based sanitizer, and electrolyzed
water. Advanced technologies expand the possibilities for solving existing problems
and challenges.

Table 3. Advancements in sanitizer formulations and techniques.

Sl.
No

Formulation/
Technique Innovation Description Advantages Limitations References

1
Lawsonia inermis

methanolic
extract-based

sanitizer

Tested extracts
demonstrated a

multitude of beneficial
qualities, such as

anti-inflammatory and
antibacterial qualities.

Dried and powdered
leaves, methanol,

phosphate buffer saline
(PBS), acetate-HCl and

Tris Base-HCl buffers are
analyzed, with each

buffer being tested in
separate solutions.

Antimicrobial agent with a
broad spectrum of activity.

The source plant is not a food
crop, so food supply is

unaffected.
Exhibited potential activity
against both E. coli and B.

subtilis, as well as the
MS2 bacteriophage.

Further cytotoxicity
analyses are pending for

this extract.
An evaluation of antiviral
activity against COVID-19

is still pending for this
plant extract.

[54]

2

Alternative hand
sanitizers derived

from mandelic acid
and other

phytochemical
compounds

Mandelic acid is an
effective antimicrobial
compound against the
likes of S. aureus, and

Pseudomonas sp.
Similarly, other

components of essential
oil like eugenol or
vanillin have been

shown to have
synergistic effects

against microbes when
used in conjunction with

other compounds.

Gels that contain the
mandelic acid or

essential oil are similar
to standard

hand sanitizer.

The essential oils derived
from cinnamon, clove, and
thyme demonstrated good

antimicrobial activity against
multiple bacteria, particularly

S. aureus and E. coli.
Some essential oils also

demonstrated good sensory
qualities even after storage
for prolonged periods (60

days) at higher temperatures
like 50 ◦C.

Certain essential oils
derived from specific

plants did not demonstrate
good antimicrobial activity
after storage at increasing
temperatures leading to

alteration of chemical
properties as well

as stability.

[57]

3
Electrolyzed water

(sanitizer
alternative)

The reagents are fairly
simple to acquire in
order to produce a

sanitizer alternative that
has potential efficacy.

This is prepared via
electrolysis of a 10% w/v

sodium chloride
solution.

Cytotoxicity tests and studies
showed that electrolyzed
water is safe for use as a

sanitizer by the majority of
people.

The ions present in the
solution produced from

electrolysis (like hypochlorite
ions) demonstrated good

antimicrobial activity.

For some individuals, both
within the test sample

population and in general
application, the

chemicals/ions present
have the potential to cause
inflammatory responses on
the skin, opening it up to

spread the infection in
those affected.

[58]

4

Processing of
COVID-19

biomedical waste
through the use of

cement kilns

The acidic gases
produced by waste

burning are countered
and neutralized by the

alkaline conditions
within the kiln.

This process also leaves
no waste residues

after burning.

The waste is burned
inside a cement kiln at a
temperature of 1450 ◦C.

Biomedical waste is
completely destroyed and

leaves no residues.
Acidic gases are negated by
the kiln’s internal alkaline

conditions.
This method also reduces the
demand for non-renewable

energy sources like coal.

The limitations of this
method are yet to

be known.
[59]
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8. Limitations

As the COVID-19 pandemic continues to evolve, new variants of the virus are emerg-
ing, some of which are believed to be more contagious and potentially more dangerous than
the original strain. This has raised concerns about the effectiveness of currently available
sanitizers in combating these emerging variants [10].

Sanitizers are an essential tool in the fight against COVID-19. They are designed to
kill or inactivate the virus on surfaces and hands, helping to prevent its spread. Sanitizers
typically contain alcohol, which is known to be effective against viruses, including coron-
aviruses [32]. However, the emergence of new variants of COVID-19 has raised concerns
about the effectiveness of sanitizers against these emerging variants. Some experts believe
that these variants may be more resistant to sanitizers and other disinfectants, which could
make them more difficult to control [31].

8.1. Limitations of Currently Available Sanitizers

One of the primary limitations of currently available sanitizers is their effectiveness
against emerging variants of COVID-19. While sanitizers are effective against the original
strain of the virus, there is evidence to suggest that they may be less effective against
certain variants [15]. For example, the B.1.1.7 variant, which was first identified in the
UK, has been shown to be more contagious than the original strain of the virus. Some
studies have suggested that this variant may be more resistant to certain sanitizers, which
could make it more difficult to control [60]. While sanitizers can be effective on smooth,
non-porous surfaces, such as doorknobs and countertops, they may not be as effective on
porous surfaces, such as fabrics and carpets [15].

Hand sanitizers can be efficient at killing viruses on the surface of hands. However,
washing with soap and water is still the most efficient method for cleaning hands of dirt,
grime, and germs. Additionally, there is evidence to suggest that the overuse of sanitizers
can lead to the development of antimicrobial resistance. This is because the chemicals in
the sanitizer formulation such as hydrogen peroxide can induce mutations that can result
in the development of antimicrobial resistance [61].

8.2. Potential Solutions

Despite the limitations of currently available sanitizers, there are potential solutions
that could help to address these issues. One approach is the development of new sanitizers
that are specifically designed to target emerging variants of COVID-19 [32]. Some re-
searchers are exploring the use of alternative disinfectants, such as hydrogen peroxide and
ultraviolet light, which may be more effective against certain variants of the virus. Others
are exploring the use of antimicrobial coatings and materials that can kill or inactivate the
virus on contact [62]. Another potential solution is the development of better sanitizing
protocols. This could include increasing the frequency of cleaning and disinfection, particu-
larly in high-traffic areas such as hospitals and public transportation [63]. Education and
awareness campaigns may also be important in helping to reduce the spread of COVID-19
and its emerging variants. Educating the public on the proper use of sanitizers and other
disinfectants, as well as promoting handwashing and other hygiene practices are important
strategies [38].

In addition to COVID-19, novel sanitizer formulations can also be designed for
various opportunistic pathogens that include bacteria like Escherichia coli, Enterobacter
aerogenes, Bacillus cereus, Pseudomonas aeruginosa, Enterococcus sp., Klebsiella pneumoniae,
Staphylococcus aureus, Listeria monocytogenes, as well as fungal pathogens like Aspergillus sp.
and Candida albicans. These are dominantly present on surfaces like mobile phones and
currencies, resulting in frequent exposure due to direct contact with palms. The prolonged
exposure to these pathogens can cause the development of several infectious diseases,
which can lead to increased hospitalization [64]. Therefore, it is important to develop
novel sanitizer formulations to target various other classes of pathogenic microbes as they
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also increase the burden on global health. Numerous pathogenic infections have serious
implications on human health that result in increased morbidity and mortality.

9. Conclusions

The COVID-19 pandemic has emphasized the importance of developing adequate
hand hygiene behaviors to avoid infections and break the transmission chain. This has
led to a rapid rise in the market demand for hand sanitizers. Hand sanitizers are broadly
classified into two categories, namely, alcohol-based and alcohol-free sanitizers. The
drastic increase in demand for hand sanitizers cannot be fulfilled with only alcohol-based
hand sanitizers and so alcohol-free hand sanitizers were designed. However, both classes
of sanitizers are reported to be associated with numerous adverse events, consequently
demanding innovative alternatives that are safer and exhibit comparable efficacy. With the
advancement in technology, various novel formulations are being designed with adequate
efficiency and safety. Thus, to promote public health, it is important to focus on the
development of efficient prevention strategies especially hand hygiene to avoid the viral
infection caused by SARS-CoV-2 as well as the newly emerging pathogenic outbreaks or
future outbreaks.
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