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Abstract

The COVID-19 pandemic is a motivation for material scientists to search for functional materials with valuable properties to
alleviate the risks associated with the coronavirus. The formulation of functional materials requires synergistic understanding on
the properties of materials and mechanisms of virus transmission and disease progression, including secondary bacterial infec-
tions that are prevalent in COVID-19 patients. A viable candidate in the struggle against the pandemic is antimicrobial polymer,
due to their favorable properties of flexibility, lightweight, and ease of synthesis. Polymers are the base material for personal
protective equipment (PPE), such as gloves, face mask, face shield, and coverall suit for frontliners. Conducting polymers (CPs)
are polymers with electrical properties due to the addition of dopant in the polymer structure. The conductivity of polymers
augments their antiviral and antibacterial properties. This review discusses the types of CPs and how their properties could be
exploited to ward off bacterial infections in hospital settings, specifically in cases involving COVID-19 patients. This review also
covers common CPs fabrication techniques. The key components to produce CPs at several possibilities to fit the current needs in

fighting secondary bacterial infections are also discussed.

Keywords Conducting polymers - Personal protective equipment (PPE) - COVID-19 - Secondary bacterial infections

P< Mohd Muzamir Mahat
mmuzamir @uitm.edu.my

P4 Awis Sukarni Mohmad Sabere
awissabere@iium.edu.my

DA Juzaili Azizi
juzaili.azizi@usm.my

Nur Asyura Nor Amdan
asyura@moh.gov.my

Textile Research Group, Faculty of Applied Sciences, Universiti
Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia

Kulliyyah of Pharmacy, International Islamic University Malaysia,
Bandar Indera Mahkota, 25200 Kuantan, Pahang, Malaysia

Centre for Drug Research, Universiti Sains Malaysia,
11800 Penang, Malaysia

Bacteriology Unit, Infectious Disease Research Centre, Institute for
Medical Research, National Institutes of Health, Setia Alam,
40170 Shah Alam, Selangor, Malaysia

1 Introduction

The electrical conductivity of conducting polymers (CPs) is
the major factor behind its versatile applications. These prop-
erties are unique as they can be tuned according to specific
needs and environments. For example, CPs with the conduc-
tivity of 10 S/cm can normally be found in cardiac applica-
tions [1-5]. CPs with the conductivity of 2 S/cm can aid in
resistance against bacterial resistance when embedded within
a fabric [6—12]. Several factors determine the conductivity of
CPs, including their classification, types of dopant, substrate,
processing techniques, and the nature of the polymer form.
Conducting polymers are synthesized with chemical poly-
merization. In this method, a dopant is incorporated in the
polymer structure to impart conductivity to the polymer.
Other methods to induce conductivity are electrochemical
method [13-16] and redox method [17-21]. The inclusion
of CPs in fabrics is the precedence for bioelectronics applica-
tion [22-31]. Several techniques can be employed to achieve
conductivity properties that are in par with the intended func-
tionalities. One of the most crucial techniques is the doping
process [32-38] where the inclusion of dopants within the
polymer can be optimized according to the desired properties.
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Fig. 1 Illustration on the mechanistic potential of CPs utilization for reducing potential bacterial infections among COVID-19 patients

A key element to comprehend the bigger picture of bacterial
infections among COVID-19 patients is the understanding of
the relationship between bacterial growth and the application
of polymers with the right properties. Figure 1 illustrates the
mechanistic potential of CPs in minimizing bacterial infec-
tions among COVID-19 patients.

In this review, the utilization of CPs as a potential candidate
to repel secondary bacterial infection among COVID-19 pa-
tients will be discussed. The types of CPs and the unique
challenges in fabricating these functional materials are pre-
sented. CPs can be integrated into PPE by embedding it into
the fiber or coating the surface of PPE with CPs. The potential
mechanisms of antibacterial activities in CPs are explained.
The tuning of the materials’ properties, especially in reducing
bacterial transmission, is proposed for deeper examination in
future research. This review provides valuable insights of CPs
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manipulations in addressing secondary bacterial infections
among COVID-19 patients. It is hoped that the synergy be-
tween materials scientist and microbiologist can pave the way
for advanced functional materials that will change the way we
look at infection preventive measure.

2 Conducting polymers (CPs)

Even though polymers are known for being lightweight, easy to
be processed, durable, and low cost, they carry the disadvantage
of being electrically insulating. However, the molecular struc-
ture can be modified to produce polymers that can conduct
electricity. The end result is known as conducting polymers
(CPs). This type of polymer fuses the desired characteristics
of plastics and metal, since CPs can be electrically conductive
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while maintaining the flexibility of plastics [39]. Generally,
these electrically conducting polymers are converted via oxida-
tion or reduction reaction. CPs comprise 7t-conjugated poly-
mers that are delocalized along the backbone [40]. Therefore,
electrons can easily shift along the backbone of the polymer to
produce electrical current as illustrated in Fig. 2. CPs’ conjuga-
tion length, degree of crystallinity, and interactions are the pa-
rameters that influence the physical properties of CPs [40].

Over the past few decades, CPs such as polyacetylene (PA),
polyaniline (PANI), polypyrrole (PPy), poly (p-phenylene-
vinylene) (PPV), and poly (3,4-cthylene dioxythiophene)
(PEDOT) have commanded attention in the theoretical and ex-
perimental spheres. Being inexpensive, easy to be synthesized
with high flexibility contributes to the popularity of CPs among
researchers [41-44]. Examples of CPs are shown in Fig. 3.

The conductivity value of CPs can be increased by doping
[46]. Doping is the process of introducing another element or
electron to the system and allowing the electrical charge to
move seamlessly on the polymer backbone. The transport of
electrons is driven by the movement of delocalized electrons
through a conjugated system or intrinsically conducting poly-
mer [47]. This theory is supported by the evidence from the
study of Gochnauer and Gilani [48] where they proved that a
system with conjugated or delocalized double bond can trans-
port charges or electrons effectively.

By removing (oxidation) or inserting (reduction) electrons
into the structure, the properties of the system can be manipu-
lated, such as its color, porosity, and volume [39]. In the se-
quence of p-bonds, the p-orbitals overlap each other. This over-
lap makes it possible for the electrons to pass freely between the
atoms [13] and thus empowering its electrical conductivity.

According to Fan et al. [46], the electrical conductivity of
undoped CPs is similar to those of other insulating polymers
(10_12 S/cm). However, with doping, CPs’ electrical conduc-
tivity can be increased up to 10* S/cm, as shown in Fig. 4.

Fan and Ouyang [44] reported that the electrical conduc-
tivity of poly (3, 4-ethylene dioxythiophene): poly
(styrenesulfonate) (PEDOT: PSS) can be improved by doping
with organic solvent, ionic liquid, and intense acid treatment.

Double Bond

However, some ionic liquids (ILs) and strong acid treatment
are rarely used because of their higher toxicity and may ex-
hibit higher viscosity since these characteristics can impede
the mobility of ion. This repercussion does not bode well in
applications that require instant reaction [49]. In 2019,
Lingstedt et al. suggested the application of dimethyl
sulfoxided (DMSO), which is a non-toxic organosulfur com-
pound. DMSO is a safer alternative for secondary dopant in
biomedical application [50].

Lee et al. [51] discovered that the doping of PEDOT: PSS
with DMSO induced morphological changes. The observed
changes were an increase in PEDOT grain size and improved
connectivity between PEDOT chains. These changes contrib-
uted to heightened electrical conductivity of PEDOT: PSS.
Chen et al. [52] reported that DMSO aligned the PEDOT
grains which improved the electrical flow between PEDOT
grains and increased the conductivity of up to 1100 S/cm.
Lucius et al. [53] reported that the cohesion between
PEDOT molecules could be one of the factors that improves
the electrical conductivity of PEDOT: PSS. The addition of
DMSO may breaking the bonds between the inter part of PSS
and the cohesion of PEDOT grains.

On the morphological aspect, pure PEDOT: PSS has weak-
er inter-PSS hydrogen bonding, which impedes the charge
transfer mobility. According to Gueye et al. [54], morpholog-
ical changes, such as increasing the grain size of PEDOT and
promoting connection between PEDOT chains, can be in-
duced with DMSO doping. The conductivity of PEDOT:
PSS increased proportionally to the size PEDOT grains.

3 COVID-19 and bacterial infections

COVID-19 is an influenza-like disease that first emerged in
December 2019 in Wuhan, China. It is caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
COVID-19 caught the attention of the World Health
Organization (WHO) due to its widespread infectivity.
COVID-19 was declared as a pandemic on 11 March 2020

Single Bond
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Fig. 3 Chemical structure of conducting polymers [45]

when daily cases of infection in most countries shot to an all-
time high in 2020 [55]. By 28 December 2020, over
79,673,754 cases have been recorded with 1,761,38 fatalities
in 216 countries [56]. Like other viruses of the genus
Betacoronavirus, SARS-CoV-2 is a spherical coronavirus
with spike-like glycoproteins on the viral envelope surface
[57]. SARS-CoV-2 is an airborne disease [58] that enters hu-
man cells by interaction through spike-like glycoproteins with
angiotensin-converting enzyme type-2 (ACE2), a membrane-
bound enzyme that is responsible for the hydrolysis of
angiotensin-II into functional vasodilator angiotensin [59,
60] (Fig. 5). ACE2 is markedly expressed in epithelial cells
of the lung, which provides excellent points of entry for

Uncharged (undoped)

SARS-CoV-2 via respiratory droplets [61]. Respiratory drop-
lets from nose and throats of COVID-19 patients are the pri-
mary route of transmission, which promoted the status of face
mask in the fight against the pandemic [62].

Mutation in amino acid residues of D614G in SARS-CoV-
2 improves the affinity and efficiency of the virus uptake in
relative to other influenza viruses and coronaviruses such as
H5N1, HIN1, and MERS [63, 64]. Once SARS-CoV-2 enters
the epithelial lining of the lung, replication occurs and dam-
ages the cells which eventually lead to death of cell
(apoptosis) while inducing the release of pro-inflammatory
cytokines and chemokines, such as interleukins (ILs) and in-
terferons (IFs) in large quantities [65]. Subsequently, the
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Fig. 5 Mechanism of SARS-CoV-2 enters host cells through interaction
of its spike protein with the entry receptor ACE2. Proposed mechanisms
for COVID-19 caused by infection with SARS-CoV-2 include (1) cyto-
toxic effect causing host cell death (apoptosis); (2) dysregulation of the

absence of mucociliary clearance of epithelial lining in the
lung leads to accumulation of mucus in alveoli air sacs that
encourages bacterial growth and development of pneumonia
[66]. Studies on the interplay between SARS-CoV-2 and type
I IFNs confirmed that SARS-Cov-2 infection inhibits type I
IFNs production and signaling which increases susceptibility
of the host toward secondary bacterial infections [67, 68]. The
infections include bloodstream infections that are normally
caused by coagulase-negative staphylococci, Acinetobacter
baumannii, Escherichia coli, [69], Klebsiella pneumoniae,
and Stenotrophomonas maltophilia [70]. Other viruses that
caused respiratory diseases such as rhinovirus and influenza
virus also show increased secondary invasion of the airway
epithelium lining by pathogenic bacteria and worsening dis-
ease progression [71]. Bacterial infections may reciprocally
enhance viral infection by limiting the activation of the nucle-
ar factor kappa B (NF-kB) signaling pathway that negatively
impacts host-immune response against viruses [72].

Viral respiratory diseases due to influenza viruses, rhi-
noviruses, and coronaviruses are commonly associated
with adverse disease severity and fatalities [74].
Furthermore, secondary bacterial infections are more likely
to happen in hospital settings (nosocomial infections) that
can occur through inadequate air ventilation, transmission
from health personnel, and from invasive indwelling

Protein

(2)
Dysregulated immune
response

= releaseof pro-inflammatory cytokines
and chemokines such asintereukins
(ILs)andinterferons(IFs)

= |nhibition ofinterferon signalling by
SARS-CoV-2

immune response and hyper inflammation caused by inhibition of inter-
feron signaling by the virus. The figure is adapted and modified from [73]

medical devices such as catheters and mechanical ventila-
tors [75]. Because ventilator-associated pneumonia (VAP)
showed a very high prevalence (86%) of nosocomial pneu-
monia [76, 77], this situation is highly relevant to critical
COVID-19 patients who are monitored in intensive care
units (ICU) that require mechanical ventilators for breath-
ing support. Indeed, nosocomial infections are commonly
observed in ICU patients that are infected with a respiratory
virus [57].

Besides mechanical ventilators, personal protective equip-
ment (PPE), such as gloves and gowns of healthcare person-
nel, poses the threat of nosocomial infections during patient
care and handling [78]. Although preventive measure with
antibiotics is a viable option, this measure could be counter-
productive. Unrestrained administration of antibiotics leads to
the emergence of antibiotic-resistant bacteria, such as
methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Enterococci (VRE), and carbapenem-
resistant Enterobacteriaceae (CRE) [79]. In fact, the current
SARS-CoV-2 pandemic runs concurrently with the ongoing
pandemic of antibiotic-resistant bacteria which exacerbates
the issue of nosocomial infections [80]. One way to reduce
the odds of nosocomial infections without depending on anti-
biotics is by developing potential antibacterial polymers that
can be incorporated into indwelling medical devices (e.g.,
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endotracheal tubes) and hospital PPE (e.g., mask or gown).
For example, antimicrobial textiles are proven to play a vital
role in neutralizing the threat of pathogens [81]. The formation
of S. aureus biofilm on indwelling medical devices causes
serious complications in hospitalized COVID-19 patients
[82]. However, studies have shown that the formation of this
biofilm can be minimized by coating the devices with CP [83].
An advantage of incorporating CP in indwelling medical de-
vices and hospital PPE is that it could promote antimicrobial
properties, even against antibiotic-resistant bacteria [84].

Based on previous studies [81, 83], it was speculated that
the application of antimicrobial materials in PPE and indwell-
ing medical devices could address nosocomial infections by
disrupting bacterial transmission to COVID-19 patients. With
promising antimicrobial properties, these functional materials
could be potentially used to fabricate mask, glove, bandages,
and hygienic products. Most polymers with intrinsic antimi-
crobial properties are positively charged, and most bacterial
cell walls are negatively charged. Interaction between posi-
tively charged polymers and negatively charged cell mem-
brane kill the bacterial cell. Polymeric antimicrobial agents
possess the advantages of non-volatility, chemical stability,
and lacking the capacity to penetrate the skin [85].

Our discussion on CPs as a component material for PPE and
bed cloth is driven by the interest of antimicrobial polymers and
its importance. Integrating CPs in PPE and bed cloth could
make a difference in combating nosocomial infections in con-
taminated hospital environments. To date, there are no studies
on the relationships between CPs and nosocomial infections.
However, there are studies that explore the role of CPs in
disrupting bacterial growth. As CPs, polyaniline (PANI), poly-
pyrrole (PPy), and poly (3, 4-ethylenedioxythiophene) polysty-
rene sulfonate (PEDOT: PSS) have demonstrated the potency
of their antimicrobial properties [86]. These intrinsically
conducting polymers (ICP) are embedded in textiles due to
their electrical conductivity [87].

4 Antibacterial properties of conducting
polymers

Even in low concentrations, functionalized PANI (f-PANI) are
potent enough to inhibit the growth of Gram-positive and
Gram-negative pathogens such as wild-type Pseudomonas
aeruginosa, Escherichia coli, and S. aureus. P. aeruginosa
was fully eradicated after 15 min of exposure to poly (aniline-
co-3-aminobenzoic acid) (3ABAPANI). Similarly, S. aureus
and E. coli were completely eradicated after being exposed to
the same CP for 45 min and 180 min, respectively. Inhibition of
bacterial growth on brain heart infusion (BHI) plates was ob-
served upon overnight incubation of E. coli and P. aeruginosa
in the presence of f-PANI [84]. Apart from carrying the quality
of antibacterial properties, PPy is also biodegradable, which is
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an advantageous quality when embedded in materials and tex-
tiles [88]. Furthermore, by grafting conducting polymer chains
onto a polysaccharide-based biodegradable polymer such as
chitosan (CS), the antibacterial activity of those copolymers
could be improved. Cabuk et al. [89] showed that
polyaniline-g-chitosan (PANI-g-CS), polypyrrole-g-chitosan
(PPy-g-CS), and polythiophene-g-chitosan (PT-g-CS) copoly-
mers enhanced antibacterial activity against E. faecalis and
S. aureus compared to their homopolymer counterparts and
CS backbones. The presence of these polymers into CS back-
bones promotes the sustainable release of cationic groups into
the nutrient media for bacteria culture, which indirectly im-
proved the antibacterial activity.

The positive charges along the backbone chains that are
responsible for the antibacterial activity of PPy are produced
via oxidative polymerization. One positive charge is formed
with each three to five repeat units of PPy. This positive
charge is counterbalanced by counterions (namely as dopants)
in the polymerization solution that is embedded in the polymer
matrix.

There are several possible antibacterial mechanisms of
CP.

a) Via disruption of bacterial cell wall and membranes be-
cause of electrostatic contact between bacteria and polymers
[81] (Fig. 6). Cationic antimicrobial compounds act to pene-
trate the anionic bacterial membranes. This action disrupts
membrane integrity and interferes the process of cell prolifer-
ation, which eventually leads to cell death [90].

Theoretically, the structures of cell wall of Gram-negative
and Gram-positive bacteria are dissimilar. Cell walls of Gram-
negative bacteria have thinner layers of peptidoglycan (7—8
nm) below the lipopolysaccharide layer. On the contrary,
Gram-positive bacteria have thicker peptidoglycan on their
cell wall (20-80 nm). Therefore, Gram-negative bacteria are
surrounded by negatively charged lipopolysaccharides, which
make them easily attracted to CP chains, such as PANI. The
positive imino sites in PANI chains have a high affinity to
negatively charged outer membrane of Gram-negative bacte-
ria. These PANI chains anchor to bacterial cell walls at mul-
tiple locations. This process compromises the integrity of the
outer membrane by changing the potential gradients across
ion channels on bacterial cell walls. Gram-positive bacteria
peptidoglycan layers are more rigid since they have linear
polysaccharide chains that are cross-linked by short peptides.
This characteristic reduces the anchoring capability of PANIs
to the cell wall while making it more difficult for the dopant to
penetrate the cells. Because of this exclusive structure, growth
of Gram-positive bacteria is less compromised to that of
Gram-negative bacteria [91].

b)Via production of hydrogen peroxide that causes the for-
mation of hydroxyl radicals. These radicals could contribute
to death of bacterial cell by impairing the biomolecule pro-
cess, e.g., PANI [90].
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This mechanism of bacterial cell death is also preceded
by the release of reactive oxygen species (ROS), which
impairs bacterial cell membranes, DNA, and proteins. The
adhesion of bacteria to the polymers disrupts the native
surface charge of bacterial cells, which leads to cell lysis
total cell destruction [92].

c)Via uncoupling by targeting ATP synthase and
disrupting the metabolic and respiratory machinery which
causes acid stress, oxidative stress, and dysregulation of iron
homeostasis [90].

Besides pristine polymers, it is also speculated that copol-
ymers in the form of emeraldine salt are more effective against
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microbes compared to the same copolymers in emeraldine
base forms [95]. -COOH acidic functional groups in the poly-
meric chain enhance the antibacterial efficacy of the copoly-
mer, theoretically by the reaction of the acidic dopants on the
polymeric chains with bacteria, which eventually inhibits the
growth or eliminating the bacteria altogether [95]. Another
possible reason could be due to the electrostatic adherence
between copolymer molecules and bacteria that results in op-
posing polarity charges. This discrepancy in charges breaks
down bacterial cell membranes, which leads to the fatal leak-
age of cytoplasm in bacteria [96].

5 Conducting polymers for PPE

CPs can be integrated into PPE by embedding it into the fibers
of non-woven fabrics or coating the fabrics. For non-woven
fabrics, several techniques can spin the fibers, such as solution
spinning, melt spinning, and electrospinning. Meanwhile, in
situ polymerization, melt mixing, and solvent methods are
common techniques to coat the fabrics with CPs.

5.1 Fibers fabrication of non-woven fabrics

Non-woven fabrics is a fabric-like material, made from fibers
that are entangled or bonded together through mechanical,
chemical, or thermal means. These fabrics can be found in
agriculture, clothes, automotive, household items, stationery,
and many more [97]. The fibers need to be spun to produce the
non-woven fabrics. The polymer that will be spun into fiber
needs to be in a liquid or semi-liquid state by either dissolving
it in a solvent or melting it. It is extruded through a small
orifice of a spinneret, which then hardens to form a fiber or
filament. This process is called spinning. The three common
spinning techniques are solution spinning, melt spinning, and
electrospinning. The CPs can be incorporated into the fibers
by adding it in the polymer solutions or melts.

5.1.1 Solution spinning

Solution spinning is one of the oldest techniques in preparing
man-made fibers. It was introduced in the late nineteenth cen-
tury. It is called a solution technique because the polymer in
this technique is dissolved in a solvent prior to the spinning
process. This technique can be divided into wet spinning and
dry spinning (Fig. 7).

For wet spinning, the machine is assembled by placing the
spinneret in the spin bath, which is usually filled with water.
The polymer is spun by extruding it into the water. During this
process, the solvent in the extrudates (fibers) is discarded and
diffused out into the water. Then, the fibers are rinsed with
water and dried. For dry spinning, instead of spin bath, the
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polymer is extruded into a heated column, called the evapo-
ration chamber. The heat evaporates the solvent in the fibers.

A study by Lu et al. [98] is an excellent example in utilizing
wet spinning technique to manufacture CPs-embedded fibers. A
high-performance stretchable conductive composite fibers were
wet spun by combining surface-modified silver nanowires
(AgNW) with polyurethane (PU). The surface of AgNW was
coated with polyethylene glycol methyl ether (mPEG). This
surface modification improved the solubility of AgNW in PU
since both polymers have similar solubility parameters, thus
promoting homogeneous dispersion of AGNW in the PU matrix.

Dry spinning technique is also used in the manufacturing of
CPs fibers. Tian et al. [99] used this technique to produce
continuous graphene fibers (GFs) and compared their result
with GFs that were with the wet spinning technique. They
found that dry spun GFs had better toughness (19.12 MJ/m?)
compared to wet spun GFs. However, its electrical conductiv-
ity was considerably low (1.32 x 10* S/m) compared to that of
wet spun GFs (80.0 x 10* S/m).

5.1.2 Melt spinning

With no solvent required and a high spinning rate, melt spin-
ning is the most economical method. During spinning, a vis-
cous melted polymer is extruded through the spinneret and
simultaneously blasted with cold air to solidify the molten
polymer into fibers. The fibers are then either wound onto
bobbins or treated with a finishing product.

However, melt spinning is less popular when it comes to
spinning CPs into fibers due to the complexity of the process.
Several parameters need to be optimized to spin the fiber, such
as temperature profile, throughput, take-off, and winding
speeds [100]. Melt-spun fibers of PANI/polypropylene blends
by Kim et al. [101] showed low conductivity because of the
inhomogeneous distribution of PANI in the fiber. This inho-
mogeneous distribution caused poor electrical conductivity
due to the disconnections between PANI Lim et al. [102]
manufactured highly conductive silver fibers by embedding
carbon nanotubes in the fibers. They found that the addition of
carbon nanotube in the formulation acted like bridges between
the disconnected silver in the fibers, thus promoting high elec-
trical conductivity.

5.1.3 Electrospinning

Unlike the spinning techniques mentioned previously,
electrospinning techniques can produce very fine fibers, with
diameters in the range of sub-micrometer or nanometer [103].
This technique is an extension of solution spinning and melt
spinning, which employs electrostatic attraction of charges
during the manufacturing process [104]. The electrospinning
setup comprises a syringe with needle, direct current (DC)
power supply, a syringe pump, and grounded metal collector



emergent mater. (2021) 4:279-292

287

Melted polymer

/ pisselvedpalymer \

Hot
air

\
\

Coagulation bath

Spinneret

a) Wet spinning

(Fig. 8). The polymer solutions or melts are introduced into
the syringe. The hollow needle of the syringe is connected to
the positive terminal of a DC power supply, while the negative
terminal is connected to a metal collector [105]. During the
manufacturing process, high voltage is supplied to the hollow
needle which causes the polymer to bypass its surface tension.
The polymer assumes a cone-like structure, called the Taylor
cone, and the drops are ejected at the tip of the needle [106].
The ejected polymer will be solidified into fibers and collected
on a grounded collector as a mesh or scaffold [104].

Polymer
Solution

Syringe

Syringe Pump

b) Dry spinning

Fig. 7 Diagram of (a) wet spinning, (b) dry spinning, and (¢) melt spinning

Spinneret

Spinneret

Evaporation
chamber

Cold

Evaporated
air

solvent

c) Melt spinning

Castagna et al. [107] successfully electrospun ultrathin
PANI nanofibers (65 £ 14 nm) by blending PANI with
polymethyl methacrylate (PMMA). They also increased the
amount of PANI in the PMMA blend ofup to 2:1 ratio (w/w),
which produced highly uniform fibers. Another study by
Bessaire et al. [108] on PEDOT: PPS fiber formation found
that humidity level plays an important role during the
electrospinning process. They noticed that by increasing the
relative humidity (RH) from 7% RH to 42% RH, the average
diameter of the fibers decreased from 157 to 105 nm. Beads
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Fig. 8 Depiction of electrospinning setup
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formation was also observed with each increment in the hu-
midity level.

5.2 CPs coating on fabrics

CPs can also be incorporated into PPE by coating the ready-
made fabric with the polymer. An example of employed CPs
in this scenario is graphene-based CPs. The graphene’s large
surface area presents more active sites for electrochemical
composites in electrochemical reactions [109]. Coating of
PPE fabrics with graphene-based CPs is the technique in focus
for this section. However, there are other CPs that could be
potentially employed with these techniques, such as PPy,
PEDOT-PSS, PANI, PA, PT, PPP, and PPV [100]. In situ
polymerization, melt mixing, and solvent methods are the
common techniques in this process.

5.2.1 In situ polymerization

In this technique, graphene is mixed with monomer with the
occasional addition of suitable catalysts. The polymerization
process is initiated by the application of heat treatment or
radiation [110]. This technique produces the beneficial out-
come of high homogeneity of graphene particle dispersion.
On the flipside, there is a rapid viscosity increment with this
technique, which lowers the dispersion degree of the graphene
[111]. Sometimes, solvents are used in which additional sol-
vent removal steps are required [112].

5.2.2 Melt mixing

Melt mixing or compounding is an environmentally friendly
and cost-effective technique since no solvent is required
[111]. Graphene and polymer matrix are mixed and melted
together while applying high shear blending at high tempera-
ture [113]. This technique is mainly used in the fabrication of
thermoplastic composites. The disadvantage of this technique
is similar with in situ polymerization technique, which is high
graphene content in the composites due to gradual increase in
viscosity [111].

5.2.3 Solvent method

Solvent method is known as the simplest and most frequently
used technique when compared to the previously mentioned
techniques. No specialized equipment is required for this tech-
nique. Graphene-based CPs are prepared by dissolving the
polymer in solvent, followed by the addition of graphene.
Graphene sheets need to be functionalized to reduce solubility
and dispersity, and aggregation problems in different solvents
[113].

Solvent plays an important role in this process and should
be carefully selected. It should not degrade the polymer, easily

orrrco g o aools

QATAR UNIVERSITY

@ Springer

dissolve the polymer, has good graphene dispersion property,
and can be easily removed from the system [111]. However,
this technique is not environmentally friendly since harmful
solvents are necessary in this technique [114].

6 Conclusion

The emergence of the novel coronavirus SARS-CoV-2 has
taken the world by storm due to its alarming infection rate.
Currently, there is no effective strategy to contain the spread
of the virus and its subsequent infection. COVID-19 patients
are vulnerable to secondary bacterial infections that could be
potentially transmitted from PPE or medical devices. One
approach to minimize the possibility of secondary bacteri-
al infections is by incorporating CPs into PPE materials.
CPs can be tailored with various types of polymers with a
broad spectrum of properties. By tuning the dopant, which
is also the conductive agent, we can fit it to the desired
properties. This major advantage paves the way for a
greater exploration of CPs as a viable functional material
in the battle against the COVID-19 pandemic. Besides
PPE, CPs could also be applied in medical devices, for
example, CPs-coated endotracheal tubes to prevent
ventilator-associated pneumonia infections that are ac-
quired in hospital settings (nosocomial infection).
Despite their potential, more laboratory and clinical stud-
ies are required to evaluate the antibacterial properties of
CPs. For example, studies of CPs-coated PPE may be per-
formed on K. pneumoniae that is prevalent among
COVID-19 patients. Further investigations are warranted
to optimize the incorporation techniques of CPs into PPE
and medical devices. In this review, several processing
techniques to produce antibacterial PPE materials were
presented, and they are embedding CP into the fibers of
non-woven fabric, or coating of the fabric’s surface with
CP. Although the antibacterial mechanisms of the CPs
were discussed, there are still gaps in the bigger picture
of CPs’ antibacterial properties since some aforementioned
mechanisms are not applicable to other CPs. Even though
it was proven that CPs could interrupt the growth of bac-
teria by disrupting bacterial cell walls, extensive studies
are still needed to reveal the nature of structural arrange-
ment and their composition in fighting bacterial infections.
Collectively, this review provides insights into the appli-
cation of CPs as potential functional materials to ward off
secondary bacterial infection, especially among COVID-
19 patients.
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