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Abstract  Functionalized textiles have been increas-
ingly used for enhancing antimicrobial or antiviral 
(antipathogenic) action. Those pathogens can cause 
recurring diseases by direct or indirect transmission. 
Particularly, airborne microorganisms may cause res-
piratory diseases or skin infections like allergies and 
acne and the use of inorganic agents such as metal 
and metal oxides has proven effective in antipatho-
gen applications. This review is a tutorial on how to 
obtain functional fabric with processes easily applied 
for industrial scale. Also, this paper summarizes 

relevant textiles and respective incorporated inorganic 
agents, including their antipathogenic mechanism of 
action. In addition, the processing methods and func-
tional finishing, on a laboratory and industrial scale, 
to obtain a functional textile are shown. Characteriza-
tion techniques, including antipathogenic activity and 
durability, mechanical properties, safety, and environ-
mental issues, are presented. Challenges and perspec-
tives on the broader use of antipathogenic fabrics are 
discussed.
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Introduction

Several pathogens such as bacteria, fungi, and 
viruses are present in everyday life and can cause 
respiratory problems, skin infections, intestinal 
complications, and virus diseases. Functionalized 
textiles can be applied in various areas, mainly in 
health care, industry (packaging, water disinfection, 
air filtration, etc.), households, medical devices, 
clothing and hygiene to prevent the above-men-
tioned illnesses (Gao and Cranston 2008; Simončič 
and Tomšič 2017; Ibrahim et al. 2019, 2021; Gulati 
et  al. 2021). Antipathogenic fabrics have broad 
applicability and can help prevent or solve common 
issues such as odor releasing or even rare events 
such as pandemics.

Fabrics from natural or synthetic sources can be 
used. In the past, synthetic fabrics have dominated 
the market, but they have been losing ground to cel-
lulose-based fibers (natural from plants and modi-
fied). The hydroxyl groups in cellulose give stiffness 
and strength to the fiber, and they are comfortable 
and biodegradable. For this reason, they are applied 
in several areas, which led to a high demand (Uddin 
2015; Emam 2019; Felgueiras et al. 2021).

These antipathogenic fabrics can be obtained 
from the fixation of antipathogenic agents, which 
can be inorganic or organic and can also be classi-
fied as natural or synthetic. The inorganic agents have 
been emerging due to their antipathogenic potential. 
And also because they are compatible and present 

durability in the antipathogenic effect (Raghunath and 
Perumal 2017).

Various inorganic agents can be used against path-
ogens, such as silver, copper, titania, or iron oxides 
(Gao and Cranston 2008; Simončič and Tomšič 
2017; Andra et  al. 2021). In addition, incorporat-
ing antipathogenic agents into textiles or non-woven 
materials can provide specific or enhanced proper-
ties, such as UV-protection, self-cleaning, conductive 
and others (Gao and Cranston 2008; Raghunath and 
Perumal 2017; Ibrahim et al. 2017a; Ali et al. 2018, 
2021b; Gulati et al. 2021).

In this review, we present and discuss the process-
ing of antipathogenic fabrics functionalized, detailing 
different fabrics and different agents, manufacturing 
and finishing technologies for antipathogenic fabrics 
applicable on an industrial scale, their activity evalua-
tion, their safety, and associated environmental issues.

Textile fibers

Fabrics are formed by fibers, which can be classified 
on their origin (Fig. 1), as natural fibers, which can be 
found in plants and animals; and synthetic, obtained 
by a chemical modification of natural polymers or 
from polymer synthesis. In general, natural fibers 
have a short length (stapled fibers), and manufactured 
fibers are continuous filaments and can be used as a 
staple (Lord 2003). Both natural and synthetic fibers 
can favor the growth of pathogens. Synthetic fibers 
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provide a source of nutrition, and the natural fibers 
contain water, nutrients, and oxygen due to their ori-
gin and production (Andra et al. 2021).

The production techniques vary according to the 
type of fiber and desired product (woven, knit, or non-
woven) (Wang et  al. 2020a, b), Fig.  2. Woven, knit, 
and non-woven fabrics are structures that depend on 
how they are constructed and provide different prop-
erties. Woven fabrics have fibers intertwined at right 

angles (90° angles); a checkered pattern is created 
by interlacing horizontal fibers over and under verti-
cal fibers. A knit is made by pulling loops of thread, 
creating a more stretchy sheet than other structures. 
Non-woven fabrics have the fibers bonded to form 
a fabric, involving mechanical, chemical, or ther-
mal processes; they are less expensive to produce 
and have poor "memory" and laundering durability 
(Songer 2020).

Fig. 1   Classification of textile fibers

Fig. 2   Fabric structures. Adapted from Wang et al. (2020b)
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Natural fibers

Natural fibers can be obtained from plants, such as 
cotton, flax, hemp, and others; in this case, they are 
cellulose-based. Alternatively, animal fibers, such as 
wool, cashmere, silk, and others, are also employed as 
a raw material; i.e. they can be protein-based. One of 
the most used fibers is cotton due to its suitable prop-
erties such as high strength, long durability, tempera-
ture resistance, softness, and breathability. Another 
natural fiber that also stands out in the textile indus-
try is wool, usually from sheep, which is an excellent 
thermal insulator. In addition, wool absorbs a large 
amount of water, has higher temperature resistance 
than cotton or some synthetic fibers, has a lower rate 
of flame spread, and is considered hypoallergenic (T 
for Textile 2021).

Manufactured fibers

Manufactured fibers are obtained from modifying 
natural polymers such as acetate and viscose or from 
chemically synthesized polymers such as polyester, 
polyamide, polyethylene, acrylics, and elastane. In 
either case, the fibers can be tailored to offer required 
properties such as strength, durability, and breatha-
bility, among others. Those manufactured fibers can 
present fire resistance, stiffness, high softening point, 
and melting ability for spinning (T for Textile 2021).

Antipathogenic agents

In a functional textile, the antipathogenic properties 
are associated with antipathogenic agents, which gen-
erally have an inorganic nature. These agents are com-
pounds capable of preventing the growth of microor-
ganisms. Several inorganic agents are reported in the 
literature. The most studied and explored is silver 
(Durán et al. 2007; Falletta et al. 2008; Tomšič et al. 
2009; Zhang et  al. 2009; Kelly and Johnston 2011; 
Firoz Babu et al. 2012; Balagna et al. 2020; El-Nag-
gar et al. 2020; Tremiliosi et al. 2020), but other par-
ticles or ions also have antipathogenic effects, such 
as copper (Borkow et al. 2010; El-Nahhal et al. 2012; 
Sójka-Ledakowicz et al. 2016; Xu et al. 2018; Sharma 
et al. 2019; Vasantharaj et al. 2019), titanium dioxide 
(Li et al. 2006; Pant et al. 2011; Galkina et al. 2014; 
Karimi et al. 2014; Prorokova et al. 2018), zinc oxide 

(El-Nahhal et  al. 2017, 2020; Fiedot-Toboła et  al. 
2018), and iron oxides (Harifi and Montazer 2013; 
Rastgoo et al. 2016; Qin et al. 2019), as presented in 
Table 1 and Fig. 3.

Ionic and metallic silver

Silver presents excellent potential as an antipatho-
genic agent for textile products, both in metallic and 
ionic forms. Silver is toxic to several microorganisms, 
but it is non-toxic in low concentrations for humans 
(Sondi and Salopek-Sondi 2004; Morones et al. 2005; 
Lara et  al. 2010a, b, 2011; Deshmukh et  al. 2019). 
Either in metal or ion form, silver interacts in several 
molecular processes with the microorganisms and can 
decrease their growth and infection power. In the case 
of pathogens, silver can act by destroying the mem-
brane or binding the proteins that cover the pathogens 
(Deshmukh et al. 2019).

Balagna et al. (2020) coated FFP3 masks with sil-
ver nanocluster/silica-based composite as a virucidal 
agent against SARS-CoV-2. They used radiofre-
quency in silver nanoclusters and silica-based spray-
ing on the mask surface. In one of the tests, the coat-
ing completely removed the cytopathic effect, which 
can extend the life of the personal protective equip-
ment used.

Ag-based material was incorporated into poly-
cotton fabrics, and the inhibition power of SARS-
CoV-2 was evaluated by Tremiliosi et  al. (2020). In 
this case, a 67% polyester and 33% cotton fabric was 
impregnated with Ag nanoparticles by immersion 
in two different colloidal solutions (AgNP colloidal 
solution, CS, and an AgNP colloidal solution stabi-
lized with organic polymers, OP). The experiment 
reported 99% inhibition of the virus in the tissue with 
AgOP in 2 min, only 16% inhibition in the untreated 
tissue, and 86% inhibition in the tissue with AgCS. 
It was demonstrated that the AgNPs impregnated 
in the tissue interfere with replication and prevent 
contamination.

Ali et  al. developed nanocomposites containing 
silver nanoparticles. In this work the main property 
studied was the detection of Fe3+ ions, but it was also 
applied in cotton fabrics for antimicrobial evaluation 
(E. coli, S. aureus, Influenza A virus H3N2, Feline 
calicivirus FCV and Candida albicans), obtaining 
good and promising results in all properties tested, 
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Table 1   Antipathogenic agents incorporated into fabrics and processing techniques applied

Antipathogenic 
agents

Fabrics Processes Pathogens References
Bacteria Viruses Fungi

SARS-CoV-2 Balagna et al. (2020)
FFP3 masks Spraying
Cotton Dip coating Tremiliosi et al. 

(2020)SARS-CoV-2
Silver (metallic) Cotton Pad-dry-cure E. coli C. albicans El-Naggar et al. 

(2020)S. aureus
Cotton In situ synthesis E. coli

S. aureus
Firoz Babu et al. 

(2012)
Cotton, wool, and 

polyester
Dip coating S. aureus C. albicans Falletta et al. (2008)

S. epidermidis
P. aeruginosa

Cotton Dip coating E. coli H3N2 C. albicans Ali et al. (2021a)
S. aureus FCV

Silver (ionic, metal-
lic)

Cotton Pad-dry-cure E. coli Zhang et al. (2009)
S. aureus

Wool In situ synthesis S. aureus Kelly and Johnston 
(2011)

Silver (ionic) Cotton Dip coating S. aureus Durán et al. (2007)
Cotton Pad-dry-cure E. coli C. globosum Tomšič et al. (2009)

A. niger
Copper (metallic) Cotton In situ synthesis E. coli Xu et al. (2018)

S. aureus
Cotton Dip coating E. coli Sharma et al. (2019)

S. aureus
Copper (ionic) N95 mask Dip coating H1N1 Borkow et al. (2010)

H9N2
Cotton Sonochemical E. coli El-Nahhal et al. 

(2012)S. aureus
Cotton Dip coating E. coli Vasantharaj et al. 

(2019)S. aureus
K. pneumoniae

Cotton Dip coating E. coli Shahid et al. (2021)
S. aureus

Titanium dioxide Surgical masks Dip coating E. coli Li et al. (2006)
S. aureus

Cotton Dip coating E. coli Galkina et al. (2014)
Polyester Dip coating E. coli C. albicans Prorokova et al. 

(2018)S. aureus
PA Electrospinning E. coli Pant et al. (2011)
Cotton Dip coating E. coli C. albicans Karimi et al. (2014)

S. aureus



2692	 Cellulose (2023) 30:2687–2712

1 3
Vol:. (1234567890)

creating a multifunctional composite (Ali et  al. 
2021a).

Another evaluative study was performed by El-
Naggar et  al. (2020), in which silver nanoparticles 
(AgNPs) were incorporated into cotton using the pad-
dry-cure technique. Besides evaluating the antipatho-
genic effect, the work synthesized AgNPs from the 
reduction of silver ions. After the tests, the action 
against the pathogens S. aureus, E. coli, and C. albi-
cans was verified, proving to be effective through a 

qualitative test. Firoz Babu et al. (2012) incorporated 
nanoparticles in cotton fabrics. Again, the growth 
of Escherichia coli and Staphylococcus aureus 
was inhibited by silver nanoparticles and evaluated 
through quantitative tests.

Falletta et al. (2008) synthesized AgNPs, incorpo-
rated them into cotton, wool, and polyester, and eval-
uated their antipathogenic effect against S. aureus, 
S. epidermidis, P. aeruginosa, and C. albicans. The 
three fabrics showed a good antipathogenic effect. 

Table 1   (continued)

Antipathogenic 
agents

Fabrics Processes Pathogens References
Bacteria Viruses Fungi

Zinc oxide Cotton Sonochemical E. coli C. albicans El-Nahhal et al. 
(2017)

S. aureus M. canis

PA, PET and PP Dip coating E. coli Fiedot-Toboła et al. 
(2018)

S. aureus

Cotton Sonochemical E. coli El-Nahhal et al. 
(2020)

S. aureus
Iron oxide N95 mask Spraying H1N1 Qin et al. (2019)

H5N1
H7N9

Polyester In situ synthesis S. aureus (Harifi and Montazer 
2013)

Cotton/polyester In situ synthesis S. aureus C. albicans Rastgoo et al. (2016)

Fig. 3   SEM images of 
antipathogenic agents on 
fabrics. A Ag nanoparticles 
on cotton (El-Naggar et al. 
2020). B Zinc oxide on 
PP (Fiedot-Toboła et al. 
2018). C Titania on cotton 
(Galkina et al. 2014). D 
Iron oxide on polyester 
(Harifi and Montazer 2013). 
Adapted from Harifi and-
Montazer (2013), Galkina 
et al. (2014), Fiedot-Toboła 
et al. (2018) and El-Naggar 
et al. (2020)
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Moreover, it was possible to notice that wool obtained 
a lower result than the other fabrics due to the low 
adherence of particles in the textile, which was ana-
lyzed by UV–Visible Absorption.

Antimicrobial activity on cotton was reported by 
Zhang et al. (2009) using silver in the ion form. How-
ever, most of the antipathogenic composition on the 
fabric surface was composed of Ag0. In the study, the 
silver activity showed a 99.01% and 99.26% reduc-
tion against S. aureus and E. coli. The tissues can 
go through a pre-treatment process to improve some 
properties. In this case, amino-terminated hyper-
branched polymer (HBP-NH2) was added to improve 
the dyeability and silver fixing, which did not inter-
fere with the antipathogenic action.

Kelly and Johnston (2011) developed a fabric 
with silver in ion and metal forms. Merino wool was 
impregnated with AgNPs surrounded with Ag+ that 
inhibited the microbial growth of S. aureus. In this 
study, trisodium citrate (TSC) was added as a binder. 
The increase in TSC concentration improved the 
incorporation of nanoparticles, consequently achiev-
ing a higher antipathogenic action.

Durán et  al. (2007) verified the antipathogenic 
action of ionic silver against Staphylococcus aureus. 
Cotton fabric loaded with Ag+ was able to reduce 
99% of bacteria. Moreover, this study presented an 
alternative to minimize silver rejection using Chro-
mobacterium violaceum. In this case, biosorption 
proved efficient, avoiding the remaining silver being 
released into effluents.

Tomšič et  al. (2009) used the pad-dry-cure 
method with sol–gel containing silver and a binder. 
The antipathogenic action against the growth inhibi-
tion of the pathogens E. coli, A. niger, and C. globo-
sum was evaluated. The sol–gel immersed samples 
obtained a higher amount of impregnated silver, 
which improved the performance. In addition, the 
curing temperature variation was evaluated, but it 
did not significantly influence the process.

Nevertheless, a preoccupation is the develop-
ment of super-resistant bacteria, as already reported 
(Prasher et al. 2018). Some studies have also shown 
surface alterations or mutations in organisms when 
exposed to silver (Graves et  al. 2015; Kaweeteer-
awat et  al. 2017). Moreover, silver action mecha-
nisms are still under investigation.

Ionic and metallic copper

Another widely used antipathogenic agent is copper, 
either in metal or ion form as copper oxide, iodide, 
and silicate. However, copper ions are more common 
than copper metal, since copper metal can undergo 
oxidation, so some strategies must be adopted to pre-
vent it (Xu et al. 2018).

Xu et  al. (2018) presented an impregnated cotton 
fabric with copper nanoparticles (CuNPs) during the 
synthesis of the nanoparticles. The authors used thi-
oglycolic acid (TGA) and citric acid as additives to 
increase durability and protect the copper from oxida-
tion. The antipathogenic action was evaluated against 
E. coli and S. aureus after 50 washes. Initially, the 
samples had a bacterial reduction of 100%, and after 
the washes, they presented a decrease of 96% for both 
pathogens.

Sharma et  al. (2019) demonstrated the antipatho-
genic action of CuNPs. The bacterial reduction was 
100% and 74% for S. aureus and E. coli, respectively. 
As in the previous study, the antipathogenic action 
was evaluated after 50 washes, but, in this case, no 
binder was added. Therefore, the leaching of the 
nanoparticles decreased the antipathogenic activity, 
reaching only 65% and 50% bacterial reduction of S. 
aureus and E. coli.

An N95 mask with impregnated copper oxide was 
designed with 4 layers, one of which was a functional 
layer. The mask was tested against H1N1 and H9N2 
viruses, with ~ 3 and ~ 4 log reduction. Furthermore, 
several mask parameters were tested, such as bacte-
rial filtration efficacy, differential pressure, and resist-
ance to penetration; in all cases, the performance was 
satisfactory (Borkow et al. 2010).

Shahid et  al. developed multifunctional textiles 
from the incorporation of copper oxide particles, 
Cu2O. In this work, the particles were synthesized 
with different reducing agents, which influenced the 
final antipathogenic potential of each sample. From 
the three reducing agents, glucose, ascorbic acid and 
sodium hydrosulphite, the particles produced through 
the last agent obtained better results in the inhibition 
of E. coli and S. aureus (Shahid et al. 2021).

The bactericidal potential of copper oxide against 
S. aureus and E. coli was investigated by El-Nahhal 
et  al. (2012). In this case, CuO nanoparticles were 
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deposited on cotton fibers, and the antipathogenic 
action demonstrated complete growth inhibition. Vas-
antharaj et al. (2019) reported an eco-friendly synthe-
sis and evaluated the antibacterial potential of copper 
oxide. After synthesis, a piece of impregnated cotton 
fabric was qualitatively tested against bacteria (E. 
coli, S. aureus, and K. pneumoniae) with satisfactory 
results.

Titanium dioxide

Studies have also reported the antipathogen activ-
ity of titanium dioxide (titania, TiO2), which has a 
well-known photocatalytic activity. When irradiated, 
TiO2 produces radicals that help in the antipathogen 
action. Titania comes in three phases: anatase, rutile, 
and brookite. As anatase, it presents better photocata-
lytic performance. Moreover, some studies report the 
activity in the dark (Galkina et al. 2014).

The antimicrobial activity of facial masks contain-
ing titanium dioxide and silver nitrate coating was 
analyzed against E. coli and S. aureus. Pieces of the 
facial mask were incubated for 48  h and at the end 
of the test, a 100% reduction of E. coli and S. aureus 
was observed (Li et al. 2006).

Galkina et  al. (2014) tested TiO2 (anatase and 
brookite) isolated and deposited on cotton through 
immersion in suspension with 1,2,3,4-butanetetra-
carboxylic acid (BTCA), and TiO2. BTCA was used 
to ensure a better uniformity in the modification of 
the fiber structure. The modified cotton was evalu-
ated against E. coli and inhibited ~ 70% of microbial 
growth. Prorokova et al. (2018) modified the surface 
of polyester by deposition of TiO2 nanoparticles. 
Pathogen tests under UV light reached inhibition of 
31%, 63%, and 83% against E. coli, S. aureus, and C. 
albicans, respectively.

Polyamide fibers with TiO2 (anatase and rutile) 
were prepared by electrospinning, and antipathogenic, 
hydrophilic fibers were obtained (Pant et  al. 2011). 
Moreover, the addition of TiO2 improved some prop-
erties like mechanical strength and UV blocking. The 
antipathogenic activity was evaluated against E. coli 
under UV light, and inhibition of bacterial growth 
was shown. Karimi et  al. (2014) developed a cotton 
fabric with antipathogenic properties with the TiO2 
as anatase and rutile incorporated by dip coating. The 

reduction against E. coli, S. aureus, and C. albicans 
reached > 99%.

Zinc oxide

Like titania, zinc oxide (ZnO) has photocatalytic 
properties, which are essential for antipathogenic 
activity. ZnO comes in three phases: wurtzite, zinc 
blende, and rock salt. Wurtzite is the most stable and 
common phase.

El-Nahhal et al. (2017) functionalized cotton by 
a coating of ZnO nanoparticles (wurtzite) and veri-
fied the antimicrobial activity against Escherichia 
coli, Staphylococcus aureus, Candida albicans, and 
Microsporum canis. In another work, El-Nahhal 
et al. (2020) obtained a cotton fabric functionalized 
with ZnO nanoparticles (wurtzite). The impregna-
tion occurred by the sonochemical method using 
starch as an additive, and the potential against E. 
coli and S. aureus was evaluated. The samples with 
only ZnO showed a 100% bacterial reduction for E. 
coli and S. aureus. After 10 washes, the reduction 
dropped to 54.9% and 56.9%, respectively. How-
ever, the samples with 2% starch showed a 78% and 
95% bacterial reduction after washing for E. coli 
and S. aureus, respectively.

Fiedot-Toboła et al. (2018) modified the surface 
of several textiles by deposition of ZnO nanopar-
ticles (wurtzite). Polyamide 6 (PA), polyethylene 
terephthalate (PET), and polypropylene (PP) con-
taining the nanoparticles had a > 99% bacterial 
reduction for E. coli and S. aureus. The matrix 
change had no direct influence on the antipatho-
genic action of ZnO; however, hydrophobic sur-
faces (PA) showed larger particle clusters than 
hydrophilic surfaces (PP and PET).

Iron oxide

Ionic iron, both ferrous (Fe2+) and ferric (Fe3+), 
can also produce radicals that cause damage to 
membranes and structures of pathogens. Further-
more, magnetic particles can bind more strongly to 
the pathogen (Harifi and Montazer 2013).

Harifi and Montazer (2013) developed multifunc-
tional fabrics based on polyester, with nanoparti-
cles of either magnetite (Fe3O4) or hematite Fe2O3), 
which were synthesized in  situ. In addition to other 
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properties, the antipathogenic effect of magnetite 
and hematite against S. aureus reached a reduction 
of 100% and 80.47%, respectively. Another mul-
tifunctional fabric was the subject of the study by 
Rastgoo et al. (2016) In this case, a 30% cotton/70% 
polyester composite fabric within situ synthesized 
magnetite was produced and tested against bacteria 

and fungi. The bacteria reduction was 95% against S. 
aureus, and the fungus reduction was 99% against C. 
albicans.

The inactivation of the influenza virus by Fe3O4 
was compared to the performance of peroxidase 
and catalase enzymes. Magnetite was incorpo-
rated into facial masks in different concentrations 

Fig. 4   General steps of fab-
rics production. Antipatho-
genic agents can be added 
to fiber preparation or 
finishing

Raw Material 

Fiber Preparation

Spinning

Weaving Nonwoven bondingKnitting

Preparation
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Printing

Yarn 
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Fabric
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Wet
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Product

Fig. 5   Schematic illustra-
tion of dip coating
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Fabric/Fiber

Tank

Squeeze rolls
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(0.8, 0.4, 0.2, and 0.1 mg/cm2) and incubated with 
H1N1 viruses, H5N1, and H7N9. TCID50 and 
hemagglutinin activities were measured, and levels 
were evaluated at 0.5 and 1 h. The application with 
0.8 mg/cm2 of iron oxide inactivated the virus pre-
sent in the mask within 30 min (Qin et al. 2019).

Processing: incorporating antipathogenic agents 
into fabrics

The application of particles in fabrics can be made in 
several ways, along with the manufacturing process 
of fibers and textiles (Schindler and Hauser 2004; 
Gao and Cranston 2008). Functionalized substances 
can be obtained through chemical and physical pro-
cesses. The antipathogenic agent is usually incorpo-
rated in the last processing stage of wet-processing, 

i.e., finishing, as seen in Fig.  4. Alternatively, it is 
also possible to integrate the antipathogenic agents 
during the formation of the fibers, i.e., fiber prepara-
tion, as also shown in Fig. 4, which provides a fabric 
with better durability of antipathogenic effect (Gao 
and Cranston 2008).

Dip-coating, pad-dry-cure, and sonication are 
widely used methods, which consist of a direct appli-
cation of a colloidal dispersion containing the parti-
cles, through the immersion of the tissue in the dis-
persion. Details on each process are discussed below.

Dip coating

Dip coating is a simple and easy method to apply but 
does not provide a uniform coating. On the other side, 
this process can be used in fibers or fabrics and causes 
no damage or distortions to the fabric or fibers (Joshi 

Fabric/Fiber

Tank
Squeeze rolls

Evaporation/drying

Cure

Fig. 6   Schematic illustration of pad-dry-cure

Fig. 7   Schematic illustra-
tion of Sonochemical 
coating Fabric/Fiber

Sonication tank

Evaporation/drying
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and Butola 2013). It consists of immersing the fab-
ric in a suspension (Fig. 5), with or without removing 
the excess fluid. Therefore, the materials (antipatho-
genic agents) are dispersed in solutions that will coat 
a surface (fabric), then the fabric is put to dry. Many 
parameters can influence the results, such as viscos-
ity, immersion time, speed, surface tension, etc. (Tang 
and Yan 2017).

Dip coating was used by Kumar (2016), in which a 
piece of cotton fabric was immersed in a suspension 
containing the silver particles for 1 h and then dried 
at 600  °C. Lin et  al. (2015) used the dip-coat tech-
nique to create a superhydrophobic surface. The cot-
ton textile was immersed in a dispersion containing 
DDS-SiO2 particles in DMF for 5  min and dried at 
160 °C for 5 min to remove the solvent. A second dip 
coating was done, 10 wt% fluoropolymers in DMF, 
and the immersion and dry process was repeated. 
This process allows the textile to have low water/oil 
absorption ability and self-cleaning properties (Lin 
et al. 2015).

Pad‑dry‑cure

In pad-dry-cure (Fig.  6), the woven textile gets 
immersed in a dispersion, and then it is passed 
between cylinders, which ensures a homogeneous dis-
tribution in the fabric, provides a good fixation and 
has a simple system (Gulrajania and Gupta 2011). 
After the immersion, the crosslinking reactant, cata-
lyst, softener, and other components are dried on the 
fabric. Finally, a crosslinking reaction takes place 
during the curing step.

Hasan (2018) immersed cotton fabric in a solution 
containing CuO and binder for 5  min, then passed 
through a padding mangle. After drying naturally, it 
was cured for 3 min at 140  °C. In general, this is a 
simple methodology and provides a uniform coating 
but requires the use of a binder.

Yadav et al. (2006) also applied the same method, 
but in a solution containing ZnO for 5 min and then 
removed the excess solution through a padding man-
gle After drying and curing, the woven fabric with 
impregnated ZnO presented UV blocking properties. 
Kangwansupamonkon et  al 2009. used the pad-dry-
cure technique to coat a cotton textile with apatite/
titanium dioxide (TiO2). The cotton was immersed 
in a dispersion containing apatite/titanium dioxide 
(TiO2), then was dried at 100 °C for 5 min and cured 
at 150 °C for 3 min. After this process, the cotton tex-
tile presents antimicrobial properties (Kangwansupa-
monkon et al. 2009).

Cotton fabrics with antimicrobial, UV-protective, 
and self-cleaning properties were prepared by Onar 
et al. (2011) The fabrics were dipped in a solution of 
AgNO3, titanium isopropoxide, and tetraethyl ortho-
silicate, for 30 s. Then, they were dried at 80 °C for 
30 min and cured at 150 °C for 5 min.

Sonochemical coating

The sonochemical coating is one of the best meth-
ods from the point of view of adhesion and uniform-
ity, which enhances the durability and antipathogenic 
effect, but it is more expensive than the methods pre-
viously mentioned. In this method, the fabric is sub-
mitted to sonication in a dispersion, then it is dried 
(Fig. 7).

Perkas et al. (2018) synthesized AgNPs within cot-
ton. The fabrics were then submitted to high-intensity 
ultrasound for 1 h, and finally washed and dried. This 
technique was also applied to the coating of cotton 
with CuO by Abramova et al. (2009), and cotton with 
ZnO by Noman and Petrů (2020), among others.

The study presented by Abramov et  al. (2013) 
involves the development of a pilot-scale sonochemi-
cal coating and produced a biocidal fabric. To use 
this method is necessarily a solution, which contains 

Fig. 8   Schematic illustra-
tion of spraying

Fabric/Fiber

Spraying

Evaporation/drying
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copper acetate monohydrate, water, and ethanol. A 
cotton bandage was submitted to sonication, the tem-
perature reached approximately 60 °C, and then dried 
under vacuum.

This technique was used by Petkova et al. (2014), 
in a simple procedure, the cotton fabric was added 
in a dispersion composed of ZnO NPs, chitosan, and 
water. The ultrasound was performed for 30  min, 
then the fabric was washed and dried. The textile pre-
sented antimicrobial properties.

Spraying

Spraying is another simple method, an easy applica-
tion system, and this makes it possible to use it on 
several surfaces including fabrics. The dispersion is 
forced through a nozzle, and an aerosol is formed and 
coats a surface (Fig. 8). The coated parameters are the 
concentration, spray time, diameter, nozzle pressure, 
and others. A reapplication is possible, but this can 
cause a non-homogeneous coating (Joshi and Butola 
2013).

A spray can cover a non-woven surgical mask 
with copper nanoparticles, conferring an antimi-
crobial action and enabling the reuse of the mask 
(Kumar et al. 2020). Balagna et al. (2020), used radio 
frequency to apply silver into an FFP3 mask at two 
different powers, which reached increasing amounts 
of metal coverage. Later, the antiviral action of sil-
ver against SARS-CoV-2 was verified. Latthe et  al. 
(2019) sprayed a cotton shirt coat with silica nanopar-
ticles. The NPs were dispersed in hexane, sprayed in 

the textile, and then evaporated to obtain a hydropho-
bic surface.

A superhydrophobic/superhydrophilic cotton fab-
ric was produced by Sasaki et al. (2016) The method 
used was spraying coating, a dispersion of acetone 
with SiO2 nanoparticles, and ethyl-α-cyanoacrylate. 
After being sprayed, the cotton fabric was dried at 
room temperature. In this study, the author varied the 
spraying distance: in a short distance, a hydrophobic 
surface was obtained; in a long distance, a hydro-
philic surface was achieved; and in a medium dis-
tance, one side was superhydrophobic and the other 
side, superhydrophilic.

Electrospinning

Electrospinning can be explored to manufacture non-
woven textiles (Fig. 9). It allows particles to be added 
to the solution, which provides functionality to the 
tissue, but this method has hindrances for application 
on a large scale. Electrospinning offers suitable con-
trol of the structure and properties of the textile. To 
form an antipathogenic fabric, two different incorpo-
ration methodologies are generally adopted: either the 
functional particles are in the solution to be electro-
spun, or a dispersion containing functional particles 
is added to the fiber surfaces after electrospinning.

Tijing et  al. (2012) fabricated tourmaline NPS/
polyurethane composite by electrospinning. First, a 
polyurethane and tourmaline solution was prepared 
in DMF. Then, the solution was electrospun to form 
a non-woven fabric, which presented antibacterial 

Fig. 9   Schematic illustra-
tion of electrospinning
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Fig. 10   A Mechanism of viral infection, B blocking by an antiviral agent

Table 2   Some antipathogenic particles and their respective mechanism of action

Antipatho-
genic agents

Pathogens Mechanisms References

Bacteria Viruses Fungi

Ag H1N1 Interaction with Hemagglutinin and compo-
nents that involve the virus

Mehrbod et al. (2009)

HIV GP120 interaction blocked Lara et al. (2010b)
B. subtilis Cell wall damage and membranes’ rupture Ruparelia et al. (2008)

Ag@ZnO C. krusei Degradation of cellular compounds Das et al. (2016)
CuO HSV-1 Degradation of viral proteins and genome Tavakoli and Hashemzadeh (2020)

B. subtilis Cell wall damage and membranes’ rupture Ruparelia et al. (2008)
CuI FCV Damage to the viral outer layer Shionoiri et al. (2012)
TiO2 H3N2 Damage to the viral outer layer Mazurkova et al. (2010)

P. aeruginosa Oxidation of membrane Tsuang et al. (2008)
Fe3O4 H1N1,H5N1, 

H7N9
Damage in Hemagglutinin and other viral 

components
Qin et al. (2019)

Fig. 11   A Bacteria rep-
resentation, B mechanism 
destruction in pathogens 
by reactive oxygen species 
(ROS)
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and superhydrophilic properties. Hwang and Jeong 
(2011) investigated three different solutions contain-
ing poly(vinyl pyrrolidone) and AgNPs, varying the 
size of the nanoparticles. The best results obtained 
an effective antimicrobial fiber against S. aureus, K. 
pneumoniae, and E. coli.

A material with antibacterial, antiviral, and self-
cleaning properties was fabricated by Karagoz et  al. 
(2021). In this work, a DMF dispersion was prepared 
to contain ZnO nanorods, Triton X-100 (surfactant), 
PMMA, and AgNO3. Using the electrospinning 
method, it was possible to construct nanofibers that 
can apply to protective clothing.

An example of the surface modification to turn 
functional is presented by Ranjbar-Mohammadi 
and Yousefi (2021). The 3D fabrics were modi-
fied by TiO2/Nylon‑6 nanofibers produced by 

electrospinning. This process improved some proper-
ties allowing the use in a dye removal system.

Evaluation of antipathogenic effect

Antipathogenic mechanism

The antipathogenic action of particles or ions may 
be explained by different mechanisms. In some 
cases, particles adhere to the membrane by elec-
trostatic forces, and in other cases, they break the 
membrane causing intracellular damage and suffer-
ing oxidative processes (Rai et al. 2014; Deshmukh 
et  al. 2019). In addition, particles can compete in 
the connection with the cells and break the patho-
gen cover (Mehrbod et  al. 2009; Rai et  al. 2014; 

Table 3   Standards for antipathogenic textiles against bacteria, viruses, and fungi

Type Standard

Antibacterial
 AATCC 100:2012 (American Association of Textile Chemists 

and Colorists 2012)
Test method for antibacterial finishes on textile materials

 AATCC 147:2011 (American Association of Textile Chemists 
and Colorists 2011)

Test method for antibacterial activity of textile materials: parallel 
streak

 AATCC 90:2016 (American Association of Textile Chemists 
and Colorists 2016)

Test method for antibacterial activity of textile materials: agar 
plate

 ISO 20645:2004 (International Organization for Standardization 
2004)

Textile fabrics—determination of antibacterial activity—Agar 
diffusion plate test

 ISO 20743:2013 (International Organization for Standardization 
2013)

Determination of the antibacterial activity of textile products

 JIS L 1903:2020 (Japanese Industrial Standards 2020) Textiles determination of antibacterial activity and efficacy of 
textile products

 SN 195920:1994 (Swiss Standards 1994a) Textile fabrics—determination of the antibacterial activity — 
Agar diffusion plate test

Antiviral
 ISO 18184:2019 (International Organization for Standardization 

2019)
Textiles—determination of antiviral activity of textile products

Antifungal
 AATCC 30:2017 (American Association of Textile Chemists 

and Colorists 2017)
Test method for antifungal activity, assessment on textile materi-

als
 ISO 13629-2:2014 (International Organization for Standardiza-

tion 2014)
Textiles—determination of antifungal activity of textile prod-

ucts—part 2: plate count method
 SN 195921:1994 (Swiss Standards 1994b) Textile fabrics—determination of the antimycotic activity—agar 

diffusion plate test
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Salleh et al. 2020). Some pathogens use the angio-
tensin-converting enzyme 2 (ACE2) receptor, which 
is present in cells in several human tissues. Thus, 
the human receptor and the spike protein interact 

powerfully (Fig. 10), creating the link between them 
and causing the host infection (Naqvi et  al. 2020; 
Shang et  al. 2020; Walls et  al. 2020; Wang et  al. 
2020a). Some mechanisms regarded as responsible 
for the action against bacteria and viruses are sum-
marized in Table 2.

Some antipathogenic agents, such as metallic sil-
ver, have major mechanisms related to avoiding the 
connections between the proteins of the virus with the 
cellular receiver. This occurs due to the destruction 
of proteins such as hemagglutinin and spike which 
includes the lipid layer that surrounds the virus. For 
the contamination to occur in host cells, it is neces-
sary the interaction of the spike proteins with the 
ACE2 cellular receptor. Therefore, with the antipath-
ogenic agents, the interaction is blocked, prevent-
ing the entrance of the pathogens, (Gao et  al. 2017; 
Qin et  al. 2019; Salleh et  al. 2020) as represented 
in Fig.  10. According to Elechiguerra et  al. (2005), 
AgNPs form bonds with glycoprotein, producing an 
envelope wrapped in the virus that prevents its bind-
ing with other cells. Furthermore, Lara et al. (2010b) 
and Morris et al. (2019) demonstrated that the action 
of AgNPs interfered with gp120-CD4 interaction, 
inhibiting the action of HIV-1 and RSV virus.

As already mentioned, in other cases involving 
ions, the proteins and lipid layer deterioration, such 
as found in bacteria, viruses, and fungi, can be caused 

A B

Incubation period

Inhibition Zone

Fig. 12   Bacteria growth on agar plates: A functional fabric 
and B control fabric

Fig. 13   Plaque assay tech-
nique steps for detection of 
antiviral activity

Add virus dilution in 
plates with cells

Incubation time

Dilution

Virus stock

1:10 1:10 1:10
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by reactive oxygen species (ROS), as shown in 
Fig. 11, which are generated from catalytic processes 
that occur with antipathogenic agents. The interme-
diates generated as hydroxyl free radicals (OH−), 
hydroperoxyl HO2

−, and superoxide O2
−, among oth-

ers, capture an H+ from a hydrogen donor substance, 
such as proteins, lipids, polysaccharides, and nucleic 
acids (Gao et al. 2007, 2017; Anjum et al. 2015).

Antipathogenic activity

To obtain functionalized fabrics it is important to fol-
low some standards for measuring the antipathogenic 
activity, as detailed in Table 3.

The methods described evaluate the growth of the 
pathogen and are comparison tests between treated 
and untreated fabrics. Assay selection should con-
sider the type of antipathogenic agent, woven/non-
woven textile so that the most appropriate standard is 
chosen, as detailed below.

Antibacterial activity

Tests to evaluate the antibacterial properties gener-
ally include inhibition tests against Staphylococcus 
aureus (gram-positive) and Escherichia coli or Kleb-
siella pneumoniae (gram-negative) (Simončič and 
Tomšič 2017). The most common and simple method 
uses a plaque with agar, which is infected with some 
bacteria containing a treated fabric and a control fab-
ric. After an incubation period, it is possible to iden-
tify the area where no bacterial growth has occurred 
(Fig. 12). The larger the area, the better the antibacte-
rial effect. However, this test is more likely to be used 
with antibacterial leaching agents. If it is a non-leach-
ing agent, it is necessary to compare it to the control 
test. Another assay that can be used involves count-
ing bacterial colonies in different incubation periods. 
Since this is a more quantitative assay, the count can 
be done visually or using the adenosine triphosphate 
(ATP) method (Pankaj 2013).

Some tests are performed to determine the mini-
mum inhibitory concentration (MIC) to verify the 
antimicrobial activity. They can be conducted in liq-
uid or solid growth medium plates. MIC is defined 
as the lowest concentration of a substance that will 
inhibit the visible growth of a pathogen during a 

specific incubation period, i.e., the lower the MIC, 
the smaller the quantity of substance needed to inhibit 
growth (Jennifer 2001; Biology LibreTexts 2021).

Antiviral activity

For antiviral activity evaluation, ISO 18184:2019 
(International Organization for Standardization 2019) 
standard suggests two assays: plaque or TCID50 
method, against influenza A virus (H1N1 or H3N2) 
and/or feline calicivirus.

The plaque assay (Fig. 13) is a simple technique, 
in which dilutions of stock viruses are prepared. The 
virus previously contacted the functionalized fabric 
and the control fabric. Aliquots are added to plates 
containing a medium and cells. An incubation time is 
required for cell infection. After this period, the host 
cells are covered with a semi-solid substrate to pre-
vent the virus from infecting other cells and to per-
form the count.

In the TCID50 method, several dilutions are per-
formed, and the concentrations of the pathogen are 
measured. Then, the infected cells are incubated for 
7  days, enough for cytopathic effects (CPE), which 
allows for analyzing the infected cells of each dilu-
tion. By using a microscope and statistical methods, 
such as Behrens and Karber analysis, the concentra-
tion can be calculated.

Other techniques can be used, such as immuno-
fluorescence Foci Assay (IFA), to quantify the virus 
concentration. This method uses antibody-based 
staining substances and therefore can be employed 
in cases where plaque formation is not supported or 
does not have CPE (Pankaj 2013; Krumm 2020).

Alternatively, the polymerase chain reaction (PCR) 
enables the detection of the pathogens’ nucleic acid. 
In this case, a probe binds to a specific region of 
DNA and emits a detectable signal. RNA can also 
be detected as long as there is a reverse transcription 
from RNA to DNA (RT-PCR) (Pankaj 2013; Krumm 
2020).

Finally, a hemagglutination assay is applied when 
pathogens contain several proteins that can bind 
and form agglutination of antibodies or red blood 
cells. Thus, if the pathogen is present, agglutination 
occurs; otherwise, the result is negative (Pankaj 2013; 
Krumm 2020; Lumen).
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Antifungal activity

Most of the methods to detect antifungal activity are 
visual. They are applied against Aspergillus niger and 
Chaetomium globosum and performed by inoculating 
the fungi on agar plates (Simončič and Tomšič 2017). 
As reported in the antibacterial tests, the assays must 
contain a control with a fabric without an antipatho-
genic agent and another containing the functional 
fabric. After an incubation time, it will be possible 
to check the fungal growth and the intensity of the 
medium in contact with the fabric.

Another method of antifungal determination 
is presented by ISO 13629-2:2014 (International 
Organization for Standardization 2014), which con-
sists of counting or ATP luminescence. A suspen-
sion containing the fungus and the fabrics are incu-
bated for a period, and then the activity is determined 
quantitatively.

Properties and performance of antipathogenic 
fabrics

In this case, the antipathogenic activity is the major 
property that the tissue can exhibit. Nevertheless, 
a set of properties gives the fabric a unique perfor-
mance, which allows varying the properties and 
consequently its application. Mechanical properties, 

durability, breathability, electrostatic, and fire-retard-
ant, among others, can be combined to produce the 
desired fabric.

Life cycle and durability

Fabrics can be incorporated with antipathogenic par-
ticles that have an adherence and fixation in the fib-
ers, which can be shorter or longer. This treatment 
can be performed with binders such as dimethylol-
dihydroxyethylene urea (DMDHEU), polyurethane 
resin, and polyacrylic esters (PALS), and also through 
pre-treatments involving bio and plasma technologies 
(Zhang et  al. 2009; Abdel-Aziz et  al. 2014; Ibrahim 
et al. 2017b, 2022; Naebe et al. 2022).

Zhang et al. (2009) used a dye fixative (HBP-NH2) 
to help sustain the antipathogenic effects in cotton. 
After 20 washes, there was no significant change in 
the initially reported inhibition, which was greater 
than 98.77% against S. aureus and E. coli. Another 
similar study evaluated the importance of using a 
binder for particle adhesion. First, silver-coated cot-
ton fabrics were tested against S. aureus and E. coli, 
which were reduced by 97% and 91%, respectively. 
The fabric was subjected to 20 washes and retested, 
achieving a significant bacterial reduction of 53% and 
48.7%. In a second test, the cotton fabric was treated 
with a binding agent, and after washing, a bacterial 
reduction of 94% and 85% was achieved, proving that 
using a binder was important for the optimization and 

Fig. 14   A Antibacterial activity of the fabrics sono-enzymatically coated with ZnO after multiple washes at 75 °C and B amount of 
ZnO remaining on the fabrics after multiple washes at 75 °C. Adapted from Salat et al. (2018)
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durability of the antipathogenic effect (El-Rafie et al. 
2010).

El-Nahhal et al. (2017) tested some surfactants to 
fix ZnO nanoparticles in cotton, such as sodium dode-
cyl sulfate (SDS), cetyltrimethylammonium bromide 
(CTAB), Triton X-100 (TX-100), and alkyl-hydroxy-
ethyl dimethylammonium chloride (HY). The fabric 
treated with HY performed better, both in the first test 
and in the test after 10 washes, and showed a reduc-
tion of more than 90% against all pathogens, a differ-
ence of about 1–1.5%. The SDS treatment had a small 
difference, about 2%. CTAB and TX-treated, and the 
untreated sample had a significant difference of about 
7%.

In the work presented by Ibrahim et  al., finishing 
baths containing citric acid (CA) or succinic acid 
(SA) were applied on cotton/wool (C/W) and viscose/
wool (V/W) fabrics. The finishing bath also contained 
Ag and/or ZnO nanoparticles. This finishing with CA 
or SA improved the antipathogenic effect, besides 
helping in the fixation of the nanoparticles, which 
maintained their performance after 10 washes. Ibra-
him et al. reported in other works the use of enzymes, 
carboxymethylation and plasma as pre-treatment 
(Abdel-Aziz et al. 2014; Ibrahim et al. 2017a, 2018, 
2022).

Salat et  al. (2018) treated cotton sonochemically 
with zinc oxide and gallic acid (GA). In this work, 
a sonochemical coating was used, with a suspension 
containing ZnO, GA, and laccase. The laccase and 
GA form a polymer, fixing better ZnO. Figure  14 
shows the importance of activation promoted by lac-
case. Even after 60 washes, the antipathogenic effect 
showed a 60% bacterial reduction.

Another way that can modify the durability of the 
antipathogenic effect is through the technique used to 
incorporate the agents into the fabric.Firdhouse and 
Lalitha (2013) used dipping, and sonication methods 
to modify a cotton fabric. Sonication offered a bet-
ter uniformity and amount of antipathogenic agents. 
Consequently, this improved the antipathogenic effect 
compared to immersion.

Biodegradation

Some microorganisms cause deterioration effects in 
the fabrics, damaging them gradually and leading 
them to degradation. It is important to emphasize that 
this only slows down the degradation, increasing their 

durability, and does not contaminate the soil (Teufel 
and Redl 2006; Malis et al. 2019).

A study conducted with nanoparticles incorpo-
rated in cotton and cotton/polyester (El-Naggar et al. 
2003), several concentrations of ZnO and their influ-
ence on some mechanical properties were evaluated, 
before and after a biodegradation or soil burial test. 
Initially, the concentrations of binder and dispersant 
were preserved, and there was variation only in the 
concentration of ZnO. For the tensile strength and 
elongation test before burial, the application of ZnO 
increased the strength and elongation of the fabric in 
relation to the untreated textile. The author believes 
that this is due to the small surface layers formed with 
the coating. After one week on the ground, the tex-
tiles were evaluated again, and there was a reduction 
in tensile strength and elongation. Still, a better result 
was obtained when compared to the fabric without 
ZnO. After 2 weeks, the fabric composed only of cot-
ton without coating was worn out, and the test could 
not be carried out. Therefore, the ZnO protected the 
fabric against the action of microbes, delaying the 
decomposition.

Fig. 15   Structural defects, such as yolk deformations, peri-
cardial edemas, arched tails, and others, can be observed in 
the developmental traits of zebrafish larvae induced by TiO2. 
Adapted from Valério et al. (2020)
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Mechanical properties

When antipathogenic agents are incorporated into 
textiles, doubts have arisen about the degradation of 
mechanical properties, as many of these agents use 
ROS, and this mechanism could also affect the fabric.

In a recent paper, Tania and Ali (2021) carried out 
tests to evaluate some mechanical properties of fab-
ric after the introduction of an antipathogenic agent. 
Using the pad dry cure, cotton was covered with ZnO 
nanoparticles to obtain a fabric with anti-pathogenic 
properties. In this case, it was tested against E. coli 
and S. aureus resulting in a reduction greater than 
98% and 97%, respectively, and the mechanical prop-
erties were improved. In a first test, the crease resist-
ance was evaluated, and the recovery in the angle 
was evaluated in untreated fabric and treated with 1% 
ZnO, 1% ZnO + binder, or 1% ZnO + binder + poly-
ethylene wax. Compared to the untreated sample, 
treated samples presented an improved crease recov-
ery of 3%, 5.7%, and 10%, respectively. Untreated 
samples treated with 1% ZnO only had a significant 
reduction in tensile strength, about 5.6%, and 3.9%, 
for warp and weft directions, respectively. In the sam-
ple with 1% ZnO only, the reductions were 10.5% 
(warp) and 12.2% (weft). In sample 1% ZnO + binder, 
there was an increase in tensile strength, 8.8%, and 
7.6% in warp and weft directions, respectively. Thus, 
ZnO reduces the tensile strength of cotton when 
used alone. However, when polyethylene wax emul-
sion was added, an improvement was observed due 
to a polymeric bonding. For elongation and tearing 
strength tests, the results showed the same trend. 
Besides the properties mentioned, the coating with 
ZnO caused an increase in the stiffness of the fabrics, 
except for the sample with 1% ZnO + binder + poly-
ethylene wax, in which the stiffness was reduced 
by ~ 22% in relation to the untreated fabric due to the 
softness caused by the wax emulsion (Tania and Ali 
2021).

Safety and environmental issues

One of the concerns about textiles that contain 
antipathogenic particles is the impact of leach-
ing into the environment. It is expected that fabrics 
release these particles as the physical and/or chemical 

finishing techniques that are used to incorporate them 
can be reversible.

Some studies on antipathogenic agents have 
reported releasing of contaminants. As already men-
tioned, silver in contact with microorganisms can 
cause genetic changes and poses danger to natural 
and necessary microorganisms. Graves et  al. (2015) 
performed a genetic study related to the resistance 
of E. coli bacteria to AgNPs. The genomic analyses 
showed the bacterium evolution and the development 
of resistance to AgNPs, through successive muta-
tions. Kaweeteerawat et al. (2017) pre-exposed E. coli 
and S.aureus to a sublethal dose AgNPs, these micro-
organisms increased the resistance toward antibiot-
ics (ampicillin and Pen-Strep). Furthermore, in the 
sample pretreated the membrane damage and oxida-
tive stress decreased, suggesting AgNps can stimulate 
mutations.

TiO2 occurs in large quantities in wastewater, 
especially in sediments. Because of its low solubil-
ity, it becomes more resistant (Tourinho et al. 2012; 
Simončič and Tomšič 2017). When leached, titania 
nanoparticles can be released into aquatic environ-
ments and be harmful to organisms essential to the 
ecosystem. Valério et  al. (2020) investigated poten-
tial harms caused by TiO2 nanoparticles using the 
embryonic development of zebrafish (Danio rerio) 
as a proxy. Acute sublethal effects were recorded in 
zebrafish embryos at different stages of development, 
related to the release of TiO2 nanoparticles into the 
aquatic environment (Fig. 15).

Other studies (Andy et  al. 2008; Bondarenko 
et  al. 2013) report that some species are affected by 
silver, ZnO, and CuO. In comparison, iron oxide 
seems to present lower toxicity towards the bacteria 
Shewanella oneidensis. Nevertheless, if necessary, 
prevention techniques can be incorporated into water 
treatment. In the case of silver, it can be absorbed 
by a fungus (C. violaceum) (Durán et  al. 2007), for 
example.

In addition, if the fabrics have been modified, so 
their behavior will be different, which can delay their 
decomposition. The natural degradation of fibers 
or textiles is caused by microorganisms, which can 
suffer from the antipathogenic effect of the agents. 
Tourinho et  al. (2012) presented the effects caused 
by some antipathogenic agents on soil organisms. Of 
the compounds reported, TiO2 was shown to be less 
toxic than Ag and ZnO against soil organisms such as 
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Caenorhabditis elegans, Eisenia fétida, and Porcel-
lio scaber. In the soil, these agents can still influence 
the crops, as in the case of ZnO decreasing the germi-
nation and growth of some plants, and TiO2 in high 
doses can be phytotoxic (Andy et al. 2008).

When these compounds are available in the envi-
ronment, consumption and contact with animals and 
humans are possible. Moreover, during the use of 
textiles, antipathogenic agents can pose risks to the 
user’s skin and penetrate and damage cells (Simončič 
and Tomšič 2017). For instance, Ingle et  al. (2013) 
reported CuO nanoparticles can penetrate the human 
skin, be inhaled, or digested, and cause respiratory, 
gastrointestinal, and other problems. However, it is 
worth noting that a high concentration of metal ions 
or nanoparticles is required to cause problems in 
humans. Furthermore, as mentioned, it is possible 
to increase the fixation of the particles to the fabric, 
making the release more difficult and reducing the 
environmental impact.

Commercial applications and perspectives

Since the mid-1950s, there have been patent appli-
cations for woven or non-woven fibers and textiles 
with antipathogenic properties (antifungal or anti-
microbial). In these applications, several antipatho-
genic agents have been exploited, such as silver, silver 
nitrate, copper, copper oxide, zinc oxide, iron oxide, 
titanium dioxide, polyphenol, chitosan, triclosan, and 
carbon nanotubes, among others. These textiles can 
be applied in clothing, protective equipment such as 
masks, gloves, aprons, health care items, households, 
and similar.

Lau et  al. (2018) developed cellulosic and non-
cellulosic antimicrobial fabrics that showed durability 
after more than 100 washes. The authors incorporated 
several types of cationic biocide via a pad-dry-cure 
method and obtained a > 99.9% reduction against 
Staphylococcus aureus and Klebsiella pneumoniae 
before and after 104 washes.

Two patents focusing on attractive applications 
were published recently (Gabbay 2008, 2016). In 
a case, after the harvest, fruits such as strawberries, 
are susceptible to attacks by microorganisms, so the 
idea of developing a polymeric fabric with antimicro-
bial and antiviral properties for food packaging came 
up. The polymeric blend was investigated in three 

situations against HIV-1, (1) Polymeric Fiber with-
out CuO and Cu2O. (2) CuO and Cu2O powder and 
(3) Fiber impregnated with 1% CuO and Cu2O. These 
samples obtained the following results: no inhibition, 
70% inhibition, and 26% inhibition, respectively. The 
antibacterial and antifungal tests exhibited an inhibi-
tory zone, indicating the effect of biocide.

Another application for commercial use was pre-
sented by Sahin et al. (2017), with hygienic purposes. 
The invention is based on woven or non-woven fab-
rics with antipathogenic, and hydrophilic properties, 
for sanitary pads, bladder pads, tampons, and diapers. 
The development of microorganisms is favorable due 
to the conditions of use, so this technology can pre-
vent diseases caused by bacteria, fungi, and viruses.

The application of antipathogenic fabrics is not 
limited to just one property. Other properties, such 
as UV blocking, self-cleaning, hydrophobicity, and 
others, can be obtained and combined. This raises 
the expectation of growth, added to the high demand 
for antipathogenic materials. Moreover, the problems 
with particle leaching can be controlled through dif-
ferent methodologies used, minimizing impacts on 
the environment.

Conclusions

Textile functionalization can be promising for fibers 
and textiles, as the current demand for antipatho-
genic products is expected to increase in the coming 
years. Metal oxides and metals present stability and 
compatibility and are widely in demand due to their 
antipathogenic potential.

Various types of fabrics and processing tech-
niques can be combined to produce antipathogenic 
woven or non-woven textiles. Thus, a wide variety 
of fabrics can be manufactured with the desired 
properties for each application. Cellulose fabrics 
provide biodegradability and are more eco-friendly, 
the versatility and properties of this fabric lead to 
large production and consumption.

However, it is important to choose processing 
techniques that optimize the antipathogenic agents’ 
fixation in the fabric. Some compounds can favor 
resistance to substances used in the medicinal envi-
ronment. The incorporation of agents during finish-
ing can impair fixation. Studies have shown that 
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sonochemical techniques offer better adhesion than 
dip-coating, for instance. If possible, agents should 
be incorporated during fiber formation, offering 
better fixation and consequently less leaching to 
the environment, and the use of binders should be 
considered.

There is a growing demand for antipathogen tis-
sues, and the variety of agents and tissues leads to 
diverse applications, thus increasing their use even 
more. Therefore, investigations on antipathogenic 
properties of various compounds are becoming 
more and more common. However, there is also a 
need to step up studies of health and environmen-
tal effects and explore less harmful antipathogenic 
agents and processes.
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