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Abstract: The growing worldwide population is directly responsible for the increased production
and consumption of textile products. One of the key reasons for the generation of microfibers
is the use of textiles and garment materials, which is expected to increase. The textile industry
is responsible for the invisible pollution that is created by textile microfibers, which have been
detected in marine sediments and organisms. The present review paper demonstrates that the
microfibers discharged from functionalized textiles exhibit non-biodegradable characteristics and that
a considerable proportion of them possess toxic properties. This is primarily attributed to the impact
of textiles’ material functionalization on their biodegradability. The potential for these microfibers,
which are released from textiles that contain a variety of dyes, toxic chemicals, and nanomaterials, to
pose a variety of health risks to both humans and other living organisms is discussed in this paper. In
addition, this paper covers a wide variety of preventative and minimizing measures for reduction,
which are discussed in terms of several phases ranging from sustainable production through the
consumer, end of life, domestic washing, and wastewater treatment phases.

Keywords: toxic chemicals; textile functionalization’s; microfibers; microplastics; sustainable productions;
nanomaterials

1. Introduction

The most common and resilient modification to our Earth’s surface area is the debris of
fiber fragments [1]. Since plastic was first manufactured in mass quantities in the 1950s, the
demand for artificial polymers and plastics has rapidly increased, and the global production
of these materials in 2021 was 391 million metric tons (MMT) [2]. Furthermore, this number
is anticipated to increase to 589 MMT by 2050 [3]. As a result of their enormous production
and consumption rates, plastic particles including micro and macroplastics have begun to
accumulate in Earth’s atmosphere, Mount Everest [4], on coastlines, on the most distant
islands, and in the deep sea [5].

In the 1970s, microplastic pollution in the marine environment was discovered for the
first time. Spherules, disks, and pellets were found floating on the surface of the Sargasso
Sea [6], along the coasts of New England [7], in the surface waters of the Atlantic Ocean,
and in the surface waters of the Pacific Ocean, respectively [8,9]. The phrase “microplastics”
refers to fragments of plastic that are smaller than 5 mm in size. Microplastics are further
divided into two categories, primary and secondary microplastics; this information has
been clearly discussed in many recent articles [10–16]. Microplastics can stem from a range
of resources consisting of synthetic textiles, tires, roadway markings, aquatic coverings,
personal care/cosmetic products, and crafted plastic pellets, as well as from the gradual
fragmentation of bigger plastics over time [17]; among these sources, the domestic washing
of garments has the highest potential for the generation of microplastics [18–24] (Figure 1).
In addition to petroleum-based plastic fibers, man-made cellulose fibers (e.g., viscose rayon)
have also been detected in different environmental matrices of deep-sea sediment and
macroinvertebrate fishes, thus increasing the interest of the scientific community in this
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kind of plastic pollution, which is usually underestimated [25–27]. Microfibers are similar to
microplastics in terms of their size; they also measure less than 5 mm in diameter. However,
their composition is not exclusively restricted to plastic. Fibers that originate from natural
sources (e.g., cotton, wool, silk, and hemp) and plastic microfibers that originate from
synthetic materials such as polyamide (PA), polyester, polypropylene, polyacrylonitrile
(PAN), and polyethylene pose significant threats to the internal organs of the organisms
that ingest them. Microfibers of natural origin typically exhibit biodegradability in the
atmosphere. However, the functionalization of textiles can impede the biodegradation
process, additionally, these materials are harmful to aquatic organisms.

Figure 1. Main sources of microfibers in the aquatic environment from domestic washing, textile
industries, and garment waste/landfills.

Throughout its production process, the textile industry employs significant quantities
of various chemicals [28]. Most of the polymeric additives that have been found in coastal
environments are considered endocrine disruptors [29–32]. The manufacturing of fibers
involves the addition of a large number of additives, the purpose of which is to enhance the
fibers’ processability and functionality; a list of additives is provided in Table 1. For example,
UV stabilizers in the form of benzotriazoles and benzothiazoles are frequently found in the
effluent of municipal wastewater [33,34]. Titanium dioxide is widely used in synthetic fibers
as a delustering agent to diminish the luster and transparency of yarns [35–37]. Diisobutyl
phthalate is a plasticizer used in textile production that is reprotoxic, endocrine-disruptive,
and toxic to aquatic life. To improve the flexibility and durability of textiles, phthalates are
often added to polyvinylchloride (PVC)-based coatings [38,39]. To make flame-retardant
textiles, hexafluorotitanate salts [40], TiO2 nanoparticles (NPs) [41,42] and brominated and
phthalate compounds are commonly used in textile production, and these have shown
reproductive and developmental toxicities [43,44]. Often, formaldehyde-based resins are
added to improve the crease recovery properties of cellulose-based materials [45], and
polyfluoroalkyl substances are added to improve the water repellency of textiles [46]. When
it comes to natural fibers like cotton, it is possible to find hazardous pesticide residues that
have been used during cultivation or applied for preservation purposes during storage [47].
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Triclosan, which is extensively used in the garment industry as a fungicide, has been linked
to endocrine disruption [48]. Furthermore, the process of coloring entails the utilization of
dyes sourced from diverse chemical classes, predominantly comprising heavy metals that
are commonly acknowledged as detrimental.

Table 1. Typical additives are used in man-made fiber production.

Type Function Examples

Processing
Aids

Antioxidant Hindered phenols, hindered amines, and phosphites

Hydrolysis Stabilizer Carbodiimide

Nucleating Agent Talcum powder, boron nitride, and organic phosphate salts

Lubricant Stearates and low-molecular-weight wax

Polymer Processing Aid Fluoropolymers

Surfactant Stearates and polyethylene glycols (PEGs)

Enhancing
Additives

Plasticizer Tributyl citrate and acetyl tributyl citrate

Chain Extender Difunctional acid derivatives, anhydrides, and epoxides

UV Stabilizer Hindered amine light stabilizers (HALS), titanium dioxide
(TiO2), zinc oxide (ZnO), and carbon black

Flame Retardant Phosphorous derivatives, halogen derivatives, and HALS

Thermal Protection Zirconia

Functional
Additives

Colorant Pigments, dyes, and carbon black

Delustering TiO2, ZnO, mica, and optical brightening agents

Antistatic Carbon black, carbon nanotubes, graphene, and ZnO

Antimicrobial TiO2, ZnO, nano-sized metal particles (Ag+, Cu2+, Zn2+),
plant extracts, and phenol

Water/Oil Repellent Silicone and fluorine compounds

When textile microfibers are dumped into the ocean, they undergo photo- and biodegra-
dation in addition to physical aging processes [49]. This ultimately results in the production
of plastic debris at the micro- and nanoscale [50,51]. Polymer degradation is also regarded
as a key source of dissolved organic carbon (DOC) release [52], as this DOC contains
oligomers with varying degrees of oxidation [53] and various polymer additives (i.e., for
man-made polymers) such as processing additives, enhancing additives, and functional
additives [54].

Figure 2 illustrates how numerous routes of exposure might lead to microfibers accu-
mulating in the human body. The textile industry is responsible for the invisible pollution
that is created by textile microfibers, which have been detected in marine sediments and
organisms [16]. This review covers some environmental routes (water, air, and soil) of
microfiber contamination into the food web, describes their effects on human health,
and presents new and relevant studies on their occurrence, fate, and behavior. This re-
view paper reveals that the microfibers emitted from textiles are not biodegradable and
that the functionalization of cellulose-based textile materials significantly influences their
biodegradability. It is possible that these microfibers, which are produced from textiles that
include a variety of dyes, hazardous compounds, and nanomaterials, could pose a variety
of health threats to both human beings and other living organisms that are discussed in
this work.
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Figure 2. Schematic representation of exposure to microfibers through three routes: ingestion,
inhalation, and dermal contact. Additionally presented are potential health risks of microfibers for
human health via the food chain and dietary exposure.

2. Textile Functionalization as the Source of Microfiber Toxicity

The coloration and finishing process is one of the important and value-adding pro-
cesses in the textile production chain (Figure 3). Typically, synthetic dyes and chemicals are
functionalized with textile materials to improve some of their properties. [55]. Additionally,
chrome or mordant dyes and metal complex dyes are utilized to achieve bright and dark
colors. Most dyes contain heavy metals, including lead (Pb), arsenic (As), chromium (Cr),
nickel (Ni), copper (Cu), cadmium (Cd), mercury (Hg), and zinc (Zn) (Table 2) [55–57]. Gen-
erally, heavy metals with a density of greater than 5 mg/cm3 are considered to have a high
density. These heavy metals are non-biodegradable and difficult to clean up due to their
complicated chemical makeup [58]. Consequently, the microfibers released from these tex-
tile materials contain heavy metals, which have carcinogenic, toxic, and nonbiodegradable
effects that, in turn, cause enormous environmental problems [59–61]. Additionally, the
metals are coated on the surface of the fibers to produce conductive textiles for electromag-
netic shielding applications [62–65]. These heavy metals are notorious for their toxicity and
negative effects on human health, as well as their impact on the environment. Additionally,
the existence of organic additives, inorganic additives, and traces of monomers, metals, or
other chemicals that can be discharged is a source of pollution that is more hazardous to
human health than the released microfibers themselves [66,67]. The various chemicals used
in the textile production chain are well described in Figure 4.

The purpose of the scouring step in the pre-treatment process is to make a textile
material highly and uniformly absorbent, and it is carried out in alkaline conditions.
Scouring removes practically all contaminants, except for natural pigments, that can be
removed by either oxidizing or reducing conditions. However, the industry largely uses
H2O2, in which atomic oxygen, superoxide anions, and hydroxyl ions perform the bleaching
action in a process also known as the oxidation of natural color [68].
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Figure 3. Textile production chain (i.e., linear chain).

Figure 4. Various chemicals are used in the textile production chain.
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Table 2. Main use of heavy metals as additives in polymer products and their effects on human
health.

Heavy Metals Additives Type of Polymers Effects on Human Health References

Antimony (Sb) Flame retardants and
biocides

Polyester cotton or
polyester wool fabric

Metal-estrogenic effects and
breast cancer [69–71]

Aluminum (Al)
Stabilizers, inorganic
pigments, and flame

retardants

Polyester cotton or
polyester wool fabric

Metal-estrogenic effects and
breast cancer [69–72]

Zinc (Zn)

Heat stabilizers, flame
retardants, anti-slip

agents, and inorganic
pigments

Polyvinyl chloride (PVC),
polyethylene (PE), and

polypropylene (PP)
- [71,72]

Bromine (Br) Flame retardants
Polybutylene

terephthalate (PBT), PE,
polystyrene (PS), and PP

Apoptosis and genotoxicity [71]

Arsenic (As) Biocides
PVC, low-density

polyethylene (LDPE),
and polyesters

Congenital disabilities; lung,
skin, liver, bladder, and

kidney carcinogenic effects;
gastrointestinal damage;

and death

[71–73]

Lead (Pb)
Heat stabilizers, UV

stabilizers, and inorganic
pigments

PVC and all types of
plastics in which red

pigments are used

Anemia (less Hb),
hypertension, miscarriages,

disruption of nervous
systems, brain damage,

infertility, oxidative stress,
and cell damage

[71–75]

Titanium (Ti) UV stabilizers and
inorganic pigments PVC

Cytotoxicity on human
epithelial lung and

colon cells
[71–73,76,77]

Chrome (Cr) Dyes for silk and
metal complexes PVC, PE, and PP

Allergic reactions to the
body; nasal septum ulcer;

severe cardiovascular,
respiratory, hematological,

gastrointestinal, renal,
hepatic, and neurological

effects; and possibly death.

[78]

2.1. Coloration

Dyes are a type of organic colorant that can be found in a variety of applications,
ranging from food additives to the textile industry. In the industries that deal with textiles
(paper, food, leather, paint, pharmaceuticals, and cosmetics), more than ten thousand
distinct colors are employed. For example, direct dyes, reactive dyes, vat dyes, and cationic
dyes are utilized for cellulose-based fibers, whilst acid and metal-complex dyes are utilized
for wool and silk fibers [79,80].

In the last few decades, there have been a variety of environmental problems caused by the
textile dyeing industry due to the emission of colored pollutants into the environment [81,82].
However, natural dyes have poor and low binding affinities; metals such as copper, hydrated
potassium aluminum sulfate (alum), ferrous sulfate, tin, and chrome, are used as mordants
to retain the natural dyes with the fibers. On the other hand, a growing interest in the use of
natural dyes can be attributed to the recent rise in environmental consciousness, but some
natural dyes require mordants due to their poor affinities. Commonly used mordants include
ammonium alum (Al2(NH4)2(SO4)4·24H2O), soda alum (Al2Na2(SO4)4·24H2O), chrome alum
(Cr2K2(SO4)·24H2O), ferric alum (Fe2(NH4)2(SO4)·24H2O), potassium dichromate, ferrous
sulfate (FeSO4·7H2O), Cupric sulfate (CuSO4·5H2O), Stannous chloride (SnCl2), Stannic chlo-
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ride (SnCl4·5H2O) [83]. Because of their low affinities, natural dyes are unsuitable for use on
an industrial scale [84].

Based on their chemical composition, these dyes can be classified into azo, nitro,
nitroso, indigo, phthalein, triphenylmethane, and anthraquinone groups. Azo dyes are the
most common type of dye, accounting for 70% of all dyes used in the industry [85]; there
are around 2000 varieties of azo dyes utilized in the industry, and over a million tons are
produced annually [86]. Azo dyes degrade into aromatic compounds such as azoamine,
which are toxic in nature.

2.1.1. Vat Dyes

Vat dye is particularly effective in coloring cellulose fibers, and it has excellent fastness
against various agents such as detergent, bleach, and light due to its insoluble nature in
water [61,87–89] (Figure 5). Indigo, a natural dye extracted from the Indigofera plant, is the
best example of a vat dye [90,91].

Figure 5. Mechanism of vat dye on the surface of cellulose.

2.1.2. Sulphur Dyes

Sulphur dyes are extensively used to color cellulose-based fibers, and sulfur black is
especially well-known [92]. Sulphur dyes containing functional groups such as hydroxy,
nitro, and nitroso groups are produced using various aromatic compounds such as benzene
and azobenzenes.

2.1.3. Acidic Dyes

In an acidic atmosphere, acidic dyes are mostly utilized for nylon, wool, and silk (pH
range of 3–7) [93]. Some acidic dyes include metal complexes that, if leached, pose health
hazards [34].
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2.1.4. Disperse Dyes

Synthetic fibers often involve the use of disperse dyes because they target hydrophobic
substances [94,95]. Since they are either insoluble or only partially soluble, most of these
dyes are left in water baths, which results in a significant amount of wastewater being
produced. Since these dyes do not contain ions, an aqueous dispersion may be made using
them, and they are often applied to substrates such as polyester, nylon, acrylic fiber, and
cellulose acetate [94–96].

2.1.5. Reactive Dyes

Reactive dyes are widely used for the coloration of textile substrates, especially cel-
lulose. They mainly have two parts, a color group that is called a chromophore and a
reactive functional group attached to the chromophore. These functional groups help dye
molecules solubilize in water and form covalent bonds with cellulose during the dyeing
process (Figure 6a) [97]. The dyeing process requires the use of an enormous quantity
of salt, which raises the overall amount of dissolved salt in the effluent and, as a result,
increases the amount of pollution in the water [98,99]. There have been many attempts to
reduce the amount of salt and other chemicals during the dyeing process. Cationic reactive
dyes have recently been developed and are promising candidates for the salt-free dyeing
of cotton [100,101]. Cationic reactive dyes have a positive charge when dissolved in water
due to attached functional groups [102]. Azo- and anthraquinone-based cationic dyes were
synthesized, and the results showed that the exhaustion and fixation of cationic reactive
dyes were better than those of normal reactive dyes [103]. The hydrolysis reaction of the
reactive dye during the dyeing process is shown in Figure 6b.

2.2. Surface Modification and Finishing

In order to achieve desired effects, such as softness and aesthetics, and some functional
properties such as flame retardancy, water repellence, and crease resistance, the finishing
of textile goods involves the application of chemical and physical treatments. In general,
the finishing process can be completed by applying the appropriate chemical mixture to
the textiles using one of several processes (such as padding, spraying, coating, printing,
or laminating) and then subjecting the textiles to the drying and curing stages of the
process [38,104,105].

Grafting Functionalization (Chemical Treatment or Plasma Treatment)

Grafting is one technique that can be used to increase the functionalization of cellulosic
fibers. In cellulose, methacrylate moieties (GMA), such as poly(glycidyl methacrylate),
are most commonly utilized [106–108]. For instance, a description of the photo-grafting
mechanism of the modified halochromic GMA-NY dye onto a cellulosic material is shown
in Figure 7 [106].

The ocular, digestive, respiratory, and cutaneous systems have all been shown to be
sensitive to GMA’s harmful effects. Most human exposure takes place in the workplace,
but it can also occur through the consumption of contaminated food. Even though there are
no data available on the carcinogenicity of GMA, the presence of carcinogenic potential in
the nasal cavity can be reasonably anticipated. Additional research is required to evaluate
GMA exposure in human subjects [109,110].
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Figure 6. The chemical reaction of cellulose with different reactive dyes (a) the hydrolysis of reactive
dyes during the dyeing process (b).

2.3. Hydrophobization

Fabrics can be treated to make them hydrophobic and repel water while still allowing
air to pass through via a combination of chemical and/or physical techniques during the
finishing process known as water-repellent finishing. Depending on how well something re-
sists water and detergents, hydrophobicity can be either temporary or permanent [111,112].
Many different types of water repellents are available (Figure 8a), but the majority of the
textile industry uses C8 fluorochemical compounds and silane-based chemicals [113].
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Figure 7. The mechanism of the photo-grafting reaction of GMA-NY onto a cellulose-based material
(A); scheme of the photo-grafting process of a cotton substrate by light irradiation in the presence of a
functionalized GMA-NY dye and a photoinitiator (B) (reprinted from [106] with Creative Commons
Attribution License (CC BY)).

Figure 8. Different types of water repellents and waterproofing agents (a), simplified structures of
fluorinated and non-fluorinated durable water repellents (DWRs) (b), and schematic PFAS molecule
(c). Reprinted with permission [114]. Copyright 2021, Elsevier.



Toxics 2023, 11, 406 11 of 31

The toxicity of fluorochemicals is determined by their fluorocarbon chain length.
Fluorochemicals are polymers with a perfluoroalkyl moiety (CnF2n+1) that are employed in
water-repellent and waterproofing compositions [115,116]. They are commonly referred to
as perfluoroalkyl and polyfluoroalkyl substances, or PFAS [117]. Almost half of all PFAS
that are used are employed in the process of manufacturing water-repellent textiles on
a global scale [46]. However, due to increased environmental consciousness in both the
production and consumer phases, the usage of PFAS has decreased in recent years. In the
production of water-repellent textile surfaces, novel, non-fluorinated DWR alternatives
have recently been developed (Figure 8b). Figure 8c provides a condensed and simplified
representation of a PFAS molecule. The hydrophobic nature of the fluorinated tail of a
PFAS molecule is the distinctive quality that lends these compounds their extraordinary
utility in the context of water-repellent applications. Long-chain PFAS remain in the
environment, bioaccumulate in wildlife and humans, and have been demonstrated in
laboratory animals to be reproductively, developmentally, and systemically hazardous [117].
Perfluorooctanoic acid (PFOA) is a chemical of concern that has been extensively studied,
and alternatives were subjected to safety evaluations. Authors assigned data gaps for
each hazard endpoint for dendrimers and inorganic nanoparticles because of insufficient
formulation disclosure and/or hazard data, which are summarized in Figure 9; water
repellents based on hydrocarbons were found to be the most eco-friendly, followed by
those based on silicone and side-chain fluorinated polymers [117].

Figure 9. Hazard assessment results for selected water-repellent formulations. Note: Hazard classifi-
cation abbreviations are: vL, very low; L, low; M, moderate; H, high; vH, very high; PEA, potentially
endocrine-active; DG, data gap. Classifications in italics are of low confidence, and classifications
in bold of high confidence. Classifications based on estimated data are marked with an asterisk (*).
Reprinted with permission ([117]). Copyright 2021, Elsevier.

2.4. Crosslinking (Crease-Resistant)

An easy-care or crease-resistant finishing can be applied to cellulose-based fabrics, pro-
viding resistance to crease formation and enhanced wet and dry wrinkle recovery [45]. The
mechanism of such a finish is the inhibition of the easy movement of the cellulose chains by
crosslinking with resins/polymers (Figure 10). Urea derivatives such as urea–formaldehyde
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and melamine–formaldehyde resins are commonly utilized in the industry [45]. Although
the Government Accountability Office (GAO) has not discovered solid data on the sever-
ity of this problem, allergic contact dermatitis is the primary health risk associated with
formaldehyde in textiles [118]. There are no definitive statistics on how many people may
be sensitive to formaldehyde, although studies have revealed that some people develop
allergic skin reactions to it, as reported by the GAO.

Figure 10. Crosslinking of formaldehyde-based resin on cellulose.

2.5. Fire-Retardant Finishing

Among the many different types of functional finishings that can be applied to textile
substrates, flame-retardant finishing are essential because of their direct relationship to the
risks to human health. Flame-retardant finishings of textiles can be classified as nondurable
(i.e., borax and boric acid mixture, diammonium phosphate, and urea), semidurable (i.e.,
chlorine- and bromine-based halogen compounds), or durable (i.e., phosphorous- and
halogen-based) depending on the effectiveness of the finishing in terms of performance
following multiple washing cycles [38,119]. Among these chemicals, some of the bromi-
nated, chlorinated, and halogen-based flame retardants have been proven to be endocrine
disruptors that can damage human health if ingested or inhaled [73]. The presence of
organophosphate flame retardants, often known as organophosphorus flame retardants, is
regularly found in both the environment and biota [120]. Tris-(2-chloroethyl) phosphate
(TCEP), tris-(2-chloroisopropyl) phosphate (TCPP), tris-(1,3-dichloro-2-propyl) phosphate
(TDCPP), tris-(2-butoxyethyl) phosphate (TBEP), triphenyl phosphate (TPP), and tricresyl
phosphate (TCP) were examined in Danio rerio, and it was suggested that a wide variety of
substances, including nuclear receptors, have the potential to disturb the endocrine system.
To this day, very few reports have been compiled concerning the nuclear receptor activation
of organophosphorus flame retardants [121].

2.6. Other Surface Modifications
2.6.1. Cationization

One of the great triumphs of cationization is the elimination of salt from conventional re-
active dyeing processes. The dyeing of cationic cotton with reactive dyes can reduce the quan-
tity of salt in textile effluents by 70% [122,123]. Several authors have studied cotton cation-
ization as an alternative for lower cost or more sustainable dyeing [99,123–125]. 3-Chloro-2-
hydroxypropyl trimethylammonium chloride [122,123,126–130], poly diallyldimethylammo-
nium chloride [131], 3-chloro-2-hydroxypropyl dimethyldodecylammonium chloride [132],
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and 3-chloro-2-hydroxypropyl dimethyloctadecylammonium chloride) [132] are the most
studied cationized reagents. Of the various cationizing agents, 3-chloro-2-hydroxypropyl
trimethylammonium chloride has been used at the industrial level [123]. 3-Chloro-2-
hydroxypropyl trimethylammonium chloride (CHPTAC) has the following UN GHS clas-
sifications: H336, may cause drowsiness or dizziness; H351, suspected of causing cancer
and has potential carcinogenicity; and H411 and 412, toxic to aquatic life with long-lasting
effects [133].

2.6.2. Nanomaterials

Nanotextile materials have recently demonstrated significant potential for use in a va-
riety of advanced applications. During several process stages, such as fiber manufacturing,
nanoparticles can be introduced to textiles by mixing in the polymer prior to fiber spinning,
which improves the nanomaterials’ uniform distribution within the fiber volume. In most
situations, nanoparticles are included during conventional fabric finishing processes such
as dipping, padding, printing, and coating. Organic polymers are commonly employed
to ensure nanoparticle adherence to textile surfaces [77,134]. Table 3 displays the various
types of nanomaterials utilized within the textile industry.

Generally, nanoparticles intermingling in fiber molecular structures can be leached
out when the fiber is subjected to the abrasion process. The leaching of nanomaterials is
associated with high health risks and severe environmental threats. In case of conventional
fabric finishing, the stability of nanomaterials on a fabric surface depends on the used
organic polymer and its adherence properties. The stability of these nanomaterials depends
on various marine conditions such as the temperature and salinity of water. Degradation
results in a reduced molecular weight for the microfibers and possible cracks on the surface
of fibrous materials. Because of the use of chemicals including nanoparticles and the textiles
themselves, this situation raises further worries about the process’s potentially dangerous
effects on both the environment and human health. Nanomaterials have the potential to
interact with marine living species in one of three ways: (i) assimilation through contact
with chemicals in the dissolved water phase, (ii) assimilation through the food chain, or
(iii) release from microfiber debris that has been swallowed. However, the leaching of
nanomaterials from textile materials depends on a number of factors, including the degree
of binding, the type and shape of nanoparticles, the type of fabric, and the aging of the
functionalized fabric. Nanoparticles discharged from textiles into the air, water, and landfill
must also be considered because of their potential to either directly or indirectly damage
human health [77,135].

Table 3. Different nanomaterials used in the textile industry.

Nanomaterial Properties

Silver (Ag) Antibacterial (odor) and electrical conductivity

Titanium Dioxide (TiO2) UV-protective, self-cleaning, water-repellent, and soil-repellent

Zinc Oxide (ZnO) UV-protective, antibacterial, self-cleaning, abrasion-resistant, and stiffness

Silicon Dioxide (SiO2) Water-repellent, dirt-repellent, and abrasion-resistant

Aluminum Oxide (Al2O3) Abrasion-resistant and flame-retardant

Nanoclays (e.g., montmorillonite) Abrasion-resistant, flame-retardant, and active ingredient support

3. Implication of Microfiber Contamination on Human Health

There are multiple ways in which microfibers can enter the body of a human being,
including ingestion [14,136], inhalation [137], and skin contact [138], as is well-described
in Figure 2. Each of these ways of being exposed is in some way connected to a certain
environment and the chemical–physical features of that environment. One of the most
significant sources of airborne microfibers is the textile production chain, which includes
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spinning, weaving, processing, landfilling, waste incineration, and the drying of clothing
after washing [18,139] (Figure 2).

Since inhalation is one of the primary methods through which humans are exposed to
microfibers, the released microfibers that contain many additives, such as nanomaterials
and other chemicals such as perfluoroalkyl derivatives and formaldehyde, pose significant
risks to human health. Although no research has been published on this topic, some
studies have investigated the effects of polystyrene nanoparticles (PS-NPs) on human lung
epithelial [140–144]. PS-NPs may directly interfere with membrane transporter activity in
A549 cells, affecting xenobiotic and endogenous substrate disposition.

The microfibers emitted from functionalized textiles that have toxic properties might
adversely affect fish and other aquatic life [145], which has the potential to create serious
problems [146,147]. These microfibers have raised concerns since they have the potential
to impact animal populations, which are essential for maintaining ecosystems [148,149],
and the animal populations that provide vital ecosystem services might be harmed by
reactions with these microfibers [150]. It is recognized that foodstuffs are the main sources
of microfibers for humans (Figure 2) since most food, such as table salt [151,152], drink-
ing water [153–156], beer [157,158], fruits/vegetables [159,160], and canned fish [161],
is contaminated with microfibers. A recent study [162] demonstrated the presence of
micro and nanoplastics in a variety of foods, including apples and carrots, which were
shown to have the highest levels of contamination. Additionally, the authors observed
microfibers in carrots (1.51 µm) and lettuce (2.52 µm), which had the largest amount [162].
Overall, 52,600–307,750 of microfibers were discovered in vegetable samples, whereas
72,175–130,500 were discovered in fruit samples [162]. In addition, Cauwenberghe and
Janssen [136] found that the average consumer of shellfish in Europe consumes
11,000 microplastics per year. According to research [14], the average American diet and
lifestyle result in the consumption of microfibers that is estimated to range between 39,000
and 52,000 particles per person. However, different age groups, genders, geographical con-
ditions, and individual dietary habits and lifestyles all affect the amount of consumption.
It is challenging to assess the actual threat that microfibers pose to human health based
on the data that are currently available regarding the presence of microfibers in a wide
variety of food sources and the corresponding findings of toxicity tests. More work needs
to be performed to develop an analytical method that is both standardized and operational
for identifying and quantifying microfibers, and more research needs to be conducted to
investigate the potential effects that microfibers and associated chemical contaminants
could have on human health [14,163].

In most cases, dermal contact with microfibers is related to exposure to monomers and
additives, which are on a long list of endocrine disruptors. However, this route of exposure
is regarded to be less significant [138,164,165]. For instance, research was conducted on the
dermal uptake of substances in rainbow trout, showing evidence for the uptake of 1 µm
latex spheres from the water in the surrounding environment, with particles localizing
and remaining in the surface and sub-surface epidermal cells of the skin, as well as in
phagocytes underlying the surface of the gills [164].

In addition, oxidative stress can be caused in human epithelial cells when they are
exposed to microplastics and nanoplastics [166]. The term “persorption” refers to the me-
chanical kneading of solid particles (with a diameter of up to 130 µm) in the gastrointestinal
tract, where they pass through gaps in the single-layer epithelium at the villus tips and
into the circulatory system. This process is thought to be a possible route of uptake in the
digestive tract [167,168].

Recent research conducted by Nur et al. [169] resulted in the development of a proba-
bilistic lifetime exposure model for the purpose of determining the amount of microplastics
consumed by children and adults. This model considers microplastics consumed through
inhalation, eight different food types, intestinal absorption, biliary excretion, and plastic-
associated chemical exposure through a physiological-based pharmacokinetic submodel.
Based on biphasic, reversible, and size-specific sorption kinetics, the chemical absorption
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results of the food and ingested microplastic of all nine intake media revealed that the con-
tribution of microplastics to overall chemical intake was negligible. Considering the need
for future research, discussions regarding the currently unknown contributions of different
types of foods should be held. We will likely trust the results of the aforementioned studies
for the time being, as it may take some time for microplastics to reach humans due to the
complexity of the food system, but the probability of ingestion is growing as microplastic
production and consumption continue to rise.

Potentially harmful consequences of microplastics on human health [137,139], in-
cluding inflammation and subsequent genotoxicity [170], have been identified. Similar
to other non-biological micro- and nanoparticles, inhaled microplastics can translocate
into the pulmonary epithelium through diffusion, direct cellular penetration, or active
cellular absorption [171]. Interstitial fibrosis and granulomatous lesions were observed in
the lungs of employees who work in the plastic industry, and these issues were attributed
to acrylic, polyester, and nylon dust [137,139,170]. Microfiber absorption via inhalation has
been compared to that via ingestion (via the food web) in the published literature [172].
Human microfiber ingestion is rather low compared with exposure levels, with studies
finding that microfibers are breathed in between 3 and 15 times more than they are in-
gested [173,174]. Numerous toxicological investigations of ingested microfibers have been
published in the scientific literature. Most of this research employed polystyrene particles as
a benchmark material for more sophisticated microfibers, and only a few studies concerned
polyethylene [174–179]. In addition, the dose, dose rate, and period of exposure em-
ployed in the trials all had significant impacts on the harmful consequences. Most studies
showed toxicological effects on parameters such as oxidative stress [180–185], inflamma-
tion [185–191], mitochondrial dysfunction [192–195], lysosomal dysfunction [196,197], and
genotoxicity [198–200]. Figure 11 illustrates the main toxicological effects found in cell
cultures.

Figure 11. Toxicological effects of polystyrene microparticles on cell cultures: oxidative stress,
apoptosis, inflammation, mitochondrial and lysosomal dysfunction, and genotoxicity, (Reprinted
from [174] with Creative Commons Attribution License (CC BY)).
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Arif et al. [201] collected the stools of human fishermen living in the coastal area of
Surabaya, Indonesia. They found that more than 50% of the studied samples included
a microfiber concentration ranging from 3.33 to 13.99 µg per gram of stool, and most of
them were high-density polyethylene (HDPE). Additionally, Philipp et al. [144] studied
microfibers in human stools, and they observed PP and PET with a size range of 50–500 µm
and a concentration of 2 particles per gram of stool. Additionally, a median of 20 microfibers
with size range from 50 to 500 µm per 10 g of human stool was observed by Yan et al. [190].

Ragusa et al. [202] found microfibers in human placentas. The particles were found
in the placentas of four healthy women who had normal pregnancies and births. Mi-
crofibers were detected on both the fetal and maternal sides of the placenta and in the
membrane within which the fetus developed. Unfortunately, we do not know how mi-
crofibers reach the bloodstream or if they come from the respiratory or the gastrointestinal
systems. Figure 12 shows the possible entry and transport mechanisms of microfibers from
the respiratory and gastric organs to the placenta. Under microspectroscopy, 12 microfiber
fragments were isolated in four human placentas. In particular, five microfibers were
found on the fetal side, four were found on the maternal side, and three were found in the
chorioamnionitis membranes, indicating that once inside the human body, these microfibers
can reach placenta tissues at all levels. It is noteworthy that small portions of placentas
(~23 g with respect to a total weight of ~600 g) were analyzed, letting us hypothesize that
the number of microfibers within an entire placenta is much higher.
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As these findings show, it is important to continue looking for microfibers in human
fluids, and additional research should be conducted to determine how microfibers interact
with and make their way into the human body. The contamination of samples by airborne
microfibers is an important aspect of the microfiber detection process that needs to be
considered. Therefore, a significant amount of focus needs to be paid to the treatment of
samples to prevent the incorrect identification of microfibers in human samples, particularly
for particles of less than 10 mm in size, and to increase the total number of samples that are
gathered. In addition, there is an immediate need for more research that is conducted on a
transnational and interdisciplinary scale and focuses on the toxicology of these particles to
fully understand the effects that these particles have in the long term on humans and to
assist health organizations in developing prevention guidelines.

4. Positive Actions toward Reductions in Microfibers

The most important thing to do to reduce microfiber pollution is to adopt preventative
steps to avoid and limit the creation of microfibers from the very earliest stages of textile
manufacturing and usage. Figure 13 depicts positive activities that can be undertaken to
avoid and minimize the development of microfibers.
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Figure 13. Positive actions toward avoidance of and reductions in microfibers.

4.1. Sustainable Production

In recognition of the significant quantity of textiles produced annually, it is impera-
tive to guarantee the proper management of microfibers extracted from textile garments
throughout the entire manufacturing process spanning from fiber to garment [203]. The
production of fibers and fabrics that are more durable, enabling longer durations of use
and reuse, and that reduce microfiber emissions in day-to-day activities such as wearing
and washing is one potential approach to addressing the problem [55,204]. Creating a
sustainable and circular bio-economy may require using natural cellulosic materials and
producing biobased and biodegradable textile materials. Currently, the following fibers are
the most discussed alternatives to existing polymers: PLA [205], polyhydroxyalkanoate
(PHA) [206], polycaprolactone (PCL) [207], polybutylene succinate (PBS) [208], polyhydrox-
ybutyrate (PHB) [209], Ioncell [210], BioCelsol [211], Infinna [212], and Renewcell [213].
Ioncell, BioCelsol, Infinna, and Renewcell are regenerated cellulosic fibers, while PLA, PHA,
and PHB are renewable and biobased thermoplastics. However, it appears that not all
solutions presented here are suitable for use in textiles or resolving the issue of microfiber
emissions. This is a result of the fact that biodegradable plastics do not decay in the same
manner under all environmental conditions, which is a problem that will call for greater
research in the not-too-distant future. Many biodegradable polymers are created in a lab,
but few are commercially viable due to cost, processing, and mechanical properties.

PLA has various limitations, particularly a poor heat resistance, when utilized in textile
applications; however, research is underway to develop improvements. The manufacturing
capacity of bioplastics has increased, and it is anticipated to grow by 7.6 million metric tons
(MMT) by 2026 [214]. However, only 10% of these polymers are used in textile applications;
the rest of them are used in packaging and other applications [215]. One of the most essential
factors to consider when evaluating biopolymers is the production process’s environmental
impact. Life cycle assessments (LCAs) of biopolymers have revealed their advantages over
petroleum-based polymers in terms of climate change and energy use [216,217]. Despite
the benefits described above, bioplastics cannot replace all synthetic and existing textile
fibers.
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Other processes, such as dyeing and finishing, also need to be modified, and the
use of more natural-based materials, such as natural dyes and biobased materials, could
help reduce the toxicity of the microfibers that are being emitted. Additionally, it is also
recommended that pre-treatment techniques such as prewashing decrease the amount of
fibers released during each washing cycle and that adequate filtering systems are available
at locations where products are manufactured.

Since ancient times, natural dyes have been used to color food, leather, wood, and
natural fibers including wool, silk, cotton, and flax. Natural dyes are extracted from roots,
bark, leaves, flowers, and fruits (Table 4). Due to environmental consciousness, textiles
using non-toxic and eco-friendly natural dyes are important. Most natural dyes require a
mordant to fix onto cellulose or other textile fibers. In earlier times, metal-based mordants
were used to color textiles with natural dyes, but they caused environmental [218–220]
and health [219] problems due to their high contents of metal ions [221], which leach
during domestic washing. As a result, the utilization of bio-mordants may constitute
an optimal alternative to the utilization of mordants based on metals [222,223]. Overall,
natural dyes are renewable, biodegradable, and skin-friendly, and they may offer health
advantages [84,223–226].

Table 4. Common natural dyestuffs obtained from different vegetable regions.

Part of the Plants Dyestuff

Root Turmeric, madder, onions, and beetroot

Bark/Branches Purple bark, sappan wood, shillicorai, khair, red, and sandalwood

Leaf Indigo, henna, eucalyptus, tea, cardamon, coral jasmine, and lemon grass

Flowers Marigold and kusum

Fruits/Seeds Pomegranate rind, beetle nut, myrobolan, and latkan

The creation of bioactive textiles heavily relies on biopolymers, which are polymers ob-
tained from biological sources. Polysaccharides, chitosan, and sericin proteins can replace
chemical-based textile finishing agents. Biopolymers have many benefits, including low
costs, biodegradability, and biocompatibility. Due to their useful features, such as antibacte-
rial, UV-protective, fragrance finishing, insect-repellent, and flame-retardant properties,
polysaccharides have attracted a lot of attention for usage in textiles [227,228]. Antimi-
crobial properties have been added to cotton, polyester, and wool textiles via chitosan
finishing [229,230]. The ability of cyclodextrins (CDs) to create inclusion complexes with
other compounds via host–guest interactions has shown promising results in textile finish-
ing. CDs are porous, so they can hold many different types of molecules, and they can be
chemically crosslinked to form chains that behave like polymers [231]. Biocompatibility,
biodegradability, resistance to ultraviolet light, antibacterial activity, and the ability to
absorb moisture are only few of the intrinsic features of sericin, a natural protein. The per-
formance of synthetic fibers was enhanced using sericin [232]. Recent research has revealed
that sericin can be used to add antibacterial properties to the finishes of natural fibers such
as cotton and wool [232,233]. Regarding biocompatibility, nontoxicity, and bioactivity, algi-
nate is another sustainable biopolymer, and it is commonly used as a wound treatment and
in the finishing of textiles to impart antibacterial characteristics [234–237]. Herbal extracts
provide aromatic, antibacterial, skin-nourishing, and mothproofing properties. Aloe vera,
neem, grape, mulberry fruit, banana stem, citrus oil, sandalwood oil, jasmine, and lavender
are considered sustainable finishing agents for textile finishing. Microencapsulated aroma
therapy finishes on textiles were found to reduce chemo and radiotherapy side effects for
cancer patients [238]. Apart from their aroma, these extracts activate the immune, nervous,
psychosocial, cell regeneration, antibacterial, and anti-depressive systems.

Numerous biobased additives have been utilized in the production of textiles to im-
part flame retardancy. These include hemicellulose, alginate, lignin, tannic acid, cardanol,
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vanillin, casein, whey protein, eggshell, deoxyribose nucleic acid, phytic acid, and adeno-
sine triphosphate [239]. The utilization of different biobased additives for imparting flame
retardancy to textiles is illustrated in Figure 14a. Melamine–formaldehyde resins are widely
utilized as crosslinking agents in anti-wrinkle finishing processes due to their exceptional
efficacy and economic advantages. Nevertheless, this type of N-methylol compound has the
potential to emit carcinogenic and toxic formaldehyde. Growing environmental apprehen-
sion has necessitated the development of crosslinking agents that are more environmentally
sustainable. Polycarboxylic acids, including 1,2,3,4-butanetetracarboxylic acid (BTCA),
malic acid (MA), and citric acid (CA), have been the subject of extensive research for several
decades due to their potential as formaldehyde-free compounds (Figure 14b) [45,240–242].
The hydroxyl groups of the cellulosic chains in cotton are esterified by polycarboxylic acids
via the creation of cyclic anhydride intermediates with five or six members (Figure 14c).

Figure 14. Bio-derived flame retardants (a), various polycarboxylic acids used for the crease resistance
finishing of cotton (b), and crosslinked celluloses with polycarboxylic acid (c). Reprinted with
permission ([239]). Copyright 2022, Elsevier.

4.2. Consumption Phase

Overall, Europe will generate over 15 kg of textile waste in 2022, and 85% of textile
waste comes from household garment waste and is not properly reused [243]. Educational
campaigns are urging customers to use clothes longer to reduce fast fashion. Textile
manufacturing initiatives should support these approaches to improve apparel quality
and durability. Another step is streamlining pre-owned clothing delivery and sales. Since
microfibers shed less with each wear and wash cycle, selling and using pre-owned products
may reduce their release, export rates, and littering. Optimizing synthetic textile washing
to prevent abrasion can also reduce shedding. Optimization can reduce detergent use,
water use, and washing speed.

4.3. End of Life, Recycling and Disposal Phase

Increasing textile waste collection and reuse can overall reduce the amount of landfills
and possibly reduce microfiber emissions. Used textiles can be reused into industrial rags,
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furniture decorations, purses, backpacks, advertising textiles, and more to extend their
lives. Thus, a process for disposing and processing discarded textiles must be devised and
publicized [244]. The chemical recycling of polymers (i.e., both cellulose and thermoplastic
polymers) needs development to increase recovery and conversion efficiency, as well as
to reduce material characteristics and quality [245–248]; however, energy and pollution
issues must be addressed. Some European countries, especially Finland and Sweden, have
developed several regenerated cellulose fibers for upscaling. Converting the paper and
pulp business to regenerated cellulose fiber is easy. The market for regenerated cellulose
fibers is expected to rise by 10.5% a year by 2026, reaching 7.1 MMT by 2021 [203,211,249].

4.4. Domestic Washing and Wastewater Treatment Phase

Recent research has found that 87% of microfibers in washing effluents may be retained
by an integrated stainless steel filter with a 150–200 µm mesh [19]. Better filters in washing
machines can also help reduce fiber pollution, so most washing machine companies provide
a separate filter that can reduce microfiber emissions [250,251]. The use of laundry balls
designed to catch fibers during washing has also been reported to reduce fiber counts
in washing effluent by 26%. It has also been suggested that microfiber emissions could
be reduced by using washing bags to enclose synthetic textiles during laundering and
to trap fibers from garments’ hems. When comparing the overall efficiency of different
approaches used to decrease fiber emissions, it is crucial to consider the mesh or pore size,
filtering capacity, and capture capacity of filters. Sand filtration, membrane bioreactor
(MBR) treatment, or pile fabric filtration can reduce microfiber emissions from wastewater
treatment plants. Stockholm’s wastewater treatment plants are implementing the world’s
largest MBR to renovate a piece of their sludge system. Using granular activated carbon and
other technologies to remove micropollutants from water can reduce microfiber emissions
(particularly 50 µm) by up to 61% [252,253]. However, this type of technical progress may
require more electricity, chemicals, and other resources, as well as a large initial investment
and continuing maintenance costs. Currently, many countries lack the infrastructure needed
to improve wastewater treatment plants. The pre-treatment of sludge can be effectively
used to minimize microfiber contents. In recent years, plastic collectors have been employed
to collect floating plastic garbage and prevent it from being moved downstream.

5. Conclusions

The textile industry is responsible for the undetectable pollution caused by microfibers
that are emitted from textile garments, which have been found in the sediments of marine
environments and in marine creatures. The functionalization of textile materials requires
various toxic additives including dyes, chemicals, and nanomaterials. As a result, the
functionalization of textiles and the microfibers emitted in those textiles, which can be
dangerous to human health and lead to a host of environmental problems, was the primary
emphasis of this review. This paper reviewed the various functionalization processes
and different toxic chemicals, dyes, and nanomaterials involved in the textile production
chain, and their influence on microfiber emissions were discussed. For instance, the effects
of the different heavy metals present in dyes (such as lead (Pb), arsenic (As), chromium
(Cr), nickel (Ni), copper (Cu), cadmium (Cd), mercury (Hg), and zinc (Zn)), various toxic
chemicals used in the functionalization of textiles (such as polyfluoroalkyl substances used
to provide water-repellent properties, chlorine, bromine, phosphorous, and halogen-based
chemicals used to provide flame-retardant properties), and various formaldehydes on
crease-resistance properties were discussed. In addition to various nanomaterials such
as Ag, TiO2, ZnO, SiO2, and Al2O3, nanoclays are used to functionalize textile materials.
Therefore, the potential for these microfibers, which are released from textiles that contain
a variety of dyes, toxic chemicals, and nanomaterials, to pose a variety of health risks to
both humans and other organisms was discussed in this paper. Concerning the utilization
of a variety of chemicals, numerous expected issues regarding these emitted functionalized
textile microfibers were discussed, and the health issues associated with them were inves-
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tigated. In addition, this paper covered a wide variety of preventative and minimizing
measures for reduction in terms of several phases ranging from sustainable production
through the consumer, end of life, domestic washing, and wastewater treatment phases.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable for studies not involving humans or animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Barnes, D.K.A.; Galgani, F.; Thompson, R.C.; Barlaz, M. Accumulation and Fragmentation of Plastic Debris in Global Environ-

ments. Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 1985–1998. [CrossRef]
2. Statista. Annual Production of Plastics Worldwide from 1950 to 2021; Statista: Hamburg, Germany, 2021.
3. Statista. Production Forecast of Thermoplastics Worldwide from 2025 to 2050; Statista: Hamburg, Germany, 2021.
4. Napper, I.E.; Davies, B.F.R.; Clifford, H.; Elvin, S.; Koldewey, H.J.; Mayewski, P.A.; Miner, K.R.; Potocki, M.; Elmore, A.C.; Gajurel,

A.P.; et al. Reaching New Heights in Plastic Pollution—Preliminary Findings of Microplastics on Mount Everest. One Earth 2020,
3, 621–630. [CrossRef]

5. Ferreira, M.; Thompson, J.; Paris, A.; Rohindra, D.; Rico, C. Presence of Microplastics in Water, Sediments and Fish Species in
an Urban Coastal Environment of Fiji, a Pacific Small Island Developing State. Mar. Pollut. Bull. 2020, 153, 110991. [CrossRef]
[PubMed]

6. Carpenter, E.J.; Smith, K.L. Plastics on the Sargasso Sea Surface. Science 1972, 175, 1240–1241. [CrossRef] [PubMed]
7. Carpenter, E.J.; Anderson, S.J.; Harvey, G.R.; Miklas, H.P.; Peck, B.B. Polystyrene Spherules in Coastal Waters. Science 1972, 178,

749–750. [CrossRef]
8. Wong, C.S.; Green, D.R.; Cretney, W.J. Quantitative Tar and Plastic Waste Distributions in the Pacific Ocean. Nature 1974, 247,

30–32. [CrossRef]
9. Colton, J.B.; Burns, B.R.; Knapp, F.D. Plastic Particles in Surface Waters of the Northwestern Atlantic. Science 1974, 185, 491–497.

[CrossRef] [PubMed]
10. Belzagui, F.; Crespi, M.; Álvarez, A.; Gutiérrez-Bouzán, C.; Vilaseca, M. Microplastics’ Emissions: Microfibers’ Detachment from

Textile Garments. Environ. Pollut. 2019, 248, 1028–1035. [CrossRef] [PubMed]
11. Microplastics: Sources, Effects and Solutions. Available online: https://www.europarl.europa.eu/news/en/headlines/society/

20181116STO19217/microplastics-sources-effects-and-solutions (accessed on 17 June 2021).
12. Frias, J.P.G.L.; Nash, R. Microplastics: Finding a Consensus on the Definition. Mar. Pollut. Bull. 2019, 138, 145–147. [CrossRef]

[PubMed]
13. Dris, R.; Gasperi, J.; Mirande, C.; Mandin, C.; Guerrouache, M.; Langlois, V.; Tassin, B. A First Overview of Textile Fibers,

Including Microplastics, in Indoor and Outdoor Environments. Environ. Pollut. 2017, 221, 453–458. [CrossRef]
14. Cox, K.D.; Covernton, G.A.; Davies, H.L.; Dower, J.F.; Juanes, F.; Dudas, S.E. Human Consumption of Microplastics. Environ. Sci.

Technol. 2019, 53, 7068–7074. [CrossRef] [PubMed]
15. Ugwu, K.; Herrera, A.; Gómez, M. Microplastics in Marine Biota: A Review. Mar. Pollut. Bull. 2021, 169, 112540. [CrossRef]

[PubMed]
16. Periyasamy, A.P.; Tehrani-Bagha, A. A Review on Microplastic Emission from Textile Materials and Its Reduction Techniques.

Polym. Degrad. Stab. 2022, 199, 109901. [CrossRef]
17. Cole, M.; Lindeque, P.; Halsband, C.; Galloway, T.S. Microplastics as Contaminants in the Marine Environment: A Review. Mar.

Pollut. Bull. 2011, 62, 2588–2597. [CrossRef] [PubMed]
18. O’Brien, S.; Okoffo, E.D.; O’Brien, J.W.; Ribeiro, F.; Wang, X.; Wright, S.L.; Samanipour, S.; Rauert, C.; Toapanta, T.Y.A.; Albarracin,

R.; et al. Airborne Emissions of Microplastic Fibres from Domestic Laundry Dryers. Sci. Total Environ. 2020, 747, 141175.
[CrossRef] [PubMed]

19. Pirc, U.; Vidmar, M.; Mozer, A.; Kržan, A. Emissions of Microplastic Fibers from Microfiber Fleece during Domestic Washing.
Environ. Sci. Pollut. Res. 2016, 23, 22206–22211. [CrossRef]

20. Muthusamy, L.P.; Periyasamy, A.P.; Militký, J.; Palani, R. Adaptive Neuro-Fuzzy Inference System to Predict the Release of
Microplastic Fibers during Domestic Washing. J. Test. Eval. 2022, 50, 91–104. [CrossRef]

21. Napper, I.E.; Thompson, R.C. Release of Synthetic Microplastic Plastic Fibres from Domestic Washing Machines: Effects of Fabric
Type and Washing Conditions. Mar. Pollut. Bull. 2016, 112, 39–45. [CrossRef] [PubMed]

22. Salvador Cesa, F.; Turra, A.; Baruque-Ramos, J. Synthetic Fibers as Microplastics in the Marine Environment: A Review from
Textile Perspective with a Focus on Domestic Washings. Sci. Total Environ. 2017, 598, 1116–1129. [CrossRef] [PubMed]

23. Ó Briain, O.; Marques Mendes, A.R.; McCarron, S.; Healy, M.G.; Morrison, L. The Role of Wet Wipes and Sanitary Towels as a
Source of White Microplastic Fibres in the Marine Environment. Water Res. 2020, 182, 116021. [CrossRef]

https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1016/j.oneear.2020.10.020
https://doi.org/10.1016/j.marpolbul.2020.110991
https://www.ncbi.nlm.nih.gov/pubmed/32275540
https://doi.org/10.1126/science.175.4027.1240
https://www.ncbi.nlm.nih.gov/pubmed/5061243
https://doi.org/10.1126/science.178.4062.749
https://doi.org/10.1038/247030a0
https://doi.org/10.1126/science.185.4150.491
https://www.ncbi.nlm.nih.gov/pubmed/17830390
https://doi.org/10.1016/j.envpol.2019.02.059
https://www.ncbi.nlm.nih.gov/pubmed/31091635
https://www.europarl.europa.eu/news/en/headlines/society/20181116STO19217/microplastics-sources-effects-and-solutions
https://www.europarl.europa.eu/news/en/headlines/society/20181116STO19217/microplastics-sources-effects-and-solutions
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://www.ncbi.nlm.nih.gov/pubmed/30660255
https://doi.org/10.1016/j.envpol.2016.12.013
https://doi.org/10.1021/acs.est.9b01517
https://www.ncbi.nlm.nih.gov/pubmed/31184127
https://doi.org/10.1016/j.marpolbul.2021.112540
https://www.ncbi.nlm.nih.gov/pubmed/34087664
https://doi.org/10.1016/j.polymdegradstab.2022.109901
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://www.ncbi.nlm.nih.gov/pubmed/22001295
https://doi.org/10.1016/j.scitotenv.2020.141175
https://www.ncbi.nlm.nih.gov/pubmed/32781315
https://doi.org/10.1007/s11356-016-7703-0
https://doi.org/10.1520/JTE20210175
https://doi.org/10.1016/j.marpolbul.2016.09.025
https://www.ncbi.nlm.nih.gov/pubmed/27686821
https://doi.org/10.1016/j.scitotenv.2017.04.172
https://www.ncbi.nlm.nih.gov/pubmed/28482459
https://doi.org/10.1016/j.watres.2020.116021


Toxics 2023, 11, 406 23 of 31

24. Hayakawa, K.; Okumura, R.; Yamamoto, H.; Fujiwara, M.; Yamaji, N.; Takada, H.; Kanematsu, M.; Shimizu, Y. Distribution and
Fluxes of Fluorescent Whitening Agents Discharged from Domestic Wastewater into Small Rivers with Seasonal Changes of Flow
Rates. Limnology 2007, 8, 251–259. [CrossRef]

25. Collard, F.; Gilbert, B.; Eppe, G.; Parmentier, E.; Das, K. Detection of Anthropogenic Particles in Fish Stomachs: An Isolation
Method Adapted to Identification by Raman Spectroscopy. Arch. Environ. Contam. Toxicol. 2015, 69, 331–339. [CrossRef]

26. Remy, F.; Collard, F.; Gilbert, B.; Compère, P.; Eppe, G.; Lepoint, G. When Microplastic Is Not Plastic: The Ingestion of Artificial
Cellulose Fibers by Macrofauna Living in Seagrass Macrophytodetritus. Environ. Sci. Technol. 2015, 49, 11158–11166. [CrossRef]
[PubMed]

27. Woodall, L.C.; Sanchez-Vidal, A.; Canals, M.; Paterson, G.L.J.; Coppock, R.; Sleight, V.; Calafat, A.; Rogers, A.D.; Narayanaswamy,
B.E.; Thompson, R.C. The Deep Sea Is a Major Sink for Microplastic Debris. R. Soc. Open Sci. 2014, 1, 140317. [CrossRef] [PubMed]

28. Luongo, G. Chemicals in Textiles: A Potential Source for Human Exposure and Environmental Pollution; Stockholm University, Faculty
of Science: Gothenburg, Sweden, 2015.

29. Zhang, Z.M.; Zhang, H.H.; Zhang, J.; Wang, Q.W.; Yang, G.P. Occurrence, Distribution, and Ecological Risks of Phthalate Esters in
the Seawater and Sediment of Changjiang River Estuary and Its Adjacent Area. Sci. Total Environ. 2018, 619, 93–102. [CrossRef]
[PubMed]

30. Schmidt, N.; Fauvelle, V.; Ody, A.; Castro-Jiménez, J.; Jouanno, J.; Changeux, T.; Thibaut, T.; Sempéré, R. The Amazon River: A
Major Source of Organic Plastic Additives to the Tropical North Atlantic? Environ. Sci. Technol. 2019, 53, 7513–7521. [CrossRef]

31. Paluselli, A.; Fauvelle, V.; Schmidt, N.; Galgani, F.; Net, S.; Sempéré, R. Distribution of Phthalates in Marseille Bay (NW
Mediterranean Sea). Sci. Total Environ. 2018, 621, 578–587. [CrossRef] [PubMed]

32. Periyasamy, A.P. Evaluation of Microfiber Release from Jeans: The Impact of Different Washing Conditions. Environ. Sci. Pollut.
Res. 2021, 28, 58570–58582. [CrossRef]

33. Luongo, G.; Avagyan, R.; Hongyu, R.; Östman, C. The Washout Effect during Laundry on Benzothiazole, Benzotriazole, Quinoline,
and Their Derivatives in Clothing Textiles. Environ. Sci. Pollut. Res. 2016, 23, 2537–2548. [CrossRef] [PubMed]

34. Avagyan, R.; Sadiktsis, I.; Thorsén, G.; Östman, C.; Westerholm, R. Determination of Benzothiazole and Benzotriazole Derivates
in Tire and Clothing Textile Samples by High Performance Liquid Chromatography–Electrospray Ionization Tandem Mass
Spectrometry. J. Chromatogr. A 2013, 1307, 119–125. [CrossRef]

35. Deopura, B.L.; Padaki, N. V Synthetic Textile Fibres. In Textiles and Fashion; Elsevier: Amsterdam, The Netherlands, 2015;
pp. 97–114. ISBN 978-1-84569-931-4.

36. East, A.J. Polyester Fibres. In Synthetic Fibres; McIntyre, J.E., Ed.; Woodhead Publishing Series in Textiles; Woodhead Publishing:
Sawston, UK, 2005; pp. 95–166. ISBN 978-1-85573-588-0.

37. Gordon, C.J. Introduction to Synthetic Fibers. In Handbook of Textile Fibres; Cook, J.G., Ed.; Woodhead Publishing Series in Textiles;
Woodhead Publishing: Sawston, UK, 2001; pp. 192–193. ISBN 978-1-85573-485-2.

38. Schindler, W.D.; Hauser, P.J. Chemical Finishing Processes. In Chemical Finishing of Textiles; Elsevier: Amsterdam, The Netherlands,
2004; pp. 7–28.

39. Schindler, W.D.; Hauser, P.J. Introduction to Chemical Finishing. In Chemical Finishing of Textiles; Elsevier: Amsterdam,
The Netherlands, 2004; pp. 1–6.

40. Joseph, P.; Tretsiakova-McNally, S. Chemical Modification of Natural and Synthetic Textile Fibres to Improve Flame Retardancy.
In Handbook of Fire Resistant Textiles; Elsevier: Amsterdam, The Netherlands, 2013; pp. 37–67.

41. Rosace, G.; Migani, V.; Guido, E.; Colleoni, C. Flame Retardant Finishing for Textiles. In Flame Retardants; Springer: Cham,
Switzerland, 2015; pp. 209–246.

42. Cheng, X.W.; Guan, J.P.; Yang, X.H.; Tang, R.C. Improvement of Flame Retardancy of Silk Fabric by Bio-Based Phytic Acid,
Nano-TiO2, and Polycarboxylic Acid. Prog. Org. Coat. 2017, 112, 18–26. [CrossRef]

43. Jurewicz, J.; Hanke, W. Exposure to Phthalates: Reproductive Outcome and Children Health. A Review of Epidemiological
Studies. Int. J. Occup. Med. Environ. Health 2011, 2, 115–141. [CrossRef] [PubMed]

44. Kim, Y.R.; Harden, F.A.; Toms, L.M.L.; Norman, R.E. Health Consequences of Exposure to Brominated Flame Retardants: A
Systematic Review. Chemosphere 2014, 106, 64. [CrossRef] [PubMed]

45. Schindler, W.D.; Hauser, P.J. Easy-Care and Durable Press Finishes of Cellulosics. In Chemical Finishing of Textiles; Schindler,
W.D., Hauser, P.J., Eds.; Woodhead Publishing Series in Textiles; Woodhead Publishing: Sawston, UK, 2004; pp. 51–72.
ISBN 978-1-85573-905-5.

46. Lassen, C. Survey of PFOS, PFOA and Other Perfluoroalkyl and Polyfluoroalkyl Substances; The Danish Environmental Protection
Agency: Copenhagen K, Denmark, 2015.

47. Chen, H.-L.; Burns, L.D. Environmental Analysis of Textile Products. Cloth. Text. Res. J. 2006, 24, 248–261. [CrossRef]
48. Dann, A.B.; Hontela, A. Triclosan: Environmental Exposure, Toxicity and Mechanisms of Action. J. Appl. Toxicol. 2011, 31, 285–311.

[CrossRef] [PubMed]
49. Ter Halle, A.; Ladirat, L.; Martignac, M.; Mingotaud, A.F.; Boyron, O.; Perez, E. To What Extent Are Microplastics from the Open

Ocean Weathered? Environ. Pollut. 2017, 227, 167–174. [CrossRef]
50. Gigault, J.; Pedrono, B.; Maxit, B.; Ter Halle, A. Marine Plastic Litter: The Unanalyzed Nano-Fraction. Environ. Sci. Nano 2016, 3,

346–350. [CrossRef]

https://doi.org/10.1007/s10201-007-0220-6
https://doi.org/10.1007/s00244-015-0221-0
https://doi.org/10.1021/acs.est.5b02005
https://www.ncbi.nlm.nih.gov/pubmed/26301775
https://doi.org/10.1098/rsos.140317
https://www.ncbi.nlm.nih.gov/pubmed/26064573
https://doi.org/10.1016/j.scitotenv.2017.11.070
https://www.ncbi.nlm.nih.gov/pubmed/29145058
https://doi.org/10.1021/acs.est.9b01585
https://doi.org/10.1016/j.scitotenv.2017.11.306
https://www.ncbi.nlm.nih.gov/pubmed/29195205
https://doi.org/10.1007/s11356-021-14761-1
https://doi.org/10.1007/s11356-015-5405-7
https://www.ncbi.nlm.nih.gov/pubmed/26429136
https://doi.org/10.1016/j.chroma.2013.07.087
https://doi.org/10.1016/j.porgcoat.2017.06.025
https://doi.org/10.2478/s13382-011-0022-2
https://www.ncbi.nlm.nih.gov/pubmed/21594692
https://doi.org/10.1016/j.chemosphere.2013.12.064
https://www.ncbi.nlm.nih.gov/pubmed/24529398
https://doi.org/10.1177/0887302X06293065
https://doi.org/10.1002/jat.1660
https://www.ncbi.nlm.nih.gov/pubmed/21462230
https://doi.org/10.1016/j.envpol.2017.04.051
https://doi.org/10.1039/C6EN00008H


Toxics 2023, 11, 406 24 of 31

51. Dawson, A.L.; Kawaguchi, S.; King, C.K.; Townsend, K.A.; King, R.; Huston, W.M.; Bengtson Nash, S.M. Turning Microplastics
into Nanoplastics through Digestive Fragmentation by Antarctic Krill. Nat. Commun. 2018, 9, 1001. [CrossRef] [PubMed]

52. Zhu, L.; Zhao, S.; Bittar, T.B.; Stubbins, A.; Li, D. Photochemical Dissolution of Buoyant Microplastics to Dissolved Organic
Carbon: Rates and Microbial Impacts. J. Hazard. Mater. 2020, 383, 121065. [CrossRef] [PubMed]

53. Gewert, B.; Plassmann, M.; Sandblom, O.; MacLeod, M. Identification of Chain Scission Products Released to Water by Plastic
Exposed to Ultraviolet Light. Environ. Sci. Technol. Lett. 2018, 5, 272–276. [CrossRef]

54. Hufenus, R.; Yan, Y.; Dauner, M.; Kikutani, T. Melt-Spun Fibers for Textile Applications. Materials 2020, 13, 4298. [CrossRef]
55. Periyasamy, A.P.; Militky, J. Sustainability in Textile Dyeing: Recent Developments. In Sustainability in the Textile and Apparel

Industries; Springer: Cham, Switzerland, 2020; pp. 37–79.
56. Oginawati, K.; Suharyanto; Susetyo, S.H.; Sulung, G.; Muhayatun; Chazanah, N.; Dewi Kusumah, S.W.; Fahimah, N. Investigation

of Dermal Exposure to Heavy Metals (Cu, Zn, Ni, Al, Fe and Pb) in Traditional Batik Industry Workers. Heliyon 2022, 8, e08914.
[CrossRef] [PubMed]

57. Periyasamy, A.P. Environmental Hazards of Denim Processing-I. Asian Dyer 2020, 17, 56–60.
58. Periyasamy, A.P.; Militky, J. Denim Processing and Health Hazards. In Sustainability in Denim; Elsevier: Amsterdam, The

Netherlands, 2017; pp. 161–196.
59. Forgacs, E.; Cserháti, T.; Oros, G. Removal of Synthetic Dyes from Wastewaters: A Review. Environ. Int. 2004, 30, 953–971.

[CrossRef]
60. Rai, H.S.; Bhattacharyya, M.S.; Singh, J.; Bansal, T.K.; Vats, P.; Banerjee, U.C. Removal of Dyes from the Effluent of Textile and

Dyestuff Manufacturing Industry: A Review of Emerging Techniques with Reference to Biological Treatment. Crit. Rev. Environ.
Sci. Technol. 2005, 35, 219–238. [CrossRef]

61. Periyasamy, A.P.; Periyasami, S. Critical Review on Sustainability in Denim: A Step toward Sustainable Production and
Consumption of Denim. ACS Omega 2023, 8, 4472–4490. [CrossRef] [PubMed]

62. Hu, S.; Wang, D.; Periyasamy, A.P.; Kremenakova, D.; Militky, J.; Tunak, M. Ultrathin Multilayer Textile Structure with Enhanced
EMI Shielding and Air-Permeable Properties. Polymers 2021, 13, 4176. [CrossRef]

63. Periyasamy, A.P.; Yang, K.; Xiong, X.; Venkataraman, M.; Militky, J.; Mishra, R.; Kremenakova, D. Effect of Silanization on Copper
Coated Milife Fabric with Improved EMI Shielding Effectiveness. Mater. Chem. Phys. 2020, 239, 122008. [CrossRef]

64. Periyasamy, A.P.; Venkataraman, M.; Militky, J. Effect of Sol–Gel Treatment on Physical, Chemical and Mechanical Stability of
Copper-Coated Conductive Fabrics: Focus on EMI Shielding Effectiveness. J. Mater. Sci. 2022, 57, 20780–20793. [CrossRef]

65. Hu, S.; Kremenakova, D.; Militký, J.; Periyasamy, A.P. Copper-Coated Textiles for Viruses Dodging. In Textiles and Their Use in
Microbial Protection, 1st ed.; Series: Textile Institute Professional Publications; CRC Press: Boca Raton, FL, USA, 2021; pp. 235–250.

66. Liu, P.; Zhan, X.; Wu, X.; Li, J.; Wang, H.; Gao, S. Effect of Weathering on Environmental Behavior of Microplastics: Properties,
Sorption and Potential Risks. Chemosphere 2020, 242, 125193. [CrossRef] [PubMed]

67. Ammala, A.; Bateman, S.; Dean, K.; Petinakis, E.; Sangwan, P.; Wong, S.; Yuan, Q.; Yu, L.; Patrick, C.; Leong, K.H. An Overview of
Degradable and Biodegradable Polyolefins. Prog. Polym. Sci. 2011, 36, 1015–1049. [CrossRef]

68. Karunakaran, G.; Periyasamy, A.P.; Militký, J. Color and Design for Textiles. In Fibrous Structures and Their Impact on Textile Design;
Springer: Singapore, 2023; pp. 119–148.

69. Martin, M.B.; Reiter, R.; Pham, T.; Avellanet, Y.R.; Camara, J.; Lahm, M.; Pentecost, E.; Pratap, K.; Gilmore, B.A.; Divekar, S.; et al.
Estrogen-Like Activity of Metals in Mcf-7 Breast Cancer Cells. Endocrinology 2003, 144, 2425–2436. [CrossRef] [PubMed]

70. Byrne, C.; Divekar, S.D.; Storchan, G.B.; Parodi, D.A.; Martin, M.B. Metals and Breast Cancer. J. Mammary Gland. Biol. Neoplasia
2013, 18, 63–73. [CrossRef] [PubMed]

71. Hahladakis, J.N.; Velis, C.A.; Weber, R.; Iacovidou, E.; Purnell, P. An Overview of Chemical Additives Present in Plastics:
Migration, Release, Fate and Environmental Impact during Their Use, Disposal and Recycling. J. Hazard. Mater. 2018, 344,
179–199. [CrossRef] [PubMed]

72. Dimitrakakis, E.; Janz, A.; Bilitewski, B.; Gidarakos, E. Small WEEE: Determining Recyclables and Hazardous Substances in
Plastics. J. Hazard. Mater. 2009, 161, 913–919. [CrossRef]

73. Jensen, G. Food Contact Materials and Chemical Contamination. Health Environ. Alliance 2016.
74. Appenroth, K.-J. Definition of “Heavy Metals” and Their Role in Biological Systems. In Soil Heavy Metals; Springer:

Berlin/Heidelberg, Germany, 2010; pp. 19–29.
75. Azeh Engwa, G.; Udoka Ferdinand, P.; Nweke Nwalo, F.; Unachukwu, M.N. Mechanism and Health Effects of Heavy Metal

Toxicity in Humans. In Poisoning in the Modern World—New Tricks for an Old Dog? IntechOpen: London, UK, 2019.
76. Gandamalla, D.; Lingabathula, H.; Yellu, N. Nano Titanium Exposure Induces Dose- and Size-Dependent Cytotoxicity on Human

Epithelial Lung and Colon Cells. Drug Chem. Toxicol. 2019, 42, 24–34. [CrossRef]
77. Almeida, L.; Ramos, D. Health and Safety Concerns of Textiles with Nanomaterials. IOP Conf. Ser. Mater. Sci. Eng. 2017, 254,

102002. [CrossRef]
78. Sanyal, T.; Kaviraj, A.; Saha, S. Deposition of Chromium in Aquatic Ecosystem from Effluents of Handloom Textile Industries in

Ranaghat–Fulia Region of West Bengal, India. J. Adv. Res. 2015, 6, 995–1002. [CrossRef] [PubMed]
79. Moody, V.; Needles, H.L. Color, Dyes, Dyeing, and Printing. In Tufted Carpet; Needles, V.M.L., Ed.; Plastics Design Library;

Elsevier: Norwich, NY, USA, 2004; pp. 155–175. ISBN 978-1-884207-99-0.

https://doi.org/10.1038/s41467-018-03465-9
https://www.ncbi.nlm.nih.gov/pubmed/29520086
https://doi.org/10.1016/j.jhazmat.2019.121065
https://www.ncbi.nlm.nih.gov/pubmed/31518809
https://doi.org/10.1021/acs.estlett.8b00119
https://doi.org/10.3390/ma13194298
https://doi.org/10.1016/j.heliyon.2022.e08914
https://www.ncbi.nlm.nih.gov/pubmed/35198777
https://doi.org/10.1016/j.envint.2004.02.001
https://doi.org/10.1080/10643380590917932
https://doi.org/10.1021/acsomega.2c06374
https://www.ncbi.nlm.nih.gov/pubmed/36777581
https://doi.org/10.3390/polym13234176
https://doi.org/10.1016/j.matchemphys.2019.122008
https://doi.org/10.1007/s10853-022-07896-0
https://doi.org/10.1016/j.chemosphere.2019.125193
https://www.ncbi.nlm.nih.gov/pubmed/31678851
https://doi.org/10.1016/j.progpolymsci.2010.12.002
https://doi.org/10.1210/en.2002-221054
https://www.ncbi.nlm.nih.gov/pubmed/12746304
https://doi.org/10.1007/s10911-013-9273-9
https://www.ncbi.nlm.nih.gov/pubmed/23338949
https://doi.org/10.1016/j.jhazmat.2017.10.014
https://www.ncbi.nlm.nih.gov/pubmed/29035713
https://doi.org/10.1016/j.jhazmat.2008.04.054
https://doi.org/10.1080/01480545.2018.1452930
https://doi.org/10.1088/1757-899X/254/10/102002
https://doi.org/10.1016/j.jare.2014.12.002
https://www.ncbi.nlm.nih.gov/pubmed/26644938


Toxics 2023, 11, 406 25 of 31

80. Shore, J. Society of Dyers and Colourists. In Cellulosics Dyeing; Shore, J., Ed.; Society of Dyers and Colourists: Bradford, UK, 1995;
ISBN 0901956686.

81. Singh, H.B.; Bharati, K.A. Mordants and Their Applications. In Handbook of Natural Dyes and Pigments; Singh, H.B., Singh, K.A.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 18–28.

82. Singh, H.B.; Bharati, K.A. Methods of Extraction. In Handbook of Natural Dyes and Pigments; Elsevier: Amsterdam, The Netherlands,
2014; pp. 9–17.

83. Mabuza, L.; Sonnenberg, N.; Marx-Pienaar, N. Natural versus Synthetic Dyes: Consumers’ Understanding of Apparel Coloration
and Their Willingness to Adopt Sustainable Alternatives. Resour. Conserv. Recycl. Adv. 2023, 18, 200146. [CrossRef]

84. Patel, B.H. Natural Dyes. In Handbook of Textile and Industrial Dyeing; Elsevier: Amsterdam, The Netherlands, 2011; Volume 1,
pp. 395–424. ISBN 978-1-84569-695-5.

85. Lucas, M.S.; Dias, A.A.; Sampaio, A.; Amaral, C.; Peres, J.A. Degradation of a Textile Reactive Azo Dye by a Combined
Chemical–Biological Process: Fenton’s Reagent-Yeast. Water Res. 2007, 41, 1103–1109. [CrossRef] [PubMed]

86. Fatima, M.; Farooq, R.; Lindström, R.W.; Saeed, M. A Review on Biocatalytic Decomposition of Azo Dyes and Electrons Recovery.
J. Mol. Liq. 2017, 246, 275–281. [CrossRef]

87. Roessler, A.; Dossenbach, O.; Marte, W.; Rys, P. Electrocatalytic Hydrogenation of Vat Dyes. Dye. Pigment. 2002, 54, 141–146.
[CrossRef]

88. Periyasamy, A.P.; Duraisamy, G. Carbon Footprint on Denim Manufacturing. In Handbook of Ecomaterials; Martínez, L.M.T.,
Kharissova, O.V., Kharisov, B.I., Eds.; Springer: Cham, Switzerland, 2018; pp. 1–18. ISBN 978-3-319-48281-1.

89. Periyasamy, A.P.; Wiener, J.; Militky, J. Life-Cycle Assessment of Denim. In Sustainability in Denim; Elsevier: Amsterdam,
The Netherlands, 2017; pp. 83–110.

90. Chakraborty, J.N. Dyeing with Indigo. In Fundamentals and Practices in Colouration of Textiles; Woodhead Publishing Limited:
Sawston, UK, 2014; pp. 106–120. ISBN 978-93-80308-46-3.

91. Meksi, N.; Mhenni, M.F. Indigo Dyeing Technology for Denim Yarns. In Denim; Elsevier: Amsterdam, The Netherlands, 2015;
pp. 69–105.

92. Chakraborty, J.N. Sulphur Dyes. In Handbook of Textile and Industrial Dyeing: Principles, Processes and Types of Dyes; Clark,
M.B.T.-H.T., Dyeing, I., Eds.; Woodhead Publishing: Sawston, UK, 2011; Volume 1, pp. 466–485. ISBN 9780857093974.

93. Babu, K.M. The Dyeing of Silk. In Silk; Woodhead Publishing: Sawston, UK, 2019; pp. 109–128. [CrossRef]
94. Mahapatra, N.N. Disperse Dyes. In Textile Dyes; Woodhead Publishing: Delhi, India, 1991; Volume 6, pp. 160–174.

ISBN 978-93-85059-04-9.
95. Gulrajani, M.L. Disperse Dyes. In Handbook of Textile and Industrial Dyeing; Woodhead Publishing Series in Textiles; Clark, M., Ed.;

Elsevier: Amsterdam, The Netherlands, 2011; Volume 1, pp. 365–394.
96. Carpignano, R.; Savarino, P.; Barni, E.; Viscardi, G.; Baracco, A.; Clementi, S. Dyeing of Nylon 66 with Disperse Dyes. An

Optimization Study. Dye. Pigment. 1989, 10, 23–31. [CrossRef]
97. Michel Rupin Dyeing with Direct and Fiber Reactive Dyes. Text. Chem. Color. 1976, 8, 54–59.
98. Lewis, D.M. The Chemistry of Reactive Dyes and Their Application Processes. In Handbook of Textile and Industrial Dyeing; Elsevier:

Amsterdam, The Netherlands, 2011; pp. 303–364.
99. Periyasamy, A.P.; Dhurai, B.; Thangamani, K. Salt-Free Dyeing—A New Method of Dyeing on Lyocell/Cotton Blended Fabrics

with Reactive Dyes. Autex Res. J. 2011, 11, 14–17.
100. Xiao, H.; Zhao, T.; Li, C.-H.; Li, M.-Y. Eco-Friendly Approaches for Dyeing Multiple Type of Fabrics with Cationic Reactive Dyes.

J. Clean. Prod. 2017, 165, 1499–1507. [CrossRef]
101. Ma, M.; Sun, Y.; Sun, G. Antimicrobial Cationic Dyes: Part 1: Synthesis and Characterization. Dye. Pigment. 2003, 58, 27–35.

[CrossRef]
102. Zhang, Z.; Wang, H.; Sun, J. Telechelic PEG-Polymers End-capped with Chromophores: Using as Cationic Reactive Dyes and

Salt-free Dyeing Properties on Cotton Fabrics. J. Appl. Polym. Sci. 2021, 138, 50455. [CrossRef]
103. Srikulkit, K.; Santifuengkul, P. Salt-free Dyeing of Cotton Cellulose with a Model Cationic Reactive Dye. Color. Technol. 2000, 116,

398–402. [CrossRef]
104. Bhala, R.; Dhandhania, V.; Periyasamy, A.P. Bio-Finishing of Fabrics. Asian Dye. 2012, 9, 45–49.
105. Periyasamy, A.P.; Venkatesan, H. Eco-Materials in Textile Finishing. In Handbook of Ecomaterials; Springer: Cham, Switzerland,

2019; Volume 3, pp. 1461–1482. ISBN 9783319682556.
106. Kianfar, P.; Abate, M.T.; Trovato, V.; Rosace, G.; Ferri, A.; Bongiovanni, R.; Vitale, A. Surface Functionalization of Cotton Fabrics

by Photo-Grafting for PH Sensing Applications. Front. Mater. 2020, 7, 39. [CrossRef]
107. Le Gars, M.; Bras, J.; Salmi-Mani, H.; Ji, M.; Dragoe, D.; Faraj, H.; Domenek, S.; Belgacem, N.; Roger, P. Polymerization of Glycidyl

Methacrylate from the Surface of Cellulose Nanocrystals for the Elaboration of PLA-Based Nanocomposites. Carbohydr. Polym.
2020, 234, 115899. [CrossRef] [PubMed]

108. Barsbay, M.; Güven, O.; Kodama, Y. Amine Functionalization of Cellulose Surface Grafted with Glycidyl Methacrylate by
γ-Initiated RAFT Polymerization. Radiat. Phys. Chem. 2016, 124, 140–144. [CrossRef]

109. Fernandes, B.J.D.; Couto, R.D. Toxicological Alert: Exposure to Glycidyl Methacrylate and Cancer Risk. Toxicol. Ind. Health 2020,
36, 937–939. [CrossRef]

https://doi.org/10.1016/j.rcradv.2023.200146
https://doi.org/10.1016/J.WATRES.2006.12.013
https://www.ncbi.nlm.nih.gov/pubmed/17261325
https://doi.org/10.1016/j.molliq.2017.09.063
https://doi.org/10.1016/S0143-7208(02)00035-9
https://doi.org/10.1016/B978-0-08-102540-6.00005-X
https://doi.org/10.1016/0143-7208(89)85037-5
https://doi.org/10.1016/j.jclepro.2017.07.174
https://doi.org/10.1016/S0143-7208(03)00025-1
https://doi.org/10.1002/app.50455
https://doi.org/10.1111/j.1478-4408.2000.tb00017.x
https://doi.org/10.3389/fmats.2020.00039
https://doi.org/10.1016/j.carbpol.2020.115899
https://www.ncbi.nlm.nih.gov/pubmed/32070519
https://doi.org/10.1016/j.radphyschem.2015.12.015
https://doi.org/10.1177/0748233720957816


Toxics 2023, 11, 406 26 of 31

110. Li, X.; Wang, Q.; Wang, M.; Wuhan, B.; Gu, Y.; Kang, T.; Jin, H.; Xu, J. TMT-Based Quantitative Proteomic Analysis Reveals the
Underlying Mechanisms of Glycidyl Methacrylate-Induced 16HBE Cell Malignant Transformation. Toxicology 2023, 485, 153427.
[CrossRef] [PubMed]

111. Gibson, P. Water-Repellent Treatment on Military Uniform Fabrics: Physiological and Comfort Implications. J. Ind. Text. 2008, 38,
43–54. [CrossRef]

112. Schindler, W.D.; Hauser, P.J. Repellent Finishes. In Chemical Finishing of Textiles; Elsevier: Amsterdam, The Netherlands, 2004;
pp. 74–86.

113. Periyasamy, A.P.; Venkataraman, M.; Kremenakova, D.; Militky, J.; Zhou, Y. Progress in Sol-Gel Technology for the Coatings of
Fabrics. Materials 2020, 13, 1838. [CrossRef] [PubMed]

114. Schellenberger, S.; Hill, P.J.; Levenstam, O.; Gillgard, P.; Cousins, I.T.; Taylor, M.; Blackburn, R.S. Highly Fluorinated Chemicals in
Functional Textiles Can Be Replaced by Re-Evaluating Liquid Repellency and End-User Requirements. J. Clean. Prod. 2019, 217,
134–143. [CrossRef]

115. Liu, Y.; Higaki, Y.; Mukai, M.; Takahara, A. Molecular Aggregation Structure and Water Repellency of Poly(Perfluorohexyl
Acrylate) with a Carbamate Linkage. Polymer 2019, 182, 121846. [CrossRef]

116. Kang, P.; Zhao, Y.; Zuo, C.; Cai, Y.; Shen, C.; Ji, B.; Wei, T. The Unheeded Inherent Connections and Overlap between Microplastics
and Poly- and Perfluoroalkyl Substances: A Comprehensive Review. Sci. Total Environ. 2023, 878, 163028. [CrossRef]

117. Whittaker, M.H.; Heine, L. Toxicological and Environmental Issues Associated with Waterproofing and Water Repellent For-
mulations. In Waterproof and Water Repellent Textiles and Clothing; Woodhead Publishing: Sawston, UK, 2018; pp. 89–120.
[CrossRef]

118. Kiracofe, E.A.; Zirwas, M.J. Formaldehyde in Textiles–What Dermatologists Need to Know about the Relationship to Contact
Dermatitis: A Review of the US Government Accountability Office’s Report to Congressional Committees. J. Am. Acad. Dermatol.
2012, 67, 313–314. [CrossRef] [PubMed]

119. Oulton, D.P. Fire-Retardant Textiles. In Chemistry of the Textiles Industry; Springer: Dordrecht, The Netherlands, 1995; pp. 102–124.
120. Liu, X.; Ji, K.; Choi, K. Endocrine Disruption Potentials of Organophosphate Flame Retardants and Related Mechanisms in H295R

and MVLN Cell Lines and in Zebrafish. Aquat. Toxicol. 2012, 114, 173–181. [CrossRef] [PubMed]
121. Kojima, H.; Takeuchi, S.; Itoh, T.; Iida, M.; Kobayashi, S.; Yoshida, T. In Vitro Endocrine Disruption Potential of Organophosphate

Flame Retardants via Human Nuclear Receptors. Toxicology 2013, 314, 76–83. [CrossRef] [PubMed]
122. Arivithamani, N.; Giri Dev, V.R. Characterization and Comparison of Salt-Free Reactive Dyed Cationized Cotton Hosiery Fabrics

with That of Conventional Dyed Cotton Fabrics. J. Clean. Prod. 2018, 183, 579–589. [CrossRef]
123. Nallathambi, A.; Venkateshwarapuram Rengaswami, G.D. Industrial Scale Salt-Free Reactive Dyeing of Cationized Cotton Fabric

with Different Reactive Dye Chemistry. Carbohydr. Polym. 2017, 174, 137–145. [CrossRef] [PubMed]
124. Zhang, Y.; Zhang, W. Clean Dyeing of Cotton Fiber Using a Novel Nicotinic Acid Quaternary Triazine Cationic Reactive Dye:

Salt-Free, Alkali-Free, and Non-Toxic by-Product. Technol. Environ. Policy 2015, 17, 563–569. [CrossRef]
125. Niu, T.; Wang, X.; Wu, C.; Sun, D.; Zhang, X.; Chen, Z.; Fang, L. Chemical Modification of Cotton Fabrics by a Bifunctional

Cationic Polymer for Salt-Free Reactive Dyeing. ACS Omega 2020, 5, 15409–15416. [CrossRef] [PubMed]
126. Hashem, M.; Hauser, P.; Smith, B. Reaction Efficiency for Cellulose Cationization Using 3-Chloro-2- Hydroxypropyl Trimethyl

Ammonium Chloride. Text. Res. J. 2003, 73, 1017–1023. [CrossRef]
127. Hashem, M.M. Development of a One-stage Process for Pretreatment and Cationisation of Cotton Fabric. Color. Technol. 2006, 122,

135–144. [CrossRef]
128. Arivithamani, N.; Agnes Mary, S.; Senthil Kumar, M.; Giri Dev, V.R. Keratin Hydrolysate as an Exhausting Agent in Textile

Reactive Dyeing Process. Clean Technol. Environ. Policy 2014, 16, 1207–1215. [CrossRef]
129. Hauser, P.J.; Tabba, A.H. Improving the Environmental and Economic Aspects of Cotton Dyeing Using a Cationised Cotton. Color.

Technol. 2001, 117, 282–288. [CrossRef]
130. Kanik, M.; Hauser, P.J. Printing of Cationised Cotton with Reactive Dyes. Color. Technol. 2002, 118, 300–306. [CrossRef]
131. Oliveria, F.R.; De Oliveira, D.A.J.; Steffens, F.; do Nascimento, J.H.O.; e Silva, K.K.O.S.; Souto, A.P. Dyeing of Cotton and Polyester

Blended Fabric Previously Cationized with Synthetic and Natural Polyelectrolytes. Procedia Eng. 2017, 200, 309–316. [CrossRef]
132. Matthew, J. Farrell Cationic Cotton Prepared with Hydrophobic Alkyl Chlorohydrin Quats: A New Fiber with New Properties. In

Proceedings of the AATCC ICE 2017, Wilmington, NC, USA, 28–30 March 2017.
133. United Nations. Globally Harmonized System of Classification and Labelling of Chemicals (GHS); United Nations: Geneva, Switzerland,

2011.
134. Periyasamy, A.P.; Militky, J.; Sachinandham, A.; Duraisamy, G. Nanotechnology in Textile Finishing: Recent Developments.

In Handbook of Nanomaterials and Nanocomposites for Energy and Environmental Applications; Springer: Cham, Switzerland, 2021;
pp. 1–31.

135. Kim, K.T.; Eo, M.Y.; Nguyen, T.T.H.; Kim, S.M. General Review of Titanium Toxicity. Int. J. Implant. Dent. 2019, 5, 10. [CrossRef]
136. Van Cauwenberghe, L.; Janssen, C.R. Microplastics in Bivalves Cultured for Human Consumption. Environ. Pollut. 2014, 193,

65–70. [CrossRef] [PubMed]
137. Prata, J.C. Airborne Microplastics: Consequences to Human Health? Environ. Pollut. 2018, 234, 115–126. [CrossRef] [PubMed]
138. Prata, J.C.; da Costa, J.P.; Lopes, I.; Duarte, A.C.; Rocha-Santos, T. Environmental Exposure to Microplastics: An Overview on

Possible Human Health Effects. Sci. Total Environ. 2020, 702, 134455. [CrossRef]

https://doi.org/10.1016/j.tox.2023.153427
https://www.ncbi.nlm.nih.gov/pubmed/36641056
https://doi.org/10.1177/1528083707087833
https://doi.org/10.3390/ma13081838
https://www.ncbi.nlm.nih.gov/pubmed/32295113
https://doi.org/10.1016/j.jclepro.2019.01.160
https://doi.org/10.1016/j.polymer.2019.121846
https://doi.org/10.1016/j.scitotenv.2023.163028
https://doi.org/10.1016/B978-0-08-101212-3.00004-6
https://doi.org/10.1016/j.jaad.2011.12.020
https://www.ncbi.nlm.nih.gov/pubmed/22794805
https://doi.org/10.1016/j.aquatox.2012.02.019
https://www.ncbi.nlm.nih.gov/pubmed/22446829
https://doi.org/10.1016/j.tox.2013.09.004
https://www.ncbi.nlm.nih.gov/pubmed/24051214
https://doi.org/10.1016/j.jclepro.2018.02.175
https://doi.org/10.1016/j.carbpol.2017.06.045
https://www.ncbi.nlm.nih.gov/pubmed/28821052
https://doi.org/10.1007/s10098-014-0821-9
https://doi.org/10.1021/acsomega.0c01530
https://www.ncbi.nlm.nih.gov/pubmed/32637815
https://doi.org/10.1177/004051750307301113
https://doi.org/10.1111/j.1478-4408.2006.00022.x
https://doi.org/10.1007/s10098-014-0718-7
https://doi.org/10.1111/j.1478-4408.2001.tb00076.x
https://doi.org/10.1111/j.1478-4408.2002.tb00114.x
https://doi.org/10.1016/j.proeng.2017.07.044
https://doi.org/10.1186/s40729-019-0162-x
https://doi.org/10.1016/j.envpol.2014.06.010
https://www.ncbi.nlm.nih.gov/pubmed/25005888
https://doi.org/10.1016/j.envpol.2017.11.043
https://www.ncbi.nlm.nih.gov/pubmed/29172041
https://doi.org/10.1016/j.scitotenv.2019.134455


Toxics 2023, 11, 406 27 of 31

139. Amato-Lourenço, L.F.; Carvalho-Oliveira, R.; Júnior, G.R.; dos Santos Galvão, L.; Ando, R.A.; Mauad, T. Presence of Airborne
Microplastics in Human Lung Tissue. J. Hazard. Mater. 2021, 416, 126124. [CrossRef]

140. Deville, S.; Penjweini, R.; Smisdom, N.; Notelaers, K.; Nelissen, I.; Hooyberghs, J.; Ameloot, M. Intracellular Dynamics and Fate
of Polystyrene Nanoparticles in A549 Lung Epithelial Cells Monitored by Image (Cross-) Correlation Spectroscopy and Single
Particle Tracking. Biochim. Et Biophys. Acta BBA-Mol. Cell Res. 2015, 1853, 2411–2419. [CrossRef] [PubMed]

141. Shi, Q.; Tang, J.; Wang, L.; Liu, R.; Giesy, J.P. Combined Cytotoxicity of Polystyrene Nanoplastics and Phthalate Esters on Human
Lung Epithelial A549 Cells and Its Mechanism. Ecotoxicol. Environ. Saf. 2021, 213, 112041. [CrossRef] [PubMed]

142. Xu, M.; Halimu, G.; Zhang, Q.; Song, Y.; Fu, X.; Li, Y.; Li, Y.; Zhang, H. Internalization and Toxicity: A Preliminary Study of Effects
of Nanoplastic Particles on Human Lung Epithelial Cell. Sci. Total Environ. 2019, 694, 133794. [CrossRef]

143. Salomon, J.J.; Ehrhardt, C. Nanoparticles Attenuate P-Glycoprotein/MDR1 Function in A549 Human Alveolar Epithelial Cells.
Eur. J. Pharm. Biopharm. 2011, 77, 392–397. [CrossRef] [PubMed]

144. Schwabl, P.; Köppel, S.; Königshofer, P.; Bucsics, T.; Trauner, M.; Reiberger, T.; Liebmann, B. Detection of Various Microplastics in
Human Stool. Ann. Intern. Med. 2019, 171, 453–457. [CrossRef]

145. Bradney, L.; Wijesekara, H.; Palansooriya, K.N.; Obadamudalige, N.; Bolan, N.S.; Ok, Y.S.; Rinklebe, J.; Kim, K.-H.; Kirkham, M.B.
Particulate Plastics as a Vector for Toxic Trace-Element Uptake by Aquatic and Terrestrial Organisms and Human Health Risk.
Environ. Int. 2019, 131, 104937. [CrossRef]

146. Vroom, R.J.E.; Koelmans, A.A.; Besseling, E.; Halsband, C. Aging of Microplastics Promotes Their Ingestion by Marine Zooplank-
ton. Environ. Pollut. 2017, 231, 987–996. [CrossRef]

147. Allen, A.S.; Seymour, A.C.; Rittschof, D. Chemoreception Drives Plastic Consumption in a Hard Coral. Mar. Pollut. Bull. 2017,
124, 198–205. [CrossRef] [PubMed]

148. Ziajahromi, S.; Kumar, A.; Neale, P.A.; Leusch, F.D.L. Environmentally Relevant Concentrations of Polyethylene Microplastics
Negatively Impact the Survival, Growth and Emergence of Sediment-Dwelling Invertebrates. Environ. Pollut. 2018, 236, 425–431.
[CrossRef]

149. Jemec, A.; Horvat, P.; Kunej, U.; Bele, M.; Kržan, A. Uptake and Effects of Microplastic Textile Fibers on Freshwater Crustacean
Daphnia Magna. Environ. Pollut. 2016, 219, 201–209. [CrossRef] [PubMed]

150. Mulder; Koricheva; Huss-Danell; Hogberg; Joshi Insects Affect Relationships between Plant Species Richness and Ecosystem
Processes. Ecol. Lett. 1999, 2, 237–246. [CrossRef]

151. Peixoto, D.; Pinheiro, C.; Amorim, J.; Oliva-Teles, L.; Guilhermino, L.; Vieira, M.N. Microplastic Pollution in Commercial Salt for
Human Consumption: A Review. Estuar. Coast. Shelf Sci. 2019, 219, 161–168. [CrossRef]

152. Kim, J.-S.; Lee, H.-J.; Kim, S.-K.; Kim, H.-J. Global Pattern of Microplastics (MPs) in Commercial Food-Grade Salts: Sea Salt as an
Indicator of Seawater MP Pollution. Environ. Sci. Technol. 2018, 52, 12819–12828. [CrossRef] [PubMed]

153. Koelmans, A.A.; Mohamed Nor, N.H.; Hermsen, E.; Kooi, M.; Mintenig, S.M.; De France, J. Microplastics in Freshwaters and
Drinking Water: Critical Review and Assessment of Data Quality. Water Res. 2019, 155, 410–422. [CrossRef]

154. Mintenig, S.M.; Löder, M.G.J.; Primpke, S.; Gerdts, G. Low Numbers of Microplastics Detected in Drinking Water from Ground
Water Sources. Sci. Total Environ. 2019, 648, 631–635. [CrossRef] [PubMed]

155. Tong, H.; Jiang, Q.; Hu, X.; Zhong, X. Occurrence and Identification of Microplastics in Tap Water from China. Chemosphere 2020,
252, 126493. [CrossRef] [PubMed]

156. Schymanski, D.; Goldbeck, C.; Humpf, H.-U.; Fürst, P. Analysis of Microplastics in Water by Micro-Raman Spectroscopy: Release
of Plastic Particles from Different Packaging into Mineral Water. Water Res. 2018, 129, 154–162. [CrossRef] [PubMed]

157. Kosuth, M.; Mason, S.A.; Wattenberg, E.V. Anthropogenic Contamination of Tap Water, Beer, and Sea Salt. PLoS ONE 2018, 13,
e0194970. [CrossRef] [PubMed]

158. Liebezeit, G.; Liebezeit, E. Synthetic Particles as Contaminants in German Beers. Food Addit. Contam. Part A 2014, 31, 1574–1578.
[CrossRef] [PubMed]

159. Mühlschlegel, P.; Hauk, A.; Walter, U.; Sieber, R. Lack of Evidence for Microplastic Contamination in Honey. Food Addit. Contam.
Part A 2017, 34, 1982–1989. [CrossRef]

160. Liebezeit, G.; Liebezeit, E. Origin of Synthetic Particles in Honeys. Pol. J. Food Nutr. Sci. 2015, 65, 143–147. [CrossRef]
161. Karami, A.; Golieskardi, A.; Choo, C.K.; Larat, V.; Karbalaei, S.; Salamatinia, B. Microplastic and Mesoplastic Contamination in

Canned Sardines and Sprats. Sci. Total Environ. 2018, 612, 1380–1386. [CrossRef] [PubMed]
162. Oliveri Conti, G.; Ferrante, M.; Banni, M.; Favara, C.; Nicolosi, I.; Cristaldi, A.; Fiore, M.; Zuccarello, P. Micro- and Nano-Plastics

in Edible Fruit and Vegetables. The First Diet Risks Assessment for the General Population. Environ. Res. 2020, 187, 109677.
[CrossRef] [PubMed]

163. Zhang, Q.; Xu, E.G.; Li, J.; Chen, Q.; Ma, L.; Zeng, E.Y.; Shi, H. A Review of Microplastics in Table Salt, Drinking Water, and Air:
Direct Human Exposure. Environ. Sci. Technol. 2020, 54, 3740–3751. [CrossRef]

164. Revel, M.; Châtel, A.; Mouneyrac, C. Micro(Nano)Plastics: A Threat to Human Health? Curr. Opin. Environ. Sci. Health 2018, 1,
17–23. [CrossRef]

165. Tutanç, L.; Cansız, D.; Emekli Alturfan, E.; Alturfan, A. Endokrin Bozucu Kimyasallar ve Tekstil Alanında Kullanımları. Experimed
2021, 11, 130–139. [CrossRef]

166. Schirinzi, G.F.; Pérez-Pomeda, I.; Sanchís, J.; Rossini, C.; Farré, M.; Barceló, D. Cytotoxic Effects of Commonly Used Nanomaterials
and Microplastics on Cerebral and Epithelial Human Cells. Environ. Res. 2017, 159, 579–587. [CrossRef]

https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.bbamcr.2015.07.004
https://www.ncbi.nlm.nih.gov/pubmed/26164626
https://doi.org/10.1016/j.ecoenv.2021.112041
https://www.ncbi.nlm.nih.gov/pubmed/33601174
https://doi.org/10.1016/j.scitotenv.2019.133794
https://doi.org/10.1016/j.ejpb.2010.11.009
https://www.ncbi.nlm.nih.gov/pubmed/21093586
https://doi.org/10.7326/M19-0618
https://doi.org/10.1016/j.envint.2019.104937
https://doi.org/10.1016/j.envpol.2017.08.088
https://doi.org/10.1016/j.marpolbul.2017.07.030
https://www.ncbi.nlm.nih.gov/pubmed/28743368
https://doi.org/10.1016/j.envpol.2018.01.094
https://doi.org/10.1016/j.envpol.2016.10.037
https://www.ncbi.nlm.nih.gov/pubmed/27814536
https://doi.org/10.1046/j.1461-0248.1999.00070.x
https://doi.org/10.1016/j.ecss.2019.02.018
https://doi.org/10.1021/acs.est.8b04180
https://www.ncbi.nlm.nih.gov/pubmed/30285421
https://doi.org/10.1016/j.watres.2019.02.054
https://doi.org/10.1016/j.scitotenv.2018.08.178
https://www.ncbi.nlm.nih.gov/pubmed/30121540
https://doi.org/10.1016/j.chemosphere.2020.126493
https://www.ncbi.nlm.nih.gov/pubmed/32199168
https://doi.org/10.1016/j.watres.2017.11.011
https://www.ncbi.nlm.nih.gov/pubmed/29145085
https://doi.org/10.1371/journal.pone.0194970
https://www.ncbi.nlm.nih.gov/pubmed/29641556
https://doi.org/10.1080/19440049.2014.945099
https://www.ncbi.nlm.nih.gov/pubmed/25056358
https://doi.org/10.1080/19440049.2017.1347281
https://doi.org/10.1515/pjfns-2015-0025
https://doi.org/10.1016/j.scitotenv.2017.09.005
https://www.ncbi.nlm.nih.gov/pubmed/28898945
https://doi.org/10.1016/j.envres.2020.109677
https://www.ncbi.nlm.nih.gov/pubmed/32454310
https://doi.org/10.1021/acs.est.9b04535
https://doi.org/10.1016/j.coesh.2017.10.003
https://doi.org/10.26650/experimed.2021.880534
https://doi.org/10.1016/j.envres.2017.08.043


Toxics 2023, 11, 406 28 of 31

167. Steffens, K.-J. Persorption—Criticism and Agreement as Based upon In Vitro and In Vivo Studies on Mammals. In Absorption of
Orally Administered Enzymes; Springer: Berlin/Heidelberg, Germany, 1995; pp. 9–21.

168. Freedman, B.J. Persorption of Raw Starch: A Cause of Senile Dementia? Med. Hypotheses 1991, 35, 85–87. [CrossRef] [PubMed]
169. Mohamed Nor, N.H.; Kooi, M.; Diepens, N.J.; Koelmans, A.A. Lifetime Accumulation of Microplastic in Children and Adults.

Environ. Sci. Technol. 2021, 55, 5084–5096. [CrossRef] [PubMed]
170. Gasperi, J.; Wright, S.L.; Dris, R.; Collard, F.; Mandin, C.; Guerrouache, M.; Langlois, V.; Kelly, F.J.; Tassin, B. Microplastics in Air:

Are We Breathing It In? Curr. Opin. Environ. Sci. Health 2018, 1, 1–5. [CrossRef]
171. Wright, S.L.; Kelly, F.J. Plastic and Human Health: A Micro Issue? Environ. Sci. Technol. 2017, 51, 6634–6647. [CrossRef]
172. Wright, S.L.; Gouin, T.; Koelmans, A.A.; Scheuermann, L. Development of Screening Criteria for Microplastic Particles in Air and

Atmospheric Deposition: Critical Review and Applicability towards Assessing Human Exposure. Microplast. Nanoplast. 2021, 1, 6.
[CrossRef]

173. Catarino, A.I.; Macchia, V.; Sanderson, W.G.; Thompson, R.C.; Henry, T.B. Low Levels of Microplastics (MP) in Wild Mussels
Indicate That MP Ingestion by Humans Is Minimal Compared to Exposure via Household Fibres Fallout during a Meal. Environ.
Pollut. 2018, 237, 675–684. [CrossRef]

174. Pironti, C.; Ricciardi, M.; Motta, O.; Miele, Y.; Proto, A.; Montano, L. Microplastics in the Environment: Intake through the Food
Web, Human Exposure and Toxicological Effects. Toxics 2021, 9, 224. [CrossRef] [PubMed]

175. Masud, R.I.; Suman, K.H.; Tasnim, S.; Begum, M.S.; Sikder, M.H.; Uddin, M.J.; Haque, M.N. A Review on Enhanced Microplastics
Derived from Biomedical Waste during the COVID-19 Pandemic with Its Toxicity, Health Risks, and Biomarkers. Environ. Res.
2023, 216, 114434. [CrossRef] [PubMed]

176. Haldar, S.; Muralidaran, Y.; Míguez, D.; Mulla, S.I.; Mishra, P. Eco-Toxicity of Nano-Plastics and Its Implication on Human
Metabolism: Current and Future Perspective. Sci. Total Environ. 2023, 861, 160571. [CrossRef] [PubMed]

177. Petit, A.; Catelas, I.; Antoniou, J.; Zukor, D.J.; Huk, O.L. Differential Apoptotic Response of J774 Macrophages to Alumina and
Ultra-High-Molecular-Weight Polyethylene Particles. J. Orthop. Res. 2002, 20, 9–15. [CrossRef] [PubMed]

178. Liu, A.; Richards, L.; Bladen, C.L.; Ingham, E.; Fisher, J.; Tipper, J.L. The Biological Response to Nanometre-Sized Polymer
Particles. Acta Biomater. 2015, 23, 38–51. [CrossRef]

179. Green, T.R.; Fisher, J.; Stone, M.; Wroblewski, B.M.; Ingham, E. Polyethylene Particles of a ‘Critical Size’ Are Necessary for the
Induction of Cytokines by Macrophages in Vitro. Biomaterials 1998, 19, 2297–2302. [CrossRef]

180. Bhore, R.K.; Kamble, S.B. Nano Adsorptive Extraction of Diverse Microplastics from the Potable and Seawater Using Organo-
Polyoxometalate Magnetic Nanotricomposites. J. Environ. Chem. Eng. 2022, 10, 108720. [CrossRef]

181. Wu, B.; Wu, X.; Liu, S.; Wang, Z.; Chen, L. Size-Dependent Effects of Polystyrene Microplastics on Cytotoxicity and Efflux Pump
Inhibition in Human Caco-2 cells. Chemosphere 2019, 221, 333–341. [CrossRef]

182. Fröhlich, E.; Meindl, C.; Wagner, K.; Leitinger, G.; Roblegg, E. Use of Whole Genome Expression Analysis in the Toxicity Screening
of Nanoparticles. Toxicol. Appl. Pharmacol. 2014, 280, 272–284. [CrossRef] [PubMed]

183. Jeong, C.-B.; Kang, H.-M.; Lee, M.-C.; Kim, D.-H.; Han, J.; Hwang, D.-S.; Souissi, S.; Lee, S.-J.; Shin, K.-H.; Park, H.G.; et al.
Adverse Effects of Microplastics and Oxidative Stress-Induced MAPK/Nrf2 Pathway-Mediated Defense Mechanisms in the
Marine Copepod Paracyclopina Nana. Sci. Rep. 2017, 7, 41323. [CrossRef] [PubMed]

184. Barboza, L.G.A.; Vieira, L.R.; Branco, V.; Figueiredo, N.; Carvalho, F.; Carvalho, C.; Guilhermino, L. Microplastics Cause
Neurotoxicity, Oxidative Damage and Energy-Related Changes and Interact with the Bioaccumulation of Mercury in the
European Seabass, Dicentrarchus Labrax (Linnaeus, 1758). Aquat. Toxicol. 2018, 195, 49–57. [CrossRef] [PubMed]
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199. Jiang, X.; Chen, H.; Liao, Y.; Ye, Z.; Li, M.; Klobučar, G. Ecotoxicity and Genotoxicity of Polystyrene Microplastics on Higher Plant
Vicia Faba. Environ. Pollut. 2019, 250, 831–838. [CrossRef]

200. Tagorti, G.; Kaya, B. Genotoxic Effect of Microplastics and COVID-19: The Hidden Threat. Chemosphere 2022, 286, 131898.
[CrossRef]

201. Luqman, A.; Nugrahapraja, H.; Wahyuono, R.A.; Islami, I.; Haekal, M.H.; Fardiansyah, Y.; Putri, B.Q.; Amalludin, F.I.; Rofiqa,
E.A.; Götz, F.; et al. Microplastic Contamination in Human Stools, Foods, and Drinking Water Associated with Indonesian Coastal
Population. Environments 2021, 8, 138. [CrossRef]

202. Ragusa, A.; Svelato, A.; Santacroce, C.; Catalano, P.; Notarstefano, V.; Carnevali, O.; Papa, F.; Rongioletti, M.C.A.; Baiocco, F.;
Draghi, S.; et al. Plasticenta: First Evidence of Microplastics in Human Placenta. Environ. Int. 2021, 146, 106274. [CrossRef]

203. Truscott, L. Preferred Fiber & Materials Market Report. 2022. Available online: https://textileexchange.org/knowledge-center/
reports/preferred-fiber-and-materials/ (accessed on 16 January 2023).

204. Periyasamy, A.P.; Militky, J. Sustainability in Regenerated Textile Fibers. In Sustainability in the Textile and Apparel Industries;
Springer: Cham, Switzerland, 2020; pp. 63–95.

205. Reddy, N.; Yang, Y.; Reddy, N.; Yang, Y. Polylactic Acid (PLA) Fibers. In Innovative Biofibers from Renewable Resources; Reddy, N.,
Yang, Y., Eds.; Springer: Berlin/Heidelberg, Germany, 2015; pp. 377–385. ISBN 978-3-662-45136-6.

206. Degeratu, C.N.; Mabilleau, G.; Aguado, E.; Mallet, R.; Chappard, D.; Cincu, C.; Stancu, I.C. Polyhydroxyalkanoate (PHBV) Fibers
Obtained by a Wet Spinning Method: Good in Vitro Cytocompatibility but Absence of in Vivo Biocompatibility When Used as a
Bone Graft. Morphologie 2019, 103, 94–102. [CrossRef] [PubMed]

207. Meng, Q.; Hu, J.; Zhu, Y.; Lu, J.; Liu, Y. Polycaprolactone-Based Shape Memory Segmented Polyurethane Fiber. J. Appl. Polym. Sci.
2007, 106, 2515–2523. [CrossRef]

208. Savitha, K.S.; Ravji Paghadar, B.; Senthil Kumar, M.; Jagadish, R.L. Polybutylene Succinate, a Potential Bio-Degradable Polymer:
Synthesis, Copolymerization and Bio-Degradation. Polym. Chem. 2022, 13, 3562–3612. [CrossRef]

209. Acevedo, F.; Villegas, P.; Urtuvia, V.; Hermosilla, J.; Navia, R.; Seeger, M. Bacterial Polyhydroxybutyrate for Electrospun Fiber
Production. Int. J. Biol. Macromol. 2018, 106, 692–697. [CrossRef] [PubMed]

210. Sixta, H.; Michud, A.; Hauru, L.; Asaadi, S.; Ma, Y.; King, A.W.T.; Kilpeläinen, I.; Hummel, M. Ioncell-F: A High-Strength
Regenerated Cellulose Fibre. Nord. Pulp Pap. Res. J. 2015, 30, 43–57. [CrossRef]

211. Vehviläinen, M.; Määttänen, M.; Grönqvist, S.; Harlin, A. Sustainable Continuous Process for Cellulosic Regenerated Fibers. Chem.
Fibers Int. 2020, 70, 128–130.

212. Infinna Fiber: It’s Time for the Textile Industry to Lose Its Virginity. Available online: https://infinitedfiber.com (accessed on 16
January 2023).

213. Renewcell: We Make Fashion Circular. Available online: https://www.renewcell.com/en/ (accessed on 9 October 2022).
214. European Bioplastics Global Bioplastics Production Will More than Triple within the Next Five Years. Available online: https:

//www.european-bioplastics.org/global-bioplastics-production-will-more-than-triple-within-the-next-five-years/ (accessed on
11 February 2023).

215. Ian Tiseo Production Capacity of Bioplastics Worldwide from 2020 to 2026. Available online: https://www.statista.com/statistics/
678684/global-production-capacity-of-bioplastics-by-type/ (accessed on 16 January 2023).

216. Yates, M.R.; Barlow, C.Y. Life Cycle Assessments of Biodegradable, Commercial Biopolymers—A Critical Review. Resour. Conserv.
Recycl. 2013, 78, 54–66. [CrossRef]

217. Rosenboom, J.-G.; Langer, R.; Traverso, G. Bioplastics for a Circular Economy. Nat. Rev. Mater. 2022, 7, 117–137. [CrossRef]
218. Periyasamy, A.P.; Rwahwire, S.; Zhao, Y. Environmental Friendly Textile Processing. In Handbook of Ecomaterials; Springer

International Publishing: Cham, Switzerland, 2019; Volume 3, pp. 1521–1558. ISBN 9783319682556.
219. Vankar, P.S.; Shanker, R.; Verma, A. Enzymatic Natural Dyeing of Cotton and Silk Fabrics without Metal Mordants. J. Clean. Prod.

2007, 15, 1441–1450. [CrossRef]
220. Zheng, G.H.; Fu, H.B.; Liu, G.P. Application of Rare Earth as Mordant for the Dyeing of Ramie Fabrics with Natural Dyes. Korean

J. Chem. Eng. 2011, 28, 2148–2155. [CrossRef]

https://doi.org/10.1021/acs.est.2c03980
https://www.ncbi.nlm.nih.gov/pubmed/36005547
https://doi.org/10.1016/j.ecoenv.2022.113520
https://www.ncbi.nlm.nih.gov/pubmed/35489138
https://doi.org/10.3390/metabo12100897
https://www.ncbi.nlm.nih.gov/pubmed/36295799
https://doi.org/10.1021/es302332w
https://doi.org/10.1016/j.jhazmat.2022.128980
https://www.ncbi.nlm.nih.gov/pubmed/35523089
https://doi.org/10.3389/fpubh.2022.906430
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1016/j.chemosphere.2021.131898
https://doi.org/10.3390/environments8120138
https://doi.org/10.1016/j.envint.2020.106274
https://textileexchange.org/knowledge-center/reports/preferred-fiber-and-materials/
https://textileexchange.org/knowledge-center/reports/preferred-fiber-and-materials/
https://doi.org/10.1016/j.morpho.2019.02.003
https://www.ncbi.nlm.nih.gov/pubmed/30905592
https://doi.org/10.1002/app.26764
https://doi.org/10.1039/D2PY00204C
https://doi.org/10.1016/j.ijbiomac.2017.08.066
https://www.ncbi.nlm.nih.gov/pubmed/28823514
https://doi.org/10.3183/npprj-2015-30-01-p043-057
https://infinitedfiber.com
https://www.renewcell.com/en/
https://www.european-bioplastics.org/global-bioplastics-production-will-more-than-triple-within-the-next-five-years/
https://www.european-bioplastics.org/global-bioplastics-production-will-more-than-triple-within-the-next-five-years/
https://www.statista.com/statistics/678684/global-production-capacity-of-bioplastics-by-type/
https://www.statista.com/statistics/678684/global-production-capacity-of-bioplastics-by-type/
https://doi.org/10.1016/j.resconrec.2013.06.010
https://doi.org/10.1038/s41578-021-00407-8
https://doi.org/10.1016/j.jclepro.2006.05.004
https://doi.org/10.1007/s11814-011-0090-9


Toxics 2023, 11, 406 30 of 31

221. Punrattanasin, N.; Nakpathom, M.; Somboon, B.; Narumol, N.; Rungruangkitkrai, N.; Mongkholrattanasit, R. Silk Fabric Dyeing
with Natural Dye from Mangrove Bark (Rhizophora Apiculata Blume) Extract. Ind. Crops Prod. 2013, 49, 122–129. [CrossRef]

222. Vankar, P.S.; Shanker, R.; Mahanta, D.; Tiwari, S.C. Ecofriendly Sonicator Dyeing of Cotton with Rubia Cordifolia Linn. Using
Biomordant. Dye. Pigment. 2008, 76, 207–212. [CrossRef]

223. Periyasamy, A.P. Natural Dyeing of Cellulose Fibers Using Syzygium Cumini Fruit Extracts and a Bio-Mordant: A Step toward
Sustainable Dyeing. Sustain. Mater. Technol. 2022, 33, e00472. [CrossRef]

224. Brady, P.R. Diffusion of Dyes in Natural Fibres. Rev. Prog. Color. Relat. Top. 1992, 22, 58–78. [CrossRef]
225. Grifoni, D.; Bacci, L.; Zipoli, G.; Albanese, L.; Sabatini, F. The Role of Natural Dyes in the UV Protection of Fabrics Made of

Vegetable Fibres. Dye. Pigment. 2011, 91, 279–285. [CrossRef]
226. Kumbasar, E.P.A.; Atav, R.; Bahtiyari, M.I. Effects of Alkali Proteases on Dyeing Properties of Various Proteinous Materials with

Natural Dyes. Text. Res. J. 2009, 79, 517–525. [CrossRef]
227. Buschmann, H.J.; Knittel, D.; Schollmeyer, E. New Textile Applications of Cyclodextrins. J. Incl. Phenom. 2001, 40, 169–172.

[CrossRef]
228. Abdel-Mohdy, F.A.; Fouda, M.M.G.; Rehan, M.F.; Aly, A.S. Repellency of Controlled-Release Treated Cotton Fabrics Based on

Cypermethrin and Prallethrin. Carbohydr. Polym. 2008, 73, 92–97. [CrossRef]
229. Antony, R.; Arun, T.; Manickam, S.T.D. A Review on Applications of Chitosan-Based Schiff Bases. Int. J. Biol. Macromol. 2019, 129,

615–633. [CrossRef] [PubMed]
230. Lim, S.-H.; Hudson, S.M. Review of Chitosan and Its Derivatives as Antimicrobial Agents and Their Uses as Textile Chemicals. J.

Macromol. Sci. Part C Polym. Rev. 2003, 43, 223–269. [CrossRef]
231. Oliveira, M.F.; Suarez, D.; Rocha, J.C.; de Carvalho Teixeira, A.V.; Cortés, M.E.; De Sousa, F.B.; Sinisterra, R.D. Electrospun

Nanofibers of PolyCD/PMAA Polymers and Their Potential Application as Drug Delivery System. Mater. Sci. Eng. C Mater. Biol.
Appl. 2015, 54, 252–261. [CrossRef] [PubMed]

232. Gulrajani, M.L.; Brahma, K.P.; Kumar, P.S.; Purwar, R. Application of Silk Sericin to Polyester Fabric. J. Appl. Polym. Sci. 2008, 109,
314–321. [CrossRef]

233. Gupta, D.; Natarajan, S. Cleaner Process for Shrink Proofing of Wool Using Ultraviolet Radiation and Sericin. J. Text. Inst. 2017,
108, 147–153. [CrossRef]

234. Sibaja, B.; Culbertson, E.; Marshall, P.; Boy, R.; Broughton, R.M.; Solano, A.A.; Esquivel, M.; Parker, J.; La Fuente, L.D.; Auad, M.L.
Preparation of Alginate-Chitosan Fibers with Potential Biomedical Applications. Carbohydr. Polym. 2015, 134, 598–608. [CrossRef]

235. Shanmugasundaram, O.L.; Mahendra Gowda, R. V Development and Characterization of Cotton, Organic Cotton Flat Knit
Fabrics Coated with Chitosan, Sodium Alginate, Calcium Alginate Polymers, and Antibiotic Drugs for Wound Healing. J. Ind.
Text. 2012, 42, 156–175. [CrossRef]

236. Wang, P.; Tawiah, B.; Tian, A.; Wang, C.; Zhang, L.; Fu, S. Properties of Alginate Fiber Spun-Dyed with Fluorescent Pigment
Dispersion. Carbohydr. Polym. 2015, 118, 143–149. [CrossRef] [PubMed]

237. Qin, Y. Alginate Fibres: An Overview of the Production Processes and Applications in Wound Management. Polym. Int. 2008, 57,
171–180. [CrossRef]

238. Bethesda. PDQ Aromatherapy and Essential Oils. In PDQ Integrative, Alternative, and Complementary Therapies; Bethesda: Rockville,
MD, USA, 2017; pp. 1–12.

239. Jeong, S.H.; Park, C.H.; Song, H.; Heo, J.H.; Lee, J.H. Biomolecules as Green Flame Retardants: Recent Progress, Challenges, and
Opportunities. J. Clean. Prod. 2022, 368, 133241. [CrossRef]

240. Yang, Z.; Hu, J. The Durable Press Finishing of Silk Fabrics by Using 1,2,3,4-Butanetetracarboxylic Acid. Res. J. Text. Appar. 2006,
10, 46–48. [CrossRef]

241. Bonaldi, R.R. Functional Finishes for High-Performance Apparel. In High-Performance Apparel; Elsevier: Amsterdam,
The Netherlands, 2018; pp. 129–156.

242. Chung, Y.-S.; Lee, K.-K.; Kim, J.-W. Durable Press and Antimicrobial Finishing of Cotton Fabrics with a Citric Acid and Chitosan
Treatment. Text. Res. J. 1998, 68, 772–775. [CrossRef]

243. Hedrich, S.; Janmark, J.; Langguth, N.; Magnus, K.-H. Moa Strand Scaling Textile Recycling in Europe-Turning Waste into Value.
Available online: https://www.mckinsey.com/industries/retail/our-insights/scaling-textile-recycling-in-europe-turning-waste-
into-value (accessed on 16 January 2023).

244. Quartinello, F.; Vajnhandl, S.; Volmajer Valh, J.; Farmer, T.J.; Vončina, B.; Lobnik, A.; Herrero Acero, E.; Pellis, A.; Guebitz,
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