An Improved method to generate
secondary nanoplastics and oligomers:
Application in ecotoxicology

This manuscript version is made available in fulfillment of publisher’s policy.
Please, cite as follows:

Silvia Gémez-Kong, Miguel Tamayo-Belda, Gerardo Pulido-Reyes, Carlos
Edo, Irene Verdu, Francisco Leganés, Roberto Rosal, Miguel Gonzalez-Pleiter,
Francisca Fernandez-Pifias. Environmental Science Nano 12, 1150-1165, 2025.

https://doi.org/10.1039/D4ENOOSE6A

PHYSICOCHEMICAL /:I'OXICI'I'Y BIOASSAYS\

CHARACTERIZATION * Growth/ Chlorophyll

* DLS/ELS content

+ SEM/TEM * ROS production

+ ATR-FTIR * Membrane

* HPLC/MALDI TOF/TOF depolarization

+ Lipid peroxidation
Photosynthesis

. e it - '
/' . \ 4 e \CelLsue /
v 0y b
NON-PHOTOOXIDIZED - ,"-.. fe P

.
(@

GENERATION OF
SECONDARY NANOPLASTICS
AND OLIGOMERS

PBAT

y

PHOTOOXIDIZED



https://doi.org/10.1039/D4EN00866A

An Improved method to generate secondary
nanoplastics and oligomers: Application in
ecotoxicology

Silvia Gomez-Kong!, Miguel Tamayo-Belda'!, Gerardo Pulido-Reyes!, Carlos Edo?,
Irene Verdd!, Francisco Leganésm, Roberto Rosal?, Miguel Gongzalez-Pleiterl?,
Francisca Fernandez-Pifias!?”"

1Depart’ment of Biology, Faculty of Science, Universidad Auténoma de Madrid, E-28049, Madrid, Spain
2Department of Chemical Engineering, Universidad de Alcald, E-28871 Alcald de Henares, Madrid, Spain
5Centro de Investigacién en Biodiversidad y Cambio Global (CIBC-UAM), Universidad Auténoma de Madrid.
Darwin 2, 28049 Madrid, Spain

Abstract

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, that involves
the mechanical breakdown of PBAT-microbeads with or without prior photooxidation is presented. PBAT
was irradiated at ~9.34 kW m~2 (approximately 120 times the solar irradiance) during 96 h, irradiation that
corresponds to ~16 months of average sunlight in the Iberian Peninsula (7.7 kWh m~2 day~'). The toxicological
effects on Chlamydomonas reinhardtii, a model green microalga of primary producers in freshwater ecosystems
was 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 concentrations 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.

1 Introduction

In total, 1925 million tons of plastics were produced
worldwide between 2018 and 2022, excluding quan-
tities used for adhesives, sealants, coatings, paints,
varnishes, textiles, waterproofing, or those for the
production of cosmetics and medicines!. Notably,
approximately 90 % of these plastics derived from
fossil fuels, while less than 9 % originated from the
recycling processes. During this same period, the
production of bio-based plastic doubled, reaching
2.3 million tons in 2022. The majority of plastics
are utilized in packaging, which typically results in
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a short product lifespan. Once discarded, plastic
waste can follow several pathways: recycling (only
for some types and a limited number of times), land-
fill disposal, energy recovery or released into the
environment Upon entering either directly or after
undergoing one or more of these processes. Recente
estimations suggest that between 0.8 to 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, they undergo frag-
mentation and natural degradation processes due
to factor such as light (producing photooxidation),
temperature (producing thermal oxidation), water
(producing hydrolysis) or mechanical forces, with
the latter generally considered the most efficient abi-
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otic 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 nanome-
ter range®. These particles, known as nanoplas-
tics (NPLs) are plastic particles < 1000 nm in one
dimension®. NPLs 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)”8. On the one
hand, particles smaller than 1000 nm tend to remain
as stable colloidal systems unless the particles ex-
hibit 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 fre-
quently, in aqueous media, their hydrophobic-driven
self-aggregation'?. Furthermore, NPLs and Olig can
be categorized by origin into primary which are in-
tentionally manufactured, such as those found in per-
sonal care products, and secondary resulting from
fragmentation and degradation of macro and mi-
croplastics into nanosized particles'!.

Research on the presence of NPLs in the environ-
ment remains limited due to the technical challenges
associated with their identification and quantifica-
tion in complex matrices'>!3. To date, the presence
of NPLs in the environment has been analyzed using
different techniques such as adapted thermal des-
orption proton transfer reaction mass spectrometry
(TD-PTR-MS)!#~1 and pyrolysis gas chromatogra-
phy mass spectrometry (Py-GC/MS)**~22. The con-
centration of NPLs in different water bodies ranges
from 0.1 ug/ L in river waters, groundwater and
WWTP water effluents in China to an extreme value
of 1,588 ug/L in a Swedish lake!”?0=22, Despite these
findings and the potential higher degradation rates
of biodegradable NPLs, there is currently no evi-
dence of biodegradable NPLs or oligomers in the
environment®>.

Due to these barriers for NPLs identification and
aiming at evaluating the physicochemical behavior
and biological toxicity of NPLs in complex matrixes,
some studies have focused on generating different
type of NPLs to tackle these handicaps. Most of them
have applied a variety of bottom-up method to ob-
tain NPLs for different applications: testing different
materials such as PMMA (poly(methyl methacry-
late) or PHB (polyhydroxybutyrate)?*?°; making the
NPLs trackable 2?7 and with more realistic irregu-
lar shapes?®??. There exist alternatives for top-down

methods producing more realistic NPLs by mechani-
cal fragmentation of larger plastics in different liquid
media as well as through laser ablation®~33. These
alternatives have allowed the use of different materi-
als in the NPLs toxicology but also bring to light the
lack of standardized methodologies to produce high
quantities of realistic NPLs of reference that behave
in a similar way that those naturally occurring in the
environment as a consequence of the degradation
processes of larger plastics®.

Once NPLs reach the environment, they can ex-
ert negative effects on organisms. To the best of
our knowledge, so far there have not been described
effects of secondary NPLs, at environmentally rel-
evant concentrations, on the viability of organisms
but they have been described for more sensitive end-
points such as specific metabolic alterations and be-
havioral changes®?~34. In this regard, environmental
risk could be underestimated. In general, toxicologi-
cal studies about NPLs have predominantly focused
on evaluating a few types of primary NPLs such as
PS (polystyrene), PE (polyethylene) and PMMA3> 41,
In comparison, conventional polymers and biopoly-
mers 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**#4. 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)®2. 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, the standard method to detect NPLs in com-
plex matrices are still under development and the
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 tox-
icity and analytical testing. Here, we have devel-
oped 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, that can be adapted to other
polymers. Our novel method involves the mechan-
ical breakdown of pristine PBAT-microbeads, with
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or without prior photooxidation. The toxicological
effects on Chlamydomonas reinhardtii (C. reinhardtii), a
model green microalga of primary producers in fresh-
water ecosystems was also assessed.

2 Materials and methods

2.1 Nanoplastics and oligomers production

Secondary non-photooxidized (NP-) PBAT nanoplas-
tics (PBAT-NPLs) and PBAT oligomers (PBAT-Olig)
have been produced 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
by liquid nitrogen at -140 °C, triturated in a modified
stainless-steel blender Thermomix TM31 (Vonwerk,
Germany) equipped with four stainless-steel blades
and load capacity of 1.3 L (Supplementary Text S1,
Fig. 1). The trituration was carried out for 1 minute
at a speed of 10,000 rpm and passed through a 1
mm sieve, to isolate the smaller fractions. 10 tritu-
ration cycles were done only in the plastic fraction
> 1 mm. At the end of the trituration procedure,
approximately 70 % of the plastic was smaller than 1
mm. 15 g of the pulverized plastic < 1 mm were col-
lected, 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.
Fractions below 1 micron were concentrated, and the
oligomeric fraction was separated by centrifuge ul-
trafiltration using a 50 kDa MWC membrane. Both,
fraction between 5-1000 nm and fraction < 5 nm (50
kDa MWCO), hereinafter 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, and then weighted, using a bal-
ance (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
produces as follows: 100 g of commercial PBAT mi-
crobeads 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 172 range during
96 h (Text S1 Fig. 2), irradiation that corresponds to
16 months of average sunlight in the Iberian Penin-
sula (7.7 kWh m~2 day’12)47. After radiation, mi-
crobeads were filtered, dried and the same protocol
for the production of NP-PBAT-NPLs and NP-PBAT-
Olig was conducted. Detailed information about the
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protocols described above is available in the Supple-
mentary Material (Text S1).

2.2 Physicochemical characterization

2.2.1 Dynamic lightscattering (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-Olig
was determined by DLS and ELS using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK). Mea-
surements were performed at 25 °C in ultra-pure wa-
ter and in the corresponding culture medium used
for the biological study. A working suspension of
1000 mg/L of each material were used. Additionally,
to investigate the influence of the culture medium in
the NPLs 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 puL of
1000 mg/L PBAT-NPLs suspension were 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 of NP- and P-PBAT- NPLs or PBAT-Olig
were prepared from which 10 uL were placed on an
aluminum holder, dehydrated at room temperature
and coated with 5 nm of chromium. Samples
were studied using an 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 were performed by Attenu-
ated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) spectroscopy. Commercial PBAT mi-
crobeads, fragmented material below 1 mm obtained
after mechanical breakdown, nanoparticle samples
and oligomer samples were analysed and compared.
PBAT-NPLs and PBAT-Olig samples were dried at 60
°C and placed over ATR-crystal. For the microbeads,
a slice was cut and placed over ATR-crystal. Spectra
were taken in the 4000-500 cm~! range. The analysis
was conducted on a Perkin-Elmer Spotlight 200 Spec-
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trum 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 material 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 material 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 pm) column with 100 %
methanol as mobile phase at a flow rate of 1 mL/min
by a 0-20 min gradient. The material was injected
at 20 mg/mL and analysed at 254 nm. Oligomeric
chains length and structure were assessed by mass
spectrometry with MALDI-TOF/TOF configuration
and NAYAG laser (355 nm) ULTRAFLEX III (Brunker
Daltoniks GmbH, Bremen, Germany). MALDI
TOF/TOF analyses were performed essentially
as described by Tamayo-Belda et al.”. Each chro-
matography peak corresponding to PBAT-Olig was
dissolved in methanol from which 5 pL of each
of the solutions were mixed with 20 pL of trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile (DCTB) matrix solution (8 mg/mL
in dichloromethane) and 0.5 pL 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 assays

The unicellular green microalga C. reinhardtii was ob-
tained from the Culture Collection of Algae and Pro-
tozoa of Dunstaffnage Marine Laboratory (Scotland,
UK) and routinely cultured in 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), which has
been used as appropriate culture medium for grow-
ing C. reinhardtii in a rotary shaker, at 135 rpm and 28
°C under continuous light of 40 pmol photons m~?2
s~ ! as described elsewhere*®. The initial ODys50,,,, 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 concen-
trations, hereinafter, concentrations (0.01; 0.1; 1; 10;
and 50 mg/L). Microalgae exposed to the same con-
centrations 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 total content of chlorophyll (Chl
a + Chl b) were measured. For cellular growth, ab-
sorbance at 750 nm was measured. For chlorophyll
contents, the photosynthetic pigments were extracted
in acetone (90 %) at 4 °C for 24 h in darkness, and
the absorbance at 664 and 647 nm for Chl a4 and
Chl b, respectively was measured. The concentration
of chlorophylls was determined according to Jeffrey
and Humphrey®. pH of the culture medium with
and NP- and P-PBAT-Olig was measured after 96 h
to ensure no toxic effects were observed due to the
medium acidification (Table S1).

2.3.1 Flow cytometry assays

The mechanisms of action of NP- and P-PBAT-NPLs
and NP- and P-PBAT-Olig on the alga were mea-
sured in C. reinhardtii cultures, exposed for 72 h at
the 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. Size
was detected with forward scatter (FSC), and blue
laser with three detectors with different wavelength
intervals were used: a 488/8 nm detector of side
scatter (SSC), 525/40 nm (FITC), and 690/50 nm
(PerCP). Besides size (FSC), complexity (SSC) and
chlorophyll autofluorescence (PerCP), two fluores-
cent probes (FITC) were used to evaluate two phys-
iological parameters (incubation times and concen-
trations were adapted from Tamayo-Belda et al.*’:
dihydrorhodamine 123 (DHR 123) for the measure-
ment of intracellular reactive oxygen species (ROS),
and bis-(1,3-dibutylbarbituric acid) trimethine oxonol,
DiBAC4(3) for the detection of changes in cytoplas-
mic membrane potential. Specific nformation on
concentration, incubation times and channels are de-
scribed in Table S2. All fluorochrome stock solutions
were prepared in dimethyl sulfoxide and stored at -20
°C. Fluorescence was analysed in logarithmic mode
and at least 20,000 gated cells with similar sizes and
complexities were evaluated. Three independent ex-
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periments 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 quantify-
ing thiobarbituric acid reactive substances (TBARS)
as described elsewhere with minor modifications!.
C. reinhardtii cells were centrifugated (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 cal-
culated using the extinction coefficient of 155 mM~!
cm~!. Five replicates of controls and three replicates
of each treatment were carried out. Results were ex-
pressed as the percentage of malondialdehyde (MDA)
content with respect to the control.

2.3.3 Photosynthesis

The measurement of the photosynthetic oxygen evo-
lution was performed at 28 °C exposing the cells to
saturating actin light (300 pmol photons m~2 s~1) in
a Clark-type oxygen electrode (Hansatech) accord-
ing to Leganés et al.>2. Five replicates of controls
and three replicates of each treatment were carried
out. Photosynthetic rates were relativized to total
chlorophyll content and represented as percentage
with respect to the control.

2.4 Data analysis

For the biological assays, means and standard errors
were calculated from three independent replicate ex-
periments. All values were corrected for control val-
ues to minimise the effects of external factors. To
determine significant differences among test treat-
ments, 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 signifi-
cant. When significant differences were observed,
Dunnet’s multiple comparation post-hoc test were
run for comparing treatments and controls.

3 Results

3.1 PBAT-NPLs and PBAT-Olig
characterization

The physicochemical characterization of PBAT-NPLs
in terms of size, morphology, surface charge, chem-
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ical nature and mass was performed by dynamic
light scattering (DLS), scanning electron microscope
(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 absence of cells (Table 1). The concen-
tration used for measurements was 100 mg/L for
all different treatments. DLS measurements in ul-
trapure water of both NP- and P-PBAT-NPLs hydro-
dynamic size, transformed in number distribution,
have mean sizes of 64+5 nm. In the case of NP-
PBAT-Olig particles, mean sizes where 94 +7 nm and
170+8 nm for P-PBAT-Olig, indicating the aggre-
gation of NP- and P-PBAT-Olig in a micellar way
due to the high hydrophobicity of the material. Re-
garding ELS measurements, {-potential of NP- and
P-PBAT-NPLs were -34 mV and -35 mV respectively
in ultra-pure water at pH 7, indicating a stable col-
loidal 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-NPLs sizes found by DLS in ultra-
pure water (Table 1; Fig. S1) were also observed
by TEM (Fig. 1A; Fig. 1B) 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-NPLs 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 mi-
crobeads, NP- and P-PBAT-NPLs and NP- and P-
PBAT-Olig (Fig. 2) showed characteristics peaks of
PBAT. The peaks at 2960 and 2873 cm™! are due
to asymmetric and symmetric stretching vibrations
for CH; groups, respectively. Main shoulder of car-
bonyl region (1720 cm~!) is due to strongly C=0O
stretch, meanwhile 1732 cm ™! peak corresponds to
C=0 stretch in carbonyl groups in amorphous region
of the polymer; the latter is absent in NP- and P-
PBAT-Olig. Peak at 1455 cm ™! is characteristic from
C-C stretch in phenylene group. Peaks at 1410 and
1390 cm~! are due to trans -CH,~ plane bending
vibrations and strong peaks at 1268 cm~! correspond
to C-O asymmetric stretch. Finally, peaks at 870 and
730 cm~! are due to the out of the plane phenyl ring
bending>>.

The formulas, structure and lengths of the poly-
meric series found by MALDI-TOF/TOF in the NP-
and P-PBAT-Olig samples are compiled in the Ta-
ble 2. The polymeric series composition varies de-
pending on the structure (linear or cyclic); on the
number of butylene-terephthalate units inserted into
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Figure 1: Transmission electron microscopy (TEM) image of NP-PBAT-NPLs (A). TEM 366 image of P-PBAT-NPLs (B). TEM image
of NP-PBAT-Olig (C). Scanning electron microscopy (SEM) image of NP-PBAT-NPLs (D). SEM image of NP-PBAT-Oligomers (D).
SEM image of P-PBAT-NPLs (F). SEM image of P-PBAT-Oligomers (G). Red arrows indicate individual particles.
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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 Supplementary Material (Fig. S1).

Ultrapure water

Culture medium

Size in PDI {-potential Sizep in PDI {-potential

number (nm) (mV) number (nm) (mV)
NP-PBAT-NPLs 64 +5 0.28 -34+2 94 +7 0.33 -41+ 3
P-PBAT-NPLs 64 +5 0.21 -35+2 60 =3 0.21 -36 £ 2
NP-PBAT-Olig 94 +7 0.33 21 +3 96 + 3 0.21 261
P-PBAT-Olig 170 + 8 0.08 -26.0 £ 0.2 170 £ 7 0.06 -45+1

the oligomers; on the abundance on butylene by-
products (butane or butanediol); as well as on the
occurrence of additional carbonyl/hydroxyl groups
due to oxidation processes. Both types of PBAT-
Olig, non-protoxidized and protoxidized, contained
oligomeric material below 4000 Da. The mean molec-
ular 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; Fig. S3), the smallest oligomer observed, the buty-
lene adipate cyclic dimer, was the most abundant in
both the first HPLC peak of NP and P-PBAT-Olig
and reflects an order of magnitude higher of cyclic
dimer abundance after photooxidation. The propor-
tion 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 ran-
domly 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. 54, the increase of BT units in
the oligomers positively correlated (R2 ~0.86) with
the time retained in the HPLC, therefore, it is corre-
lated with the hydrophobicity. From the NP-PBAT-
Olig, eight consecutive peaks were obtained after 20
min run, while only six from the P-PBAT-Olig 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 signif-
icantly alter the growth (Fig. S5) and chlorophyll
content (Fig. S6) of the microalga (Dunnet’s test,
p < 0.05); thus, the highest observed-no-effect con-
centration (HONEC) was 50 mg/L of PBAT-NPLS
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and PBAT-Olig. Raw data is available in the Supple-
mentary Material (Table S3; Table S4). Although no
significant effects were found on growth of the alga
when exposed for 72 h to NP- and P-PBAT-NPLs and
NP- and P-PBAT-Olig (short-term exposure), sub-
lethal 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 ecotoxi-
cological studies involving NPLs is the formation of
reactive oxygen species (ROS) and oxidative stress.
ROS overproduction can lead to an imbalance be-
tween intracellular ROS species and the antioxidant
mechanisms of the cell. To investigate whether NP-
and P-PBAT-NPLs and NP- and P-PBAT-Olig treat-
ments could induce ROS formation and eventually
oxidative stress in C. reinhardtii cells, flow cytome-
try (FCM) analyses to assess the formation of H,O,
using the fluorescent dye DHR123 was performed.
Results showed a significant increase in Hy,O; intra-
cellular levels (129 %; p < 0.01) after 72 h exposure
to 0.01 mg/L, the lowest tested concentration, of NP-
PBAT-NPLs (Fig. 3A). This response appeared to
increase constantly at concentrations ranging from
1 mg/L (122%; p < 0.05), to 10 mg/L (135%; p <
0.001) and 50 mg/L (154 %; p < 0.001) (in Fig. 3B,
cell subpopulations P1 in green are healthy cells and
P2 in blue are cells affected by ROS overproduction).
P-PBAT-NPLs caused similar alterations in H202 in-
tracellular levels, causing a significant and constant
increase at 1 mg/L (119 %; p < 0.05), 10 mg/L (127 %;
p < 0.001), and 50 mg/L (137 %; p < 0.001) (Fig. 3A).
Nevertheless, ROS formation (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).

Cytoplasmatic membrane potential has also been
analysed by FCM using the fluorochrome DiBAC4(3)
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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; BHy: 388 Butanediol; C4Hy: Butane; HyO: Water or hydroxyl and proton; CO:
ketone group (C=0). MALDI-TOF/TOF spectrum of PBAT-Olig chromatography peaks is available in the Supplementary Materia,l

Fig. 51 for NP-PBAT-Olig and Fig. S2 for P-PBAT-Olig.

NP-PBAT-Olig P-PBAT-Olig
Number of Number of

Formula Structure repeating Formula Structure repeating

units units
(BA), Cyclic 2/1-4 (BA), Cyclic 2
(BA),-(C4Hyp) Linear 1-5/2 (BA),-(C4Hqp) Linear 2-4
(BA),-(BH>) Linear 1-8 (BA),-(BH>) Linear 2-9
(BA),,-(BT)-(BH>) Linear 1-7/5-12 (BA),,-(H>O) Linear 2-8
(BA),-(BT) Cyclic 1-4/2-8 (BA),-(BH,)-(CO) Linear 2-7
(BA),-(BT),-(BH5) Linear 3-10 (BA),-(H0)-(CO) Linear 2-6
(BA),-(BT)3-(BH>) Linear 2-9/4-11 (BA),-(BT)-(BH,)] Linear 1-8
(BA),,-(BT)-(C4H1p) Linear 2-6 (BA), Cyclic 2-6
(BA),-(BT), Cyclic 0-5/8-10/39 | (BA),-(BT) Cyclic 1-3
(BA),-(BT)4-(BH>) Linear 2-7/7-13/6-12 | (BA),-(C4Hyp) Linear 29
(BA),,-(BT)7-(BH>) Linear 3-8 (BA),,-(BT)-(C4H1p) Linear 2-4
(BA),-(BT)¢-(BH>) Linear 5-9 (BA),-(BT)-(BH5) Linear 2-10
(BA),-(BT)-(C4Hjp) Linear 3-7 (BA),-(BT),-(BH5) Linear 2-5
(BA),-(BT)3] Cyclic 0-8/1-5 (BA),-(BT)-(H,0) Linear 2-7
(BA),-(BT)5-(BH>) Linear 3-9 (BA),-(BT), Cyclic 1-7
(BA),-(BT)4-(BH>) Linear 6-12 (BA),-(BT) Cyclic 2-8
(BA),,-(BT)3-(BH>) Linear 11-14 (BA);,-(BT)4-(H,O) Linear 1-4
(BA),-(BT)o-(BH3) Linear 2-5 (BA),-(BT)-(C4Hy9) Linear 6-11
(BA),,-(BT);~(BHy) Linear 8-11 Egg))"'(BT)3'(BH2)' Linear 8-13
Egﬁg 1_ él)%T)z— Linear 6-9 Egiﬁﬂ él)gT)S_ Linear 2-6
Eg:‘g 1- (()]?T)g’_ Linear 4-8 (BA),-(BT)3-(BH5,) Linear 4-9
(BA),-(BT)-(C4H10) Linear 8-13 (BA),-(BT)4-(BH>) Linear 5-9
(BA),-(BT)5-(BH>) Linear 6-11 (BA),-(BT),-(BH,) Linear 6-12
(BA),-(BT)s-(BHy)] Linear 4-7 Egé))”'(BT)Z'(BHZ)' Linear 5-7
(BA),-(BT)s] Cyclic 2-5/6-9 (BA),-(BT)g¢-(BH5) Linear 5-8
(BA),-(BT)-(Ho0)] Linear 29 (BA),-(BT),-(H,O) Linear 6-11
(BA),-(BT),-(H,O) Linear 1-8 (BA),-(BT)3 Cyclic 1-5
(BA),-(BT), Cyclic 0-9 (BA),-(BT), Cyclic 4-8
BA),-(BT)g Cyclic 7-11 (BA),,-(BT)4-(BH>) Linear 6-7
(BA),-(BT)7-(H,O) Linear 2-4 (BA),-(BT)5-(BH,) Linear 5
(BA),-(BT); Cyclic 6-9 (BA),-(BT)3 Cyclic 0-7
(BA),-(BT)g Cyclic 5-6 Egﬁ):é(g;r)y Linear 0-7
(BA);,-(BT)4-(H,O) Linear 2-9 (BA),,-(BT)» Linear 8-10
(BA),,-(BT)3-(H,O) Linear 4-10 (BA),,-(BT)s5-(BH>) Linear 5-8
(BA),-(BT)g Cyclic 0-8/6-8 (BA),-(BT)4-(BH5) Linear 8-9
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Figure 2: Infrared spectra of NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig and the initial material (PBAT microbeads).

(Fig. 4). A significant increase in DiBAC4(3)-stained
cells is indicative of a greater fluorochrome influx to
the cells; this uptake of DIBAC4(3) indicates mem-
brane depolarization. Our results showed an increase
in membrane depolarization after cell exposure for
72 h in all treatments, being this increase significant
at 10 mg/L of NP-PBAT-NPLs (125 %; p < 0.05) and
at the highest tested concentration, 50 mg/L of 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 depolariza-
tion and P3 in purple are cells affected by membrane
hyperpolarization). No significant decrease in fluo-
rescence was observed, therefore, the exposure did
not cause membrane hyperpolarization of the mi-
croalga.

ROS overproduction can trigger lipid peroxidation
by attacking carbon-carbon double bounds in lipids.
Due to their double bounds, polyunsaturated lipids,
which are principal components of cell membranes,
are prone to oxidant attack, leading to malondialde-
hyde (MDA) formation as predominant by-product.
MDA content can be measured by its reaction with
thiobarbituric acid (TBA), which leads to the forma-
tion 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 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) of NP-
PBAT-NPLs and 50 mg/L (145 %; p < 0.05) of P-PBAT-
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NPLs. Regarding exposure of cells to PBAT-Olig,
both NP- and P induced a slight but non-significant
increase in MDA levels at 50 mg/L exposure (128 %
and 127 %; p < 0.05 for NP- and P-PBAT-Olig respec-
tively).

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 pho-
tosynthetic activity measured as oxygen evolution in
two sublethal intermediate concentrations of NP- and
P-PBAT-NPLs and NP- and P-PBAT-Olig was evalu-
ated. The two chosen concentrations were 0.1 mg/L,
which already caused significant ROS overproduc-
tion but still without effect on membrane potential
and lipid peroxidation levels, and 10 mg/L, which
caused alterations in these parameters. These con-
centrations were used to test the effects of 72 h cell
exposure to NP- and P-PBAT-NPLs and NP- and P-
PBAT-Olig. (Fig. 7). 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 de-
crease 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 be-
tween pollutants exposure and 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 shown in
Fig. 7, C. reinhardtii cells treated with 0.1 mg/L of
NP- (Fig. S7B) and P- (Fig. S7E) PBAT-NPLs showed
no significant differences in cell size, however, there
was significant cell size increase after exposure to 10
mg/L NP- (Fig. S6C) and P- (Fig. S6F) PBAT-NPLs



Method to generate secondary nanoplastics and oligomers

A 180
160
**
140
3 120
2
g 100 -
2
k3] 80
-4
Y
z 60
=
z 40
=S
20
0 : :
0.1 1 10
PBAT-NPLs/Olig] (mg/L)
g
uNP-PBAT-NPLs ®P-PBAT-NPLs ENP-PBAT-Olig SP-PBAT-Olig
Dose (mg/L)
B 0 0.01 0.1 1 10 50
. .2 K[ 7] %2 *1p2
-g : :i[a.saas] : (2.27%) : (3:32%) :!lis.squ :(su.ssm
28« 3P1 T Lo e L W a1 ’ SR o4
E.":’Iée 2% j(e9.02%) """ {(97.66%) é'ealss.sm: Sk é”e‘(ss.zsxj ... ol é”g (69.09 %)~ 3"
g = ] E k] E ] -
32. +] 2 = = 2 =
- 'E 1 1
O a - . . - -
€a " it o e b 13 o * i m' R 13
- FSCA - FEC-A - £5C-A = f5C-A - FECA — FEC-A
s —3P2 "2 —iPZ “ip2 “ip2 “iP2
8 *4{0.16%) H3.02%) *4(0.19%) +4(4.56%) *{14.70%) . J(25.00%)
3 _ %y o Er 4 3 LF 3
3 %éa]m ? 4 Z={P1 g '3 feiP1 A f=iP1 # delP1 =P TR
g & ‘1_]|99,am1 AT ",_, (96.98 %) 5 “1‘, (99.81 %) ! “1‘_ (95.4a%) = ‘31[85.30%] o [~ 1(74.97%)
7] 8 E =] - - k] By e
—_— o
Qe = - B - -
= @ca G 10 T it Tt 17 o ] T 0 1‘10' "
E - Foa = £500 - £5C o £504 = 5504 =)
Ble . . . . 1P2 - P2 . P2
v = =9 = (0.12%) = (0.19%) = (0.62 %) Elts.un} = (12.89%)
T * L] b F b q o
5 : ! . b1 | o | :
RN <*{P1 AM— e @. - L2{P1 AR LEP1 ST =Pl 43
E";g.é! £t {les.88%) £% {(99.81%) Et{(99.38%) EE{(04.12%) . £t q(87.11%)
o= = * = ® = kS
- - - - ! -
39 - ® ® ® = ®
2k 1 ‘
o o Ll - - L] - L]
eca g T 1o T 1o It 10 it 0 ¥ 1o e
— FSCA ESCA ESCA ESCA ESCA - EGCA
s P2 P2 P2 %7 Tip2
-.-3 ‘f}(o.mm Fﬁ.:ssﬂ *14.56 %) t{l14.70%) Ji25.00%)
3 ®] ®] ] N
EEnpr P TR P11 M [ em
gz;.‘_ﬂ‘.é][ss.us%] P sk ".9 (99.81 %) ".,31(95.449;} % ".,5 [85.30%) * © 74.97%).
o 2 =3 z ] * T
[} g - = - = = =
ee Tt 1o Tt 1] Tt 1ot T e Tt ) Trot e
FSC-A FOC-A FSC-A FSC-A FSC-A FSC-A

Figure 3: Percentage of variation with respect to control using the mean of fluorescence intensity for ROS production after exposure to
NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig (A). Asterisks indicate treatments that are significantly different (Dunnet’s test,
***p < 0.001.; **p <0.01.; *p < 0.05) from the control represented as 100 % (dotted line). 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) was assessed in P1 in green (healthy cells) and P2 in blue (cells affected by ROS overproduction) (B). Raw data
is available in the Supplementary 454 Material (Table S5)
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Figure 4: Percentage of variation with respect to control using the mean of fluorescence intensity for membrane depolarization after
exposure to NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig (A). Asterisks indicate treatments that are significantly different
(Dunnet’s test, ** p < 0.001.; ** p < 0.01.; * p < 0.05) from the control represented as 100 % (dotted line). Representative flow
cytometry dot-plots showing alterations of 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) (B). Raw data is available in the
Supplementary Material (Table S6).

Environmental Science Nano 12, 1150, 2025 11



Method to generate secondary nanoplastics and oligomers

(106 %; p < 0.05). No differences in cell size were
observed for exposures to 0.1 and 10 mg/L of NP-
and P-PBAT-Olig (Fig. 7).

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

NP-PBAT-NPLs ®P-PBAT-NPLs ©NP-PBAT-Olig ©P-PBAT-Olig

Figure 5: Lipid peroxidation, measured by thiobarbituric acid
reactive substances 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
(Dunnet’s test, ** p < 0.001.; ** p < 0.01.; * p < 0.05) from the
control represented as 100 % (dotted line). Raw data is available
in the Supplementary Material (Table S7).
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Figure 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 (Dunnet’s
test, *** p < 0.001.; *p < 0.01.; * p < 0.05) from the control
represented as 100 % (doted line). Raw data is available in the
Supplementary Material (Table S8).

Overall, short term (72 h) exposure of C. reinhardtii
to NP-PBAT-NPLs induced significant ROS overpro-
duction at the lowest concentration tested of 0.01
mg/L (Fig. 3; Table S5) and NP- and P-PBAT-NPLs
caused significant membrane depolarization (Fig. 4;
Table S6), lipid peroxidation (Fig. 5; Table S7), im-
paired photosynthesis (Fig 6; Table S8) and increase
of the cell size (Fig. 7: Fig. S7; Table S9) at 10 mg/L.
NP- and P-PBAT-Olig showed fewer toxic effects but
also triggered significant ROS overproduction (Fig. 3;
Table S5), membrane depolarization (Fig. 4; Table S6)
at the highest concentrations tested of 50 mg/L and
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Figure 7: Cell size based on flow cytometry back scatter 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 (Dunnet’s test, ** 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 is available in the
Supplementary Material (Table S9).

P-PBAT-Olig impaired photosynthesis (Fig. 6; Table
S8) at 10 mg/L. All these alterations in the long term
may cause significant damages to the algal cells that
may compromise their viability eventually causing
detrimental effect on the aquatic trophic chain.

4 Discussion

In this work, both non-photooxidized and photooxi-
dized 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 standard-
ized protocols for NPLs 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 concentra-
tion in any testing culture media. This contrasts with
other methods where NPLs are resuspended in wa-
ter, which subjects them to hydrolytic degradation
during the process, complicating storage?”?. Addi-
tionally, our method avoids the use of surfactants to
maintain particle dispersion replacing it by ethanol as
suggested by the programme NANOREG for a com-
mon European approach to the regulatory testing
of nanomaterials®. This is significant as surfactants
can influence ecotoxicological assessments®. Despite
the absence of surfactants, stable NPLs suspensions
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were achieved, as evidenced by a {-potential of less
than -30 mV. The hydrodynamic sizes 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 mi-
croalgal differential uptake for NPLs < 100 nm>*°7.
Thus, a key advantage of the method presented here
is that it generates NPLs without the need of prior
photooxidation, unlike other techniques that rely on
photodegradation processes.

The oligomeric fraction was also efficiently pro-
duced and isolated with a yield of 10.275 mg of NP-
PBAT-Olig per gram of PBAT-microbeads. Olig have
been defined based on 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 that
were classify as NPLs in this study, due to their
hydrophobic-driven self-aggregation in aqueous me-
dia. These sizes might vary depending on the sur-
rounding environment and therefore, they may be-
have as individual molecules in contact with biolog-
ical 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 days under hydrolytic
and non-UV photodegradation conditions in wa-
ter 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=O stretch peak. The difference
between NPLs and the oligomers is the combination,
in the case of the oligomer, of the 1732 cm~! and
1720 cm~! peaks (corresponding to the C=0 stretch-
ing vibration in the amorphous and crystalline re-
gion of the polymer, respectively) in one single peak.
The combination of this peak has been reported in
other semicrystalline biodegradable polymers like
poly(e-caprolactone) as a consequence of the loss
of solid status, where crystalline and amorphous
regions are lacking®. Furthermore, for the ecotoxi-
cology field, a novel characterization approach was
employed, involving the separation of the oligomeric
chains by polarity-dependent on hydrocarbon chain
length and monomer composition, specifically the
presence of butylene-terephthalate units (as shown in
Fig S2. and Fig S3.). 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 for-
mula, structures, and number of repeating units.
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Thus, this approach allowed the comparison between
the oligomeric length, which was 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,
being this fraction the most abundant in both sam-
ples. This detailed characterization is significant as
it provides exact information on the oligomeric com-
position, enabling the testing of specific oligomer
fractions separately. While some studies have high-
lighted the effects of certain biodegradable and non-
biodegradable plastics derived oligomers!'?612, the
structures and fundamental properties of oligomers
generated from most polymers are still poorly under-
stood. Despite their potential ubiquity®?, to date, sec-
ondary oligomers generated from plastics have been
overlooked or poorly investigated, without acquiring
this critical compositional information®, which, how-
ever, 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 a
biodegradable plastic such as PBAT on freshwater pri-
mary 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®®~74, When using as toxicity endpoints gen-
eral parameters such as growth and chlorophyll con-
tent, there were no significant differences between
the effect of photooxidized and non-phootoxidized
NPLs (p values were 0.170 and 0.278 for the lowest
and the highest concentrations, respectively); how-
ever, a slight difference in ROS production values
was observed for NP and P-PBAT-NPLs mainly at
the lowest and higher concentrations tested of 0.01
and 50 mg/L respectively. These differences were
not significant (p > 0.05) between photooxidized and
non-photooxidized NPLs treatments and could be
due to the slightly higher (-potential of the non-
protoxidized NPLs that may preserve a more dis-
persed colloidal suspension, increasing bioavailabil-
ity 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, in addition of the presence of exopolysaccha-
ride and other organic substances released by the
cells could decrease P-PBAT-NPLs stability and there-
fore their bioavailability explaining the differences
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seen in ROS overproduction between photooxidized
and non-photooxidized NPLs”>. Regarding mecha-
nisms of toxic actions on the green alga, PBAT-NPLs,
both photooxidized and non-photooxidized, induced
ROS overproduction in the alga at the lowest concen-
trations tested (e.g., 0.01 mg/L and 1 mg/L), which
are environmentally relevant since concentrations up
to 1,588 ng/L have been quantified in a Swedish
lake meaning that these NPLs might pose a threat
to primary producers in freshwaters!”. Besides, the
estimated increase of fragmentation of larger plastic
fractions in the environment might result in the num-
ber of NPs in natural ecosystem 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’#676872=74 'The observed increase in
ROS levels is consistent with the lipid peroxidation
and concomitant membrane integrity damage and
is also consistent with photosynthetic activity inhi-
bition as reported in previous works”7>7¢77_ In the
long term, even when algal cells are exposed to low
NPLs concentrations, a 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”#686%72 and
lead to a continued damage of the photosynthetic
machinery, consistent with the known effects of ROS
on photosynthesis ©67-697273  Degpite 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 poly-
mer 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’8. Due to
the current awareness about the massive entrance of
plastic wastes into the environment, it is crucial to
understand the processes driving their release as well
as their ecotoxicity. The release under environmental
soft conditions as well as the lower toxicity of the
oligomeric fraction compared to the nanoparticulate
fraction have 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 abra-
sion that the particles may cause in comparison to
the oligomers, a hypothesis supported by a greater
cytoplasmic membrane depolarization caused by the
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PCL-NPLs in comparison to the PCL-Olig. Consis-
tently, the results obtained in the present study show
a higher toxicity of the nanoparticulate fraction, sup-
ported by a cytoplasmic membrane depolarization
and ROS overproduction, at lower concentrations
with respect to the effect provoked by the oligomeric
fraction. Interestingly, the observed decrease in pho-
tosynthetic activity, as measured by oxygen evolu-
tion, revealed a similar toxicity by both NPLs and
oligomeric fractions, which could be due to the po-
tential capability of the oligomers to cross the cyto-
plasmic membranes, due to their hydrophobic nature,
endangering the photosynthetic function®. In this
regard, a similar alteration caused by both fractions
was observed on nitrogen fixation in a cyanobac-
terium 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 that
merits further research. The study also emphasizes
the need to develop protocols for generating suffi-
cient quantities of reference NPLs of each polymer,
including biodegradable polymers, as they both may
pose future environmental concerns. Additionally,
it underscores the importance of investigating the
generation of Olig and their impact on biota.

5. Conclusions

In this work, an improved method for the produc-
tion of secondary nanoplastics (NPLs) and oligomers
by simulating different processes of abiotic degra-
dation in controlled conditions has been proposed
that may be useful for the generation of reference
NPLs in sufficient quantities to study their impact
on biota. The generation and characterization of gen-
erated oligomers might be also extremely useful to
further characterize the complete fragmentation of
larger plastic fraction in the environment and also
assess their environmental impact. This method has
been applied successfully for the generation of sec-
ondary photooxidized and non-photooxidized PBAT-
NPLs and PBAT-Olig materials that have been uti-
lized to test multiple ecotoxicological parameters in
the green alga C. reinhardtii showing an increased
ROS overproduction that results in cytoplasmic mem-
brane impairment and photosynthesis inhibition that
may be detrimental in the long-term even at realis-
tic environmental concentrations which may further
compromise the aquatic trophic chain. This study
encourages the development of protocols to generate
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 Science Nano 12, 1150, 2025
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oligomers (Olig) through accelerated degradation processes: trituration (nonphotooxidized
(NP)-NPLs) and photooxidation followed by trituration (photooxidized (P)-NPLs).

Table S1. pH of ultrapure water and culture medium with 50 mg/L of NP- and
P-PBAT-Olig at 0 and 96 h.

Table S2. oncentrations and incubation times of the fluorochrome probes used for flow
cytometry.

Table S3. Raw data of C. reinhardtii growth measured as DOysq after 72 h exposure to
NP/P-PBAT-NPLs & NP/P-PBAT-Olig.

Table S4. Raw data of C. reinhardtii chlorophyll content expressed as mg/L of total
chlorophylls after 72 h exposure to NP/P-PBAT-NPLs & NP /P-PBATOlig.

Table S5. Raw data of fluorescence intensity detected in FITC (525/40 nm) of C. reinhardtii
cells stained with the fluorescent probe DHR123 for reactive oxygen species (ROS) indicator
and after 72 h exposure to NP/P-PBAT-NPLs & NP /PPBAT-Olig..

Table S6. Raw data of fluorescence intensity detected in FITC (525/40 nm) of C. reinhardtii
cells stained with the fluorescent probe DiBAC4(3) for membrane potential indicator and
after 72 h exposure to NP/P-PBAT-NPLs & NP /P-PBAT-Olig. Table S7. Raw data of lipid

peroxidation, measured by thiobarbituric acid reactive substances method (TBARS) and
expressed as pg malondialdehyde (MDA)/mg dry weight (DW), on C. reinhardtii after 72 h
exposure to NP/P-PBATNPLs & NP /P-PBAT-Olig. Table S8. Raw data of oxygen evolution

expressed as pmol Oy /[mg Chl (a+b) h] of C. reinhardtii after 72 h exposure to
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NP/P-PBAT-NPLs & NP/PPBAT-Olig. Table S9. Raw data cell size based on flow

cytometry back scatter detected with forward scatter FSC of C. reinhardtii cells after 72 h
exposure to NP/PPBAT-NPLs & NP/P-PBAT-Olig. Figure S1. Size Distribution curves by

number of NP- and P-PBATNPLs and NP- and P-PBAT-Olig in ultrapure water (A). Size
Distribution curves by number of NP- and P-PBAT-NPLs and NP- and P-PBAT-Olig in
culture medium (B).

Figure S2. MALDI-TOF/TOF spectrum of NP-PBAT-Olig chromatography peaks 1(A), 2(B),
3(C), 4D), 5(E), 6(F), 7(G) and 8 (H).

Figure S3. MALDI-TOF/TOF spectrum of P-PBAT-Olig chromatography peaks 1(A) 2(B),
3(C), 4(D), 5(E) and 6(F).

Figure S4. Mean value of butylene-terephthalate units per polymeric series by
chromatography peak (from lower to higher hydrophobicity) of NP- (A) and P- (B)
PBAT-Olig.

Figure S5. Growth, expressed as percentage of variation of ODy50, on C. reinhardtii after 72
h exposure to NP/P-PBAT-NPLs & NP/P-PBAT-Olig. Asterisks indicate treatments that are
significantly different (Dunnet’s test, (***) p < 0.001, (**) p < 0.01, (*) p < 0.05) from the
control represented as 100 % (dotted line).

Figure S6. Chlorophyll content expressed as percentage of variation of total chlorophylls on
C. reinhardtii after 72 h exposure to NP/P-PBAT-NPLs & NP/PPBAT-Olig. Asterisks
indicate treatments that are significantly different (Dunnet’s test, (***) p < 0.001, (**) p < 0.01,
(*) p < 0.05) from the control represented as 100 % (dotted line).

Figure S7. Representative chlorophyll autofluorescence/bright field overlay images of
confocal microscopy of C. reinhardtii after 72 h exposure to NP- and P-PBAT-NPLs. Image
shows confocal microscopy images of the non-exposed cells (A and D); cells exposed to 0.1
and 10 mg/L of NP-PBAT-NPLs (B and C, respectively); cells exposed to 0.1 and 10 mg/L
of P-PBAT-NPLs (E and F, respectively).
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Supplementary Text 1. Protocol to generate, isolate and quantify nanoplastics (NPLs) and
oligomers (Olig) through accelerated degradation processes: trituration (nonphotooxidized
(NP)-NPLs) and photooxidation followed by trituration (photooxidized (P)-NPLs).

1 Materials and equipment

o Stainless-steel blender (Figure Supplementary Text 1).

0 o N\l
rr gy |

Figure ST1: Pictures of the modified stainless-steel blender Thermomix TM31 (Vonwerk, Germany) used for the protocol.

o High power ultraviolet lamp (Figure Supplementary Text 2).

Figure ST2: 9.34 kW m~2 at 4 cm medium-pressure mercury lamp (Novalight TQ150) used for the protocol.

o Imm pore metal strainer with a metal bowl or collector underneath to collect material
passing through the filter.

o Liquid nitrogen.

o Magnetic stirrer and magnet.

o 50 kDa (50,000 Daltons) MWCO (Molecular Weight Cut-Off) ultrafiltration tubes.

o Ultra-pure ethanol (> 99.5 %).
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o 50 mL Falcon tubes.

o Tip sonicator.

o 1 pm pore filter suitable for large volumes.

o Drying oven that reaches 60°C.

o Beaker glasses.

o Precision balance (capable of weighing up to 0.01 mg).

o Empty glass vials suitable for precision scales (number the glass vial with an indelible
marker before weighing and do not erase).

Each generation process requires the use of ultrafiltration tubes, which must be cleaned
before use as follows (Section 1.1):

a) Take 4 ultrafiltration tubes with a capacity of 20 ml in the upper part.

b) Add 20 ml of ultrapure water and centrifuge them for 2 min at 4500 rcf.

¢) Discard the filtered volume remaining in the lower part.

d) Repeat steps b) and c) 3 more times until washing the 4 tubes have been washed 4 times
with ultrapure water.

2 Obtention of non-photooxidized nanoplastics and oligomers by trituration

2.1 Material trituration process. Triturate up to 300 g of microbeads in the stainless-steel
blender to obtain 210 g ( 70 % of the original material) of triturated material < 1 mm.

a) Place the microbeads to be triturated in a metal or resistant plastic (polypropylene)
container.

b) Fill the container with liquid nitrogen until the microbeads are covered and let it
evaporate.

c) Allow the microbeads to heat up at room temperature for 1-2 minutes before triturating
(if the surface of the microbeads is too cold, the blender is likely to block).

d) Add the microbeads in the blender and triturate for 1-2 min at maximum revolutions
(10,000 rpm). Be careful, the material will continue to heat up during the trituration process,
stop the process if the temperature exceeds 30 degrees and continue with step e).

e) Once triturated, transfer the material from the blender to the 1 mm pore strainer and
shake until all the material < 1 mm passes into the collector.

f) Transfer the fragmented microbeads (> 1 mm) directly from the strainer and repeat steps
a), b), ¢), d) and f) until an approximate amount of 30 % wt of the original material remains
in the strainer (this amount may vary depending on the polymer).At this point, the small
amount and small size of the fragmented microbeads make the process too inefficient).

g) Store the grinded material < 1 mm in glass bottles, avoiding exposure to light (use amber
bottle, cover the bottle with aluminum, store in an opaque cabinet...).

The NPLs and oligomers generated are mixed with the triturated material < 1 mm.

2.2 Isolation, purification and quantification (dry weight) of nanoplastics and oligomers generated
by trituration. Based on the application of the protocol with PBAT, we estimate that this
protocol will yield between 2 and 4 mg of NPLs per 20 g of triturated material < Imm. This
process is performed in two consecutive phases, the first aims to isolate the oligomeric
fraction in ultra-pure ethanol, as the main objective, together with a small amount of the
NPLs; the second phase is focused on extracting the maximum amount of NPLs using an
ethanol/water mixture during the extraction. It is proposed to discard the volume retained
in the lower part since it contains water, which would make the isolation of the oligomeric
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fraction take a considerable amount of time (the oligomers are usually most of the mass
fraction, whereby enough material would be obtained only with the Phase 1):

a) Start transferring 80 grams of triturated material (< 1 mm) [section 2.1)] to 4 100 mL
beaker glasses (20 g per beaker glass).

Phase 1

b) Add 80 mL of ultra-pure ethanol at 30 °C to each beaker glass.

c) Sonicate each beaker glass individually for 1 min using a tip sonicator at enough power
to shake the whole triturated material (typically at 60 % duty cycle and 260 W using a
Branson Ultrasonics™ Sonifier™ S-450A) and allow the material to settle for 1 min.

d) Collect the maximum possible volume of ultra-pure ethanol ( 320 mL) and filter through
a 1 pm pore filter.

It is important not to exceed the flow rate recommended by the manufacturer, which in the
case of glass fiber filters (Whatman) is 81 mL/min, to avoid the release of glass microfibers
into the samples. For greater safety, a stainless-steel filter with a 10 pm pore size can be
placed between the glass fiber filter and the support (in contact with the filter) to retain the
fibers that come off (most of which are larger than 10 pm) or use a nylon filter. For avoid
the filter clogging, replace the filter every 100 mL.

e) Transfer the filtered material to the upper part of 4 ultrafiltration tubes (20 mL per tube).
f) Centrifuge the ultrafiltration tubes at room temperature at 4000 rcf until the entire
volume is ultrafiltered ( 2-4 min).

g) The volume retained in the lower part of the tubes should be kept separately, it is the
oligomeric fraction (Text S1 Fig. 3).

h) Repeat steps e), f) and g) until the entire volume ( 320 mL) is ultrafiltered.

The last centrifugations may take longer due to the membranes clogging (usually not more
than 10 minutes).

i) After ultrafiltration of the entire volume, transfer the oligomeric fraction to a beaker glass
and dry in a clean oven at 60 °C until complete drying (dried oligomers have an oily
appearance).

j) Resuspend the material in 2-3 mL of ultra-pure ethanol and transfer it to an empty and
previously weighed small glass vial (weigh without cap) and dry it in a clean oven at 60 °C
until completely dry (dried oligomers present oily appearance).

Phase 2

k) Prepare 320 mL of 25 % v/v ultra-pure ethanol in ultra-pure water (240 mL of ultra-pure
water and 80 mL of ultra-pure ethanol in a glass bottle).

1) Transfer 80 mL of the solution prepared in the previous step, into 4 beaker glasses
containing 20 g of triturated material (< 1 mm) that has already been extracted with
ultra-pure ethanol following Phase 1 (new triturated material can be added to increase the
efficiency of NPLs extraction).

m) Cool the beaker glasses at 4 °C for 15 min to prevent the dissolution of NPLs.

n) Sonicate each beaker glass individually for 1 min using a tip sonicator at enough power
to shake the whole triturated material (typically at 60 % duty cycle and 260 W using a
Branson Ultrasonics™ Sonifier™ S-450A) and allow the material to settle for 1 min.

0) Collect the whole possible volume of ultra-pure ethanol at 25 % in ultrapure water
(250-300 mL) and filter through a 1 um pore filter.
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p) Store the filtered material at 4 °C for 10-15 minutes to prevent the dissolution of NPLs.
q) Transfer the filtered material to the upper part of the 4 ultrafiltration tubes used in the
Phase 1 (20 mL per tube).

r) Centrifuge the ultrafiltration tubes at room temperature at 4000 rcf until the entire
volume is ultrafiltered (5-15 min).

s) The volume retained at the bottom of the tubes is discarded in case the triturated material
used had been previously subjected to the Phase 1 (it contains few oligomers; Text S1 Fig. 3).
t) Repeat steps m), n), r), and s) until the entire volume ( 300 mL) is ultrafiltered.

:
»
o
:
:

— i

|
| | 50 kDa
| ] MWCO

Figure ST3: Graphical image of the ultrafiltration process (yellow circles represent nanoplastics, red lines oligomers less than 50 kDa).

The last centrifugations may take longer due to the membranes clogging (usually not more
than 10 minutes).

u) After ultrafiltering the entire volume, one more ultrafiltration should be performed using
cold ultra-pure ethanol (1 h at 4 °C) to clean the fraction of NPLs that have been retained in
the membranes.

v) The NPLs fraction is recovered by vigorously pipetting a volume of 2-3mlL into the
upper part of the tube, and subsequently that volume is stored in an empty and previously
weighed small glass vial (weigh without cap) and dry it in a clean oven at 60 °C until
completely dry.

2.3 Quantification by dry weight (for both, Phase 1 and Phase 2). When both fractions are dried,
the small glass vials (without cap) containing the NPLs or the oligomers should be weighed.
From this weight, the initial weight of the empty bottle (without cap) is subtracted to obtain
the mass of the material generated. (Suggested balance accuracy +0.01 mg.)

3 Obtention of photooxidized nanoplastics and oligomers by photooxidation followed by
trituration

a) Place a maximum of 100 g of microbeads into the UV light lamp bottle filled with 800
mL of ultra-pure ethanol.

b) Allow the photo-aging test to run for the days defined in the experimental design on the
basis of the power applied and the photoaging scenario to be simulated.

In this study the lamp irradiates at 9.34 kW m~?2 (approximately 120 times the solar
irradiance in the Iberian Peninsula) during 96 h, irradiation that corresponds to 16 months
of average sunlight in the Iberian Peninsula (7.7 kWh m~2 day1).

c) Separately collect the ultra-pure ethanol (containing NPLs, oligomers and photooxidized
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material > 1 pm) and the photooxidized microbeads.
d) Filter the ethanol from the previous step through 1 pm pore filters to isolate and purify
the material contained in ultra-pure ethanol as follows:

d1). Transfer the filtered material to the upper part of 4 ultrafiltration tubes (20 mL per
tube).

d2). Centrifuge the ultrafiltration tubes at room temperature at 4000 rcf until the entire
volume is ultrafiltered ( 2-4 min).

The last centrifugations may take longer due to the membranes clogging (usually not more
than 10 minutes).

d3). The volume retained in the lower part of the tubes should be kept separately, it is the
oligomeric fraction (Text S1 Fig. 4).

d4). After storage of the photooxidized material, one more ultrafiltration should be
performed using cold ultrapure ethanol (1 h at 4 °C) to clean the fraction of NPLs that have
been retained in the membranes.

d5). The NPLs fraction is recovered by vigorously pipetting a volume of 2-3 mL into the
upper part of the tube, and subsequently that volume is stored in an empty and previously
weighed small glass vial (weigh without cap) and dry it in a clean oven at 60 °C until
completely dry.

e) Triturate the photooxidized microbeads as described in section 2.2) and follow the Phase
1 and Phase 2 to obtain photooxidized nanoplastics and oligomers. Transfer these materials
together with those obtained from the ultra-pure ethanol used during the photooxidation

(described in section 3.d) to the same glass vials to proceed with the quantification by dry
weight measurement (section 2.3).

Table S1. pH of ultrapure water and culture medium with
50 mg/L of NP- and P-PBAT-Olig at 0 and 96 h.

Medium Ultrapure water ~ TAP/6)
Oh 96 h Oh 9h
Without Oligs 5.8 5.64 6.96 7.09
NP-PBAT-Olig 5.14 5.15 6.88 7.08
P-PBAT-Olig  4.47 4.54 6.85 7.08

Table S2. Concentrations and incubation times of the fluorochrome probes used for flow cytometry.

Final

Fluorochrome Acronym Physiological concentration Ipcubatlp " Channel
parameter 1 time (min)
(ng mL™")
. . Intracellular levels
Dihydrorhodamine 123 ~ DHR123 10 40 FITC
of H,O,
Bis-(1,3- Cytoplasmic
dibutylbarbituric acid) DiBAC4(3) membrane 2.5 10 FITC
trimethine oxonol potential
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Table S3. Raw data of C. reinhardtii growth measured as ODysq after 72 h exposure to NP/P-PBAT-NPLs & NP/P-PBAT-Olig.

NP-PBAT-NPLs OD750 , mean OD750 ’ SD
Control for 0.01 mg/L 1.385 0.093
Control for 0.1 mg/L 1.090 0.049
Control for 1 mg/L 1.090 0.049
Control for 10 mg/L 1.090 0.049
Control for 50 mg/L 1.385 0.093
0.01 mg/L 1.262 0.058
0.1 mg/L 1.036 0.050
1 mg/L 1.019 0.076
10 mg/L 0.981 0.016
50 mg/L 1.248 0.101
P-PBAT-NPLs OD750 , mean OD750 ’ SD
Control for 0.01 mg/L 1.385 0.093
Control for 0.1 mg/L 1.385 0.093
Control for 1 mg/L 1.385 0.093
Control for 10 mg/L 1.385 0.093
Control for 50 mg/L 1.385 0.093
0.01 mg/L 1.171 0.033
0.1 mg/L 1.238 0.050
1 mg/L 1.275 0.074
10 mg/L 1.268 0.062
50 mg/L 1.263 0.142
NP-PBAT—Olig OD750 , mean OD750 ’ SD
Control for 0.01 mg/L 1.146 0.073
Control for 0.1 mg/L 1.125 0.072
Control for 1 mg/L 1.125 0.072
Control for 10 mg/L 1.125 0.072
Control for 50 mg/L 1.146 0.073
0.01 mg/L 1.188 0.100
0.1 mg/L 1.016 0.116
1 mg/L 1.160 0.136
10 mg/L 1.064 0.071
50 mg/L 0.975 0.091
P-PBAT—Ohg OD750 , mean OD750 ’ SD
Control for 0.01 mg/L 1.146 0.073
Control for 0.1 mg/L 1.125 0.072
Control for 1 mg/L 1.125 0.072
Control for 10 mg/L 1.125 0.072
Control for 50 mg/L 1.146 0.073
0.01 mg/L 1.119 0.080
0.1 mg/L 1.142 0.134
1 mg/L 1.154 0.032
10 mg/L 1.108 0.062
50 mg/L 1.179 0.099
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Table S4. Raw data of C. reinhardtii chlorophyll content expressed as mg/L of total chlorophyll after 72 h exposure to

NP/P-PBAT-NPLs & NP/P-PBATOIig.

NP-PBAT-NPLs

Chlorophyl (a+b), mg/L, mean

Chlorophyl (a+b), mg/L, SD

Control for 0.01 mg/L 9.841 0.243
Control for 0.1 mg/L 7.379 0.145
Control for 1 mg/L 7.379 0.145
Control for 10 mg/L 7.379 0.145
Control for 50 mg/L 9.841 0.243
0.01 mg/L 9.741 0.269
0.1 mg/L 7.347 0.189
1 mg/L 6.823 0.851
10 mg/L 7.245 0.293
50 mg/L 9.732 0.556
P-PBAT-NPLs Chlorophyl (a+b), mg/L, mean Chlorophyl (a+b), mg/L, SD
Control for 0.01 mg/L 7.379 0.145
Control for 0.1 mg/L 7.379 0.145
Control for 1 mg/L 7.379 0.145
Control for 10 mg/L 7.379 0.145
Control for 50 mg/L 7.379 0.145
0.01 mg/L 10.374 0.689
0.1 mg/L 10.306 0.116
1 mg/L 10.441 0.017
10 mg/L 10.171 0.146
50 mg/L 9.461 1.362
NP-PBAT-Olig Chlorophyl (a+b), mg/L, mean Chlorophyl (a+b), mg/L, SD
Control for 0.01 mg/L 8.146 0.987
Control for 0.1 mg/L 8.336 0.788
Control for 1 mg/L 8.336 0.788
Control for 10 mg/L 8.336 0.788
Control for 50 mg/L 8.146 0.987
0.01 mg/L 7.011 1.397
0.1 mg/L 6.782 2.288
1 mg/L 8.687 1.266
10 mg/L 7.525 2.729
50 mg/L 6.430 0.650
P-PBAT-Olig Chlorophyl (a+b), mg/L, mean Chlorophyl (a+b), mg/L, SD
Control for 0.01 mg/L 8.146 0.987
Control for 0.1 mg/L 8.336 0.788
Control for 1 mg/L 8.336 0.788
Control for 10 mg/L 8.336 0.788
Control for 50 mg/L 8.146 0.987
0.01 mg/L 8.335 1.749
0.1 mg/L 8.758 1.109
1 mg/L 8.801 1.784
10 mg/L 8.176 2.060
50 mg/L 5.961 0.484
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Table S5. Raw data of fluorescence intensity detected in FITC (525/40 nm) of C. reinhardtii cells stained with the fluorescent probe

DHR123 for reactive oxygen species (ROS) indicator and after 72 h exposure to NP/P-PBAT-NPLs & NP/PPBAT-Olig.

NP-PBAT-NPLs FITC Signal, mean FITC Signal, SD
Control for 0.01 mg/L 26935 2595
Control for 0.1 mg/L 27819 2482
Control for 1 mg/L 26093 3366
Control for 10 mg/L 28709 5572
Control for 50 mg/L 28898 1068
0.01 mg/L 34850 4482
0.1 mg/L 32914 5397
1mg/L 31900 2771
10 mg/L 38858 4565
50 mg/L 44520 7955
P-PBAT-NPLs FITC Signal, mean FITC Signal, SD
Control for 0.01 mg/L 21120 684
Control for 0.1 mg/L 22173 2594
Control for 1 mg/L 20966 863

Control for 10 mg/L 26824 3117

Control for 50 mg/L 20602 1461

0.01 mg/L 24769 1964
0.1 mg/L 25531 4387

1mg/L 24989 4862
10 mg/L 34040 4871

50 mg/L 28291 1447
NP-PBAT-Olig FITC Signal, mean FITC Signal, SD
Control for 0.01 mg/L 23996 1315
Control for 0.1 mg/L 21518 1700
Control for 1 mg/L 28909 3093
Control for 10 mg/L 28411 2770
Control for 50 mg/L 30,395 1,730
0.01 mg/L 23638 2406
0.1 mg/L 20371 2416
1mg/L 30819 2163
10 mg/L 33488 4579
50 mg/L 39227 2736
P-PBAT-Olig FITC Signal, mean FITC Signal, SD
Control for 0.01 mg/L 21193 2838
Control for 0.1 mg/L 34068 1785
Control for 1 mg/L 48351 8628
Control for 10 mg/L 49510 5130
Control for 50 mg/L 20647 1712
0.01 mg/ 21061 3458
0.1 mg/L 34950 855
1mg/L 48909 6168
10 mg/L 56917 9106
50 mg/L 26332 3578
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Table S6. Raw data of fluorescence intensity detected in FITC (525/40 nm) of C. reinhardtii cells stained with the fluorescent probe
DiBACy(3) for membrane potential indicator and after 72 h exposure to NP/P-PBAT-NPLs & NP/P-PBAT-Olig.

NP-PBAT-NPLs

FITC Signal, mean

FITC Signal, SD

Control for 0.01 mg/L 3758 637
Control for 0.1 mg/L 5283 809
Control for 1 mg/L 6313 818
Control for 10 mg/L 7412 105
Control for 50 mg/L 7850 345
0.01 mg/L 3880 595
0.1 mg/L 5111 1152
1mg/L 6409 951
10 mg/L 9228 895
50 mg/L 12103 2374
P-PBAT-NPLs FITC Signal, mean FITC Signal, SD
Control for 0.01 mg/L 2943 384
Control for 0.1 mg/L 5527 545
Control for 1 mg/L 7026 789
Control for 10 mg/L 8244 693
Control for 50 mg/L 5663 819
0.01 mg/L 2893 291
0.1 mg/L 6087 1007
1mg/L 8082 641
10 mg/L 9499 434
50 mg/L 7400 537
NP-PBAT-Olig FITC Signal, mean FITC Signal, SD
Control for 0.01 mg/L 3181 634
Control for 0.1 mg/L 3105 555
Control for 1 mg/L 2990 262
Control for 10 mg/L 2762 184
Control for 50 mg/L 2686 54
0.01 mg/L 3215 417
0.1 mg/L 3244 531
1mg/L 3300 365
10 mg/L 3136 284
50 mg/L 3418 155
P-PBAT-Olig FITC Signal, mean FITC Signal, SD
Control for 0.01 mg/L 2972 345
Control for 0.1 mg/L 2890 307
ontrol for 1 mg/L 2875 200
Control for 10 mg/L 2690 222
Control for 50 mg/L 2630 99
0.01 mg/L 3282 233
0.1 mg/L 3050 500
1mg/L 3242 543
10 mg/L 3053 454
50 mg/L 3210 481
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Table S7. Raw data of lipid peroxidation, measured by thiobarbituric acid reactive substances method (TBARS) and expressed as yg

malondialdehyde (MDA)/mg dry weight (DW), on C. reinhardtii after 72 h exposure to NP/P-PBATNPLs & NP/P-PBAT-Olig.

NP-PBAT-NPLs

TBARS (ug MDA /mg DW), mean

TBARS (ug MDA /mg DW), SD

Control for 0.01 mg/L 0.030 0.002
Control for 0.1 mg/L 0.030 0.002
Control for 1 mg/L 0.030 0.002
Control for 10 mg/L 0.030 0.002
Control for 50 mg/L 0.030 0.002
0.01 mg/L 0.035 0.004
0.1 mg/L 0.035 0.004
1 mg/L 0.035 0.002
10 mg/L 0.043 0.002
50 mg/L 0.046 0.004
P-PBAT-NPLs TBARS (ug MDA /mg DW), mean TBARS (ng MDA /mg DW), SD
Control for 0.01 mg/L 0.030 0.002
Control for 0.1 mg/L 0.030 0.002
Control for 1 mg/L 0.030 0.002
Control for 10 mg/L 0.030 0.002
Control for 50 mg/L 0.030 0.002
0.01 mg/L 0.034 0.005
0.1 mg/L 0.035 0.004
1mg/L 0.035 0.002
10 mg/L 0.042 0.004
50 mg/L 0.045 0.005
NP-PBAT-Olig TBARS (ng MDA /mg DW), mean TBARS (ug MDA /mg DW), SD
Control for 0.01 mg/L 0.030 0.004
Control for 0.1 mg/L 0.030 0.004
Control for 1 mg/L 0.030 0.004
Control for 10 mg/L 0.030 0.004
Control for 50 mg/L 0.030 0.004
0.01 mg/L 0.034 0.004
0.1 mg/L 0.034 0.003
1mg/L 0.034 0.002
10 mg/L 0.035 0.004
50 mg/L 0.038 0.006
P-PBAT-Olig TBARS (ng MDA /mg DW), mean TBARS (ug MDA /mg DW), SD
Control for 0.01 mg/L 0.030 0.004
Control for 0.1 mg/L 0.030 0.004
Control for 1 mg/L 0.030 0.004
Control for 10 mg/L 0.030 0.004
Control for 50 mg/L 0.030 0.004
0.01 mg/L 0.034 0.002
0.1 mg/L 0.034 0.003
1mg/L 0.034 0.004
10 mg/L 0.035 0.003
50 mg/L 0.038 0.003
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Table S8. Raw data of oxygen evolution expressed as ymol Oy/mg Chlorophyl (a+b) - h of C. reinhardtii after 72 h exposure to
NP/P-PBAT-NPLs & NP/PPBAT-Olig.

NP-PBAT-NPLs

pmol O, /mg Chlorophyl (a+b), mean

pmol O, /mg Chlorophyl (a+b), SD

Control 225.4 9.5
0.1 mg/L 201.9 15.4
10 mg/L 187.4 25
P-PBAT-NPLs pmol O, /mg Chlorophyl (a+b), mean pmol O, /mg Chlorophyl (a+b), SD
Control 225.4 9.5
0.1 mg/L 205.4 7.6
10 mg/L 185.6 19.1
NP-PBAT-Olig pmol Oy /mg Chlorophyl (a+b), mean pmol Oy /mg Chlorophyl (a+b), SD
Control 232.6 19.4
0.1 mg/L 214.3 3.7
10 mg/L 204.9 17.5
P-PBAT-Olig pmol O, /mg Chlorophyl (a+b), mean pmol Op/mg Chlorophyl (a+b), SD
Control 232.6 19.4
0.1 mg/L 205.3 13.7
10 mg/L 1959 4.5

Table S9. Raw data cell size based on flow cytometry back scatter detected with forward scatter FSC of C. reinhardtii cells after 72 h

exposure to NP/PPBAT-NPLs & NP/P-PBAT-Olig.

NP-PBAT-NPLs FSC, mean FSC, SD
Control 786,653 19,144
0.1 mg/L 789,255 17,488
10 mg/L 834,648 20,244
P-PBAT-NPLs FSC, mean FSC, S
Control 776,479 18,606
0.1 mg/L 783,186 8,697
10 mg/L 822,909 23,747
NP-PBAT-Olig FSC, mean FSC, S
Control 1,004,230 139,767
0.1 mg/L 945,057 104,617
10 mg/L 1,000,270 101,500
P-PBAT-Olig FSC, mean FSC, S
Control 1,004,230 139,767
0.1 mg/L 945,057 104,617
10 mg/L 1,000,270 101,500
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Figure S1: Hydrodynamic size distribution curves by number (measured by Dynamic Ligth Scattering) of NP- and P-PBAT-NPLs

and NP- and PPBAT-Olig in ultrapure water (A). Hydrodynamic size distribution curves by number of NP- and P-PBAT-NPLs and
NP- and P-PBAT-Olig in culture medium (B).
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MALDI-TOF/TOF spectrum of NP-PBAT-Olig chromatography peaks 1(A), 2(B), 3(C), 4(D), 5(E), 6(F), 7(G), and 8 (H).
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Figure S3: MALDI-TOF/TOF spectrum of P-PBAT-Olig chromatography peaks 1(A) 2(B), 3(C), 4(D), 5(E), and 6(F).
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Figure S4: Mean value of butylene-terephthalate units per polymeric series by chromatography peak (from lower to higher hydropho-
bicity) of NP- (A) and P- (B) PBAT-Olig.
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Figure S5: Growth, expressed as percentage of variation of OD750, on C. reinhardtii after 72 h exposure to NP/P-PBAT-NPLs &
NP/P-PBAT-Olig. Asterisks indicate treatments that are significantly different (Dunnet’s test, (***) p < 0.001.; (**) p < 0.01.; (*) p <
0.05.) from the control represented as 100 % (dotted line).
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Figure S6: Representative chlorophyll autofluorescence/bright field overlay images of confocal microscopy of C. reinhardtii after 72 h
exposure to NP- and P-PBAT-NPLs. Image shows confocal microscopy images of the non-exposed cells (A and D); cells exposed to 0.1
and 10 mg/L of NP-PBAT-NPLs (B and C, respectively); cells exposed to 0.1 and 10 mg/L of P-PBAT-NPLs (E and F, respectively).
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Figure S7: Representative chlorophyll autofluorescence/bright field overlay images of confocal microscopy of C. reinhardtii after 72 h
exposure to NP- and P-PBAT-NPLs. Image shows confocal microscopy images of the non-exposed cells (A and D); cells exposed to 0.1
and 10 mg/L of NP-PBAT-NPLs (B and C, respectively); cells exposed to 0.1 and 10 mg/L of P-PBAT-NPLs (E and F, respectively).
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