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Abstract

Plastics often contain non-polar chemical additives, such as antioxidants, flame retardants, plasticizers, and
UV stabilizers, which improve performance but have poorly understood environmental risks. This study
assessed the aquatic toxicity of polypropylene (PP) containing the antioxidant Irgafos 168 (IRG) to the crustacean
Daphnia magna and the green alga Raphidocelis subcapitata. Commercial PP containing IRG (PPc) and additive
and oligomer-free PP (PPd) were irradiated at 254 nm using germicidal light, both with and without HyO,.
The tested particles included microplastics (MPs, 1-50 pm and 50-500 pm) and nanoplastics (NPs, < 1 pm).
The results showed that the toxicity was influenced by particle size, concentration, and the presence of the
antioxidant additive. Smaller particles, along with the presence of IRG and its degradation products, tris(2,4-di-
tert-butylphenyl) phosphate, bis(2,4-di-tert-butylphenyl) phosphate, and 2,4-di-tert-butylphenol, contributed
to higher toxicity in both D. magna and R. subcapitata. The highest toxicity was observed for NPs containing
IRG (PPc), which resulted in an ECy for D. magna immobilization of 7.2 4+ 0.1 mg/L, compared to the less
toxic NPs free of IRG (ECyy 28.7 £ 4.2 mg/L). The growth rate of R. subcapitata was also more affected by
NPs generated from PPc (ECyy 0.2 + 1.2 mg/L) than by the corresponding NPs free of IRG (LOEC 3 mg/L).
Our findings showed that the main toxicity was driver was an increase of intracellular reactive oxygen species,
lipid peroxidation (LPO), damage to cell membrane integrity and impairment of esterase activity. The results
demonstrated that irradiated plastic particles act as carriers for toxic non-polar compounds, enhancing negative
effects on aquatic organisms, with particle size being a key factor. This study highlights the complex toxicological

impacts of micro- and nano-plastics containing additives on aquatic biota.

1. Introduction

Plastic pollution has become a major environmen-
tal issue with serious implications for ecosystems,
food safety, and human health. Plastics, particularly
microplastics (MP), are pervasive in terrestrial, fresh-
water, and marine environments. They are durable
and break down slowly, accumulating in water bod-
ies, soil, and other compartments. The reason is
the low circularity of their lifecycle and their persis-
tence, which allows plastics to spread across ecosys-
tems, entering food webs and potentially affecting
wildlife and human populations [7]. Most MPs re-
sult from the breakdown of larger plastic items, such
as packaging materials, tyre abrasion, and the wear-
ing of synthetic textiles when exposed to mechanical
stress and photochemical degradation [2], [38]. Plas-
tic fragmentation proceeds to smaller and smaller
sizes eventually producing particles with sizes below
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1 pum, which are typically referred to as nanoplastics
(NPs) [10]. MPs and NPs are concerning due to their
ability to move up the food chain, carrying associated
chemicals and ultimately reaching humans through
contaminated seafood, meat, or other products [24].

Plastics may contain a high number of chemical
additives, such as antioxidants, flame retardants, plas-
ticizers, and UV stabilizers, which enhance perfor-
mance and durability [43]. The release of additives
through plastic degradation accelerates upon plastic
fragmentation and poses significant environmental
and health risks [44]. Many of these additives fall
under the ECHA's category of persistent, bioaccu-
mulative, and toxic chemicals. Many others remain
insufficiently studied in terms of their ecological im-
pact [23]. Besides, these chemicals become subject to
additional degradation and transformation processes
that can make them more hydrophilic and mobile
through the sediment and water column [9]. Addi-
tives may degrade during use giving rise to a variety
of known compounds such as the quinoid derivatives
phenolic antioxidants [27]. However, the degradation
of additives under environmental stressors remains
significantly understudied. This gap includes the
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photochemical degradation under solar irradiation,
biological transformation, and alterations induced by
industrial processes, including UVC irradiation used
in water treatment.

Irgafos 168, tris(2,4-di-tert-butylphenyl) phosphite,
hereafter referred to as IRG, is a processing stabi-
lizer that acts as a secondary antioxidant. It specifi-
cally targets the hydroperoxides produced through
the auto-oxidation of polymers, preventing process-
induced degradation and enhancing the performance
of primary antioxidants, which is necessary to in-
crease the durability and stability of the polymer
during processing. IRG has been associated to po-
tential neurotoxicity due to the release of phosphate-
containing degradation species, mainly its oxidized
form, tris(2,4-di-tert-butylphenyl) phosphate [15].
The concern is supported by the well-known fact
that organophosphate chemicals have been shown to
inhibit acetylcholinesterase, leading to disruptions
in normal nervous system function [42]. There is
some evidence that neurotoxicity concerns may have
been overestimated, at least due to dietary exposure
[28]. However, the effect to environmental organisms
to IRG and its degradation products is largely un-
known because of the low water solubility of IRG (<
5 pg/L at 20 °C), which makes it difficult to perform
conventional aquatic toxicity assays.

Recent evidence of the aquatic toxicity of IRG has
been obtained by using additive-free nanoplastics as
carriers for the insoluble phosphite additive, indicat-
ing toxicity near or even below its solubility limit
[37]. However, there is still no clear data on the toxi-
city of IRG degradation products. In this work, we
tested the toxicity of polypropylene (PP) micro- and
nanoplastics with and without its commercial addi-
tive IRG and the PP oligomers (PPO) to the green alga
Raphidocelis subcapitata and the freshwater cladoceran
Daphnia magna. Our results demonstrated that NPs
generated in a top-down approach via irradiation of
commercial PP can act as carriers for toxic non-polar
compounds, including the antioxidant additive IRG
and its transformation products. We also showed
that the generation of small particles in the NP range
(< 1 pm) are the main cause for toxicity, triggered by
an increase of intracellular reactive oxygen species
(ROS) followed by lipid peroxidation (LPO), dam-
age to cell membrane integrity and impairment of
esterase activity.

2. Materials and methods

2.1. Plastic materials and chemicals

Pellets of commercial metallocene-catalysed isotactic
polypropylene (PPc) measuring 4 & 1 mm in size,

clear in colour, with a molecular weight of 250,000
g/mol, and containing 0.037 wt% of the antioxidant
additive Irgafos 168 (IRG) and 0.2 wt% polypropylene
oligomers (PPO), were obtained from LyondellBasell
(Rotterdam, Netherlands). Additive-free PP (PPd)
pellets and an extract (EXT) containing the additive
(IRG) and oligomers (PPO) were obtained through
Soxhlet extraction in dichloromethane (DCM) for 8
h from mechanically ground PPc pellets [6]. The
oligomers were separated from the additive by elu-
tion with hexane using a silica column activated for
24 h at 150 °C as described elsewhere [37].

Irgafos 168 (tris(2,4-di-tert-butylphenyl)phosphite,
[(C4Hg)2CesH3Ol13P, CAS: 31570-04-4) was purchased
from Sigma-Aldrich. Dichloromethane (DCM,
CH,Cl,, CAS number: 75-09-2, Multisolvent HPLC
grade) was acquired from Scharlab (Spain). Hy-
drogen peroxide (HpO,, CAS number: 7722-84-1,
35 wt%) was acquired from PanReac AppliChem-
ITW Reagents. Sodium sulphite (Nap;SO;, CAS
number: 7757-83-7) was obtained from Sigma-
Aldrich. 2’,7’-dichlorodihydrofluorescein diacetate
(H,DCFDA, CAS number: 4091-99-0) and fluorescein
diacetate (FDA, CAS number: 596-09-8) were pur-
chased from Sigma-Aldrich. Propidium iodide (PI,
CAS number: 25535-16-4) was obtained from Sigma
Aldrich. C4-BODIPY and Qubit Protein Assay Kit
(Invitrogen) were acquired from Thermo Fisher Sci-
entific. The ultrapure water used was generated with
a Direct-QTM 5 Ultrapure Water System from Milli-
pore with resistivity > 18 MQ) cm at 25 °C (Bedford,
MA, USA).

2.2. Ultraviolet irradiation treatments

Plastic particles of commercial polypropylene (PPc-
MPs) and additive-free polypropylene (PPd-MPs),
with sizes in the 100-500 pm range, were obtained
by mechanical grinding plastic pellets in a blender,
using liquid nitrogen to make them brittle. PPc-MPs
(100-500 pm, 0.037 wt% IRG, 0.2 wt% oligomers) and
PPd-MPs (100-500 um) were suspended in ultrapure
water (10 g/L), with and without the addition of 15
mg/L of HyO, (35 wt%) and irradiated for 10 min
using a 15 W Heraeus Noblelight TNN 15/32 low
pressure mercury vapour lamp (UV) emitting at 254
nm, in a 1 L cylindrical borosilicate reactor (17 x 9 cm)
under magnetic stirring at 50 rpm. The irradiance at
the central point of the reactor was 14.2 mW cm 2.
The emission spectrum of the 254 nm UV lamp used
for the irradiation experiments is presented in Figure
S1 of the Supporting Material (SM). The irradiated
materials were vacuum filtered through a 50 pm
stainless steel meshes and a 1 pm glass microfiber
filters (Whatman). With this procedure, the following

Journal of Hazardous Materials 494, 138645, 2025



irradiated particles were prepared:

i) PPc 50-500 pm with and without HyO, treatment
(PPc-50-500 and PPc-50-500+H»0»).

ii) PPd 50-500 pm with and without H,O, treatment
(PPd-50-500 and PPd-50-500+H,05).

iii) PPc 1-50 pm with and without H,O, treatment
(PPc-1-50 and PPc-1-50+H,0;).

iv) PPd 1-50 pm with and without H,O; treatment
(PPd-1-50 and PPc-1-50+H,0O3).

v) PPc nanoplastics, < 1 ym, with and without HyO,
treatment (PPc-NP, PPc-NP+H»0»).

vi) PPd nanoplastics, < 1 nm, with and without H,O,
treatment (PPd-NP, PPd-NP+H;05).

As control experiments IRG, PPO and EXT were
irradiated in the absence of the plastic particles
with the purpose of clarifying the toxicological ef-
fects of the individual components of the commer-
cial PP material. Besides, PPd-NP and PPd+H,O,
were re-additivated with the same amount of IRG,
PPO and EXT in the commercial plastic, thereby
producing the following materials: PPd-NP+EXT;
PPd-NP+PPO; PPd-NP+IRG) and PPc-NP+H,O,
(PPd-NP+EXT+H0,; PPd-NP+PPO+H,0O,; PPd-
NP+IRG+H,0»), without and with H,O, treatment
respectively. The possible excess of H,O, in the aque-
ous solutions was removed using sodium sulfite as
explained elsewhere [21].

2.3. Analyses

The total organic carbon (TOC) for particle suspen-
sions < 1 pm was measured using a Multi N/C 3100
Series TOC-/TNb analyzer (Analytic Jena) and the
result was used to calculate the exposure to plastic
particles in mass concentration units. The concen-
tration of larger particles was determined by mass
measurement. The particle size distribution of MP
fractions in the 1-50 pm and 50-500 pm size ranges
was determined using optical microscopy. MP sam-
ples suspended in ultrapure water at a concentration
of 50 mg/L were placed on a glass plate, and images
were captured in Bright Field mode with a Nikon
Eclipse E200 microscope equipped with a Micros
Copia Digital camera. The images were subsequently
processed with Image] software to determine the size
distribution and median particle size was reported.
The surface morphology of MPs was assessed using
a field emission Scanning Electron Microscope (SEM),
Jeol JSM-IT500, operating at 25 kV on gold-sputtered
samples. The particle size distribution of NP suspen-
sions, at a concentration of 50 g/L, was measured
by Dynamic Light Scattering (DLS) using a Malvern
Zetasizer Nano ZS apparatus. The {-potential of NPs
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was determined in the same apparatus by means of
electrophoretic light scattering. The results of particle
size and (-potential (NPs) for the materials used in
this work is shown in Table 1.

The characterization of chemical changes in the
polymer particles and the extraction products was
performed by Fourier transform infrared spec-
troscopy (FTIR) using a total attenuated reflectance
device (ATR-FTIR, Thermo Scientific Nicolet iS20
FTIR Spectrometer). The spectra were recorded in
the 650-4000 cm ! range with a resolution of 4 cm~!
in 64 scans.

The analytical determination of additives from
both non-irradiated and UV-generated plastic par-
ticles (with and without H,O;) was performed using
Gas Chromatography-Mass Spectrometry (GC-MS).
This system consisted of a Hewlett Packard 6890
gas chromatograph coupled with an Agilent Tech-
nologies 5973 mass spectrometer. Analyte separation
was conducted on a DB5-HT capillary column (15 m
length, 250 pm internal diameter, 0.1 pm film thick-
ness). Helium was used as the carrier gas, maintained
at a constant flow rate of 1 mL/min. The mass spec-
trometer operated in electron ionization mode with
an ionization energy of 70 eV. The optimal chromato-
graphic protocol was established based on previous
research [6].

2.4. Toxicity tests

Toxicity bioassays with cladoceran crustacean
Daphnia magna (MicroBioTests, Belgium) was per-
formed following the OECD Test Guideline 202 [35]
and the ISO Standard 6341 [17]. Briefly, the dormant
eggs were first hatched in nutritive medium, at 20
+ 1 °C, under continuous side illumination of 6000
lux for 72 h. The exposure experiments were set
up in plates containing 5 neonates and 5 mL cul-
ture medium, either without added plastic particles
(control) or supplemented with predefined concentra-
tions of plastic particles. Each condition was tested
in triplicate. All experiments were conducted in dark-
ness at 20 = 1 °C. The plastic particles were tested in
a concentration range of 1-50 mg/L. The endpoint for
acute toxicity was the immobilization of daphnids
with respect to the controls over a 48 h incubation
period. Micrographs of daphnids after 48 h incuba-
tion period were captured in Bright Field mode with
a Nikon Eclipse E200 optical microscope equipped
with a Micros Copia Digital camera.

Toxicity bioassays with the green alga
Raphidocelis subcapitata algae (MicroBioTests, Bel-
gium) were performed following the OECD Test
Guideline 201 [34] and the ISO Standard 8692 [18]. In
short, exposure experiments were conducted in trip-
licate in transparent 24-well plates each containing
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Table 1. Characterization the plastic particles used in this work.

Material Sample Particle size® {-potential®
PPc-50-500 143 £ 9 ym -
PPc-50-500+H,0, 86 + 5 pm -
PPe PPc-1-50 33 £ 3 um -
PPc-1-50+H,0, 35+ 1pm -
PPc-NP 383 + 93 nm -1562 £73 mV at pH 9.9
PPc-NP+H,0, 246 + 21 nm -151+£51mVatpH?7.1
PPd 50-500 86 + 4 ym -
PPd-50-500+H,0, 56 + 13 pm -
PPd PPd-1-50 18 £ 1 um -
PPd-1-50+H,0, 23 +2pum -
PPd-NP 208 + 53 nm -25.5 £55mV at pH 5.3
PPd-NP+H,0; 223 + 24 nm -22.0 + 44 mV at pH 5.6

# Measured at a concentration of 50 mg/L of particle suspensions. PPc: commercial PP (containing 0.037 wt%
IRG and 0.2 wt% PPO), PPd: additive-free PP, 50-500: MPs within 50-500 pum size range generated without
H,0,; 50-500+H0;: MPs within 50-500 pm size range generated with HyO,; 1-50: MPs within 1-50 pm size
range generated without HyO,; 1-50+H>O,: MPs within 1-50 pm size range generated with HyO,; NP: NPs
(< 1 pm) generated without HyO,; NP+H,O5: NPs (< 1 pm) generated with HyO,. The intervals (+) denote

standard deviation.

10° cells/mL in culture medium. All experiments
were conducted at 23 £ 1 °C under continuous
illumination of 6000 lux. Algal growth was assessed
in the presence of plastic particles at concentrations
ranging from 1 to 50 mg/L by measuring chlorophyll
autofluorescence (450-672 nm) over a 72 h incubation
period using a Fluoroskan Ascent FL fluorimeter. In
addition, micrographs of algae after 72 h incubation
were recorded with a Leica TCS SP5 laser scanning
confocal microscope in Bright Field mode and at Chl
autofluorescence channel (A.y. 488/595, A¢yy. 700 nm).
Abiotic incubation experiments (in absence of algae)
were set up for the MP fractions and turbidity of
each concentration was measured with a portable
turbidimeter (Orbeco-Hellige, Model 966) to track
the particle aggregation.

For effect calculations, the median effect equation
was used [8]:

1 ]—(ufa N (Eéso>m @

Where c represents the concentration of a sub-
stance that causes damage to a fraction f, of the
population (inhibition), ECs is the median effec-
tive concentration and m is a parameter that char-
acterizes the shape of the dose-response curve. The
ECy, defined as the concentration causing 20% dam-
age, was calculated using the median effect equation
with fa set to 0.2 and is expressed in mg/L with its
corresponding 95% confidence intervals. All statis-
tical analyses were performed in R, with ANOVA
and ANCOVA implemented using the aov() func-
tion followed by Tukey’s HSD pot-hoc test for pair-
wise comparison [36]. When it was not possible

to use the median effect equation due to a lack of
normality /non-monotonic dose-effect relationships,
the significant effect, defined as the lowest observed
effect concentration (LOEC), was determined using
the non-parametric Mann-Whitney-Wilcoxon test (p
> 0.05).

Key physiological parameters related to toxicity
responses were assessed by using appropriate fluo-
rochromes that allow for the detection of specific cel-
lular alterations. Intracellular reactive oxygen species
(ROS) in R. subcapitata were assessed after exposure
to MPs and NPs using H,DCFDA (1 mM in ultrapure
water, 30 min incubation, excitation/emission wave-
lengths 485/528 nm) in microplate reader. Membrane
integrity, and non-specific esterase activity, were also
assessed in R. subcapitata after exposure to MPs and
NPs. The fluorescent dyes used to evaluate these pa-
rameters were propidium iodide (PI) for membrane
integrity (50 pg/mL in ultrapure water, 10 min in-
cubation, excitation/emission wavelengths 535/617
nm), and fluorescein diacetate (FDA) for metabolic
activity (25 pg/mL in ultrapure water, 30 min incuba-
tion, excitation/emission wavelengths 485/528 nm).
Membrane lipid peroxidation (LPO) was tracked us-
ing C4-BODIPY, a key indicator of oxidative dam-
age and cell toxicity. This dye shifts its fluorescence
from when it reacts with lipid radicals, allowing dy-
namic monitoring of oxidative stress in live cells. C4-
BODIPY was used at 50 uM in ultrapure water after
30 min incubation with excitation/emission wave-
lengths 485/528 nm. For all the four assays algae
suspensions (180 pL) were incubated with 20 pL of
fluorescent dye in 96-well black microplates at room
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temperature in the dark, with each sample tested in
triplicate. Fluorescence for ROS, PI, FDA, and C4-
BODIPY was recorded using a Fluoroskan Ascent
FL microplate reader, and results were normalized
to in vivo Chl a autofluorescence. For ROS visual-
ization, fluorescence was also recorded by confocal
microscopy.

In the case of D. magna, the alterations in oxida-
tive stress and ROS levels following exposure to
MPs and NPs were assessed using the fluorochrome
H>DCFDA and confocal microscopy. For this, five
daphnids were placed in 570 pL of ultrapure wa-
ter and incubated with 30 uL of H,DCFDA (1 mM
in ultrapure water) for 30 min at 20 °C in the dark.
Fluorescence images were acquired for each organ-
ism using a Leica TCS SP5 laser scanning confocal
microscope. Additionally, biochemical analyses of
LPO and total protein content were carried out on
daphnids exposed to NPs. Twenty individuals were
homogenized in 0.1 M ice-cold PBS (pH 7.2) and cen-
trifuged at 10,000 rpm for 15 min at 4 °C [48]. The
resulting supernatants (180 pL) were incubated with
C4-BODIPY (20 pL, 50 uM in ultrapure water) for
30 min to assess LPO (excitation/emission 485/528
nm), and with a commercial Qubit™ assay kit (20 uL
Qubit™ working solution, 30 min incubation, exci-
tation/emission 485/590 nm) for total protein quan-
tification. Fluorescence readings were taken using a
Fluoroskan Ascent FL 96-well microplate reader.

3. Results

3.1. Particle charazterization

Table 1 presents the results for the characterization
of all materials tested in this work in terms of con-
centration, {-potential and median particle size. UV
irradiation of PPc and PPd led to the fragmentation
of MPs, generating plastic particles with irregular
shape within a wide size range. SEM micrographs of
the MPs used in this study are presented in Figure
52, SM). Particle size measurements of UV-generated
MPs confirmed the presence of particles in the 1-50
pm and 50-500 um size ranges when dispersed in
ultrapure water (Table 1). UV-254 nm irradiation pro-
duced MPs with larger particle sizes for PPc material
compared to PPd material, likely due to the ability
of IRG to act as hydroperoxide scavenger, thereby
protecting the polymer backbone from degradation
[29], [45]. Specifically, the statistical analysis of re-
sults showed significant difference (p < 0.05) between
particles containing (PPc) and not containing (PPd)
the additive (IRG). This result can be explained con-
sidering the additive is an antioxidant that prevents
polymer degradation and, subsequent, particle frag-
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mentation and in the absence of IRG the breakdown
of the PP chain can progress further, leading to the
formation of smaller particles. The addition of HyO,
further reduced particle size; however, this effect was
statistically significant (p < 0.05) only for PPc and its
larger fraction (50-500 pm). This can be explained
by the fact that the highly reactive, nonselective hy-
droxyl radicals generated by H,O, are less efficient at
degrading IRG in larger particles. This process likely
progressed rapidly, with no significant differences
observed in the smaller particles, which had a higher
external surface area exposed to oxidants [29], [31].

DLS measurements of NPs (< 1 pm) size showed
the presence of particles in the few hundred nanome-
tres range when dispersed in ultrapure water (Table
1). Comparing the particle size of the NPs generated
upon irradiation, the influence of the antioxidant ad-
ditive IRG in the plastic particles was not significant
when irradiation took place with H,O,, which can
be explained by the degradation and consumption
of the antioxidant additive [29], [31]. However, the
presence of additive, slightly suppressed fragmenta-
tion in the UV-irradiation without H,O,, with PPc
particles breaking down to HyO, from 383 + 93 nm
compared to 246 + 21 nm for PPd. Full details of size
distribution of all UV-generated NPs are provided
in Figure S3 (SM). SEM micrographs (Figure S3) re-
vealed that, in all cases, the surface of UV-generated
MPs was rough, exhibiting holes and defects, indicat-
ing alterations in the polymer matrix. However, no
significant morphological differences were observed
between the UV-irradiation treatments, without or
with HyO,, applied to the particles (Figure S3). All
NP particles displayed negative charge as expected
considering the hydrophobic character of PP parti-
cles and the asymmetry of the molecular charge dis-
tribution of hydroxide and hydronium ions, which
makes the first more hydrophobic than the second
and, therefore more prone to adsorb onto hydropho-
bic surfaces [20].

ATR-FTIR spectra of representative UV-generated
plastic particles are presented in Figure S4 (SM). The
spectra of the 50-500 um MP fraction of both PPd and
PPc material, predominantly displayed the bands
characteristic of the PP polymer matrix. These in-
clude -CH; and -CHj stretching vibrations at 2850,
2920, and 2950 cm—1, as well as symmetric and asym-
metric -CH3 bending vibrations at 1376 and 1460
cm—1. Additionally, bands at 840, 1000, and 1165
cm—1 corresponding to typical vibrations of terminal
unsaturated CH, groups in isotactic PP were iden-
tified. No detectable bands associated to IRG such
as the C-O-P band at 1212 cm—1, or its potential UV-
photodegradation by products were found on PPc
material, likely due to the additive’s low concentra-
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tion within the polymeric matrix [16].

Figure S5 (SM) shows the chromatograms obtained
from the analysis of the additives from the MPs par-
ticles of PPc non-irradiated, PPc irradiated without
H,0,, and PPc irradiated with HyO,. The results
reveal the presence of numerous compounds associ-
ated with PP oligomers containing varying numbers
of repeating units, as well as the additive IRG. The
primary difference between the virgin and irradiated
materials is the greater consumption of IRG in the
latter, leading to an increase in degradation-related
species. For the sample irradiated in the presence
of HyO,, a massive consumption of IRG and a sig-
nificant reduction in oligomers, which may have mi-
grated into the aqueous medium, are observed. To
clarify this evolution in additive consumption, ions
with m/z 191 and 206 were extracted from the chro-
matogram acquired in SCAN mode (Figure S5) and
presented in Figure S6 (SM), as these ions are char-
acteristic of fragments present in the degradation
species and in the molecular structure of IRG. These
findings corroborate the observations in Figure S5,
which shows a higher ratio of degradation species
to neat IRG, along with only residual levels of these
compounds in the HyO,-treated sample.

3.2. Toxicity of microplastics

Irradiated MPs in the 1-50 pm and 50-500 pm size
ranges, produced from the 100-500 yum particles ob-
tained through mechanical grinding of plastic pellets,
were tested for toxicity using D. magna 48 h immo-
bilization assays and R. subcapitata 72 h growth rate
inhibition assays, as previously described. The SEM
micrographs of MPs, in both size ranges and irradi-
ated with and without HyO,, are shown in Figure S2
confirming the presence of irregular particles in the
specified ranges.

Fig. 1 (panels Al to A4) shows the toxicity re-
sponses of D. magna to increasing concentrations of
PPc and PPd-MPs or both size ranges, 1-50 pm and
50-500 pm produced either with UV irradiation in the
presence and absence of H,O,. The results showed
limited immobilization of daphnids due to either
PPc-MPs or PPd-MPs. For the larger particle frac-
tions (50-500 pym), the maximum immobilization ef-
fect was 27 % and 20% for particles irradiated with
and without HyO, at 50 mg/L, respectively (Al and
A3). For the smaller particle fractions (1-50 pm), the
maximum immobilization effect was 10% for MPs
irradiated with HyO, at 50 mg/L (A2 and A4). The
effects observed for MPs in the 1-50 ym and 50-500
pm size ranges on D. magna can be attributed to phys-
ical damage. Supporting evidence includes particle
aggregation and their attachment to the daphnids,
which was more pronounced at higher MP concentra-

tions, as shown in Figure S7. Potential effects due to
ingestion are likely limited to particles smaller than
5 pm, since 48h-old neonates can ingest particles up
to that size, corresponding to the smaller fraction of
MPs tested in this study [19]. There is also the possi-
bility of a food dilution effect that could negatively
affect daphnids; however, its impact is likely minimal,
as discussed elsewhere [1].

Fig. 1 shows no significant toxicity differences on
D. magna between PPc and PPd-MPs, despite differ-
ences in additive and non-polar oligomer content.
GC-MS analyses (Figures S5 and S6) revealed that
PPc contained the antioxidant additive IRG, its oxi-
dized form tDtBPP, and the degradation product 2,4-
DTBP. Upon the addition of H>O; during irradiation,
both IRG and tDtBPP were completely depleted from
the plastic particles. The lack of significant toxicity
differences between MPs irradiated with and without
H,O, suggests that the additive and its degradation
products do not play a major role in the immobiliza-
tion of D. magna neonates. This aligns with the fact
that IRG and tDtBPP are expected to exhibit minimal
migration from PPc-MPs into water under neutral
pH conditions [13], [40]. Supporting this, IRG has a
log Ko (octanol-water partition coefficient) of 18.1
and a water solubility of only 5 ng/L at 20 °C (Source:
ECHA Chemicals Database). Similarly, the log K,y
values for tDtBPP and 2,4-DTBP are also presumed to
be high, estimated at 14.2 and 4.9, respectively, based
on their chemical structures. Although 2,4-DTBP
has shown moderate acute toxicity to D. magna, with
an ECsp of 0.5 mg/L (ECHA Chemicals Database),
this concentration is well above the exposure levels
reached in this study.

The effect on R. subcapitata after 72 h of exposure
is also presented in Fig. 1 (panels B1 to B4). Contrary
to the effect observed for D. magna, the results show
considerable growth rate inhibition upon exposure
to particles in the 1-50 um range, particularly with
PPc particles, and even more (90% inhibition) when
the particles were irradiated with HyO,. The fact
that smaller particles led to higher toxicity can be ex-
plained by their greater surface area, which increases
the potential for interaction with algal cells. Plastic
particles, even when negatively charged, have been
shown to interact with algal cells and inhibit growth,
particularly in the case of aged microplastics com-
pared to virgin ones [39]. The stronger effect of the
more oxidized particles may be due to their increased
surface roughness and higher degree of oxidation,
which introduces functional groups that are more
likely to interact with living cells [33]. Growth inhibi-
tion has been more frequently observed after short
exposure periods and at intermediate particle con-
centrations [3]. Non-monotonic responses of algae to
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Figure 1: Toxicity response on the 48 h immobilization of D. magna (A) and the 72 h growth rate of R. subcapitata (B) upon exposure
to PPc and PPd microplastic particles UV-generated with and without HyO,. The dashed line represents ECyq (the concentration that
causes 20% damage). Error bars represent the standard deviation. PPc: commercial PP containing IRG and PPO; PPd: additive-free
PP; 50-500: microplastics within 50-500 um size range generated without HyOo; 1-50: microplastics within 1-50 ym size range
generated without Hy Oy, 50-500+H,Oy: MPs within 50-500 um size range generated with HyO,, 1-50+HyOy: MPs within 1-50 ym
size range generated with HyO,. IRG: Irgafos-168 additive, PPO: PP oligomers.
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increasing concentrations of MPs can be attributed
to particle aggregation at high concentrations, which
reduces the surface area available for cell interaction.
This aggregation could reduce bioavailability and
increase the turbidity of the exposure medium, as
shown in Figure S8 (SM) [12].

The confocal micrographs shown in Figure S9, il-
lustrate the observed toxicity behaviour of all UV-
generated MPs on algae cell density and Chl a aut-
ofluorescence. The smaller particle fraction (1-50 pm)
reduced the Chl a pigment content of R. subcapitata
compared to the larger particle fraction (50-500 pm),
regardless of material type or photo-irradiation treat-
ment, reflecting the growth status of cells and indi-
cating inhibition of the algae’s photosynthetic sys-
tem in agreement with the results presented in Fig.
1 [4], [47]. It has been shown that PP with me-
dian particle size of 172 pm have been shown to
reduce Chl a concentration in Chlorella pyrenoidosa
and Microcystis flos-aquae, leading to a decline in the
effective quantum yield of PSII and overall photosyn-
thetic capacity [46]. It is also observed in Fig. 1 and
59 that PPc-MPs induced higher toxicity on algae
than PPd-MPs, regardless of the photo-degradation
conditions. This outcome could be attributed to the
presence of IRG and its degradation products, tDtBPP
and 2,4-DTBP (Figures S5 and S6), which may in-
duce increased cell damage produced by the intrinsic
properties of plastic particles [14], [26]. Non-polar
compounds such as IRG and tDtBPP are expected to
cause limited toxicity to algae in water, due to their
low tendency to migrate from the bulk of the rela-
tively large plastic particles. However, some chemical
toxicity could arise from 2,4-DTBP, which has been
reported to be hazardous for algae at an ECsj of 0.37
mg/L (ECHA Chemicals Database).

3.3. Toxicity of nanoplastics

The NPs prepared in this work, whether from PPc or
PPd, were tested for their toxicity for the 48 h immo-
bilization of D. magna and the 72 h growth rate inhi-
bition of R. subcapitata. The results are presented in
Fig. 2 where the concentrations (expressed in mg/L)
refer to the whole mass but essentially corresponded
to the polymer (PP).

The results showed that the microcrustacean
D. magna (Fig. 2A) was less affected than the al-
gae R. subcapitata (Fig. 2B) by PPc and PPd NPs,
similar to the trend observed with the MP fractions.
However, the NPs generated from PPc and PPd ex-
hibited higher toxicity in both organisms compared
to MPs. The most toxic NPs for daphnids were PPc-
NP+H,0O, and PPc-NP reaching 100% immobiliza-
tion at 23 mg/L. The observed toxicity might be
attributed to the combined inhibitory effect due to

the ingestion of NPs [19] and the presence of IRG
and its related oxidation products, such as tDtBPP
and 2,4-DTBP, which would be associated to the plas-
tic particles rather than to the liquid fraction due to
their low polarity [13-14, 26]. For the NPs generated
from, PPc with H,O,, PPc-NP+H,0,, enhanced tox-
icity may occur due to the presence of 2,4-DTBP, a
photo-degradation product encountered in the plas-
tic particles rather than in the liquid phase, again
due to its low polarity (estimated log K, 4.9). These
compounds would likely result in a "Trojan horse’
effect on D. magna, where nano-plastics originated
from commercial plastics act as carriers for toxic com-
pounds like the antioxidant IRG additive and its
sub-products [37].

The NPs generated upon irradiation exhibited a
high toxicity on algae, with the following growth rate
inhibition effect: PPd-NP ~ PPd-NP+H,O, > PPc-
NP > PPc-NP+H,0O,. At a concentration of 3 mg/L,
NPs from PPc without and with H,O, generated an
inhibitory effect of 74% and 98%, respectively, while
NPs from PPd resulted on 100% inhibitory effect. The
higher toxicity of PPd NPs suggests that additives
and their degradation products play a limited role,
and that the interaction between particle aggregates
and cells is the primary factor influencing toxicity.
The higher aggregation of PPc was clearly observed
in the confocal micrographs shown in Figure 513
(SM) and may explain their lower inhibitory effect
compared to the NPs generated from PPd.

The role of the nano-plastics originating from
PPc polymer as carriers for toxic hydrophobic com-
pounds, namely residual PPO, and the antioxidant
IRG additive (as well as its possible UV-degradation
sub-products) was further investigated by comparing
the effects of NPs from PPc with those of its con-
stituents (PPO, IRG and EXT) together with PPd NPs
(Fig. 3). The reason for using PPd NPs is that PPO,
IRG and EXT are highly hydrophobic compounds
that cannot be easily dispersed in water without the
presence of a non-polar carrier.

The NPs generated from PPd, whether irradi-
ated with or without HyO,, exhibited the highest
inhibitory effects on both D. magna and R. subcapitata
when reloaded with EXT. This reloaded composition
matched that of the original PPc. However, in this
case, the oligomers and additives were just put in
contact with the additive-free particles, making them
more accessible than in the original PPc. It is notice-
able that mixtures containing IRG become more toxic
upon in oxidative irradiation (with the addition of
H,0O; during photodegradation). This was likely due
to a combined effect of NPs from PPd and the UV-
degradation products of IRG, such as the identified
tDtBPP and 2,4-DTBP. The NPs generated from PPc,
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Figure 2: Effect of NPs generated from PPc and PPd for the 48 h immobilization of D. magna (A) and the 72 h growth rate inhibition of
R. subcapitata (B). The error bars represent the standard deviation. PPc: commercial PP containing IRG and PPO, PPd: additive-free
PP, NP: nanoplastics (< 1 ym) generated without HyO,, NP+H,Oy: nanoplastics (< 1 um) generated with HyO5.

consisting of particles which incorporated the addi-
tives from the original pellets were less toxic. This
can be attributed to the lower availability of toxic
compounds compared to the mixtures prepared in
water. These results highlight the complex interac-
tions between MPs, NPs, and chemicals, underscor-
ing the need to consider multiple factors, such as
particle size, photodegradation conditions, and or-
ganism type, when assessing the ecological impact
of plastic debris in aquatic environments. The UV-
irradiated individual components, PPO, IRG, and
EXT (containing PPO and IRG), both with and with-
out HyO», in the absence of plastic material, do not
pose toxicity to algae and daphnids, which is ex-
plained by their poor solubility in water as they tend
to migrate to the non-polar surfaces rather than re-
main bioavailable. The lack of significance (p > 0.05)
of PPO, IRG, and EXT compared to controls is shown
in Supporting Information as significance table dis-
playing a pairwise comparison between two treat-
ment groups for all materials, concentrations and for
both organisms.

3.4. Toxicological endpoints

The main toxicological endpoints, ECyy and LOEC,
were calculated for D. magna (48 h immobilization)
and R. subcapitata (72 h growth rate) following ex-
posure to irradiated MPs and NPs from PPd and
PPc particles, with and without HyO,. The results
are presented in Table 2. Generally, decreasing the
size of plastic particles from 50 to 500 pm to 1-50
pm, and then to < 1 pm, resulted in higher immobi-
lization of D. magna, with ECy values ranging from
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58.0 £ 1.2 mg/L to 28.7 + 4.2 mg/L for PPd and
with ECyg values ranging from > 50 mg/L to 7.2 +
0.1 mg/L for PPc (Table 2). Certainly, the plastic
particles containing the IRG additive increased the
negative effects on D. magna, suggesting that smaller
particles are more easily ingested and cause greater
harm by acting as carrier. Moreover, the addition
of HyO; in the irradiation treatment of PPc particles
amplified their negative effects on D. magna, as a con-
sequence of tDtBPP and 2,4-DTBP photo-degradation
sub-products formation and their combined action.
The ECyg for NPs from PPc without HyO, was 9.4 +
4.2 mg/L, whereas with HyO,, it decreased to 7.2 +
0.10 mg/L. In contrast, suspensions of NPs from PPd,
which were free of additives, displayed lower toxicity,
with ECyg values of 28.7 + 4.2 mg/L for particles
UV-generated both without and with HyO,.

The green alga R. subcapitata (72 h growth rate)
was more sensitive to the MPs and NPs than the crus-
tacean D. magna, with LOEC values of 1 and 3 mg/L
(Table 2). Notably, the plastic particles containing the
IRG additive UV-degraded with H,O, increased the
negative effects on R. subcapitata from an ECyg value
of 1.6 £ 0.4 mg/L for irradiated PPc without H,O5, to
an ECyp of 0.2 £ 1.2 mg/L. In contrast, suspensions
of PPd nanoparticles without additives displayed
lower toxicity, with LOEC values of 3 mg/L for par-
ticles UV-generated both without and with HyO,.
These suggested that, the interaction between plas-
tic particles, IRG and its related photo-degradation
sub-products, such as tDtBPP or 2,4-DTBP, likely re-
sulted in an enhanced toxicity, increasing membrane
cell damage and the overall toxicity of UV-generated
PPc-MPs in algae.



Aquatic toxicity of commercial polypropylene

A1 M PPc-NP

M PPA-NP+EXT M PPd-NP+PPO Ml PPd-NP+IRG

WEXT HWPPO

100 - m -

80

60

Mobility (%)

40

20

1 2 3
Concentration (mg/L)

A2 M PPc-NP

M PPd-NP+EXT I PPd-NP+PPO M PPd-NP+IRG
BEXT B PPO IRG

100

©
o

Mobility (%)
3

S
o

20

0 3 7
Concentration (mg/L)

23

B1

100

80

60

Growth rate (%)

40

20

B2

100

o]
o

(o2}
o

Growth rate (%)

IS
o

W PPc-NP
M PPA-NP+EXT M PPd-NP+PPO M PPd-NP+IRG
WEXT EPPO IRG

J

0 7 23
Concentration (mg/L)
B PPc-NP
M PPd-NP+EXT M PPd-NP+PPO M PPd-NP+IRG
W EXT HPPO IRG

3 7 23

Concentration (mg/L)

['b]

Figure 3: Effect of NPs from PPc (< 1 um) and re-additivated (after removing additives and oligomers) PPd, as well as the proportional
amount of oligomers (PPO), additive (IRG), and extract (EXT, containing PPO and IRG) in irradiation runs with and without HyO,
for the 48 h immobilization of D. magna (A) and the 72 h growth rate inhibition of R. subcapitata (B), respectively: A1, B1 (without
H>0,) and A2, B2 (with HyO3). The error bars represent the standard deviation. PPc: commercial PP containing IRG and PPO, PPd:
additive-free PP; NP: NPs (< 1 um) generated without HyOp; NP+HpOy: NPs (< 1 um) generated with HO5.
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Table 2. Main toxicological endpoints for the materials tested in this work.

Material Sample D. magna immobilization, 48 h R. subcapitata growth rate, 72 h
ECy (mg/L) ECy (mg/L)  LOEC (mg/L)

PPc-50-500 474 + 0.8 - 1.0
PPc-50-500+H,0, >50 - 3.0

PPe PPc-1-50 50.6 £ 0.9 - 1.0
PPc-1-50+H, 0, 414 +£09 3.6+04 -
PPc-NP 94 +42 1.6 + 04 -
PPC-NP+H202
PPd-50-500 46.2 £ 0.7 - 3.0
PPd-50-500+H,0,  58.0 £ 1.2 - 3.0

PPd PPd-1-50 40.3 £ 0.9 - 1.0
PPd-1-50+H;0, 383 +0.7 123 £ 0.9 -
PPd-NP 287 +42 - 3.0
PPd-NP+H,0, 23.0+24 - 3.0

ECy: the concentration that causes 20% damage, LOEC: the lowest observed effect concentration, PPc:
commercial PP containing IRG and PPO, PPd: additive-free PP, 50-500: MPs within 50-500 um size range
generated without HyO,,50-500+H,0O;: MPs within 50-500 ym size range generated with H,O,, 1-50: MPs
within 1-50 pm size range generated without HyO,, 1-50+H0O,: MPs within 1-50 pm size range UV-generated
with HyOp; NP: NPs (< 1 pm) generated without HyOy, NP+HyO,: NPs (< 1 pm) generated with HyO,. The
intervals () of EC20 represent 95% confidence intervals.

To get a further insight into this result, we per-
formed an ANCOVA analysis. The results for
R. subcapitata indicated that HyO,, particle size, and
concentration had highly significant effects on the
dependent variable (p < 0.001). The interaction
concentration-size and H,O;-size were also signifi-
cant (p < 0.001), which can be attributed to the higher
specific surface offered for smaller particles. The
presence of IRG is also significant (p < 0.05), while
other interactions showed marginal significance. For
D. magna the results are similar, indicating that con-
centration, size and the interaction H,O;-size were
highly significant effects (p < 0.001). The other in-
teractions with size were also significant (p < 0.01).
This result can be explained considering the gener-
ally lower sizes of de-additivated plastics. Finally, the
presence of IRG was significant at the p < 0.01 level.
The detail of ANCOVA the results is shown as Sup-
porting Information and show that, apart from the
effect of concentration, plastic particle size was the
main toxicity driver, with a considerable influence
of the presence of the antioxidant additive (and its
degradation products) in the exposure mixture and
for both trophic levels.

3.5. Toxicity mechanisms

Intracellular ROS levels were quantified in
R. subcapitata cells following exposure to MPs
using HoDCFDA. The results, shown in Figure
510 (Supplementary Material), panels Al and A2,
indicate a slight increase in ROS levels with larger
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MPs (50-500 pm), but a substantial increase with
smaller particles (1-50 pm), particularly with PPc at
intermediate concentrations. Oxidative stress arises
when there is an imbalance between ROS production
and the antioxidant defence mechanisms giving
rise to cellular damage [47]. This helps explain
the results observed for membrane permeability,
assessed using PI (panels Bl and B2), and esterase
activity, measured using FDA (panels C1 and C2).
Elevated ROS levels indicated that the algae were
undergoing cellular stress, while combined FDA /PI
staining revealed membrane damage in stressed cells,
suggesting a transitional or partially compromised
state. High ROS levels are frequently associated
with oxidative damage to membrane lipids, which
compromises membrane integrity and cell function,
as well as with the disruption of photosynthesis and
other metabolic pathways.

As previously discussed, the effects of MPs could
be attributed to physical damage resulting from di-
rect contact between plastic particles and algal cells.
It has been shown that MPs can be physically ad-
sorbed onto the surface of algal cells, and it is as-
sumed that if they are small enough, they may act
as a physical barrier to sunlight and oxygen, thereby
stimulating ROS formation [49]. However, ROS over-
production has primarily been observed for NPs
and only rarely and at high concentrations for MPs
[25]. In our case, ROS generation was higher for
the smaller particle fraction (1-50 pm) and for PPc
MPs, which included the antioxidant in the same
concentration as in the original pellets. This is also
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Figure 4: Alterations in key physiological parameters, after 72 h of exposure to 1 mg/L NPs generated in this study, of R. subcapitata:
(A) ROS overproduction; (B) loss of membrane integrity; (C) reduction in esterase activity, and (D) LPO, as well as of D.
magnaD. magna: (E) Total protein content and (F) LPO. Error bars represent the standard deviation. PPc: commercial PP
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observed in the confocal micrographs of Figure 511
(SM) that show the smaller particle fractions (1-50
pm) inducing greater ROS than the larger ones in
R. subcapitata, as evidenced by the higher green fluo-
rescence of the reaction of ROS with HyDCFDA. The
observed ROS imbalance and the associated mem-
brane damage and metabolic alterations are better
explained by exposure to the antioxidant additive
IRG and its degradation products (tDtBPP and 2,4-
DTBP), which aligns with the results shown in Fig. 1
and the confocal micrographs in Figure S8.

Concerning D. magna, Figure 512 (SM) shows con-
focal micrographs also revealing generalized oxida-
tive stress after 48 h exposure to PPd and PPc MPs,
1-50 pm and 50-500 pm, generated with and with-
out HyO,. As observed in the images, control sam-
ples exhibited low fluorescent intensity, whereas the
daphnids exposed to MPs displayed strong green
fluorescence. In all cases, and regardless of particle
size fraction, material, and irradiation treatment, the
overproduction of ROS appeared to spread through-
out the superficial layer of the D. magna body. These
alterations might be related to physical impairment
caused by direct contact rather than particle ingestion,
as observed in Figure S7 using optical microscopy
[22].

As explained in the preceding sections, the toxic-
ity of NPs (< 1 um), with ECy values in the mg/L
range (PPc) was considerably higher than that of
MPs, even for those in the lower size range of 1-50
pm. For the exposure of R. subcapitata, we also as-
sessed changes in intracellular oxidative stress, lipid
peroxidation, cell membrane integrity, and esterase
activity in algal cells following exposure to the NPs
used in this study. The results are presented in Fig.
4 (panels A to D) and demonstrate a clear increase
in intracellular ROS following exposure to NPs. No-
tably, elevated ROS levels were observed at exposure
concentrations below the ECyg values, indicating sub-
lethal effects. In parallel with increased ROS levels,
R. subcapitata exhibited evident cell membrane dam-
age and reduced esterase activity, suggesting that
NPs may exert greater toxicity in aquatic environ-
ments. The effect of ROS causing LPO is also clear in
Fig. 4 (panels A to D) and corresponds to the perme-
ability changes and integrity of cell membranes.

The impact of small MPs and NPs on aquatic or-
ganisms has been shown to involve a cascade of ef-
fects triggered by the overproduction of ROS. Natara-
jan et al. reported increased oxidative stress and
lipid peroxidation, along with decreased photosyn-
thetic efficiency, membrane damage, and reduced
esterase activity in the unicellular phytoplankton
Scenedesmus obliquus exposed to 1 um polystyrene
particles [32]. Similar effects were observed in
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Rhodomonas baltica following exposure to commercial
poly(methyl methacrylate) NPs, including elevated
ROS levels, lipid peroxidation, loss of membrane
integrity, and reduced photosynthetic capacity [11].
Other studies have shown that oxidative stress in-
duced by NPs in algal cells can damage membranes
and intracellular structures, cause physical blockage,
and impair photosynthetic activity in green algae [47,
5]. However, all of these studies used commercial
nanoplastics. In contrast, our results are the first
to use nanoplastics generated through a top-down
approach, using fragmentation processes similar to
those occurring in the environment.

The overproduction of ROS was also checked and
found in D. magna after 48 h exposure to 1 mg/L of
PPd and PPc NP that shows confocal micrographs
corresponding to the fluorescence of HyDCFDA. The
control sample exhibited low fluorescent intensity,
whereas the daphnids exposed to NPs showed strong
fluorescence. Both PPd and PPc NPs, regardless of
UV-irradiation treatment, resulted in strong fluores-
cent intensity throughout the D. magna body, indi-
cating oxidative stress due to physical damage from
direct external contact [41]. Notably, PPc NPs could
be detected with strong fluorescent intensity in the
hindgut of exposed daphnids (marked with an ar-
row in Figure S12). This indicates, not only inter-
nalization of NPs, but preferential oxidative stress
in the digestive tract due to the ingestion of parti-
cles containing the remaining IRG additive and its
degradation products, such as tDtBPP or 2,4-DTBP.
In addition, D. magna exhibited a significant decrease
in protein content (Fig. 4, panel E) and an increase
in LPO levels (Fig. 4, panel F) following exposure
to 1 mg/L of PPd and PPc NPs, indicating a disrup-
tion in lipid metabolism likely due to excessive ROS
production in the organisms [30].

5. Conclusions

In this study, we assessed for the first time the aquatic
toxicity of MPs (1-50 pm and 50-500 pm) and NPs
(< 1 pm) of commercial PP containing IRG as an-
tioxidant additive (PPc) after exposure to conven-
tional UV 254 nm germicidal radiation, both with
and without H,O,, PP MPs and NPs without ad-
ditive and oligomers (PPd) was also tested. Our
findings revealed that the toxic effects were influ-
enced by plastic particle size, concentration and the
presence of additives. Smaller particles, the presence
of IRG and its degradation products, and the oxida-
tion produced by HyO, contributed to higher toxicity
in both the microcrustacean D. magna and the green
alga R. subcapitata.

NPs from PPc (< 1 um, containing IRG) exhibited
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significant toxicity towards D. magna (48 h immobi-
lization), with ECyg values of and 7.2 + 0.1 mg/L and
9.4 + 4.2 mg/L for particles irradiated with and with-
out HyO,, respectively. In contrast, suspensions of
PPd NPs (< 1 nm) without additives displayed lower
toxicity, with ECyy of 28.7 + 4.2 mg/L. The algae
R. subcapitata (72 h growth rate) was more affected
by NPs from PPc containing IRG than the crustacean
D. magna, with ECyg values of 0.2 + 1.2 mg/L and
1.6 + 0.4 mg/L for particles irradiated with and with-
out H,O,, respectively. In contrast, suspensions of
PPd nanoparticles without additives displayed lower
toxicity, with LOEC values of 3 mg/L.

These results showed that particles from commer-
cial plastics can act as carriers for toxic non-polar
compounds, such as the antioxidant additive IRG and
its transformation products, thereby amplifying neg-
ative effects on the aquatic organisms D. magna and
R. subcapitata. The toxicity observed in R. subcapitata
was accompanied by increased production of intra-
cellular ROS, LPO, loss of membrane integrity, and
impairment of esterase activity. In D. magna, toxicity
was driven by the generation of ROS, with effects
detected in the hindgut following NP ingestion. Our
study highlights the multidimensional effects of plas-
tic particles under photodegradation scenarios, em-
phasizing the role of micro- and nanoparticles from
commercial plastics containing additives and their
toxicological implications for aquatic biota.
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Figure S1. Emission spectrum of the 15 W Heraeus Noblelight TNN 15/32 low pressure
mercury vapour lamp (UV) emitting at 254 nm, used for irradiation experiments.

Figure S2. Scanning electron microscopy micrographs of the microplastics used in this
study.

Figure S3. Size distribution of UV-generated NPs measured by DLS. A-I: additive-free PP
NPs irradiated without H,O,, PPd-NP; A-II: additive-free PP NPs irradiated with H,O»,
PPd-NP+H,0O;,; B-I: NPs generated from commercial PP containing 0.037 wt% IRG and 0.2
wt% oligomers without HyO,, PPc-NP); B-1I: NPs generated from commercial PP containing
0.037 wt% IRG and 0.2 wt % oligomers with HyO,, PPc-NP+H;,0,).

Figure S4. ATR-FTIR spectra of the 50-500 pm MPs generated in this work. PPc:
commercial PP containing IRG and PPO, PPd: additive-free PP, 50-500: MPs within 50-500
pm size range generated without HyO;, 50-500+H;0,: MPs within 50-500 pm size range
generated with HyO,. IRG: Irgafos-168 additive, PPO: PP oligomers.

Figure S5. GC-MS cchromatograms obtained from PPc plastic particles: non-irradiated,
irradiated for 10 min without H,O, (PPc-1-500), and irradiated for 10 min with H,O,
(PPc-1-500+H,0,). The numbers indicate IRG and its degradation products. 1:
2,4-Di-tert-butylphenol (CAS# 96-76-4), 2: Irgafos 168 (IRG, CAS# 31570-04-4), and 3:
oxidized form of IRG (CAS# 95906-11-9).

Figure S6. Ions with m/z 191 and 206 extracted from chromatograms acquired in SCAN
mode in Figure S5. The numbers indicate IRG and its degradation products. 1:
2,4-di-tert-butylphenol (CAS# 96-76-4), 2: Irgafos 168 (IRG, CAS# 31570-04-4), and 3:
oxidized form of IRG (CAS# 95906-11-9). The asterisk indicates other structures related to
IRG.

Figure S7. Optical micrographs corresponding to D. magna immobilization upon 48 h
exposure to the MPs tested in this work (50-500 pm and 1-50 pm). PPc: commercial PP
containing IRG and PPO, PPd: additive-free PP, 50-500: MPs within 50-500 pm size range

Journal of Hazardous Materials 494, 138645, 2025 17


mailto:georgiana.amariei@uah.es

generated without HyO,, 50-500+H,0O,: MPs within 50-500 pm size range generated with
H,0O;, 1-50: MPs within 1-50 pm size range generated without HyO,, 1-50+H;0,: MPs
within 1-50 pm size range generated with H;O,. IRG: Irgafos-168 additive, PPO: PP
oligomers.

Figure S8. Turbidity of all tested suspensions of MPs irradiated without H,O, (A-I: 50-500
pm; A-II: 1-50 pm) and with HyO; (B-1: 50-500 pm; B-II: 1-50 pm), in R. subcapitata algae
growth medium after 72 h of abiotic incubation. Error bars represent standard deviation.
PPc: commercial PP containing IRG and PPO, PPd: additive-free PP, 50-500: MPs within
50-500 pm size range generated without HyO,, 50-500+H,O,: MPs within 50-500 pm size
range generated with HyO,, 1-50: MPs within 1-50 ym size range generated without H,O,,
1-50+H70;: MPs within 1-50 pm size range generated with HyO,. IRG: Irgafos-168 additive,
PPO: PP oligomers.

Figure S9. Confocal micrographs (Bright-Field and Chl a (A¢y. 488 nm, Ay, 595-700 nm)
corresponding to growth rate of R. subcapitata upon 72 h exposure to a concentration of 3
mg/L of all MPs tested in this work. PPc: commercial PP containing IRG and PPO, PPd:
additive-free PP, 50-500: MPs within 50-500 pm size range generated without H,O,,
50-500+H;0,: MPs within 50-500 um size range generated with H,O,, 1-50: MPs within
1-50 pm size range generated without HyO,, 1-50+H;O,: MPs within 1-50 yum size range
generated with HyO,. IRG: Irgafos-168 additive, PPO: PP oligomers.

Figure S10. Alterations on relevant parameters of R. subcapitata after 72 h of exposure to all
MPs generated in this work: (A) generalized oxidative stress; (B) membrane integrity; (C)
metabolic- esterase activity. Al, B1, C1 (50-500 pm) and A2, B2, C2 (1-50 pm). Results are
shown as RFU normalized with respect to the percentage of algal growth. Error bars
represent the standard deviation. PPc: commercial PP containing IRG and PPO, PPd:
additive-free PP, 50-500: MPs within 50-500 pm size range generated without H,O,,
50-500+H;0,: MPs within 50-500 um size range generated with H,O,, 1-50: MPs within
1-50 um size range generated without H,O,, 1-50+H,0O,: MPs within 1-50 um size range
generated with HyO;. IRG: Irgafos-168 additive, PPO: PP oligomers.

Figure S11. Confocal micrographs corresponding to generalized oxidative stress, ROS,
produced on R. subcapitata upon 72 h exposure to a concentration of 1 mg/L of all MPs and
NPs tested in this work. PPc: commercial PP containing IRG and PPO, PPd: additive-free
PP, 50-500: MPs within 50-500 pm size range generated without H,O,, 50-500+H,0O,: MPs
within 50-500 pm size range generated with HyO,, 1-50: MPs within 1-50 pm size range
generated without HyO,, 1-50+H,0O,: MPs within 1-50 um size range generated with HyO,,
NP: NPs (< 1 pm) generated without HyO,, NP+H;O,: NPs (< 1 um) generated with H,O».
IRG: Irgafos-168 additive, PPO: PP oligomers.

Figure S12. Confocal micrographs corresponding to generalized oxidative stress, ROS,
status on D. magna upon 72 h exposure to a concentration of 50 mg/L of PPd and PPc MPs
(within 1-50 pm and 50-500 pm size ranges) and 1 mg/L PPd and PPc NPs UV-generated,
without and with H,O,, respectively. PPc: commercial PP containing IRG and PPO, PPd:
additive-free polypropylene. IRG: Irgafos-168 additive, PPO: PP oligomers.

Figure S13. Confocal micrographs (Bright-Field and Chl a (A¢y. 488 nm, A, 595-700 nm)
corresponding to growth rate of R. subcapitata upon 72 h exposure to 3 mg/1 of all NPs
tested in this work. PPc: commercial PP containing IRG and PPO, PPd: additive-free PP;
NP: NPs (< 1 pm) generated without HyO,, NP+H;O;: NPs (< 1 um) generated with HyO».
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IRG: Irgafos-168 additive, PPO: PP oligomers.

Analyses of statistical significance. Pairwise comparison between treatments. Shadowed
cells represent significant differences (p < 0.05).

ANCOVA statistical analyses. For R. subcapitata (A) and D. magna (B). IRG and H,O, are
categorical variables. Size (taken from Table 1) and concentrations are continuous variables.
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Figure S1: Emission spectrum of the 15 W Heraeus Noblelight TNN 15/32 low pressure mercury vapour lamp (UV) emitting at 254
nm, used for irradiation experiments.
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Figure S2: Scanning electron microscopy micrographs of the microplastics used in this study.

20 Journal of Hazardous Materials 494, 138645, 2025



Ad Al

B

derrdty [Fesy el
]

Sar

B-l B4l

3 B 8 ® B

arraty [Prarrnes
&
Wty e

Sy b o

Figure S3: Size distribution of UV-generated NPs measured by DLS. A-I: additive-free PP NPs irradiated without HyO,, PPd-NP;
A-II: additive-free PP NPs irradiated with HyO,, PPd-NP+H,Oy; B-I: NPs generated from commercial PP containing 0.037 wt%
IRG and 0.2 wt% oligomers without HyOy, PPc-NP); B-1I: NPs generated from commercial PP containing 0.037 wt% IRG and 0.2 wt
% oligomers with HyOy, PPc-NP+H,O;).
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Figure S4: ATR-FTIR spectra of the 50-500 ym MPs generated in this work. PPc: commercial PP containing IRG and PPO, PPd:

additive-free PP, 50-500: MPs within 50-500 um size range generated without HyOy, 50-500+HOy: MPs within 50-500 um size
range generated with HyO,. IRG: Irgafos-168 additive, PPO: PP oligomers.
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Figure S5: GC-MS cchromatograms obtained from PPc plastic particles: non-irradiated, irradiated for 10 min without HyO,
(PPc-1-500), and irradiated for 10 min with HyOy (PPc-1-500+HO,). The numbers indicate IRG and its degradation products. 1:
2,4-Di-tert-butylphenol (CAS# 96-76-4), 2: Irgafos 168 (IRG, CAS# 31570-04-4), and 3: oxidized form of IRG (CAS# 95906-11-9).
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Figure S6: lons with m/z 191 and 206 extracted from chromatograms acquired in SCAN mode in Figure S5. The numbers indicate
IRG and its degradation products. 1: 2,4-di-tert-butylphenol (CAS# 96-76-4), 2: Irgafos 168 (IRG, CAS# 31570-04-4), and 3: oxidized
form of IRG (CAS# 95906-11-9). The asterisk indicates other structures related to IRG.
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Figure S7: Optical micrographs corresponding to D. magna immobilization upon 48 h exposure to the MPs tested in this work

(50-500 pm and 1-50 ym). PPc: commercial PP containing IRG and PPO, PPd: additive-free PP, 50-500: MPs within 50-500 um size
range generated without Hy Oy, 50-500+H,Oy: MPs within 50-500 um size range generated with HyO,, 1-50: MPs within 1-50 um
size range generated without HyOy, 1-50+HOy: MPs within 1-50 yum size range generated with HyOy. IRG: Irgafos-168 additive,

PPO: PP oligomers.
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Figure S8: Turbidity of all tested suspensions of MPs irradiated without HyOy (A-I: 50-500 pum; A-II: 1-50 ym) and with HyO, (B-I:
50-500 ym; B-1I: 1-50 pm), in R. subcapitata algae growth medium after 72 h of abiotic incubation. Error bars represent standard
deviation. PPc: commercial PP containing IRG and PPO, PPd: additive-free PP, 50-500: MPs within 50-500 um size range generated
without HyOy, 50-500+H,O5: MPs within 50-500 um size range generated with HyO,, 1-50: MPs within 1-50 um size range
generated without HyO,, 1-50+HO0;: MPs within 1-50 um size range generated with HyO,. IRG: Irgafos-168 additive, PPO: PP
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Figure S9: Confocal micrographs (Bright-Field and Chl a (Aey. 488 nim, Aey. 595-700 nm) corresponding to growth rate of

R. subcapitata upon 72 h exposure to a concentration of 3 mg/L of all MPs tested in this work. PPc: commercial PP containing IRG
and PPO, PPd: additive-free PP, 50-500: MPs within 50-500 um size range generated without HyO,, 50-500+H,O;: MPs within
50-500 um size range generated with HyO,, 1-50: MPs within 1-50 um size range generated without HyO,, 1-50+H,O5: MPs

within 1-50 um size range generated with HyO,. IRG: Irgafos-168 additive, PPO: PP oligomers.

Journal of Hazardous Materials 494, 138645, 2025



Al = PPd-50-500 A2 = PPd-1-50 I
0.06 } B PPc-50-500 o 006 u PPc-1-50
=) # PPd-50-5004 H:0: 5 # PPd.1-50+H:0:
2 005 | ¥ PPe-50-500+H:0: 3 005 | o PPc-1-50+H:0:
g 000 2 004
E =
£ 003 0.03
: :
_§ 0,02 E o
d =
= g
E 001 i 0.01
5 0,00 0.00
0o 1 3 6 1z I S50 o 1 3 & 12 25 50
Concentration MPs (mg/L.) Concentration MPs (mg/1)
Bl u PPd-50-500 B2 ®PPA-1-50 "
= PPc-50-500 - ® PPc-1-50
go_“m» L = PPd-50-500+HO: a 0o0lo b B PPd-1-50+H: 06
- | PPe-50-5004H:0: é" | PPe-1-50+H:0:
g =
—_ =
T )
S 0005 | %n.ﬂw - .
: f
=
§ 5
e
i | |
0000 1 hll L‘- 0,000 -
» 1 3 & 1B % o 1 3 6 12 25 S0
Concentration MPs (mg/L) Concentration MPs (mg/L)
Cl B PPA-50-500 €2 ®PPd-1-50
38} # PPc-50-500 o 38 L mPPc-1-50
g B PPA-50-500+H:0: | B # PPd-1-50+H:0:
= 30} ¥ PPc-50-500+H:0: g 30} PPe-1-50+H:0:
¢ :
E 2.3 o 23 | o
? 1.5 E 1.5
g €
2 &
2 08} B 0% | =
: ‘ i i
0.0 iI,: j,t|.I N 50 1 M M 10 ] |
o 1 3 6 12 25 S0 o 1 3 6 12 25 50
Concentration MPs (mg/L) Concentration MPs (mg/L)

Figure S10: Alterations on relevant parameters of R. subcapitata after 72 h of exposure to all MPs generated in this work: (A)
generalized oxidative stress; (B) membrane integrity; (C) metabolic- esterase activity. A1, B1, C1 (50-500 pum) and A2, B2, C2 (1-50
um). Results are shown as RFU normalized with respect to the percentage of algal growth. Error bars represent the standard deviation.
PPc: commercial PP containing IRG and PPO, PPd: additive-free PP, 50-500: MPs within 50-500 um size range generated without
H,0,, 50-500+H,0;: MPs within 50-500 um size range generated with HyO,, 1-50: MPs within 1-50 um size range generated
without HyOy, 1-50+H,Oy: MPs within 1-50 um size range generated with HyO,. IRG: Irgafos-168 additive, PPO: PP oligomers.
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Figure S11: Confocal micrographs corresponding to generalized oxidative stress, ROS, produced on R. subcapitata upon 72 h

exposure to a concentration of 1 mg/L of all MPs and NPs tested in this work. PPc: commercial PP containing IRG and PPO, PPd:
additive-free PP, 50-500: MPs within 50-500 um size range generated without HyO,, 50-500+H,O2: MPs within 50-500 um size
range generated with HyO,, 1-50: MPs within 1-50 um size range generated without Hy Oy, 1-50+H,Oy: MPs within 1-50 um size

range generated with HyOp, NP: NPs (< 1 ym) generated without HyOp, NP+H»Oy: NPs (< 1 um) generated with HyO,. IRG:

Irgafos-168 additive, PPO: PP oligomers.
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Figure S12: Confocal micrographs corresponding to generalized oxidative stress, ROS, status on D. magna upon 72 h exposure to a
concentration of 50 mg/L of PPd and PPc MPs (within 1-50 um and 50-500 um size ranges) and 1 mg/L PPd and PPc NPs
UV-generated, without and with HyO,, respectively. PPc: commercial PP containing IRG and PPO, PPd: additive-free polypropylene.
IRG: Irgafos-168 additive, PPO: PP oligomers.
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Figure S13: Confocal micrographs (Bright-Field and Chl a (Aex. 488 nm, Aep. 595-700 nm) corresponding to growth rate of
R. subcapitata upon 72 h exposure to 3 mg/l of all NPs tested in this work. PPc: commercial PP containing IRG and PPO, PPd:
additive-free PP; NP: NPs (< 1 um) generated without HyO,, NP+HpOy: NPs (< 1 um) generated with HyO,. IRG: Irgafos-168

additive, PPO: PP oligomers.
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Analyses of statistical significance. Pairwise comparison between treatments. Shadowed

cells represent significant differences (p < 0.05).
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B (D. magna)
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ANCOVA statistical analyses. For R. subcapitata (A) and D. magna (B). IRG and HyO, are
categorical variables. Size (taken from Table 1) and concentrations are continuous variables.

A

Df Sum Sg Mean Sg F value Pr(>F)
IRG 1 340 340.0 6.149 0.013465 *
H202 1 1244 1244.5 22.504 2.71e-06 ***
size 1 711 711.4 12.865 0.000366 ==**
conc. 1 1985 1985.0 35.895 3.88e-09 =**=*
IRG:H202 1 49 49.0 0.887 0.346845
IRG:size 1 205 204.9 3.705 0.054803
IRG:conc. 1 24 24.5 0.442 0.506222
H202:size 1 756 755.7 13.665 0.000242 ***
H202:conc. 1 206 205.9 3.723 0.054198
size:conc. 1 787 T786.8 14.229 0.000180 *=**
Residuals 523 28922 55.3
texx), p < 0.001; '**' p < 0.01; "*' p< 0.05; *.'" p< (.1
B

Df Sum Sg Mean Sgq F wvalue Pr (>F)
IRG 1 1711 1711 T7.260 0.007636 **
H202 1 169 169 0.717 0.397976
size 1 4215 4215 17.885 3.54e-05 ***
conc. 1 7845 7845 33.291 2.92e-08 ***
IRG:H202 1 3 3 0.013 0.909917
IRG:size 1 1641 1641 6.964 0.008957 *=*
IRG:conc. 1 598 598 2.535 0.112862
H20Z2:size 1 3803 3803 16.137 B.2Be-05 ***
H202:conc. 1 i 7 0.032 0.858808
size:conc. 1 2817 2817 11.955 0.000663 ***
Residuals 204 48074 236
1Adwt. p< 0.001; "EA" pnog 0.01; "¢ p o< 0.05; "' po< D.1
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