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P. L. Jagadeshvaran, Aishwarya Vijayan Menon and Suryasarathi Bose*

Department of Materials Engineering, Indian Institute of Science, Bengaluru 560 012, India

A bizarre illness, identified in a group of patients with
respiratory problems in Wuhan, China; was then
ascertained as the coronavirus disease 2019 (COVID-
19) — that proliferated into a global pandemic, with
lakhs of people getting infected per day. Given this
pandemic situation, there is a need globally for the use
of personal protective equipment (PPE) to protect
oneself from getting infected by the disease. This is
very much critical in the healthcare sector as health-
care units like hospitals and clinics might act as poten-
tial epicentres for the spread of a disease and cause
the healthcare workers to act as vehicles for disease
transmission. Given this context, this review article
primely focuses on the different ways to prevent
transmission of virus and the different PPE that exist
in the market. The various anti-viral technologies
which are currently available in the market to tackle
SARS-CoV-2 have been described along with few
interesting literature which can be looked upon to
develop anti-viral PPE that can be effective against
enveloped viruses like the current SARS-CoV-2.

Keywords: Antiviral technologies, COVID-19, health-
care workers, nosocomial infections.

WE are living in a time when a viral disease has put a halt
to our normal life. The disease has been named after its
causative agent, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), as coronavirus disease
2019 (COVID-19). SARS-CoV-2 manifests as dry cough,
frequent fevers and in severe cases pneumonia, putting
the population above 75 years of age, and those with
immunodeficiency or chronic and oncological diseases
under severe risk. However, the category that is most
exposed to the virus is that of hospital personnel'. In the
current scenario when there is no concrete information
about the fate of the present vaccines for treatments, it is
imperative to ensure the protection of health-care workers
(HCWs) to prevent virus transmission and guarantee
continuous patient care. Therefore, it is important to pro-
vide them with proper personal protective equipment
(PPE).

PPE refers to the ensemble of protective apparels like
clothing, masks, helmets, goggles and others that are
designed to safeguard the wearer’s body from injury or
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spread of infection — mostly used to maintain occupational
safety. In the healthcare context, PPE are predominantly
used by HCWs to contain the transmission of disease-
causing agents from bodily fluids or a harmful environ-
ment, thereby forming a barrier during treatment. PPE are
also used to protect patients who are at a high risk of con-
tracting infections. PPE not only protect HCWs, but also
stop the transfer of microorganisms by protecting their
various entry ports (skin, airway and mucous membrane)
from direct contact. During an infection outbreak, PPE
are of critical need by the healthcare community who are
highly vulnerable to the spread of the disease. When uti-
lized in the right way with other infection-control prac-
tices, PPE prove to be effective in minimizing the spread
of disease”.

Despite the proper usage of PPE, HCWs continued to
contract the coronavirus. One of the major reasons for
this was the contamination of PPE in hospitals. Recently,
it has been reported that SARS-CoV-2 has a lifespan of
about 2-3 days on plastic and textile surfaces®. This puts
the wearers of PPE at high risk, since most of them are
made of either textile or plastic materials. This finding is
consistent with previous reports regarding the survival of
human coronavirus 229E, SARS coronavirus and influenza
A (HIN1), and shows that enveloped viruses like the
current SARS-CoV-2 can survive for several hours on
PPE like gloves and fabric. It has been reported that the
infectious viruses can survive on PPE for the length of a
patient care encounter, which can cause transfer of virus
when the PPE is handled after wearing. The transfer of
viruses from fabric and gloves to hands during the removal
of contaminated PPE has also been demonstrated in the
literature®. Another major factor is the disposal of the
used PPE which not only increases the chances of virus
transmission but also causes an environmental problem of
disposal of plastics. Not to mention the shortage in
supply of PPE due to their non-reusability and high
demand.

To tackle the issues of disposal as well as supply short-
age, PPE are being disinfected to make them safe for
reuse. Several strategies have been considered in this
regard to improve the reusability of PPE. Some of these
include use of disinfectants such as vaporized hydrogen
peroxide (VHP), ultraviolet (UV) light exposure and
ethanol decontamination strategies. However, all of these
strategies severely impact the repeated usability of PPE.
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Fit test data showed functional degradation by both etha-
nol and UV decontamination routes to different degrees.
However, VHP-treated masks showed no significant
change in PPE function until two treatments”.

If the PPE themselves have inherent viricidal proper-
ties, they can be used for prolonged periods without the
need for additional disinfection treatments. Moreover,
this also prevents the transmission of viruses through PPE
during patient care and handling’. The PPE which are
generally textile/plastic-based can be made antiviral
either by incorporating antiviral agents during the textile
fibre manufacture or they can be applied as a textile
finishing or coating by spray/dip-coating in the final
stages. The coating has the potential to reduce the risk of
secondary infection by limiting the transmission of
microbes. This will allow reusability of PPE and easy
containment of microbes. It will also lead to less burden
on the manufacturers for making millions of masks,
which are generally discarded after a single use. It can al-
so restrict the spread of microbes to fingers and to other
individuals due to negligent usage of masks where users
tend to touch them while removing. It also reduces bio-
burden and transmission after disposal. This is neither the
first nor the last pandemic that the world is going to expe-
rience. Hence it is of importance that we come up with
technological solutions to challenge the ongoing and
future global health emergencies®.

This comprehensive article illustrates the critical need
to use PPE by outlining the various ways in which infec-
tions can be transmitted in a healthcare set-up and the
basic principles of epidemiology to understand the chain
of infection. The technologies and materials used in dif-
ferent PPE (like masks/respirators, gloves and gowns)
and the different selection criteria to use a particular PPE
are discussed elaborately to enable the readers to judi-
ciously select them for use. The various antiviral techno-
logies which are currently available in the market
(already in use or can be potentially used to develop anti-
viral PPE) to tackle the current SARS-CoV-2 are
described. This article discusses studies that can be a
referral to developing antiviral PPE that can be effective
against enveloped viruses like SARS-CoV-2.

Infection-transfer mechanisms associated with
healthcare

Healthcare environments like hospitals and testing
laboratories are multifaceted organizations with several
connecting links. There also exists an intricate interplay
between the HCWs, patients and microorganisms. This
also sheds light on the fact that patients admitted to
healthcare institutions are more vulnerable to be affected
by an infection than their counterparts in a given popula-
tion under study. This is due to the fact that patients with
infections come in contact with susceptible patients and
are generally looked after by the same staff. There are
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typically several models that explain the interactions
between the source, host and microorganisms present in a
healthcare environment. This highlights that hospital-
acquired infections, also called nosocomial infections,
play a significant role during an infection outbreak and
must be prevented by suitable means’.

Nosocomial infections are, in most cases, unforeseen
and progress over the course of treatment, resulting in
severe complications. These require subsidiary therapeu-
tic and diagnostic intervention, leading to prolonged stays
at hospitals and adding to the cost of treatment. Such
infections may be opportunistic in some cases, where a
patient’s existing infection would lead to several other
complications. In most cases, the source of infection is
external — either inanimate that the patient comes into
contact within a hospital, or the hospital environment it-
self comprising other patients and HCWs. Any disease-
causing pathogen must be transferred from a reservoir to
an appropriate location on the surface of a vulnerable
host in adequate quantities to multiply and cause an
infection. In such a scenario, ‘breaking the chain’ at the
mode of transmission is highly critical to disrupt the
spread of any infection, thereby enabling its prevention
and control to be successful. Microorganisms are mainly
transmitted via four routes in healthcare set-ups, viz. con-
tact, droplets, airborne and vehicles.

(i) Contact: This is the most common and frequent form
of transmission. It takes place in two ways: direct
and indirect. Direct contact occurs when the patho-
gen is transferred from the reservoir to a vulnerable
individual without the involvement of any other
elements. For instance, body-to-body surface contact
(like touch), which involves physical transfer of the
pathogen from the infected person. Indirect contact
encompasses a wide spectrum of cases, where a vul-
nerable host is in contact with the pathogen through
an intermediary which might be inanimate (surfaces,
clothing and fomites) or animate (a HCW who may
be in contact with an infected patient). Pathogens
transmitted by this way include Klebsiella spp., Sta-
phylococcus aureus, Acinetobacter spp., Clostridium
difficile, rotavirus, noroviruses, respiratory syncytial
virus and enterobacteria that are Gram-negative
bacilli and show antimicrobial drug resistance.

(i1) Respiratory droplets: Transmission can occur
through droplets of around 20 wm emanating from a
patient. These droplets, generated during sneezing,
coughing and talking, contain pathogens that are
propelled into the air. When these pathogens land on
a new host, they enter the body predominantly
through the mouth, conjunctivae and nasal mucosa.
Stability of these droplets is primarily dependent on
their size. Droplets are typically around 20 um or
less in size, and do not stay suspended in the air for
a long time, travelling distances less than a metre.

CURRENT SCIENCE, VOL. 120, NO. 7, 10 APRIL 2021



REVIEW ARTICLES

However, the droplets may possibly linger on sur-
faces in the vicinity and remain active for longer
periods, thereby making cleaning of surfaces manda-
tory. Influenza, whooping cough, meningococcal
meningitis, respiratory syncytial virus, cold, diph-
theria, pneumonia, adenovirus and coronaviruses
(SARS CoV, SARS CoV-2 and Middle East respira-
tory syndrome) represent a few infections that are
transmitted this way.
(iii) Airborne spread: Here transmission takes place
through air as the medium. Air contains infectious
droplets (as mentioned above) and dust particles be-
ing covered with/containing infectious microorgan-
isms. Due to air currents, such particulates stay
disseminated in the environment for longer time
periods and spread over a wide area (hence travel
distances larger than those travelled by droplets).
This way of transmission is dangerous, as airborne
nuclei can reach the alveoli (lungs) of the host sys-
tem when they are inhaled, even when there is no di-
rect contact with the patient. Droplets are generated
by several clinical procedures like respiratory kine-
siotherapy, fogging, fibre-optic bronchoscopy,
airway aspiration, sputum induction, tracheal intuba-
tion, centrifugation of samples and non-invasive
positive pressure ventilation, apart from coughing,
sneezing and talking. SARS-CoV transmission
studies state that clinical procedures like tracheo-
tomy, tracheal intubation, non-invasive and manual
ventilation reportedly pose high risks for transmis-
sion. Few examples of pathogens transmitted
through this route include rubeola, Mycobacterium
tuberculosis, hantaviruses, varicella, chickenpox and
measles.
Common vehicles: Here transmission occurs by
common objects and contaminated instruments used
by more than one patient. Clinical apparatus when
used without proper disinfection may act as a
vehicle transferring the microorganisms into a new
host. Also, this is valid only when multiple people
get exposed to and develop illness from a common
inanimate object. Common vehicles do not facilitate
the replication of viral DNA, while bacterial cells
can multiply®.

(iv)

A thorough knowledge of the transmission mechanisms
of infections is vital to develop PPE for healthcare appli-
cations.

Textile-based PPE

Masks and respirators

Masks and respirators are the first protection for HCWs
in a potentially infectious (mostly airborne) environment.
Though present-day hospitals are well-equipped with
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negative pressure ventilation, disinfection, air filtration
and isolation wards, they do not offer adequate protection
to HCWs from airborne droplets — thereby making respi-
ratory protection necessary. The overall effectiveness of
such equipment is dependent on factors like: (i) fit cha-
racteristics of the respirator model, (ii) level of protection
required, (iii) care to be taken during the use of such res-
pirators and (iv) the adequacy of training and quality con-
trol’.

Masks were put to use at the beginning of the 20th cen-
tury to prevent contamination to open surgical wounds.
The first ones to be used were reusable and fabricated
with multiple layers of cotton gauze. The multilayer
architecture yielded high protection efficiency, but the
heavy masks failed to provide a good level of comfort to
the wearers (mainly HCWs). Five decades down the line,
non-woven mats made of fine glass fibre were used for
making disposable masks because of their lightweight.
By the end of the 20th century, masks were made of dif-
ferent fibres like cellulose and polypropylene. The pro-
tection efficiency of a mask depends upon the material
used, with polypropylene, polyester-rayon, glass and cel-
lulose, in descending order, showing a decreasing trend in
terms of protection efficiency. The use of glass fibre to
make masks has been drastically reduced because of the
irritation and potential damage caused by their use. Poly-
propylene is identified as one of the best fits here because
of its hydrophobic nature and wicking capacity that
enables a comfortable and dry microclimate between the
face and the mask'*"".

Modern-day surgical masks are made of non-woven
fabrics with enhanced bacterial filtration and air permea-
bility, and also being less slippery than normal cloth.
Contemporary market mainly uses polypropylene to make
non-woven mats intended to be used for masks, while
other materials like polystyrene, polyester, polycarbonate
and polyethylene are also used for the same'”. Surgical
masks are three-ply made by sandwiching a textile layer
with bonded non-woven fibre mats on both sides (Figure
1). They often constitute two filter layers enabling the
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Figure 1. Schematic of different layers used in a surgical mask
(credits: VOVA).
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filtration of bacteria of around 1 wm size. Filtration effi-
ciency of a mask is usually a function of the material
used in making the fibre, its cross-section, the manufac-
turing method involved and the web structure.

Though contemporary multilayered masks efficiently
filter larger microorganisms, and airborne droplets like
those released from coughing and sneezing, they are not
effective in filtering sub-micron sized particles. Also,
there is air leakage from the edges of the mask through
which fine droplets can easily pass, as the masks do not
tightly fit the face. Consequently, masks do not complete-
ly impede the proliferation of infection in case the HCWs
during a pandemic situation like COVID-19. As a result,
there is a strong need for respiratory protection devices
having higher protection efficiency and better fit to face
in order minimize leakage.

Respirators were put into use to overcome the short-
comings of surgical masks. Initially, it was the protection
of miners from hazardous gases and dust, and soldiers
from chemical warfare that gave the impetus for the de-
velopment of respirators in the early 1900s. With the in-
crease in risk of drug-resistant tuberculosis, respirators
were used by HCWs in the 1990s. The outbreak of SARS
and its impact on the HCWs helped throw more light on
the use of respirators during such conditions'”.

The performance of respirators is assessed using two
important parameters: (i) ability to capture particles of
various sizes (typically <1 to >100 um) over a range of
airflow (10 to 100 I/min), and (ii) design to prevent lea-
kage of air at the face—face piece boundary'*.

A respirator typically comprises multiple layers of non-
woven fabric, usually of polypropylene. The two protec-
tive layers (covering the inside and outside of the mask)
are fabricated by spun bonding — where nozzles blows
molten threads of a thermoplastic polymer to layered
threads of size ranging between 15 and 35 um onto a
conveyor belt, that is made into a cloth by the continued
movement of the belt. Fibres produced this way are
bonded by mechanical, thermal or chemical techniques.
The layers prepared by this process usually have a sur-
face density between 20 and 50 GSM and confer protec-
tion from the outside environment besides acting as a
barrier to the particles and droplets that are exhaled by
the wearer. The pre-filtration and filtration layers consti-
tute the inner layer. The pre-filtration layer is needled and
non-woven (needle punched to enhance cohesiveness),
subjected to hot calendering to make it thicker and stiffer
(surface density of around 250 GSM), thus giving it the
desired shape and fit. The last and important layer is a
high-efficiency, melt-blown, electret (i.e. polarized), non-
woven material which controls the filtration efficiency.
Melt-blowing is a process similar to spun bonding, where
multiple nozzles spray threads (of size less than 1 um) of
a polymer melt using air on a conveyor — similarly lead-
ing to a fabric by the complete rotation of the conveyor.
Full respirators are made by ultrasonic welding using
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converting machinery, by adding metal strips and straps
which provide a fit over the wearer’s nose.

Respirators must meet stringent certification tests
established by NIOSH (National Institute for Occupa-
tional Safety and Health), USA, which uses the worst-
case conditions for testing. Further, the standards and
classifications of respirators are developed by NIOSH,
which categorizes them based on their filtration efficiency.
Respirators are usually rated based on their ability to col-
lect a bare minimum quantity of the challenge aerosol.
For instance, ratings of 95 and 99 are given to respirators
which collect 95% and 99% of the challenge aerosols
respectively, whereas a rating of 100 is given to those
collecting 99.97% of the aerosols. Resistance to oil is
critical for respirators, as some industrial oils can remove
the electrostatic charge which reduces the filter perfor-
mance. Respirators are given a ‘N’ rating when they are
not resistant to oil, ‘R’ if they are somewhat resistant to
oil and ‘P’ if they are strongly resistant (oil-proof). This
totally gives nine types of particulate respirators (nine
combinations of alphanumerical codes). HCWs commonly
use N95 respirators as they are inexpensive, disposable
and user-friendly'>. Table 1 elucidates the differences
between surgical masks and respirators'® %,

Though both respirators and masks have different
degrees of filtration efficiency based on their ratings,
there is no possibility of completely eliminating the
spread of infection due to exposure to airborne infective
droplets. This is because, the state-of-the-art respirators
would not suffice to combat emerging pandemics like
SARS-COV-2, unless combined with other devices like
face shields. Another reason is that prolonged usage of
masks and respirators in an environment with higher con-
centration of aerosols causes a decline in their perfor-
mance. This poses a risk of secondary infection when the
filter gets contaminated with pathogenic virions (of size
<100 nm), in addition to mechanical handling.

Gloves

Gloves constitute one of the main components of PPE
intended to prevent contact of the hands with any object
causing potential infection — by acting as an impermeable
barrier. In the healthcare context, gloves are used in sev-
eral circumstances by HCWs to avoid infection on con-
tact with a patient. There are two kinds of gloves used in
healthcare: (i) surgical gloves and (ii) examination
gloves. Surgical gloves are used in surgical procedures,
and are hence manufactured with high precision and qua-
lity with requirements of sterility. These gloves are hand-
specific, harmless, odourless, soft and fit perfectly well to
offer good protection to the surgeons. Examination
gloves are used for non-invasive physical examination to
prevent cross-contamination between caregivers and
patients. These are usually non-sterile, inexpensive and
intended for single use'**.
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Table 1.

Differences between a surgical mask and a respirator

16-18

Surgical mask

Respirator

Barrier to splashes, droplets, exposure of biological fluids and spit.

Tested in the direction of exhalation (from inside to outside).

Effectiveness is accounted in terms of bacterial filtration.

Does not provide reliable level of protection from inhaling smaller
particles.

Not designed to seal tight against the face.

Intended only for single use.

Tested and approved for use by the FDA, USA.

Prevents the wearer from inhaling aerosols or other droplets

(only non-oil aerosols).
Tested in the direction of inhalation (from outside to inside).
Effectiveness is accounted in terms of the filter and leakage to face.
Filters out at least 95% of particles during inhalation.

Designed to seal tight against the face.
Can be reused if not contaminated.
Tested and approved for use by NIOSH, USA.

In order to ensure the efficient use of gloves to prevent
infection transfer, it is necessary that they meet a few cri-
teria which need to be considered while selecting them.
These are sterility requirements (for surgical gloves, ste-
rility is mandatory), permeability (ideally gloves must be
impermeable), raw materials used and their durability,
risk of inflammatory reactions (hypoallergenic), size,
procedure-related requirements, compatibility with exist-
ing products, level of protection, comfort and fit, and
overall quality versus cost*'.

The first recorded use of gloves in healthcare applica-
tions was in 1890 at the Johns Hopkins Hospital, USA
when the chief nurse suffered inflammatory reactions to
mercuric chloride used for asepsis then®. Later, when the
need for gloves in healthcare became apparent, sterilized
latex gloves were in use for a short span of time. The
production of disposable surgical gloves began in 1964,
which was based on a process similar to making con-
doms™.

First-generation gloves (those made of latex) used
lubricants to facilitate their donning — club moss or pines
used initially proved to be toxic. Later, talcum powder
and corn starch were employed, however, they were asso-
ciated with complications like postoperative granuloma
and scar formation®*. The use of lycopodium powder had
problems of skin irritation and impeded healing. Non-
powdered gloves were easy to don; however, a ban order
on their use by FDA, USA, completely eliminated them
from medical applications™. Yet another issue with pow-
dered gloves was that their use in highly clean and sensi-
tive environments like cleanrooms was difficult.
Chlorination of latex gloves made it easy for them to be
donned without the use of powders for lubrication — by
reducing the surface friction and tack. Also, there was
significant reduction in the quantity of allergenic latex
proteins that cause allergy to the wearer. Yet, they suf-
fered problems like loss of colour, chlorine odour and
shorter shelf-life — as chlorination made the latex brittle.
Non-chlorinated gloves on the contrary have none of
these problems but are difficult to don and are unclean
when it comes to the particles. This is due to the use of a
polymer coat (a thin layer of gel or silicone), making
them easier to don™.
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Despite being an excellent choice for sensitive applica-
tions like surgery because of their flexibility and comfort,
latex gloves showed poor resistance to chemicals (espe-
cially organic solvents)and were reported to cause allergy
and skin irritation (due to allergenic proteins)*”**. More-
over, their poor puncture resistance made it difficult to
identify laceration or holes (if any) in them — posing a
threat to their superior dexterity’’=’. To combat these
problems, the use of non-latex gloves in surgical proce-
dures and applications was encouraged.

Latex-free gloves have conveniently replaced latex
gloves in less critical areas like basic patient care. There
is only minimal documentation regarding their perfor-
mance analysis in terms of barrier properties, tear resis-
tance, etc. Synthetic polyisoprene gloves (synthetic form
of latex) are the only latex-free gloves which are at par
with latex gloves and still remain hypoallergenic. How-
ever, they are the most expensive substitute available for
latex which did not favour their use extensively. Cost-
effective alternatives like vinyl gloves which are usually
the cheapest substitutes for latex tend to have poor chem-
ical and tear resistance. They have a longer shelf life; and
are used in applications where dexterity is not critical.
Nitrile gloves are also considered as potential alternatives
to latex-free gloves, though their cost is roughly twice
that of latex gloves. Yet, they are superior to latex gloves
in terms of shelf life, tear resistance, chemical and oil re-
sistance, temperature tolerance and ability to dissipate
electrostatic charges. Further, they have less particles and
hence can be used in sensitive applications like clean
rooms. Though their tear resistance is high, they tear
completely once the glove gets punctured — ensuring a
replacement to protect hands. Figure 2 shows the differ-
ent gloves explained above, while Table 2 provides a
comparison of different gloves available in the market
with their pros and cons®' >’

Quality of non-latex gloves depends on the raw materi-
al used, glove manufacturer and the stress to be expe-
rienced during clinical use. Selection of a particular pair
of gloves for an application must be done keeping in
mind the safety requisites of the workplace, after assess-
ing the different risks involved. Neoprene gloves are
emerging as promising substitutes to latex among the
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31-33

Table 2. Comparison of different disposable gloves sold in the market
Gloves Raw material used Advantages Disadvantages Protection level
Latex Natural rubber Excellent barrier performance, Allergic reactions, poor chemical Bacteria, viruses
biodegradable, flexible and resistance
comfortable
Nitrile Nitrile rubber Excellent chemical resistance, Less tactile sensitivity, expensive Chemicals, viruses
durability and puncture resistance
Vinyl Poly(vinyl chloride) Inexpensive, longer shelf life Poor resistance to solvents, limited Chemicals

dexterity and poor durability

©,§
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Figure 2.

Gloves: (a) latex, (b) nitrile and (¢) vinyl.

different latex-free gloves as they are considered safe to
allergy, while nitrile gloves are considered to be rigid and
poorly rated.

There exists a practice called double gloving, whereby
two gloves are worn one on top of the other to maximize
protection, which is justified because of the perforations
in surgical gloves. Other reasons for double gloving
include the risk of glove damage due to the use of sharp
surgical instruments and reduction in danger of infection
from glove failure. Also, studies show that most of the
perforations in surgical gloves are unnoticed**. Though
undetectable to the human eye, micro-perforations are
sufficient to allow the passage of pathogens and such
micro-perforations tend to increase with the duration of
use”. Studies show that double gloving considerably
enhances protection against inner glove perforation by
71%, in comparison to the use of a single pair of gloves™.
In a study where ten nurses/surgeons were involved in
100 operations, 172 single pair of gloves sustained perfo-
rations, while only 50 inner gloves sustained perforations
with double gloving — which shows considerable, viz.
reduction®’,

Present-day research in gloves is based on the deve-
lopment of cost-effective substitutes for latex with effec-
tive barrier protection. Constant upgradation of hospital
set-ups and the safety of HCWs lay down the basis for re-
search on gloves. There is also a strong need to foster
novel processes for making gloves with antimicrobial
properties. In the future gloves may be envisaged as
puncture-free materials with superior tear resistance, with
capabilities to handle sharp instruments®®. All these chal-
lenges will drive the market towards the development of
non-latex materials.
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Gowns

Human skin and mucous membranes are potential media
for the transfer of pathogens to cause a disease, which
can be inhibited by an impermeable barrier having pore
size less than the size of the pathogens. Gowns have been
used in healthcare set-ups to prevent the dissemination of
infection by limiting or expelling infectious agents and
reservoirs, disrupting the transmission cycle and safe-
guarding susceptible patients’. They are meant to cover
the torso and clothing, which may be potential vehicles
for the transfer of infection. Gowns are the second most
used PPE after gloves in a healthcare set-up and are part
of an overall infection control strategy.

Medical gowns are classified into three types by FDA
based on the risks involved. (i) A surgical gown is worn
by healthcare personnel during surgeries to prevent trans-
fer of pathogens, body fluids and particulate matter. It is
a class-II medical device as regulated by the FDA and
can be used in any regulated risk level. (ii) A surgical iso-
lation gown is used when there is relatively high risk and
need for larger critical zones than the traditional surgical
gowns. This is also a class-II medical device (with pre-
market review) as regulated by FDA. (iii) The non-
surgical gowns are used in minimal risk areas to protect
the wearer and are class-I medical devices exempted from
premarket review. These are not used during surgical
procedures or when there is a relatively high risk of
infection spread™.

Historically, the surgical gowns were used to protect
patients from HCWs, which required a relatively loose,
breathable and comfortable fabric. The materials used for
making such gowns were cotton and 50/50 cotton/
polyester blends. Liquid absorption and frequent washing
(for reuse) caused deterioration in the fabric quality,
though they were inexpensive*'. Besides, increasing con-
cerns about threats related to transmission of pathogens
made surgical gowns indispensable for HCWs. This now
makes clear the fact that a surgical gown must ideally be
liquid-proof (impenetrable by any liquid) and breathable
(providing a comfortable micro-climate between the user
and the gown), besides protecting from microorganisms
and particulate matter. Alongside, there must be a clear
assessment of the healthcare set-up, which anticipates
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contact while providing care with potentially infectious
objects or surfaces and the nature of interaction with
patients*’.

As seen above, the traditional materials used for mak-
ing surgical gowns were cotton and cotton—polyester
blend. There was a synergistic improvement in the prop-
erties of cotton—polyester blend — it was both breathable
and strong”. However, the pore size was sufficiently
large to allow passage of liquids, thereby not providing a
barrier. Though there were attempts to make them hydro-
phobic (using fluoropolymer treatment) and reducing
pore size (tight weaving of the fabric), subsequent wash-
ing led to deterioration of properties. Also, there was no
concrete evidence about the antimicrobial properties of
the fabric**. The generation gowns were made with fine
filaments of polyester, weaving them in a dense fashion
to gain barrier properties. Conductive carbon fibres were
also used to incorporate antistatic properties. However,
their properties were only retained by a liquid repellent
coating in every reprocessing cycle. Present-day surgical
gowns are designed in a multi-layered fashion (usually
three-ply) in order to meet several objectives. The outer-
most layer confers mechanical durability in terms of ab-
rasion and puncture resistance; the middle layer is highly
impermeable offering excellent barrier properties, while
the bottom layer is usually soft and mainly incorporated
for comfort besides adding another layer of protection.
Three-ply gowns were also made using a microporous
membrane by sandwiching it between layers of polyester
fabric. The membrane used is polyvinylidenefluoride
(PVDF) which is mechanically stretched to build up
resistance against tear and infiltration of viruses and
fluids™®.

Gowns are classified based on their usability as single
use/disposable and multiuse/reusable. Single-use gowns
are primarily made from non-wovens by the incorpora-
tion of additives to enhance liquid repellency. A variety
of natural (like cotton) and synthetic (like polyester mate-
rials) are engineered by special bonding techniques and
finishes to achieve the desired property profile. There is
no deterioration in barrier properties and problems about
reprocessing here, as the gowns are disposed after single
use. In most cases, disposable gowns are offered pre-
sterile by the manufacturer and there is no need to sepa-
rately sterilize them. Studies show that single-layer non-
wovens failed to prevent bacterial transmission®®, while
multilayer nonwovens resisted transmission of bacteria*’.
Reusable gowns were made from cotton and its blend
with polyester. Tightly woven polyester—cotton blend
with fluoropolymer finish constitutes the first-generation
reusable gowns. Composite fabrics made by laminating a
combination of knitted or woven fabrics are the new
surgical materials*®. Lamination could be replaced by
coating, nevertheless, both techniques confer resistance to
liquid penetration. Reusable gowns offer a variety of
advantages like reduction in clinical waste, cost-saving

CURRENT SCIENCE, VOL. 120, NO. 7, 10 APRIL 2021

(washing cost of reusable gowns is relatively low com-
pared to the use of disposable gowns®), and have less
impact on the environment.

The design and engineering involved in medical gowns
is critical as several criteria must be considered — to not
compromise on the performance. The general require-
ments are as follows: (i) Gowns must allow sufficient
freedom of movement besides providing a close fit, with
no openings for breach of barrier. (ii) They must be
breathable to provide ventilation (to dissipate the heat
generated by the body) and comfort to the body, besides
imposing a strong barrier to penetration of liquids and
particulates. (iii) They must fit a variety of body sizes, be
sterile, lint-free and provide easy donning and doffing
without contamination. (iv) Gowns should not promote
the proliferation of microorganisms on their surfaces
leading to spread of secondary infections.

The use of surgical gowns has increased globally with
an increase in the number of surgeries, which is a major
thrust for research in the field of protective clothing.
Another cause is the widespread awareness among the
people about the spread of infections and safety meas-
ures. The use of disposable gowns is gaining more light
in the medical world due to complications and threats of
secondary infection associated with reusable gowns, be-
sides their deterioration in properties during reprocessing.
The use of disposable gowns is encouraged as reusable
gowns restrict the sales of new products. The future of
present-day medical gowns is heading towards smart
surgical gowns leading to its increasing demand™.

Currently available/soon to be available
strategies to develop antiviral PPE against
SARS-CoV-2/influenza

Aqualyte, a non-toxic, biocidal polymer coating devel-
oped by Dias Analytic Corporation (Florida, USA) is a
promising coating material that can be applied onto most
surfaces, including PPE. It is a sulphonated block copo-
lymer that can self-organize on solidification, forming a
network of hydrophilic and hydrophobic regions within a
dense polymer layer with a smooth, nonporous surface.
Enveloped viruses like SARS-CoV-2 maintain an outer
protective envelope composed of lipid bilayers and vari-
ous proteins that help them survive outside the host cells
during transmission, and also help enveloped viruses to
hide from the host immune system. This envelope is vul-
nerable to desiccation and disruption in the presence of
the highly polar sulphonic acid groups within the Aqua-
lyte polymer’'.

HeiQ Materials AG, Zurich, Switzerland, a supplier of
finishing technology, has launched HeiQ Viroblock
NPJ03, which is an antiviral and antimicrobial textile
treatment that has been proven to be effective against
SARS-CoV-2. The antiviral finish increases the antiviral
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performance of face masks significantly, such that when
the untreated mask exhibits a 2.9 log antiviral reduction,
the treated mask exhibits a 4.48 log antiviral reduction,
which is a 99.99% reduction of virus infectivity (a log re-
duction of 2 is equivalent to 100 times the effectiveness).
The textile finish consists of a unique combination of ve-
sicles that target lipid-enveloped viruses like the corona-
virus causing their deactivation, and silver technology
which inhibits their replication. HeiQ Viroblock NPJ03
also demonstrates virus infectivity against various types
influenza like HIN1, HSN1 and H7NO (ref. 52).

Devan Chemicals, a textile innovator and speciality
chemical producer in cooperation with the Institut Pasteur
de Lille, France, has tested its liquid product BI-OME,
which was found to have strong antiviral capabilities
against enveloped viruses like SARS-CoV-2, HINI, etc.
as well as naked viruses like rotavirus. Using BI-OME on
outdoor and work-wear could reduce the risk of virus
proliferation and contamination™.

According to the literature, nanoparticles of zinc oxide,
cuprous oxide, silver, copper (I) iodide and gold on silica
nanoparticles (Au—-SiO,NPs) and also some quaternary
ammonium cations (QUATS) are promising to inactivate
various types of viruses. Nova Surface-Care Centre Pvt
Ltd has developed a product called NANOVA
HYGIENE + TM, which is an antimicrobial coating that
can be applied on various surfaces, including fabrics,
plastics, metals and concrete. It is a cocktail of non-
migratory QUATSs and positively charged silver nanopar-
ticles (AgNPs) which are dispersed in a polymeric binder.
These coatings exhibit extremely low surface energy
(>20 mN/m) and behave like an omniphobic surface by
repelling both water and oil. Contact angles when meas-
ured against water and hexadecane were >130° and >50°
respectively. The coatings have a proven antibacterial ef-
ficiency of up to 99.9%, according to the global standard
JIS Z2801. The coatings have the capability to repel and
inactivate viruses, including SARS-CoV-2. They are also
effective against fungi and algae pathogens. AgNPs show
antiviral action by inhibiting the replication of virus nuc-
leotide. AgNPs bind to electron-donor groups such as
sulphur, oxygen, and nitrogen that are commonly found
in enzymes within the microbes causing the enzymes to
denature, and therefore effectively incapacitating
the energy source. The cationic silver can inactivate
SARS-CoV-2 by interacting with its spiked surface
proteins™*.

NBC Meshtec, Japan, developed a technology called
Cuﬁtec®, which is an antiviral and anti-bacterial techno-
logy utilizing nanoparticles of a monovalent copper com-
pound. These nanoparticles can be processed for use in a
variety of materials and for a wide range of applications.
They can be fixed to any textile fibre matrix; the fibre or
film matrix can be coated with monovalent copper com-
pound nanoparticles; the monovalent copper compound
nanoparticles can be blended into synthetic plastic, and
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the monovalent copper compound nanoparticles can be
mixed into alcohol or any other liquid®’.

A team of researchers from the Hohenstein Institute in
Bonnigheim, Germany, developed a textile finish based
on copper pigments that could be applied on microfibre
clothes, similar to dyeing with dispersion dyes. The in-
corporation of these copper pigments in textile microfibre
clothes was done using different approaches. The dis-
persed copper pigments were incorporated into the textile
fibres and bound with a polymer agent in a cold-padding
process to protect copper from mechanical abrasion. In
another approach, antiviral finish was achieved by finish-
ing the copper pigments in a high-temperature exhaust
process. The fabrics were found to be skin-friendly with a
slight green hue. When the clothes were used to wipe
glass, stainless steel and wood surfaces contaminated
with polio, hepatitis A and other clinically relevant viruses,
they absorbed 91% of the applied viruses and virus
concentration was reduced by roughly 90% (ref. 56).

A team of researchers at Indian Institute of Technology
Guwahati, have developed an affordable antiviral and
antibacterial spray-based coating for PPE. The combina-
tion of metal nanoparticles such as copper, silver and
other active ingredients promotes the antiviral and anti-
bacterial action’’. They have also developed an ergonom-
ically designed 3D-printed ear guard that holds the face
mask strap in a place without any pressure to the wearer’s
ear. Long-time usage of strapped and tight-fitting face
masks can be painful, and a cause of concern for HCWs.

Researchers at the Hong Kong University of Science
and Technology have developed a coating which could
drastically reduce coronavirus transmission rates. The
spray-on coating contains millions of nano-capsules con-
taining disinfectants that are effective in killing bacteria,
viruses and spores, even after the spray has dried. Unlike
common disinfectants such as bleach or alcohol, these
nano-capsules are heat-sensitive particles that activate
and kill viruses upon human contact. They are also non-
toxic, and skin- and environment-friendly. Recently, they
have been approved for manufacture and use for domestic
purposes’®.

Sonovia’s ultrasonic fabric-finishing technology, in-
vented by two researchers at the Bar-Ilan University,
Israel, consists of mechanically infused antiviral as well
as antimicrobial zinc and copper-oxide nanoparticles into
textiles for application as facemasks and other PPE. The
finished textile has been shown to be effective against
some strains of influenza as well as six strains of bacte-
ria, including E. coli and Staphylococcus. The effective-
ness was found to last for up to 100 washes at 75°C
(167°F), or 65 washes at 92°C (197°F). The effectiveness
of these textile finishes against SARS-CoV-2 has not
been established yet. Jerusalem-based Argaman Techno-
logies has developed a washable, breathable and antiviral
layered facemask named Bio-Block. This mask is made
from proprietary cotton embedded with accelerated
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copper-oxide particle fibres called CottonX and a nanofi-
bre textile which blocks viruses. The nanofibre has small
pores that prevent the entry of pathogens, while the Cot-
tonX fibres destroy any pathogens that come in contact
with the mask. The mask is effective against bacteria like
Staphylococcus and E. coli for 50 industrial washings or
100 home washings. A hospital test conducted earlier
found that CottonX bedding and gowns in a hospital ICU
could reduce multidrug-resistant pathogens by about
50%. However, like the Sonovia textile, these masks have
not yet been tested against SARS-CoV-2 (ref. 59).

Potential antiviral coatings from the literature

van Doremalen er al.’ studied the viability of SARS-
CoV-2 on various surfaces like plastic, stainless steel,
copper, cardboard as well as aerosol. The longest viability
was found to be on plastics and stainless-steel surfaces
with the estimated median virus half-life of approximately
8.6 and 5.6 h respectively. On the other hand, copper was
found to be effective in inactivating the virus within a
short period of time. Earlier findings also report the
effectiveness of brass containing at least 70% copper to
be highly effective against the CoV-229E virus, due to
copper ion release and the generation of reactive oxygen
species®’. Nanoparticles of copper salts and/or solutions
(chloride, iodide, sulphide, etc.) have also showed proven
antiviral effect® ®. Copper-oxide nanoparticles have
proven antiviral efficacy against influenza virus. They are
known to show low toxicity as well when exposed to
eukaryotic cells®*®. Nanoparticles of silver inhibit viral
reproduction; however, their viricidal activity depends on
the target virus®. Similarly, gold nanoparticles (AuNPs)
when blended with polymers or coated with sulphated
ligands, also bind to the envelope glycoprotein of the
virus®’. Incorporating these metal ions on the surfaces of
PPE like shoe covers, surgical gowns, hair covers, respi-
rators, etc. can help prevent further viral transmissions.
Bright et al.®® studied the antiviral properties of zeolite
(sodium aluminosilicate) powders amended with metal
ions using various types of viruses, including human
coronavirus 229E. Metal ions may reside within the pores
of zeolites thereby acting as ion exchangers, and help in
exchanging metal ions for other cations in the environ-
ment. These authors described the antiviral effect of zeo-
lite powders modified with silver, copper and zinc ions in
phosphate-buffered saline against human coronavirus
229E (ref. 68). Additionally, they also studied the survival
of viruses on surfaces of plastics that have been incorpo-
rated with zeolite containing Ag and Cu ions. They found
that zeolites containing silver ions showed significant vi-
rucidal effect, while a combination of silver/copper ions
yielded a >5.13 logl0 reduction within 24 h. On plastic
surfaces incorporated with a combination of zeolites with
silver/copper ions, >1.7 log10 reduction was achieved for

CURRENT SCIENCE, VOL. 120, NO. 7, 10 APRIL 2021

coronavirus 229E. Viruses that contain sulphhydryl ter-
mini generally bind to silver, interfering with viral repli-
cation®. Moreover, silver may also modify the adsorption
of viruses to host cells by inactivating the nucleic acid
within the viral capsid’’. Copper was also considered to
be toxic, possibly due to the blocking of functional
groups on virus proteins and the inactivation of their
enzymes. The zeolites containing metal ions could be
researched for SARS-CoV-2 due to their virucidal effect
against enveloped viruses. Zeolites can be incorporated as
plastic-based coatings or directly incorporated into the
PPE fibres. Polymer nanocomposites with metals are
known to be extremely effective in controlling and pro-
viding long-lasting release of ions for disinfection’"’?.

Graphene is considered to be a potential antimicrobial
nanomaterial due to its large surface area, high carrier
mobility and its biocompatibility. Chen er al.” studied
the antiviral activity of graphene oxide (GO) sheets and
GO sheets modified with silver particles (GO-Ag)
against enveloped feline coronavirus (FCoV). They re-
ported a 16% and 25% inhibition of FCoV by bare GO
sheet and GO—Ag respectively. They suggested the appli-
cation of GO and GO—-Ag for coatings on PPE to decrease
the transmission of viruses. Figure 3 illustrates the
mechanism of antiviral action of GO and GO-Ag.

Ye et al.”* showed promising antival activity of GO
sheets against enveloped viruses like pseudorabies virus
(PRV; a DNA virus) and porcine epidemic diarrhoea
virus (PEDV; an RNA virus). They achieved about 2 log
reduction in both types of viruses at non-cytotoxic con-
centrations. They attributed the antiviral activity of GO
and reduced GO (rGO) to their unique single-layer struc-
ture as well as negative charge. They observed that both
GO and rGO showed similar antiviral activity, indicating
that the oxygen-containing groups in them are not essen-
tial for the antiviral activity. They further modified GO
with a non-ionic polymer and polydiallyldimethylammo-
nium chloride (PDDA), a cationic polymer. The cationic
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Figure 3. Schematic of antiviral mechanism of (a) graphene oxide
(GO) and (b) GO-Ag. (Reprinted with permission from Palza et al.”".
Copyright 2016 Multidisciplinary Digital Publishing Institute.)
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GO-PDDA showed no antiviral activity while the non-
ionic graphene oxide—polyvinylpyrrolidinone (GO-PVP)
retained the same antiviral activity as bare GO, suggest-
ing that the negative charge on GO is required for the an-
tiviral mechanism of GO and rGO. Also, they found that
single GO exhibited superior antiviral activity compared
to multilayered graphite and graphite oxide, suggesting
that their nanosheet structure is important for antiviral
properties. Furthermore, GO inactivated the viruses by
structural destruction prior to viral entry. Bhattacharjee et
al.” reported the efficacy of GO modified with metal
nanoparticles for modification of PPE surfaces. Various
reports of graphene derivatives modified with metals like
Ag, Fe, Cu, Zn, etc. have also been reported to show
strong antiviral performance against both enveloped as
well as non-enveloped viruses’®””. Figure 4 depicts the
various mechanisms responsible for antiviral effect of
GO.

Poczechin ef al.”® studied the antiviral activity of seven
different carbon quantum dots (CQDs) for the treatment
of human coronavirus HCoV-229E infections. The CQDs
were derived from hydrothermal carbonization of ethyle-
nediamine/citric acid as carbon precursors, and they were
further modified with boronic acid ligands. The CDQs
exhibited promising virucidal effect. The underlying
mechanism of action of these CQDs was suggested to be
the interaction of the functional groups of CQDs with
HCoV-229E entry receptors. Further, they also exhibited
an equally large virus inhibition activity at the viral repli-
cation step. Du er al.”” developed glutathione capped-
Ag,S nanoclusters which proved to be efficient in sup-
pressing porcine epidemic diarrhoea (PEDV), a model
coronavirus activity by three orders of magnitude at a
noncytotoxic concentration within 12 h. Figure 5 shows
that the nanoclusters inhibit the synthesis of negative-
strand viral RNA and viral budding.

Recently, traditional Chinese medicine is gaining atten-
tion for the development of antiviral agents. Ting et al.*

(b) interaction

(a)

(c) interaction

Virus binding

GO-PVP

Figure 4. Possible mechanisms of the antiviral activity of GO. (Re-
printed with permission from Ye et al.’”®. Copyright 2015 American
Chemical Society.)
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used curcumin to develop uniform and stable cationic
carbon dots (CCM-CDs) with antiviral properties. The
efficacy of the CCM-CDs was tested against PEDV, and
it was found that they inhibit the proliferation of PEDV
more efficiently than non-curcumin modified carbon dots.
They change the viral surface protein structure, thereby
inhibiting the viral entry. CCM-CDs also exhibit the viral
inhibition mechanisms of Ag,S nanoclusters. Tong et
al®" developed highly biocompatible carbon quantum
dots using glycyrrhizic acid (Gly-CDs), which is again an
active ingredient of Chinese herbal medicine, employing
a hydrothermal method. These also showed promising
antiviral effect against PEDV.

Single-walled carbon nanotubes (SWCNTSs) have been
used as antiviral drug carriers like isoprinosine and riba-
virin, since miniscule nanoparticles (<10 nm) can migrate
through cell membranes and inhibit post-attachment virus
replication®”. Nanoparticles can be modified with antiviral
drugs and can be incorporated in the PPE. World Health
Organization approved drugs like chloroquine (CQ) and
hydroxychloroquine (HCQ) have the ability to act in the
first step of the viral lifecycle. CQ and HCQ are amino-
quinolines, a class of heterocyclic scaffolds having an
amino group with the ability to bind and form complexes
with metals like Fe(II), Ni(Il), Zn(II) and Cu(II) ions®.
Moreover, the metal complexes of 8-hydroxyquinoline
have already shown proven antiviral efficacy®. Other
antiviral drugs/nanoparticle combinations can be possibly
studied as well.

Nagle er al.¥ studied the antiviral potential of sul-
phated polysaccharides (carrageenan) against several
enveloped and non-enveloped viruses, including SARS-
CoV-2. They reported that sulphated polysaccharides
from Porphyridium, aunicellular microalgae, act by inhi-
biting the binding and internalization of the virus into the
host cells. Porphyridium is a red microalgae that can be
cultivated round the year in open and close cultivation

Figure 5. Potential mechanism for the antiviral activity of Ag,S
nanoclusters. (Reprinted with permission from Ye et al.”*. Copyright
2018 American Chemical Society.)
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systems. The sulphated polysaccharides dissolves in the
growth medium causing the formation of exopolysaccha-
rides, which are complex sugar molecules mainly consist-
ing of xylose (38%), glucose (24%), galactose (22%) and
glucuronic acid (10%). Arabinose, rhamnose and man-
nose are also found in minor concentrations. They are
biocompatible and easily biodegradable, and also play an
important role in medicine, cosmetics and food.

Quan et al.*® reported the deactivation of viruses from
surgical masks by functionalization of the main fibrous
filtration unit of the mask with sodium chloride (NaCl)
salt. They claimed that the salt coating on the surface dis-
solves upon exposure to virus aerosols and recrystallizes
during the drying process, killing the pathogens. When
tested after tightly sealing the sides of the masks, salt-
coated filters showed remarkably higher filtration effi-
ciency than conventional mask filtration layer. They
obtained a 100% survival rate in mice exposed to HINI
and H5N1 virus. Also, the captured viruses on the salt-
coated filters underwent rapid loss in their efficiency
when compared to gradual decrease in their activity when
bare filters were used. This strategy could be used against
all influenza virus subtypes, including SARS-CoV-2.
Rocky et al.”’ reported a simple way to improve the virus
screening efficiency of homemade cotton or linen woven
fabric-based face-masks using a salt—starch treatment.
The starch in this case increases the efficiency of patho-
genic droplet absorption by the fabric.

Although some free fatty acids derived from milk and
vegetable oil are known to possess antiviral properties,
the therapeutic applications of these short-to-medium-
chain fatty acids are limited by physical characteristics
such as immiscibility in aqueous solution®. Fletcher et
al.* studied the virucidal efficiency of an emulsion based
on short chain caprylic acid (ViroSAL) on enveloped
viruses. They found that ViroSAL was effective against a
range of enveloped viruses, including SARS-CoV-1 in a
concentration- and time-dependent manner. Its inability
to inhibit non-enveloped viruses suggests that its mechan-
ism of action may be via surfactant disruption of the viral
envelope. They suggested the topical application of these
emulsions. The ability of ViroSAL to inhibit SARS-CoV-
1 suggests that it could be effectively used against
SARS-CoV-2.

There are various reports indicating the use of quater-
nary ammonium containing compounds as antiviral
treatments for many viruses, including coronaviruses.
These molecules act by deactivating the protective lipid
coating of the enveloped viruses like SARS-CoV-2. Al-
though the disinfection time depends on the compound
concentration and contact times, most of the quaternary
ammonium compounds can deactivate the virus in just a
few minutes. One such quaternary ammonium compound
listed by FDA as generally regarded as safe (GRAS) is
cetylpyridinium chloride. It is used widely in personal
care like mouthwash and also as an antimicrobial agent
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for meat and poultry products (up to 1%). Cetylpyridi-
nium chloride likely promotes enveloped-virus inactiva-
tion by destroying the capsid as well as through its
lysosomotropic action, which is common for quaternary
ammonium compounds. Another similar compound under
study is miramistin, a drug belonging to the group of
cationic antiseptics, which is also a quaternary ammo-
nium compound reported to have a wide array of biologi-
cal activities, including antiviral against HIV®. Sportelli
et al.’" achieved synergistic antimicrobial performance by
combining a copper core and a quaternary ammonium
shell, both of which are capable of strong antiviral action.

Kandeel et al.”? studied the virucidal activity of three
types of polyanionic dendrimers consisting of the termin-
al groups sodium carboxylate (generations 1.5, 2.5, 3.5
and 4.5), hydroxyl (generations 2, 3, 4 and 5), and succi-
namic acid (generations 2, 3, 4 and 5) against the enve-
loped MERS-CoV. The most potent inhibition of
MERS-CoV plaque formation was reported for the 1.5th
generation sodium carboxylate functionalized dendrimer
with a 40.5% inhibition of virus.

Milewska et al.”>** obtained cationically modified chi-
tosan, N-(2-hydroxypropyl)-3-trimethylammonium chito-
san chloride (HTCC) by the reaction of chitosan with
glycidyltrimethylammonium chloride (GTMAC). They
prepared HTCC with different degrees of substitution
were obtained. They showed that HTCC inhibits the inte-
raction of a coronavirus with its receptor, thereby block-
ing its entry into a cell. Ciejka ef al.’> developed a novel
nano/microsphere which was capable of adsorbing coro-
naviruses. The biopolymer was obtained by crosslinking
of chitosan with genipin, a plant-based nontoxic com-
pound followed by reaction with glycidyltrimethyl-
ammonium chloride (GTMAC). The obtained nano/
microsphere was effective in adsorbing human corona-
virus NL63 (HCoV-NL63), mouse hepatitis virus (MHV)
and human coronavirus HCoV-OC43 particles in aqueous
virus suspensions. They also showed that HCoV-NL63
particles could be desorbed from the nano/microsphere
surface having a salt solution of high ionic strength with
retention of virus virulence. These could be studied for
the adsorption of coronaviruses from PPE. Ren et al.”®
coated 1-chloro-2,2,5,5-tetramethyl-4-imidazolidinone, a
type of N-halamine on non-woven fabrics as an effective
antiviral agent against avian influenza virus (H5N1
virus). Higher concentrations of the compound were
found to completely inactivate the virus by disrupting its
RNA. Moreover, they confirmed that active chlorine in
the compound was stable, and that the coating was not
volatile and did not release any gaseous chlorine.

There are various reports of using polymers functiona-
lized with acid functionalities like carboxylic acid, a
phosphonic acid, a hydrosulphonic acid, a boronic acid or
a conjugate base as potential antiviral agents. The func-
tional groups are either directly linked to the polymer
backbone or attached via an aliphatic spacer group. The
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acidic groups are either deprotonated carrying a negative
charge or they may be in the form of a conjugate base
whereby the negative charge of the polymer will be
balanced either by a suitable counter cation such as alkali
metal ions like sodium/potassium/caesium ions or by
alkaline earth metal ions like magnesium ions or by
tetraalkylammonium ions’’. Proanthocyanidin polymers
synthesized either chemically or isolated from a croton or
a calophyllum show significant antiviral activity’®. Phtha-
locyanine derivatives can be blended in an organic or
inorganic carrier, and be coated or incorporated into
textile fibres to develop antiviral PPE”.

Si et al.'™ reported the development of green biopro-
tective nanofibrous membranes (RNMs) with rechar-
geable antimicrobial properties that can effectively
produce biocidal reactive oxygen species (ROS) solely
driven by daylight (Figure 6). They state that the pho-
toactive RNMs can store biocidal activity under light
irradiation and can readily release ROS under dim light
or dark conditions, thus making their biocidal function
‘always online’. The ROS-producing moieties used were
benzophenones and polyphenol derivatives, which are
popular as photosensitizers. They developed tunable
pore-size nanofibrous membranes from poly (vinyl alco-
hol-co-ethylene; PVA-co-PE) by electrospinning to
immobilize the photosensitizer moieties. They propose to
use these RNMs as a scalable biocidal layer for PPE, that
providing contact killing against viruses and bacteria
either in aerosol or liquid form. RMNs may be particularly
studied for enveloped viruses like SARS-CoV-2, since
the ROS produced can easily cause cross-linking of the
virus capsid proteins, resulting in direct impairment of
the capability to bind to the host surface.
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Figure 6. Design, structure and biocidal function of rechargeable
antibacterial and antiviral nanofibrous membranes. (Reprinted with
permission from Si ef al.'”. Copyright 2018 American Association for
the Advancement of Science.)
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Although currently the surgical-grade N95 mask pro-
vides the highest level of protection, its filtration effi-
ciency for particles <300 nm (which is the typical size of
the SARS-CoV-2 particles — 65—125 nm) is only around
85% due to its larger pore size. Also, the masks are not
reusable. To overcome this issue El-Atab et al.'”' deve-
loped a replaceable filtration membrane which can be
attached to the N-95 masks. As shown in Figure 7, they
developed a flexible nano-porous template based on a
commercial silicon-on-insulator wafer using KOH etch-
ing. This template was then used as a hard mask during
the reactive ion etching process which enables the trans-
fer of pattern onto a flexible and lightweight polyimide
(PI) membrane. The membranes had a pore size of about
5 nm with an airflow rate above 85 I/min, which con-
firmed breathability. Moreover, these authors claim the
membrane to be intrinsically hydrophobic, thus providing
antifouling and self-cleaning properties'”'.

Summary

This article comprehensively presents the need for PPE
by elaborating on the different mechanisms of infection
transfer in healthcare set-ups — clearly highlighting the
need for PPE to prevent such transmission and also sec-
ondary infections. The PPE are designed in such a way
that they form a barrier in the transmission pathways of
pathogens. Recent additions to PPE include antimicrobial
coatings or measures to combat pathogens from penetrat-
ing them, and the use of alternate materials and processes
to prevent particle release in more sensitive environ-
ments. There is a thrust which drives the market towards
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Figure 7. a, Schematic depicting the use of the developed replaceable
membrane on a reusable N95 mask after folding it. b, Fabrication pro-
cess of the Si-based template. ¢, Fabrication process of the final flexi-
ble hydrophobic polyimide thin film membrane. (Reprinted with
permission from El-Atab et al.'”'. Copyright 2020 American Chemical
Society.)
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the use of disposable rather than reusable PPE, to
enhance the sale of new products. This also means that
the research in PPE is also driven towards the develop-
ment of disposable products with special focus on antimi-
crobial performance, making them sturdy for longer
duration. This is accomplished by the use of functional
antiviral finishes which may be nanoparticles (like cop-
per, silver and zinc), biocidal polymers, sprayable coat-
ings and specialized processing techniques. Also there are
several candidates available in the literature, which can
become potential antiviral/antimicrobial coatings with
diverse performance ranging from 2 to 7 log reduction. A
few of them include metal and metal-salt nanoparticles,
carbonaceous materials like carbon nanotubes, graphene
and its modifications, graphene, quantum dots and nano-
fibrous membranes. Through this article it is expected
that the research in PPE for the next few years will be
focused on the incorporation of smart materials, besides
antiviral properties.
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