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Abstract

One of the lethal illnesses that humanity has ever seen is COVID-19 irrefutably.
The speed of virus spread is high and happens through polluted surfaces, respiratory
droplets, and bodily fluids. It was found that without an efficient vaccine or specific
treatment using personal protective equipment, preventing contamination of hands,
and social distancing are the best ways to stay safe during the present pandemic.
In this line, polymers, nanotechnology, and additive manufacturing, or 3D printing
technology have been considered to probe, sense, and treat COVID-19. All afore-
mentioned fields showed undeniable roles during the COVID-19 pandemic, which
their contributions have been reviewed here. Finally, the effect of COVID-19 on the
environment, alongside its positive and negative effects has been mentioned.

Keywords Nanostructures - Polymeric materials - 3D printing technology - COVID-
19

Introduction to global disaster

The question that has been asked among students for a long time, even in the essay
class, is “Is science better or wealth?” Perhaps the answer to this question can be
found in today’s difficult situation, that is, COVID-19 pandemic. The name Latin
derived “corona” means “wreath” or “crown.” SARS-CoV-2 has known as the sev-
enth coronavirus, which causes severe respiratory disease and is transmitted mainly
through respiratory droplets and fomites, and potentially aerosols. COVID-19
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consists of four main structural proteins of the spike (S), nucleocapsid (N), mem-
brane (M), and envelope (E) (Fig. 1). By binding the spike (S) glycoprotein to the
complementary host cell receptor, the infection starts [1, 2]. The first report of this
disease was presented in late December 2019 in Wuhan, China, and was observed
in patients with symptoms such as fever, cough, and difficult breathing. Till now,
218 countries and territories around the world and 2 international conveyances have
been affected by the COVID-19, and unfortunately, 5,151,367 people have died till
November 19, 2021, according to the site of “https://www.worldometers.info/coron
avirus/.” From the beginning, scientists have examined and studied the function of
the virus to can find effective ways to deal with it. They found that during the pre-
sent pandemic in the absence of an efficient vaccine in place, the most available
resources of respiratory protection would be infectious personal protective equip-
ment (PPE) such as masks, various types of face coverings, respirators, and gloves
[3-5].

This is where the science of polymer, nanotechnology, and 3D printing came in
and rushed to the aid of human beings and scientists so they can design lots of tools
and materials to probe, sense, and treat COVID-19 (Fig. 1). The goal of the current
study is to represent the role of these three fields, their applications, and their par-
ticipation in the fight against the COVID-19.

The role of polymers in the COVID-19 pandemic

The role and importance of polymeric materials in human life are not hidden and
these valuable materials are a part of our daily life. Polymers are extensively used
because of formability, cost-effectiveness, more resistance to chemicals rather
than metals, variety, biocompatibility, and biodegradability in some cases. It was
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Fig. 1 Contribution of three fields in the fight against COVID-19 [1]
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mentioned the best way of safety against this virus is using PPEs to decrease the
infection risk since they act as a barrier from bacteria and viruses. Different equip-
ment is needed for the medical professionals such as masks, gloves, and goggles are
shown in Fig. 2, which will be discussed from a point of structure and kind view
in the next section. The basic component of this equipment is polymeric materials,
for instance poly(ethylene terephthalate) (PET), polypropylene (PP), polyethylene
(PE) latex, acrylonitrile butadiene rubber (known as nitrile), poly(vinyl chloride)
(PVC), and so forth. Also, the application of polymers in coating and sensors will
be discussed.

Gloves

Different types of gloves are used for example latex, nitrile, vinyl-polyvinyl, neo-
prene, PE, and among them,nitrile, neoprene, vinyl, and latex are usually applied in
geochemical and biological laboratories (Fig. 3A). The mentioned materials along-
side their properties and applications have been listed by Anedda and coworkers in
Table 1 [6-8].

Latex

An emulsion of a mix of proteins and compounds is Latex, which is found in 10%
of all flowering plants and is known as natural rubber, but synthetic latexes are com-
mon too (Fig. 3A). After harvesting the sap of a rubber tree and preserving it with
ammonia, purification and concentrating are done to remove water and impurities.
Then it is mixed with further processing chemicals to obtain latex useful for glove
production. The advantages of this kind of gloves are biodegradability, elasticity,
comfortability, and the highest level of protection against viruses. Despite these val-
uable properties of latex gloves, some people react to the proteins in natural latex
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Fig.2 Examples of personal protective equipment (PPE)
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Fig. 3 A Most common gloves and their sources, B different kinds of masks during the COVID-19 pan-
demic, and C illustration of the three layers of a surgical face mask to prevent micro-aerosol droplets
containing contagious viruses [24]

and have an allergy to it so they prefer to select nitrile or vinyl gloves [9, 10]. It is
worth mentioning that increasing the use of gloves especially in pandemics encour-
ages scientists to focus on the study of biodegradability and shelf life of gloves based
on starch-filled natural rubber latex (PFNRL) [11]. The shelf life of the PFNRL
gloves was estimated to be around 3 years under accelerated aging conditions. This
approach can decrease the time of degradation of gloves compared to both commer-
cial latex and commercial synthetic nitrile gloves as shown in Fig. 4 [12].

Nitrile

Another kind of gloves is nitrile butadiene rubber (NBR), a copolymer of butadiene
and acrylonitrile (Fig. 3A), which are more resistant to chemicals, solvents, oils, and
fats, have better mechanical properties, and less elastic nature compared to the latex
ones. Generally, increasing the nitrile content increases the chemical resistance, but
reduces flexibility [13]. The nitrile gloves are the most expensive of other kinds of
gloves and this is the only disadvantage of them.

Vinyl

Petroleum-based gloves which are made from PVC are non-biodegradable, cost-
effective, and have a longer shelf life rather than latex gloves (Fig. 3A). The
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Table 1 Different glove materials and characteristics [6]

Type of glove

Indication

Latex

Nitrile

Vinyl-polyvinyl

Polyethylene

Synthetic gloves

Rubber or neoprene

Used in maneuvers with high biological risk, that is, when it is necessary to handle
blood or body fluids in a repeated or prolonged way

Good protection against pathogen
High tensile stretch, best fit and sense of touch, extremely flexible

Contraindicated in latex allergy; should not be used with organic soils, oils, gas, or
grease

Alternative to latex, especially if allergic to latex, for high-biological-risk proce-
dures

Moderate protection against pathogens

High puncture and chemical resistance; good comfort, soft and flexible, but stiffer
than latex

More expensive option

Use in case of low biological risk (low protection against pathogens), for patient
cleaning activities

Food prep (low heat)
Average resistance to chemicals (alcohols), low tensile strength
Less expensive option

Only maneuvers where one-handed and short-lasting sterility is required (intravesi-
cal catheterization, endotracheal aspiration)

Loose fit, ideal for frequent glove change, but low protection against hazardous
materials

Very economical

Latex- and polyvinyl-free surgical or diagnostic gloves
Very loose, no protection against pathogens

Least expensive option

Used to prepare surgical instruments and endoscopes for disinfection, cleaning of
environments

High mechanical resistance

Gloves used for household activities in the community, although made of the same materials (e.g., gloves
made from natural latex, nitrile, vinyl, and polyethylene) usually do not meet the standards described for
medical gloves that are used in health care

penetration of virus to vinyl and latex gloves has been reported many years ago,
and the results showed that some vinyl and latex examination gloves permit viral
leakage. The holes can be created through actions associated with routine patient
maintenance. Under the tested conditions, latex gloves were less vulnerable to hole
formation than vinyl gloves [14—16]. So, it has been suggested to wash the hands
after glove removal. It seems that this important subject needs more attention, exam-
inations, and updated results.
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Fig.4 Effect of biodegradation on Biodegradable Gloves (starch-filled NRL gloves), Commercial NRL
gloves and Commercial Synthetic NBR gloves [12]

Gown, shield, goggles

To keep safe all exposed bodies and inhibit their contact with clothing, blood, and
body fluids, the usage of gowns and aprons as protective clothing is suggested.
There are two categories of disposable and reusable gowns. Usually, PP fibers con-
sist of bonded three layers by the fusion procedure are employed for the preparation
of disposable gowns and permit the vapors or gases pass, but limit the passage of
liquids. So, their resistance to pathogens is low and can be overwhelmed via finish-
ing by polyurethane or PVC. On the other hand, polyester and cotton are used for
the production of reusable gowns. To make them proper for various washing cycles,
fabrics made up of microfilament yarns, with continuous polyester fibers, appeared,
where carbon fibers are incorporated during weaving [17].

Thermoplastic polymers such as PET, PVC, and polycarbonate (PC) can preserve
transparency besides chemicals, heat, and impact resistance and are a suitable can-
didate for the manufacture of face shields [18]. PC is the most common polymer for
the synthesis of lenses in safety glasses as well owing to its cost-effectiveness, light-
weight, UV shield effect, and high impact resistance [19].

Complete protection against ocular COVID-19 transmission cannot provide
completely via goggle or face shield, and a modern way by using polymer-based
eye drops is proposed. Various mechanisms of suggested polymers that can inhibit
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Fig. 5 Multifunctional aspects of mucoadhesive polymers preventing ocular transmission of COVID-19
[20]

ocular COVID-19 transmission are presented in Fig. 5 [20]. Potential antiviral
activities can be observed in most of the natural polysaccharides such as chitosan,
heparin, dextran, hyaluronic acid, and dendrimers and they are biodegradable, bio-
compatible, non-toxic, and non-immunogenic. They can bind to ACE-2 receptors—
known as a cellular doorway for the COVID-19—and supply highly potential trails
to block virus entry to host cells [21].

Masks

To minimize the transmission of the virus, it has been believed that social distanc-
ing, eye protection, and wearing a face mask are crucial. The most common face
masks used these days are cloth-based masks, surgical masks, N95 respirators, and
elastomeric respirators (Fig. 3B).

Cloth-based mask

This kind of mask, which is mainly prepared from cotton, is not suggested in hospi-
tal environments because they are mostly produced based on non-standard methods.
However, the Centers for Disease Control and Prevention (CDC) recommends wear-
ing a cloth mask or even a scarf to decrease respiratory emissions from an infected
person [18, 22].
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Surgical mask

A surgical mask has been composed of three layers with different functions as
shown in Fig. 3C. It can be made of viscose, polyester, PP, etc., and nonwoven fibers
with spunbonded-meltbonded—spunbonded (SMS) structures as the highest level of
protection. In the absence of PP fibers, poly(vinylidene fluoride) and polytetrafluoro-
ethylene can be used as microporous membranes. In a surgical mask, hydrophobic-
ity is provided by the outer layer, the middle layer has a filtering role, and the inner
layer absorbs droplets coming from the wearer [18, 23, 24].

N95 respirator

In comparison with the conventional mask, higher filtering effectiveness and a better
fit can be provided by a respirator or filtering device. According to the tests of the
National Institute for Occupational Safety and Health (NIOSH), there are R (resist-
ant to oil), N (not oil resistant), and P (oil proof) series with different filtration effi-
cacy levels of 95, 99, and 99.97% (for particles of 300 nm), and among them, N95
respirators are used commonly. It has been made of three layers the middle layer act
as a filter fabricated from nylon, cotton, polyester, and PP. It is while the most exten-
sively employed polymer is PP owing to good mechanical features, simple process-
ing, and efficient species in filtration devices [25-27].

The efficiency of filtration can be enhanced by filter layer modification with nano-
materials which will be discussed in Sect. 3.

Antiviral polymers

The researches have shown that the sustainability of COVID-19 virus on polymeric
materials is more than other surfaces which is a major reason for its transmission.
Therefore using polymers that exhibit intrinsic antiviral activity has been attention.
These polymers can bind to the virus and prevent it from invading a host cell. The
natural and synthetic polymers as well as metal and metal oxide NPs and their com-
posites have been known as efficient antiviral agents [28-30]. For example, polyu-
rethane/Cu,O coating could inactivate the 99.9% viruses after 1 h compared to the
uncoated sample [31]. Biopolymers such as chitosan and chitin have shown a prom-
ising role in coping with viral infection in triple approaches of direct antiviral activi-
ties, the immune system-associated influences as well as vehicles for drug delivery
[32-34]. There is an important feature in the polymeric materials that can lead to
antiviral activity and that is the presence of functional groups in their structures. For
example, highly positively charged polylysine molecules have represented a strong
electrostatic interaction with COVID-19 spikes and prevent their replication [35].

Polymers in sensor and biosensor

Compared to other materials such as metal oxides, carbonaceous compounds, and
gold nanoparticles, conducting polymers exhibit promising features owing to having
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7 bonds and chain conformation alterations, which cause to be sensitive and selec-
tive for special biological molecules [36]. Also, for the enhancement of sensitivity
and detection limit, the combination of polymers and nanomaterials can be applied
to modify the electrode, for example a sensor platform based on polypyrrole (a con-
ductive polymer) and gold nanoparticles for monitoring of SARS-CoV-2 infection
[37]. The designed flexible biosensor showed significant selectivity, specificity, and
sensitivity for SARS-CoV-2.

The field of sensing using molecularly imprinted polymers (MIPs) has been pay-
ing attention due to their thermal, physical, and chemical stabilities. They have rec-
ognition sites and act as receptors via “lock and key” method, and sensors based on
MIP molecules can detect SARS-CoV-2 antigen rapidly [38—40]. Polypyrrole can
be simply electropolymerized and employed as a polymeric matrix of MIPs-based
sensor for the determination of glycoprotein of SARS-CoV-2-S [41]. More sensi-
tivity to the SARS-CoV-2-S spike glycoprotein was obtained for a sensor based on
MIP polypyrrole in comparison with the polypyrrole without imprint sensor, which
is because of the presence of specific molecular recognition sites that are formed
during molecular imprinting.

The role of nanotechnology in COVID-19 pandemic

There is a similar scale between COVID-19 virus in diameter around 60-140 nm
with nanomaterials so the interactions between two species can be effective and sug-
gest an enormous potential in detection and treatment approaches of COVID-19 as
well as PPE improvement [42, 43].

An important species of a mask is having an efficient filter. Interception, inertial
impact, diffusion, gravitation, and electrostatic attraction are the main mechanisms
that have been explained for air filtration. Nanofibers have a high specific surface
area and high porosity, which rise the promises of particulate substance deposition
[22, 44, 45]. An antiviral bio-based face mask was made from the mixing of licorice
root extract with poly(vinyl alcohol) (PVA) via electrospinning method [46]. The
prepared filter not only had porosity less than the COVID-19 size but also glycyr-
rhizinic acid present in the extract can deactivate the virus and stop replication. In
another study, a nanofiber membrane from electrospinning of wheat gluten/PVA
reinforced with gluten-derived carbon nanofiber was proposed (Fig. 6A) [47]. The
obtained mask is effective in pandemics, and due to its bionature, it will decrease
environmental pollution.

Nanofibers based on cellulose acetate (CA) and polyvinylidene fluoride (PVDF)
nanofiber-coated PP spunbonded layers were prepared as a layer for N95 respirators
[48]. Due to the bulky structure of CA, its single layer can meet the NIOSH require-
ments, but for PVDF, double-layered face-to-face PVDF nanofiber mats are needed
according to NIOSH owing to the thinner thickness of PVDF nanofibers. Graphene
functionalized commercial surgical masks were designed with unique possessions
as shown in Fig. 7a [49]. By a few layers of graphene coating (according to Raman
spectrum, Fig. 7d), the smooth surface of nanofibers changed to the rough surface
(Fig. 7b, c), which increased the contact angle from 110° to 141° and provided
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Fig.6 A Schematic showing the final shape and internal structure of the potential facemasks [47], B
macro-photograph of (a) an in-use stainless steel push plate, (b) copper coating on stainless steel push
plate, (c) polished copper coating; and (d) copper-coated push plate installed on a door [54], and C some
reported antiviral and antimicrobial formazans [56]

superhydrophobicity (Fig. 7e, f). This causes free moving of water droplets on the
mask’s surfaces and improving the self-cleaning performance (Fig. 7g). On the other
hand, under sunlight illumination, a quick increase in the surface temperature of the
prepared mask to over 80 °C causes sunlight sterilization, which provides a reus-
able mask. Nanocellulose is one of the great candidates for filtration of COVID-
19. For improvement of its ability for viral filtration, its surface can be modified to
make it positively charged. In this way, it can create electrostatic interaction with
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Fig. 7 a Optical image of the laser-fabricated graphene mask. b SEM of the graphene-coated nonwoven
fiber within the surgical mask; scale bar is 10 pm. The inset is a zoom-out image, with the scale bar at
100 pm. ¢ SEM image of the nonwoven fibers from a pristine surgical mask; the scale bar is 100 pm. d
Raman spectrum of the graphene-coated mask. e Water contact angle on the graphene-coated mask. f
Water contact angle measurement of the pristine surgical mask. And g Illustration of the self-cleaning
properties of the black graphene-coated mask (right), compared to the pristine blue mask (left) [49]

negatively charged viruses such as COVID-19 effectively [50]. Novel charged PVDF
nanofiber filters were manufactured and could capture at least 90% of the COVID-19
stimulated by the 100-nm sodium chloride aerosols [51]. The designed filters can be
excellent devices for capturing airborne COVID-19 with an average size of 100 nm
via Coulombic attraction.

To diminish the COVID-19 transmission to a vulnerable host in public places,
developing antimicrobial coating with NPs and on PPE would be an effective way.
Coating agents cross the microbial membrane and interfere with the metabolic path
to prevent microbes be attached to the surface [52, 53]. In this line, the effect of
copper particle coating on in-use steel parts (as shown in Fig. 6a—d, part B) on the
inactivation time of COVID-19 was studied [54]. The results showed a significant
reduction in the lifetime of the COVID-19 virus to less than 5 h. It does not need
to replace the entire touch surface with copper material when using the cold-spray
technique because copper coating only needs a short time in minutes.
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Due to comparable bioavailability, low toxicity, and scavenger properties of
nanoselenium (nanoSe), its antiviral potential in combating COVID-19 was inves-
tigated [55]. The main concern about most nanomaterials is their toxicity. The
median lethal dose (LD50) of nanoSe in mice was very lower than that of selenite
and SeMet. So, it can be applied for antiviral drug carrier after more experiments.
A molecular docking study was done for estimation of the binding affinity of nan-
oformazan derivatives with COVID-19 and the findings showed deeply creating
stable complexes in the active site of COVID-19, so their employment as antiviral
agents would be helpful [56]. Some of formazans derivatives are shown in Fig. 6C.
Another herbal-based agent is nanocurcumin that prevent the manufacture of reac-
tive oxygen species (ROS) in macrophage and affect the immune system [57]. By
comparison of a healthy person and COVID-19 infected patients, a higher level
of pro-inflammatory cytokines was observed for patients and because one of the
strongest anti-inflammatory agents is curcumin it could decrease the mortality rate.

A docking study showed efficient interaction of Fe,O; and Fe;O, NPs with the
spike protein receptor-binding domain of COVID-19, which will change the confor-
mation of the viral proteins and inactivate the viral finally [58]. It has been reviewed
that green synthesized gold NPs can be useful for the diagnosis and treatment of
viral infections as well [59]. Graphene and its derivatives are containing hydroxy,
epoxy, and carboxylic acid groups besides having a conjugated network that can
simplify their interaction with viruses and their destruction. These nanostructures
also can be employed as piezoelectric immunosensor, which work according to vari-
ations in the mass of the piezoelectric graphene crystal for detection of the COVID-
19 virus [60-62].

Ear clips for mask

3D-printing for the
protection g

& Nasopharyngeal and
of hospital staff Ff

oropharyngeal swabs

Fig. 8 Different equipment uses in COVID-19 pandemic produced by 3D printing
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The role of 3D printing technology in COVID-19 pandemic

3D printing is a commonly used replacement of the additive manufacturing word
and has been interested recently. During pandemic demand for using PPE such as
face shield holder, N95 respirator masks as well as ventilator valves, and testing kits.
highly increased. 3D printing as an innovative technology not only could eliminate
shortcomings, accelerate device production, but also is useful for the fabrication of
complex architectures [63—65]. Some of the essential equipments manufactured by
3D printing during the COVID-19 pandemic are shown in Fig. 8.

Among all the 3D printing technologies, fused deposition modeling, also named
fused filament fabrication, is the most common that uses thermoplastics of acryloni-
trile butadiene styrene (ABS) and polylactic acid (PLA) mostly. Presently, PLA is a
widely used polymer due to its recyclability and biocompatibility features [66—69].

The role of the three fields of polymer, nanotechnology, and 3D printing can be
seen in a respiratory mask simultaneously. A kind of mask filter was designed based
on PLA and cellulose acetate nanofibrous matrix embedding graphene oxide and
CuO NPs as shown in Fig. 9a and their assembly is observed in Fig. 9c [70]. The
airborne viral particles can be stopped by the polymeric network and inactivation
of the viral particles is done by the NPs. The fixed piece of a respirator face mask is
produced based on the 3D printing technique by heating of PLA (Fig. 9b). Coated
air filters with functionalized graphene mounted on a 3D printed facial mask rep-
lica were designed to improve antiviral and antimicrobial features [71]. This equip-
ment could filter 98.2% of bacteria and arrest viral transmission at the functionalized
graphene-coated layer completely. Full-face snorkel masks with 3D printed adapters

Fig. 9 Schematic representation of the design of the nanofibrous respirator face mask. Part a depicts the
respirator filter containing multilayers of CutONPs/GO@PLA and CuONPs/GO@CA nanofibers. Part b
represents the fixed part of the face mask. Part ¢ shows the assembly of the multilayers consisting of
nanofibers into a respirator filter [70], and a 3D printed door opener (d)
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have been designed to solve problems about complete eye and face protection, and
high-quality air filtration that can be observed in using PPEs [72]. They are not only
more cost-effective than commercial 3 M full face respirators but also can minimize
fogging problems and CO, rebreathing.

It has been reported that the COVID-19 virus is stable on the surfaces and its
stability is different on the various surfaces. Survival times of this virus are as fol-
low: plastic (72 h), stainless steel surfaces (48 h), copper surfaces (4 h), cardboard
(24 h), printing/tissue papers (3 h), wood and cloths (2 h) [61]. It has been hypoth-
esized that SARS-CoV-2 virus can be inactivated in dryness such as on paper and
porous materials. Because plastics have waterproof nature, water droplets remain on
the surface and protect the viruses from dryness. Generally, on porous materials like
tissue, the half-life of the virus is shorter than non-porous materials such as plastics
[30, 73]. With the help of 3D printing technology, in addition to the manufacture of
medical or PPE devices, other devices such as door openers were designed and used
to minimize hand contact with the surface (Fig. 9d) [74].

Environment and COVID-19

According to the above-mentioned information, the effective role of polymers in
combating COVID-19 is not hidden from anyone. In this pandemic use of polymeric
materials was not limited to the manufacture of PPE equipment such as masks,
gloves, gowns, and stuff. In addition to these sources, during the pandemic use of
medical packaging wastes generated from households and hospitals increased. Also,
due to the rising need for online food and grocery delivery services, consuming
food packaging wastes increased considerably. In this way, these materials can be
a huge source of macroplastics and microplastic environmental pollution [75, 76].
This important issue can draw attention to the use and development of bioplastics
with fast degradability features in the environment, polymer recycling, employing
nanomaterials to can increase the reusability cycles, or introducing user-friendly
approaches for effective extension of the service time of PPE [77-80].

Despite all the negative impacts of COVID-19 on the environment and human
health, its advantages cannot be ignored. During this pandemic decrement in out-
door air pollution contain NOX, COX, Sulfur dioxide (SO,), and volatile organic
compounds, pollution noise, and energy consumption, returning animals to natural
dwellings, and reviving of the ozone layer to some extent occurred [§1-83].

Conclusions

The latest developments in the roles of nanotechnology, polymer science, and addi-
tive manufacturing in combating COVID-19 were highlighted here. This review
explains the role of these three important fields in this virus pandemic with some
examples to make tangible their effects and can help readers understand how this
contribution and harmony could get closer to the world to combat COVID-19. It was
shown that polymers can provide the simplest and most essential personal equipment
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such as masks, gloves, gowns, and respirators. For the enhancement of polymer
capability nanostructures have an efficient role. Some complex medical devices can-
not be simply manufactured using conventional producing ways, but additive manu-
facturing as an innovative technology supplies these complex structures.

Increasing environmental pollution by polymeric materials and hospital wastes
needs more attention from governments and scientists. Focus on the development of
biodegradable materials, increasing the reusability cycles, and presenting the acces-
sible approaches for extension of the service time of equipment is highly encour-
aged. Despite the negative effects of COVID-19 on human health whether physically
or mentally, the environment, economy, and so forth, it taught humans to protect
mother earth better, help each other more, and change bad habits. Also, during this
disaster pandemic, some countries, especially those under sanctions, have been able
to develop their talents through empathy and cooperation.
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