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Synthetic textiles are a significant source of microplastic fibre pollution.
While the microplastic fibre release mechanism during the washing of
textilesis well studied, little is known about the release of nanoplastics.

The firstinvestigations on the nanoplastic fraction released during the
washing and abrasion of polyester textiles have been published; however,
questions were raised regarding the chemical composition of the observed
submicrometre particles. Using a combination of analytical methods,

we show here that 12 different polyester textiles released 4.6 x 10'° to

8.9 x 10" particles per gram of textile during washing, with a mean size

0of 122-191 nm. The number of released submicrometre particles was not
significantly influenced by the cutting method nor by the textile structure,
but positively correlated (P < 0.01) with the number of submicrometre
particles present on the fibre surface before washing. We found that 34-89%
of the extracted submicrometre particles were soluble in ethanol. These
particles are most likely water-insoluble poly(ethylene terephthalate)
oligomers. Our results clearly show the urgent need to better understand
the contribution of water-insoluble oligomer particles to the pollution of the
environment by anthropogenic nanoplastics.

Plastic pollution is hard to tackle because it is accumulative and per-
sistent, penetrating all aspects of our daily lives. This form of pollution
hasattracted public attention as microplastics are now detected every-
where, especially in surface water and soils’. Fibres are the major type
of microplastics found in environmental samples, with textiles being
animportant source of environmental microplastics?, especially those
comprising fibres’. The domestic washing of synthetic textiles releases
microplastic fibres (MPFs) at a scale ranging from a few to more than
10,000 MPFs per gram of textile washed*~ and accounts for a notable
proportion of the MPFs released worldwide. It has been estimated that
between 200,000 and 500,000 tonnes of microplastics from textiles
enter the global marine environment each year, representing a 9% share

of the total environmental microplastics®’. Recent studies on MPFs
have revealed that they are produced before delivery to customers,
from yarn production to textile cutting and finishing, remaining in
polyester textiles until extracted during washing>'®",

The scientific community is now also paying increasing attention
to nanoplastics, that is, plastic particles smaller than 1,000 nm, as
potentially they pose greater risks than microplastics". As evidence
grows, scientists are calling for increased scientific effort to charac-
terize the environmental and human health risks of nanoplastics.
Studies reporting the release of nanoplastics during the daily use of
plastic products have attracted extensive public attention, for example,
the release of nanoplastics from tea bags into hot water”. Compared
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with MPF release from synthetic textiles, nanoplastic release is less
understood. The nanoparticles released during the washing of poly-
ester textiles have similar near-edge X-ray absorption fine structure
(NEXAFS) spectra to poly(ethylene terephthalate) (PET) reference
nanoplastics'. Large quantities of PET nanoplastics released from plas-
tic products could pose athreat to the environment and human health.
Anincreasing number of studies exploring the potential adverse effects
of PET nanoplastics have identified anumber of effects, ranging from
limited acute toxicity at the cellular level (inflation and the production
of reactive oxygen species)” to chronic lethal and sublethal toxicity
(mortality in Nitocra spinipes and Danio rerio)'®". The potential effects
on human health have also been investigated using cells of the respira-
tory system, such as A549, HePG2 and Caco-2, with PET nanoplastics
at concentrations of 50-80 pg ml™ found to cause severe damage to
mitochondrial activity***.

Polymers manufactured via polycondensation, such as polyesters
or polyamides, contain oligomers that coexist with the polymer. These
oligomers, defined by either the degree of polymerization (<40) or the
molecular weight (<10,000 Da)**?, are known to migrate into food
simulants from food packaging or containers during simulations of
cooking and are usually classified as non-intentionally added sub-
stances***. These plastic oligomers can be formed during incomplete
polymerization and are able to migrate out of plastics during heating
or plastic (bio)degradation”**?, Spectroscopic methods fail to dis-
tinguish oligomer molecules from nanoplastics as the oligomers and
polymer share the same chemical bonds. Information on the size cut-
off (degree of polymerization) between oligomer and nanoplastics is
limited; however, oligomers with a few repeating units can be clearly
classified as molecules rather than nanoplastics.

In this study, we developed a reliable test protocol to study the
release of submicrometre particles from synthetic textiles during
washing. By characterizing the number and size of submicrometre
particles released from a representative set of 12 different polyester
fabrics (detailed in Methods) using a combination of analytical meth-
ods, we aimed to understand the source and release mechanism of
submicrometre particles during the domestic washing of synthetic
textiles. Inaddition, the nanoplastic fraction of the released submicro-
metre particles was estimated after ethanol treatment to discriminate
nanoplastics from oligomer submicrometre particles.

Optimization of the test protocol
The quantification of nanoparticles by nanoparticle tracking analysis
(NTA) is usually accompanied by contamination arising from the ana-
lytical process'®*®, We conducted a systematic series of experiments
to understand the contribution of nanoparticle contamination from
solutions, containers, filters and filtration units during the investiga-
tion. Theresults of the NTA of the blank samples are presented in Sup-
plementary Table 1. The addition of a surfactant facilitates the release of
nanoparticles fromthe textiles, but the NTA of pure linear alkylbenzene
sulfonate (LAS) solutions (0.0075, 0.075 and 0.75 g I"") yielded nano-
particle concentrations ranging from 1.5 x 103t0 1.9 x 10? particles ml™,
which is 75% of the total contamination (Supplementary Table1and
Supplementary Fig. 1). The NTA signals are probably confounded by
micelles formed in particle-free surfactant solutions®-°. Therefore,
surfactants should not be applied in the quantification of nanoplas-
tics by NTA. Other identified sources of contamination in the blanks
were the Gyrowash steel beakers and the single-use polyethylene (PE)
lids. Fewer particles (4.7 x 10° particles ml™) were introduced into the
filtrate duringfiltration after rinsing the syringes and filters with 20 ml
deionized (DI) water before use. Although less than that released from
the PE lids, the particles introduced by the steel beakers could not be
further reduced, even with careful cleaning, while the nanoparticles
from the PE lids were reduced rapidly after prewashing.

We also measured the number of submicrometre particlesreleased
from samples of Fleece polyester with or without adding a steel ball to

simulate the mechanical force exerted by other clothes during laun-
dry. The results of t-test analysis showed that adding one steel ball sig-
nificantly (P=0.001, Supplementary Table 2) increased the number of
nanoparticlesreleased during washing. Therefore, to minimize contami-
nation and optimize the gain for the investigation of nanoparticles, the
sample textiles were washed in a glass vial (closed with a prewashed PE
lid) inside the Gyrowash steel beaker with one steel ballbut no surfactant.
Using this optimized procedure, six blank samples yielded an average
of 4.9 x 107 particles mI™, which is about an order of magnitude lower
than most of the concentrations measured from the washing samples.

Nanoparticle release from different fabrics and
cutting methods
The average number of submicrometre particles released per wash
varied widely, ranging from 4.6 x 10" particles g™ for scissor-cut Micro-
fibre to 8.9 x 10" particles g™ for laser-cut Satin F (Fig. 1a and Supple-
mentary Table 3). Most of the particles had an average hydrodynamic
sizebetween100 and 200 nm (Fig.1b and Supplementary Table 3). The
average mass released from different fabrics was estimated on the basis
of their size distributions (Supplementary Fig. 2), assuming that all of
the particles were spherical, and the density of PET (1.38 g cm ™). One
gram of laser-cut textile samples released 0.2 mg (Jersey S) to 1.2 mg
(Satin F) of submicrometre particles and 1 g of scissor-cut samples
released 0.1 mg (Plain B) to 1.6 mg (Satin F) of submicrometre parti-
cles. The massrelease dataare summarized in Supplementary Table 4.
There was no significant difference (t-test =0.92, P=0.36) in the
number of nanoparticlesreleased by the two different cutting methods.
However, one-way analysis of variance (ANOVA) suggested a significant
difference in the number of submicrometre particles released from
different polyester fabrics in both laser-cut (P < 0.05) and scissor-cut
(P<0.05) samples (Supplementary Table 5). The difference between
the two cutting methods was not significant (P = 0.22). We grouped
the 12 textiles into knit, woven and surface-treated categories. The
group comparison test showed no difference in the number of particles
released except for the comparison of knit with woven and surface-
treated with wovenin scissor-cut samples (P=0.005and 0.006, respec-
tively; Supplementary Table 6).In addition, yarn type (filament or spun
yarn) was found not to significantly affect the number of particles
released (P=0.08 and 0.15, respectively) for laser-and scissor-cut sam-
ples. However, we found different fabric types, cutting methods, yarn
types and fabric groups to affect the size of submicrometre particles
released during washing (Supplementary Table 6).

Repeated washes

Four textiles were selected and subjected to four wash cycles to investi-
gatetheinfluence of repeated washing onthe release of submicrometre
particles. The concentration of submicrometre particles decreased
below the detection limit after the third wash for all four fabrics (Fig. 2
and Supplementary Table 7). Five to eight times more submicrome-
tre particles were released in the first wash cycle compared with the
second wash. Based on the total number of submicrometre particles
released during the four washes, the first wash extracted 73-87% of all
the submicrometre particles. The size distribution of the submicrome-
tre particles (100-400 nm) during the repeated washing is shown in
Fig. 2b-e. Although the total number of particles decreased, the size
of the extracted particles remained about the same, although a slight
trend towards larger sizes could be observed. However, the variability
was greater due to the lower concentration.

Submicrometre particles on the surface of
polyester fibres

Polyester fibres from all 12 unwashed textiles were imaged by scan-
ning electron microscopy (SEM), revealing that the fibres were not
smooth and carried particles on their surfaces; the number of submi-
crometre particles on the surfaces was estimated per gram of textile
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Fig.1|Submicrometre particles released during the washing of 12 polyester
textiles. The number of submicrometre particles released during the washing is
notinfluenced by either the cutting method or the textile structure. a, Number of
submicrometre particles (100-600 nm, few particles >600 nm were detected by
NTA) released per gram of textile for different polyester fabrics cut by scissors or
laser. The dataare presented as the mean + sd (n = 3 textile replicates).
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particles measured by NTA. The black squares represent the mean, the black
centre lines denote the median value (50th percentile), and the tops and bottoms
of the boxes show the 75th (Q3) and 25th (Q1) percentiles of the dataset. The top
and bottom whiskers denote Q3 +1.5IQR and Q1 - 1.5IQR, respectively, where
IQRis theinterquartile range Q3 - Q1. The size box plot is converted from size
distributions to relative counts at different sizes.
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Fig. 2| Effect of repeated washing on the number of submicrometre particles
released from four selected fabrics. The number of released submicrometre
particles decreases during the repeated washing of the selected fabrics, while the
size distribution remains largely unchanged. a, Concentration of submicrometre
particles (100-600 nm) released during four repeated washes of four polyester
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textiles. The data are presented as the mean + sd (n = 3 textile replicates). The
contamination level of blanks (Lob, dashed line) was calculated” as the mean
blank +1.63sd (n =12 blanks). b-e, Hydrodynamic size distributions of the
submicrometre particles (100-400 nm) released during four repeated washes (R1
to R4) of four different fabrics: Fleece (b), Interlock S (c), Plain F (d) and Satin F (e).

fromthe SEMimages (Supplementary Note 1). The number of released
submicrometre particles determined by NTA during washing with
nanopure water or LAS solution cannot be directly compared due to
the false-positive signals introduced by the surfactant. However, the
rough estimates of the number of nanoparticles on the fibre surfaces
indicate that washing with LAS solution removed surface particles
more efficiently than washing with nanopure water after four repeated

washes (Supplementary Fig. 3).

In general, we observed a substantial number of submicrometre
particles on the surfaces of the polyester fibres. As shown in Fig. 3a,
most of these submicrometre particles are spherical and have the same

morphology as those obtained from the washing liquids (Fig. 3b). The
fibre surface was smoother with fewer submicrometre particles vis-
ible after repeated washes, especially after washing with LAS solution
(Fig.3c). Satin F was found to release the highest number of submicro-
metre particles during washing, as measured by NTA, while Microfibre
released the lowest number of submicrometre particles of all of the
textiles. The SEM image of an unwashed Satin F fibre surface (Fig. 3d)

shows many more submicrometre particles than on the surface of

an unwashed Microfibre fibre (Fig. 3e). There is a linear correlation
(P=0.008, slope =191, R? = 0.44) between the number of submicrome-
tre particles quantified by NTA and that estimated by SEM, as shownin
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Fig. 3| Submicrometre particles on the surface of polyester fibres. a, SEM
image of a polyester fibre from an unwashed Fleece polyester textile sample.

b, SEMimage of selected particles recovered from the washing liquid of a Fleece
sample by drop casting the liquid onto a cleaned silica wafer. ¢, SEM image of the
surface of a polyester fibre from the same sample of Fleece after a fourth wash.
d, SEMimage of a fibre from an unwashed Satin F sample, which released the
highest number of particles per gram textile, as quantified by NTA. e, SEM image
of afibre from an unwashed Microfibre fabric sample, which released the lowest

T, 4x10"
§ Satjn F
Q2
£
8 3x10"+
pt
c
9]
£
S n
é 2x107 7 Terfy S Intedock
E TwilkFl Plajn B _
= RbS Fleade Plain F
=
Z 1x10" RioF] | L]
I I ﬁrseys
Microfible | |
Plain 5
o T T
0 0.5x10" 1.0x10" 1.5x10"

SEM estimation (particles g™')

number of particles per gram textile, as quantified by NTA. f, Agood correlation
(P<0.01) is observed between the number of submicrometre particles present
on the surface of 1 g of unwashed fibre estimated by SEM image analysis and

the number of submicrometre particles released per gram of fabric during

the first wash, as determined by NTA. The data are presented as the mean + sd
(n=3textilereplicates). The calculations and complete dataset are presented in
Supplementary Note 3 and Supplementary Table 9. Scale barsina-e, 5 pm.

Fig. 3f. The numbers of submicrometre particles determined by NTA
and SEM for all 12 fabrics are presented in Supplementary Table 8. The
number of submicrometre particles released during washing with
nanopure water, as measured by NTA, was, on average, three times
(range of 1.3-4.5) higher than that estimated to be on the surface of
the fibre surface by SEM image analysis.

We nextinvestigated the morphology of the submicrometre parti-
cles by transmission electron microscopy (TEM). TEM images of submi-
crometre particles from asample of Fleece centrifuged onto TEM grids
areshownin Fig.4a,b. We selected a submicrometre particle to study
the element distribution by scanning TEM energy-dispersive X-ray
(STEM-EDX) analysis (Fig. 4c). The carbon (Fig. 4e) and oxygen (Fig. 4f)
signals were observed to correlate very well with the high-angle annular
dark-field (HAADF) image of this submicrometre particle (Fig. 4d),
while thessilica signals (Fig. 4g) were similar to the background noise.
This suggests that this submicrometre particle contains only carbon
and oxygen and is unlikely to be a dust particle or a silica-containing
additive used during the manufacture of polyester textiles. The EDX
spectrum of this particle recorded up to 12 keV is presented in Sup-
plementary Fig. 4. The elemental mapping images of another group
of submicrometre particles are presented in Supplementary Fig. 5.

Distinction between oligomer nanoparticles and
nanoplastics

Therecovered submicrometre particles could be either PET nanoplas-
tics or PET oligomers agglomerated into nanoparticles that should
be dissolvable in ethanol. First, the NTA instrument was calibrated
using standard polystyrene (PS) nanoplastics diluted in ethanol. The
results showed a linear working range from 107 to 10'° particles ml™
(Supplementary Fig. 6). After vortexing for 60 s in 50% ethanol, the
PET reference nanoplastics did not dissolve, but smaller particles were
observed, indicating the likely separation of agglomerates of PET by

ethanol (Fig. 5b). The kinetics of dissolution of the oligomer particles
was assessed by increasing the mixing time after the addition of etha-
nol to an extract from Fleece samples. Vortexing for 60 s before NTA
analysis was adequate to see a significant drop (P < 0.001) inthe num-
ber of particles extracted from Fleece samples. Extending the vortex-
ing time to 180 s did not result in further dissolution (Supplementary
Fig.7a,b). In the presence of ethanol, 34-89% of the submicrometre
particles extracted fromsix selected fabrics dissolved, with an average
percentage of dissolved particles of 71% for the six fabrics (Fig. 5a and
Supplementary Table 9). After ethanol dissolution, only larger parti-
cles remained for all six selected fabrics, suggesting that the smaller
particles are oligomers presentin the form of submicrometre particles.
The change in size (Fig. 5b and Supplementary Table 9) was not due
to aggregation in ethanol, as demonstrated by the calibration with
100 nm PS nanoplastics and PET nanoplastics in both ethanol and DI
water, where the ethanol separated agglomerated PET nanoplastics.

Pyrolysis-gas chromatography-mass
spectrometry

Figure 6 (selected samples) and Supplementary Fig. 8 (all analysed
samples) show the pyrolysis—gas chromatography-mass spectrometry
(pyrolysis—-GC-MS) chromatograms for a range of relevant samples.
The pyrolysis products of a PET standard were identified as benzene
homologues and derivates, which were also observed in the pyrolysis
products of atextile sample (Supplementary Fig. 8), but notin the wash
solution. Some low-molecular-weight benzenes, as well as saturated
alkanes and unsaturated olefin chains, were detected in methanol
extracts of the PET standard and textile. In particular, benzoic acid at
7.64-7.97 min and vinyl benzoate at 7.24 min were specific pyrolysis
products of the highly polymeric PET standard and textile sample,
consistent with previous studies®. In addition, some benzenes incor-
porating the N heteroatom were detected in the pyrolysis products of
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Fig. 4| STEM and elemental analysis of selected submicrometre particles.
The particle morphology revealed by STEM and elemental analysis of selected
submicrometre particles excludes the possibility of the particles being N- or
Si-containing additives. a,b, STEM images showing different morphologies of
submicrometre particles released from Fleece samples during washing with
nanopure water and centrifuged onto a TEM grid. ¢, The morphology of the
particle highlighted in blue in b with a size of about 1,000 nm under higher
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magnification. d, HAADF image of the particle shownin c. e-g, Elemental
distribution maps of carbon (e), oxygen (f) and silica (g) for the particle shown
inc. Additional HAADF images and elemental distribution maps as well as the
complete EDX spectrum are shown in Supplementary Figs. 4 and 5. The particles
contain mainly hydrogen, carbon and oxygen, inaccord with the molecular
formula of PET.
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Fig. 6 | Pyrolysis-GC-MS chromatograms of PET standards and
submicrometre particles extracted from polyester textiles during washing.
The submicrometre particles extracted from polyester textiles during washing
are more likely to be aggregates of PET oligomers, as supported by the pyrolysis-
GC-MS chromatograms of a textile (Satin F) wash solution (sedimented fraction
after centrifugation), methanol and ethanol extracts of a PET standard, aPET
standard and method blank control.

the textile and methanol and ethanol extracts (Supplementary Fig. 8),
possibly originating from additives used during manufacturing. The
textile wash solution was separated into supernatant and sediment,
and both textile wash samples contained almost the same pyrolysis
products (Supplementary Fig. 9). Moreover, the pyrolysis products of
the textile wash samples were more similar to the pyrolysis products of
the methanoland ethanol extracts of the PET standard and textile than
to the pyrolysis products of the PET standard and textile themselves,
indicating thatamajor fraction of the submicrometre particles released
during washing were methanol- and ethanol-soluble oligomers rather
than PET nanoplastics.

The origin and release mechanism of the
submicrometre particles from textiles

This study contributes to agreater understanding of the plastic pol-
lution from polyester textiles with an improved washing protocol
for extracting submicrometre particles. No significant difference
in the number of released submicrometre particles was observed
for various fabric structures, yarn types and cutting methods. This
result is counterintuitive because we expected submicrometre par-
ticles to share a similar release mechanism to MPFs®. As shownin a
previous study, more MPFs are released from scissor-cut fabrics than
from laser-cut fabrics, suggesting that the loosening of the fabric
structure facilitates the release of MPFs*'%*?, This indicates that the
release of submicrometre particles is governed by a process differ-
ent from that of the release of MPFs. We have shown that the number
of released particles measured by NTA correlates with the number
of submicrometre particles visible on the surface of pristine fibres
for all the investigated fabrics. After washing, these particles were
removed from the fibre surfaces and the submicrometre particles
recovered from the washing solutions shared similar morphologies
to those observed on the fibre surfaces before washing. In addition,
the decreasing number of submicrometre particles released over
repeated washes indicates that they were not formed during wash-
ing, butinstead were extracted. The above evidence suggests that the
submicrometre particles obtained from washing polyester textiles
emanate from a release mechanism rather than a formation mecha-
nism. The fibre or fabric production process is therefore most likely
responsible for the production of submicrometre particles that are
later released during washing. It is also possible that these particles
are formed after production during storage through the migration
of oligomers to the surface and their precipitation as submicrometre
particles. The differences between fabrics are therefore not related
to the type of fabric, but rather to the grade of PET used to produce

the fabric and the storage conditions after production (for example,
temperature and time).

Chemical composition of the submicrometre
particles
Various chemicals are added to fibres to achieve specific functionali-
ties, such as fire resistance, high strength and chemical stability*.Ina
previous study, more micrometre- and submicrometre-sized particles
were observed on the surfaces of polyester fibres containing silicon
softeners than on untreated polyester fibres**. The EDX spectra of our
samples showed no signals fromsilica, excluding the possibility that the
submicrometre particles are silica-containing particles. Inaddition to
additives, the raw materials and different fibre production (extrusion)
techniques arealso likely toinfluence the quality of the polyester fibre
surface™. Atakan etal.” revealed via SEM analysis that polyester textiles
made of recycled PET pellets had more submicrometre particles on the
fibre surfaces thanthose made with virgin PET, and fibres produced by
different companies had different numbers of particles on their surfaces.
A previous study confirmed the presence of PET nanoplastics
in the abrasion and washing samples of polyester textiles by single-
nanoparticle NEXAFS spectral analysis'®. Another study used the same
analytical technique toidentify PET nanoplastics in environmental sam-
ples*®. However, a discussion recently emerged regarding the chemical
composition of the nanoparticles released from polyester textiles,
pointing out the possibility that they might consist of PET oligom-
ers and not PET polymers*~*°. Our study has demonstrated that PET
nanoplastic standards are not dissolvable in ethanol, and that amajor
fraction of the submicrometre particlesreleased from the surfaces of
fibres are likely to be PET oligomers because they can be dissolved in
ethanol. Onaverage, 71% of the particles extracted from fabrics could
bedissolved, whichisin line with the conclusioninaprevious study that
ethanol treatmentis needed to reduce the misidentification of ethanol-
soluble oligomer particles as nanoplastic*. Pyrolysis—-GC-MS analysis
alsorevealed that the released submicrometre particles shared similar
chemical components with the methanol and ethanol extracts of PET,
indicating that they are more likely to be the precipitates of oligomers
rather than PET nanoplastics. We cannot offer specific insights into
the formation process of the ethanol-insoluble nanoplastics based
on our current findings. However, it is worth noting that high-energy
processes such as fibre spinning during the production of fibres, which
have beenshown to be the main source of fibre fragmentsin polyester
textiles*?, may also be linked to the generation of nanoplastics.

Synthetic textiles are a crucial source of plastic
pollution at the submicrometre scale

The results of this study suggest that synthetic textiles are a crucial
source of particulate pollution at the submicrometre scale. Twelve
different textiles released an average of 1.7 x 10" (4.6 x 10°t0 8.9 x 10™)
submicrometre particles (100-600 nm) per gram of textile (Supple-
mentary Table 3) with an estimated average mass of 0.5 mg (0.1-1.6 mg)
per gram of textile. Considering only the ethanol-insoluble PET nan-
oplastics, this number decreased to 4.5 x 10'° (4.3 x 108 to 3.7 x 10"™)
particles per gram of textile with an estimated mass ranging between
107 mg (Twill F) and 0.9 mg (Satin F) per gram of textile (size taken as
150 nm diameter; details of the calculations are presented in Supple-
mentary Note 2). In contrast, the total oligomer content in PET fibres
was measured to be 1-2% (refs. 43,44). The production of polyester
textiles was predicted to reach 63 million metric tonnes by 2023*, and
more than half of this will be used in clothes that will be washed*°. From
the averagerelease results obtained in this study, we can estimate that
the amount of PET nanoplastics released during laundry worldwide
couldrange from36to 36,000 metric tonnes per year. In addition, up
to 0.1-0.4 million metric tonnes of oligomer particles are expected
to bereleased. Although wastewater treatment plants can remove
up to 99.4% of nanoplastics***%, a substantial amount can still end up
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in the environment. This results in PET nanoplastics being the major
type of nanoplastic in environmental samples, as about 2.7 pg I of
PET nanoplastics has been found in Greenland ice core samples®. In
addition, more than 2 x 10" nanoplastic particles have been found to
be deposited per square metre of surface snow each week in the Alps,
with PET identified as the major polymer type®.

Implications and recommendations

Inlight of our research findings, it is possible that the reported release
of nanoplastics during the use of plastic products such as tea bags”,
cups’ and milk bottles®® may be overestimated. This overestimation
could result fromtherelease of water-insoluble oligomer nanoparticles,
asshownin our study. However, in plastic product release studies, itis
important todistinguish the first release of nanoplastics generatedin
production from the continuous release of nanoplastics by formation
during use. In the context of environmental monitoring of nanoplastics
in environmental samples, it is noteworthy that the majority of these
studies rely on MS-based techniques®***°. This study successfully illus-
trates the capability of these methods to distinguish nanoplastics from
oligomers. However, to determine the size distribution and number
concentration of nanoplastic particles, supplementary techniques
such as light scattering-based and microscopic techniques are needed.

Asthesignificance of oligomers becomes clearer, itisimperative
todefine theboundary between oligomers and nanoplastics. Given that
PET oligomers are soluble in ethanol*?***, one approach to distinguish
oligomers from nanoplastics is to examine their characteristics, such as
their solubility in ethanol. However, it is worth noting that this method
may not be applicable to other polymer types.

Further research is essential to comprehend the involvement
of oligomers and/or small molecules in the potential adverse conse-
quences of nanoplastics. The currently available information on PSand
polylactic acid oligomers and monomers suggests that at least some
oligomer particles might pose even greater concerns than nanoplas-
tics”**. More controlled studies with a special focus on the differences
in the physicochemical properties of nanoplastics and oligomer par-
ticlesare needed. In addition, the stability of oligomer particlesin the
environment remains poorly investigated and there isaneed for more
studies to elucidate their persistence and environmental relevance.

Tackling nanoplastic pollution requires effort fromdifferent stake-
holders. There is increasing awareness on the part of consumers to
take action against MPF pollution from synthetic textiles, including
the use of point-of-use filters or devices to catch MPFs>. However,
amethod to remove large fibres is not effective for submicrometre
particles. Itis challenging for customers toidentify clothingitems with
alow potential for releasing nanoplastics solely through visible textile
characteristics. For instance, avoiding processed fabrics such as Fleece
may notalways guarantee areductionin nanoplastic release, although
this is feasible for microplastic fibre release’. We have identified the
critical processes for the generation of submicrometre particlesin the
synthetic textile production chain: they are either introduced during
the production of polyester fibres or formed after the migration of
oligomers to the fibre surface during storage. This underscores the
importance of manufacturers taking responsibility for minimizing
nanoplastic pollution at the pre-consumer stage, where the issue may
be less apparent to consumers.

Methods

Materials

Wetested 12 different polyester fabrics (purchased directly fromtextile
manufacturers) that can be grouped into woven, knit and surface-
treated subgroups accordingto their fabric structure and properties.
The 12 fabrics have various applications in household, transporta-
tion and clothing and have already been extensively studied for their
potential to release MPFs during washing and abrasion®'***’, They
were obtained from two retailers and their physical properties (fabric

structure and fibre surface) were characterized by SEM (Hitachi S6200,
2.0 kV, x40). The densities of the polyester fabrics were determined by
weighing three pieces of 10 cm x 4 cm samples. The physical properties
(the fabric structures and fibre diameters are summarized in Supple-
mentary Table10) of the fabrics were characterized by SEMin previous
MPF release studies®*°. Fabrics labelled with the suffix F denote fabrics
made from filament yarns (endless fibre bundles), while those labelled
Swere made from spunyarns (staple length fibres). Plain Band Fleece
are fabrics that have been subjected to special surface treatments by
mechanical forces that intentionally damage their surfaces to create
fuzzy and soft textures. The Microfibre textile (a surface-treated fabric
withawovenstructure) ismade from much thinner fibres than the other
textiles. The 12 fabrics were cut with either alaser cutter (tt-1300, Times
Technology) or scissors into 2 cm x 2 cm samples. The scissors were
carefully cleaned with ethanol and nanopure water to reduce cross-
contamination. The average sample weight ranged from 0.03t00.09 g
per piece of fabric. PET reference nanoplastics were synthesized accord-
ing to an established protocol by dissolution and reprecipitation®.

Washing

The washing experiments were conducted in a Gyrowash machine
(James Heal, Gyrowash Model 1615) with eight steel containers that
simulate the domestic washing process under controlled conditions
based onInternational Organization for Standardization (ISO) standard
105-C06 (1ISO1994)*. Modifications were made to reduce the nanopar-
ticles present in blank samples while optimizing those in the treatment
of fabrics. Inthe measurement of nanoparticles by NTA, high valuesin
blank samples are a problem*. We conducted aseries of experiments to
analyse possible sources of contamination during the washing process.
Thesources that we considered included the washing containers, wash
solutions and filtration units. Inaddition, we designed experiments to
determine theinfluence of different washing settings on the release of
submicrometre particles from Fleece fabrics to improve the washing
protocol used for this study.

Based on the results of the contamination analysis, we decided to
wash the sample fabrics in 25-ml glass vials closed with a (prewashed)
PE snap cap. Ten millilitre nanopure water (Chorus 1 Analytic, ELGA
LabWater) was used as the washing solution without the addition of
detergent, which produced no signal in the method blank analysis by
NTA. The volume of wash solution used is less than that specified by the
standard ISO washing programme, representing acompromise aimed at
maintaining aless contaminated environment. One steel ball (reduced
from ten in proportion to the reduction in the volume of the washing
liquid) was added to simulate the mechanical force generated during
washing®. As aclosed environment for the test sample fabric, the glass
vial was placed in the Gyrowash steel container buffered with distilled
water. The water bath was heated to 40 + 2 °Cbefore washing, and each
round of standard washing took 45 min with arotationspeed of 40 r.p.m.

Up to four repeated washes were conducted on four selected
fabrics to investigate the extractability of submicrometre particles.
Although the washes reported in this Article were performed without
detergent due to the high number of particles measured in blank sam-
plesby NTA, we also conducted the repeated washing experiments with
0.75 g I""LAS solution (Supplementary Table 1and Supplementary Fig.1).

All experiments were performed in triplicate. After washing, the
fabrics were squeezed and removed from the Gyrowash machine with
tweezers. The washing solution was then filtered and the filtrate was
transferred for characterization by NTA. Nanopure water was used for
the method blank samples, which were subjected to the washing and
filtration processes without fabrics.

Particle separation

The wash solutions were filtered through 25 mm polycarbonate
cyclopore membranes (Whatman) with a pore size of 2 pm in a poly-
carbonate filtration unit using 10 ml polypropylene syringes. Toreduce
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contamination by the membrane and filtration system, 20 mlnanopure
water was filtered and discarded before filtering sample or blank solu-
tions. Thefiltrates were keptin clean, dried glass vials and transferred
for NTA measurement as soon as possible (on the same day) toreduce
the agglomerationof nanoparticles in the absence of surfactants. Nano-
particlesrecovered after washing Fleece samples were centrifuged onto
aTEMgrid (EM Resolution C200Cu25) at 754.6 g over 40 min. Details
of the centrifugation and deposition methods have been described
previously’.

Nanoparticle tracking analysis

Seventy-two polyester textile samples from 12 different fabrics and
cut by two different methods were analysed to quantify the number
of released particles. Submicrometre particles were analysed by NTA,
awell-established method for characterizing the particle number and
size of nanoparticles and nanoplastics®>®’. NTA determines the Brown-
ianmotion of submicrometre particles and converts it to the hydrody-
namic diameter, but the instrument cannot distinguish particles by
their chemical properties. The NTA analyses were performed using a
NanoSight LM20 device. Particles were counted and analysed using the
NTA image analysis software, giving the attenuated particle size distri-
butionand number concentration curves. PS nanoplastics withasize of
100 nm (Thermo Scientific, Nanosphere 3100A) were used to calibrate
the number concentration and size distribution results reported by the
instrument (Supplementary Note 3). The linear working range of this
instrument was found to be 10°-10' particles ml™ (Pearson’s correla-
tion coefficient = 0.999, Supplementary Table 11 and Supplementary
Fig.9). The particle concentration fellinto this range for all samples and
blanks. The standardized measurement consisted of three steps. First,
the instrument was calibrated with a108 particles mI™ PS nanoplastics
solution. After calibrating the position of the cameravision and camera
level, the mean particle size was determined to be 100 + 10 nm with
anumber concentration of (1.0 + 0.1) x 108 particles mI™. To analyse
another sample, the viewing cell was first rinsed with two injections of
500 plDIwater, followed by two injections of the next sample solution.
Before drawing samples into the syringes, the glass vials were stirred
withavortex mixer for15 s to diffuse the particlesinthe suspension. The
NTA datawere truncated to asize range of 100-600 nm before normal-
izing the number of released particles to submicrometre particles per
gram of textile to compare different fabrics. Based on the findings of
our previous study, we are confident that most of the released particles
larger than 100 nm exhibit peaks characteristic of PET in their NEXAFS
spectra’®. Due to the weak light scattering of organic particles, the
detection of particles smaller than 100 nm is limited even if they are
present. Furthermore, it is worth noting that previous studies have
demonstrated that NTA measurements of polydisperse particles can
lead to inaccuracies in estimating smaller nanoparticles due to light
scattered by larger particles®. These facts justify our decision to exclude
nanoparticles smaller than 100 nm from our analysis.

Characterization of nanoparticles and surfaces by SEM and
STEM-EDX

The surfaces of fibres and surface structures of different polyester
textiles were characterized by SEM (Hitachi SU5S000, 1-5 kV) without
coating. Submicrometre particles released from sample textiles dur-
ing washing were drop cast onto asilicawafer and sputter-coated with
a7 nm layer of Au/Pd using a high-vacuum sputter coater (LEICA EM
ACE600) before observation by SEM (Quanta FEI 650, 5 kV, magnifica-
tion up to x20,000, resolution 1,536 x 1,103 pixels, dwell time 5 ps).
STEMinvestigations were performed using a Talos F200X (FEI) micro-
scope operating at 200 kV in STEM mode. The collecting angle of the
HAADF detector was 60-200 mrad and the cameralength was 98 mm.
EDX mapping was performed up to 12 keV for elemental analysis using
aSuper-XEDX devicein STEM mode with Esprit software (Bruker). The
particle deposition method has been described previously*.

Ethanol treatment of released submicrometre particles

PET oligomersin PET food packaging canbe extracted with ethanol****¢*
(20-95 vol%). Therefore, we used ethanol to distinguish the dissolvable
fraction of the extracted submicrometre particles. The linear working
range of NTA was calibrated with solutions of PS standard diluted with
ethanol (95 vol%) to compensate for the different viscosity of ethanol.
To find the optimal vortex time, 1 ml of solution extracted from Fleece
fabrics was vortexed for 0, 30, 60 and 180 s after the addition of 1 ml
ethanol; the optimal setting was 60 s. Then, PET reference nanoparti-
cles™ (diluted to ~10® particles ml™) and the submicrometre particles
extracted from six selected fabrics were treated with ethanol with a
volume ratio of 1:1 (sample/95% ethanol) and vortexed at 1,500 r.p.m.
for 60 s. All samples were analysed in triplicate at room temperature.

Pyrolysis-GC-MS

To distinguish oligomers and polymeric PET, pyrolysis—-GC-MS was
used to identify their specific pyrolysis products. Pyrolysis—-GC-MS
measurements were conducted using a Multi-Shot EGA/PY-3030D
pyrolyser (Frontier Laboratories) connected to an Agilent 7890A gas
chromatographequipped withan HP-5MS columnand an Agilent 5975C
mass spectrometer detector. The pyrolysis was performed using the
parametersreported previously*** with a single-shot mode pyrolysis
temperature of 650 °C for 0.2 min and an interface temperature of
320 °C. The split ratio used to inject the pyrolysis products was 50:1.
Details of the single-shot pyrolysis—-GC-MS conditions are listed in Sup-
plementary Table12.Standard PET microplastics, asample of the used
textile (Satin F), the supernatant and sediment of the textile washing
solution, and methanol and ethanol extracts of the PET standard and
textile were analysed by pyrolysis—GC-MS to compare the pyrolysis
products of these samples. Details of the pretreatment procedures
of some samples are provided in Supplementary Note 4. The species
responsible for the MS peaks were identified by comparing their full-
scan mass spectrawith the analytical pyrolysis library®*.

Statistics

Thesize distribution of the particles for each sample was derived from
the average concentration of particles of triplicate measurements by
NTA performedat1 nmintervals. The dataare provided up to 600 nm
because only a few signals were detected above 600 nm. The differ-
ence in the two cutting methods for the 12 textiles was tested using
paired t-test analysis. The effect of fabric type and cutting method
on the number of released nanoparticles (per gram of textile) was
tested using one-way ANOVA performed in Rstudio (R version 4.0.5).
Fabrics were classified into woven, knit and surface-treated groups;
group comparisons were performed using the Benjamini-Hochberg
group comparison method, also performed in Rstudio. The effect of
yarn type (filament or spun) was also tested using the same method.
Thedifference in the hydrodynamicsize distribution of the recovered
nanoparticles was tested using the same methods. Pvalues of less than
0.05 were considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Details about experimental methods, numerical data on the number,
size and morphology of nanoparticles, additional photos and SEM
images are compiled in the Supplementary Information .Source data
are provided with this paper.
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Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.
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mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pgme any commonly misidentified cell lines used in the study and provide a rationale for their use.
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Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

D Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall




numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
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All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Authentication Describe-any-authentication-procedures for-each-seed stock-used-ornovel-genotype generated.-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChiIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and

lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChiP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots
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|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

D A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Instrument Identify the instrument used for data collection, specifying make and model number.
Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a

community repository, provide accession details.
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Gating strategy

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
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Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] Used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MINI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference

(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

>
Q
S
(e
=
)
o
o)
=
o
=
_
D)
§o)
o)
=
o)
Q@
wv
(e
=
3
Q
<L




Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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