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Nanoplastics are increasingly being recognized as a global pollutant. However, relatively few studies report
directly measured concentrations of nano- and microplastics in environmental samples, although available
data suggest levels of up to 0.5 mg L! in lake water, which is surprisingly high. Their degradation in the
environment, particularly under UV irradiation, is still poorly understood. Here, we investigated the effect of
UVB irradiation on polystyrene nanoparticles of different sizes (99 nm to 200 nm) and evaluated whether
iron oxide nanoparticles accelerate their breakdown. Particle size and mass changes were monitored using
differential centrifugal sedimentation (DCS), dynamic light scattering (DLS), and nanoparticle tracking analysis
(NTA). Our results show that UV-mediated degradation was size-dependent, with larger nanoparticles
breaking down more rapidly than the smaller ones under identical mass concentrations. The addition of iron
oxide nanoparticles accelerated the UVB-mediated breakdown of the 99 nm particles, leading to a >100-
fold reduction in particle concentration and loss of toxicity in Daphnia magna assays after 111 days.
Mechanical breakdown experiments demonstrated that the larger particles were more susceptible to size
reduction than the smaller particles. Together, these findings suggested that small nanoplastic particles may
accumulate in natural environments due to their slower degradation, but iron oxide could serve as an
effective and low-cost remediation strategy for accelerating their breakdown and mitigating toxicity.

Nanoplastics represent a significant and universal environmental pollutant, with their presence reported in remote ecosystems and urban waterways. Given the
disturbing concentrations reported, understanding their degradation mechanisms is critical. This study investigates the degradation of polystyrene nanoparticles
under UVB irradiation, revealing that the larger nanoparticles degrade more quickly than the smaller ones. The introduction of iron oxide nanoparticles accelerates

the breakdown of the 99 nm polystyrene particles. These findings underscore the potential of using iron oxide as a remediation strategy for nanoplastics,
emphasizing the need for effective management approaches to mitigate the accumulation and ecological impact of nanoplastics in natural environments.

Introduction

micro-plastics in the same area or organism are rare. However,
the mass of nanoplastics in the Atlantic was reported to be

Nanoplastics have been detected worldwide, even in places that
are far from dense human settlements. These places include
the North Sea,' Atlantic,” Austrian Alps,®> North and South
poles,* Siberian lakes,” and water near urban areas.>®
Measuring nanoplastic concentrations is still challenging;
however, available data range from low concentrations in the
Austrian Alps (46 ng mL™' in melted surface snow’) to
surprisingly high concentrations (563 ng mL™") in waterways
near urban areas.” Studies comparing the amount of nano- and
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equal to or greater than the combined mass of micro- and
macro-plastics.” In mussels, the amount of nanoplastics in the
size range of 20-200 nm was 187 ng mg™" dry weight, which is
close to the amount of nanoplastics of sizes above 2.2 um (218
ng mg ' dry weight).” Interestingly, in a recent study on
microplastics deposited in the human lungs, 97% of the
particles (in number) were between 1 and 10 um and only 3%
were of sizes larger than 10 pm.® However, the detection of
smaller particles was not included in this study. Acknowledging
that there is a need for more studies, the data still suggest that
the amount of nanoplastics will be unexpectedly high. While
these observations suggest that nanoplastics may be present in
unexpectedly high amounts, it is not yet scientifically
established whether nanoplastics accumulate in the
environment, and if they do, the underlying mechanisms
remain unclear.
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During the process of plastic degradation, it is
anticipated that along with the release of small, dissolved
molecules, the material breaks down progressively into
smaller particles.”’® The combined breakdown effect of UV
irradiation and mechanical degradation to form smaller
particles and undetectable smaller substances has been
shown on polypropylene, polyethylene and expanded
polystyrene.'" The aging of nanoplastics and its effect on
physical parameters, environmental fate and changes in
toxicity is well reviewed by Permana et al. in 2025."

The degradation process of small nanosized particles is
not yet understood. As the UVB irradiation can penetrate
about 1-3 um into polystyrene,"*'* it may not be feasible to
think about a degradation process on the surface but rather a
process that takes place on the entire particle. Furthermore, it
can be anticipated that a large portion of the UVB radiation
will pass through the particles without causing any damage. It
was previously shown that high intensity UV irradiation on
0.2 to 5 pm polystyrene particles resulted in a mass loss, prior
to a decrease in the diameter,"® strongly suggesting that the
UV-mediated degradation did not only take place on the
surface. Furthermore, we have previously noted that UVB
treatment of amine-modified 54 nm polystyrene nanoparticles
resulted in particles that had an apparent larger size when
analysed with differential centrifugation sedimentation
(DCS).™ In contrast, the hydrodynamic size, as analysed by
DLS (dynamic light scattering), was unchanged. Again, a
possible explanation is that the UVB irradiation affects the
entire particle and thereby decreases the mass, but the
hydrodynamic size of the particle remains the same until the
particle breaks down. There are studies partly contradicting
these conclusions, as they show that the chemical changes
occur mainly on the surface of the nanoplastics.””°

Iron oxide, especially hematite, nanoparticles have been
used in environmental remediation and in water treatment
plants to remove various organic and inorganic substances.*
One mechanism is the photoinduced production of reactive
oxidative species on the surface of the nanoparticles, which
will, in turn, react with the pollutant.®® Hematite
nanoparticles have been shown to increase the rate of the
UV-mediated breakdown of microplastics.*' If iron oxide can
facilitate the breakdown of nanoplastics in the environment
and water treatment plants, it could be a cheap and proven
way to remove nanoplastics as it has already been tested
successfully for other pollutants.

Although it may seem intuitive that UVC- and UVB-
mediated degradation of nanoplastics increases with
decreasing particle size, due to higher surface area at equal
mass concentration, this relationship does not necessarily
follow such straightforward scaling. The UV radiation can
penetrate 1-3 um into polystyrene."* Therefore, if degradation
occurs in the whole particle, larger particles can catch more of
the light, whereas, progressively, more light can pass through
small particles. Light will also scatter on larger particles and
could then hit and react with another large particle. A
dispersion with small particles will have more particles per

2342 | Environ. Sci.. Nano, 2026, 13, 2341-2349

View Article Online

Environmental Science: Nano

mass unit, while larger particles scatter more light. To better
understand how nanoplastics of different sizes degrade,
dispersion with the same mass needs to be tested.

Results and discussion
DCS as a method to assess the UVC-mediated PS breakdown

First, we wanted to test the hypothesis that UV irradiation
affects the entire nanoparticle and that the process can thereby
be followed using DCS (differential centrifugal sedimentation),
as the sucrose will exchange with water, resulting in a particle
with increased density and thereby an increased apparent size
when analysed by DCS. Carboxylated polystyrene nanoparticles
with a radius of 200 nm were irradiated with UVC for 24 hours.
We chose UVC to shorten the experimental time. Particle
samples were removed at the indicated times and analysed for
size by DLS and DCS, as shown in Fig. 1a and b. The size
changed quickly and progressively to larger sizes in DCS during
the irradiation time, whereas the hydrodynamic size measured
using DLS was the same. The hydrodynamic size will not be
affected by the internal breakdown of the particle, whereas
after UVC irradiation, the sucrose can occupy an increased
volume within the particles. The polystyrene nanoparticles are
in water and will encounter sucrose first after injection into the
gradient. Therefore, we next investigated the effect of
preincubating pristine polystyrene particles in sucrose before
injecting them into the gradient. Fig. 1c¢ shows a small increase
in the apparent size after preincubation, indicating that
sucrose can penetrate a limited volume of particles, most likely
in the outer areas. The same experiment, using iron oxide
particles, which are expected to be solid, showed no effect on
the size after preincubation in sucrose, as shown in Fig. 1d. We
thus conclude that DCS is a proficient method for scanning UV
irradiation effects in nanoplastics prior to changes in
hydrodynamic radius.

UVB breakdown of different-sized polystyrene nanoparticles

Next, we investigated how particle size influences the
breakdown of plain 99 and 195 nm polystyrene nanoparticles
exposed to UVB irradiation. Fig. 2a shows that after 49 days
of irradiation, the apparent size of the 195 nm nanoparticles
starts to change, indicating that the breakdown process has
taken place and progressed sufficiently to be detected by
DCS. The breakdown process continues until the experiment
is terminated after 107 days of irradiation. Fig. S1 shows the
normalized data from day 7 and day 107, which highlights
the shift in the apparent size. As expected, the size of the 195
nm nanoparticles in the control is much less affected.
However, a fraction of the particles has a larger apparent size.
This is probably due to the fact that some UVB irradiation
leaks through the glass, as previously observed.'® In contrast
to the 195 nm nanoparticles, the size of the 99 nm particles
appears to be less affected by UVB irradiation, as shown in
Fig. 3a, with only a small change detected in the size, which
is magnified in Fig. 3b. The breakdown process appears to
have progressed over the 107 days; however, the rate of

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 a. Size distribution measured using a disc centrifuge of 200 nm carboxylated polystyrene exposed to UVC for 24 h. b. Comparison of the
average diameter of the 200 nm carboxylated polystyrene exposed to UVC for 24 h measured using DCS and DLS. c. Size distribution of
polystyrene pre-incubated in sucrose corresponding to the initial sucrose concentration of the gradient. d. Size distribution of iron oxide in

sucrose.

breakdown is much slower compared to the 195 nm particles.
The mass of the 195 and 99 nm nanoparticles was the same
in the two experiments; thus, the number of particles was
about 8 times higher in the 99 nm nanoparticles.

UVB-mediated breakdown in the presence of iron oxide
nanoparticles

Next, we investigated whether the presence of iron oxide
particles will affect the UVB-mediated breakdown. The

rationale is, as described above, that UVB irradiation of the
iron oxide surface generates reactive oxidative species,
which will speed up the breakdown of polystyrene. In the
mixture of iron oxide, Fe,Oz;, and 195 nm polystyrene
nanoparticles, strong visible aggregation was observed,
which made further analysis impossible. The iron oxide
nanoparticles have a pH-dependent surface charge and at
neutral pH, iron oxide particles have a small positive
Z-potential. Polystyrene has negatively charged sulfone
groups, and the aggregation is likely driven by electrostatic
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Fig. 2 DCS analyses of 195 nm polystyrene nanoparticles: a. UVB-treated nanoparticles and b. Non UVB-treated nanoparticles.
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Fig. 3 DCS analyses of 99 nm polystyrene nanoparticles: a. UVB-treated nanoparticles, b: magnified UVB-treated nanoparticles, and c: UVB-

treated nanoparticles, together with iron oxide nanoparticles.

attractions. However, no aggregation was observed when
added together with the 99 nm polystyrene nanoparticles.
Instead, we observed changes in the apparent size already
after 15 days of UVB irradiation, as shown in Fig. 3c. The
breakdown seemed to continue until the experiment was
terminated after 107 days.

Although the raw DCS data indicate differences in how
fast the breakdown occurs, we wanted to be able to compare
the different breakdown situations in a time-resolved way. It
is challenging to quantitatively compare data from different
days due to differences in the sucrose gradient and loading
volumes. This was overcome by calculating different ratios
for each experimental day. Thereafter, data from the different
days could be compared. First, the largest average size from
the control was divided by the average size from each run;
thus, as the fraction of apparently larger particles increases,
the ratio decreases. Next, we recalculated the DCS data to
estimate the amount of material, assuming that the particles,
regardless of size, were spherical. Thereafter, we calculated
the mass ratio between nanoparticles with a size below 250
nm and the total mass; thus, if the apparent size increased
because of UVB-mediated breakdown, the ratio decreased.
The results are shown in Fig. 4a and b. Only small changes
can be observed for the 99 nm polystyrene nanoparticles, but
for the 195 nm polystyrene nanoparticles and for the mixture
of 99 nm polystyrene and iron oxide nanoparticles, a clear
change can be seen. Comparing the two breakdowns also

2344 | Environ. Sci.: Nano, 2026, 13, 2341-2349

clearly shows that the breakdown occurs much faster when
iron oxide nanoparticles are present.

Simultaneously with DCS measurements, the size of the
nanoparticles was also determined by DLS, as shown in Fig. 4c.
The controls and the UVB-rradiated 99 nm polystyrene
nanoparticle samples showed no change in size. In the 195 nm
polystyrene and the mixture containing iron oxide and 99 nm
polystyrene nanoparticles, it was not possible to follow the size
decrease throughout the experiment due to low intensity in the
DLS signal. However, interestingly, we could see that the size of
the 195 nm was smaller compared to the control shortly after
the UVB irradiation, as shown in Fig. 4c, possibly due to
chemical changes in the surface decreasing the tendency for
aggregation. In the mixture containing iron oxide and 99 nm
polystyrene nanoparticle, an increased size was observed after
two weeks of UVB irradiation, as displayed in Fig. 4c. However,
the decreasing quality of the size data over time (Table S1),
likely caused by very low signal intensity, suggests that the
observed aggregation may be an artifact arising from the
detection limits of the instrument.

Examining the DLS data, we noticed that with time, the
reported intensity decreased in the 195 nm polystyrene
nanoparticles, and in the mixture of iron oxide and 99 nm
polystyrene nanoparticles. This made a time resolved size
evaluation impossible. However, the DLS software was set on
a self-attenuation mode. This means that the laser power and
detector sensitivity is automatically set to achieve the best

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5en00848d

Open Access Article. Published on 16 2026. Downloaded on 12.6.2026 . 9:49:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Nano

a)
1.2
s
—
o
€
8
& 0.4
o
0.2
0.0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Days
c)
300
gzoo' ’“"0—*“/\_.//
Y
2
®
P 100
¢ o 0o 0o 0 0 0 06 o o 0o
0

1 1 I 1 1 I 1 1 1
0 10 20 30 40 50 60 70 80 90
Days

-o- C99 99 -e- C99 +10

View Article Online

Paper
b)
1.2 4
@
8 1.0
E
s 0.8 -
2
w 0.6
)
5 0.4+
B
S 0.2
('S
0.0 +—T—T— " T1T—T T T T
0 10 20 30 40 50 60 70 80 90
Days
)
2
[}
=
2 o
£ 3 ' /) *
£ c\ A /
= P s e 7
E ' MO S
5 Y
£
k]
c
2
k3]
E 1 I 1 1 I 1 1 1 1
10 20 30 40 50 60 70 80 90
Days
99+10 -e- C195 195

Fig. 4 a. Ratio between the average of large and small sizes calculated from DCS. C99: non UVB-irradiated nanoparticles, 99: UVB-irradiated
nanoparticles, C99 + 10: non UVB-irradiated nanoparticles together with iron oxide nanoparticles, 99 + 10: UVB-irradiated nanoparticles, together
with iron oxide nanoparticles, C195: non UVB-irradiated 195 nm nanoparticles, and 195: UVB-irradiated 195 nm nanoparticles. b. Percentage of
total mass within the range of the starting material as calculated from DCS. c. DLS size plot. d. Fraction of weekly DLS intensity divided with
maximum DLS intensity over the whole expe. The DLS data and statistics for some time points are presented in Table S1.

possible total intensity, which is normally around 10°® counts
per second. With decreasing particle concentration, this is
eventually not achievable, and the intensity decreases. Thus,
a decreased intensity could be carefully interpreted as a
decrease in particle concentration, a change in the refractive
index, and/or a reduction in density compared to the original
particles. To explore this possibility, we divided the intensity
measured from each week by the largest intensity measured
at all weeks. The result in Fig. 4d shows that although the
variation between the different time points is large, the
intensity from 195 nm polystyrene, and the 99 nm + IO
nanoparticles seem to disappear at the same time as the sizes
increase in the DCS experiments.

After 111 days of UVB exposure, the experiment was
terminated and all samples were centrifuged. A pellet was
observed only in the 99 + IO sample. The size of the
remaining nanoparticles was determined by DLS and NTA,
and the concentrations were estimated by NTA (Table 1).
There are about 100 times fewer particles in the 99 + IO and
in the resulting pellet compared to the control sample and
the 99 nm sample, confirming that the particles are broken

This journal is © The Royal Society of Chemistry 2026

down to a great extent in the 99 + IO sample. Interestingly,
the remaining particles appear to have the same size as in
the control. The concentration of the 195 nm particles could
not be reliably measured due to growth in the sample, but
measurements indicated a lower concentration compared to
the control.

Size-dependent mechanical breakdown of polystyrene
nanoparticles

Next, we investigated whether the mechanical breakdown of
polystyrene nanoparticles is size-dependent. If both mechanical
and UVB-mediated degradation exhibit size dependence, these
processes may contribute to an accumulation of plastics in the
nanoscale range. We have previously investigated the breaking
down of a variety of plastics to nanoparticles using mechanical
forces from a blender.?>** The size of the formed particles is
between 100 and 200 nm, and, interestingly, we were not able
to detect smaller nanoparticles, indicating that there is a size
limitation. We subjected the 2 um and 99 nm particles for this
treatment for 25 min. Characterization of the 2 pm

Environ. Sci.. Nano, 2026, 13, 2341-2349 | 2345
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Table 1 Concentration and size of the nanoparticles after 111 days of UV treatment

Particle Concentration” (particles per mL) NTA diameter” (nm) DLS diameter (nm) DLS PD‘ (%)
99 3.0x 10" + 1.1 x 10*° 86.6 + 0.6 88.0 + 1.7 9.5 +2.5
C99 2.0 x 10" + 6.3 x 10° 96.8 + 1.4 87.5 + 0.7 6.3 +1.8

99 + 10 6.1 x 10° + 0.8 x 107 140 + 5 ND ND?

C99 + 10 1.9x 10" + 1.2 x 10*° 91.1+0.2 ND ND

P99 + I0° ND ND ND ND

¢ Measured by NTA. ° Mean diameter. ¢ Polydispersity. ¢ Concentration too low for reliable data. ¢ Pellets from the 99 + IO sample dispersed in

the same volume as before centrifugation.

nanoparticles over time using DCS showed that the size of the
nanoparticles remained the same, except for the growth of a
larger fraction, Table S2. However, the amount of material
decreased (Fig. 5 and Table S2). If smaller particles are
produced during the mechanical breakdown, they may not be
detectable by DCS, especially if the 2 pm particles are still
dominating. Therefore, we filtered all samples through a filter
with at a 0.8 um cut off. However, after filtration, we could not
detect any particles using DCS. Small particles, however, can be
detected with NTA and DLS. Analyses of the untreated 2 um

a)
25
| =)

2.0 N
) [ |
25 = -
% m
2 1.0
=

0.5

0.0 T T T 1 1

b)

2.5- —25
> . S
% 2.0 . 20 X
2 T " m TEI
£
o 1.5 1.5 @
o . s
] L
£ 1.0 -1.0 £
-4 o
£ 0.5 0.5 E
< o
N o

0.0 T T T T T 0.0 <~

5 10 15 20 25
Time (minutes)

2pym = 99 nm

Fig. 5 Characteristics of the 2 pum and 99 nm polystyrene
nanoparticles after mechanical breakdown. a. Estimated total weight
calculated from DCS data for peaks around 100 and 1700 nm. b.
Particle concentration of the small particles resulting from the
mechanical breakdown of 2 um polystyrene particles and the 99 nm
particles estimated from NTA data. The data is from samples filtered
through a 0.8 um filter. The size of the 2 um particles decreases with
time (see Table S3).
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polystyrene particles using NTA shows that there is a fraction
of smaller particles with a diameter around 290 nm (Table S3).
However, with the mechanical breakdown, there are smaller
particles appearing probably due to breakdown of the larger
particles (Table S3). Furthermore, the particle concentration
increases with time (Fig. 5b, Table S3). The quality of the DLS
measurement was too low. However, after filtering the
breakdown samples with 0.8 pm filters, it was possible to
detect a particle size of about 65 nm (Table S4). The quality of
the DLS data was still low and each of the 30 acquisitions was
evaluated and only those with good quality were used (Table
S4). The decrease of mass measured with DCS together with
the increase in concentration of smaller particles measured by
NTA strongly suggest that the 2 pm polystyrene particles are
broken down by mechanical treatment. The 99 nm particles
are much less affected as the size measured by DCS and DLS is
the same after breakdown and only a small decrease in the
total mass and an increase in particle concentration can be
detected at the end of the breakdown (Fig. 5, Tables S1-S3).
Furthermore, the size of small particles produced from the
breakdown of the 2 pm particles remain the same over the
breakdown period (Tables S3 and S4). Taken together, the data
show that larger particles are mechanically broken down to
smaller particles, whereas smaller particles are not, suggesting
that there is a size limit for an effective breakdown in our
system. We do not have a definitive explanation for this
observation; however, we speculate that the microfluidic
environment may confer protection to smaller particles.

Toxicity of UVB breakdown products on Daphnia magna

Next, we investigated the effect of UVB irradiation on the 99
nm polystyrene nanoparticles, with or without iron oxide
nanoparticles, on toxicity to D. magna. A Kaplan-Meier
survival analysis showed that combining the 99 nm
polystyrene nanoparticles with iron oxide nanoparticles and
UVB exposure removed the toxicity of the supernatant as
compared to the control (p > 0.05, Fig. 6 and Table 2). All
other treatments with the 99 nm polystyrene particle showed
toxicity compared to both the control and the UVB-exposed
99 nm treatment with iron oxide (p is always <0.001, Fig. 6
and Table 2). No significant differences in toxicity were
observed among the other 99 nm-treated samples, which
were not exposed to both UVB and iron oxide (p > 0.05,
Fig. 6 and Table 2). The concentration of the 99 nm plain

This journal is © The Royal Society of Chemistry 2026
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absence of iron oxide particles (I0). 99 denotes UVB-exposed particles,
C99 denotes UV-shaded particles, and C denotes a control treatment
with only artificial freshwater.

Table 2 Statistical cross comparisons of survival data

Log-rank (Mantel-Cox) test

Compared treatments x df. p Significance
Global (all treatments) 34.22 4 <0.0001  FHEX
C-C 99 MQ 11.06 1 0.0009 HoHE
C-99 MQ + UV 15.18 1 <0.0001 HAAE
C-C99 10 13.47 1 0.0002 HHE
C-99 10 + UV 0.3486 1 0.5549 n.s.
C 99 MQ-99 MQ + UV 1.987 1 0.1587 n.s.
C 99 MQ-C 99 IO 0.8264 1 0.3633 n.s.
C 99 MQ-99 IO + UV 12.26 1 0.0005 Ak
99 MQ + UV-C 99 10 0.2574 1 0.6119 n.s.
99 MQ + UV-9910 + UV  16.05 1 <0.0001 HkAE
C 99 10-99 10 + UV 14.53 1 0.0001 oAk

d.f. denotes degrees of freedom, p denotes p-value, asterisks highlight
statistically significant differences, and n.s. denotes not significant.

polystyrene nanoparticles is approximately 50 mg L', and
toxicity has been observed at similar concentrations. After
the UVB irradiation of 99 + IO, the concentration is very low
(Table 1). Therefore, the loss of toxicity of the 99 + IO sample
is likely due to a decreased particle concentration.

Overall discussion

Our data suggest that the effect of UVB irradiation and
mechanical force on the breakdown of polystyrene
nanoparticles is much slower on smaller nanoparticles, 99
nm, than on larger particles, 195 nm (UVB) and 2 pm
(mechanical). In experiments using high intensity UV
irradiation on different-sized polystyrene particles, there was
no difference in the breakdown rate.'® Furthermore, it was
shown that there was a loss of mass, before a size decrease
was observed. In these experiments a complete breakdown
was seen by measuring the total carbon (TOC). If a size-
dependent breakdown of plastics is true for naturally
occurring micro- and nano-plastics in nature, it would lead to
an accumulation of small-sized nanoplastics. Nanoplastics
are difficult to detect in nature but recent data on the size

This journal is © The Royal Society of Chemistry 2026
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distribution of micro- and nano-plastics suggest that the
amount of nanoplastics is surprisingly high.>” Our data
could be part of an explanation of an unexpected high
concentration of nanoplastics.

We could detect only a minor breakdown of the 99 nm
polystyrene nanoparticles after 110 days of UVB irradiation.
However, the addition of iron oxide nanoparticles to the
reaction increased the breakdown rate significantly. This
effect of iron oxide has been shown for larger microplastics.*!
This is promising as it suggests that iron oxide could be used
as a remediation substance in nature for nanoplastics and in
water treatment plants, despite the size-dependent UVB-
mediated breakdown. Furthermore, the strong effect of iron
oxide implies that the plastic breakdown could be very
different at different locations in nature depending on the
presence of naturally occurring iron oxides.

We have previously reported that the UVB-mediated
breakdown of amine-modified polystyrene nanoparticles
decreased the toxicity of the particles themselves,'® whereas
the small, dissolved molecules from the breakdown exhibited
toxicity. Here, we do not observe an effect on toxicity before
the particles are mainly broken down in the presence of iron
oxide. The decreased toxicity after breakdown indicates that
the breakdown process does not result in toxic small,
dissolved molecules. However, as the experiments lasted for
111 days, volatile, possibly toxic, substances are not present.
Overall, there is limited knowledge on how UVB irradiation
and breakdown of nanoplastics influence the toxicity."

Materials and methods
Polystyrene and iron oxide nanoparticles

The polystyrene nanoparticles were from Bangs Inc, USA. The
specific batches used were for carboxylated 200 nm, inv#
L110506B, unmodified 99 nm; Inv# L100215B Lot# 9598, and
unmodified 195 nm; Inv# L190509D Lot# 14286. Before use,
the particles were diluted ten times and extensively dialysed
against MilliQ water to remove the additives, NaN; and
Tween20, and the remaining dissolved polymers. Iron oxide,
Fe,0;, was from Nanoshell UK Ltd, Great Britain, batch
number NS6130-03-318. Before use, the iron oxide particles
were sonicated in an ultrasound bath (Elmasonic P, Elma
Schmidbauer GmbH, Singen, Germany) filled with water at
100% power, 37 kHz, 22 °C for 60 x 3 min. In between the 60
minute runs, the ultrasound bath was cooled for
approximately 10 minutes.

UVC irradiation

The particles were diluted 10x with MilliQ water, transferred
to a dialyzing tube (MilliPore MWCO 3000) and dialyzed
against MilliQ water. The dialyzed particles were diluted 76x
with MilliQ water to a final concentration of =0.013% (W/W)
or =0.13 mg dm™>. 380 mL of the dialyzed particle solution
was transferred to a 600 mL glass beaker. The UV-C lamp was
submerged in the solution such that the end of the lamp was
2-5 mm above the bottom of the glass beaker. Two glass
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tubes connected via a peristaltic pump were also submerged
in the glass beaker (see Fig. S3). The setup was placed in a
room that was held at 4-8 °C, and the particle solution was
constantly pumped during the UV-C treatment. The UV-C
treatment was for 24 h and samples were taken at specified
time points. The particle solution had a temperature of 20-22
°C for over 24 hours. The UVC lamp emission spectrum is
shown in Fig. S4.

UVB irradiation

The particles were diluted another 200 times in MilliQ water
or in iron oxide to an estimated final polystyrene
concentration of 100 pg mL™". For the UVB irradiation, 70
mL of each particle was placed in glass petri dishes with a
quartz top for the test sample and with a glass top for the
control and subjected to UVB. UV-B lamps (ExoTerra Reptile
UV-B 200, 25 W) were purchased from a local pet shop. The
UVB irradiation and the emitted wavelength spectra have
been reported.'® The UVB dose is 225 pW ecm > and 10 cm
from the lamp. The volume was adjusted regularly to
compensate for evaporation. Samples were taken out at the
indicated times during the 111-day irradiation period and
analysed for size by DCS, DLS and for size and concentration
by NTA.

Mechanical breakdown

Polystyrene with a diameter of 2 uym or 100 nm was broken
down as described previously for larger plastics.”*** The
breakdown was done in water and continued for 25 minutes.
Every 5th minute, the samples were taken out and analysed
for size by DCS and DLS.

Differential centrifugal sedimentation

The samples were analysed as indicated on a DC24000 disc
centrifuge (CPS Instruments, USA). The sucrose gradient used
for polystyrene was 4-12% in water and the centrifugal speed
was 24 000 RPM, while for iron oxide samples it was 8-24%
and the speed 1842 RPM. The temperature was approximately
23 ©°C. The sample volume was 100 pl. The detector
wavelength is 405 nm. Before each new sample, the gradient
was calibrated using 0.545 nm PVC (polyvinyl chloride)
particles. All samples were analyzed using an identical
gradient setup, and calibration between runs was performed
to minimize the impact of gradient variability. Normally, the
samples were applied to the sucrose gradient without the
preincubation in sucrose. In the experiments in which
preincubation is indicated, the samples were mixed with
sucrose so that the final concentration of sucrose equals that
of the sucrose concentration at the beginning of the sucrose
gradient, ie., 4% for polystyrene and 8% for iron oxide. The
instrument was controlled and the data was analysed with
the DCCS (Disc Centrifuge Control System) program v.11
(CPS Instruments, USA). The particles were assumed to be
spherical for all calculations.
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Dynamic light scattering

The samples were analysed as indicated for DLS using a
DynaPro Plate Reader II from Wyatt Technology, USA. The
laser strength and the detector sensitivity were set by the auto
attenuation function. The temperature was 23 °C, and 20
acquisitions were obtained for each sample with a 10 second
acquisition time. The laser wavelength was 821.5 nm.

Toxicity studies and statistical analyses

At the end of the UVB irradiation period, the acute toxicity
was tested on zooplankton Daphnia magna (D. magna). The
toxicity tests were performed in 10 replicates with a total
volume of 9 mL in each test tube. Each sample consisted of
4.5 mL of collected fractions mixed with 4.5 mL of double
concentrated ISO test water. For the controls, 4.5 mL of Milli-
Q water was mixed with 4.5 mL of double concentrated ISO
test water. The ISO test water used was prepared according to
the OECD 202 test guidelines.”® The particle concentration
was approximately 50 mg L. The survival was checked
regularly for 24 hours. The D. magna survival in acute toxicity
tests was evaluated using Kaplan-Meier survival analysis and
the p-value was attained from the log-rank (Mantel-Cox) test.
All statistical evaluations were performed using GraphPad
Prism (version 8.4.3).

Conclusions

-UVB irradiation affects larger polystyrene nanoparticles
faster than smaller particles.

-Mechanical force affects larger polystyrene nanoparticles
more than smaller particles.

-Iron oxide nanoparticles speed up the effect of UVB
irradiation.

-Small, dissolved molecules from the breakdown are not
toxic to D. magna.
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