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Abstract

Plastic particles smaller than 1 um are considered to be highly dangerous
pollutants due to their ability to penetrate living cells. Model experiments on the
toxicity of plastics should be correlated with actual concentrations of plastics in
natural water. We simulated the natural destruction of polystyrene, polyvinyl
chloride, and poly(methyl methacrylate) in experiments on the abrasion of
plastics with small stones. The plastics were dyed in mass with a fluorescent dye,
which made it possible to distinguish plastic particles from stone fragments. We
found that less than 1% of polystyrene and polyvinyl chloride were converted to
submicron size particles. In the case of more rigid poly(methyl methacrylate), the
fraction of such particles reaches 11%. The concentration of particles with a
diameter less than 1 um in the model experiments was from 0.7 (polystyrene) to
13 mg/L (poly(methyl methacrylate)), and when transferring the obtained data to
real reservoirs, these values should be reduced by several orders of magnitude.
These data explain the difficulties associated with the search for nanoplastics in
natural waters. The toxicity of such particles to hydrobionts in model
experiments was detected for concentrations greater than 1 mg/L, which is
unrealistic in nature. Detectable and toxic amounts of nano- and submicron
plastic particles in living organisms can be expected only in the case of filter-

feeding organisms, such as molluscs, krill, sponges, etc.
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A capsule:
The actual concentration of nanoplastics in natural waters should be several

orders lower than in the model toxicological experiments with hydrobionts.

Keywords: nanoplastics; water pollution; simulation; polystyrene; polyvinyl
chloride; poly(methyl methacrylate)

1. Introduction

Over the last half a century the number of plastics and their role in human
life has been steadily growing, which in its turn leads to the growing problem of
environmental pollution by plastic waste and products of its destruction. Plastic
materials can decompose in the natural environment under the influence of
many factors with the formation of smaller particles. In modern studies of
environmental pollution with plastics, plastic particles are usually divided into:
macroplastic (> 25 mm), mesoplastic (25-5 mm) and microplastic (< 5 mm).
(Duarte, 2018; European Commission, 2019; Frias and Nash, 2019; Young and
Elliott, 2016). In most of the works the size of microplastic particles varies from
0.3 to 5 mm. The lower limit of this range can be explained by the fact that the
minimum size of meshes in networks for sampling is usually 300-350 um.
(Oliveira and Almeida, 2019; Peng et al., 2020). In the report of Scientific Advisors
of the European Commission for 2019 (Environmental and Health Risks of
Microplastic Pollution) term "microplastics" was assigned to particles < 5 mm,
including particles < 50 um, which cannot be seen with the naked eye, as well as
nanoscale particles (< 100 nm) (European Commission, 2019). In its turn,
nanoplastics, according to different sources, are limited to a range of either 1 to
100, or 1 to 1000 nm (Brandelli, 2020; EFSA Panel on Contaminants in the Food
Chain (CONTAM), 2016). Gigault et al. in 2018 defined nanoplastics as
"unintentionally produced (as a result of the decomposition and production of

plastic objects) and colloidal particles ranging in size from 1 to 1000 nm" (Gigault
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et al., 2018). This size range is the same as that given for colloidal particles in the
IUPAC definition (McNaught and Wilkinson, 1997). Particles of such small size are
actively involved in the Brownian movement, which keeps them dispersed in the
water column and facilitates interaction with microorganisms. Besides,
nanoparticles of about 100 nm in size, in particular polystyrene nanoparticles,
demonstrate a high degree of internalization into cells and, therefore, pose a
serious threat to the health of living organisms (Brandelli, 2020). IUPAC
Recommendations 2012 (Vert et al., 2012) describe nanoparticles as "Particle of
any shape with dimensions in the 1x10and 1x10'm range".

When classifying small particles of plastic, that is, micro- and even more
nanoplastics, it is worth considering that such particles can not only get into the
organs of living organisms with food, water and air, but also penetrate through
the membrane inside the cell. A number of cells can capture particles up to 3 um
due to macropinocytosis and phagocytosis. (Foroozandeh and Aziz, 2018; Zauner
et al., 2001). Particular attention should be paid to particles below 500 nm,
because they have access to the universal pathway into various types of cells
through the endocytosis mechanism (Kasper et al., 2011; Manzanares and Cefia,
2020; Pezzoli et al., 2017; Wang et al., 2017). In this regard, we propose to define
nanoplastics as particles ranging in size from 1 to 500 nm, and particles from 500
nm to 1 microns to be classified as submicroplastics, as the effect of Brownian
forces on them remains significant enough to slow down sedimentation in the
water column.

Considering the high potential danger of nano and submicroplastics for
living organisms, active work is being done with model hydrobionts cultivated
with different concentrations of plastic particles (Al-Thawadi, 2020; Chang et al.,
2019; Natarajan et al., 2020). Over the last 5 years, the number of works which
can be found by keyword “nanoplastic” in the Web of Science database has

increased from 6 to 73. Reliable toxic effects were observed at concentrations
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above 1-10 mg/L, with commercial preparations of unclear composition often
used as model particles (Kim et al., 2020; Lei et al., 2018; Sendra et al., 2019).
Moreover, when these preparations were purified from admixtures, e.g. sodium
azide, their ECs, increased to a level > 100 mg/L (Heinlaan et al., 2020), and even
more than 500 mg/L as in the case of 86 — 125 nm pure poly(methyl
methacrylate) nanoparticles which gave no observable toxicity at concentrations
up to 500 mg/L to 1000 mg/L for Daphnia magna (Booth et al., 2016). In this
regard, the question arises - how close are the model experiments to the real
situation that occurs when plastic products get into water bodies?

There are a lot of works on the degradation of plastics affected by different
weathering factors (Chubarenko et al.,, 2020; Da Costa et al., 2018; Song et al.,
2017; Sun et al., 2020), but only a few of them are devoted to formation of nano
and submicroplastics under conditions close to natural (Astner et al., 2019; Ekvall
et al.,, 2019; Lambert and Wagner, 2016). When studying plastic particles in
natural waters or in products of destruction of household plastics in model
experiments, the difficult task is to distinguish between plastic and terrigenous
particles, and these particles may be in an association. It has been suggested to
use the chromatography-mass spectrometric method (Sullivan et al., 2020; Ter
Halle et al., 2017) to determine the content of plastic particles, which allows to
estimate the ratio of different types of plastics, but when estimating the
concentration of plastics, the results should be considered more as semi-
qguantitative. A certain information about the nature of the particles can be
obtained using electron microscopy methods with elemental analysis, but in this
case there is still uncertainty in the analysis of associates, which may also contain
biogenic organic substances.

In this work, we used industrial plastics such as polystyrene (PS), polyvinyl
chloride (PVC), and poly(methyl methacrylate) (PMMA) modified by the

introduction of water-insoluble fluorescent dye into the plastic mass. These are
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widely used polymers, for example, in the production of disposable cutlery,
pipes, clothing, construction elements, and therefore these plastics are an
important part of polymer waste. The other reason is the ease of coloring them
in a block compared to another common plastic - polyethylene. The obtained
fluorescent materials were mechanically destroyed under conditions simulating
natural ones. The presence of fluorescence in the obtained micro-, submicro- and
nanoparticles made it possible to identify them using fluorescence microscopy
and to determine the content by spectrofluorimetric methods.

2. Material and methods

2.1. Chemicals

Acetone, dichloromethane, and tetrahydrofuran (THF) (reagent grade) were
purchased from Alfa Aesar (Thermo Fisher Scientific Inc.). PS (MW 192 kDa),
fluorescence dye dibenzylfluorescein, and sodium dodecyl sulfate (SDS) were
purchased from Merck KGaA or Thermo Fisher Scientific Inc. Disposable
spectrophotometric cuvettes (BRAND GMBH + CO KG, Germany) were used as a
source of PMMA. PVC (MW 1600 kDa, measured in THF at 25 °C (de Vries et al.,
1971)) was from 0JSC Usoliekhimprom, Usolye-Sibirskoe, Russia. THF was
refluxed with LiAlH, and distilled under argon. Acetone and dichloromethane
were distilled before use. Bottled Baikalian deep water (Grachev et al., 1995) was
applied in model abrasion experiments. Stones from the coastal zone of Lake
Baikal (Listvennichny Bay, Russia) were used for simulating friction stress of
plastic in natural conditions. The stones were thoroughly cleaned using a
household detergent (Fairy) and then washed ten times with distilled and
deionized water.

2.2. Preparation of fluorescent plastics

Fluorescently labeled plastic was obtained by dissolving polymers in organic
solvents (THF for PS and PVC, acetone for PMMA) with addition of

dibenzylfluorescein dye (0.25% of the polymer weight). The polymer
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concentrations in solutions were 20.4, 13.3, and 24.9% wt % for PS, PVC and
PMMA, respectively. The obtained polymer solutions were spread over the inner
surface of 1000 mL polystyrene beakers (diameter 105 mm, height 140 mm)
followed by air drying. The procedure was repeated multiple times. Finally, the
beakers were dried to have a constant mass. The thickness of the fluorescent film
was estimated to be 0.79, 0.78, and 0.38 mm for PS, PVC, and PMMA,
respectively, (Table 1-SM) based on the mass of the dried layer of polymer and
the surface area covered. Further abrasion experiments result in erasing 1-3% of
the plastic thickness, so the films are thick enough to neglect their thickness.

2.3. Mechanodestruction of fluorescent plastics

Ten stones (Table 1) and 200 ml of Baikal water were placed into every
beaker and shaken for 96 hours at 180 rpm. This shaking speed ensures that the
stones move along the bottom of the beaker without splashing water. After
shaking, the liquid was poured out from the stones, and in the case of PS, there
was foam from the plastic particles on the surface, which was collected
separately. The poured dispersions were centrifuged at 100 g for 30 minutes, the
sediment was separated and the supernatant was centrifuged again at 4000 g for
30 minutes. The obtained sediments were examined with a fluorescent optical
microscope to determine the size of the particles. Particle sizes in dispersions
after centrifugation were analyzed with the dynamic light scattering (DLS) before
and after filtering through syringe filters with pore diameters of 1.2 and 0.45 pum.

The plastic content was determined at each stage of the process. For this
purpose the sediments were dried, weighed and extracted with THF (PS and PVC)
or acetone (PMMA) followed by recording fluorescence. The concentrations of
microplastics were calculated from calibration curves for the fluorescence of the
dye in the corresponding solvents (Fig. 1-SM, A.,=450 nm).

Plastic content in the dispersions was determined by fluorometry using

calibration dispersions of polymers (Fig. 2-SM) precipitated from organic
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solutions (THF for PS and PVC, acetone for PMMA) into an aqueous SDS solution
similar to the method given in (Mileti¢ et al., 2010). A solution of the polymer (30
mg) and dibenzylfluorescein (0.25% of the polymer weight) in 10 ml THF (acetone
for PMMA) was added by drops to an intensively stirred (2200 rpm) SDS solution
(140 ml, 71.4 mg/L) during 20 minutes. Then stirring was continued for additional
10 minutes. The resulting turbid mixture was passed through a cotton wool filter
to remove large pieces of polymer. The filtrate was treated with ultrasound for
10 minutes and centrifuged at 20,000 g for 30 minutes. The supernatant was
carefully removed and the sediment was resuspended in distilled water by
ultrasound treatment for 30 minutes followed by filtration through a 1.2 um filter
to obtain the final dispersion of nanoparticles.

The polymer concentration in the obtained dispersions was determined
using UV spectroscopy for PS and IR spectroscopy for PVC and PMMA. In the case
of PS and PMMA, the gravimetric method was also applied. PS dispersions were
air dried and dissolved in methylene chloride to record UV spectra. The
concentrations were found using the calibration curve (Fig. 3-SM). PVC
concentrations were found by FTIR spectroscopy (Fig. 4-SM and 5-SM) using
calibration curves for signal intensity ratios of 1253 cm™ (PVC) and 2118 cm™ (CN
group of Ks[Fe(CN)¢]). To prepare the calibration mixtures, PVC and K;[Fe(CN)g]
(internal standard) were mixed in different ratios, thoroughly ground with KBr,
and pressed into pellets. The PVC dispersion was mixed with K;[Fe(CN)g] solution,
dried, mixed with KBr, thoroughly ground and pressed into pellets for the IR
spectroscopy. The concentration of PMMA in the dispersions was found similarly
to PVC using calibration curves for bands at 1147 cm™ (PMMA) and 2118 cm™
(K3[Fe(CN)g]). (Figure 5-SM). The values measured by gravimetry, UV (PS) and IR
(PMMA) matched with 10% accuracy.

2.4. Equipment
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A BIOSAN 0S-20 orbital shaker was applied for shaking beakers during
mechanical destruction of the plastics. Reference dispersions of polymer
nanoparticles were prepared using an overhead stirrer MIULAB with the speed
range of 50-2200 rpm.

Absorption, excitation and emission spectra were measured with SM-2203
spectrofluorimeter (CJSC Spectroscopy, Optics and Lasers — Modern
Developments, Republic of Belarus, Minsk). A pulsed xenon lamp was used as an
excitation source in the device. The excitation wavelength of the luminescence
was 450+0.4 nm. Spectra of calibration solutions and tested samples were
measured during the same session of the device.

Dynamic light scattering (DLS) experiments were performed with the LAD-
079 device designed at the Institute of Thermophysics (Novosibirsk, Russia). Light
scattering from 540 nm laser was measured at 90° angle. IR spectra were
recorded with Infralum FT-801 device (LLC Simex, Novosibirsk, Russia), in pellets
with KBr.

The scanning electron microscope FEI Quanta 200 and transmission electron
microscope LEO 906E were applied to study plastic dispersions. The samples
were diluted with water, placed on aluminum plates or grids for microscopy, and
dried in the air. Light and fluorescent microscopy was performed with MOTIC AE-
31T inverted microscope with a HBO 103 W/2 OSRAM mercury lamp with a blue
filter (450 nm). The CCIS Plan Achromats objectives were used with magnification
x20 (LWD, N.A. 0.4), x40 (LWD, N.A. 0.6) and AmScope Plan Achromats x100 (Qil,
N.A. 1.25). Spatial resolution at wavelength 450 nm was: for x100 - 220 nm, x40 —
458 nm, and x20 — 686 nm. Spatial resolution was calculated as R=0.61-A/N.A.,
where A — wavelength of the light, N.A. - numerical aperture of the objective
(Sheppard, 1988). The smallest measured particles were 300 nm in size.

3. Results and discussion
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Beakers coated with a layer of appropriate polymer inside were applied to
simulate mechanical destruction of plastics in water reservoirs. To create a
coating of the required plastic on the inner surface of the beakers we used
solutions of plastics colored with dibenzylfluorescein (Fig. 1, Table 1-SM). The
fluorescent dye is insoluble in water and is not leached from plastics. This was
confirmed by centrifuging model dispersions of plastics at 50,000 g, which
resulted in particle sedimentation and disappearance of fluorescence (Fig. 2).
Free dibenzylfluorescein gives characteristic bright fluorescent structures in
water, which are easy distinguishable from fluorescent plastic particles (Fig. 6-
SM). The material of the beakers was chosen as polystyrene because of its good
adhesion to the selected plastics. In the case of glass or steel beakers, the
polymer layer quickly detaches from the walls and floats in water, having poor
contact with stones.

Smooth stones 10-15 mm in diameter and water were placed into beakers,
and the beakers were shaken on an orbital shaker for 96 hours (Table 1). The size
and number of stones were chosen so that when shaking, they could move along
the bottom of the beaker, abrading the plastic surface. The experimental design
provides significantly better conditions for the accumulation of fine plastic
particles in the water compared to natural conditions. Intense mechanical
abrasion in a water body is possible under certain disturbances (surf, storm, etc.),
but the same disturbance leads to the distribution of plastic particles throughout
the water body, preventing their concentration in the abrasion zone.

The stones' friction against the fluorescent plastic and against each other
resulted in dispersions consisting of both organic plastic particles and particles of
mineral nature. Only in case of PS, a layer of poorly wetted particles was
observed on the water surface (Fig. 3 B). The obtained dispersions were divided
into several fractions by a series of centrifugation and filtration operations (Fig.

3):
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- sediment 1 was obtained after centrifugation at 100 g;

- the obtained dispersion 1 was centrifuged at 4000 g, resulting in sediment 2 and
dispersion 2;

- the dispersion 2 was filtrated with 1.2 and after that with 0.45 pm filters giving
rise to dispersions 3 and 4 respectively.

The size of plastic particles in sediments and PS foam was characterized by
light and fluorescence microscopy. The use of fluorescent dye allows effective
detection of microplastics with an optical microscope and easily distinguish them
from mineral particles by combining modes of visible light and fluorescence (Fig.
4). The stability of the fluorescent dye during the experiment was confirmed by
the stability of the fluorescence of the nanoparticle calibration dispersion under
the same conditions (Fig. 7-SM). The content of plastics in sediments was
determined by means of solution fluorometry after polymer extraction. Particle
size of dispersions 2 and 3 was estimated using DLS (Fig 5 and Fig. 8-SM).
Fluorescence microscopy was also used for dispersion 3 containing submicron
particles. The microscopy and DLS data do not match because the dispersion
contains mineral particles and optical microscopy is not suitable for sizes below
300 nm. The dispersion 4 after 0.45 um filter contained too few particles to be
studied by the DLS method, therefore, the SEM and TEM methods were applied
in this case (Fig. 9-SM and 10-SM) and particle size was calculated from SEM data.
However, it should be kept in mind that these methods do not distinguish
between plastic and mineral particles originating from stones but SEM and TEM
data confirm the adequacy of the filtering procedure. Plastics content in the
dispersions was measured by direct fluorometry of dispersion by means of
calibration with synthetic fluorescent nanoparticles. The mass of mineral
particles obtained in the abrasion process was determined by the mass of the
sediment after removal of plastic by organic solvents. In the case of dispersion 2,

sediment after strong centrifugation (50,000 g, 1 hour) was used.

10



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

According to the optical microscopy data, in the case of the experiment with
PS, the layer of particles that have floated up on the solution surface consists of
associates and individual particles of average size 25 um (Fig. 11-SM, Table 2-
SM).

Particles of 5-10 um size were found in the sediments 1 after centrifugation
at 100 g (Fig. 4, and 6-8 and). The particle sizes in the sediments 2 after
centrifugation at 4000 g are approximately 2-3 times smaller than after 100 g
(Fig. 6-8, Table 2-SM), e.g. 4.3 / 8.2 um for PS, 3.3 / 10.1 um for PVC, and 2.0/ 5.8
um for PMMA.

Data on fractional composition of plastic after mechanical destruction are
summarized in Fig. 8 and Table 2-SM. It can be seen that in the case of PS most of
the fragmented plastics has floated to the solution surface and this is a
microplastic with an average particle size of 25 um. The formation of floating PS
particles is probably due to the low density of this polymer (1.04 g/cm?)
compared with PMMA (1.18) and PVC (1.39) (Brandrup et a., 1999). When the
stones are frictioned against the surface of PVC, mainly particles of 3 to 10
microns in size are formed. PMMA has shown the highest propensity to form
stable micro- and nanoparticles in the dispersion from the plastics studied.
Almost half of all particles remained in dispersion 1 after centrifugation at 100 g,
and 10.8% of all particles remained in dispersion 2 after centrifugation at 4000 g,
of which half are nanoparticles with a diameter below 450 nm according to the
filtration procedure (dispersion 4, Table 2-SM). Moreover, according to SEM data
(Fig. 9-SM), most of these particles have a diameter of about 110 nm. The reason
for this may be that PMMA is a more rigid polymer. According to the Rockwell
method (Brandrup et a., 1999) the hardness of polymers is 80-100, 60-84 and 65-
85 for PMMA, PS and PVC, respectively. Ultramicroindentation (185, 164, 149
MPa) (Calleja et al., 2004) and AFM nanoindentation (187.1, 167.5 and 86.9 MPa)

(Jee and Lee, 2010) data for the same polymers confirms high hardness of
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PMMA. When stones are stressed or frictioned against a PMMA surface, the
probability of breaking off small particles is greater than with less rigid PS and
PVC. Softer polyethylene (LDPE, 22.4 MPa (Jee and Lee, 2010) is expected to
produce negligible amounts of these particles. In addition, the formation of a
higher percentage of nanoplastics in the case of PMMA is probably due to its
lower hydrophobicity compared with PS and PVC (water contact angle for PMMA
70.9°, for PVC 85.6°, and 87.4° for PS) (Moshonov and Avny, 1980; Panzer, 1973;
Westerdahl et al, 1974). In terms of hydrophobicity, PS and PVC do not differ
much from each other, and the greater number of PS particles floating on the
solution surface can be explained by the combined effect of hydrophobicity and
lower PS density.

The abrasion of the plastic samples with stones produced mineral particles
of 200-280 mg for sediment 1, 140-170 mg for sediment 2, and 20-30 mg for
dispersion 2. These values are one to two orders of magnitude greater than the
mass of plastic particles (Table 2-SM), indicating the difficulty of finding small
plastic objects in nature.

Based on the simulation of mechanical destruction of plastics in the near-
bottom zone, we have shown that microplastics are mainly formed. In the case of
PS and PVC, a small number of nanoplastics were found, while PMMA showed a
much greater ability to form submicro- and nanoplastics. The concentrations of
nanoparticles (<450 nm) in dispersions of nanoplastic were 0.7, 1.3 and 13.1
mg/L for PS, PVC and PMMA, respectively. It should be noted that in our
experiment, plastic abrasion was carried out under a 12 cm layer of water for
four days. In natural conditions, the possible concentration of nanoplastics will be
lower due to the following factors: i) incomplete coverage of the bottom of the
reservoir with the original plastic; ii) distribution of nanoplastics over the entire
water column; iii) removal of plastics by water streams; iv) continuous 24-hour

mechanical abrasion at the bottom under the water column is unlikely. If we
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assume that 5% of the bottom is contaminated with plastic at a depth of 5 m, the
concentration of nanoplastics will not exceed 0.015 mg/L if the particles are
evenly distributed. Obviously, under real conditions, the effectiveness of plastic
abrasion will be much lower than in the experiment, and the removal of
nanoplastics by streams into the zone of greater depths will reduce its
concentration by several orders of magnitude. In this paper we consider only
mechanical destruction of plastics and neglect photo, chemical (oxidative) and
biological destruction, which are also important for the degradation of plastics in
nature. On the other hand, the smallest particles (submicro- and nanoparticles)
under the influence of these factors mainly decompose to non-polymeric
substances (Bianco et al., 2020; Sun et al., 2020; Zhu et al., 2020), and therefore
in the first approximation we assume that mechanical destruction is the most
important factor in the formation of <1 um plastic particles.

The study of nanoplastics in natural reservoirs raises several questions: How
to find plastic nanoparticles in natural water? Can the concentration of these
nanoparticles be measured? What biological effects are possible from
nanoplastics? When answering the first question, we should keep in mind that
the concentration of total suspended matter in marine and freshwater bodies
ranges from 0.01 to >3 mg/L in coastal areas (Chebykin et al., 2010; Chester,
1990) which is higher than expected concentration of the nanoplastic particles.
Nanoplastics is not a unique organic substance in water, living organisms and the
products of their destruction can be an obstacle to the detection of nanoplastic
particles. Thus, the search for individual particles is almost impossible, but one
can try to estimate the total concentration of synthetic plastics in different
filtration fractions, for example, using mass spectrometry methods.

When discussing the biological impacts of nanoplastics, the number of
specimens of hydrobionts should be compared with the expected amount of

plastic particles in the same volume of water. A brief literature analysis
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(Annenkova, 2013; Dabrowska et al.,2020; Kakizaki, et al., 2011; Stonik and
Orlova, 2013; Vorobyeva, 2018;) shows that one million unicellular organisms per
liter is a realistic estimate. With an assumed plastics particle diameter of 250 nm,
one million particles per liter corresponds to a plastics concentration of 0.01
ug/L. Considering our data and reasonings, this concentration also seems
realistic. Therefore, a comparable number of plastic nanoparticles and
hydrobionts in natural reservoirs can be expected. Plastics are inert materials,
and it is difficult to expect visible biological effects when one living cell meets a
single plastic nanoparticle. Of course, these nanoparticles can concentrate
hazardous compounds on the surface that increase their toxicity, but in any case,
we assume that the concentration of nanoplastics in toxicological tests should be
several orders of magnitude lower than 1 mg/L. On the other hand, some
organisms filtrate a lot amount of water (Rahman, 2019 and refs. from this
review), e.g. sponges (Porifera) "filter up to 900 times their body volume of water
per hour, recycling nutrients and coupling a pelagic food supply with benthic
communities" (Ludeman et al., 2017). One liter sponge can thus harvest 6.5 mg of
nanoplastic in one month from 0.01 pg/L dispersion. Since sponges capture
substance from the environment with a certain oscula, this nanoplastic can be
found near the oscula, and blocking the oscula can lead to visible sponge
suppression.

4. Conclusions

Thus, when abrasion of polystyrene and polyvinyl chloride under conditions
simulating mechanical destruction of plastics in water reservoirs, less than 1% of
the plastic is converted to submicron size particles. In the case of more rigid
poly(methyl methacrylate), the fraction of such particles reaches 11%. The
maximum concentration of particles with a diameter less than 1 um in the model
experiments was 13 mg/L, and when transferring the obtained data to real

reservoirs, this value should be reduced by several orders of magnitude. In this

14



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411
412
413
414
415

416
417
418

419
420
421
422

regard, it is obvious that it is possible to detect nanoplastics in the natural
environment in noticeable amounts that have a clear effect on hydrobionts, only
directly at the surface of plastic waste. The accumulation of detectable amounts
of nano and submicron plastic particles in living organisms can be expected only
in the case of filter-feeding organisms, such as molluscs, krill, sponges, etc.

Acknowledgements

This work was supported by the Russian Foundation for Basic Research
(Project # 19-05-50008). The authors thank the Center of Ultramicroanalysis
(Limnological Institute) for providing equipment. The extremely constructive
suggestions of three anonymous reviewers enabled us to improve the manuscript
considerably.

Declaration of competing interest

The authors declare no conflicts of interest.

CRediT authorship contribution statement
Vadim V. Annenkov: Conceptualization, Methodology, Writing - Review &
Editing, Funding acquisition. Elena N. Danilovtseva: Project administration, Data
Curation, Writing - Review & Editing. Stanislav N. Zelinskiy: Methodology,
Investigation, Writing - Original Draft. Viktor A. Palshin: Methodology,
Investigation, Formal analysis, Writing - Original Draft.

References
Annenkova, N.V., 2013. Phylogenetic relations of the dinoflagellate Gymnodinium

baicalense from Lake Baikal. Cent. Eur. J. Biol. 8, 366-373.
http://doi.org/10.2478/s11535-013-0144-y

Al-Thawadi, S., 2020. Microplastics and nanoplastics in aquatic environments:
challenges and threats to aquatic organisms. Arab. J. Sci. Eng. 45, 4419-4440.
https://doi.org/10.1007/s13369-020-04402-z

Astner, A.F., Hayes, D.G., O’Neill, H., Evans, B.R., Pingali, S.V., Urban, V.S., Young,
T.M., 2019. Mechanical formation of micro- and nano-plastic materials for

environmental studies in agricultural ecosystems. Sci. Total Environ. 685,
1097-1106. https://doi.org/10.1016/j.scitotenv.2019.06.241

15



423
424
425
426

427
428
429
430

431
432
433

434
435

436
437
438

439
440
441

442
443
444
445

446
447

448
449
450
451
452

453
454
455
456

457
458
459
460

Bianco, A., Sordello, F., Ehn, M., Vione, D., Passananti, M., 2020. Degradation of
nanoplastics in the environment: reactivity and impact on atmospheric and
surface waters. Sci. Total Environ. 742, 140413.
https://doi.org/10.1016/j.scitotenv.2020.140413

Booth, A.M., Hansen, B.H., Frenzel, M., Johnsen, H., Altin, D., 2016. Uptake and
toxicity of methylmethacrylate-based nanoplastic particles in aquatic
organisms. Environ. Toxicol. Chem. 35, 1641-1649.
https://doi.org/10.1002/etc.3076

Brandelli, A., 2020. The interaction of nanostructured antimicrobials with
biological systems: cellular uptake, trafficking and potential toxicity. Food Sci.
Hum. Wellness 9, 8-20. https://doi.org/10.1016/j.fshw.2019.12.003

Brandrup, J., Immergut, E.H., Grulke, E.A., (Eds.), 1999. Polymer handbook, fourth
ed. John Wiley and Sons, New York

Chang, X., Xue, Y., Li, J., Zou, L., Tang, M., 2019. Potential health impact of
environmental micro- and nanoplastics pollution. J. Appl. Toxicol. 40, 4-15.
https://doi.org/10.1002/jat.3915

Calleja, F.J.B., Flores, A., Michler, G.H., 2004. Microindentation studies at the
near surface of glassy polymers: influence of molecular weight. J. Appl.
Polym. Sci. 93, 1951-1956. https://doi.org/10.1002/app.20665

Chebykin, E.P., Goldberg, E.L., Kulikova, N.S., 2010. Elemental composition of
suspended particles from the surface waters of Lake Baikal in the zone
affected by the Selenga River. Russ. Geol. Geophys. 51, 1126-1132.
https://doi.org/10.1016/j.rgg.2010.09.004

Chester, R., 1990. Marine geochemistry. Unwin Hyman Ltd, London.
https://doi.org/10.1007/978-94-010-9488-7

Chubarenko, I., Efimova, ., Bagaeva, M., Bagaev, A., Isachenko, 1., 2020. On
mechanical fragmentation of single-use plastics in the sea swash zone with
different types of bottom sediments: Insights from laboratory experiments.
Mar. Pollut. Bull. 150, 110726.
https://doi.org/10.1016/j.marpolbul.2019.110726

Dabrowska, A.M., Wiktor, J.M., Merchel, M., Wiktor, J.M., 2020. Planktonic
protists of the eastern nordic seas and the fram strait: spatial changes
related to hydrography during early summer. Front. Mar. Sci. 7, 557
https://doi.org/10.3389/fmars.2020.00557

Da Costa, J.P., Nunes, A.R., Santos, P.S.M., Girdo, A. V., Duarte, A.C., Rocha-
Santos, T., 2018. Degradation of polyethylene microplastics in seawater:

Insights into the environmental degradation of polymers. J. Environ. Sci.
Heal. Part A 53, 866—875. https://doi.org/10.1080/10934529.2018.1455381

16



461
462
463

464
465
466
467

468
469
470

471
472
473
474

475
476

477
478
479

480
481
482

483
484
485
486

487
488
489

490
491
492
493
494

495
496
497

498
499
500

de Vries, A.J., Bonnebat, C., Carrega, M., 1971. Dilute solution properties and
molecular characterization of polyvinyl chloride. Pure Appl. Chem. 26, 209-
240. https://doi.org/10.1351/pac197126020209

Duarte, A.C., 2018. From macro to nano environmental plastics: an issue of
emerging concern from detection to remediation. The International
Conference "Water micropollutants: from detection to removal", Orléans,
26-28 November 2018.

EFSA Panel on Contaminants in the Food Chain (CONTAM), 2016. Presence of
microplastics and nanoplastics in food, with particular focus on seafood.
EFSA J. 14, e04501. https://doi.org/10.2903/j.efsa.2016.4501

Ekvall, M.T., Lundqvist, M., Kelpsiene, E., Sileikis, E., Gunnarsson, S.B., Cedervall,
T., 2019. Nanoplastics formed during the mechanical breakdown of daily-use
polystyrene products. Nanoscale Adv. 1, 1055-1061.
https://doi.org/10.1039/C8NA00210)

European Commission, 2019. Environmental and Health Risks of Microplastic
Pollution. European Union, Luxembourg. https://doi.org/10.2777/54199

Frias, J.P.G.L., Nash, R., 2019. Microplastics: Finding a consensus on the
definition. Mar. Pollut. Bull. 138, 145-147.
https://doi.org/10.1016/j.marpolbul.2018.11.022

Foroozandeh, P., Aziz, A.A., 2018. Insight into Cellular Uptake and Intracellular
Trafficking of Nanoparticles. Nanoscale Res. Lett. 13, 339.
https://doi.org/10.1186/s11671-018-2728-6

Gigault, J., ter Halle, A., Baudrimont, M., Pascal, P.-Y., Gauffre, F., Phi, T.-L., El
Hadri, H., Grassl, B., Reynaud, S., 2018. Current opinion: What is a
nanoplastic? Environ. Pollut. 235, 1030-1034.
https://doi.org/10.1016/j.envpol.2018.01.024

Grachev, M.A., Suturin, A.N., Avdeev, V.V., Dryukker, V.V., Zorin, V.L., lvanov,
G.P., Semenov, A.R., Sherstyankin, P.P., Galazij, G.I., 1995. Method of
preparing Baikal drinking water. Patent RU 2045478, 1-10.

Heinlaan, M., Kasemets, K., Aruoja, V., Blinova, |., Bondarenko, O., Lukjanova, A.,
Khosrovyan, A., Kurvet, I., Pullerits, M., Sihtmae, M., Vasiliev, G., Vija, H.,
Kahru, A., 2020. Hazard evaluation of polystyrene nanoplastic with nine
bioassays did not show particle-specific acute toxicity. Sci. Total Environ. 707,
136073. https://doi.org/10.1016/j.scitotenv.2019.136073

Jee, AY., Lee, M., 2010. Comparative analysis on the nanoindentation of
polymers using atomic force microscopy. Polym. Test. 29, 95-99.
https://doi.org/10.1016/j.polymertesting.2009.09.009

Kakizaki, E., Kozawa, S., Sakai, M., Yukawa, N., 2011. Numbers, sizes, and types of
diatoms around estuaries for a diatom test. Am. J. Forensic Med. Pathol. 32,
269-274. http://doi.org/10.1097/PAF.0b013e318221b857

17



501
502
503
504

505
506
507
508

509
510
511

512
513
514
515

516
517
518

519
520
521

522
523
524

525
526
527

528
529
530

531
532
533
534

535
536
537

538
539
540

Kasper, J.C., Schaffert, D., Ogris, M., Wagner, E., Friess, W., 2011. Development of
a lyophilized plasmid/LPEI polyplex formulation with long-term stability—A
step closer from promising technology to application. J. Control. Release 151,
246-255. https://doi.org/10.1016/j.jconrel.2011.01.003

Kim, S.W., Kim, D., Jeong, S.-W., An, Y.-J., 2020. Size-dependent effects of
polystyrene plastic particles on the nematode Caenorhabditis elegans as
related to soil physicochemical properties. Environ. Pollut. 258, 113740.
https://doi.org/10.1016/j.envpol.2019.113740

Lambert, S., Wagner, M., 2016. Characterisation of nanoplastics during the
degradation of polystyrene. Chemosphere 145, 265-268.
https://doi.org/10.1016/j.chemosphere.2015.11.078

Lei, L., Liu, M., Song, Y., Lu, S., Hu, J., Cao, C,, Xie, B., Shi, H., He, D., 2018.
Polystyrene (nano)microplastics cause size-dependent neurotoxicity,
oxidative damage and other adverse effects in Caenorhabditis elegans.
Environ. Sci. Nano 5, 2009-2020. https://doi.org/10.1039/C8EN00412A

Ludeman, A., Reidenbach, M.A,, Leys, S.P., 2017. The energetic cost of filtration
by demosponges and their behavioural response to ambient currents. J. Exp.
Biol. 220, 995-1007. https://doi.org/10.1242/jeb.146076

Manzanares, D., Ceiia, V., 2020. Endocytosis: the nanoparticle and submicron
nanocompounds gateway into the cell. Pharmaceutics 12, 371.
https://doi.org/10.3390/pharmaceutics12040371

McNaught, A. D., Wilkinson, A., (Eds.), 1997. IUPAC Compendium of Chemical
Terminology, 2nd ed. (the "Gold Book"). Blackwell Scientific Publ., Oxford.
https.//doi.org/10.1351/goldbook

Mileti¢, N., Abetz, V., Ebert, K., Loos, K., 2010. Immobilization of Candida
antarctica lipase B on polystyrene nanoparticles. Macromol. Rapid Commun.
31, 71-74. https://doi.org/10.1002/marc.200900497

Moshonov, A., Avny, Y., 1980. The use of acetylene glow discharge for improving
adhesive bonding of polymeric films. J. Appl. Polym. Sci. 25, 771-781.
https://doi.org/10.1002/app.1980.070250506

Natarajan, L., Omer, S., Jetly, N., Jenifer, M.A., Chandrasekaran, N., Suraishkumar,
G.K., Mukherjee, A., 2020. Eco-corona formation lessens the toxic effects of
polystyrene nanoplastics towards marine microalgae Chlorella sp. Environ.
Res. 188, 109842. https://doi.org/10.1016/j.envres.2020.109842

Oliveira, M., Almeida, M., 2019. The why and how of micro(nano)plastic research.
TrAC Trends Anal. Chem. 114, 196-201.
https://doi.org/10.1016/j.trac.2019.02.023

Panzer, J., 1973. Components of solid surface free energy from wetting
measurements. J. Colloid Interface Sci. 44, 142-161.
https://doi.org/10.1016/0021-9797(73)90201-4

18



541
542
543

544
545
546
547

548
549
550

551
552
553
554
555

556
557

558
559
560
561

562
563
564
565

566
567
568
569
570

571
572
573
574

575
576
577

578
579

Peng, L., Fu, D., Qi, H., Lan, C.Q., Yu, H., Ge, C., 2020. Micro- and nano-plastics in
marine environment: Source, distribution and threats — A review. Sci. Total
Environ. 698, 134254. https://doi.org/10.1016/j.scitotenv.2019.134254

Pezzoli, D., Giupponi, E., Mantovani, D., Candiani, G., 2017. Size matters forin
vitro gene delivery: investigating the relationships among complexation
protocol, transfection medium, size and sedimentation. Sci. Rep. 7, 44134,
https://doi.org/10.1038/srep44134

Rahman, S., 2019. A risk analysis of microplastic consumption in filter feeders.
capstone. Master of Science M.S. Marine Biology. Nova Southeastern
University. https://nsuworks.nova.edu/cnso stucap/347

Sendra, M., Staffieri, E., Yeste, M.P., Moreno-Garrido, I., Gatica, J.M., Corsi, |.,
Blasco, J., 2019. Are the primary characteristics of polystyrene nanoplastics
responsible for toxicity and ad/absorption in the marine diatom
Phaeodactylum tricornutum? Environ. Pollut. 249, 610-619.
https://doi.org/10.1016/j.envpol.2019.03.047

Sheppard, C.J.R., 1988. Depth of field in optical microscopy. J. Microsc. 149, 73—
75. https://doi.org/10.1111/j.1365-2818.1988.tb04563.x

Song, Y.K., Hong, S.H., Jang, M., Han, G.M., Jung, S.W., Shim, W.J., 2017.
Combined effects of uv exposure duration and mechanical abrasion on
microplastic fragmentation by polymer type. Environ. Sci. Technol. 51, 4368
4376. https://doi.org/10.1021/acs.est.6b06155

Stonik, I.V., Orlova, T.Yu., 2013. The species composition and quantitative
distribution of the diatom genus Pseudo-nitzschia H. Peragallo, 1990 in
Russian waters of the Sea of Japan and the Sea of Okhotsk. Russ. J. Mar. Biol.
39, 238-245. http://doi.org/10.1134/5S106307401304010X

Sullivan, G.L., Gallardo, J.D., Jones, E.W., Hollliman, P.J., Watson, T.M., Sarp, S.,
2020. Detection of trace sub-micron (nano) plastics in water samples using
pyrolysis-gas chromatography time of flight mass spectrometry (PY-GCToF).
Chemosphere 249, 126179.
https://doi.org/10.1016/j.chemosphere.2020.126179

Sun, Y., Yuan, J., Zhou, T., Zhao, Y., Yu, F., Ma, J., 2020. Laboratory simulation of
microplastics weathering and its adsorption behaviors in an aqueous
environment: a systematic review. Environ. Pollut. 265, 114864.
https://doi.org/10.1016/j.envpol.2020.114864

Ter Halle, A., Jeanneau, L., Martignac, M., Jardé, E., Pedrono, B., Brach, L.,
Gigault, J., 2017. Nanoplastic in the North Atlantic Subtropical Gyre. Environ.
Sci. Technol. 51, 13689-13697. https://doi.org/10.1021/acs.est.7b03667

Vert, M., Doi, Y., Hellwich, K.H., Hess, M., Hodge, P., Kubisa, P., Rinaudo, M.,
Schué, F.0., 2012. Terminology for biorelated polymers and applications

19



580
581

582
583
584

585
586
587
588
589

590
591
592

593
594
595

596
597
598

599
600
601
602

603

(IUPAC Recommendations 2012). Pure Appl. Chem. 84, 377 410.
https://doi.org/10.1351/PAC-REC-10-12-04

Vorobyeva, S.S., 2018. Phytoplankton assemblages of the Southern Baikal in
1990-1995 and 2016-2018. Limnol. Freshw. Biol. 3, 141-143.
https://doi.org/10.31951/2658-3518-2018-A-2-141

Wang, W., Naolou, T., Ma, N., Deng, Z., Xu, X., Mansfeld, U., Wischke, C., Gossen,
M., Neffe, A.T., Lendlein, A., 2017. Polydepsipeptide block-stabilized
polyplexes for efficient transfection of primary human cells.
Biomacromolecules 18, 3819-3833.
https://doi.org/10.1021/acs.biomac.7b01034

Westerdahl, C.A., Hall, J., Schramm, E.C., Levi, D., 1974. Gas plasma effects on
polymer surfaces. J. Colloid Interface Sci. 47, 610-620.
https://doi.org/10.1016/0021-9797(74)90238-0

Young, A.M,, Elliott, J.A., 2016. Characterization of microplastic and mesoplastic
debris in sediments from Kamilo Beach and Kahuku Beach, Hawai’i. Mar.
Pollut. Bull. 113, 477-482. https://doi.org/10.1016/j.marpolbul.2016.11.009

Zauner, W., Farrow, N.A,, Haines, A.M., 2001. In vitro uptake of polystyrene
microspheres: effect of particle size, cell line and cell density. J. Control.
Release 71, 39-51. https://doi.org/10.1016/50168-3659(00)00358-8

Zhu, K., Jia, H., Sun, Y., Dai, Y., Zhang, C., Guo, X., Wang, T., Zhu, L., 2020. Long-
term phototransformation of microplastics under simulated sunlight

irradiation in aquatic environments: roles of reactive oxygen species. Water
Res. 173, 115564. https://doi.org/10.1016/j.watres.2020.115564

20



604 Table 1

605 Stones from the coastal zone of Lake Baikal-used for mechanical destruction of

606 the plastics

Stones
Plastic Size, mm Weight, g
PS 12.2+2.3 2.68+1.75
PVC 10.7+0.9 1.37+0.28
PMMA 14.6+1.8 3.98+1.39
607
608
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Fig. 2. Fluorescence spectra of the dispersions of plastic particles that were
prepared as calibration standards in measuring the plastic content of dispersions
#2-4. Blue - spectra of initial dispersions, red - spectra after centrifugation at
50,000 g, 1 hour and light blue - spectra of the cuvette with water. Excitation —
450 nm. The insertions are images of vials with initial dispersions, solutions after
centrifugation, and water (from left to right), visualized on a UV transilluminator
operated at 254 nm. Polymer concentrations: PS — 821, PVC — 518 and PMMA —

311 mg/L. Dibenzylfluorescein — 0.25% from the polymer mass.
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Fig. 3. Pictures of model systems after shaker (A and C) and poured suspensions
(B and D). On the right - scheme of separation of samples into fractions of plastic
particles, PS - A, B; PMMA - C, D. Floating PS particles - layer of polystyrene
particles floating on solution surface, Sediment 1 - sediment after centrifugation
at 100 g, 30 min; Sediment 2 - sediment after centrifugation at 4000 g, 30 min.
Dispersion 2 - liquid phase after centrifugation at 4000 g. Dispersions 3 and 4

were obtained by filtering Dispersion 2 with 1.2 and 0.45 um filters, respectively.
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Fig. 4. Light (A and D), fluorescent (B and E), and combined (C, F, G, and H)
microscopy images of sediments 1 obtained after centrifugation at 100 g. Green
fluorescence arises from plastic particles, while dark objects are terrigenous
particles from stones. PMMA: A — F and H, PS: G. Scale: 50 um - G, 10 um - D-F
and H, 5 um - A-C.
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Fig. 5. Particle size in dispersion 3 according to DLS and fluorescence microscopy.
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Fig. 6. Fluorescent images of microplastic particles of PS (A, B), PVC (C, D) and

PMMA (E, F) in sediments after centrifugation at 100 g (A, C, E) and 4000 g (B, D,

F). Scale: 10 um.
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Fig. 7. Size distribution of microplastic particles in sediments after centrifugation

at 100 (sediment 1) and 4000 g (sediment 2). Curves plotted from data for 250

particles.
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Fig. 8. Fractional composition of plastic particles after mechanical destruction.
Floating PS particles - layer of polystyrene particles floating on solution surface,
Sediment 1 - sediment after centrifugation at 100 g, Sediment 2 - sediment after
centrifugation at 4000 g, Dispersion 2 - in solution after centrifugation at 4000 g.
The diagrams on the right show the distribution of nanoplastics in suspensions
after 4000 g centrifugation and filtration. All the plastic that was "erased" from
the beaker surface is taken as 100%. Signatures: >1.2 um - plastic particles which
have not passed through the filter 1.2 um, <0.45 pm - particles have passed
through the 0.45 pm filter, and 0.45-1.2 um - particles have passed through the
1.2 um filter less <0.45 um particles.
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How much nanoplastic can we expect in water bodies?

Fluorescent staining allowed simulation of plastic abrasion in an aqueous
medium.

Concentration of submicrometer particles was from 0.7 (PSt) to 13 mg/L (PMMA)
The data for real reservoirs should be several orders of magnitude lower
Detectable amount of nanoplastics is expected in filter-feeding organisms only
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