Polymer Bulletin (2022) 79:5747-5771
https://doi.org/10.1007/500289-021-03826-3

REVIEW PAPER

®

Check for
updates

Antimicrobial textile: recent developments and functional
perspective

Rehan Gulati’ - Saurav Sharma? - Rakesh Kumar Sharma’

Received: 10 April 2021 / Revised: 5 July 2021 / Accepted: 7 July 2021/
Published online: 13 July 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Antimicrobial textiles are functionally active textiles, which may kill the microor-
ganisms or inhibit their growth. The present article explores the applications of dif-
ferent synthetic and natural antimicrobial compounds used to prepare antimicrobial
textiles. Different types of antimicrobial textiles including: antibacterial, antifun-
gal and antiviral have also been discussed. Different strategies and methods used
for the detection of a textile’s antimicrobial properties against bacterial and fungal
pathogens as well as viral particles have also been highlighted. These antimicrobial
textiles are used in a variety of applications ranging from households to commer-
cial including air filters, food packaging, health care, hygiene, medical, sportswear,
storage, ventilation and water purification systems. Public awareness on antimicro-
bial textiles and growth in commercial opportunities has been observed during past
few years. Not only antimicrobial properties, but its durability along with the color,
prints and designing are also important for fashionable clothing; thus, many com-
mercial brands are now focusing on such type of materials. Overall, this article sum-
marizes the scientific aspect dealing with different fabrics including natural or syn-
thetic antimicrobial agents along with their current functional perspective and future
opportunities.
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Introduction

Textiles are omnipresent and play an essential part in human society. Cloths may
contain certain types of microbes, which has been recently discussed as clothing
microbiology and the effect and interaction of cloths with human skin microflora
[1]. Coatings of natural antimicrobial agents on the textiles or fabrics date back
to ancient times, when the Egyptians used spices and herbal coatings on cloths to
prepare the mummy wrap. Traditionally, the Chinese used bamboo fibers, which
contained an antimicrobial compound called ‘Bamboo-kun’ for housing structure.
Bamboo fibers have also been explored for their natural antibacterial and antifun-
gal properties, which are mediated by 2—6-dimethoxy-p-benzoquinone and den-
drocin [2]. Application of antibiotics developed during the Second World War; at
the same time, the use of antimicrobials to prevent textiles from rotting was also
in demand. Tents, tarpaulins and truck covers were required to be protected from
microbial attack during heavy rain and snow that would destroy fibers and also
increase the chances of infection. To protect the fabric from microbial coloniza-
tion and increase their durability, several military fabrics were treated with anti-
mony salts, copper and a mixture of chlorinated waxes, which not only stiffened
the fabrics but also gave them a distinct odor [3]. During initial times, the side
effects of these antimicrobials were not considered, however, more attention was
paid toward the adverse effects of these chemicals on the environment and health.
The concept of safer antimicrobial compounds and textiles came into existence
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following the publication of Rachel Carson’s book Silent Spring in 1962. Dif-
ferent sectors including ecologists, scientists, industrialists and chemists worked
collectively to produce eco-friendly antibiotics [4].

In the present era, antimicrobial textiles are very helpful in hospitals, environ-
ment and places that are prone to microbes, which are baleful. The clothes are
worn by the patients, healthcare workers and doctors may have a lot of microbes
present on them, which can be transmitted easily from one person to another.
Commercial opportunities abound for antimicrobial fabrics whenever it is about
controlling the spread of infectious microorganisms [5]. Antimicrobial textiles
can be termed based on their specificity against microbes, i.e., antibacterial,
antifungal, or/and antiviral. Several antimicrobial textiles may also act against
bacteria, fungi and viruses simultaneously. Some chemicals may be used to tar-
get a broad range of microbes and are generally termed as antimicrobial [6]. In
common public area including hotels, restaurants, or trains such type of fabric is
highly demanded, e.g., the towel which is used to mop up fluids, curtain and car-
pet could be a source of infection. There are also noticeable unfulfilled require-
ments for odor control, which is another expanding research area in this field. The
textile may contain several microorganisms that are anathema and may transfer
from an infected person to others. The only possible and effective way for reduc-
ing the microbial load from textile is by continuous laundering of clothes but this
case is not possible in hospitals where there are continuous shifts. On the other
hand, another way to reduce the chances of microbial infection from one person
to others through the textile is by developing antimicrobial textiles. These anti-
microbial textiles may also be useful for the people involved in sanitary-related
work and those who are working in sewage treatment, where there is a high risk
of getting infected. Surface modification of the textile including electrospinning,
nanotechnologies, plasma treatment, polymerization, microencapsulation and
sol—gel techniques has been done to impart some novel functional properties to
textile, e.g., water-repellent, flame-retardant and antibacterial activity [7].

Antimicrobial winter wear is gaining importance as these clothes are not
washed frequently and rarely exposed to sunlight. These clothes are generally
stored for a longer time, which may enable the growth of microbes and thus anti-
microbial type fabric may be an appropriate option. Similarly, the antimicrobial
textiles may also be useful in those places where non-plastic bags are used. Food
packaging which generally involves degradable material is safer for the environ-
ment as well as does not affect the food properties, however, the concept of anti-
microbial coating in such wrappers is important to reduce the growth of patho-
genic and food spoilage microbes. Primarily, the antimicrobial textile is required
by the following sectors along with the appealing combination of color, print and
design:

Apparel: caps, jackets, sanitary pads, sportswear, undergarment, winter wear
Commercial: carpets, covering for seats, window, vehicle, etc.; dusting cloths,
military fabric, tent, uniform

Health care: bandage, earbuds, scrub, mask, lab coats, protective kits
Households: bedding, carpet, cover, curtains, mop, pillows, towel
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The present work deals with the recent update in the development and applica-
tions of antimicrobial textile. A word cloud has been prepared using this article to
portray the essence of the whole article (Fig. 1).

Active antimicrobial agents
Nanoparticles

Among different compounds, nanoparticle-based coatings are quite common in both
natural as well as synthetic textiles. Silver nanoparticles (AgNPs) possess strong
toxicity toward a broad range of microbes with lower toxicity toward human cells
along with long-term durability and increased dyeability. Silver (Ag) nanomateri-
als are well recognized for their self-cleaning and antimicrobial activity [8]. AgNPs
(~ 10 nm in size) have also demonstrated antiviral activity against SARS-CoV-2 (the
causative virus of COVID-19) [9]. Besides silver, other metals and metal oxide nan-
oparticles including titanium, tin, zinc, gold and copper have also been applied on
different natural as well as synthetic textiles. As suggested the antimicrobial activity
of functionalized CuONPs coated textile materials against Gram-positive and Gram-
negative bacteria can be attributed to three main mechanisms, i.e., the release of
copper ions, the direct contact of CuO NPs with bacteria and the production of reac-
tive oxygen species [10].

Biosynthesis and applications of nanostructured inorganic materials have got
its importance in the development of antimicrobial textile. Selenium brooms were
synthesized using almond skin extract showed time-dependent changes in the
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Fig. 1 A word cloud based on the present article. Larger size of the word represents higher frequency
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morphology from NPs in 15 s to selenium brooms in 45 min. Cotton-coated fabric
with these structures exhibited activity against Bacillus subtilis [11]. Functional eco-
friendly nanohybrid material synthesized using oligochitosan (obtained from crab
shells) and nano-silica (obtained from rice husk) was resistant against Phytophthora
infestans fungal attack, which points toward advanced research in the green agricul-
tural application [12].

Agglomeration prevention, desired morphology and uniform size of nanoparti-
cles have always been challenging in the NPs-related studies. Capping with ligands
is generally used to overcome such challenges. Several natural capping agents have
been used and are also well coated on the fabric. Seaweed capped zinc oxide nano-
particles (SW-ZnO NPs) were coated on cotton fabric using pad-dry-cure technique,
which demonstrated its antibacterial against both Gram-positive (Staphylococcus
aureus and Streptococcus pyogenes) and Gram-negative (Escherichia coli and Kleb-
siella aerogenes) bacteria [13]. Similarly, another natural capping agent, date seed
extract was used to prepare capped ZnO NPs, which also demonstrated the antimi-
crobial activity and UV protectant property in cotton fabric [14]. Amino-capped
TiO2 NPs coated functional cotton fabric was fabricated using two-step sol—gel
and hydrothermal method demonstrated an effective antibacterial activity against S.
aureus and E. coli [15].

Cellulose-based fabric requires pre-activation or pre-treatment to attain effi-
cient stability of the NPs on the surface. Some human skin friendly bio-adhesive
chemicals or methods need to be explored to develop a durable functional textile.
Simultaneous sonochemical deposition of ZnO NPs using an enzymatic cross-linked
phenolic network of gallic acid demonstrated high antibacterial efficiency even after
several washing cycles in hot water [16].

Natural compounds

In addition to curcumin, there are many natural active agents have been extracted
and used to develop antimicrobial fabric. Application of plant extract, essential oils
as well as animal products, e.g., honey, have also been used in fabrics for manag-
ing wound infections. Several natural dyes, pigments and mordants have also been
explored for their antimicrobial activity.

Sustainable antimicrobial textile finishing may be developed by using some natu-
ral compounds like cyclodextrins. These cyclic oligosaccharides have a hydrophilic
outer surface and a lipophilic central cavity. Application of cyclodextrin and its
derivatives (a-cyclodextrin, B-cyclodextrin and y-cyclodextrin) are increasing in the
textile industry [17]. Lignin provides resistance against microbial attack in plants.
This dark-colored phenolic compound is generally removed during the processing to
get cellulose fibers. A lignin-coated fabric made from sugarcane bagasse exhibited
antibacterial activity against Staphylococcus epidermidis. The lignin coating con-
centration was based on its MIC, which suggested that the bacterial growth could be
inhibited to prevent further propagation within 6 h of contact [18]. Chitosan is often
used in antimicrobial textile preparation and processing because of its antimicrobial
and anti-odor property. Chitosan is a cationic polysaccharide, which is obtained by
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alkaline deacetylation of chitin. Application of chitosan hydrogel on cellulosic fabric
imparted antibacterial activity against S. aureus, E. coli and Listeria monocytogenes
[19]. Contrarily, a report suggested that the antimicrobial properties were not signifi-
cantly affected by chitosan when the cotton and polyester fabrics were coated in a
combination of silica sols and chitosan [20]. However, edible chitosan/pectin-based
silver nanoparticle films from natural biodegradable polymers demonstrated effec-
tive antibacterial activity against E. coli. These antimicrobial films may increase the
shelf life of the products and may be used for food packaging purpose [21].

Other chemicals and treatments

Halogens have been used in the treatment of fabric to impart antimicrobial prop-
erty. Functional fibers having highly effective antibacterial property was fabricated
by the introduction of an N-halamine structure on a polydopamine-based coating.
N-halamine functionalized polydopamine-based coatings exhibited antibacterial
activity against S. aureus and E. coli [22]. Halogenated phenols, e.g., chlorophe-
nols have also been used in antimicrobial textile finishes. Active polymers based
on biguanides (polycationic amines) may destroy the bacterial cell by electrostatic
attractions [23]. Cotton fabrics were coated with silicon and nitrogen-containing
compound, poly [3-(5,5-cyanuricacidpropyl)-siloxane-co-trimethyl ammonium-
propyl siloxane chloride] with phytic acid by layer-by-layer assembly (Cotton-PEI/
(PCQS/PA)30-Cl). The treated cotton fabrics reduced 100% E. coli and S. aureus
within 1 min of contact time [24].

Plasma treatment has been proposed as a low-cost and chemical-free method
to modify the surface properties of different fabrics for incorporating eco-friendly
rechargeable antimicrobial finishing. Cotton fabric treated with nitrogen plasma
after padding with 5,5-dimethylhydantoin (pad-plasma-dry-cure) and chlorinated
with sodium hypochlorite improved its antibacterial property against S. aureus [25].
Deposition of silver nanoparticles on plasma-activated surface exhibited antimicro-
bial property [26]. Similarly, dielectric barrier discharge plasma-treated polyamide
6,6 fabric showed higher Ag NPs deposition [27].

Types of antimicrobial textiles

Depending upon the treatment and antimicrobial compound used, the antimicrobial
fabric may be leaching type or non-leaching type, while based on its mechanism
it can be biocide or biostatic. The biocides kill the microorganisms, whereas the
biostatics inhibits their growth. These biocides and biostatics may be further cat-
egorized on the basis of targeting microorganisms, i.e., bacteria, fungi, or viruses
(Table 1). For clothing’s biostatic fabric is preferred as they preserve the natural
bacterial flora of the skin and have no adverse effect on human skin, while on the
other hand, a biocidal fabric is preferred for medical and environmental applications.

There are a number of fabrics that may possess an intrinsic antimicrobial prop-
erty, which may not be active against specific pathogenic microbes, thus having a
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narrow antimicrobial spectrum. Incorporation of antimicrobial agents is preferred
into the fabric, which allows a broad range of antimicrobial attributes and may be
applied to different fabrics of choice. Most of the antimicrobial agents used in the
textile industry utilize a controlled release or leaching mechanism in the presence of
moisture. The leaching action leads to the gradual decrease in the active substance.
Additives can be introduced inside the fiber matrix during spinning extrusion or they
can be applied by conventional coating or impregnation process such as padding or
exhaustion to textile surfaces [28].

Antibacterial textile

There are a number of methods used for determination of the antimicrobial proper-
ties of the textile samples. In some cases, the active agent (or chemical composi-
tion) can be tested alone. Antibacterial activity of the active agent may be tested by
using different methods as suggested by Clinical and Laboratory Standards Insti-
tute (CLSI) [34]. The most conventional, efficient and reliable broth microdilution
methods based on the visual determination (optical density measurement) are illus-
trated in Fig. 2. The minimum inhibitory concentration (MIC) value is defined as the
lowest concentration able to inhibit the growth of the tested bacterial strains. The
minimum bactericidal concentration (MBC) is determined by sub-culturing the cells
exposed to different concentrations of the antimicrobial compound, used to evalu-
ate MIC, in fresh growth medium and defined when no growth is observed [35].

) Calculation of %
Inoculation Incubation \ growth inhibition

@ EEEE— — 1 and determination
@ t ‘ of MIC value
Bacterial culture/ Optical density measurement l @
Spore suspension  Antimicrobial compound
(varying concentration in Sampling from
suitable growth medium) all clear tubes
Appearance .
Bacteriostatic/ | of colonies Spreading on
Fungistatic D — Agar surface
Bactericidal/ No colonies @
Fungicidal <

Fig.2 Microtube dilution method for the evaluation of antimicrobial potential of active agent: (1) bac-
terial culture or spore suspension of test organisms with known cell/spore concentration, (2) series of
varying concentration of antimicrobial compound in sterilized growth medium along with appropriate
positive and negative controls, (3) visual growth or optical density (OD) measurements after incubation,
(4) calculation of ICs, no visual growth represents MIC values and (5) confirmation of bactericidal/fun-
gicidal or bacteriostatic/fungistatic nature of antimicrobial compound by spreading the sample from MIC
wells

@ Springer



Polymer Bulletin (2022) 79:5747-5771 5755

The tube dilution method may also be used for the calculation of Inhibitory concen-
trations (ICs,) against microorganisms, which is an important factor to assess the
efficiency of antimicrobial compounds. Most of the experiments were based on the
direct coating of these compounds with maximum possible adherence as leaching
type fabric was generally prepared. However, some studies used MIC value for the
impregnation of NPs as demonstrated during the preparation of antibacterial band-
ages, which were impregnated with different NPs including Ag NPs, ZnO NPs and
mixed Ag/ZnO NPs. Among these nanoparticles Ag NPs were the most effective
against Acinetobacter baumannii and Pseudomonas aeruginosa [36]. MIC deter-
mination of the antimicrobial compound is required to inhibit the growth bacteria,
which ultimately decides the material price. This price-performance index when
calculated for commercial silver nanoparticles and lignin extracts from sugarcane
bagasse as antimicrobial agents to develop antimicrobial textile, suggested that the
utilization of bio-based agents may be economic [18].

Confirmation of the bactericidal and bacteriostatic nature of the compounds can
be done through the re-inoculating the clear broth used for MIC determination of
the antimicrobial compound (Fig. 2). The antimicrobial property of the textile can
be determined by ‘Fabric Disc Diffusion Assay’. A circular disk of sample fiber is
placed on the inoculated agar surface. A zone of inhibition appeared after incubation
confirms the antimicrobial property of the sample (Fig. 3).

Disk diffusion method was applied to find out the antibacterial activity of Heli-
chrysum arenarium methanolic extract against S. aureus and E. coli. Dyed wool fab-
rics with these natural dyestuffs also demonstrated significant antimicrobial activity
[37]. Some antimicrobial may be selective and may be used against specific bacteria
as in the case of nano selenium brooms when tested against S. aureus, B. subtilis, P.
aeruginosa, E. coli and Proteus vulgaris, minimum inhibitory concentrations and
minimum bactericidal concentrations indicated its activity against only B. subtilis,
thus suggested to be specifically used in operation theaters to decrease the incident
of Bacillus-related Bacteraemia [11].

Antifungal textile

Disk diffusion and tube dilution, both methods can be used for the determination of
the fungicidal and fungistatic nature of the textile (Figs. 2, 3). Filamentous fungi are

Textile samples Zone of inhibition

Inoculation by
spreadmg Incubatlon

Bacterial culture/
Spore suspension

Fig. 3 Fabric disk diffusion assay: (1) spreading of test bacterial culture or spore suspension on agar

plates and placing of circular disk of sample fabrics and (2) measurement of zone of inhibition after
incubation
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considered the most fabric damaging organisms because of their ability to grow on a
number of natural substrates. Cladosporium, Alternaria and Aspergillus are commonly
encountered fungi among others. Antimicrobial fabrics prepared by synthesizing using
modified silica by including Ag and C, demonstrated a significant reduction in the
growth of these fungi on it [38]. Cotton fabric coated with guanazole complexes with
silver and zinc ions exhibited a broad range of antimicrobial property against bacterial
as well as fungal pathogens, i.e., A. niger, Fusarium chlamydosporum and Penicillium
sp. Besides antimicrobial property, these cotton fabrics coated with guanazole-metal
complexes also demonstrated flame-retardant property [39]. Cellulose fibers containing
fungal synthesized ZnO NPs using Phanerochaete chrysosporium demonstrated anti-
microbial activity. These fibers showed antifungal activity against opportunistic patho-
genic fungus A. niger, yeast Geotrichum candidum and also a wood degrading (cellulo-
lytic) fungus P. chrysosporium [40].

Anti-biofilm textile

Most of the infectious diseases are directly linked to bacterial or fungal biofilms.
Antimicrobial property of the textile may prevent the biofilm formation and may also
reduce infections. Incorporation of antibacterial, anti-biofilm or anti-adhesive biocom-
patible NPs including inorganic (Cu, Zn, Ga, Si or Ti based) different polymers and
some biological components, e.g., antibacterial enzymes or functionalized lipids on
textile is being developed through an industrial leadership program funded by Euro-
pean Commission, HORIZON 2020 [41].

To assess the anti-biofilm activity fabric sample is incubated overnight in broth
medium inoculated with test bacterial strain. After rinsing with sterilized water after
incubation, the visual biofilm can be observed using a high-power microscope, confocal
laser scanning microscopy, or scanning electron microscopy. However, static biofilm
assay using violet crystal staining is the most conventional method for the determina-
tion of anti-biofilm activity of nanoparticles and can be measured by spectrophotomet-
rically [34]. Beside these methods, there are other methods have been discussed for
the eradication or biofilms [42]. Cotton fabric modified with propylene imine dendrim-
ers and their Cu(Il) complexes exhibited good anti-biofilm activity against P. aerugi-
nosa. The adhesion and biofilm formation on cotton fabrics was assessed using scan-
ning electron microscopy and comparing with untreated and treated cotton fabrics [43].
Similarly, the gold nanoparticles containing fabrics negatively influenced the viability
of developed biofilms of E. coli and S. aureus [44]. Cotton fabric treated with P1000-
Acrid dendrimer also hindered the development of P. aeruginosa -biofilm [45]. These
anti-biofilm fabrics do not allow the adhesion of bacterial cells to the fibers or kill the
cells, which comes in closer contact via different mechanisms, thus do not allow the
microbes to grow and develop a biofilm.

Antiviral textile

Antiviral properties of the textile can be determined by following the stand-
ard protocol (ISO 18,184:2019 Textiles—Determination of antiviral activity of
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textile). The basic process for determination of an antiviral compound involves
treating the virus with test compounds and then incubating with viral susceptible
cells for plaque assay. For textile samples, some studies demonstrated that pass-
ing or filtering the viral suspension through the prepared textile and then incubat-
ing the filtrate with viral susceptible cells to determine the antiviral property. Cot-
ton fabrics coated with 3% sodium pentaborate pentahydrate, 0.03% triclosan and
7% Glucapon demonstrated a broad range antimicrobial activity bacteria, yeast
and fungi. The treated cotton fabrics showed excellent antiviral activity against
two tested viruses, adenovirus type 5 and poliovirus type 1 [6]. The sandwich
test method was used to determine the antiviral activity of 1-chloro-2,2,5,5-tetra-
methyl-4-imidazolidinone coated nonwoven filters and the determination of the
amount of surviving avian influenza viruses into embryonated chicken eggs con-
firmed the antiviral property of the filters [46]. Nanoparticles coated fabrics have
also been developed as antiviral textile. AgNPs synthesized by radiochemical
process were firmly immobilized on the surface of textile fabrics of cotton. The
surface-modified fabric showed antiviral activity against Influenza A and Feline
Calicivirus [47]. There are some potential antiviral polysaccharides, which may
be used to combat the pathogen via pharmacotherapeutic applications. It was sug-
gested that by coating masks, clothing and work surfaces, these antiviral polysac-
charides may prevent spreading the viruses. These biocompatible and biodegrad-
able polysaccharides are capable to bind to the spike proteins of the coronavirus.
Layer-by-layer nanocoated material acts as a decoy receptor for binding of the
spike proteins and inactivating the virus [48]. Based on these methods, the detec-
tion of antiviral property of textile samples is schematically represented in Fig. 4.

Recently, COVID-19 pandemic positively influenced the research in the field
of antiviral textile. AgNPs have been effective agent against SARS-CoV-2 and
suggested to be used in the range of ranging between 1 and 10 ppm as these par-
ticles also demonstrated cytotoxic effect at concentrations of 20 ppm and above.
They are also having the potential to derange the environmental ecosystems, if
not disposed of properly [9].

Antiviral textile

@ - Viral load - | NoAntiviral
Filtrate detected property

No viral load | =
property

Viral stock

Viral titers in susceptible cell culture

Control textile
Fig.4 Antiviral testing of textile: (1) incubation or passing of viral stock culture through the textile sam-
ple, (2) filtration through 0.22 um filters, (3) dilution and inoculation filtrate to susceptible cells and (4)

after incubation plaque assay confirms the presence or absence of virus and its subsequent antiviral prop-
erty
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Leaching and non-leaching-type antimicrobial textile

Finished fabrics are tested for leaching of antimicrobial agents. Most of the textiles
having intrinsic antimicrobial property generally belong to the non-leaching type,
while coated fabric needs to be tested for leaching of antimicrobial compounds. This
test is done by simply soaking the finished material into distilled water, or washing
with a detergent solution and nonionic surfactant. The sample is repeatedly washed
or treated with a number of solvents to confirm the leaching out of the antimicro-
bial compound. This may be confirmed by testing the washed sample against differ-
ent microorganisms. Reduced concentration of antimicrobial agents may ultimately
lead to decreased antimicrobial activity. The leaching and non-leaching nature of
the antimicrobial textile can be determined by observing the diffusion of the active
compound into agar during agar well diffusion assay. A larger zone of inhibition
around the tested fabric represents higher leaching potential, while a smaller zone
represents lower diffusion of the compound. A small and consistent zone of inhibi-
tion after a number of laundry cycles confirms the non-leaching nature of the anti-
microbial textile. Reduction in the size of the zone of inhibition indicates a leaching
type of antimicrobial textile (Fig. 5).

A non-leaching type functional textile is generally preferred as it may retain its
activity for a longer time and thus considered safe for direct skin contact. Bacte-
rial biofilms are considered to be an important factor of pathogenic microbes. Some
antimicrobial textiles have been prepared to reduce the biofilm formation ability or
even destroying the biofilms. Bioactive molecules like eugenol and fluoroquinolone
derivatives incorporated onto the cotton fabric surface through a triazine moiety
minimized the leaching. The fluoroquinolone treated cotton fabric demonstrated
bacteriostatic action against S. aureus in the planktonic as well as a preformed

©)

Antimicrobial Testing

Non-leaching type

Leaching type

Washing

®

Fig.5 Confirmation of leaching and non-leaching type textile: (1) washing of prepared textile sample,
(2) placing of sample on agar plate pre-inoculated with the test bacteria and measurements of zone of
inhibition and (3) repeated washing of same sample and following the previous step to confirm the leach-
ing or non-leaching nature of the textile
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biofilm. Similarly, eugenol treated fabric actively eradicated the preformed P. aer-
uginosa biofilms [49]. Isocyanate group containing quaternary ammonium salt was
developed as a potential agent for non-leaching type antimicrobial cotton fabric by a
dipping—padding—drying process. Treated cotton fabric demonstrated excellent bac-
tericidal activity against S. aureus and E. coli even after 50 washing cycles, while no
adverse effect on the skin [50]. A transparent coating on cotton textile using quater-
nary ammonium-modified triethoxysilane was developed by sol—gel process, which
demonstrated its permanent non-leaching antibacterial finish. The significant anti-
microbial activity against S. aureus and E. coli was observed even after 15 washing
cycles [51]. Some antimicrobial cotton fabrics prepared through polyhexamethylene
guanidine hydrochloride and polypropylene glycol diglycidyl ether demonstrated a
significant antimicrobial activity even after laundered with detergent solution [52].
Developing leaching type and non-leaching type fabrics primarily depend upon
the availability of technology and production cost as per the requirement. Leach-
ing type may be more biocidal as compared to non-leaching type, which may be
biostatic or biorepellent, depending upon the antimicrobial agent, production tech-
nique and type of fibers (Fig. 6). Recently, different fabrics including natural (plant-
derived or animal-derived), synthetic and blended have been used to develop antimi-
crobial textile to enhance their efficiency against different microorganisms (Table 2).

Natural fabric, antimicrobial dyes and pigments
Traditionally the natural dyes and pigments were used for fabric staining, which

not only gives color but also acts as an antimicrobial agent. Curcumin (1,7-bis(4-
hydroxy-3-methoxy)-1,6-heptadiene-3,5-dione), an active ingredient in turmeric

— [ —_— i -
> -
o Antibacterial )

' ) = P Non-leaching type
Lf‘:achmg‘ type textile: - @ textile: Highly
Highly biocidal # “« @ biostatic/

& Q ® -, — @ biorepellent
€ -
& Antimicrobial >
compound & =
p Antifungal L —, Antimicrobial

¥ compound

Antiviral
Fig.6 Types of antimicrobial textile: leaching type may be more biocidal by releasing the active agents

as compared to non-leaching type, which may be biostatic or biorepellent as it strongly binds the active
agents
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is commonly used as non-toxic natural dye. Fabric like wool and cotton have been
well stained with curcumin and also investigated for their antimicrobial activity. As
demonstrated by pad dyeing using curcumin onto wool and cotton imparted both,
color as well as antimicrobial property. This treatment was also found to be highly
resistant to common laundering practices as compared to the untreated one [69, 70].
Cotton and other natural fibers exhibit excellent antimicrobial property when treated
with natural compounds. Silk is considered to have natural antimicrobial property;
however, it may not affect wide range of microbes. On the other hand, treatment
with natural dyes like curcumin, or obtained from Terminalia catappa, Morinda cit-
rofolia, Tectona grandis, Artocarpus heterophyllus, etc. have successfully imparted
a significant level of antimicrobial activity against microorganisms [71].

Besides plants, microbial pigments have also been developed to dye cotton, glace
cotton, silk and rayon. A red pigment isolated from Rhodonellum psychrophilum
contained a mixture of 2-methyl-3-butyl-prodigine, prodigiosin, 2-methyl-3hexyl-
prodigine, 3, 4-Didehydrorhodopsin, anhydrorhodovibrin, alloxanthin and tetrade-
canoyl-hexadecanoyl compounds. This pigment demonstrated antibacterial against
E. coli, S. aureus and antiyeast activity against C. albicans and S. cerevisiae [72].

Sometimes alum or metal-based mordants such as salts of chromium, aluminum,
iron, copper, stannous and tin along with solvents like petroleum ether, ethyl ace-
tate, acetone and methanol are used to intensify the dying process. However, exten-
sive use of these mordants may not be considered eco-friendly. On the other hand,
several natural mordants including bark extracts, essential oils, tannic acid, sumac,
gall nuts, neem oil, oleic, stearic acids, etc. are also in use [73]. The application of
natural mordant is continuously being explored to enhance the dying process along
with its antimicrobial activity. Wool and silk fibers pretreated with neem oil retained
higher color when dyed with chlorophyll, saffron red and yellow natural dyes natural
as compared to untreated fibers [74]. Similarly, natural mordant myrobalan has also
been used along with a natural dye extracted from Opuntia ficus-indica fruit on the
silk fabric to enhance its antimicrobial property [75].

Besides natural or synthetic mordants, experiments with natural dyes obtained
from Green walnut shells and Neem leaves suggested that the increased concentra-
tion of dyes also enhanced the antimicrobial property of the silk fabric [76, 77]. A
number of synthetic dyes have also been investigated for their antimicrobial activity.
However, they are not considered as skin or environmental friendly.

Synthetic and blended fabric

Synthetic fibers including acrylic, nylon, polyester, polypropylene and tetrafluoro-
ethylene may have some antimicrobial properties, which can further be enhanced
through the treatment of antimicrobial compounds [78]. 3-Allyl-5,5-dimethylhydan-
toin (ADMH) was grafted on several popular textiles like nylon, polyester, acrylic,
polypropylene and natural fabrics to increase their antimicrobial property [79].
Antimicrobial agents and their incorporation into the fabric depend upon the
type of textile materials and fibers. Chemical as well as physical properties of the
fibers including their thickness diameter and processing conditions, antimicrobial
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compounds can be integrated using different methods and techniques. These com-
pounds can be added directly into a fiber during its synthesis or into the fiber
sheath during extrusion or may be applied on the fibers once they are manufac-
tured through dip coating, polymer coating, spray application, or by introduc-
ing into the spin finish. In the case of nonwoven products, antimicrobials can
be incorporated either during the bonding or during finishing processes. On the
other hand, knitted or woven textiles are typically treated through exhaust and
pad-dry-cure method [80].

Graphene-modified performance textile for personal clothing has been sug-
gested to have a high level of antimicrobial activity and can be economic as well
as comfortable. This graphene-based textile includes graphene 81 and graphene
82 nanomaterials impregnated fabrics. On the basis of their properties, these
materials have been suggested for the fabrication of improved personal protective
equipment (PPE) [81]. Cotton/elastane fabrics used for clothing achieved a sig-
nificant level of antimicrobial property when treated with quat-silane [65]. Nylon
6 was containing copper nanoparticles (size 40—60 nm) were physisorbed on a
modified surface by grafting mPEG. The treated fabric demonstrated its activity
against pathogenic bacteria and also ensured cytocompatibility [82]. Hybrid coat-
ings based on ZnO, Ag:ZnO/chitosan, 3-glycidyloxypropyltrimethoxysilane and
tetraethoxysilane prepared by sol-gel method were applied on pure cotton and
cotton/polyester (50/50%) textiles using ‘pad-dry-cure’ technique demonstrated a
significant level of antimicrobial activity [83].

Antimicrobial textiles for dermatological applications

Antimicrobial textile materials are used for different purposes including first aid,
in clinical and hygienic practice. These antimicrobial textiles may also be used
as bio-functional textiles, which are produced by integrating advanced pharma-
ceutical nanocarriers to conventional textiles in order to provide wearable drug
delivery systems. These bio-functional textiles are promising products that may
improve the dermal penetration with lower toxicity risk [84]. Antimicrobial tex-
tile materials can be used as a suitable matrix for different active substances facil-
itating their gradual release. Beside antimicrobial substances, these textiles may
be used as carrier in aromatherapy, atopic dermatitis, painkillers, hormone ther-
apy, melanoma, psoriasis treatment, etc. [85]. Recent study suggested that lyocell
and antimicrobial silver-impregnated textiles are promising on common atopic
dermatitis [86]. Adhesion and penetration ability of Ag NPs on cotton fabric
suggested them to be used as dressing material for wound healing. These highly
efficient antimicrobial cotton fabrics also demonstrated no toxic effect on human
cells [87]. Cotton wound dressing has been developed to treat skin fungal infec-
tions. This cotton wound dressing contained Ketoconazole and f-cyclodextrin
that demonstrated a controlled and slow release of these antifungal compounds to
kill skin fungus namely C. albicans and A. niger [88].
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Antimicrobial textile in functional design

Antimicrobial clothes are innovative, growing and highly competitive in the
apparel industry. These antimicrobial textiles have been used to fight bacteria
in an innovative way, where fashion and design are the prime importance. How-
ever, awareness and use of such products may be limited. A study on the buying
behavior of antimicrobial apparel such as baby clothes, socks and underwear in
Bangkok metropolitan revealed that the buying majorities were female, mostly
employed and aged between 32 and 38 years [89]. As breathable, antibacterial
and antimicrobial breast support, bra and related apparel were much demanded
by the woman’s apparel industry; a breast support system has been patented. This
design consists of a support member having an outer surface and an inner surface.
This support member comprises at least one antibacterial and one antimicrobial
material along with at least one anti-absorbent material or a combination thereof
[90]. Besides this, men’s designer antimicrobial undergarments are also in use.
A patent on men’s underwear included four 140D antimicrobial nylon yarns in a
weaving process. It also involved drawing a graph by graphic software and slack-
ening the density of the crotch by using an overlapping function, so that the slack-
ened crotch was combined with the added 140D antimicrobial yarns and the stitch
uplifting weave to form a bag [91].

Antimicrobial sportswear is also in demand as it may be useful in preventing
microbial growth and sweating odor. Sensory analysis on sportswear with odor-
controlling property revealed that odor-control textile may smell less intense than
similar polyester samples [92]. A flexible antimicrobial sleeve has been patented,
which eliminates any germ transferred from the wearer to the sleeve by coughing
or sneezing. This sleeve was designed to be worn by children on the elbow over
their existing clothes. The design permitted a frictional fit that allowed the wearer
easy application and removal without limiting the motions [93].

The application of antimicrobial clothing is not just limited to routing use,
but it also seems to have a potential role in diverse fields. Recently, an evalu-
ation analysis on developing antimicrobial textile for long-duration space flight
has been carried out. The space travel system is generally free from microbes
and there are quite lesser chances of microbial growth in the spacesuit. However,
the garments in space are worn for a longer time and only a few garments are
taken on a mission due to the lack of laundry facility. Contact with human skin
may allow the growth of microbes and there are no options available for efficient
washing of clothes. The use of antimicrobial textile in space travel may eliminate
or reduce the need for garment washing [94].

Recently, the COVID-19 pandemic has generated a significant increase in the
production and use of metal nanoparticles-based antiviral textile including face
masks, gloves, protective suits, shoes, etc. Mismanagement in the disposal of
such types of personal protective equipment may lead to a long-term negative
effect in environments [95]. Sometimes leaching of metals for the nanometal-
based textile can be used to calculate the amount of metal released in the disposal
phase of such textile products during landfill treatment [96].
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Antimicrobial textile in fashion design

Antimicrobial textiles have been used in the areas of health care, hygiene, medi-
cal devices, sportswear, innerwear, food packaging, storage, thermal and mechan-
ical protection, automotive textiles, heating, ventilation and air conditioning, air
filters, and water purification systems. They are also used to protect healthcare
personnel with functional clothing as well as fabrics all around the home, includ-
ing socks, mattresses, baby diapers, coverings and now in face masks as well.
Antimicrobial textiles are quite popular with sportswear or active fashion wear. In
the global and Indian fashion market, sportswear or active-wear is in gaining high
popularity. Perhaps this shift is due to people’s interest in different looks for dif-
ferent sports events inspired by various celebrities such as new gymnasium looks
or casual active-wear. In recent time, we can also find many celebrities coming up
with their sports or active-wear fashion brands such as HRX—Ilifestyle brand by
Hrithik Roshan, SKULT—athleisure fashion brand by Shahid Kapoor or One8 x
Puma and One8 Commune by Virat Kohli collaboration with Puma and there are
many such names. Hence, these sports garments using specialized fibers, yarns,
engineering design of fabric with various chemical finishes. In a textile preferable
used for sport application, moisture and heat management are the key issues that
have to be ensured for appropriate thermophysiological and tactile comfort and
further due to the COVID-19 pandemic the demand for antimicrobial textiles in
active sportswear is enormously increased [97]. Some examples of the textile and
apparel companies/brands using antimicrobial fabrics are as follows:

Brooks Brothers (USA), Antibacterial fabric for underwear

Louvolite (England), Antimicrobial curtain fabric for window coverings
Medline (USA), Antimicrobial fabric for medical devices

Plastisan (Spain), Antimicrobial shower curtains

QuietWear (USA), Anti-odor apparel for hunting

St. Croix (USA), Antibacterial fabric for apparel

EcoMed (Australia), Antibacterial hospital curtains

Coleman Aerobed (USA), Antimicrobial air mattresses

Sea to Summit (Australia), Antimicrobial sleeping bag liners and air mat-
tresses

While certain global brands are claiming to use antimicrobial fabrics such as
diesel claims that their new denim has virus-fighting capabilities [98], according
to sources, it has the capacity to disable over 99 percent of viral activity within
two hours of contact. ‘London-based Apposta promises its dress shirts’ fabric
inhibits ‘hosting bacteria and viruses, including COVID-19,” and ‘reduces the
likelihood and speed of contaminations, transmissions by destroying bacteria and
viruses on contact’ [99]. The Lululemon active sportswear brand, one of their
lines called ‘Silverescent,” products that boast of their antimicrobial properties
through the use of silver threads. Companies like Dow Microbial Control, Micro-
ban, Lululemon, Under Armour, etc., manufacture products that guarantee sweat
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stain-free and bacteria-killing technology. Lululemon uses X-Static technology,
which embeds 99.9% pure silver in its fibers. Companies rely on the chemical
energy and reactions in their materials to deliver their antimicrobial qualities
[100].

Companies such as Donear Industries, Welspun India Ltd, RSWM Ltd
(Mayur), Arvind Ltd, Vardhman Textiles and D’ Décor have launched antiviral
fabrics for the garment manufacturing industry and home furnishing products.
These fabrics are almost 15 to 20 percent higher in cost than the fabrics with
no such treatment. Liva sub-brand of Aditya Birla group claims Antimicrobial
protection is a special viscose-based fabric that inhibits the growth of microbes
(Bacteria and Viruses) on Apparels & Home-Textiles and kills them to the extent
of 99% effective even after 50 washes [101].

Conclusion and future directions

Synthetic as well as natural fabrics have been used for antimicrobial textiles
development. Antimicrobial properties can be introduced by application of chem-
icals, metal-based NPs, plant & animal-derived compounds, dyes and mordants.
The coated fabrics may show a narrow or broad range of antibacterial properties
against bacteria, fungi and viruses. MIC and ICy, values can be used to evaluate
the amount of antimicrobial compound to be coated, which affects the efficiency
and price of prepared textiles. Synthetic chemicals and metal nanoparticles-based
antimicrobial textiles are effective but also seem to be a threat toward damag-
ing the environment as there is very limited information available about the exact
impact of chemicals that can leach into the environment. Thus, future research
must be directed toward exploring the potential for natural antimicrobial agents.
As the application of domestic antimicrobial textiles is increasing, there must be
a well-planned and managed system for the disposal and treatment of antimicro-
bial textiles. A consistent and robust solution is a must so that this should not
become a problem like plastic waste management.
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