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Environmental significance

An improved method to generate secondary
nanoplastics and oligomers: application in
ecotoxicologyt
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Recent studies have highlighted the ecotoxicological effects of conventional primary nanoplastics (NPLs);
however, the impacts of secondary NPLs and oligomers (Olig), especially those derived from biodegradable
plastics, formed through fragmentation and natural degradation processes (e.g., photooxidation) remain
underexplored. This gap is partly due to challenges in producing sufficient quantities for toxicity testing. An
improved method to generate non-photooxidized (NP) and photooxidized (P) secondary NPLs and Olig from
polybutylene adipate co-terephthalate (PBAT), a biodegradable plastic commonly used in agriculture
mulching, which involves the mechanical breakdown of PBAT-microbeads with or without prior
photooxidation is presented. PBAT was irradiated at ~9.34 kW m™ (approximately 120 times the solar
irradiance) for 96 h, irradiation that corresponds to ~16 months of average sunlight in the Iberian Peninsula
(7.7 kWh m™2 per day). The toxicological effects on Chlamydomonas reinhardtii, a model green microalga of
primary producers in freshwater ecosystems, were also assessed. The protocol yielded 0.199 mg of secondary
NP-PBAT-NPLs and 10.275 mg of NP-PBAT-Olig per gram of PBAT-microbeads. PBAT-NPLs presented
irregular spherical morphologies and hydrodynamic sizes ranging from 56.71 to 69.86 nm. HPLC and MALDI-
TOF analysis identified linear and cyclic Olig, ranging from dimers to 19 repeated-units Olig. PBAT-NPLs and
PBAT-Olig exhibited negative surface charges, suggesting colloidal stability in water. While PBAT-NPLs and
PBAT-Olig did not inhibit algal growth in the short term, they induced reactive oxygen species overproduction
at the environmentally relevant concentration of 0.01 mg L™ and caused membrane depolarization, impaired
photosynthesis and lipid peroxidation at 10 mg L™ Non-photooxidized PBAT-NPLs exhibited the highest
toxicity, followed by photooxidized PBAT-NPLs and both non-photooxidized and photooxidized PBAT-Olig.
This study provides an efficient method for producing reference secondary NPLs and Olig and underscores
the potential risks of PBAT towards primary producers in freshwater ecosystems.

This work presents an improved method to produce secondary nanoplastics (NPLs) and oligomers (Olig), both photooxidized and non-photooxidized,
which may be applicable to generate reference NPLs in sufficient quantities and realistic morphologies to study their impact on the biota. In addition, the
production and characterization of generated Olig might be useful to further characterize the complete fragmentation of larger plastic fractions in the
environment and assess their environmental impact which is a topic largely unexplored. The generated materials were tested in the microalga

Chlamydomonas reinhardtii, a primary producer relevant in freshwater. Alterations in the main physiological parameters of the alga were found at
environmentally relevant NPL concentrations meaning that, in the long term, the aquatic trophic chain might be compromised.
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worldwide between 2018 and 2022, excluding quantities used
for adhesives, sealants, coatings, paints, varnishes, textiles,
and waterproofing, or those for the production of cosmetics
and medicines." Notably, approximately 90% of these plastics

1 These authors contributed equally to this work. were derived from fossil fuels, while less than 9% originated
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from recycling processes." During this same period, the
production of bio-based plastics doubled, reaching 2.3
million tons in 2022." The majority of plastics are utilized in
packaging," which typically results in a short product
lifespan. Once discarded, plastic waste can follow several
pathways: recycling (only for some types and a limited
number of times), landfill disposal, energy recovery or release
into the environment upon entering either directly or after
undergoing one or more of these processes. Calculations
suggest that between 0.8 and 2.7 Mt enter the ocean each
year and 80% of them are transported by rivers threatening
freshwater ecosystems.>

Freshwater ecosystems serve as key pathways for the
transport of plastic waste into the environment.”> Upon entering
the ecosystems, it undergoes fragmentation and natural
degradation processes due to factors such as light (producing
photooxidation), temperature (producing thermal oxidation),
water (producing hydrolysis) or mechanical forces, with the
latter generally considered the most efficient abiotic
degradation procedure. Exposure to visible and ultraviolet
radiation increases the plastic reactivity by promoting electron
excitation, which accelerates oxidation, cleavage, and chain
scission, leading to the formation of smaller particles in the
nanometer range.” These particles, known as nanoplastics
(NPLs; plastic particles < 1000 nm in one dimension®),
frequently appear together with oligomers (Olig: short polymeric
chains) that are released during the same degradation process
and may be isolated by ultrafiltration through 50 kDa MWCO
(molecular weight cut-off).”® On the one hand, particles smaller
than 1000 nm tend to remain as stable colloidal systems unless
the particles exhibit neutral surface charge (absolute {-potential
values of 20-30 mV or higher are generally accepted to maintain
colloidal stability).” On the other hand, the behaviour of
molecules is influenced by several factors, mainly their
interaction with the surrounding solvent that may promote their
solubility or more frequently, in aqueous media, their
hydrophobic-driven self-aggregation.'® Furthermore, NPLs and
Olig can be categorized by origin into primary which are
intentionally manufactured, such as those found in personal
care products, and secondary resulting from fragmentation and
degradation of macro and microplastics into nanosized
particles.""

Research on the presence of NPLs in the environment
remains limited due to the technical challenges associated with
their identification and quantification in complex matrices.">"?
To date, the presence of NPLs in the environment has been
analyzed using different techniques such as adapted thermal
desorption proton transfer reaction mass spectrometry (TD-
PTR-MS™ ™) and pyrolysis gas chromatography mass
spectrometry (PY-GC/MS®>*??). The concentration of NPLs in
different water bodies ranges from 0.1 ug L™" (ref. 20-22) in river
waters, groundwater and WWTP water effluents in China to an
extreme value of 1588 pg L (ref. 17) in a Swedish lake. Despite
these findings and the potential higher degradation rates of
biodegradable NPLs, there is currently no evidence of
biodegradable NPLs or oligomers in the environment.”®
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Due to these barriers for NPL identification and aiming at
evaluating the physicochemical behavior and biological toxicity
of NPLs in complex matrices, some studies have focused on
generating different types of NPLs to tackle these handicaps.
Most of them have applied a variety of bottom-up methods to
obtain NPLs for different applications: testing different
materials such as PMMA (polymethyl methacrylate) or PHB
(polyhydroxybutyrate)***> and making NPLs trackable*>*” and
with more realistic irregular shapes.”®* There exist alternatives
for top-down methods producing more realistic NPLs by
mechanical fragmentation of larger plastics in different liquid
media,*®?* as well as through laser ablation.*®> These
alternatives have not only allowed the use of different materials
in the NPL toxicology but also brought to light the lack of
standardized methodologies to produce high quantities of
realistic NPLs of reference that behave in a similar way to those
naturally occurring in the environment as a consequence of the
degradation processes of larger plastics.*

Once NPLs reach the environment, they can exert negative
effects on organisms. To the best of our knowledge, so far
effects of secondary NPLs, at environmentally relevant
concentrations, on the viability of organisms have not been
described, but they have been described for more sensitive
endpoints such as specific metabolic alterations and behavioral
changes.*** In this regard, environmental risk could be
underestimated. In general, toxicological studies about NPLs
have predominantly focused on evaluating a few types of
primary NPLs such as PS (polystyrene), PE (polyethylene) and
PMMA.*>*' In comparison, conventional polymers and
biopolymers appear to exert similar toxicity.”> However, the
faster degradation of the biopolymers, with the greater release
of additives, and their effects on the biota and their balance
may jeopardize to a greater extent the stability of the
ecosystems.**** Only a limited number of scientific articles have
examined the impact of secondary NPLs or/and biodegradable
plastics like PCL (polycaprolactone),’ PHB’?® and PLA
(polylactic acid).*® The uncontrolled release of plastic oligomers
has been considerably studied as non-intentionally added
substances in food contact materials,*” but their impact on the
environment is an issue that has yet to be addressed.

Taken together, while there is a rapidly growing body of
evidence on the presence of NPLs in the environment and the
negative effects of primary NPLs, standard methods to detect
NPLs in complex matrices are still under development and
studies assessing the effects of secondary NPLs and Olig
(especially those derived from biodegradable plastics) formed
through fragmentation and natural degradation processes (e.g.,
photooxidation) remain scarce. These knowledge gaps are partly
due to the challenges of producing sufficient quantities for
toxicity and analytical testing. Here, we have developed a highly
efficient method to generate both non-photooxidized and
photooxidized secondary NPLs and Olig from polybutylene
adipate co-terephthalate (PBAT) - a biodegradable plastic
commonly used in agriculture mulching - which can be
adapted to other polymers. Our novel method involves the
mechanical breakdown of pristine PBAT-microbeads, with or

Environ. Sci.: Nano, 2025, 12, 150-1165 | 1151


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4en00866a

Open Access Article. Published on 23 2024. Downloaded on 4/12/2025 21:51:16.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

without prior photooxidation. The toxicological effects on
Chlamydomonas reinhardtii (C. reinhardtii), a model green
microalga of primary producers in freshwater ecosystems, were
also assessed.

2 Materials and methods

2.1 Nanoplastic and oligomer production

Secondary non-photooxidized (NP-) PBAT nanoplastics (PBAT-
NPLs) and PBAT oligomers (PBAT-Olig) have been produced
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by mechanical breakdown of commercial PBAT microbeads
purchased from Ecoflex with an average molecular number of
~50 kDa."® 300 g of commercial microbeads were frozen with
liquid nitrogen at -140 °C and triturated in a modified
stainless-steel blender Thermomix TM31 (Vonwerk, Germany)
equipped with four stainless-steel blades and a load capacity
of 1.3 L (ESIf Text S1 Fig. 1). The trituration was carried out
for 1 minute at a speed of 10000 rpm and passed through a
1 mm sieve, to isolate the smaller fractions. 10 trituration
cycles were done only in the plastic fraction >1 mm. At the

Fig. 1 A) Transmission electron microscopy (TEM) image of NP-PBAT-NPLs. B) TEM image of P-PBAT-NPLs. C) TEM image of NP-PBAT-Olig. D)
Scanning electron microscopy (SEM) image of NP-PBAT-NPLs. E) SEM image of NP-PBAT-Oligomers. F) SEM image of P-PBAT-NPLs. G) SEM

image of P-PBAT-Oligomers. Red arrows indicate individual particles.
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end of the trituration procedure, approximately 70% of the
plastic was smaller than 1 mm.

15 g of the pulverized plastic <1 mm was collected,
resuspended in 20 mL of absolute ethanol and 60 mL of
ultra-pure water and then ultrasonicated on a Branson
Ultrasonics™ Sonifier™ S-450A (Branson Ultrasonics Co.,
Brookfield, CT, USA) for 2 min at 60% duty cycle and 260 W.
Then, the resuspended fraction was filtered using a 1 pm
pore nylon filter (filters were replaced every 100 mL).
Fractions below 1 micron were concentrated, and the
oligomeric fraction was separated by centrifuge ultrafiltration
using a 50 kDa MWCO membrane. Both fractions between 5
and 1000 nm and fractions <5 nm (50 kDa MWCO),
hereinafter named NP-PBAT-NPLs and NP-PBAT-Olig,
respectively, were dried in a previously cleaned oven used
only for this purpose at 60 °C for 48 hours, and then weighed
using a balance (accuracy + 0.01 mg), and stored in 4 mL
glass flasks for later use.

Secondary photooxidized (P-) PBAT nanoplastics (PBAT-
NPLs) and PBAT oligomers (PBAT-Olig) were produced as
follows: 100 g of commercial PBAT microbeads were place
into a glass bottle filled with 800 mL of absolute ethanol and
then radiated with a 150 W medium-pressure mercury lamp
(Novalight TQ150) emitting in the 297-579 nm range for 96 h
(Text S17 Fig. 2), irradiation that corresponds to ~16 months
of average sunlight in the Iberian Peninsula (7.7 kWh m™
per day).”” After radiation, microbeads were filtered and
dried, and the same protocol for the production of NP-PBAT-
NPLs and NP-PBAT-Olig was conducted. Detailed information
about the protocols described above is available in the ESIf
(Text S1).

2.2 Physicochemical characterization

2.2.1 Dynamic light scattering (DLS) and electrophoretic
light scattering (ELS). The hydrodynamic size and surface
charge (inferred using the (-potential) of the colloidal
suspension of NP- and P-PBAT-NPLs and NP- and P-PBAT-
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Olig were determined by DLS and ELS using a Zetasizer®
Nano ZS (Malvern Instruments, Malvern, UK). Measurements
were performed at 25 °C in ultra-pure water and in the
corresponding culture medium used for the biological study.
A working suspension of 1000 mg L™ of each material was
used. Additionally, to investigate the influence of the culture
medium in the NPL dispersion, the same concentrations
were prepared in the appropriate culture medium. DLS
measurements were replicated five times with eleven runs
per replicate, while ELS measurements were replicated five
times with thirty runs per replicate.

2.2.2 Transmission and scanning electron microscopy
(TEM/SEM). For transmission electron micrographs, 10 ul of
1000 mg L™ PBAT-NPL suspension was placed on a carbon
film coated, 400 mesh, nickel grid support and dehydrated at
room temperature to fix the material on the grid. Post-
fixation was performed in osmium tetroxide in phosphate
buffer for 2 h at 4 °C. Samples were stained with 2% uranyl
acetate. PBAT-NPLs were visualized on a JEOL (JEM 1010)
electron microscope (80-120 kV). For scanning electron
images (SEM), working suspensions of 100 mg L™ NP- and P-
PBAT-NPLs or PBAT-Olig were prepared from which 10 pL
was placed on an aluminum holder, dehydrated at room
temperature and coated with 5 nm of chromium. Samples
were studied using electron beam lithography eLINE-Plus
equipment (Raith, Germany).

2.2.3 Fourier transform infrared spectroscopy (FTIR). The
identification of the chemical structure of PBAT-NPLs and
PBAT-Olig obtained at different stages of the production
process was performed by attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy. Commercial
PBAT microbeads, fragmented materials below 1 mm
obtained after mechanical breakdown, nanoparticle samples
and oligomer samples were analysed and compared. PBAT-
NPL and PBAT-Olig samples were dried at 60 °C and placed
over the ATR-crystal. For the microbeads, a slice was cut and
placed over the ATR-crystal. Spectra were taken in the 4000-
500 cm ™ range. The analysis was conducted on a Perkin-
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Fig. 2 Infrared spectra of NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig and the initial material (PBAT microbeads).
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Elmer Spotlight 200 Spectrum Two apparatus equipped with
an MCT detector (PerkinElmer, USA). The IR spectra were
analysed using Origin software (OriginLab Corporation, USA).

2.2.4 High-performance liquid chromatography (HPLC)
and matrix-assisted laser desorption/ionization (MALDI)
time-of-flight/time-of-flight (TOF/TOF) mass spectrometry.
Considering the wide variety of oligomers that may
potentially appear in the NP- and P-PBAT-Olig samples, the
characterization of this fraction was conducted in two steps:
separation by polarity of the different oligomeric compounds
present in the raw NP- and P-PBAT-Olig materials generated
(which mainly depends on the hydrocarbon chain length and
monomer composition) followed by individual MALDI-TOF/
TOF analysis of each peak obtained in the first step.
Chromatographic separation of the raw NP- and P-PBAT-Olig
materials was conducted using an HPLC 1200 Series Agilent
apparatus (Agilent Technologies, Germany) equipped with an
autosampler and ultraviolet diode array detector. The raw
material was separated on an Ace Excel 5 CN-ES (250 x 4.6
mm, 5 um) column with 100% methanol as a mobile phase
at a flow rate of 1 mL min~" with a 0-20 min gradient.

The material was injected at 20 mg mL™ and analysed at
254 nm. The oligomeric chain length and structure were
assessed by mass spectrometry with a MALDI-TOF/TOF
configuration and a NAYAG laser (355 nm) ULTRAFLEX III
(Bruker Daltoniks GmbH, Bremen, Germany). MALDI TOF/TOF
analyses were performed essentially as described by Tamayo-
Belda et al.® Each chromatography peak previously separated by
polarity in HPLC was dissolved in methanol from which 5 pL of
each of the solutions was mixed with 20 uL of trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidenejmalononitrile ~ (DCTB)
matrix solution (8 mg mL™ in dichloromethane) and 0.5 uL of
sodium iodide (2 mg mL™" in acetone). Before analysis, 0.5 uL
of this mixture was placed on the MALDI sample plate to dry at
room temperature. Recordings were conducted in positive ion
detection mode in the range of 50 to 5000 Da for the most polar
peaks and 600 to 5000 Da for the less polar peaks to gain
sensitivity. Analyses were performed using FlexAnalysis software
(Bruker) complemented with the optimization tool Excel Solver
(Microsoft).

2.3 Toxicity bioassay

The unicellular green microalga C. reinhardtii was obtained
from the Culture Collection of Algae and Protozoa of
Dunstaffnage Marine Laboratory (Scotland, UK) and routinely
cultured in six-fold diluted TAP culture medium adjusted at pH
7 and buffered with 3.3 mM tris(hydroxymethyl)aminomethane
(TRIS) and 45 mM phosphate buffer. TAP/6 has been used as
the appropriate culture medium for growing C. reinhardtii
exposed to nanoparticles as described elsewhere*® in a rotary
shaker, at 135 rpm and 28 °C under continuous light of 40 pmol
photons m™ s, The initial ODyson, for the exposure
experiment was 0.15. Microalgae were exposed for 72 h to (1)
NP- and P-PBAT-NPLs and (2) NP- and P-PBAT-Olig at different
nominal concentrations, hereinafter, concentrations (0.01; 0.1;

154 | Environ. Sci.: Nano, 2025, 12, 150-1165
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1; 10; and 50 mg L7'). Microalgae exposed to the same
concentrations of pure ethanol used to resuspend both NPLs
and Olig were used as controls (0.01% v/v). Five replicates of
controls and three replicates of each treatment were carried out.
After 72 h of exposure, cellular growth and the total content of
chlorophyll (Chl a + Chl b) were measured. For cellular growth,
absorbance at 750 nm was measured. For chlorophyll contents,
the photosynthetic pigments were extracted in acetone (90%) at
4 °C for 24 h in the dark, and the absorbance at 664 and 647
nm for Chl a and Chl b, respectively, was measured. The
concentration of chlorophylls was determined according to
Jeffrey and Humphrey.” The pH of the culture medium with
and NP- and P-PBAT-Olig was measured after 96 h to ensure
that no toxic effects were observed due to the medium
acidification (Table S17).

2.3.1 Flow cytometry analyses. The mechanisms of action
of NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig on the alga
were measured in C. reinhardtii cultures, exposed for 72 h at
concentrations of 0.01, 0.1, 1, 10, and 50 mg L™ of each
fraction, in triplicate using flow cytometry (FCM) in a CytoFLEX
S flow cytometer (Beckman Coulter) fitted with violet (405 nm),
blue (488 nm), yellow-green (561 nm), and red (638 nm) lasers.
The size was detected with forward scattering (FSC), and a blue
laser with three detectors with different wavelength intervals
was used: a 488/8 nm detector of side scattering (SSC), 525/40
nm (FITC), and 690/50 nm (PerCP). Besides the size (FSC),
complexity (SSC) and chlorophyll autofluorescence (PerCP), two
fluorescent probes (FITC) were used to evaluate two
physiological parameters (incubation times and concentrations
were adapted from Tamayo-Belda et al):>® dihydrorhodamine
123 (DHR 123) for the measurement of intracellular reactive
oxygen species (ROS) and bis-(1,3-dibutylbarbituric acid)
trimethine oxonol (DiBAC4(3) for the detection of changes in
cytoplasmic membrane potential. Specific information,
concentration, incubation times and channels are described in
Table S2.f All fluorochrome stock solutions were prepared in
dimethyl sulfoxide and stored at -20 °C. Fluorescence was
analysed in logarithmic mode and at least 20000 gated cells
with similar sizes and complexities were evaluated. Three
independent experiments with six controls and three samples
by treatment were carried out for each parameter. Data
acquisition and processing were performed using CytExpert
software (Beckman).

2.3.2 Lipid peroxidation. Lipid peroxidation was determined
by quantifying thiobarbituric acid reactive substances (TBARS)
following the protocol described by Ortega-Villasante et al.”*
with minor modifications. C. reinhardtii cells were centrifuged
(10000 rpm) and resuspended in 1 mL of 0.5% thiobarbituric
acid (TBA) in 20% trichloroacetic acid (TCA). The mixture was
heated at 90 °C in a hot block for 30 min. Next, samples were
centrifuged at 12000 rpm for 10 min. The absorbance of the
supernatant was measured at 532 nm. The value for nonspecific
absorbance at 600 nm was subtracted. The amount of TBARS
was calculated based on the extinction coefficient of 155 mM
em™. Five replicates of controls and three replicates of each
treatment were carried out. Results were expressed as the

This journal is © The Royal Society of Chemistry 2025
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percentage of malondialdehyde (MDA) content with respect to
the control.

2.3.3 Photosynthesis. =~ The measurement of the
photosynthetic oxygen evolution was performed at 28 °C
exposing the cells to saturating actin light (300 umol photons
m~ s™") in a Clark-type oxygen electrode (Hansatech) according
to Leganés et al.>* Five replicates of controls and three replicates
of each treatment were carried out. Photosynthetic rates were
relativized to the total chlorophyll content and represented as
percentage with respect to the control.

2.4 Data analysis

For the biological assays, means and standard error values were
calculated for each treatment from three independent replicate
experiments. All values were corrected for control values to
minimise the effects of external factors. To determine
significant differences among test treatments, data were
statistically analysed by conducting an overall one-way analysis
of variance (ANOVA) using SigmaPlot v11.0 software (Systat
Software Inc., USA). p < 0.05 was considered statistically
significant. When significant differences were observed,
Dunnett's multiple comparison post hoc tests were run for
comparing treated groups with the controls.

3 Results
3.1 PBAT-NPL and PBAT-Olig characterization

The physicochemical characterization of PBAT-NPLs in terms of
size, morphology, surface charge, chemical nature and mass
was performed by dynamic light scattering (DLS), scanning
electron microscopy (SEM-EDX), electrophoretic light scattering
(ELS), Fourier transform infrared spectroscopy (FTIR) and dry
weight analysis.

Hydrodynamic size and {-potential measurements were
carried out in ultra-pure water and culture medium in the
absence of cells (Table 1). The concentration used for
measurements was 100 mg L™ for all different treatments. DLS
measurements in ultra-pure water of both NP- and P-PBAT-NPL
hydrodynamic sizes, transformed into number distribution,
have mean sizes of 64 + 5 nm. In the case of NP-PBAT-Olig
particles, the mean size was 94 + 7 nm and 170 + 8 nm for P-
PBAT-Olig, indicating the aggregation of NP- and P-PBAT-Olig in
a micellar way due to the high hydrophobicity of the material.
Regarding ELS measurements, the {-potential of NP- and P-
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PBAT-NPLs was —34 mV and —35 mV, respectively, in ultra-pure
water at pH 7, indicating a stable colloidal suspension, and -21
mV and -26 mV for NP- and P-PBAT-Olig, respectively,
indicating the stability of the micellar aggregates of PBAT-Olig.

The NP-PBAT-NPL sizes found by DLS in ultra-pure water
(Table 1; Fig. S1t) were also observed by TEM (Fig. 1A and B),
while in P-PBAT-NPLs, some particles seem to be larger
probably due to their aggregation during the sample
preparation process. Both NP- and P-PBAT-NPL SEM images
revealed irregular sphere morphologies, while NP- and P-
PBAT-Olig SEM images showed a layer of an oily phase
without any visible particle.

The comparative infrared spectra of PBAT microbeads,
NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig (Fig. 2)
showed characteristic peaks of PBAT. The peaks at 2960 and
2873 cm ' are due to asymmetric and symmetric stretching
vibrations for CH, groups, respectively. The main shoulder of
the carbonyl region (1720 cm™) is due to strong C=O
stretching, while the 1732 ecm™ peak corresponds to C=0
stretching in carbonyl groups in the amorphous region of the
polymer; the latter is absent in NP- and P-PBAT-Olig. The
peak at 1455 em™* is characteristic of C-C stretching in the
phenylene group. The peaks at 1410 and 1390 cm™" are due
to trans -CH,- plane bending vibrations and the strong peaks
at 1268 cm™' correspond to C-O asymmetric stretching.
Finally, the peaks at 870 and 730 cm™ are due to the out of
plane phenyl ring bending.>?

The formulas, structures and lengths of the polymeric series
found by MALDI-TOF/TOF in the NP- and P-PBAT-Olig samples
are compiled in Table 2. The polymeric series composition
varies depending on the structure (linear or cyclic), on the
number of butylene-terephthalate units inserted into the
oligomers, on the abundance of butylene by-products (butane
or butanediol), and on the occurrence of additional carbonyl/
hydroxyl groups due to oxidation processes. Both types of PBAT-
Olig, non-protoxidized and protoxidized, contained oligomeric
materials below 4000 Da. The mean molecular weight of the
NP-PBAT-Olig (1971 + 116 Da) was significantly higher than that
of the P-PBAT-Olig (1635 + 133 Da) as well as the maximum
monomer number observed, which reached 19 units in the
non-photooxidized and 15 in the photooxidized one. Based on
the MALDI-TOF/TOF intensity output (Fig. S2 and S3t), the
butylene adipate cyclic dimer exhibited an intensity one order
of magnitude higher in P-PBAT-Olig (Fig. S3Af) compared to

Table 1 Hydrodynamic size (Sizey), polydispersity index (Pdl) and (-potential of NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig both in ultrapure
water and algal culture medium (TAP/6). Data obtained from 3 independent replicates + standard deviation. Size distribution curves are available in the

ESI} (Fig. S1)
Sizey in ultra-pure PdI in {-Potential in Sizey in culture {-Potential in
water by number ultra-pure ultra-pure media by number PdI in culture culture media
(nm) water water (mvV) (nm) media (mvV)
NP-PBAT-NPLs 64.24 + 5 0.28 —34.20 + 2 94.28 +7 0.33 —41.00 + 3
P-PBAT-NPLs 63.50 + 5 0.21 -35.20+ 2 59.92 +3 0.21 -36.10 + 2
NP-PBAT-Olig 9441+ 7 0.33 -21.40+ 3 96.02 + 3 0.21 -25.50+1
P-PBAT-Olig 170.40 = 8 0.08 —26.00 = 0.2 169.50 + 7 0.06 —44.90 + 1

This journal is © The Royal Society of Chemistry 2025
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Table 2 Non-photooxidized NP- and photooxidized P-PBAT-Olig assigned based on MALDI-TOF/TOF spectra. BA: butylene-adipate; BT: butylene-
terephthalate; BH,: butanediol; C4Hjo: butane; H,O: water or hydroxyl and proton; CO: ketone group (C=0). The MALDI-TOF/TOF spectrum of PBAT-

Olig chromatography peaks is available in the ESI} Fig. S1 for NP-PBAT-Olig and Fig. S2 for P-PBAT-Olig

NP-PBAT-Olig P-PBAT-Olig

Formula Structure Number of repeating units Formula Structure Number of repeating units
[(BA),] Cyclic 2/1-4 [(BA),] Cyclic 2
[(BA),-(C4H10)] Linear 1-5/2 [(BA),(C4H10)] Linear 2-4
[(BA),-(BH,)] Linear 1-8 [(BA),-(BH,)] Linear 2-9
[(BA),-(BT)-(BH,)] Linear 1-7/5-12 [(BA),~-(H,0)] Linear 2-8
[(BA),-(BT)] Cyclic 1-4/2-8 [(BA),-(BH,)-(CO)] Linear 2-7
[(BA),~(BT),-(BH,)] Linear 3-10 [(BA),-(H,0)-(CO)] Linear 2-6
[(BA),~(BT);-(BH,)] Linear 2-9/4-11 [(BA),~(BT)-(BH,)] Linear 1-8
[(BA),~(BT)-(C4H10)] Linear 2-6 [(BA),] Cyclic 2-6
[(BA),-(BT),] Cyclic 0-5/8-10/3-9 [(BA),~(BT)] Cyclic 1-3
[(BA),~(BT)4-(BH,)] Linear 2-7/7-13/6-12 [(BA),(C4H10)] Linear 2-9
[(BA),~(BT),~(BH,)] Linear 3-8 [(BA),~(BT)-(C4H1)] Linear 2-4
[(BA),~-(BT)s-(BH,)] Linear 5-9 [(BA),-(BT)-(BH,)] Linear 2-10
[(BA)~(BT)o-(C4Hio)] Linear 3-7 [(BA),-(BT),-(BH,)] Linear 2-5
[(BA),~(BT)3] Cyclic 0-8/1-5 [(BA),~(BT)-(H,0)] Linear 2-7
[(BA),-(BT)s-(BH,)] Linear 3-9 [(BA),~(BT),] Cyclic 1-7
[(BA),-(BT)4-(BH,)] Linear 6-12 [(BA),-(BT)] Cyclic 2-8
[(BA),~(BT);-(BH,)] Linear 11-14 [(BA),-(BT)4-(H20)] Linear 1-4
[(BA),~(BT)o-(BH,)] Linear 2-5 [(BA),~(BT)-(C4H1)] Linear 6-11
[(BA),~(BT),-(BH,)] Linear 8-11 [(BA),-(BT);-(BH,)-(CO)] Linear 8-13
[(BA)~(BT)o-(C4Hio)] Linear 6-9 [(BA),~-(BT)5-(C4H10)] Linear 2-6
[(BA),~(BT);-(C4H10)] Linear 4-8 [(BA),~(BT);-(BH,)] Linear 4-9
[(BA),~(BT)-(C4H1)] Linear 8-13 [(BA),~(BT)4-(BH,)] Linear 5-9
[(BA),~(BT)s-(BH,)] Linear 6-11 [(BA),~(BT),~(BH,)] Linear 6-12
[(BA),-(BT)s-(BH,)] Linear 4-7 [(BA),-(BT),~(BH,)-(CO)] Linear 5-7
[(BA),-(BT)s] Cyclic 2-5/6-9 [(BA),-(BT)e-(BH,)] Linear 5-8
[(BA),-(BT)-(H,0)] Linear 2-9 [(BA),-(BT),-(H,0)] Linear 6-11
[(BA),~(BT),-(H,0)] Linear 1-8 [(BA),~(BT)s] Cyclic 1-5
[(BA),-(BT),] Cyclic 0-9 [(BA),-(BT),] Cyclic 4-8
[(BA),~(BT)) Cyclic 7-11 [(BA),~(BT),-(BH,)] Linear 6-7
[(BA),~(BT),-(H,0)] Linear 2-4 [(BA),~(BT)s-(BH,)] Linear 5
[(BA),~(BT)/] Cyclic 6-9 [(BA),-(BT)3] Cyclic 0-7
[(BA),~-(BT)g] Cyclic 5-6 [(BA),~(BT)3-(CH;0H)] Linear 0-7
[(BA),~(BT)4-(H,0)] Linear 2-9 [(BA),~(BT),] Linear 8-10
[(BA),~(BT)3-(H,0)] Linear 4-10 [(BA),-(BT)s-(BH,)] Linear 5-8
[(BA),-(BT)s] Cyclic 0-8/6-8 [(BA),~(BT)4-(BH,)] Linear 8-9

NP-PBAT-Olig (Fig. S2At). In both cases, it was the most
abundant and smallest oligomer observed. The proportion of
carbonyl/hydroxyl groups appearing on the polymeric series
increased after photooxidation from 11% in NP-PBAT-Olig up to
26% in P-PBAT-Olig. The butylene-terephthalate (BT) was found
to be randomly distributed in the polymer. The BT occurrence
frequency was approximately 20% more frequent in the NP-
PBAT-Olig with respect to the P-PBAT-Olig one. As shown in Fig.
S4,t the increase of BT units in the oligomers positively
correlated (R*> =~ 0.86) with the time retained in the HPLC;
therefore, it is correlated with the hydrophobicity. From the NP-
PBAT-Olig, eight consecutive peaks were obtained after 20 min
run, while only six peaks from the P-PBAT-Olig were obtained
after the same time.

3.2 Effects of NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig
on physiological endpoints of C. reinhardtii

Exposure of C. reinhardtii to NP- and P-PBAT-NPLs and NP- and
P-PBAT-Olig for 72 h did not significantly alter the growth (Fig.

1156 | Environ. Sci.: Nano, 2025, 12, 1150-1165

S51) and chlorophyll content (Fig. S61) of the microalga
(Dunnett's test, p < 0.05); thus, the highest observed-no-effect
concentration (HONEC) was 50 mg L' PBAT-NPLS and PBAT-
Olig. Raw data are available in the ESIf (Table S3 and S4).
Although no significant effects were found on the growth of the
alga when exposed for 72 h to NP- and P-PBAT-NPLs and NP-
and P-PBAT-Olig (short-term exposure), sublethal effects could
be happening that in the long term may cause damage to the
cells; to shed light on that, mechanisms of toxic action were
investigated. One of the common responses reported in
ecotoxicological studies involving NPLs is the formation of
reactive oxygen species (ROS) and oxidative stress. ROS
overproduction can lead to an imbalance between intracellular
ROS species and the antioxidant mechanisms of the cell. To
investigate whether NP- and P-PBAT-NPL and NP- and P-PBAT-
Olig treatments could induce ROS formation and eventually
oxidative stress in C. reinhardtii cells, flow cytometry (FCM)
analyses to assess the formation of H,0, using the fluorescent
dye DHR123 were performed. Results showed a significant
increase in H,0, intracellular levels (129%; p < 0.01) after 72 h

This journal is © The Royal Society of Chemistry 2025
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exposure to 0.01 mg L' NP-PBAT-NPLs, the lowest tested  0.05),to 10 mg L™" (135%; p < 0.001) and 50 mg L™ (154%; p <

concentration (Fig. 3A). This response appeared to increase  0.001) (in Fig. 3B, cell subpopulations P1 in green are healthy
constantly at concentrations ranging from 1 mg L™ (122%; p <  cells and P2 in blue are cells affected by ROS overproduction).
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Fig. 3 A) Percentage of variation with respect to the control using the mean of fluorescence intensity for ROS production after exposure to NP-
and P-PBAT-NPLs and NP- and P-PBAT-Olig. Asterisks indicate treatments that are significantly different (Dunnett's test, (***) p < 0.001; (**) p <
0.01; (*) p < 0.05) from the control represented as 100% (dotted line). B) Representative flow cytometry dot-plots showing ROS overproduction in
C. reinhardtii after 72 h exposure to NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig; reactive oxygen species (ROS) were assessed in P1 in green
(healthy cells) and P2 in blue (cells affected by ROS overproduction). Raw data are available in the ESIf (Table S5).
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Fig. 4 A) Percentage of variation with respect to the control using the mean of fluorescence intensity for membrane depolarization after
exposure to NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig. Asterisks indicate treatments that are significantly different (Dunnett's test, (***) p <
0.001; (**) p < 0.01; (*) p < 0.05) from the control represented as 100% (dotted line). B) Representative flow cytometry dot-plots showing
alterations of the membrane potential in C. reinhardtii after 72 h exposure NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig; cytoplasmatic
membrane potential was assessed in three gates: P1 in green (healthy cells), P2 in orange (cells affected by membrane depolarization) and P3 in
purple (cells affected by membrane hyperpolarization). Raw data are available in the ESIt (Table S6).

P-PBAT-NPLs caused similar alterations in H,O, intracellular  (119%; p < 0.05), 10 mg L™ (127%; p < 0.001), and 50 mg L™
levels, causing a significant and constant increase at 1 mg L' (137%; p < 0.001) (Fig. 3A). Nevertheless, ROS formation
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(hydrogen peroxide) increased to a lesser extent when cells were
exposed to NP- and P-PBAT-Olig. The oligomeric fraction only
caused a significant ROS overproduction at 10 mg L™ (118%; p
< 0.01) with further increases at 50 mg L™ (129%; p < 0.001) in
the case of NP-PBAT-Olig, and at 50 mg L™ (128%; p < 0.001)
after P-PBAT-Olig exposure (Fig. 3A).

The cytoplasmatic membrane potential has also been
analysed by FCM using the fluorochrome DiBAC,(3) (Fig. 4).
A significant increase in DiBAC,(3)-stained cells is indicative
of a greater fluorochrome influx to the cells; this uptake of
DiBAC,(3) indicates membrane depolarization. Our results
showed an increase in membrane depolarization after cell
exposure for 72 h in all treatments, with this increase being
significant at 10 mg L for NP-PBAT-NPLs (125%; p < 0.05)
and at the highest tested concentration, 50 mg L™ for NP-
(154%; p < 0.001) and P- (131%; p < 0.001) PBAT-NPLs, and
NP- (127%; p < 0.01) and P- (122%; p < 0.01) PBAT-Olig
respectively (Fig. 4A) (in Fig. 4B, cell subpopulations P1 in
green are healthy cells, P2 in orange are cells affected by
membrane depolarization and P3 in purple are cells affected
by membrane hyperpolarization). No significant decrease in
fluorescence was observed, therefore, the exposure did not
cause membrane hyperpolarization of the microalga.

ROS overproduction can trigger lipid peroxidation by
attacking carbon-carbon double bonds in lipids. Due to their
double bonds, polyunsaturated lipids, which are principal
components of cell membranes, are prone to oxidant attack,
leading to malondialdehyde (MDA) formation as a
predominant by-product. The MDA content can be measured
by its reaction with thiobarbituric acid (TBA), which leads to
the formation of MDA-TBA2, so called TBARS, a conjugate
that absorbs in the visible spectrum at 532 nm and produces
a red-pink colour. Thus, an increase in TBARS (expressed
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here as the percentage of MDA) is associated with membrane
lipid peroxidation.

As shown in Fig. 5, a significant increase in MDA levels was
caused by the exposure of algal cells to all treatments, with a
significant increase at 10 mg L™ (141%; p < 0.05) and 50 mg
L™ (152%; p < 0.05) for NP-PBAT-NPLs and 50 mg L™ (145%; p
< 0.05) for P-PBAT-NPLs. Regarding exposure of cells to PBAT-
Olig, both NP- and P induced a slight but non-significant
increase in MDA levels for 50 mg L™ exposure (128% and
127%; p < 0.05 for NP- and P-PBAT-Olig, respectively).

The main physiological function of C. reinhardtii cells is
photosynthesis, therefore, to investigate whether NP- and P-
PBAT-NPLs and NP- and P-PBAT-Olig had any effect on this
crucial parameter, the photosynthetic activity measured as oxygen
evolution in two sublethal intermediate concentrations of NP-
and P-PBAT-NPLs and NP- and P-PBAT-Olig was evaluated. The
two chosen concentrations were 0.1 mg L™, which already caused
significant ROS overproduction but still without an effect on the
membrane potential and lipid peroxidation levels, and 10 mg L™,
which caused alterations in these parameters. These
concentrations were used to test the effects of 72 h cell exposure
to NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig (Fig. 6). All the
treatments caused a decrease ~10% (p > 0.05) in photosynthetic
activity at 0.1 mg L™ exposure by 72 h and a significant decrease
of ~16% (p < 0.01 for NP- and P-PBAT-NPLs; p < 0.05 for P-
PBAT-Olig) at 10 mg L. This decrease was not observed after
exposure to NP-PBAT-Olig.

Some authors have reported a relationship between
pollutant exposure and the cell size increase in C. reinhardtii
cells. We selected the two intermediate concentrations (0.1
and 10 mg L) to test the effects of 72 h exposure to NP- and
P-PBAT-NPLs and NP- and P-PBAT-Olig on C. reinhardtii cells.
As can be seen in Fig. 7, C. reinhardtii cells treated with 0.1

7

7
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1 10 50

[PBAT-NPLs/Olig] (mg/ml)
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mP-PBAT-NPLs

©INP-PBAT-Olig SP-PBAT-Olig

Fig. 5 Lipid peroxidation, measured by the thiobarbituric acid reactive substance method (TBARS), on C. reinhardtii after 72 h exposure to NP-
and P-PBAT-NPLs and NP- and P-PBAT-Olig. Asterisks indicate treatments that are significantly different (Dunnett's test, (***) p < 0.001; (**) p <
0.01; (*) p < 0.05) from the control represented as 100% (dotted line). Raw data are available in the ESI} (Table S7).
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Fig. 6 Oxygen evolution of C. reinhardtii after 72 h exposure to NP-
and P-PBAT-NPLs and NP- and P-PBAT-Olig. Asterisks indicate
treatments that are significantly different (Dunnett's test, (***) p <
0.001; (**) p < 0.01; (*) p < 0.05) from the control represented as
100% (dotted line). Raw data are available in the ESI} (Table S8).

mg L' NP- (Fig. S7Bt) and P- (Fig. S7E{) PBAT-NPLs showed
no significant differences in cell size; however, there was a
significant cell size increase after exposure to 10 mg L™ NP-
(Fig. S7Ct) and P- (Fig. S7F{) PBAT-NPLs (106%; p < 0.05).
No differences in cell size were observed for exposure to 0.1
and 10 mg L™ of NP- and P-PBAT-Olig (Fig. 7).

Overall, short term (72 h) exposure of C. reinhardtii to NP-
PBAT-NPLs provoked significant ROS overproduction at the
lowest concentration tested of 0.01 mg L™ (Fig. 3; Table S57)
and NP- and P-PBAT-NPLs caused significant membrane
depolarization (Fig. 4; Table S67), lipid peroxidation (Fig. 5;
Table S771), impaired photosynthesis (Fig. 6; Table S81) and
increase of the cell size (Fig. 7 and S7; Table S91) at 10 mg
L™ NP- and P-PBAT-Olig showed fewer toxic effects but
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Fig. 7 Cell size based on flow cytometry back scattering of C.
reinhardtii after 72 h exposure to NP- and P-PBAT-NPLs and NP- and
P-PBAT-Olig. Asterisks indicate treatments that are significantly
different (***) p < 0.001; (**) p < 0.01; (*) p < 0.05 from the control
represented as 100% (dotted line). Raw data of cell size based in flow
cytometry are available in the ESI} (Table S9).

1160 | Environ. Sci.: Nano, 2025, 12, 1150-1165

View Article Online

Environmental Science: Nano

triggered significant ROS overproduction (Fig. 3; Table S57)
and membrane depolarization (Fig. 4; Table S61) at the
highest concentration tested of 50 mg L™, and P-PBAT-Olig
impaired photosynthesis (Fig. 6; Table S81) at 10 mg L™". All
these alterations in the long term may cause significant
damage to the algal cells that may compromise their viability
eventually causing a detrimental effect on the aquatic trophic
chain.

4 Discussion

In this work, both non-photooxidized and photooxidized
secondary NPLs were successfully produced using a highly
efficient method, yielding 0.199 mg of secondary NP-PBAT-NPLs
per gram of PBAT-microbeads These yields are comparable to
those reported in previous studies ranging from 0.09 to
0.25 mg g~* of NPLs below 100 nm.*® The capability to produce
sufficient quantities of NPLs, particularly those other than PS, is
crucial for advancing toxicity testing and might be useful for
developing standardized protocols for NPL detection in real
samples. Moreover, this method enables the production of dry
PBAT-NPLs and PBAT-Olig, allowing for storage and subsequent
resuspension at the desired concentration in any testing culture
media. This contrasts with other methods where NPLs are
resuspended in water,”>*® which subjects them to hydrolytic
degradation during the process, complicating storage.
Additionally, our method avoids the use of surfactants to
maintain particle dispersion replacing them with ethanol as
suggested by the programme NANOREG for a common
European approach to the regulatory testing of nanomaterials.>*
This is significant as surfactants can influence ecotoxicological
assessments.”> Despite the absence of surfactants, stable NPL
suspensions were achieved, as evidenced by a {-potential of less
than -30 mV. The hydrodynamic size of PBAT-NPLs was < 70
nm, which is smaller than those reported in previous studies,
for instance using cryomilling,”® and highly relevant especially
in the phytotoxicology field considering recent outcomes
regarding the microalgal differential uptake for NPLs < 100
nm.”” Thus, a key advantage of the method presented here is
that it generates NPLs without the need for prior
photooxidation, unlike other techniques that rely on
photodegradation processes.

The oligomeric fraction was also efficiently produced and
isolated with a yield of 10.275 mg of NP-PBAT-Olig per gram
of PBAT-microbeads. Olig have been defined based on the
degree of polymerization (<40 units) or the molecular weight
(<10 kDa) and they have been detected during washing of
polyester textiles.>® However, these oligomers (with a mean
size of 94-170 nm) fall within the size range classified as
NPLs in this study, due to their hydrophobic-driven self-
aggregation in aqueous media. These sizes might vary
depending on the surrounding environment and therefore,
they may behave as individual molecules in contact with
biological membranes.’® In our previous research, Olig were
defined as molecules <50 kDa,® in which yields reaching up
to 3.17 mg of PCL-Olig per gram of PCL-microbeads after 132
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days wunder hydrolytic and non-UV photodegradation
conditions in water were obtained. The method presented
here is faster and enables the production of purified isolated
oligomers without photodegradation. Analysis of the
oligomeric fraction by FTIR indicates the presence of
characteristic C=O0 stretching peaks. The difference between
NPLs and the oligomers is the combination, in the case of
the oligomers, of the 1732 em™ and 1720 cm™' peaks
(corresponding to the C=O stretching vibration in the
amorphous and crystalline regions of the polymer,
respectively) in one single peak. The combination of these
peaks has been reported in other semicrystalline
biodegradable polymers like poly-e-caprolactone as a
consequence of the loss of the solid state, where crystalline
and amorphous regions are lacking.’® Furthermore, for the
ecotoxicology field, a novel characterization approach was
employed, involving the separation of the oligomeric chains
by polarity dependence on the hydrocarbon chain length and
monomer composition, specifically the presence of butylene-
terephthalate units (as shown in Fig. S2 and S3+t). This was
followed by individual MALDI-TOF/TOF analysis of each
separated peak, preventing low-mass saturation of the
detector.®® The applied approach allowed us to precisely
identify both linear and cyclic oligomers, including their
formula, structures, and number of repeating units. Thus,
this approach allowed the comparison between the
oligomeric lengths, which were shorter for the P-PBAT
oligomer compared to the non-photooxidized ones and
indicated the potentially higher abundance of the smallest
oligomers, such as cyclic dimers or trimers, as a result of the
photooxidation exposure, with this fraction being the most
abundant in both samples. This detailed characterization is
significant as it provides exact information on the oligomeric
composition, enabling the testing of specific oligomer
fractions separately. While some studies have highlighted the
effects of certain biodegradable and non-biodegradable
plastic derived oligomers,'”®®* the structures and
fundamental properties of oligomers generated from most
polymers are still poorly understood. Despite their potential
ubiquity,®® to date, secondary oligomers generated from
plastics have been overlooked or poorly investigated, without
acquiring their critical compositional information,®* which,
however, has been partially obtained for those present in
non-degraded plastics together with additives and other
leachates.?

The present study provides novel evidence on the impact of
secondary NPLs generated from biodegradable plastics such as
PBAT on freshwater primary producers; although there are
several studies of the effect of NPLs on these organisms,
fundamentally cyanobacteria and green algae, they have been
mostly done using primary NPLs, basically polystyrene ones
with a specific size and shape (usually spherical), and for these
reasons, their environmental relevance is unclear.®””* When
using as toxicity endpoints general parameters such as growth
and the chlorophyll content, there were no significant
differences between the effects of photooxidized and non-

This journal is © The Royal Society of Chemistry 2025
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photooxidized NPLs (p values were 0.170 and 0.278 for the
lowest and the highest concentrations, respectively); however, a
slight difference in ROS production values was observed for NP
and P-PBAT-NPLs mainly at the lowest and highest
concentrations tested of 0.01 and 50 mg L™ respectively. These
differences were not significant (p = 0.170 for 0.01 mg L™ and p
= 278 for 50 mg L) between photooxidized and non-
photooxidized NPL treatments which could be due to the
slightly higher {-potential of the non-protoxidized NPLs that
may preserve a more dispersed colloidal suspension, increasing
bioavailability and consequently the observed trend to provoke
higher toxicity. Furthermore, photooxidized NPLs tend to be
more unstable when co-exposed together with organic matter
and divalent ions” that were present in the culture medium
(Ca®* and Mg*); thus, addition of the presence of
exopolysaccharides and other organic substances released by
the cells could have provoked a decrease of the stability of P-
PBAT-NPLs and therefore their bioavailability explaining the
differences seen in ROS overproduction between photooxidized
and non-photooxidized NPLs. Regarding mechanisms of toxic
actions on the green alga, PBAT-NPLs, both photooxidized and
non-photooxidized, induced ROS overproduction in the alga at
the lowest concentrations tested (e.g., 0.01 mg L™" and 1 mg
L™), which are environmentally relevant since concentrations
up to 1588 pg L' have been quantified in a Swedish lake'
meaning that these NPLs might pose a threat to primary
producers in freshwater; besides, the estimated increase of
fragmentation of larger plastic fractions in the environment
might result in the number of NPs in natural ecosystems being
possibly even much higher than that of microplastics.”” An
increase in the level of ROS is a common initial response to
NPLs in primary producers such as algae and
cyanobacteria.”®*"*%7>77* The observed increase in ROS levels
is consistent with the lipid peroxidation and concomitant
membrane integrity damage and is also consistent with
photosynthetic activity inhibition as reported in previous
studies.””>’®”” In the long term, even when algal cells are
exposed to low NPL concentrations, sustained oxidative
damage, particularly if cells are unable to restore the balance
between ROS and antioxidant defences, as a result of NPL
exposure may increase membrane disruption increasing non-
specific ion permeability”®****’> and lead to continued
damage of the photosynthetic machinery, consistent with the
known effects of ROS on photosynthesis.®>®"~%%7>7% Despite the
moderate knowledge concerning plastic oligomers considered
as non-intentionally added substances (NIAS) in food contact
materials, little is known about their impact on the
environment.*>** The chemical formation of oligomers occurs
during the polymerization process, either as a result of
incomplete polymerization or due to thermal or hydrolytic
degradation of polymer chains during the processing of the
polymeric material or under conditions of use. The resulting
oligomer profile can be highly complex, consisting of linear,
branched, and cyclic species, each of which may exhibit
different migration behaviour.”® Due to the current awareness
about the massive entrance of plastic waste into the
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environment, it is crucial to understand the processes driving
its release as well as its ecotoxicity. The release under
environmental soft conditions as well as the lower toxicity of
the oligomeric fraction compared to the nanoparticulate
fraction has been previously observed for secondary
polycaprolactone (PCL) oligomers and NPLs assessed in two
cyanobacteria. The higher toxicity exerted by the PCL-NPLs has
been related to the physical abrasion that the particles may
cause in comparison with the oligomers, a hypothesis
supported by the greater cytoplasmic membrane depolarization
caused by the PCL-NPLs in comparison with the PCL-Olig.
Consistently, the results obtained in the present study show a
higher toxicity of the nanoparticulate fraction, supported by
cytoplasmic membrane depolarization and ROS overproduction,
at lower concentrations with respect to the effect provoked by
the oligomeric fraction. Interestingly, the observed decrease in
photosynthetic activity, as measured by oxygen evolution,
revealed a similar toxicity by both NPLs and oligomeric
fractions, which could be due to the potential capability of the
oligomers to cross the cytoplasmic membranes, due to their
hydrophobic  nature, endangering the photosynthetic
function.®” In this regard, a similar alteration caused by both
fractions was observed in nitrogen fixation in a cyanobacterium
exposed to secondary PCL NPLs and PCL oligomers.® The
results presented in this study point towards a long-term impact
of secondary NPLs and Olig on freshwater primary producers
and possibly other components of the aquatic trophic chain,
which merits further research. The study also emphasizes the
need to develop protocols for generating sufficient quantities of
reference NPLs of each polymer, including biodegradable
polymers, as they may pose future environmental concerns.
Additionally, it underscores the importance of investigating the
generation of Olig and their impact on biota.

5 Conclusions

In the present work, an improved method for the production
of secondary nanoplastics (NPLs) and oligomers by
simulating different processes of abiotic degradation under
controlled conditions has been proposed and may be useful
for the generation of reference NPLs in sufficient quantities
to study their impact on biota. The generation and
characterization of generated oligomers might be also
extremely useful to further characterize the complete
fragmentation of larger plastic fractions in the environment
and also assess their environmental impact. This method has
been applied successfully for the generation of secondary
photooxidized and non-photooxidized PBAT-NPLs and PBAT-
Olig materials that have been utilized to test multiple
ecotoxicological parameters in the green alga C. reinhardtii
showing increased ROS overproduction that results in
cytoplasmic membrane impairment and photosynthesis
inhibition that may be detrimental in the long term even at
realistic environmental concentrations which may further
compromise the aquatic trophic chain. This study encourages
the development of protocols to generate sufficient quantities
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of reference NPLs of a variety of polymers including
biodegradable polymers as they might not be entirely safe for
the environment and the need to study the environmental
impact of oligomers.
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