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Abstract—Antimicrobial nanotextiles are prepared by coating or deposition of the biocides such as organic
compounds or nanoparticles on the textile fibers. The deposition of silver nanoparticles (AgNPs) on textiles
has received increased attention due to their well-known antimicrobial properties. Recently, the technique of
in situ synthesis and deposition of AgNPs on cotton is being used frequently to prepare antimicrobial nano-
textiles. The technique involves complexation of the Ag™ ions in cotton fibers followed by their reduction to
generate the particles. This in situ synthesis and deposition approach provides several advantages over the post
synthesis deposition or grafting process. In this brief overview, we have presented basic information about dif-
ferent biocides used to prepare antimicrobial nanotextiles and highlighted the importance of in situ synthesis
and deposition of AgNPs on cotton to prepare the antimicrobial nanotextiles. The recent achievements in this
field and future challenges that need to be addressed are presented.
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INTRODUCTION

The recent outbreak of the COVID-19 virus has
urged the need for the development of textiles with
antimicrobial properties. The attempts to develop
nanotextiles with antimicrobial properties are on since
last few years [1]. There is a need to develop durable
(long lasting) antimicrobial nanotextiles. Until now,
such nanotextiles are prepared mainly by the inclusion
of antimicrobial compounds in the polymeric fibers
(polyester or cotton) and by the coating (deposition)
or grafting (chemical/covalent bonding) of certain
moieties such as different nanomaterials onto the
fibers. The antimicrobial agents used to prepare com-
mercial textiles have different modes of action accord-
ing to their chemical and structural nature as well as
affinity to bind and destroy the microbial cells.
Recently, preparation of antibacterial nanotextiles by
the deposition of nanomaterials such as silver
nanoparticles (AgNPs) has received increased atten-
tion. This is because of their low toxicity to end user
and unique antibacterial as well as antifungal activity
against various bacteria and fungi [2, 3]. Some latest
reports even prove that AgNPs-deposited cotton can
have wound healing properties in addition to antimi-
crobial property [4]. The recent progress in the prepa-
ration of antimicrobial nanotextiles includes develop-
ment of the in situ synthesis and deposition techniques
to prepare the AgNPs and cotton based antimicrobial

nanotextiles [5, 6]. Cotton fiber contains 90—95% cel-
lulose and structurally cellulose is a linear polymer of
1,4-B-D-glucose units linked together [7]. The
hydroxyl groups —OH protruding from the sides of the
molecule chain link neighboring chains together by
hydrogen bonding and it forms ribbon-like micro
fibrils. The cotton fiber is partly crystalline and partly
amorphous; the degree of crystallinity is between 70
and 80% [7]. During the in situ synthesis and deposi-
tion of AgNPs, the Ag™ ions are first complexed by the
hydroxyl groups on cotton and then reduced to form
the nanoparticles (Fig. 1). The final distribution of the
particles in the fibers and in general on the cotton sub-
strate depends upon the sites of complexation of the
Ag* ions as the particle formation takes place where a
cluster of ions are complexed. However, there can be
considerable difference between the availability of free
hydroxyl groups in amorphous and crystalline region
for the complexation of the ions. Almost all hydroxyl
groups in crystalline region form strong hydrogen
bonding hence they may not be available for the com-
plexation of the Ag* ions. So it is speculated that the
amorphous region is preferable site for the complex-
ation of the ions and for the formation of the nanopar-
ticles. Presently there is lack of detailed information
about this issue. This is directly linked the durability of
the resulting antibacterial nanotextiles as nanoparti-
cles formed at strong hydrogen bonding sites can be
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Fig. 1. (Color online) The formation of AgNPs in two different environments.

hold strongly by the fibers for longer time. Hence
detailed information obtained through extended
research on this will lead to the production of durable
antimicrobial nanotextiles. In this brief overview, we
have listed the possible biocides with their structures
that are used to prepare the antimicrobial nanotextiles,
pointed out the importance of nanoparticles (in par-
ticular AgNPs) based antimicrobial activity and pre-
sented recent progress in this field of AgINPs deposited
antimicrobial nanotextiles with challenges that need to
be solved in near future.

METHODS TO IMPART ANTIBACTERIAL
PROPERTY

As pointed out earlier, antimicrobial nanotextiles
are prepared mainly by the inclusion of antimicrobial
compounds in the polymeric fibers (polyester, silk or
cotton etc.) and by the coating or grafting of nanoma-
terials onto the fibers [8]. The table1 shows list of most
commonly used biocides with their chemical struc-
tures and their mode of action. Quaternary ammo-
nium compounds (QAC) are cationic (positively
charged) surface-active agents that impact cell walls
and membranes of microorganisms after coming in
contact with them. The positive charge makes them
bind to the negatively charged microbes. They have
both bactericidal and virucidal (enveloped viruses)
activity with good detergency [9]. Chitosan is a natural
biopolymer that is cationic in nature and it is made of
N-acetyl-D-glucosamine and D-glucosamine units
connected by B-1,4-glycosidic linkages. It possesses
antibacterial activity and many of its derivatives have
been synthesized recently to enhance the activity. In
addition, it is also biocompatible, biodegradable and
nontoxic in nature [10, 11]. Poly(hexamethylene bigu-
anide (PHMB) is used as a disinfectant and also as
antiseptic [9]. It is a cationic biocide with high chem-
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ical stability. It can be chemically synthesized by dif-
ferent routes, but most commonly it is obtained by the
polycondensation of sodium dicyanamide and
hexamethylenediamine in two steps [12]. Triclosan is
a member of the halogenated phenoxy phenols. It is an
effective chemical against a variety of infectious
organisms. It shows antibacterial as well as antifungal
activities [13]. When it is deposited on cotton fabrics it
shows excellent antibacterial activity [14]. The N-Hal-
amines are halogen based antibacterial agents. They
are effective against a wide spectrum of microorgan-
isms, they have long-term physicochemical stability
and high structural durability [15]. They have also
shown antimicrobial efficacies in wound dressings
[16]. The main characteristic features of this class of
antibacterial agents is they are safe to human and their
costislow [17, 18]. The nanoparticle mediated antimi-
crobial activity is discussed in detail in the next sec-
tion. Importantly all the above mentioned biocides
can be deposited on the fibers of various textile mate-
rials in use.

NANOPARTICLES AND AgNPs BASED
ANTIMICROBIAL ACTIVITY

As the last row of the Table 1 suggests, recently dif-
ferent nanoparticles have emerged as efficient antimi-
crobial agents. Both Gram-positive and Gram-nega-
tive bacteria have a negatively charged surface. The
negative charges present on the bacterial cell walls
attract the positively charged nanoparticles of various
materials (especially metal or metal oxide nanoparti-
cles) due to electrostatic interactions [19]. The posi-
tively charged metal and metal oxide based nanoparti-
cles can interact strongly with the membranes which
may result in disruption of cell walls and consequently
increase their permeability. The metal or metal oxide
nanoparticles attached to the bacterial cells can release
Vol. 16
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Table 1. Chemical structure and modes of action of the main antimicrobial agents and the main fibers on which they are
used. Reproduced with permission and with suitable corrections and modifications from Morais et al. [1]

Biocide Chemical structure Mode of action
QAC Damage cell membranes;
A ’ /%%\ Denature proteins;
Br- | Inhibit DNA production, avoiding multi-
plication
Triclosan OH Cl Blocks lipid biosynthesis, affecting the
o integrity of cell membranes
Cl Cl
Chitosan OH Low Mw: inhibits synthesis of mRNA,
preventing protein synthesis
Q OH High Mw: causes leakage of intracellular
O o substances or blocks the transport of
OH NH, essential solutes into the cell
0)
~
NH,
OH
PHMB NH NH,CI Intera'cts .wiFh m'embrgme phospholipids,
resulting in its disruption and the lethal
N~ N7 N leakage of cytoplasmic materials
H H H n
N-Halamines 0 Precludes the cell enzymatic and meta-
(”: bolic processes, causing the consequent
CI—N o) \(IZZCHQ microorganism destruction
1-chloro-2,2,6,6-tetramethylpiperidin-4-yl methacrylate
Metal and metal |Ag, Ag,0, TiO,, ZnO etc. Generate reactive oxygen species, dam-
oxide NPs aging cellular proteins, lipids and DNA

the positively charged metal ions which can enter the
cell and disrupt the biological processes. When the
metal ions or the nanoparticles enter the cell they can
lead to the production of reactive oxygen species
(ROS). Due to this, the oxidative stress generated
leads to the oxidation of glutathione which suppresses
the antioxidant defense mechanism of bacteria against
ROS [19]. The possible mechanism of antimicrobial
activity of AgNPs are shown in Figs. 2 and 3.

Silver and AgNPs are well-known antibacterial
agents [20]. They also have shown wound healing
properties [21]. Importantly, silver is nontoxic up to
the certain limits and silver nanoparticles can be syn-
thesized by a variety of techniques [22]. The less reac-
tive nature of AgNPs compared to the silver ions
makes them suitable for therapeutic applications.
There are four known steps of antimicrobial mecha-
nisms of AgNPs. The adhesion of the particles to the
surface membrane of microbes followed by the pene-
tration of the AgNPs into the cells that causes the dis-
ruption of the biomolecules. They may also induce
Vol. 16
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cellular toxicity by generating ROS which trigger the
oxidative stress of cell and disrupt the signal transduc-
tion pathways of the bacterial cells. Silver nanoparticle
based formulations are used in various antibacterial
products in market.

As mentioned earlier, the synthesis and deposition
of AgNPs on cotton, polyester and silk fabrics has
received a great attention recently to prepare antibac-
terial nanotextiles. Some recent important break-
throughs are discussed below. The deposition of the
silver nanostructures on the textiles can be achieved by
two ways, the in situ deposition and post synthesis
deposition. The in situ approach provides certain
advantages such as small particle size and uniform dis-
tribution and hence it is the preferred approach.

RECENT ADVANCES OR BREAKTHROUGH

Recently, many works reported successful in situ
synthesis and deposition of AgNPs on cotton [25—27].
The technique involves soaking of cotton fabric in sil-
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ver ion solution and subsequent reduction of the ions
to form the nanoparticles embedded or trapped
strongly inside the fibers or yarns. Various chemical or
green (natural) reducing agents have been used so far
to obtain the particles [28—30]. The proper incorpora-
tion of the nanoparticles in natural textile fibers such
as cotton, silk, and wool is challenging process. The
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Reproduced with permission from Pareek et al. [23].
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post synthesis deposition techniques results in incor-
poration of the particles on the surface or near-surface
regions of the fiber only. Instead, the in situ synthesis
and deposition techniques grantees the incorporation
of the particles deep inside the fibers (Fig. 4) [31]. Itis
essentially due to the penetrations of the silver ions
which are much smaller in size (compared to particles)
Vol. 16
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Fig. 4. (Color online) Transmission electron microscopy (TEM) images of the cross-section of silver-cotton nanocomposite fiber
showing the internal dispersion of silver nanoparticles and the schematic of the microfibrillar structure of cotton fiber modified
by the in situ synthesis of the nanoparticles. Reproduced with permission from Nam et al. [31].

inside the fibers. The process of in situ synthesis and
deposition of nanoparticles on cotton is quite similar
to some post production operations carried out on raw
cotton in the textile industries. Hence, the implemen-
tation of this technique in actual textile industrial set-
up to produce antibacterial nanotextiles (AgNPs-depos-
ited cotton) is feasible.

As mentioned earlier, the in situ synthesis and
deposition process results in uniform deposition of the
particles on cotton as checked by elemental mapping
techniques in the field emission scanning electron
microscopy (FESEM) analysis (Fig. 5) [32]. However,
elemental mapping cannot show whether the particles
are chemically attached (grafted) and strongly hold by
the hydrogen bonding or simply physically adsorbed.
Further, the location of the particles in crystalline or
amorphous region of the cotton fibers cannot be dif-
ferentiated by this technique. It is highly possible that
the nanoparticles formed at the crystalline site may be
released early by the cotton fabric due to weak interac-
tions between the particle and the fibers. This is possi-
ble due the fact that the strong hydrogen bonding that
is present in crystalline region of cotton may make it
less preferable site for the complexation of the Ag* ions
and subsequent formation of the nanoparticles at that
site. Even if the particles are formed there, due the
weak interactions of the particles with the fibers they
can be easily released by the fibers during actual use.

NANOBIOTECHNOLOGY REPORTS
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This reduces the durability of the resulting AgNPs-
deposited nanotextiles.

An alternative approach to increase the durability is
the chemical grafting of the nanoparticles to the fibers
[33—41]. It can be done by bond formation between
the particles and cotton fibers [42, 43]. But chemical
grafting involves more than one synthetic steps hence
the process becomes complicated. Generally it
involves functionalization of the nanoparticle or of the
fibers of cotton to create a bond between them. A rep-
resentative example of covalent immobilization of
AgNPs on a polymeric substrate is shown in Fig. 6
where covalent assembly of the AgNPs was achieved
on a poly(vinylidene fluoride) (PVDF) membrane
[44]. The surface of silver and gold have specific inter-
actions with Sulfur in the thiol group which leads the
formation of primary bond between them. This bond
formation results in covalent grafting of the particles
on the substrate [45, 46]. The post synthesis covalent
immobilization (grafting) makes the process multi-
step and hence it is less preferable. For instance, one
such strategy is shown in Fig. 7 [47]. The work involves
polymer assisted grafting of the particles on cotton.
So to avoid the complex, multi-step and industrially
non feasible post synthesis grafting process, there is
need to invent in situ synthesis, deposition and chem-
ical bond formation (grafting) techniques in near
future. If all these three requirements can be achieved
in a single step then it can become an ideal process for
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Fig. 5. (Color online) AgNPs-deposited cotton fabric and its elemental mapping (green zone is silver). Reproduced with permis-
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Fig. 6. (Color online) The covalent immobilization of silver nanoparticles (AgNPs) onto poly(vinylidene fluoride) (PVDF) membrane
mediated by a thiol-end functional amphiphilic block copolymer linker. Reproduced with permission from Mauter et al. [44].

the preparation of durable antimicrobial nanotextiles.
This is highly possible because most of the in situ syn-
thesis and deposition techniques for AgNPs have
employed the sonochemical route [48] and bond
breaking and bond formation reactions are already
reported by sonochemistry or mechanochemistry
[49—51]. So there is a need to integrate the knowledge
obtained from such reactions with the requirements of
the preparation of antimicrobial nanotextiles.

CONCLUSION AND FUTURE CHALLENGES

Durability is one of the main requirements of anti-
bacterial nanotextiles. The durable antibacterial nano-
textiles can be prepared by in situ synthesis and depo-
sition of AgNPs on cotton. Most of the recent works
are focused on this approach. The in situ synthesis and
deposition process results in uniform deposition of the

NANOBIOTECHNOLOGY REPORTS

particles on cotton. Therefore, clear understanding of
the possible Ag" ion complexation and subsequent
nanoparticle formation sites on cotton fibers is neces-
sary. Another approach of obtaining durable antibac-
terial nanotextiles is by grafting of AgNPs on cotton.
The chemical grafting of the particles needs to be
achieved in minimum and simple industrially feasible
steps. The chemical environment in the form of avail-
able hydroxyl groups for the complexation of silver
ions and crystalline or amorphous nature of the site
greatly influence the stability of the nanoparticles in
the fibers. So one of the major challenge will be to fig-
ure out whether the crystalline or amorphous part of
the cotton fiber is the preferable nanoparticle forma-
tion site. The functionalization of natural cotton to
hold the nanoparticles can be another approach but it
also need to be achieved in minimum steps. The bond
formation between the particles and cotton will
Vol. 16
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Reproduced with permission from Liu et al. [47].

increase the durability of the resulting nanotextiles. As
pointed out earlier the development of sonochemical
or mehcanochemical methods for the in situ synthesis,
deposition and grafting (bond formation with cotton
or other textile substrate) of the nanomaterials is also
going to be crucial. The emerging area of future nano-
textiles will be benefitted from the invention of indus-
trially feasible chemical grafting reactions for the
nanomaterials. The extended research along these
directions will speed up and benefit the development
of durable antimicrobial nanotextiles.
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