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Abstract: Nanotechnology is a powerful tool for engineering functional materials that has the poten-
tial to transform textiles into high-performance, value-added products. In recent years, there has been
considerable interest in the development of functional textiles using metal nanoparticles (MNPs).
The incorporation of MNPs in textiles allows for the obtention of multifunctional properties, such as
ultraviolet (UV) protection, self-cleaning, and electrical conductivity, as well as antimicrobial, anti-
static, antiwrinkle, and flame retardant properties, without compromising the inherent characteristics
of the textile. Environmental sustainability is also one of the main motivations in development and
innovation in the textile industry. Thus, the synthesis of MNPs using ecofriendly sources, such as
polysaccharides, is of high importance. The main functions of polysaccharides in these processes
are the reduction and stabilization of MNPs, as well as the adhesion of MNPs onto fabrics. This
review covers the major research attempts to obtain textiles with different functional properties
using polysaccharides and MNPs. The main polysaccharides reported include chitosan, alginate,
starch, cyclodextrins, and cellulose, with silver, zinc, copper, and titanium being the most explored
MNPs. The potential applications of these functionalized textiles are also reported, and they include
healthcare (wound dressing, drug release), protection (antimicrobial activity, UV protection, flame
retardant), and environmental remediation (catalysts).

Keywords: functional textiles; polysaccharides; metal nanoparticles; chitosan; alginate; starch;
cyclodextrin; cellulose

1. Introduction

Functional textiles have triggered enormous interest in various industrial sectors,
displaying an annual growth rate of 30% between 2015 and 2020. This growth has been
mainly supported by the automotive, fashion, healthcare, military, and sports industries.
Some examples of functional textiles include antimicrobial, insect-repellent, oil/water-
repellent, odor-control, flame retardant, heat-resistant, windproof, sensing, ultraviolet (UV)
protective, thermoregulating, antistatic, electrically conductive, antiwrinkle, self-cleaning,
and conductive properties [1-3].

Nanotechnology has been widely used to prepare functional textiles and represents
a new thread in clothing technology. Textile-based nanoproducts make use of all the
advantages of nanomaterials, creating and tailoring high-value properties without hin-
dering the comfort and flexibility of the substrates [4]. These materials are developed
using conventional textiles functionalized with nanoparticles (NPs) or using textiles com-
posed of nanofibers [5,6]. Metal nanoparticles (MNPs) in particular have been extensively
studied for textile functionalization due to their distinct physicochemical and biological
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properties (Figure 1) [7,8]. MNPs play an important role in this technological evolution
because they show outstanding surface properties that allow higher effects compared
with bulky conventional additives [9,10]. Various metal and metal oxide NPs have been
used, such as silver (Ag), gold (Au), copper/copper oxide (Cu/CuO), zinc/zinc oxide
(Zn/Zn0O), titanium /titanium dioxide (Ti/TiO,), nickel (Ni), cobalt (Co), and iron/iron
oxide (Fe/Fe304/Fe,O3) [11].

MNPs
|
| | | 1 |
Ag Au ZnO/TiO, Cu/CuO MgO
— UV protection [[— coloration |} UV protection [ coloration I—fire resistance
. electrical . . electrical
| coloration conductivity | antibacterial |i— conductivity
. surface .
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- self-cleaning
surface
I antibacterial — roughness/ [l antibacterial
self-cleaning
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— roughness/ — moisture
self-cleaning absorption
— antistatic

Figure 1. Metal and metal oxide nanoparticles used in textiles [12].

Polysaccharides are highly relevant chemicals in the development of textile materials,
as they can be used as building blocks of fibers, coatings, or stabilizing components [13-17].
They represent are renewable resources that have been largely studied due to their bio-
compatibility, biodegradability, and diverse biological activity (e.g., anti-inflammatory, im-
munoregulation, antitumor, anticoagulation, antioxidant, antimicrobial, and hypoglycemic
activity) [18-20]. Therefore, they have been widely applied in materials engineering, namely
in packaging systems, tissue engineering, controlled drug delivery, flexible electronics,
and 3D printing [21-25]. They are natural macromolecules composed of monosaccharide
units covalently linked by glycosidic bonds to form polymer chains [26,27]. Nowadays,
thousands of polysaccharides are extracted from natural sources and can be obtained
from plants (e.g., cellulose, starch, and pectin), algae (e.g., alginate, agar, fucoidan, and
carrageenan), animals (e.g., hyaluronic acid, heparin, chitin, and chitosan), and microor-
ganisms (e.g., xanthan gum, dextran, pullulan, and bacterial cellulose) (Figure 2) [28-32].
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Starch

Figure 2. Chemical structures of polysaccharides commonly used in textile applications.

Textiles that incorporate both organic and inorganic constituents, or hybrid textiles,
are an emerging and promising segment of the textile industry. Hybrid textiles may display
a synergistic effect between their constituents and are therefore able to enhance their range
of properties and activity, improving the final products. Numerous combinations are
possible, leading to several novel textiles with unpaired properties [33]. Polysaccharides
present several opportunities when combined with different MNPs. In the last decade,
an increasing interest has been observed in the usage of polysaccharides derivatives and
their nanosystems to generate hybrid materials. Novel and improved functionalizations
allow for exploration and development of new areas of application that were previously
impossible to achieve [34,35].

This review is focused on hybrid textiles that encompass polysaccharides and MNDPs.
Furthermore, the role of polysaccharides is highlighted. Considering textile hybrid ma-
terials, the use of polysaccharides can be useful in at least four different ways: (i) by its
presence in the substrate composition; (ii) to enhance the adhesion of MNPs onto fabrics,
acting as a binder and/or controlling the release of NPs or metal ions; (iii) to improve
the multifunctional properties of textiles (e.g., antimicrobial, UV protective, self-cleaning,
easy-care, and flame-retardant properties); and (iv) as reducing agent of metal salts and/or
to stabilize MNDPs on dispersions (Figure 3).



Nanomaterials 2022, 12, 1006

4 of 31

HO OH OH

R,00C

OH

M*

HO

OH OH

MOOC
OH

OHC

R,=R,=R,= H, Na, K, NH, COOR, COOM
M= Metallic ion
Activated Polysaccharides Metallic ion sorped Polysaccharides
lA
MO
0 )
DY — Y HO M \ OH OH M
1 loo_é_— Moo T HOOC OH
OH COCH R,00C
S T  HO- \Y e HOOC
I IOO& OHC HO / OH
TS M - COOH MO
“ OH M0
CHO OH o M
.- OH

COOR,

Stabilization of MNPs MNPs-Polysaccharide composite

Figure 3. Representation of polysaccharides acting as reducers and stabilizers of metal nanoparticles.

As depicted in Figure 3, polysaccharides host metal ions through noncovalent bonding
(sorption). The as-formed metallic precursor is then reduced to a zero-valent state, starting
nucleation and nanocrystal growth simply by altering the order of free energy (heating).
The increase in temperature stabilizes the MNPs and allows for control of their morphology
and growth kinetics. This type of self-assembly (bottom-up) synthesis is preferred over top-
down synthesis, where the starting materials are reduced in size via mechanical, thermal, or
chemical treatments. These treatments may induce an unwanted oxidation of the NPs and
consequently alter their physical properties and/or surface chemistry. Furthermore, the
stabilized MNPs do not easily leach the coordinated metal ion unless there is an external
stimulus, such as a pH change. Most polysaccharides are susceptible to pH alteration and
are therefore often used for controlled release and drug delivery in polysaccharide-based
systems [36].

2. Polysaccharides in Metal-Nanoparticle-Functionalized Textiles
2.1. Chitosan

Chitosan is a type of polysaccharide that derives from the deacetylation of chitin,
a homopolymer of 3-(1-4) linked N-acetyl-D-glucosamine [37]. It has gained visibility
because its raw component, chitin, is commonly found in nature either in invertebrate
animals or in the cell walls of algae or fungi [38]. This biopolymer is a versatile material due
to its abundant amino and hydroxyl groups, which provide highly reactive and interesting
physicochemical properties [39,40]. Despite its hydrophobic backbone at high pH, for pH
below its pKa (pH < 6.2), the amino groups (NH>) on the chitosan chains are protonated
into the positively charged group (NH3*), enabling its solubility in water [41,42]. Chitosan
has been considered a renewable, biocompatible, biodegradable, antioxidant, film-forming,
antimicrobial, mechanical, and thermally stable material [39,43].

Chitosan has been applied in combination with MNPs in textile materials, compris-
ing a multitude of sectors. These textiles have been indicated for tissue engineering,
controlled delivery of pharmaceutical agents, wound dressings, smart garments, and pack-
aging [44-46]. Works describing the use of MNPs and chitosan in textile applications are
depicted in Table 1. Here, different fibers were found, such as cotton, polyamide, polyester,
polypropylene, polyethylene, aramid, linen, ramie, viscose, chitosan, and alginate. In the
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MNPs component, mostly Ag, Cu, and Zn NPs were used, although materials containing

Ti, Fe, Co, Ni, and cesium (Ce) NPs were also prepared.

Table 1. Textile materials functionalized with chitosan and metal nanoparticles. Polysaccharide

function towards MNPs.

Polysaccharide Textile
4 . NPs (Shape, Size) Substrate, Application Results Ref.
Function
Structure
Antimicrobial activity against
S. aureus, P. aeruginosa, C.
Ag (nd.*) Cotton, woven Packaging albicans, and A. niger; chitosan [47]
increased air permeability and
water absorbance
Air and water permeability
decreased, whereas tensile
. strength and elongation
Ag (n.d.) Cotton, woven Medlcz‘ﬂ and . increased; superior UV [48]
UV-protective textiles . M . -
blocking; antimicrobial activity
against P. aeruginosa, S. aureus,
A. niger, and C. albicans
Ag (spherical Antibacterial activity against S.
o ) i 1 0% nm) ! Cotton, woven Hygienic products aureus improved with the [49]
Antimicrobial addition of AgNPs
activity - - —
Chitosan-TiO, and Antimicrobial, Egh;r;cs(ic}ga;;;k;zztegli});c;\:gy
chitosan-TiO, /ZnO Cotton, woven self-cleaning, and & e P T [50]
(spherical, 11.7 nm) UV-protective textiles A. niger; improved self-cleaning
p T and UV-protective properties
Antimicrobial textiles ~ Improved antibacterial activity
Ag (nd) PET, nonwoven (wound dressings) against E. coli and S. aureus (51]
Psidium guajava
extract-ZnO Composite with ZnONPs had
(spherical, .. . . better antimicrobial activity and
12-18 nm and Cotton, woven Antimicrobial textiles UV protection in the presence [52]
5-7 nm (water and of chitosan
ethanol extract)
. . Antibacterial resistance
Acrylic acid and . . .
chitosan-erafted increased after coating with
PVP-Ag (n.d., 30 nm) olvpro & lene Antimicrobial textiles  chitosan and improved further [53]
p n}(])ing}:en ’ with the addition of AgNPs
(E. coli, S. aureus, and B. subtilis)
.. . Good antibacterial resistance
Ag (nd Antimicrobial and against E. coli; flame retardance
40-70 nm) PET (n.d) ﬂame—re.tardant was improved with the addition [54]
textiles . .
Antimicrobial of AgNPs along with chitosan
activity; Antimicrobial activity against
immobilization Antibacterial, E. coli, S. aureus, and C. albicans;
Chitosan-Ag Cotton, woven UV-protective, and small reduction after [55]

(spherical, 20 nm)

flame-retardant
textiles

20 washing cycles;
improvement in UV-protective
and flame-retardant properties
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Table 1. Cont.
Polysaccharide . Textile e .
Function NPs (Shape, Size) Substrate, Application Results Ref.
Structure
Superior antibacterial activity
B . .. . . against S. aureus compared to
CMCh-Ag (spherical, Viscose, woven Antimicrobial t.extlles that against E. coli with [56]
10-20 nm) (wound dressings) . 4 .
Increasing concentration
Antimicrobial of AgNPs
tivity; .
imn?gbli‘{ilz};tion No cytotoxic effect on human
skin; excellent antibacterial
Ag (n.d., 34.4 nm) Cotton, woven Antibacterial textiles durability against E. coli and [57]
S. aureus achieved by a small
Ag dosage
Antimicrobial The durability of antibacterial
activity; immo- Zn0O and TiO, .. . efficiency against K. pneumonia
bilization; (rod-shaped, Cotton, woven Ant1m1cr9b1al an.d and S. aureus increased up to [58]
e UV-protective textiles . :
stabilizing 18 nm) 10 washing cycles the using
agent sol-gel method
Antimicrobial Cotton and Antibacterial effect was
aCt.“.llt.y; Chitosan-Cu (n.d., cotton/polyester, ~ Antimicrobial textiles Predommantly observec'i [59]
stabilizing 20-30 nm) against S. aureus in comparison
woven . )
agent with E. coli
Antimicrobial activity towards
Carboxymethyl pH, thermo-sensitive, S. aureus and E. coli; textile
o . pullulan-ZnO Cotton, woven and sensitive to temperature [14]
Antlr?.lc.rtoblal (spherical, 9 nm) antibacterial agents between 24 and 40 °C and pH 3,
actvity; 7,and 10
substrate
Improved antimicrobial
Ag (n.d.) Cotton, woven Antimicrobial textiles properties against E. coli and [60]
B. subtilis
Gauzes with antimicrobial
Ginger oil-Ag Wound activity against C albicans, E.
(spherical, 14 nm) Cotton, woven patches/gauzes coli, and S. aureus; improved UV~ [17]
! protection; brilliant
yellow-brownish color
Antimicrobial textiles, Good antibacterial activity
Ag(nd) Cotton, woven wound dressings against S. aureus and E. coli [61]
Antibacterial activity against
Antibacterial, S. aureus and E. coli; UV
. Tamarin-Ag (n.d., . UV-protective, and protection and improved
Immobilization 20-50 nm) Linen, woven flame-retardant antioxidant activity; moderate [62]
textiles improvement of
flame retardance
High catalytic efficiency for the
Fe, Clll\’ﬁA(i’g)o ,and Cotton, woven Catalyst strips conversion of toxic substances [38]
o from azo dyes and nitrophenols
CoNPs showed reduction of
Co (nd Catalyst for the congo red dye (96% of the dye
90 &+ 22.n.1,n) Cotton, woven  reduction of pollutants ~ was degraded in only 21 min) [63]
in water and nitrophenols in

aqueous solutions
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Table 1. Cont.
Polysaccharide Textile
4 . NPs (Shape, Size) Substrate, Application Results Ref.
Function
Structure
Cu catalyst remained active
even after three usages;
Cu (nd,, Cotton, woven Catalyst f.or dye excellent stability and [64]
80-90 nm) reduction o .
recyclability during the
degradation process
Antimicrobial action against S.
Technical textiles with aureus and E. coli; noticeable
ZnO and Ag (n.d., . . increase in UV blocking and in
Cotton, woven antimicrobial and UV . 1 . [65]
35 and 40 nm) . . bending rigidity; functional
e protection properties ; O
Immobilization properties maintained even
after 15 washing cycles
Good antibacterial effect for
ZnO and TiO, (n.d., fabrics coated with TiO5,
10-30 nm) and Cotton/polyester, Antibacterial and followed by ZnO and SiO;; [66]
silicon dioxide (SiO;) woven UV-protective textiles higher UPF for the samples
(n.d., 10-20 nm) with TiO,, followed by ZnO,
SiO,NPs, and chitosan
Flame-retardant properties were
Fe (NO3)3 (n.d) Ramie, woven Flam;—;‘g’;:dant improved; mechanical [67]
properties were reduced
Bacterial activity with the
Chitosan-Ag Polyamide, o . . addition of AgNP's but reduced
. Antimicrobial textiles after 20 washing cycles; [68]
(spherical, n.d.) woven .
consistent color, even after
one year

Reducing and Chitosan-Ag (n.d.) Sodium z?lgmate,
stabilizing nanofibers
agent

Antimicrobial textiles
and filter for oil and
dyes

Antibacterial effect on E. coli
and S. aureus; rejection rate for
oil and dye removal was [69]
significant and reduced after
five filtration cycles

Chitosan-Ag (n.d., Polyester, woven

Coloration and

Antibacterial activity improved
but reduced after 10 washing [70]

10-20 nm) antimicrobial textiles .
cycles; improved color fastness
Ag (spherical Strong antibacterial activity
gS 5}; nm) ! Viscose, woven Antimicrobial textiles against E. coli and S. aureus; [71]

tensile strength improved

Chitosan-Ag

. Aramid, woven
Reducing and (spherical, n.d.)

Coloration and
antimicrobial activity

Improved thermal resistivity
and color properties; excellent
antibacterial action against E. [46]
coli and S. aureus, even after 10

stabilizing washing cycles
agent; - - - -
immobilization Chitosan-Ag Antimicrobial textiles Antibacterial action against >
. . . aureus and E. coli; coated fabric
(multi-shape, Cotton, woven for biomedical h d a hich 1 A [72]
165 nm) applications showec a MEHer feiease oF Ag
ions and for a longer time
Stabilizing CMCh-Ag/TiO, Cotton, woven Antibacterial and Antibacterial activity against E. (73]

agent (n.d.)

UV-protective textiles

coli and S. aureus; UPF 50+
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Table 1. Cont.

Polysaccharide Textile
4 . NPs (Shape, Size) Substrate, Application Results Ref.
Function
Structure
Antibacterial activity against S.
aureus and E. coli; flame
. . retardance was improved with
Antibacterial, UV . ;
. . the coating of chitosan and
Chitosan-CeO, . protective, ) .
(spherical, n.d.) Linen, woven flame-retardant. and furthermore improved with the [74]
p s , addition of CeO,NPs; reduced
easy-care textiles . . .
efficacy after five washes;
improved wrinkle resistance
and UV protection
Ag (n.d Antibacterial activity against
. 63 9—g68 2 n’m) Cotton, woven Antimicrobial textiles S. aureus and E. coli, even after [13]
Stabilizing T more than 50 washing cycles
agent . .
PVA-Chitosan-PEG- . . Reduction in blood clotting time
Antibacterial nasal from 180 s to 90 s and
Ag (nd., Cotton, woven . . . . [44]
tampons antibacterial action against
96 nm) .
S. aureus and E. coli
AgNPs improved antibacterial
Chitosan-Ag (n.d., Polyamide, Antimicrobial textiles activity against S. aureus and [75]
25 nm) woven (masks) P. aeruginosa, but it was reduced
to a greater extent after washing
AgNPs and CuONPs showed
CuO, Zn0O, TiO,, and antibacterial activity against
Ag(n.d., 58,119, Cotton, woven Antimicrobial textiles B. cereus and E. coli, whereas [76]
15.10, and 15.93 nm) ZnONPs acted against
Salmonella, B. cereus, and E. coli
Stabilizing Improved antibacterial activity
agent; CMCh-Ag (spherical, Cotton, woven Antibacterial textiles against E. coli and S. aureus [77]
. o 10-80 nm) before and after 50 washing
immobilization
cycles
Glucose-Ag . Conduc’flve After eight washing cycles, the
. Chitosan, (electrocardiogram . . .
(spherical or . electrical resistance remained [16]
lygon-like, n.d.) non-woven signals) and below 1 O-sq-L
POly® T antimicrobial textiles 1
. . High catalytic efficiency for the
Substrate Co, Ni, Cu, and Ag Chitosan-TiO, Catalyst for i reducilion of dyes an
TR T (<25 nm) theremoval of organic . . [78]
(n.d., 26-33 nm) . nitrophenols; good catalytic
nanofibers pollutants . -
activity of Cu-composites
CMCh-Ag/TiO; PVA-chitosan, Antimicrobial textiles Antimicrobial .aCthlty agalITst S
. . aureus, E. coli, K. pneumoniae, [79]
(n.d., 5-15 nm) nanofibers (wound dressings) .
and C. albicans
Antibacterial properties against
) . E. coli, P. aeruginosa, B. subtilis,
Sstl;l];isltirzai;e’ Chitosan-PVA-ZnO ChltonErSPVA- Scaffolds and diabetic and S. aureus; chitosan/PVA [45]
& (n.d., 40 nm) o wound dressings and chitosan/PVA /ZnO
agent nanofibers

nanofiber membranes with
higher antioxidant properties

*n.d. corresponds to not defined.

In this section, the works were divided according to the chitosan role on hybrid
materials. Chitosan was used in substrate composition, as well as to enhance the adhesion
of MNPs onto fabrics and/or control the release of MNPs or metal ions. In other works,
chitosan acted as a reducing agent of metal salts and/or a stabilizer of MNP dispersions.
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Finally, chitosans can also contribute to improving the physical and mechanical properties
of textiles (e.g., tensile strength, as well as air and water permeability), as well as the
biocompatibility of textile-based composites.

2.1.1. Substrate Composition

Chitosan has been applied as a textile substrate to produce wearable electrodes, scaf-
folds for wounds, and catalysts for the removal of water pollutants. Chitosan substrates have
been commercially obtained [16] via electrospinning [44,78] or wet spinning [46] methods.

Qin et al. developed novel wearable electrodes for smart garments by electroless plat-
ing of AgNPs onto the surface of commercial chitosan fibers. The developed electrode could
maintain its electrical resistance, since the amine groups in the chitosan structure strongly
react with metal ions due to their nitrogen atoms holding free-electron doublets, leading to
interesting conductivity values, even after washings. To evaluate the proposed electrodes,
the authors embedded the nanofibers into garments to capture electrocardiogram signals
in various motions, showing good data-acquisition ability and sensitivity [16].

Ali et al. prepared different chitosan-TiO, composites with different metal ions (Cu?*,
Co?*, Ag*, and Ni?*) to obtain highly efficient and easily retrievable catalysts by wet
spinning. Chitosan was selected due to the presence of reactive amino groups able to sorb
metal ions by electrostatic and chemical interactions. TiO,NPs were added to improve the
mechanical and chemical properties of chitosan, as well as to counter its weak mechanical
strength and dissolution in acidic medium. After metal-ion loading, the composites were
treated with sodium borohydride to obtain zero-valent MNPs. After the application of
these MNPs, the authors observed an improvement in catalytic efficiency for the reduction
of organic dyes and nitrophenols. Moreover, the composites could be easily recovered and
reused [78].

In the biomedical sector, Ahmed et al. produced nanofiber mats for diabetic wounds
combining chitosan, polyvinyl alcohol (PVA), and ZnONPs via electrospinning technique.
The novel mats were shown to promote faster wound healing with reduced inflammatory
exudate and considerably less necrotic material during the healing process due to the
antibacterial activity of ZnONPs and the antioxidant properties of chitosan. Chitosan-based
electrospun nanofiber mats have presented a huge potential for diabetic wound treatments
because they resemble the extracellular matrix and promote cell adhesion, proliferation, and
wound closure. The mats presented high antibacterial activity against E. coli, P. aeruginosa,
B. subtilis, and Staphylococcus aureus, as well as antioxidant potential. The properties of
the nanofiber mats were confirmed by in vivo experiments, representing an interesting
application as wound dressing [45]. Ezzat et al. produced nanofibers by electrospinning
PVA and carboxymethyl chitosan (CMCh) with AgNPs. The chitosan acted as a support and
stabilizing agent for the NPs. The antimicrobial properties of the developed nanofibers were
evaluated using the agar diffusion method against bacteria (Klebsiella pneumoniae, E. coli,
and S. aureus) and fungi (Candida albicans). The nanofibers showed strong antibacterial
activity against the tested strains and were presented as promising active wound-dressing
materials [79].

2.1.2. Enhancing the Adhesion of Metal Nanoparticles onto Textiles and /or Controlling the
Release of Nanoparticles or Metal Ions

As mentioned previously, chitosan can be used to improve the adhesion of metal salts
or NPs onto cotton, linen, polyamide, and aramid fabrics through molecular forces or a
double network. The addition of chitosan has been shown to increase the washing fastness
of the treated composites to obtain persistent antimicrobial properties or color resistance to
fading after several washing cycles. Hasan et al. functionalized aramid fibers with chitosan
and AgNPs without employing toxic reagents in the process. In this context, chitosan was
used as a stabilizing agent. According to the authors, this functionalization created novel
characteristics in terms of color and antibacterial activity against E. coli and S. aureus to
aramid fibers, as well as improved thermal resistance. It should be highlighted that antibac-
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terial activity maintained constant efficacy, even after 15 washing cycles [46]. Said et al.
modified gauze fabrics with chitosan (cationization) or partial carboxymethylation (an-
ionic modification), where these chemical modifications improved NP deposition [17].
Gadkari et al. modified a woven cotton fabric to provide antimicrobial properties through a
layer-by-layer coating without damaging the physical and mechanical properties. To apply
this technique, the authors used both anionic (polystyrene sulfonate, PSS) and cationic (syn-
thesized Ag-loaded chitosan agents) auxiliaries [72]. Xu et al. prepared a cotton fabric with
antibacterial properties by one-pot modification technique (pad—dry—cure) using CMCh
as a binder and stabilizer. The dispersion of the AgNPs on the cotton fabric was uniform,
owing to the presence of amine groups and ester bonds in the CMCh, which enables the
formation of coordination bonds with AgNPs and hydroxyl groups of the cellulose. Later,
the antibacterial properties of these fabrics were tested against E. coli and S. aureus and
showed an impressive bacterial reduction, even after 50 laundering cycles (94% and 96%
for E. coli and S. aureus, respectively) [77]. Hajimirzababa et al. coated sodium alginate
microcapsules on the surface of cotton gauze, which were prepared via two methods. In
the first method, AgNPs were formed inside of alginate microcapsules, and in the second
method, AgNPs were formed on the outside of alginate microcapsules. Both types of
microcapsules were loaded into the already-prepared polyvinylpyrrolidone-iodine (PVP-I)
and chitosan solution, followed by impregnation on the cotton gauzes. In this study, chi-
tosan controlled the release of AgNPs and was also used to improve the biocompatibility
of the gauzes [61]. Xu et al. produced a nanocomposite coated with Ag/TiO,NPs. NP
dispersion was prepared using CMCh as a stabilizing agent of the NPs. Then, the NPs were
deposited on the fabric by the pad-dry—cure method. The heating condition during the
deposition method (180 °C) leads to the reaction of the carboxyl group of CMCh chain with
the hydroxyl group of the cotton cellulose via esterification, promoting a covalent grafting
between CMCh and cotton fabric. Then, the adhesion of the NPs was also promoted due to
the formation of covalent bonds between TiO,NPs and amino groups in CMCh. Likewise,
CMCh formed coordination bonds with Ag [73]. Sheikh et al. developed a multifunctional
textile wherein linen fabric was coated with in situ synthesized AgNPs using tamarind seed
extract as a reducing agent of Ag ions. Then, a chitosan formulation was padded to serve
as a template to immobilize the AgNPs onto linen. The samples with higher antibacterial
activity were further tested for durability, and it was found that even after 50 washing
cycles, there was no considerable reduction in antibacterial activity. The presence of a
positive charge in chitosan and negatively charged tannin enhanced the adherence of the
NPs onto the surface, promoting a proper attachment of the AgNPs. The presence of NPs,
N-containing chitosan, and tannins also played a synergistic role in flame retardance [62].

2.1.3. Multifunctional Textiles

In addition to the properties conferred by the NPs, chitosan by itself may improve
several individual properties.

In the antimicrobial field, chitosan alone mainly presents a bacteriostatic effect, and
different mechanisms of action have been proposed. The greatest consensus about chitosan
antimicrobial action is related to the electrostatic interaction between the positive charge of
chitosan with the negative surface charge of microorganisms that disrupt the stability of cell
membranes/cell walls of pathogens. Furthermore, additional antimicrobial mechanisms
have been proposed, namely chitosan interaction with the microbial genome, chelate nutri-
ents, forming a thick film enveloping the microorganisms, thus limiting their accessibility
to nutrients [80]. The combination of chitosan and MNPs can act in an additive or syner-
gistic way to improve antimicrobial activity. Therefore, several researchers performed this
conjugation onto textiles. These hybrid materials have been indicated for use in hygienic,
healthcare, and packaging products. Together with antimicrobial activity, Ramadan et al.
improved air permeability and water-absorbance properties of the fabrics [47].

Regarding UV protection, chitosan may have a positive effect due to their ability to
form films on fabrics and provide superior adhesion of MNPs onto the surface of fabrics.
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In the latter case, MNPs easily absorb and scatter UV rays [48,81]. Similarly, self-cleaning
and easy-care properties may be obtained for the same reasons. Here, MNPs have a crucial
role in photocatalytic activity and in increasing hydrophobicity [82].

The improvement of flame-retardant properties using chitosan and MNPs has been
attributed to the presence of nitrogen atoms in the chitosan structure, combined with
thermally resistant MNPs [74]. Another strategy is the phosphorylation of chitosan to intro-
duce phosphorus moieties as a flame retardant. In this case, phosphorus and MNPs were
selected for flame-retardant properties, and chitosan and Ag were selected for antibacterial
activity [54].

Cotton fabrics have been commonly functionalized with chitosan and MNPs by
padding [47,48,50,55,60] and dipping [49] methods to obtain antimicrobial textiles.

Rehan et al. investigated the effect of chitosan, AgNPs, and clay on the antibacterial
properties of cotton fabrics. AgNPs were prepared with the help of the photochemical
reduction method, where the chitosan acted as a stabilizing agent and assisted the antimi-
crobial action of the composites. The durability of the functionalization was tested after
20 washing cycles, and the antimicrobial activity against E. coli was assessed. The antibacte-
rial effect of composites was reduced to 61% for the composites containing just chitosan,
87% for those with chitosan-AgNPs, and 91% for the chitosan-AgNP-clay composites. All
samples showed UV protection. When investigated for flame retardance, better values were
found in chitosan-AgNP-clay composites [55]. Montaser et al. produced a self-cleaning and
antibacterial composite. In this work, the influence of adding a polyvinyl acetate (PVAc)
copolymer and TiO,NPs with and without Zn doping on the antibacterial activity of cotton
fabric was studied. Four samples were tested: cotton fabric as control, cotton fabric grafted
with PVAc, cotton fabric grafted with PVAc and TiO,NPs, and cotton fabric treated with
PVAc and Zn-doped TiO,NPs. The polymer and polymer/MNPs were coated onto cotton
fabric by the pad—dry—cure method. Antimicrobial tests were performed against S. aureus,
P. aeruginosa bacteria, and fungus Aspergillus niger. Photocatalytic tests showed that the
cotton fabric containing TiO,;NPs had an improved photocatalyst effect compared with the
other samples. Furthermore, no synergistic effect was observed by combining TiO,NPs and
ZnONPs [50]. Zayed et al. proposed the use of Psidium guava leaf extracts as a reducing
agent to synthesize ZnONPs, serving as a greener route relative to traditional reducing
agents. Additionally, the authors functionalized cotton fabrics with biopolymers (alginate,
chitosan, and carboxymethyl cellulose (CMC)). The ZnO-chitosan produced better results
in terms of UV protection and antimicrobial activity against S. aureus, E. coli, and C. albicans
in comparison to other treated fabrics [52]. Hatami et al. and Mogrovejo-Valdivia et al.
functionalized polyester fabric with AgNPs and chitosan to obtain antimicrobial textiles.
Hatami et al. attempted to prepare phosphorylated chitosan by heating chitosan in the
presence of orthophosphoric acid, urea, and dimethylformamide before the addition of
Ag nitrate solution. Later, films were prepared by solvent evaporation and subsequently
melt-blended with polyester to form a composite by compression. A significant improve-
ment was observed with the addition of AgNPs and phosphorylated chitosan, showing
good resistance to bacterial growth. Flame-retardant properties were also improved with
the addition of phosphorylated chitosan and AgNPs [54]. Mogrovejo-Valdivia et al. also
produced a polyester dressing material where a non-woven material was treated with
chitosan and cyclodextrin by crosslinking with citric acid in a pad—dry process before
soaking in an Ag sulfate solution. Afterwards, the fabrics were subjected to heat treatment,
enabling the formation of AgNPs. Subsequently, a polyelectrolyte multilayer film was
deposited using a layer-by-layer process. The samples showed good antimicrobial results
against S. aureus and E. coli [51].

2.1.4. Action as a Reducing Agent of Metal Salts and Stabilization of Metal Nanoparticles
on Dispersions

Another function of chitosan in composites included in this review is their activity as
a reducing and stabilizing agent during MNP synthesis. Hasan et al. coated a polyamide
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fabric surface with AgNPs synthesized in situ using chitosan as a reducing and stabilizing
agent. First, the fabrics were immersed into a metal salt solution that allowed for the
absorption of metal ions onto the polyamide surface. Secondly, the chitosan solution
was dispersed over the Ag-cation-absorbed polyamide surface to form a ternary complex.
Lastly, this complex reacted with the OH ions from chitosan to form AgNPs. The fixation of
AgNPs was achieved through the interaction of Ag ions with amino and hydroxyl groups of
polyamide and chitosan. Chitosan was able to stabilize the produced particles by creating a
thin layer of cladding over their surfaces. When tested for durability, the bacterial reduction
was observed to be more than 88% after 20 washing cycles. Along with antibacterial
properties, color strength (K/S) was investigated, and it was found that K/S values were
improved [68]. Mokhena et al. prepared a composite for water filtration, where the barrier
was produced by electrospinning of alginate, and subsequently, a layer of chitosan and
AgNPs was added. The AgNPs were synthesized in the presence of chitosan through a
thermal treatment. This polysaccharide acted as a reducing and capping agent. The coated
membrane was studied for antibacterial properties, dye removal, and oil separation [69].
Hasan et al. attempted the synthesis of AgNPs using chitosan, also as a reducing and
stabilizing agent. The dispersion was used to create a coating on polyester [70]. Raza et al.
coated viscose fabric with AgNPs synthesized and stabilized using chitosan to improve the
antibacterial performance. The samples showed strong antimicrobial efficacy against E. coli
and S. aureus [71].

2.2. Alginate

Alginates are natural anionic polysaccharides that can be extracted from different
species of brown sea algae or bacteria, such as Pseudomonas and Azotobacter [83]. Alginate
polymers are constituted by two monomers, D-mannuronic acid (M blocks) and L-guluronic
acid (G blocks), and linked by 3-(1,4) (M residue) and «-(1,4) (L residue) glycosidic bonds,
forming a copolymer that can have different types of blocks (MM, GG, or GM) depending
on the extraction source [84]. Commercially, they can be found in different forms of salts
(sodium, potassium, or ammonium) with different molecular weights and distributions of
M and G blocks. All these different forms alter the polymer physicochemical properties,
such as the capability to uptake water, viscosity, and sol/gel transitions. In addition,
heterogeneous GM structures are water-soluble at lower pH when compared to GG- or
MM-structured polymers. As their properties can be modulated depending on their
physicochemical properties, alginates can be used in several different fields, such as the
textile, pharmaceutical, biomedical, agriculture, and food and beverage industries. [83,84].
Alginates are biocompatible, biodegradable, and non-toxic and are used as a thickener,
reducing agent, and stabilizer, as well as in film formation. Moreover, alginates allow for the
formation of hydrogel beads, fibers, scaffolds, or coatings when crosslinked with divalent
ions (Ca?*, Ba®*, Fe?*, Zn?*, Sr?*, Ni?*, Cu?*, Co?*, and Pb?", among others), which form
a chelating center between alginate polymeric chains, resulting in a three-dimensional
network (egg-box structure). This gelation method can be advantageous, since it can be
carried out at room temperature and neutral pH. A summary of works combining MNPs
with alginate within textile applications is presented in Table 2.
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Table 2. Textile materials functionalized with alginate and metal nanoparticles. Polysaccharide

function towards MNPs.

. Textile
Polysaccl'larlde NPs SShape, Substrate, Application Results Ref.
Function Size)
Structure
Antimicrobial and Enhanced UPF values and
Immobilization ZnO (n.d. *) Cotton, woven UV-protective antimicrobial activity against E. coli, [52]
textiles S. aureus, and C. albicans
Alginate Sensitive humidity sensor for
Ag (n.d.) & ¢ Sensors breathing monitorization (humidity [15]
electrospun fibers o o
. range between 20% and 85%)
Reducing agent;
substrate . . . Highly conductive, hydrophobic, and
Polypyrrole/Ag Alginate, Multlfur.lctlonal UV-resistant fabric; antistatic [85]
(n.d.) non-woven textiles L
properties improved; thermally stable
Fabric coloration; improved light and
Ag (nd., . Multifunctional washmg. fa.stne§s and r.necha.n{cal
6-10 nm) Silk, woven textiles properties; antibacterial activity [86]
against E. coli and S. aureus; UV
protection
Fabric coloration; washing fastness
Reducing and Ag (nd., Organic cotton, Multifunctional improvement; antibacterial activity 187]
stabilizing agent 8.2 nm) woven textiles against E. coli and S. aureus; UV
protection
Fabric coloration; improved
Multifunctional mechanical properties; antibacterial
Ag (n.d.) Ramie, fiber . activity against E. coli and S. aureus; [88]
fibers .
UV protection; reductor of
4-nitrophenol
Reducing and ZnO Calcium Facile fabrication of ZnONPs by in
stabilizing agent; (rice-shaped, alginate, n.d. situ synthesis on calcium alginate [89]
substrate 100 nm) non-woven fabric
Excellent antibacterial efficiency
Ag (nd) Cotton gauze, Antimicrobial textiles  against E. coli and S. aureus; improved [61]
& nd. non-woven (wound dressing) water absorbency, water holding
capacity, and vertical wicking
SlOz/ZnO Antlbactenal‘ and Antibacterial activity against E. coli
(spherical, Cotton, woven UV-protective [90]
R and S. aureus; UPF 50+
203.7 nm) textiles
Stabilizing agent CuO and Cu,O Excellent antimicrobial activity
(n.d., 45 and Polypropylene, Antimicrobial against E. coli, S. aureus, and C. [91]
43 nm, non-woven textiles albicans; non-cytotoxic
respectively) to HaCaT cells
Polvester and Excellent antimicrobial activity
CuO and Cu,O Y . Antimicrobial against E. coli, S. aureus, and C.
polyamide, . . i [92]
(n.d., 16-90 nm) textiles albicans on polyester; good
woven . : . .
antimicrobial activity on polyamide
o Antibacterial and Excellent ant1bacter1al activity ggamst
Stabilizing agent; . - cyanobacterium Synechocystis sp.;
. L2078 CuO (n.d.) Viscose, woven UV-protective . . [93]
immobilization textiles improved UPF, washing fastness, and
mechanical properties
. . Excellent antibacterial activity against
Ag (spherical, Alglnatfe, wet-spun Antibacterial textiles E. coli and S. aureus; cytotoxic effects [94]
10-25 nm) fibers -
against cancer HeLa cells
Substrate hi PET/algi Antib. ial activi inst E. coli
Chitosan/ /a gmateNano /ultrafiltration ntibacteria acthlty agalngt . coli
Ag (n.d.) LBL membranes and S. aureus; remotion of oils up to [69]
composite 93%; NP retention greater than 98%

*n.d. corresponds to not defined.

Ag is often combined with alginate by substitution of other monovalent ions, such
as Na* or K*. Moreover, alginate can act as a reducing agent (Ag* — Ag') and stabilizer,
preventing agglomeration in the synthesis of AgNPs due to the abundance of multifunc-
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tional groups in its structure [87]. AgNPs can be combined with alginate to be used as a
coating/finishing agent in fabrics or they can be incorporated into the alginate fiber itself
in wet or electrospinning processes. For example, Zhao et al. reported the wet spinning of
alginate fibers embedded with AgNPs, where the antibacterial activity was proven efficient
against both E. coli and S. aureus and had a high cell-killing efficiency in human cervical
cancer (HeLa) cells [94]. Zhang et al. also produced alginate nanofibers incorporated with
Ag via electrospinning, where Ag was reduced in situ to obtain a highly sensitive humidity
sensor able to monitor human breath [15]. Other authors combined non-woven electrospun
alginate with poly(ethylene terephthalate) (PET), which was coated with AgNP-loaded
chitosan to produce a thin film composite membrane for water purification, presenting
antibacterial activity against both Gram-positive and Gram-negative bacteria, as well as
the capacity to remove up to 93% of oils and NP retention greater than 98% [69]. Ha-
jimirzababa et al. also used a combination of polysaccharides, alginate microcapsules
loaded with AgNPs, and a chitosan solution containing PVP-I in a cotton gauze for wound
dressing with excellent antibacterial efficiency [61]. Ag compounds can be used as oxi-
dants to prepare composites, as demonstrated by Ji et al., who obtained highly conductive,
hydrophobic, and UV-resistant non-woven alginate fabrics by in situ preparation of a
polypyrrole/Ag (PPy/Ag) composite on the fabric. Coated fabrics presented conductivities
of up t0 2.0 x 1072 S-cm~! and only minor changes after 60 h of UV irradiation and 168 h
of water soaking. These fabrics also exhibit excellent antistatic properties and thermal
stability [85].

As previously mentioned, alginates can reduce and stabilize AgNPs in their synthesis,
making this chemical reaction more ecofriendly. This greener approach has been mentioned
by Mahmud et al. in several papers, as they have used sodium alginate as reducer and
stabilizer of AgNPs in the surface functionalization of silk [86], cotton [87], and ramie [88]
fabrics. The objective was to obtain colored fabrics with improved washing fastness, which
proved to be higher when compared to traditional dyeing processes. All fabrics presented
antibacterial activity and UV-protection properties. Tensile properties and crease recovery
angle were improved in silk fabrics, and ramie fabrics presented catalytic action in the
reduction of 4-nitrophenol.

Besides AgNPs, ZnONPs and CuONPs are also used to provide fabrics with UV
protection and antibacterial activity. Regarding works performed with ZnNPs, alginate can
be used as: (i) a stabilizer in the synthesis of ZnONPs, which were used to functionalize
cotton fabrics [90]; (ii) a matrix to entrap ZnONPs, which were coated via a pad—dry-
cure process onto cotton fabrics [52]; (iii) or as an ion exchanger in the in situ synthesis
of ZNnONPs in calcium alginate fabrics [89]. As for works regarding CuNPs, authors
Markovi¢ et al. reported the use of sodium alginate as an ion exchanger in the production
of antimicrobial composites in plasma-activated polypropylene non-woven fabric [91] and
in polyester and polyamide fabrics [92]; all three fabrics showed antimicrobial activity
against bacteria E. coli, S. aureus, and yeast C. albicans. The cytotoxicity of polypropylene
composites was evaluated and proven not to be cytotoxic to human keratinocyte cells
(HaCaT). Polyester composites showed a 30% higher content of Cu on their surface when
compared to polyamide composites, thus showing better antibacterial and fungistatic
activities. Heliopoulos et al. also reported work combining Cu and sodium alginate
in viscose fabrics. Here, alginate was used as a Cu uptake booster into the fabric and
as a stabilizer. Alginate-treated fabrics showed excellent antibacterial activity against
Gram-negative cyanobacterium Synechocystis sp., increased Cu loading by 145%, prevented
the loss of Cu and antibacterial protection after 50 washing cycles, and increased the
UV-protective factor (UPF) by 260% when compared to viscose fabrics without alginate
treatment [93].

2.3. Starch

Starch is a natural polymer of particular interest for numerous industrial applications
due to its promising physicochemical characteristics, such as biocompatibility, biodegrad-
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ability, non-toxicity, and cohesive film-forming properties. This renewable biopolymer is
one of the least expensive polysaccharides. It is abundantly available and can be extracted
from different parts of plants, such as stalks, roots, and seeds, with the main sources being
cassava, wheat, rice, corn, and potatoes [95,96]. Chemically, starch is a semicrystalline
polymer of anhydroglucose units linked by «-(1,4)-glycosidic bonds, and it is composed of
two monomers: amylose and amylopectin. Amylose consists of a linear glucose chain and
is responsible for the amorphous structure in starch granules, representing 15-30% of their
composition. In contrast, amylopectin is a branched glucose chain with crystalline zones
and represents 70-85% of the starch [97,98].

As a versatile polymer, starch is used in a variety of industrial applications, including
food, paper, adhesives, paints, coatings, pharmaceuticals, and textiles [99]. Regarding
the textile sector, starch is widely used as a bio-based sizing agent in textiles due to
its satisfactory adhesion to fibers and good film properties, which protect yarns from
mechanical abrasion [100,101].

In addition to its application in the production of traditional textiles, starch also has
potential for the development of functional textiles, namely in functionalization with MNPs.
In the green synthesis of MNPs, starch can act as a surface-capping agent; as a complexing
agent to stabilize NPs, preventing their agglomeration; or as an assistant in heterogeneous
nucleation [102]. Tahereh et al. used starch as a capping agent in the in situ synthesis of
ZnONPs on cotton fabrics. The results showed that starch affects the size and shape of NPs;
NPs were spherical with an average diameter of 52 nm without starch and rod-shaped
with an average size of 88 nm in the presence of the capping agent. Starch also contributed
to increasing the water contact angle (WCA) and the durability of the NPs to washing.
Regarding antimicrobial properties, cotton fabrics functionalized with ZnONPs showed
the same antibacterial activity against E. coli with and without starch [103]. In another
work, ZnONPs were also synthesized using starch (extracted from Nypa fruticans (Nipa)) as
stabilizing agent and then applied on the outer layer of cloth face masks. The fabric coated
with starch and ZnONPs exhibited antimicrobial activity against S. aureus and E. coli, and
the coating endured several washings [104].

Despite being a weak reducing agent, starch can assist in nucleation, together with
cellulose. An antibacterial knitted cellulose fabric was produced by impregnating AgNPs
synthesized using starch as a reducing and stabilizing agent. Synthesis under autoclaving
swells the starch, making the aldehyde terminal groups more available for the reduc-
tion of Ag ions. The fabric functionalized with AgNPs presented antibacterial activity
against S. aureus and E. coli, and the NPs resisted several washings [105]. Starch was
also used as a reducing agent in the synthesis of CuONPs, and afterward, polysaccharide
sodium alginate was used to bind the CuONPs to cotton fabrics by pad-dry—cure. The ob-
tained CuONP-coated fabrics presented hydrophobicity and antimicrobial activity against
S. aureus, E. coli, Pseudomonas fuorescens, B. subtilis, and C. albicans, which was maintained
for up to 20 washing cycles, despite a considerable reduction [106]. Biocompatible hydrogel
nanocomposite fabrics with photocatalytic and antibacterial properties were developed
using potassium permanganate as a cross-linking agent and precursor of manganese diox-
ide NPs (MnO,NPs). Furthermore, starch was also used as a reduction-assistant agent.
Although the hydrogel depicted high antibacterial (S. aureus and E. coli) and antifungal
(C. albicans) activity, the hydrogel nanocomposite fabrics did not show such satisfactory
results due to low absorption, low loading, and poor uniformity of hydrogel nanocomposite
on the fabric [107].

Notwithstanding the special functionalities offered by NPs applied to textiles, their
adhesion to the substrate may be poor, limiting their efficiency over time. Furthermore,
because the effects of NPs on health and the environment are still not well known, concerns
may arise due to uncontrolled leaching during use, domestic washing, or disposal. To en-
hance the adhesion properties of cotton for the immobilization of ZnONPs, El-Nahhal et al.
functionalized cotton fibers with corn starch, and then ZnONPs were synthesized in situ
using ultrasound irradiation. Besides stabilizing ZnONPs by controlling their size and
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shape during synthesis, starch improved the content of ZnONPs loaded onto the cotton
fabric. Therefore, this diminished ZnONPs leaching from the fabric surface and enhanced
antimicrobial activity (S. aureus and E. coli) [108]. In the work developed by Ahmed et al.,
to obtain a fabric with UV-protective, self-cleaning, and flame-retardant properties, cotton
fabrics were functionalized with TiO,NPs emulsions and a flame-retardant agent (hexam-
ethyl triaminophosphine) by padding, using itaconic acid as an ecofriendly binding agent.
Starch was used so that the itaconic acid built up a network between the starch chains and
the cellulosic substrate. The network traps both TiO,NPs and the flame retardant agent,
promoting the finishing durability [109]. Starch also has hydrogel properties, which are
advantageous for the development of flame retardants. Amani et al. designed multifunc-
tional polyester fabrics by loading starch/corn silk as natural polymers, along with in situ
synthesis of ZNnONPs. The ZnONPs provided antimicrobial activity and photocatalytic
(self-cleaning) properties to the fabric, whereas starch imparted flame-retardance with no
dripping [110]. In another work, polyelectrolyte solutions/suspensions of cationized starch
and vermiculite (VMT)/TiO,NPs were deposited on cotton fabric through a layer-by-layer
process. A hybrid system of VMT clay and TiO,NPs was used as anionic species and
the cationized starch as cationic species to produce flame-retardant nanocomposite thin
layers on cotton fabric. The obtained functionalized fabric produced with seven bilayers
presented a reduction in pyrolysis of approximately 30% [111]. Table 3 presents a summary
of works carried out using MNPs and starch in the development of functional textiles.

Table 3. Textile materials functionalized with starch and metal nanoparticles. Polysaccharide function
towards MNPs.

. Textile
Polysaccl.mrlde NPs TShape, Substrate, Application Results Ref.
Function Size)
Structure
ZnO (flakes and Antibacterial ZnO/ cotton-starch (3%) with
nanoflowers, Cotton, woven textile bacterial reduction of 96% [108]
16.2 nm) (S. aureus) and 76% (E. coli)
Flame-retardant with no
ZnO (spherical, Multifunctional dripping; hydrophobic with
52.42 nm); ZnO textiles self-cleaning properties (ARGB
on fabric Polyester, woven (flame-retardant, of 73.9); cell viability of 129%; [110]
(hexagonal, self-cleaning, bacteria reduction of 97%, 100%,
11.96 nm) antimicrobial) and 94% (E. coli, S. aureus, and
e C. albicans, respectively)
Immobilization
Seven bilayers: pyrolysis
. . reduction of 30%; peak heat
TISOZO(EI'S)' ! SVOO%OEE' Flame retardant release rate (PHRR) of [111]
193 W-g~1; Limiting oxygen
index (LOI) of 22.2%
Cotton, linen, Multifur}ctional . .
TiO, (n.d., viscose, polyestler, t.ex.tﬂes . Bacterial reductlor} of 85%
50-100 nm) and their blends (antlmlcrojblal, (S. aureus); self-cleaning of 91%; [109]
woven ’ self-cleaning, UPF of 277 (cotton)
UV-protective)
Hydrophobicity (WCA of 110°);
antimicrobial activity of 96%,
CuO Cotton Antimicrobial 94%, 92%, and 89% (against
Reducing agent (spherical, woven, textiles (medical, S. aureus, E. coli, P. fuorescens, [106]
10-100 nm) cosmetic, sports) B. subtilis, and

C. albicans, respectively);
washing durability
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. Textile
Polysacc%\arlde NPs !Shape, Substrate, Application Results Ref.
Function Size)
Structure
Superabsorbent (227%);
Agriculture photocatalytic (ARGB of 75);
Reducing agent MnO, (n.d.) Cotton, woven medical textile, good antimicrobial properties [107]
water treatment for the hydrogel but very low
for the fabric treated with the
hydrogel (poor adhesion)
Reducing and Ag (nd., . Medical textiles, Antibacterial activity against
stabilizing agent 25.7 nm) Cotton, knit water purification S aureus and [105]
gag : p E. coli (halo)
710 Hydrophobicity (WCA of 95.5°);
. Cotton, Antibacterial antimicrobial activity with a
(spherical y [103]
gg nm) ’ woven textiles zone of inhibition of 1 mm
(E. coli); washing durability
Stabilizing agent
&8 Antimicrobial activity of the
Face masks ZnONPs with a zone of
ZnO (n.d.) ¢ Face masks inhibition of 3.67 and 2.33 mm [104]

non-woven .
(S. aureus and E. coli,

respectively)

*n.d. corresponds to not defined.

2.4. Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides produced by the enzymatic degrada-
tion of starch and are composed of six, seven, or eight «-(1, 4)-linked o-D-glucopyranose
units (x-, 3-, and y-CDs). Their structure consists of a circular and truncated cone with a
hydrophobic inner cavity and a hydrophilic outer surface. The hydrophobic inner cavity
can form inclusion complexes with guest molecules, which are kept together due to Van der
Waals and hydrophobic forces. The most used CDs in the textile industry are 3-CDs due to
their simple production, availability, cavity diameter, and price. Their applications include
dyeing auxiliary to improve dye adsorption and K/S; encapsulation of active substances,
such as fragrances, drugs, and antimicrobial agents; and fiber spinning [112,113].

In the work developed by Keshavarz et al., a polyester fabric was modified by in situ
synthesis of polyamidoamine (PAMAM)/3-CDs/Ag nanocomposites to make a fabric with
antibacterial and drug-delivery properties. PAMAM allowed for the aminolysis of polyester
fabric, resulting in stable linkages with 3-CDs/Ag composites. The obtained nanocompos-
ite fabric presented a drug release of the molecules loaded into the 3-CDs cavities of 45%
after 150 h and a microbial reduction in E. coli, S. aureus, and C. albicans of 100, 100, and
99%, respectively [114]. In another work, AgNPs were synthesized on 3-CD/ketoconazole
(KZ) composite and then loaded onto cotton fabric to create an antimicrobial drug-delivery
system. Ketoconazole is an antifungal drug, and the incorporation of AgNPs on 3-CDs/KZ
improved its antimicrobial properties and governed its release rate. In the sample produced
with 2% of Ag, the microbial reduction was 100% in C. albicans and A. niger and about 85%
in E. coli and S. aureus [115]. Antimicrobial cotton fabrics were developed using 3-CDs and
sulfated (3-CDs (S-B-CDs) to host AgNPs, forming inclusion complexes. The treatment
with the derivative 3-CDs-AgNP complex and crosslinked with ethylenediaminetetraacetic
acid (EDTA) was found to be the most favorable method. S-3-CDs + AgNPs + EDTA had
a bacterial reduction of 95% and 79% (before and after 10 washing cycles, respectively)
against S. aureus and 95% and 77% (before and after 10 washing cycles, respectively) against
E. coli [116]. Cotton fabrics with self-cleaning properties were also developed by synthe-
sizing and depositing on cotton fabric Ag/TiO,/-CD nanocomposites. Three methods
were tested, and exhaustion depicted the best results. Cotton treated with Ag/TiO,/3-CD
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showed excellent dye-degradation efficiency and antibacterial activity against S. aureus
of 96.8% [117].

Using a different methodology, innovative wound dressings were developed by im-
pregnating non-woven PET with two types of polysaccharides, chitosan and CDs, both
crosslinked with citric acid by a pad—dry—cure process. Prefunctionalized anionic PET
textiles were then loaded with Ag sulfate and coated using layer-by-layer deposition
of a polyelectrolyte multilayer (PEM) film consisting of anionic water-soluble poly-CDs
and cationic chitosan. Poly-CD-functionalized textiles adsorbed a larger amount of Ag
(450 pg-cm~2) compared to those functionalized with chitosan, resulting in a higher bacte-
rial reduction against S. aureus and E. coli. In the textile coated by the PEM system, the Ag
release slowed down without affecting antibacterial activity, offering bacterial reduction
against S. aureus and E. coli [51]. The same approach was used to develop wound dressings
loaded with Ag and ibuprofen to provide a dual therapy that was both antibacterial and an-
talgic. Non-woven PETs were pretreated using the same PEM system and then loaded with
ibuprofen lysinate (IBU-L). The obtained CDs-Ag-PEM-IBU dressing released 104 pg-cm 2
(56%) of IBU-L after 30 min. Regarding the antimicrobial properties, PET-CD-Ag-PEM
exhibited bacterial reduction against S. aureus and E. coli [118].

Electrospinning is a versatile and effective technique to produce long and continuous
fibers, offering materials with high specific surface area, high length-width ratio, and
porosity. Zhang et al. developed composite microfiber matrices of polyoxymethylene
(POM)/ 3-CDs by electrospinning with well-dispersed AgNPs. The introduction of 3-CDs
leads to increased average fiber diameter (from 2.1 um to 6.4 um) and decreased roughness
and porosity of the microfiber surface. AgNPs imparted catalytic properties to the fiber
mats [119]. Table 4 presents a summary of works carried out using MNPs and CDs in the
development of functional textiles.

Table 4. Textile materials functionalized with cyclodextrins and metal nanoparticles. Polysaccharide
function towards MNPs.

Polysaccharide Textile
1}; . NPs (Shape, Size) Substrate, Application Results Ref.
unction
Structure
Antibacterial textile, . .
Ag/TiO,/3-CDs Cotton, self-cleaning, Ag/TiO, / B-CDs samples with excellent
¢ ; . self-cleaning properties (methylene blue); [117]
(semi-spherical, 48 nm) woven environmental . X s . o
L antibacterial activity against S. aureus of 96.8%
remediation
Poly-CDs: Ag adsorption of 450 pg-cm~2 (24 h),
. Ag release of 23 pg-cm~2 (3 days), bacterial
" PET, Wour}d dre5§ mne, reduction of 4 1og10 (S. aureus) and 6 log10
; Ag (n.d.*) antibacterial . [51]
Reducing agent; non-woven drue release (E. coli); PEM coating: reduced Ag diffusion :
immobilization & (8.0 ng-cm~2), bacterial reduction of 3 log10
(S. aureus) and 5 log10 (E. coli)
Wound dressin PEM system allowed for complete IBU-L release
A PET, . . & in 6 h; PET-CD-Ag-PEM had a bacterial reduction .
g (nd.) antibacterial, and > y [118]
non-woven . of 41og10 against S. aureus and E. coli; cell
antalgic drug release e 5
viability of 0%
3-CD/Ag (2%): microbial reduction of 70, 42, 87,
3-CDs/Ag (2%) (n.d., Medical applications, and 82% (C. albicans, A. niger, E. coli, and S. aureus,
Reducing and 272.6 nm); Cotton, wound dressings, respectively); 3-CD/KZ/Ag (2%): microbial [15]
stabilizing agent 3-CDs/KZ/Ag (2%) woven sportswear for sensitive reduction of 100% in C. albicans and A. niger and -

(n.d., 904.0 nm)

skin

about 85% in E. coli and S. aureus; good washing
durability (30 washing cycles)

Stabilizing agent;
immobilization

Ag>0 (n.d., 20.6 nm); Drug release and Drug release of 45% (150 h); microbial reduction

Ag/p-CDs (n.d., Polyester, woven rug N X in E. coli, S. aureus, and C. albicans of 100%, 100%, [114]
antimicrobial textile o .
9.5 nm) and 99%, respectively
S-3-CDs + AgNPs + EDTA with a bacterial

Ag (cubic, Cotton, Antibacterial textile reduction in S. aureus of 95% and 79% and in E. [116]

31 nm) woven coli of 95% and 77% (before and after 10 washing

cycles, respectively)

POM/ 3-CD Waste Ag/POM/ 3-CDs mats (average fiber diameter of

Ag (n.d.) electrospun treatment, molecular 6.4 um) with excellent catalytic degradation of [119]

microfiber mat

recognition, catalysis

organic dyes in the presence of NaBHy

*n.d. corresponds to not defined.
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2.5. Cellulose

Cellulose is a natural polymer of fibrous nature with nanoscale dimensions, thus
referred to as nanocellulose [120]. Structurally, nanocellulose is a polysaccharide assembled
from (-(1-4) linked anhydro-D-glucose units with a degree of polymerization of up to
20,000, depending on the cellulose source [121,122]. The natural sources of nanocellulose
include plants, bacteria, algae, and animals [123]. Nanocellulose can be divided into
three types: cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), and bacterial
nanocellulose (BNC). CNCs are obtained through chemical hydrolysis of pure or delignified
cellulose derived from plants, with a needle-like or rod-like morphology. Strong acids
hydrolyze the disordered or amorphous sections of cellulose, whereas the crystalline
regions, being resistant to acid digestion, remain intact [124,125]. CNFs have a flexible and
elongated cross-linked structure, and for their production, the raw material undergoes
initial purification processes that facilitate disintegration before mechanical delamination
is employed [121,126]. Contrary to the other nanocelluloses, BNC is obtained directly
from bacteria in a pure form. It neither includes byproducts, such as lignin, pectin, nor
hemicelluloses, simply requiring mercerization treatment with sodium hydroxide to remove
bacterial cells, medium culture components, and other debris [126]. Nanocellulose-based
materials possess very interesting chemical, physical, and biological properties. Its inertness
and increased surface area, due to its nanosized structure, have an impact on the availability
of hydroxyl groups, thus facilitating the adsorption of different ions, atoms, and molecules.
Besides being generally mechanically strong, the morphological, chemical, and optical
properties of nanocellulose can be tailored. Furthermore, it is an abundant and renewable
material with a relatively reduced production cost [123,126].

Cellulose, in its different forms, is often used as a reducing or stabilizing agent, binder,
and stiffener in textile finishing to aid the incorporation of MNPs onto the fabric, embedding
features into the final product.

CNFs play an important role as support of NPs for wound dressings. A multicompo-
nent interpenetrating polymeric network was formed consisting of CNFs/gelatin/aminated
Ag (Ag-NH;) NPs with improved mechanical properties, self-recovery, and antibacterial
activity against S. aureus and P. aeruginosa. This non-covalently crosslinked hydrogel proved
to promote wound healing through controlled evaporative water loss and hemorrhage stop-
page, resulting in wound-size reduction compared to CNFs alone [127]. The applicability
of CNFs in electronic textiles (e-textiles), as reported by Nechyporchuk et al., demonstrated
a superior quality of AgNP ink-printed circuits on woven cotton fabrics. The CNFs were
applied as a coating, forcing the pigment to concentrate and settle on the surface, enhancing
the conductivity of the printed circuits [128].

Moreover, CNFs can also act as a stabilizer for ZnONPs. Due to their good shielding
effect, these are often used in UV-protective clothing finishing. However, as a result
of their large surface area, ZNONPs tend to agglomerate when applied on the surface
of modified cotton fabrics. Thus, the negative charges of the hydroxyl and carbonyl
groups present on CNFs interact with Zn through electrostatic interactions, reducing NP
aggregation. Additionally, due to their structural similarity, CNFs and cotton fabric create
intermolecular hydrogen interactions, strengthening the adhesion of ZnONPs to cotton
fabrics, potentially avoiding NP leaching during the laundering process [129]. From the
earlier superhydrophobic to the more recent photocatalytic materials, self-cleaning textiles
have gained increasing interest. Photocatalytic activity is based on the breakdown of dirt via
reactions of oxidation and reduction in the presence of light [130]. TiO; is one of the most
used NPs because it possesses excellent photocatalytic activity, able to, e.g., decompose
dye pollutants. NPs” applicability in textile finishing has nonetheless demonstrated a lack
of washing fastness because of the polymer used in the coatings [131,132]. To circumvent
this issue, Kale et al. showed that cellulose derived from viscose was able to coat cotton
fabric with TiO;NPs, promoting permanent stiffness, hydrophobicity, and self-cleaning
properties [133].
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Yunusov and colleagues reported the stabilizing and reducing properties of a cellulose
derivative, carboxymethylcellulose (CMC) [134]. Carboxymethyl groups attached to the
hydroxyl groups of glucose confer hydrophilic properties to this biopolymer [135]. To
promote the antimicrobial activity of cotton fabrics against Staphylococcus epidermidis and
C. albicans, sodium-carboxymethylcellulose (Na-CMC) was used as a reducing agent in
the synthesis of AgNPs [135]. A summary of the different types of nanocellulose and their
applications, together with different MNPs, are presented in Table 5.

Table 5. Textile materials functionalized with cellulose and MNPs. Polysaccharide function towards MNPs.

Polysaccharide NPs Textile
Function (Shape, Size) Substrate, Application Results Ref.
(Cellulose Type) pe Structure
Improved mechanical,
CNFs and self-recovery, and hemostatic
Ag-NH, (spherical, gelatin, Wound dressing . (gelaftlon) properties; [127]
~20 nm) Non-woven antibacterial properties against
S. aureus and P. aeruginosa; fluid
balance on the wound bed
Disposable e-textiles Better surface wetting and
Immobilization Ag (nd. %) Cotton. woven (electronic devices improved inkjet printing [128]
e ’ integrated into rocess; higher-speed
(CNFs) g p g p
fabrics) inkjet printing
Reduced the agglomeration of
ZnO; decreased air
Zn0O (n.d., UV-protective permeability; improved
90 + 10 nm) Cotton, woven textiles mechanical properties; showed [129]
a bacteriostatic inhibition effect
against E. coli and S. aureus
Photocatalytic self-cleaning and
permanently stiff cotton
Immobilization . properties; increased
(viscose) Ti0; (n.d., 50 nm) Cotton nd. degradation rate of orange II [133]
& g
dye under UV-vis
light irradiation
Ag (spherical,
Reducing and 2-8 nm, 5-35 nm; Antibacterial Bactericidal activity against
stabilizing agent whiskers, Cotton, woven textiles bacterium S. epidermidis and [134]
(Na-CMC) L: 130420 nm, fungus C. albicans
g
W: 15-40 nm)

*n.d. corresponds to not defined.

2.6. Other Polysaccharides

MNPs have also been incorporated in textiles using additional polysaccharides, such
as hyaluronic acid, pectin, pullulan, k-carrageenan, and locust bean gum, among others.
Several of these biopolymers were used as reducing and stabilizing agents of MNPs—in
particular, pectin, dextran, and the simultaneous use of k-carrageenan and locust bean
gum [136-140]. These properties reduce the use of chemicals, making the textiles more
ecofriendly. Pectin is a vastly abundant polysaccharide composed mostly of -(1,4)-linked
galacturonic acid homopolymer and is one of the most complex anionic heteropolysaccha-
rides [141,142]. As part of the plant cell-wall constitution, it is readily available. Pectin
has thus become a highly promising biopolymer, particularly due to its sustainability,
biocompatibility, and biodegradability [141,143]. It is possible to obtain electrospun fibers
of solely pectin; however, it is a highly challenging and demanding process [144]. Thus,
pectin is usually used within a composite blend of electrospun functional composite tex-
tiles [141,144]. Hyaluronic acid is composed of several repetitions of glucuronic acid



Nanomaterials 2022, 12, 1006 21 of 31

and N-acetyl-glucosamine. It is abundant in nature and is present in every mammalian
species; however, it has also been identified in Pseudomonas bacteria, among other or-
ganisms. Hyaluronic acid is remarkably hydrophilic and readily soluble in water. Its
rheological properties are uncommon, exhibiting high water-retention capability, usually
described as a lubricant [145,146]. Its ubiquitous presence in the mammalian extracellu-
lar matrix has made hyaluronic acid a good candidate for functional medical materials
that promote wound healing. Electrospun non-woven medical fabrics were reported that
contained hyaluronic acid and AgNPs in their formulation [136-138]. These textiles con-
tained hyaluronic acid to promote tissue regeneration and prevent cell adhesion. Although
hyaluronic acid is highly soluble, its release from the textile was described as slow, taking
approximately 1.5 to 2.5 days to release 50% [136,138]. These textiles displayed mitigation
of inflammation, promoted collagen deposition, and impeded cell adhesion in tendon
and peritendinous regions [136-138]. Carrageenans are polysaccharides extracted from
Rhodophyta sea algae and are composed of alternating 3-linked (3-D-galactopyranose
and 4-linked «-D-galactopyranose [147]. Interestingly, carrageenans display a mechanical
synergy with locust bean gum, which is extracted from the seeds of the carob tree, which
is composed of galactomannans [148]. Both carrageenans and locust bean gum possess
renowned gelling properties. Furthermore, they are readily available, sustainable, and
biocompatible [140,148]. These polymers mostly envisage textile medical applications,
such as wound dressings and indwelling devices (Table 6) due to their biocompatibility,
biodegradability, and, in some cases, immunoregulatory activity. In a vast majority of appli-
cations, AgNPs are used as an antimicrobial agent to control and prevent infections when
using these polymers. Antimicrobial effectiveness was ubiquitously evaluated through a
zone of inhibition, which denotes the release of these NPs from the textiles. Nevertheless,
acceptable levels of acute cytotoxicity were reported [137,143,149].

Table 6. Textile materials functionalized with other polysaccharides and metal nanoparticles. Polysac-
charide function towards MNPs.

. Textile
Polysacc%\arlde NPs ﬁShape, Substrate, Application Results Ref.
Function Size)
Structure

e . . Formulations exhibited moderate
Antimicrobial Ag (spherical, Cotton, n.d. * Wound antimicrobial activity against A. niger,  [150]

activity (Dextran) 8-58 nm) dressing C. albicans, S. aureus, and E. coli
. k-carrageenan and locust bean gum
Rec'lgc'lng and . reduced and stabilized AuNPs; the
stabilizing agent Au (spherical, . .
n.d. General use formulation can be laminated on [140]
(k-carrageenan and 21-45nm) non-woven fabric at industrial

locust bean gum) large scale

Pectin, PVA, PVP, Low antibacterial activity against
Stabilizing agent Ag (nd. ¥, and mafenide Wound S. aureus, E. coli, and P. aeruginosa; [143]
(pectin) 24 nm) acetate, healing acceptable cytotoxicity, including
non-woven faster in vivo wound healing
. Functionalized cotton water uptake
- Ag (spherical, L .
Stabilizing agent . became stimuli-responsive to pH and
20 nm; in Cotton, n.d. n.d. o [151]
(pullulan) . . temperature between 24 and 30 °C
sodium silicate) .
(neutral and acid pH)
. High antimicrobial activity against
. Pectin, . .
Substrate (pectin . . . B. subtilis, S. aureus, and E. coli;
and hyaluronic Ag (spherical, hyaluronic acid, Wound histological analysis displayed a [138]
8.6 nm) and PVA, dressing N

acid) faster healing process, attributed to

non-woven L
the presence of hyaluronic acid
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Table 6. Cont.
. Textile
Polysacc%\arlde NPs fShape, Substrate, Application Results Ref.
Function Size)
Structure
Wound healing, AgNPs homogeneously distributed
. Ag (spherical, Pectin, catalysis, and in the pectin nanofibers, and their
Substrate (pectin) 3.7-8.6 nm) non-woven Raman size may be tailored; AgNP release [139]
enhancement took 4 weeks
Nanofiber sheath of polycaprolactone
as tendon-sheet surrogate; core
contains hyaluronic acid to prevent
Substrate . .
. Polycaprolactone Prevention of cell adhesion and AgNPs as
(polycaprolactone Ag (spherical, . . . . .
. and hyaluronic post-operative antimicrobial agent; suitable [136]
and hyaluronic 4-10 nm) . . .. . .
acid) acid, non-woven  tendon adhesion cytotoxicity; low antimicrobial
activity against S. aureus and E. coli;
histological observations revealed
promising antiadhesive properties
Polylactic acid worked as a
tendon-sheet surrogate, hyaluronic
acid prevented cell adhesion, and
AgNPs were responsible for the
Substrate antimicrobial effect; most tested
L Ag (spherical Polylactic acid, Prevention of formulations exhibited acceptable
(polylactic acid L . . o
. and rods, hyaluronic acid, post-operative cytotoxicity (>70%); weak [137]
and hyaluronic . o, . . . .
acid) 10-40 nm) non-woven tendon adhesion antimicrobial activity against S.
aureus and E. coli; in vivo tests with
rats showed no blood, renal, or liver
problems; histological observation
denoted low adhesion in
some formulations
Low antimicrobial activity against
Substrate (PVA, . PVA, gum arabic, S. aur.eus, E. coli, P. aeruginosa, and
. Ag (spherical, and polycapro- Wound C. albicans. Improved adequacy of
gum arabic, and . o [149]
10-100 nm) lactone, dressing water-vapor permeability and
polycaprolactone) . ; .
non-woven porosity for wound-dressing use;

suitable cytotoxicity

*n.d. corresponds to not defined.

3. Safety Issues of MNPs and the Role of Polysaccharides

MNPs encompass several safety concerns regarding living organisms and the envi-
ronment, which hinder their applicability. Their properties and corresponding potential
toxicity profile is complex and may undergo numerous mechanisms. The main mecha-
nisms for MNP toxicity comprise (i) direct MNP association with an organism’s cell surface,
(ii) release of toxic ions that damage enzymes and genetic material, and (iii) generation
of reactive oxygen species (ROS) and subsequent oxidative stress [152,153]. For living
organisms, the toxicity of MNPs is commonly correlated to the size, shape, stability, ag-
glomeration, surface charge, and chemistry [154,155]. MNP synthesis method, stability,
life cycle, and the related disposal procedure are particularly important to determine their
environmental impact [156]. For these reasons, the safe-by-design concept gains exponen-
tial importance once it foresees the risk assessment in the early stages of the development
of MNPs, thus prematurely preventing negative impacts on living organisms and the
environment [153,157,158].

Several toxicological aspects of MNPs are defined by their physicochemical properties.
MNPs smaller than 10 nm have superior multifunctional properties (e.g., antimicrobial
and UV protection) and grievous cytotoxicity, owing to facile permeation of smaller NPs
into cells [159]. The most common shapes of MNPs are spheres, ellipsoids, cylinders,
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sheets, cubes, and rods, but other shapes can be obtained depending on the synthesis
method. Spherical MNPs showed a low cytotoxicity profile when compared with other
MNP shapes [160]. The agglomeration state also plays a vital role in their toxicity, since it
can contribute to the sedimentation process and reduce the diffusion of MNPs, resulting in
higher effective doses and organ deposition. When applied in materials, agglomeration
can promote the non-uniform distribution of MNPs, resulting in materials with poor
reproducibility and compromised properties [161,162]. The charge of MNPs presents
an essential function in regulating protein binding to MNPs, cellular uptake, oxidative
stress, autophagy, inflammation, and apoptosis. Charged MNPs proved more cytotoxic
than neutral forms. Moreover, positively charged MNPs display higher cytotoxicity than
negative alternatives of similar size [163-165].

Chemical reduction is the most common approach for the synthesis of MNPs. The
most commonly used chemical reducing and stabilizing agents are extremely hazardous
and depict carcinogenic and teratogenic effects. Chemical synthesis can also restrict the
application possibilities and biocompatibility of MNPs [166,167]. Green synthesis, through
precursors of biological origin, such as polysaccharides, prevents pollution and mitigates
cytotoxicity during the early stages of chemical processes [168]. Successful synthesis and
stabilization of MNPs using these biological macromolecules was achieved in several works
by the coordination bonds between the metal salts and functional groups of polysaccha-
rides [46,72,86,88,105,115,134]. Poor MNP adhesion in textiles is an important challenge for
the textile industry, as it results in excessive leaching during washing and disposal, which
should be considered prior to their application [169]. Adhesion may be hindered by the
absence of covalent bonds between MNPs and the textile substrate as a result of leaching
during washing, ironing, or rubbing or due to body sweat [169]. In this context, several
strategies have been reported to enhance adhesion between MNPs and textile substrates
using polysaccharides, as well as the controlled release of MNPs or ions. These properties
are obtained by the creation of a thin layer of cladding over the particles and/or the en-
trapment of drug molecules in cavities [46,65,108,114,128]. Moreover, the controlled release
from polysaccharide can be designed according to the porosity or degree of swelling, pH,
temperature, ionic strength, and electric fields [170].

Polysaccharides are exceptional candidates to tailor most of the described properties.
They can stabilize and control the size of MNPs during the synthesis process, prevent further
agglomeration, and provide additional chemical stability. They possess various binding
sites, which enables attachment to the metal surface, creating a stable organic-inorganic
network [171]. However, despite the outstanding biocompatibility and biodegradability
properties of polysaccharides per se and the apparent lack of side effects, cytotoxicity
studies must be performed when associated with MNPs. On one hand, the hydrophilic
groups of polysaccharides can form non-covalent bonds with tissue cells and operate in
cell—cell recognition, thus improving adhesion. This consequently promotes the affinity of
MNPs with cells, which may increase their toxicological effects [36]. On the other hand, they
can diminish ROS generation and decrease toxicity [172]. Thus, the development of MNPs
using polysaccharides and their application in textiles must be studied simultaneously
throughout all development stages, since several parameters constrain their specific toxicity.

4. Conclusions

The use of polysaccharides plays a crucial role in the development of functional,
eclectic, and ecofriendly textiles containing MNPs. The combination of polysaccharides
and MNPs has impressively widened the scope of textile functionalization, promoting the
generation of novel functions, stacking properties, and their enhancement by synergy or
improved efficacy. Polysaccharides’ ability to reduce and stabilize MNPs in fabrics has
considerably improved their activity, concentration, and washing fastness. Reduction in
MNP concentration (without compromising activity) and superior washing fastness denote
an important role in preventing MNP environmental contamination that should be strongly
promoted. In addition, the fully sustainable nature of polysaccharides, allied to their ability
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to diminish (or eliminate) hazardous reduction chemical, should be explored. In summary,
the existing interaction between polysaccharides and MNPs represents key features for
future advanced textiles.

Author Contributions: Conceptualization, M.E, J.P., ALR., R D.VE and L.M.; methodology, M.F,,
J.P, ALR,RD.VE, LM, TN. and B.M.; writing—original draft preparation, M.F,, ].P., ALR.,RD.VEE,
L.M., T.N. and B.M.; writing—review and editing, M.E,, ].P., ALR.,, RD.VFE, LM, TN, BM.,, CA,,
R.R. and A.Z; supervision, A.Z.; funding acquisition, J.P. and A.Z. All authors have read and agreed
to the published version of the manuscript.

Funding: Project Factor ST+—POCI-01-0247-ERDF-047124—Portuguese Foundation for Science and
Technology (FCT), FEDER funds through Portugal 2020 Competitive Factors Operational Program
(POCI) and the Portuguese Government (OE). Project PLASMAMED—PTDC/CTM TEX/28295/2017
—Portuguese Foundation for Science and Technology (FCT), European Regional Development Fund
(FEDER), and Operational Program for Competitiveness Factors (COMPETE). Project UID/CTM/
00264 /2021—FCT and Portuguese Ministry of Science, Technology and Higher Education (MCTS).
Project MEDCOR—PTDC/CTM-TEX /1213 /2020—FCT, FEDER, and COMPETE. Ph.D. scholarships:
2020.04919.BD, SFRH/BD/145269/2019, SFRH/BD /137668 /2018—FCT, European Social Fund (FSE),
MCTS, and European Union.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Portuguese Foundation for Science and Technol-
ogy (FCT), FEDER funds through Portugal 2020 Competitive Factors Operational Program (POCI),
and the Portuguese Government (OE, grant number POCI-01-0247-ERDF-047124) for the research
grants of MLF,, C.A., and R.R. The authors also acknowledge the following projects: UID/CTM /00264
/2021 of the Centre for Textile Science and Technology (2C2T); PTDC/CTM, TEX/28295/2017, and
PTDC/CTM-TEX/1213/2020, funded by FCT, FEDER, COMPETE, and MCTES. A.LR., R.D.V.F, and
L.M. acknowledge FCT for Ph.D. funding via scholarships SFRH/BD /137668 /2018, SFRH/BD /145269
/2019, and 2020.04919.BD, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Silva, A.C.Q,; Silvestre, A.].D.; Freire, C.S.R.; Vilela, C. Modification of textiles for functional applications. In Fundamentals of
Natural Fibres and Textiles; Mondal, M.ILH., Ed.; Woodhead Publishing: Sawston, UK, 2021; pp. 303-365.

2. Emam, H.E. Generic strategies for functionalization of cellulosic textiles with metal salts. Cellulose 2018, 26, 1431-1447. [CrossRef]

3.  Singh, M.K. Textiles Functionalization—A Review of Materials, Processes, and Assessment. In Textiles for Functional Applications;
Kumar, B., Ed.; IntechOpen: London, UK, 2021.

4. Yetisen, AK.; Qu, H.; Manbachi, A.; Butt, H.; Dokmeci, M.R.; Hinestroza, ].P.; Skorobogatiy, M.; Khademhosseini, A.; Yun, S.H.
Nanotechnology in Textiles. ACS Nano 2016, 10, 3042-3068. [CrossRef] [PubMed]

5. Joshi, M.; Bhattacharyya, A. Nanotechnology—A new route to high-performance functional textiles. Text. Prog. 2011, 43, 155-233.
[CrossRef]

6. Xue,]; Wu, T,; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev.
2019, 119, 5298-5415. [CrossRef]

7. Mehravani, B.; Ribeiro, A.; Zille, A. Gold Nanoparticles Synthesis and Antimicrobial Effect on Fibrous Materials. Nanomaterials
2021, 11, 1067. [CrossRef]

8. Ribeiro, A.L; Modic, M.; Cvelbar, U.; Dinescu, G.; Mitu, B.; Nikiforov, A.; Leys, C.; Kuchakova, I.; De Vrieze, M.; Felgueiras,
H.P; et al. Effect of Dispersion Solvent on the Deposition of PVP-Silver Nanoparticles onto DBD Plasma-Treated Polyamide 6,6
Fabric and Its Antimicrobial Efficiency. Nanomaterials 2020, 10, 607. [CrossRef]

9. Rivero, PJ.; Urrutia, A.; Goicoechea, J.; Arregui, F.J. Nanomaterials for Functional Textiles and Fibers. Nanoscale Res. Lett. 2015,
10, 501. [CrossRef]

10. Ribeiro, A.L; Senturk, D.; Silva, K.S.; Modic, M.; Cvelbar, U.; Dinescu, G.; Mitu, B.; Nikiforov, A.; Leys, C.; Kuchakova, I; et al.
Efficient silver nanoparticles deposition method on DBD plasma-treated polyamide 6,6 for antimicrobial textiles. IOP Conf. Ser.
Mater. Sci. Eng. 2018, 460, 012007. [CrossRef]

11. Saleem, H.; Zaidi, S. Sustainable Use of Nanomaterials in Textiles and Their Environmental Impact. Materials 2020, 13, 5134.

[CrossRef]


http://doi.org/10.1007/s10570-018-2185-5
http://doi.org/10.1021/acsnano.5b08176
http://www.ncbi.nlm.nih.gov/pubmed/26918485
http://doi.org/10.1080/00405167.2011.570027
http://doi.org/10.1021/acs.chemrev.8b00593
http://doi.org/10.3390/nano11051067
http://doi.org/10.3390/nano10040607
http://doi.org/10.1186/s11671-015-1195-6
http://doi.org/10.1088/1757-899X/460/1/012007
http://doi.org/10.3390/ma13225134

Nanomaterials 2022, 12, 1006 25 of 31

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Riaz, S.; Ashraf, M.; Hussain, T.; Hussain, M.T.; Rehman, A.; Javid, A.; Igbal, K.; Basit, A.; Aziz, H. Functional finishing and
coloration of textiles with nanomaterials. Coloration Technol. 2018, 134, 327-346. [CrossRef]

Xu, Q.; Ke, X,; Shen, L.; Ge, N.; Zhang, Y.; Fu, F; Liu, X. Surface modification by carboxymethy chitosan via pad-dry-cure method
for binding Ag NPs onto cotton fabric. Int. J. Biol. Macromol. 2018, 111, 796-803. [CrossRef]

Mohamed, A.L.; Hassabo, A.G. Composite material based on pullulan/silane/ZnO-NPs as pH, thermo-sensitive and antibacterial
agent for cellulosic fabrics. Adv. Nat. Sci. Nanosci. Nanotechnol. 2018, 9, 045005. [CrossRef]

Zhang, J.; Wang, X.-X.; Zhang, B.; Ramakrishna, S.; Yu, M.; Ma, J.-W.; Long, Y.-Z. In Situ Assembly of Well-Dispersed Ag
Nanoparticles throughout Electrospun Alginate Nanofibers for Monitoring Human Breath—Smart Fabrics. ACS Appl. Mater.
Interfaces 2018, 10, 19863-19870. [CrossRef] [PubMed]

Qin, H.; Li, J.; He, B.; Sun, J,; Li, L.; Qian, L. Novel Wearable Electrodes Based on Conductive Chitosan Fabrics and Their
Application in Smart Garments. Materials 2018, 11, 370. [CrossRef] [PubMed]

Said, M.M.; Rehan, M.; El-Sheikh, S.M.; Zahran, M.K.; Abdel-Aziz, M.S.; Bechelany, M.; Barhoum, A. Multifunctional Hy-
droxyapatite/Silver Nanoparticles/Cotton Gauze for Antimicrobial and Biomedical Applications. Nanomaterials 2021, 11, 429.
[CrossRef]

Yu, Y.; Shen, M.; Song, Q.; Xie, ]. Biological activities and pharmaceutical applications of polysaccharide from natural resources: A
review. Carbohydr. Polym. 2018, 183, 91-101. [CrossRef]

Song, Q.; Wang, Y,; Huang, L.; Shen, M,; Yu, Y,; Yu, Q.; Chen, Y.; Xie, J. Review of the relationships among polysaccharides, gut
microbiota, and human health. Food Res. Int. 2021, 140, 109858. [CrossRef]

Fernandes, M.; Souto, A.P.; Dourado, F.; Gama, M. Application of Bacterial Cellulose in the Textile and Shoe Industry: Develop-
ment of Biocomposites. Polysaccharides 2021, 2, 34. [CrossRef]

Bertolino, V.; Cavallaro, G.; Milioto, S.; Lazzara, G. Polysaccharides/Halloysite nanotubes for smart bionanocomposite materials.
Carbohydr. Polym. 2020, 245, 116502. [CrossRef]

Luo, Z.; Zhou, J.; Lu, Z.; Wei, H.; Yu, Y. Natural Polysaccharides as Multifunctional Components for One-Step 3D Printing Tough
Hydrogels. Macromol. Mater. Eng. 2021, 306, 2100433. [CrossRef]

Poshina, D.; Otsuka, I. Electrospun Polysaccharidic Textiles for Biomedical Applications. Textiles 2021, 1, 7. [CrossRef]
Fernandes, M.; Gama, M.; Dourado, F,; Souto, A.P. Development of novel bacterial cellulose composites for the textile and shoe
industry. Microb. Biotechnol. 2019, 12, 650-661. [CrossRef]

Padrao, J.; Gongalves, S.; Silva, ].P,; Sencadas, V.; Lanceros-Méndez, S.; Pinheiro, A.C.; Vicente, A.A.; Rodrigues, L.R.; Dourado, F.
Bacterial cellulose-lactoferrin as an antimicrobial edible packaging. Food Hydrocoll. 2016, 58, 126-140. [CrossRef]
Mongkholrattanasit, R.; Klaichoi, C.; Rungruangkitkrai, N. Printing Silk Fabric with Acid Dye Using a New Thickening Agent. J.
Nat. Fibers 2021. in press. [CrossRef]

Singh, N.; Sahu, O. Sustainable cyclodextrin in textile applications. In The Impact and Prospects of Green Chemistry for Textile
Technology; Islam, S., Butola, B.S., Eds.; Woodhead Publishing: Sawston, UK, 2019; pp. 83-105.

Chen, F; Huang, G. Preparation and immunological activity of polysaccharides and their derivatives. Int. J. Biol. Macromol. 2018,
112, 211-216. [CrossRef] [PubMed]

Chen, H,; Jia, Y.; Guo, Q. Polysaccharides and polysaccharide complexes as potential sources of antidiabetic compounds: A
review. In Bioactive Natural Products; Atta-ur-Rahman, Ed.; Studies in Natural Products Chemistry; Elsevier: Amsterdam, The
Netherlands, 2020; pp. 199-220.

De Jesus Raposo, M.; de Morais, A.; de Morais, R. Marine Polysaccharides from Algae with Potential Biomedical Applications.
Mar. Drugs 2015, 13, 2967-3028. [CrossRef] [PubMed]

Li, Q.; Niu, Y.; Xing, P.; Wang, C. Bioactive polysaccharides from natural resources including Chinese medicinal herbs on tissue
repair. Chin. Med. 2018, 13, 1-11. [CrossRef]

Huang, W.-C.; Tang, I.C. Bacterial and Yeast Cultures—Process Characteristics, Products, and Applications. In Bioprocessing for
Value-Added Products from Renewable Resources; Yang, S.T., Ed.; Elsevier: Amsterdam, The Netherlands, 2007; pp. 185-223.
Saveleva, M.S.; Eftekhari, K.; Abalymov, A.; Douglas, T.E.L.; Volodkin, D.; Parakhonskiy, B.V.; Skirtach, A.G. Hierarchy of Hybrid
Materials—The Place of Inorganics-in-Organics in it, Their Composition and Applications. Front. Chem. 2019, 7, 179. [CrossRef]
Lizundia, E.; Puglia, D.; Nguyen, T.-D.; Armentano, I. Cellulose nanocrystal based multifunctional nanohybrids. Prog. Mater. Sci.
2020, 112, 100668. [CrossRef]

Vilela, C.; Pinto, R.J.B.; Pinto, S.; Marques, P.; Silvestre, A.; da Rocha Freire Barros, C.S. Polysaccharides-Based Hybrids with
Metal Nanoparticles. In Polysaccharide Based Hybrid Materials; Springer Briefs in Molecular Science; Springer: Cham, Switzerland,
2018; pp- 9-30.

Wang, C.; Gao, X.; Chen, Z.; Chen, Y.; Chen, H. Preparation, Characterization and Application of Polysaccharide-Based Metallic
Nanoparticles: A Review. Polymers 2017, 9, 689. [CrossRef]

Wu, J.; Su, C; Jiang, L.; Ye, S.; Liu, X.; Shao, W. Green and Facile Preparation of Chitosan Sponges as Potential Wound Dressings.
ACS Sustain. Chem. Eng. 2018, 6, 9145-9152. [CrossRef]

Ali, F; Khan, S.B.; Kamal, T.; Alamry, K.A.; Asiri, A.M.; Sobahi, T.R.A. Chitosan coated cotton cloth supported zero-valent
nanoparticles: Simple but economically viable, efficient and easily retrievable catalysts. Sci. Rep. 2017, 7, 16957. [CrossRef]
[PubMed]


http://doi.org/10.1111/cote.12344
http://doi.org/10.1016/j.ijbiomac.2018.01.091
http://doi.org/10.1088/2043-6254/aaeee0
http://doi.org/10.1021/acsami.8b01718
http://www.ncbi.nlm.nih.gov/pubmed/29782141
http://doi.org/10.3390/ma11030370
http://www.ncbi.nlm.nih.gov/pubmed/29498689
http://doi.org/10.3390/nano11020429
http://doi.org/10.1016/j.carbpol.2017.12.009
http://doi.org/10.1016/j.foodres.2020.109858
http://doi.org/10.3390/polysaccharides2030034
http://doi.org/10.1016/j.carbpol.2020.116502
http://doi.org/10.1002/mame.202100433
http://doi.org/10.3390/textiles1020007
http://doi.org/10.1111/1751-7915.13387
http://doi.org/10.1016/j.foodhyd.2016.02.019
http://doi.org/10.1080/15440478.2021.2002769
http://doi.org/10.1016/j.ijbiomac.2018.01.169
http://www.ncbi.nlm.nih.gov/pubmed/29382579
http://doi.org/10.3390/md13052967
http://www.ncbi.nlm.nih.gov/pubmed/25988519
http://doi.org/10.1186/s13020-017-0157-6
http://doi.org/10.3389/fchem.2019.00179
http://doi.org/10.1016/j.pmatsci.2020.100668
http://doi.org/10.3390/polym9120689
http://doi.org/10.1021/acssuschemeng.8b01468
http://doi.org/10.1038/s41598-017-16815-2
http://www.ncbi.nlm.nih.gov/pubmed/29209040

Nanomaterials 2022, 12, 1006 26 of 31

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Zhao, Z.-S.; Zhang, Y.; Fang, T.; Han, Z.-B.; Liang, F.-S. Chitosan-Coated Metal-Organic-Framework Nanoparticles as Catalysts
for Tandem Deacetalization—-Knoevenagel Condensation Reactions. ACS Appl. Nano Mater. 2020, 3, 6316-6320. [CrossRef]
Shoueir, K.; Kandil, S.; El-hosainy, H.; El-Kemary, M. Tailoring the surface reactivity of plasmonic Au@TiO, photocatalyst
bio-based chitosan fiber towards cleaner of harmful water pollutants under visible-light irradiation. J. Clean. Prod. 2019, 230,
383-393. [CrossRef]

Wu, Q.; Therriault, D.; Heuzey, M.-C. Processing and Properties of Chitosan Inks for 3D Printing of Hydrogel Microstructures.
ACS Biomater. Sci. Eng. 2018, 4, 2643-2652. [CrossRef]

Panzarasa, G.; Osypova, A,; Sicher, A ; Bruinink, A.; Dufresne, E.R. Controlled formation of chitosan particles by a clock reaction.
Soft Matter 2018, 14, 6415-6418. [CrossRef]

Xu, T.; Gao, C.; Feng, X,; Yang, Y.; Shen, X.; Tang, X. Structure, physical and antioxidant properties of chitosan-gum arabic edible
films incorporated with cinnamon essential oil. Int. ]. Biol. Macromol. 2019, 134, 230-236. [CrossRef]

Bayat Tork, M.; Hemmati Nejad, N.; Ghalehbagh, S.; Bashari, A.; Shakeri-Zadeh, A.; Kamrava, S.K. In situ green synthesis of
silver nanoparticles/chitosan/poly vinyl alcohol/poly ethylene glycol hydrogel nanocomposite for novel finishing of nasal
tampons. J. Ind. Text. 2014, 45, 1399-1416. [CrossRef]

Ahmed, R; Tarig, M.; Alj, I.; Asghar, R.; Noorunnisa Khanam, P.; Augustine, R.; Hasan, A. Novel electrospun chitosan/polyvinyl
alcohol/zinc oxide nanofibrous mats with antibacterial and antioxidant properties for diabetic wound healing. Int. ]. Biol.
Macromol. 2018, 120, 385-393. [CrossRef]

Hasan, KM.E; Wang, H.; Mahmud, S.; Genyang, C. Coloration of aramid fabric via in-situ biosynthesis of silver nanoparticles
with enhanced antibacterial effect. Inorg. Chem. Commun. 2020, 119, 108115. [CrossRef]

Ramadan, M.A ; Sharawy, S.; Elbisi, M.K.; Ghosal, K. Eco-friendly Packaging Composite Fabrics based on in situ synthesized
Silver nanoparticles (AgNPs) & treatment with Chitosan and/or Date seed extract. Nano-Struct. Nano-Objects 2020, 22, 100425.
[CrossRef]

Ramadan, M.A; Taha, G.M.; El-Mohr, W.Z.E.-A. Antimicrobial and UV protection finishing of Polysaccharide -Based Textiles
using Biopolymer and AgNPs. Egypt. J. Chem. 2020, 63, 2707-2716. [CrossRef]

Shakeri-Zadeh, A.; Bashari, A.; Kamrava, S.K.; Ghalehbaghi, S. The Use of Hydrogel/Silver Nanoparticle System for Preparation
of New Type of Feminine Tampons. BioNanoScience 2016, 6, 284-292. [CrossRef]

Montaser, A.S.; Mahmoud, F.A. Preparation of Chitosan-grafted-Polyvinyl acetate Metal Nanocomposite for producing Multi-
functional Textile Cotton Fabrics. Int. J. Biol. Macromol. 2019, 124, 659-666. [CrossRef]

Mogrovejo-Valdivia, A.; Rahmouni, O.; Tabary, N.; Maton, M.; Neut, C.; Martel, B.; Blanchemain, N. In vitro evaluation of drug
release and antibacterial activity of a silver-loaded wound dressing coated with a multilayer system. Int. ]. Pharm. 2019, 556,
301-310. [CrossRef]

Zayed, M.; Othman, H.; Ghazal, H.; Hassabo, A.G. Psidium Guajava Leave Extract as Reducing Agent for Synthesis of Zinc Oxide
Nanoparticles and its Application to Impart Multifunctional Properties for Cellulosic Fabrics. Biointerface Res. Appl. Chem. 2021,
11, 13535-13556. [CrossRef]

Ren, Y,; Zhao, J.; Wang, X. Hydrophilic and antimicrobial properties of acrylic acid and chitosan bigrafted polypropylene
melt-blown nonwoven membrane immobilized with silver nanoparticles. Text. Res. |. 2016, 88, 182-190. [CrossRef]

Hatami, M.; Sharifi, A.; Karimi-Maleh, H.; Agheli, H.; Karaman, C. Simultaneous improvements in antibacterial and flame
retardant properties of PET by use of bio-nanotechnology for fabrication of high performance PET bionanocomposites. Environ.
Res. 2022, 206, 112281. [CrossRef]

Rehan, M.; El-Naggar, M.E.; Mashaly, HM.; Wilken, R. Nanocomposites based on chitosan/silver/clay for durable multi-
functional properties of cotton fabrics. Carbohydr. Polym. 2018, 182, 29-41. [CrossRef]

Montaser, A.S.; Jlassi, K.; Ramadan, M.A.; Sleem, A.A.; Attia, M.F. Alginate, gelatin, and carboxymethyl cellulose coated
nonwoven fabrics containing antimicrobial AgNPs for skin wound healing in rats. Int. J. Biol. Macromol. 2021, 173, 203-210.
[CrossRef]

Zhou, J.; Hu, X,; Zhu, Y,; Lyu, H.; Zhang, L.; Fu, F; Liu, X. A hybrid binder of carboxymethyl chitosan and I-methionine enables a
slight amount of Ag NPs to be durably effective on antibacterial cotton fabrics. Cellulose 2019, 26, 9323-9333. [CrossRef]
Turemen, M.; Demir, A.; Gokcee, Y. The synthesis and application of chitosan coated ZnO nanorods for multifunctional cotton
fabrics. Mater. Chem. Phys. 2021, 268, 124736. [CrossRef]

Saleh, S.N.; Khaffaga, M.M.; Ali, N.M.; Hassan, M.S.; El-Naggar, A.W.M.; Rabie, A.G.M. Antibacterial functionalization of cotton
and cotton/polyester fabrics applying hybrid coating of copper/chitosan nanocomposites loaded polymer blends via gamma
irradiation. Int. J. Biol. Macromol. 2021, 183, 23-34. [CrossRef] [PubMed]

Kozicki, M.; Kotodziejczyk, M.; Szynkowska, M.; Pawlaczyk, A.; Lesniewska, E.; Matusiak, A.; Adamus, A.; Karolczak, A.
Hydrogels made from chitosan and silver nitrate. Carbohydr. Polym. 2016, 140, 74-87. [CrossRef]

Hajimirzababa, H.; Khajavi, R.; Mirjalili, M.; KarimRahimi, M. Modified cotton gauze with nano-Ag decorated alginate microcap-
sules and chitosan loaded with PVP-I. J. Text. Inst. 2017, 109, 677-685. [CrossRef]

Sheikh, J.; Bramhecha, I. Multi-functionalization of linen fabric using a combination of chitosan, silver nanoparticles and
Tamarindus indica L. seed coat extract. Cellulose 2019, 26, 8895-8905. [CrossRef]

Awais; Ali, N.; Khan, A ; Asiri, A.M.; Kamal, T. Potential application of in-situ synthesized cobalt nanoparticles on chitosan-coated
cotton cloth substrate as catalyst for the reduction of pollutants. Environ. Technol. Innov. 2021, 23, 101675. [CrossRef]


http://doi.org/10.1021/acsanm.0c01486
http://doi.org/10.1016/j.jclepro.2019.05.103
http://doi.org/10.1021/acsbiomaterials.8b00415
http://doi.org/10.1039/C8SM01060A
http://doi.org/10.1016/j.ijbiomac.2019.04.189
http://doi.org/10.1177/1528083714560255
http://doi.org/10.1016/j.ijbiomac.2018.08.057
http://doi.org/10.1016/j.inoche.2020.108115
http://doi.org/10.1016/j.nanoso.2020.100425
http://doi.org/10.21608/ejchem.2020.27968.2605
http://doi.org/10.1007/s12668-016-0220-2
http://doi.org/10.1016/j.ijbiomac.2018.11.254
http://doi.org/10.1016/j.ijpharm.2018.12.018
http://doi.org/10.33263/briac115.1353513556
http://doi.org/10.1177/0040517516676066
http://doi.org/10.1016/j.envres.2021.112281
http://doi.org/10.1016/j.carbpol.2017.11.007
http://doi.org/10.1016/j.ijbiomac.2021.01.123
http://doi.org/10.1007/s10570-019-02715-3
http://doi.org/10.1016/j.matchemphys.2021.124736
http://doi.org/10.1016/j.ijbiomac.2021.04.059
http://www.ncbi.nlm.nih.gov/pubmed/33862078
http://doi.org/10.1016/j.carbpol.2015.12.017
http://doi.org/10.1080/00405000.2017.1365398
http://doi.org/10.1007/s10570-019-02684-7
http://doi.org/10.1016/j.eti.2021.101675

Nanomaterials 2022, 12, 1006 27 of 31

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Ali, N.; Awais; Kamal, T,; Ul-Islam, M.; Khan, A.; Shah, S.J.; Zada, A. Chitosan-coated cotton cloth supported copper nanoparticles
for toxic dye reduction. Int. J. Biol. Macromol. 2018, 111, 832-838. [CrossRef]

Ibrahim, N.A; Eid, B.M.; Abd El-Ghany, N.A.; Mabrouk, E.M. Polyfunctional cotton cellulose fabric using proper biopolymers
and active ingredients. J. Text. Inst. 2019, 111, 381-393. [CrossRef]

Ibrahim, N.A.; Eid, B.M.; El-Aziz, E.A.; Elmaaty, T.M.A.; Ramadan, S.M. Loading of chitosan—Nano metal oxide hybrids onto
cotton/polyester fabrics to impart permanent and effective multifunctions. Int. J. Biol. Macromol. 2017, 105, 769-776. [CrossRef]
Yu, X.; Pan, Y.; Wang, D.; Yuan, B.; Song, L.; Hu, Y. Fabrication and Properties of Biobased Layer-by-Layer Coated Ramie
Fabric-Reinforced Unsaturated Polyester Resin Composites. Ind. Eng. Chem. Res. 2017, 56, 4758-4767. [CrossRef]

Hasan, KM.E; Wang, H.; Mahmud, S.; Jahid, M.A.; Islam, M.; Jin, W.; Genyang, C. Colorful and antibacterial nylon fabric via
in-situ biosynthesis of chitosan mediated nanosilver. |. Mater. Res. Technol. 2020, 9, 16135-16145. [CrossRef]

Mokhena, T.C.; Luyt, A.S. Development of multifunctional nano/ultrafiltration membrane based on a chitosan thin film on
alginate electrospun nanofibres. J. Clean. Prod. 2017, 156, 470-479. [CrossRef]

Hasan, K.; Pervez, M.; Talukder, M.; Sultana, M.; Mahmud, S.; Meraz, M.; Bansal, V.; Genyang, C. A Novel Coloration of Polyester
Fabric through Green Silver Nanoparticles (G-AgNPs@PET). Nanomaterials 2019, 9, 569. [CrossRef]

Raza, Z.A.; Bilal, U.; Noreen, U.; Munim, S.A.; Riaz, S.; Abdullah, M.U.; Abid, S. Chitosan Mediated Formation and Impregnation
of Silver Nanoparticles on Viscose Fabric in Single Bath for Antibacterial Performance. Fibers Polym. 2019, 20, 1360-1367.
[CrossRef]

Gadkari, RR.; Ali, SSW.; Joshi, M.; Rajendran, S.; Das, A.; Alagirusamy, R. Leveraging antibacterial efficacy of silver loaded
chitosan nanoparticles on layer-by-layer self-assembled coated cotton fabric. Int. J. Biol. Macromol. 2020, 162, 548-560. [CrossRef]
Xu, Q.; Wang, P.; Zhang, Y.; Li, C. Durable Antibacterial and UV Protective Properties of Cotton Fabric Coated with Carboxymethyl
Chitosan and Ag/TiO, Composite Nanoparticles. Fibers Polym. 2021, 23, 386-395. [CrossRef]

Tripathi, R.; Narayan, A.; Bramhecha, I.; Sheikh, J. Development of multifunctional linen fabric using chitosan film as a template
for immobilization of in-situ generated CeO, nanoparticles. Int. J. Biol. Macromol. 2019, 121, 1154-1159. [CrossRef]

Botelho, C.M.; Fernandes, M.M.; Souza, ].M.; Dias, N.; Sousa, A.M.; Teixeira, ].A.; Fangueiro, R.; Zille, A. New Textile for Personal
Protective Equipment—Plasma Chitosan/Silver Nanoparticles Nylon Fabric. Fibers 2021, 9, 3. [CrossRef]

Hebeish, A.; Allam, E.; Abd El-Thalouth, I.; Ragheb, A.; Shahin, A.; Shaban, H. Multifunctional Smart Nanocolorants for
Simultaneous Printing and Antibacterial Finishing of Cotton Fabrics. Egypt. . Chem. 2018, 62, 621-637. [CrossRef]

Xu, Q.; Zheng, W.; Duan, P; Chen, J.; Zhang, Y.; Fu, F,; Diao, H.; Liu, X. One-pot fabrication of durable antibacterial cotton
fabric coated with silver nanoparticles via carboxymethyl chitosan as a binder and stabilizer. Carbohydr. Polym. 2019, 204, 42-49.
[CrossRef] [PubMed]

Ali, F; Khan, S.B.; Kamal, T.; Alamry, K.A.; Asiri, A.M. Chitosan-titanium oxide fibers supported zero-valent nanoparticles:
Highly efficient and easily retrievable catalyst for the removal of organic pollutants. Sci. Rep. 2018, 8, 6260. [CrossRef] [PubMed]
Ezzat, M.; Ghanim, M.; Nageh, H.; Hassanin, A.H.; Abdel-Moneim, A. Antimicrobial Activity of O-Carboxymethyl Chitosan
Nanofibers Containing Silver Nanoparticles Synthesized by Green Method. J. Nano Res. 2016, 40, 136-145. [CrossRef]

Matica, M.A.; Aachmann, FEL.; Tendervik, A.; Sletta, H.; Ostafe, V. Chitosan as a Wound Dressing Starting Material: Antimicrobial
Properties and Mode of Action. Int. J. Mol. Sci. 2019, 20, 5889. [CrossRef]

Ran, J.; He, M; Li, W.; Cheng, D.; Wang, X. Growing ZnO Nanoparticles on Polydopamine-Templated Cotton Fabrics for Durable
Antimicrobial Activity and UV Protection. Polymers 2018, 10, 495. [CrossRef]

Stieberova, B.; Zilka, M.; Ticha, M.; Freiberg, F; Caramazana-Gonzalez, P.; McKechnie, J.; Lester, E. Application of ZnO
Nanoparticles in a Self-cleaning Coating on a Metal Panel: An Assessment of Environmental Benefits. ACS Sustain. Chem. Eng.
2017, 5, 2493-2500. [CrossRef]

Raghav, S.; Jain, P.; Kumar, D. Alginates: Properties and Applications. In Polysaccharides: Properties and Applications; Inamuddin, I,
Ahamed, M L, Boddula, R., Altalhi, T.A., Eds.; Wiley: Hoboken, NJ, USA, 2021; pp. 399-421.

Ching, S.H.; Bansal, N.; Bhandari, B. Alginate gel particles-A review of production techniques and physical properties. Crit. Rev.
Food Sci. Nutr. 2015, 57, 1133-1152. [CrossRef]

Ji, F; Guo, X,; Liu, A.; Xu, P; Tan, Y,; Wang, R.; Hao, L. In-situ synthesis of polypyrrole/silver for fabricating alginate fabrics with
high conductivity, UV resistance and hydrophobicity. Carbohydr. Polym. 2021, 270, 118362. [CrossRef]

Mahmud, S.; Sultana, M.; Pervez, M.; Habib, M.; Liu, H.-H. Surface Functionalization of “Rajshahi Silk” Using Green Silver
Nanoparticles. Fibers 2017, 5, 35. [CrossRef]

Mahmud, S.; Pervez, N.; Taher, M.A.; Mohiuddin, K.; Liu, H.-H. Multifunctional organic cotton fabric based on silver nanoparticles
green synthesized from sodium alginate. Text. Res. J. 2019, 90, 1224-1236. [CrossRef]

Mahmud, S.; Pervez, M.N.; Hasan, KML.E;; Taher, M.A_; Liu, H.-H. In situ synthesis of green AgNPs on ramie fabric with
functional and catalytic properties. Emerg. Mater. Res. 2019, 8, 623—-633. [CrossRef]

Zhang, G.; Xiao, Y.; Yan, J.; Zhang, W. Fabrication of ZnO nanoparticle-coated calcium alginate nonwoven fabric by ion exchange
method based on amino hyperbranched polymer. Mater. Lett. 2020, 270, 127624. [CrossRef]

El-Naggar, M.E.; Hassabo, A.G.; Mohamed, A.L.; Shaheen, T.I. Surface modification of S5iO, coated ZnO nanoparticles for
multifunctional cotton fabrics. J. Colloid Interface Sci. 2017, 498, 413-422. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijbiomac.2018.01.092
http://doi.org/10.1080/00405000.2019.1634459
http://doi.org/10.1016/j.ijbiomac.2017.07.099
http://doi.org/10.1021/acs.iecr.7b00101
http://doi.org/10.1016/j.jmrt.2020.11.056
http://doi.org/10.1016/j.jclepro.2017.04.073
http://doi.org/10.3390/nano9040569
http://doi.org/10.1007/s12221-019-1018-y
http://doi.org/10.1016/j.ijbiomac.2020.06.137
http://doi.org/10.1007/s12221-021-0352-z
http://doi.org/10.1016/j.ijbiomac.2018.10.067
http://doi.org/10.3390/fib9010003
http://doi.org/10.21608/ejchem.2018.5740.1496
http://doi.org/10.1016/j.carbpol.2018.09.089
http://www.ncbi.nlm.nih.gov/pubmed/30366541
http://doi.org/10.1038/s41598-018-24311-4
http://www.ncbi.nlm.nih.gov/pubmed/29674721
http://doi.org/10.4028/www.scientific.net/JNanoR.40.136
http://doi.org/10.3390/ijms20235889
http://doi.org/10.3390/polym10050495
http://doi.org/10.1021/acssuschemeng.6b02848
http://doi.org/10.1080/10408398.2014.965773
http://doi.org/10.1016/j.carbpol.2021.118362
http://doi.org/10.3390/fib5030035
http://doi.org/10.1177/0040517519887532
http://doi.org/10.1680/jemmr.19.00012
http://doi.org/10.1016/j.matlet.2020.127624
http://doi.org/10.1016/j.jcis.2017.03.080
http://www.ncbi.nlm.nih.gov/pubmed/28349884

Nanomaterials 2022, 12, 1006 28 of 31

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Markovi¢, D.; Tseng, H.-H.; Nunney, T.; Radoi¢i¢, M.; Ilic-Tomic, T.; Radeti¢, M. Novel antimicrobial nanocomposite based
on polypropylene non-woven fabric, biopolymer alginate and copper oxides nanoparticles. Appl. Surf. Sci. 2020, 527, 146829.
[CrossRef]

Markovi¢, D.; Radoi¢i¢, M.; Barudzija, T.; Radeti¢, M. Modification of PET and PA fabrics with alginate and copper oxides
nanoparticles. Compos. Interfaces 2021, 28, 1171-1187. [CrossRef]

Heliopoulos, N.S.; Kouzilos, G.N.; Giarmenitis, A.L; Papageorgiou, S.K.; Stamatakis, K.; Katsaros, EK. Viscose Fabric Function-
alized with Copper and Copper Alginate Treatment Toward Antibacterial and UV Blocking Properties. Fibers Polym. 2020, 21,
1238-1250. [CrossRef]

Zhao, X.; Li, Q.; Li, X.; Xia, Y.; Wang, B.; Zhao, Z. Antibacterial activity and in vitro cytotoxicity evaluation of alginate-AgNP
fibers. Text. Res. J. 2016, 87, 1377-1386. [CrossRef]

Ogunsona, E.; Ojogbo, E.; Mekonnen, T. Advanced material applications of starch and its derivatives. Eur. Polym. ]. 2018, 108,
570-581. [CrossRef]

Nasrollahzadeh, M.; Sajjadi, M.; Iravani, S.; Varma, R.S. Starch, cellulose, pectin, gum, alginate, chitin and chitosan derived
(nano)materials for sustainable water treatment: A review. Carbohydr. Polym. 2021, 251, 116986. [CrossRef]

Bastos Araruna, F; Oliveira Sousa Araruna, F.; Lima Alves Pereira, L.P; Aranha Brito, M.C.; Veras Quelemes, P.; de Aratjo-Nobre,
A.R.; de Oliveira, TM.; da Silva, D.A.; de Souza de Almeida Leite, ].R.; Fernandes Coutinho, D.; et al. Green syntheses of silver
nanoparticles using babassu mesocarp starch (Attalea speciosa Mart. ex Spreng.) and their antimicrobial applications. Environ.
Nanotechnol. Monit. Manag. 2020, 13, 115260. [CrossRef]

Goswami, B.; Mahanta, D. Starch and its Derivatives: Properties and Applications. In Polysaccharides: Properties and Applications;
Inamuddin, I, Ahamed, M.L, Boddula, R., Altalhi, T.A., Eds.; Wiley: Hoboken, NJ, USA, 2021; pp. 253-281.

Maniglia, B.C.; Castanha, N.; Le-Bail, P.; Le-Bail, A.; Augusto, PE.D. Starch modification through environmentally friendly
alternatives: A review. Crit. Rev. Food Sci. Nutr. 2020, 61, 2482-2505. [CrossRef] [PubMed]

Shen, Y.; Yao, Y.; Wang, Z.; Wu, H. Hydroxypropylation reduces gelatinization temperature of corn starch for textile sizing.
Cellulose 2021, 28, 5123-5134. [CrossRef]

Li, W,; Zhang, Z.; Wu, L,; Liu, Q.; Cheng, X.; Xu, Z. Investigating the relationship between structure of itaconylated starch and its
sizing properties: Viscosity stability, adhesion and film properties for wool warp sizing. Int. J. Biol. Macromol. 2021, 181, 291-300.
[CrossRef] [PubMed]

Peychev, B.; Vasileva, P. Novel starch-mediated synthesis of Au/ZnO nanocrystals and their photocatalytic properties. Heliyon
2021, 7, e07402. [CrossRef] [PubMed]

Mahmoudi Alashti, T.; Motakef-Kazemi, N.; Shojaosadati, S.A. In Situ Production and Deposition of Nanosized Zinc Oxide on
Cotton Fabric. Iran. ]. Chem. Chem. Eng. IJCCE 2021, 40, 1-9. [CrossRef]

Ultra, C.I.; Adora, N.M.; Dagalea, EM.S.; Lim, KM.R.C. Antimicrobial Activity of Nypa Fruticans (Nipa) Palm Starch and
Zinc Oxide Nanoparticles (ZnONps) in Textile: Solving the Scarcity Using Local Resources. |. Pharm. Res. Int. 2021, 32, 84-89.
[CrossRef]

Raza, Z.A. In Situ Synthesis and Immobilization of Nanosilver on Knitted Cellulose Fabric. J. Nat. Fibers 2017, 15, 183-190.
[CrossRef]

Alagarasan, D.; Harikrishnan, A.; Surendiran, M.; Indira, K.; Khalifa, A.S.; Elesawy, B.H. Synthesis and characterization of
CuO nanoparticles and evaluation of their bactericidal and fungicidal activities in cotton fabrics. Appl. Nanosci. 2021, in press.
[CrossRef] [PubMed]

Saraf, P.; Abdollahi Movaghar, M.; Montazer, M.; Mahmoudi Rad, M. Bio and photoactive starch/MnO2 and starch/MnO2/cotton
hydrogel nanocomposite. Int. J. Biol. Macromol. 2021, 193, 681-692. [CrossRef]

El-Nahhal, LM.; Salem, J.; Anbar, R.; Kodeh, F.S.; Elmanama, A. Preparation and antimicrobial activity of ZnO-NPs coated
cotton/starch and their functionalized ZnO-Ag/cotton and Zn(II) curcumin/cotton materials. Sci. Rep. 2020, 10, 5410. [CrossRef]
[PubMed]

Ahmed, N.A.-M.H.; Kishk, D.M.; Nada, A.A. Green and Durable Treatment for Multifunctional Cellulose-containing Woven
Fabrics via TiO,-NP and HMTAP Processed in Semi-pilot Machine. Fibers Polym. 2021, 22, 2815-2825. [CrossRef]

Amani, A.; Montazer, M.; Mahmoudirad, M. Low starch/corn silk/ZnO as environmentally friendly nanocomposites assembling
on PET fabrics. Int. J. Biol. Macromol. 2021, 170, 780-792. [CrossRef] [PubMed]

Rehman, Z.U.; Huh, S.-H.; Ullah, Z; Pan, Y.-T.; Churchill, D.G.; Koo, B.H. LBL generated fire retardant nanocomposites on cotton
fabric using cationized starch-clay-nanoparticles matrix. Carbohydr. Polym. 2021, 274, 118626. [CrossRef] [PubMed]

Salimpour Abkenar, S.; Mohammad Ali Malek, R. Modification of Silk Yarn with 3-Cyclodextrin Nanoparticles: Preparation,
Characterization, and Natural Dyeing Properties. Starch-Stirke 2021, 73, 2000209. [CrossRef]

Gonzalez Pereira, A.; Carpena, M.; Garcia Oliveira, P.; Mejuto, ]J.C.; Prieto, M.A.; Simal Gandara, J. Main Applications of
Cyclodextrins in the Food Industry as the Compounds of Choice to Form Host-Guest Complexes. Int. J. Mol. Sci. 2021, 22, 1339.
[CrossRef] [PubMed]

Keshavarz, A.H.; Montazer, M.; Soleimani, N. In situ synthesis of polyamidoamine/ 3-cyclodextrin/silver nanocomposites on
polyester fabric tailoring drug delivery and antimicrobial properties. React. Funct. Polym. 2020, 152, 104602. [CrossRef]
Hedayati, N.; Montazer, M.; Mahmoudirad, M.; Toliyat, T. Cotton fabric incorporated with (3-cyclodextrin/ketoconazole/Ag NPs
generating outstanding antifungal and antibacterial performances. Cellulose 2021, 28, 8095-8113. [CrossRef]


http://doi.org/10.1016/j.apsusc.2020.146829
http://doi.org/10.1080/09276440.2020.1868267
http://doi.org/10.1007/s12221-020-9578-4
http://doi.org/10.1177/0040517516652350
http://doi.org/10.1016/j.eurpolymj.2018.09.039
http://doi.org/10.1016/j.carbpol.2020.116986
http://doi.org/10.1016/j.enmm.2019.100281
http://doi.org/10.1080/10408398.2020.1778633
http://www.ncbi.nlm.nih.gov/pubmed/34374585
http://doi.org/10.1007/s10570-021-03852-4
http://doi.org/10.1016/j.ijbiomac.2021.03.143
http://www.ncbi.nlm.nih.gov/pubmed/33775760
http://doi.org/10.1016/j.heliyon.2021.e07402
http://www.ncbi.nlm.nih.gov/pubmed/34258459
http://doi.org/10.30492/ijcce.2020.38033
http://doi.org/10.9734/jpri/2020/v32i3831016
http://doi.org/10.1080/15440478.2017.1321517
http://doi.org/10.1007/s13204-021-02054-5
http://www.ncbi.nlm.nih.gov/pubmed/34540519
http://doi.org/10.1016/j.ijbiomac.2021.10.168
http://doi.org/10.1038/s41598-020-61306-6
http://www.ncbi.nlm.nih.gov/pubmed/32214118
http://doi.org/10.1007/s12221-021-0755-x
http://doi.org/10.1016/j.ijbiomac.2020.12.168
http://www.ncbi.nlm.nih.gov/pubmed/33385458
http://doi.org/10.1016/j.carbpol.2021.118626
http://www.ncbi.nlm.nih.gov/pubmed/34702452
http://doi.org/10.1002/star.202000209
http://doi.org/10.3390/ijms22031339
http://www.ncbi.nlm.nih.gov/pubmed/33572788
http://doi.org/10.1016/j.reactfunctpolym.2020.104602
http://doi.org/10.1007/s10570-021-04001-7

Nanomaterials 2022, 12, 1006 29 of 31

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Sari, C.; Arik, B. The Comparison of the Effects of B-Cyclodextrin Complex and Derivative Complex with Silver Nanopar-
ticles on Cotton Fabric. Research Square. 2021. Available online: https://doi.org/10.21203/rs.3.rs-693021/v1 (accessed on
12 February 2022).

Attarchi, N.; Montazer, M.; Toliyat, T.; Samadi, N.; Harifi, T. Novel cellulose fabric with multifunctional properties through
diverse methods of Ag/TiO,/p-cyclodextrin nanocomposites synthesis. Cellulose 2017, 25, 1449-1462. [CrossRef]
Mogrovejo-Valdivia, A.; Maton, M.; Garcia-Fernandez, M.].; Tabary, N.; Chai, F.; Neut, C.; Martel, B.; Blanchemain, N. In Vitro
Microbiological and Drug Release of Silver/Ibuprofen Loaded Wound Dressing Designed for the Treatment of Chronically
Infected Painful Wounds. Antibiotics 2021, 10, 805. [CrossRef]

Zhang, C.Q.; Wang, YM.; Li, S.Z.; Feng, X.D,; Liu, L.H.; Wang, Y.; Zhao, L.P.; Zhang, X. Electrospinning and Catalytic Properties
of Cyclodextrin Functionalized Polyoxymethylene (POM) Nanofibers Supported by Silver Nanoparticles. Adv. Polym. Technol.
2021, 2021, 1-9. [CrossRef]

Klemm, D.; Cranston, E.D.; Fischer, D.; Gama, M.; Kedzior, S.A.; Kralisch, D.; Kramer, E.; Kondo, T.; Lindstrom, T.; Nietzsche,
S.; et al. Nanocellulose as a natural source for groundbreaking applications in materials science: Today’s state. Mater. Today 2018,
21,720-748. [CrossRef]

Moohan, J.; Stewart, S.A.; Espinosa, E.; Rosal, A.; Rodriguez, A.; Larrafieta, E.; Donnelly, R.E; Dominguez-Robles, J. Cellulose
Nanofibers and Other Biopolymers for Biomedical Applications. A Review. Appl. Sci. 2019, 10, 65. [CrossRef]

Saxena, I.M.; Brown, R.M. Cellulose Biosynthesis: Current Views and Evolving Concepts. Ann. Bot. 2005, 96, 9-21. [CrossRef]
Bacakova, L.; Pajorova, J.; Bacakova, M.; Skogberg, A.; Kallio, P.; Kolarova, K.; Svorcik, V. Versatile Application of Nanocellulose:
From Industry to Skin Tissue Engineering and Wound Healing. Nanomaterials 2019, 9, 164. [CrossRef] [PubMed]

Habibi, Y.; Lucia, L.A.; Rojas, O.J. Cellulose Nanocrystals: Chemistry, Self-Assembly, and Applications. Chem. Rev. 2010, 110,
3479-3500. [CrossRef] [PubMed]

Li, S.; Lee, P.S. Development and applications of transparent conductive nanocellulose paper. Sci. Technol. Adv. Mater. 2017, 18,
620-633. [CrossRef] [PubMed]

Padrao, J.; Zille, A. Surface Chemistry of Nanocellulose and Its Composites. In Nanocellulose and Its Composites for Water Treatment
Applications; Kumar, D., Ed.; CRC Press: Boca Raton, FL, USA, 2021; p. 230.

Liu, R; Dai, L.; Si, C.; Zeng, Z. Antibacterial and hemostatic hydrogel via nanocomposite from cellulose nanofibers. Carbohydr.
Polym. 2018, 195, 63-70. [CrossRef] [PubMed]

Nechyporchuk, O.; Yu, J.; Nierstrasz, V.A.; Bordes, R. Cellulose Nanofibril-Based Coatings of Woven Cotton Fabrics for Improved
Inkjet Printing with a Potential in E-Textile Manufacturing. ACS Sustain. Chem. Eng. 2017, 5, 4793-4801. [CrossRef]

Li, M,; Farooq, A.; Jiang, S.; Zhang, M.; Mussana, H.; Liu, L. Functionalization of cotton fabric with ZnO nanoparticles and
cellulose nanofibrils for ultraviolet protection. Text. Res. J. 2021, 91, 2303-2314. [CrossRef]

Gupta, D.; Gulrajani, M.L. Self cleaning finishes for textiles. In Functional Finishes for Textiles; Paul, R., Ed.; Woodhead Publishing:
Sawston, UK, 2015; pp. 257-281.

Jiang, X.; Tian, X.; Gu, J.; Huang, D.; Yang, Y. Cotton fabric coated with nano TiO,-acrylate copolymer for photocatalytic
self-cleaning by in-situ suspension polymerization. Appl. Surf. Sci. 2011, 257, 8451-8456. [CrossRef]

Doganli, G.; Yuzer, B.; Aydin, I.; Gultekin, T.; Con, A.H.; Selcuk, H.; Palamutcu, S. Functionalization of cotton fabric with
nanosized TiO, coating for self-cleaning and antibacterial property enhancement. J. Coat. Technol. Res. 2015, 13, 257-265.
[CrossRef]

Kale, B.M.; Wiener, J.; Militky, J.; Rwawiire, S.; Mishra, R.; Jacob, K.I,; Wang, Y. Coating of cellulose-TiO; nanoparticles on cotton
fabric for durable photocatalytic self-cleaning and stiffness. Carbohydr. Polym. 2016, 150, 107-113. [CrossRef] [PubMed]
Yunusov, K.H.E.; Mullajonova, S.V.; Sarymsakov, A.A; Jalilov, ].Z.; Turakulov, EM.; Rashidova, S.S.H.; Letfullin, R. Antibacterial
effect of cotton fabric treated with silver nanoparticles of different sizes and shapes. Int. |. Nanomater. Nanotechnol. Nanomed. 2019,
5,016-023. [CrossRef]

Oladapo, B.I; Oshin, E.A.; Olawumi, A.M. Nanostructural computation of 4D printing carboxymethylcellulose (CMC) composite.
Nano-Struct. Nano-Objects 2020, 21, 100423. [CrossRef]

Chen, C.-H.; Chen, 5.-H.; Shalumon, K.T.; Chen, ]J.-P. Dual functional core-sheath electrospun hyaluronic acid/ polycaprolactone
nanofibrous membranes embedded with silver nanoparticles for prevention of peritendinous adhesion. Acta Biomater. 2015, 26,
225-235. [CrossRef]

Chen, C.-H.; Cheng, Y.-H.; Chen, S.-H.; Chuang, A.D.-C.; Chen, J.-P. Functional hyaluronic acid-polylactic acid/silver nanopar-
ticles core-sheath nanofiber membranes for prevention of post-operative tendon adhesion. Int. J. Mol. Sci. 2021, 22, 878]1.
[CrossRef]

El-Aassar, M.R.; Ibrahim, O.M.; Fouda, M.M.G; El-Beheri, N.G.; Agwa, M.M. Wound healing of nanofiber comprising Poly-
galacturonic/Hyaluronic acid embedded silver nanoparticles: In-vitro and in-vivo studies. Carbohydr. Polym. 2020, 238, 116175.
[CrossRef]

Li, K; Cui, S;; Hu, J.; Zhou, Y,; Liu, Y. Crosslinked pectin nanofibers with well-dispersed Ag nanoparticles: Preparation and
characterization. Carbohydr. Polym. 2018, 199, 68-74. [CrossRef]

Marques, M.S.; Zepon, KM.; Heckler, ].M.; Morisso, ED.P; da Silva Paula, M.M.; Kanis, L.A. One-pot synthesis of gold
nanoparticles embedded in polysaccharide-based hydrogel: Physical-chemical characterization and feasibility for large-scale
production. Int. J. Biol. Macromol. 2019, 124, 838-845. [CrossRef]


https://doi.org/10.21203/rs.3.rs-693021/v1
http://doi.org/10.1007/s10570-017-1638-6
http://doi.org/10.3390/antibiotics10070805
http://doi.org/10.1155/2021/8272626
http://doi.org/10.1016/j.mattod.2018.02.001
http://doi.org/10.3390/app10010065
http://doi.org/10.1093/aob/mci155
http://doi.org/10.3390/nano9020164
http://www.ncbi.nlm.nih.gov/pubmed/30699947
http://doi.org/10.1021/cr900339w
http://www.ncbi.nlm.nih.gov/pubmed/20201500
http://doi.org/10.1080/14686996.2017.1364976
http://www.ncbi.nlm.nih.gov/pubmed/28970870
http://doi.org/10.1016/j.carbpol.2018.04.085
http://www.ncbi.nlm.nih.gov/pubmed/29805020
http://doi.org/10.1021/acssuschemeng.7b00200
http://doi.org/10.1177/00405175211001807
http://doi.org/10.1016/j.apsusc.2011.04.128
http://doi.org/10.1007/s11998-015-9743-7
http://doi.org/10.1016/j.carbpol.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27312619
http://doi.org/10.17352/2455-3492.000031
http://doi.org/10.1016/j.nanoso.2020.100423
http://doi.org/10.1016/j.actbio.2015.07.041
http://doi.org/10.3390/ijms22168781
http://doi.org/10.1016/j.carbpol.2020.116175
http://doi.org/10.1016/j.carbpol.2018.07.013
http://doi.org/10.1016/j.ijbiomac.2018.11.231

Nanomaterials 2022, 12, 1006 30 of 31

141.

142.

143.

144.

145.
146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

McCune, D.; Guo, X.; Shi, T,; Stealey, S.; Antrobus, R.; Kaltchev, M.; Chen, J.; Kumpaty, S.; Hua, X.; Ren, W,; et al. Electrospinning
pectin-based nanofibers: A parametric and cross-linker study. Appl. Nanosci. 2018, 8, 33—40. [CrossRef]

Wolf, S.; Mouille, G.; Pelloux, J. Homogalacturonan Methyl-Esterification and Plant Development. Mol. Plant 2009, 2, 851-860.
[CrossRef] [PubMed]

Alipour, R.; Khorshidi, A.; Shojaei, A.F; Mashayekhi, F; Moghaddam, M.].M. Skin wound healing acceleration by Ag nanoparti-
cles embedded in PVA /PVP /Pectin/Mafenide acetate composite nanofibers. Polym. Test. 2019, 79, 106022. [CrossRef]

Akinalan Balik, B.; Argin, S.; Lagaron, ].M.; Torres-Giner, S. Preparation and Characterization of Electrospun Pectin-Based Films
and Their Application in Sustainable Aroma Barrier Multilayer Packaging. Appl. Sci. 2019, 9, 5136. [CrossRef]

Necas, ].; Bartosikova, L.; Brauner, P.; Kolar, J. Hyaluronic acid (hyaluronan): A review. Vet. Med. 2008, 53, 397-411. [CrossRef]
Price, R.D.; Berry, M.G.; Navsaria, H.A. Hyaluronic acid: The scientific and clinical evidence. J. Plast. Reconstr. Aesthet. Surg. 2007,
60, 1110-1119. [CrossRef] [PubMed]

Azevedo, G.; Hilliou, L.; Bernardo, G.; Sousa-Pinto, I.; Adams, R.W.; Nilsson, M.; Villanueva, R.D. Tailoring kappa/iota-hybrid
carrageenan from Mastocarpus stellatus with desired gel quality through pre-extraction alkali treatment. Food Hydrocoll. 2013, 31,
94-102. [CrossRef]

Dionisio, M.; Grenha, A. Locust bean gum: Exploring its potential for biopharmaceutical applications. J. Pharm. Bioallied Sci. 2012,
4,175-185. [CrossRef] [PubMed]

Eghbalifam, N.; Shojaosadati, S.A.; Hashemi-Najafabadi, S.; Khorasani, A.C. Synthesis and characterization of antimicrobial
wound dressing material based on silver nanoparticles loaded gum Arabic nanofibers. Int. J. Biol. Macromol. 2020, 155, 119-130.
[CrossRef] [PubMed]

Elnaggar, M.; Emam, H.; Fathalla, M.; Abdel-Aziz, M.; Zahran, M. Chemical synthesis of silver nanoparticles in its solid state:
Highly efficient antimicrobial cotton fabrics for wound healing properties. Egypt. . Chem. 2021, 64, 2697-2709. [CrossRef]
Mohamed, A.L; El-Naggar, M.E.; Shaheen, T.I.; Hassabo, A.G. Novel nano polymeric system containing biosynthesized core shell
silver/silica nanoparticles for functionalization of cellulosic based material. Microsyst. Technol. 2016, 22, 979-992. [CrossRef]
Buchman, J.T.; Hudson-Smith, N.V.; Landy, K.M.; Haynes, C.L. Understanding Nanoparticle Toxicity Mechanisms To Inform
Redesign Strategies To Reduce Environmental Impact. Acc. Chem. Res. 2019, 52, 1632-1642. [CrossRef] [PubMed]

Yan, L.; Zhao, F; Wang, J.; Zu, Y.; Gu, Z.; Zhao, Y. A Safe-by-Design Strategy towards Safer Nanomaterials in Nanomedicines.
Adv. Mater. 2019, 31, €1805391. [CrossRef] [PubMed]

Saifi, M.A.; Khan, W.; Godugu, C. Cytotoxicity of Nanomaterials: Using Nanotoxicology to Address the Safety Concerns of
Nanoparticles. Pharm. Nanotechnol. 2018, 6, 3-16. [CrossRef]

Najahi-Missaoui, W.; Arnold, R.D.; Cummings, B.S. Safe Nanoparticles: Are We There Yet? Int. J. Mol. Sci. 2020, 22, 385.
[CrossRef]

Martinez, G.; Merinero, M.; Pérez-Aranda, M.; Pérez-Soriano, E.; Ortiz, T.; Villamor, E.; Begines, B.; Alcudia, A. Environmental
Impact of Nanoparticles” Application as an Emerging Technology: A Review. Materials 2020, 14, 166. [CrossRef]

Schmutz, M.; Borges, O.; Jesus, S.; Borchard, G.; Perale, G.; Zinn, M.; Sips, A.AJ.AM.; Soeteman-Hernandez, L.G.; Wick, P; Som,
C. A Methodological Safe-by-Design Approach for the Development of Nanomedicines. Front. Bioeng. Biotechnol. 2020, 8, 258.
[CrossRef] [PubMed]

Lin, S;; Yu, T,; Yu, Z.; Hu, X;; Yin, D. Nanomaterials Safer-by-Design: An Environmental Safety Perspective. Adv. Mater. 2018,
30, €1705691. [CrossRef] [PubMed]

Riaz Ahmed, K.B.; Nagy, A.M.; Brown, R.P; Zhang, Q.; Malghan, S5.G.; Goering, P.L. Silver nanoparticles: Significance of
physicochemical properties and assay interference on the interpretation of in vitro cytotoxicity studies. Toxicol. Vitr. 2017, 38,
179-192. [CrossRef] [PubMed]

Dtugosz, O.; Szostak, K.; Staroni, A.; Pulit-Prociak, J.; Banach, M. Methods for Reducing the Toxicity of Metal and Metal Oxide
NPs as Biomedicine. Materials 2020, 13, 279. [CrossRef] [PubMed]

Ha, M.K,; Shim, Y.J.; Yoon, T.H. Effects of agglomeration on in vitro dosimetry and cellular association of silver nanoparticles.
Environ. Sci. Nano 2018, 5, 446-455. [CrossRef]

Medici, S.; Peana, M.; Pelucelli, A.; Zoroddu, M.A. An updated overview on metal nanoparticles toxicity. Semin. Cancer Biol. 2021,
76,17-26. [CrossRef] [PubMed]

Sun, H.; Jiang, C.; Wu, L.; Bai, X.; Zhai, S. Cytotoxicity-Related Bioeffects Induced by Nanoparticles: The Role of Surface Chemistry.
Front. Bioeng. Biotechnol. 2019, 7, 414. [CrossRef] [PubMed]

Ribeiro, A.IL; Dias, A.M.; Zille, A. Synergistic Effects Between Metal Nanoparticles and Commercial Antimicrobial Agents: A
Review. ACS Appl. Nano Mater. 2022. in press. [CrossRef]

Manuja, A.; Kumar, B.; Kumar, R.; Chhabra, D.; Ghosh, M.; Manuja, M.; Brar, B.; Pal, Y; Tripathi, B.N.; Prasad, M. Metal /metal
oxide nanoparticles: Toxicity concerns associated with their physical state and remediation for biomedical applications. Toxicol.
Rep. 2021, 8, 1970-1978. [CrossRef]

Sethi, S.; Saruchi; Medha; Thakur, S.; Kaith, B.S.; Sharma, N.; Ansar, S.; Pandey, S.; Kuma, V. Biopolymer starch-gelatin embedded
with silver nanoparticle-based hydrogel composites for antibacterial application. Biomass Convers. Biorefinery 2022. in press.
[CrossRef]

Roénavari, A.; Igaz, N.; Adamecz, D.I; Szerencsés, B.; Molnar, C.; Kénya, Z.; Pfeiffer, I.; Kiricsi, M. Green Silver and Gold
Nanoparticles: Biological Synthesis Approaches and Potentials for Biomedical Applications. Molecules 2021, 26, 844. [CrossRef]


http://doi.org/10.1007/s13204-018-0649-4
http://doi.org/10.1093/mp/ssp066
http://www.ncbi.nlm.nih.gov/pubmed/19825662
http://doi.org/10.1016/j.polymertesting.2019.106022
http://doi.org/10.3390/app9235136
http://doi.org/10.17221/1930-VETMED
http://doi.org/10.1016/j.bjps.2007.03.005
http://www.ncbi.nlm.nih.gov/pubmed/17466613
http://doi.org/10.1016/j.foodhyd.2012.10.010
http://doi.org/10.4103/0975-7406.99013
http://www.ncbi.nlm.nih.gov/pubmed/22923958
http://doi.org/10.1016/j.ijbiomac.2020.03.194
http://www.ncbi.nlm.nih.gov/pubmed/32224167
http://doi.org/10.21608/ejchem.2021.57667.3236
http://doi.org/10.1007/s00542-015-2776-0
http://doi.org/10.1021/acs.accounts.9b00053
http://www.ncbi.nlm.nih.gov/pubmed/31181913
http://doi.org/10.1002/adma.201805391
http://www.ncbi.nlm.nih.gov/pubmed/30701603
http://doi.org/10.2174/2211738505666171023152928
http://doi.org/10.3390/ijms22010385
http://doi.org/10.3390/ma14010166
http://doi.org/10.3389/fbioe.2020.00258
http://www.ncbi.nlm.nih.gov/pubmed/32300587
http://doi.org/10.1002/adma.201705691
http://www.ncbi.nlm.nih.gov/pubmed/29436017
http://doi.org/10.1016/j.tiv.2016.10.012
http://www.ncbi.nlm.nih.gov/pubmed/27816503
http://doi.org/10.3390/ma13020279
http://www.ncbi.nlm.nih.gov/pubmed/31936311
http://doi.org/10.1039/C7EN00965H
http://doi.org/10.1016/j.semcancer.2021.06.020
http://www.ncbi.nlm.nih.gov/pubmed/34182143
http://doi.org/10.3389/fbioe.2019.00414
http://www.ncbi.nlm.nih.gov/pubmed/31921818
http://doi.org/10.1021/acsanm.1c03891
http://doi.org/10.1016/j.toxrep.2021.11.020
http://doi.org/10.1007/s13399-022-02437-w
http://doi.org/10.3390/molecules26040844

Nanomaterials 2022, 12, 1006 31 of 31

168.

169.

170.

171.

172.

Soltys, L.; Olkhovyy, O.; Tatarchuk, T.; Naushad, M. Green Synthesis of Metal and Metal Oxide Nanoparticles: Principles of Green
Chemistry and Raw Materials. Magnetochemistry 2021, 7, 145. [CrossRef]

Harish, V,; Tewari, D.; Gaur, M.; Yadav, A.B.; Swaroop, S.; Bechelany, M.; Barthoum, A. Review on Nanoparticles and Nanos-
tructured Materials: Bioimaging, Biosensing, Drug Delivery, Tissue Engineering, Antimicrobial, and Agro-Food Applications.
Nanomaterials 2022, 12, 457. [CrossRef]

Prasher, P; Sharma, M.; Mehta, M.; Satija, S.; Aljabali, A.A.; Tambuwala, M.M.; Anand, K.; Sharma, N.; Dureja, H.; Jha, N.K,; et al.
Current-status and applications of polysaccharides in drug delivery systems. Colloid Interface Sci. Commun. 2021, 42, 100418.
[CrossRef]

Shavandi, A.; Saeedi, P; Ali, M.A.; Jalalvandi, E. Green synthesis of polysaccharide-based inorganic nanoparticles and biomedical
aspects. In Functional Polysaccharides for Biomedical Applications; Maiti, S., Jana, S., Eds.; Woodhead Publishing: Sawston, UK, 2019;
pp- 267-304.

Worthington, K.L.S.; Adamcakova-Dodd, A.; Wongrakpanich, A.; Mudunkotuwa, I.A.; Mapuskar, K.A.; Joshi, V.B.; Allan
Guymon, C.; Spitz, D.R; Grassian, V.H.; Thorne, P.S.; et al. Chitosan coating of copper nanoparticles reducesin vitrotoxicity and
increases inflammation in the lung. Nanotechnology 2013, 24, 395101. [CrossRef] [PubMed]


http://doi.org/10.3390/magnetochemistry7110145
http://doi.org/10.3390/nano12030457
http://doi.org/10.1016/j.colcom.2021.100418
http://doi.org/10.1088/0957-4484/24/39/395101
http://www.ncbi.nlm.nih.gov/pubmed/24008224

	Introduction 
	Polysaccharides in Metal-Nanoparticle-Functionalized Textiles 
	Chitosan 
	Substrate Composition 
	Enhancing the Adhesion of Metal Nanoparticles onto Textiles and/or Controlling the Release of Nanoparticles or Metal Ions 
	Multifunctional Textiles 
	Action as a Reducing Agent of Metal Salts and Stabilization of Metal Nanoparticles on Dispersions 

	Alginate 
	Starch 
	Cyclodextrins 
	Cellulose 
	Other Polysaccharides 

	Safety Issues of MNPs and the Role of Polysaccharides 
	Conclusions 
	References

