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A B S T R A C T

Nanoplastics (NPs) are pervasive pollutants whose detection and collection from the environment is challenging 
due to their extremely small size, which limits the effectiveness of characterization techniques. This study an
alyses the impact of crystallization kinetics on the autofluorescence behavior of unlabeled polyethylene tere
phthalate (PET) NPs produced by mechanically fragmenting plastic waste in conditions that simulate natural 
degradation. This process yields particles with properties similar to those found in nature. By studying crystal
lization kinetics, it is possible to restore polymer crystallinity, effectively replicating the increased crystallinity 
observed in environmentally degraded polymers. Additionally, the enhanced crystallinity leads to a stronger 
fluorescence signal allowing the resulting nanoparticles to be used without additional fluorescent staining, a 
novel feature that overcomes the limitations of conventional dye labelling.

The ecotoxicological relevance of the obtained label-free PET nanoplastics is validated through in vivo 
exposure on the freshwater zooplanctonic model species Daphnia magna at two different temperatures. Confocal 
microscopy indicates a prevalent accumulation in the gastrointestinal tract. Recovery results reveal a clear 
decline in organism survival that is dependent on both dose and temperature, indicating that higher tempera
tures amplify the toxic effects of PET nanoparticles. This highlights the potential for global warming to exac
erbate the ecological impacts of microplastics.

1. Introduction

Micro and nanoplastics (MNPs) are pervasive pollutants found in 
different environments, including urban areas, remote regions, aquatic 
ecosystems and indoor dust (Yang et al., 2023). Their concentrations 
vary significantly ranging from 103 items⋅m-3 to 104 items⋅m-3, in 
different surface water environments (Eo et al., 2019; Cheng et al., 
2021). Aquatic environments are particularly at risk for MNPs 
contamination due to the widespread use and poor disposal of plastics, 
which break down into smaller particles that persist in water bodies 
(Besseling et al., 2019; Chae and An, 2017). These tiny plastics are now 
found globally in both marine and freshwater systems, where they can 
be ingested by a wide range of aquatic organisms, from algae and in
vertebrates to fish. Their small size allows them to be easily taken up by 
organisms and transferred through food webs (ref) with potential risks 

for human health. Micro- and nanoplastics are highly motile in the 
environment and can also adsorb and transport other environmental 
contaminants, increasing the risk of toxic exposure for aquatic life and 
potentially altering the toxicity and bioavailability of these chemicals 
(Serra et al., 2025; Patrício Silva et al., 2024). The pervasive distribution 
of MNPs raises serious concerns about their impact on ecosystems and 
human health. Particularly, nanoplastics, typically defined as plastic 
particles ranging from 1 to 1000 nanometers (Gigault et al., 2018) raise 
significant concerns due to their small size, which allows them to 
interact with biological macromolecules (Polo et al., 2024), cross cell 
membranes (Giordano et al., 2025; Hua and Wang, 2022), penetrate 
biological barriers (Bai et al., 2024), and accumulate in tissues and or
gans (Nihart et al., 2025; Dong et al., 2023), representing potential treat 
for the health of wildlife and humans (Chang et al., 2020). Aquatic 
species are especially vulnerable, and current evidence suggests that the 
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concentrations of MNPs in some areas may already pose ecological risks 
(Besseling et al., 2019). The persistence and ubiquity of micro- and 
nanoplastics, combined with the potential risks for humans and wildlife 
highlight the urgent need for improved monitoring, assessing their 
impact, and mitigation strategies

Micro- and nanoplastic sampling faces challenges like limited site 
access, inconsistent methods, small sample volumes, and contamination 
risks (Nakano et al., 2025). The lack of standard protocols and envi
ronmental variability hinder data comparability and representativeness. 
Their extremely small dimensions limit the effectiveness of standard 
characterization techniques. In environmental samples, NPs are often 
mixed with various polymers and additives, making accurate identifi
cation and analysis even more difficult. Furthermore, NPs are often 
found in complex environmental matrices, such as sediments, water, and 
biological tissues, that can interfere with detection methods. Current 
analytical methods are not sufficiently adapted or validated for these 
contexts, resulting in a lack of reliable techniques for NP identification 
and quantification. Additionally, NPs tend to aggregate and may un
dergo chemical transformations over time, further complicating sys
tematic studies of their properties and effects (Lettieri et al., 2025).

Simplified model NPs, mostly polystyrene (PS) NPs, are commonly 
used in environmental impact studies. However, their relevance is 
limited because they differ significantly from real-world NPs in both 
physicochemical properties and shape. Unlike naturally occurring NPs, 
model NPs are typically monodisperse, spherical and chemically func
tionalized, and do not accurately represent the diversity of polymers, 
shapes, and surface chemistries found in nature (Ramsperger et al., 
2022). Additionally, toxicity effects may often be driven more by the 
surfactants used than by the particles themselves (Ramsperger et al., 
2022). The World Health Organization (WHO) has emphasized the need 
for test MNPs materials with greater environmental relevance, encom
passing a diversity of polymer types, morphologies, and physicochem
ical properties (World Health Organization 2022). A major limitation in 
many toxicity studies is the insufficient characterization of test mate
rials, which undermines their utility for risk assessment (Santizo et al., 
2025). These challenges underscore the need for NPs with well-defined, 
reproducible, and environmentally realistic properties to better simulate 
exposure scenarios and support meaningful ecotoxicological 
assessments.

Understanding the behavior and impacts of nanoplastics requires the 
use of reproducible model nanoplastics for controlled laboratory studies. 
Two main approaches are employed to produce these materials: top- 
down and bottom-up methods. Top-down techniques, such as milling, 
ultrasonication, and laser ablation, fragment bulk plastics into smaller 
particles while preserving their chemical composition (Ducoli et al., 
2025), whereas bottom-up approaches, including emulsion polymeri
zation, solvent evaporation, and nanoprecipitation, synthesize nano
plastics from monomers or dissolved polymers, yielding uniform and 
size-controlled particles (Crosset-Perrotin et al., 2025). Among 
top-down methods, milling stands out as a versatile mechanical tech
nique capable of reducing macroplastics to nanoscale fragments while 
maintaining their chemical integrity (Lionetto et al., 2022; Ducoli et al., 
2024; Rajabimashhadi et al., 2024). Although milling often requires 
cryogenic pretreatment and long processing times, and may yield 
limited quantities of particles smaller than 100 nm, it represents an 
effective approach for producing environmentally relevant and irregu
larly shaped particles. Overall, ball milling stands out as a key method 
for generating realistic model nanoplastics by mechanical reproducing 
the combination of forces that mimic the natural plastic fragmentation 
driven by wave erosion and rock impact (Giordano et al., 2025; Ducoli 
et al., 2024).Many polymers that form MNPs are semicrystalline, making 
the study of microplastic crystallinity essential, as it significantly in
fluences their physical properties and degradation behavior. The degree 
of crystallinity in MNPs can vary based on the type of polymer and the 
conditions under which it was degraded. In natural environments, 
weathering often leads to an increase in crystallinity because the 

amorphous regions degrade faster, exposure to UV light accelerates 
chain scission, breaking polymer chains into smaller fragments with a 
higher mobility allowing them to reorganize into crystalline regions 
(Aljoumaa and Abboudi, 2015). Despite its importance, to the authors 
knowledge, research on microplastic crystallinity still remains very 
scarce. Understanding this aspect is critical, as crystallinity affects not 
only degradation rates but also can influence their interactions with 
living organisms. Typically, higher crystallinity results in greater resis
tance to environmental degradation, allowing microplastics to persist 
longer in the environment. Therefore, studying microplastic crystallinity 
is vital for understanding MNPs environmental behavior, their interac
tion with living organism and developing strategies to mitigate plastic 
pollution in aquatic environments.

Among MPs, polyethylene terephthalate (PET) is one of the most 
prevalent and environmentally persistent types. PET is one of the most 
widespread polymer with a global production reaching 28 million tons 
in 2024 (Jovanović et al., 2025) covering a broad range of applications, 
from bottles, food containers, and packaging to textile fibers and 
advanced industrial composites (Greco et al., 2015). Despite recycling 
efforts, less than half of PET waste is recovered, leading to environ
mental accumulation through both degraded products (secondary MPs) 
and direct sources like fibers and glitters (primary MPs) (Alaraby et al., 
2025; Briga-Sá et al., 2023). PET microplastics (MPs) are prevalent in 
soils, sediments, dust, and water, even reaching remote areas (Kumar 
et al., 2024). For examples, PET has been identified as the most preva
lent polymer MPNPs in East Greenland fjords (Vetter et al., 2025). PET 
MNPs contaminate drinking water and seafood, and bioaccumulate 
across food chains (Rajtar et al., 2025). NPs are easily transported in the 
environment, can sorb and release pollutants, (Lionetto et al., 2022). 
Aquatic organisms suffer ingestion, toxicity, reproductive harm, and 
behavioral changes due to MPs, ultimately disrupting ecosystems.

PET MNPs can absorb a variety of pollutants from the surrounding 
environment due to their large surface area and hydrophobic nature. In 
long-term studies, PET showed a significant increase in PFAS adsorption, 
suggesting a possible diffusion process of PFAS within the polymer 
matrix (Freilinger et al., 2025). Aged PET MPs have been reported to 
absorb more pharmaceutical contaminants than unaged ones, primarily 
due to hydrogen bond formation as recently demonstrated between 
amoxicillin and ester groups of PET microplastics (Lionetto et al., 2023). 
Humans are exposed through ingestion and inhalation, and recent 
studies have detected various MPs in human feces (Yang et al., 2023) 
and placenta (Liu et al., 2023), with PET being among the most common. 
PET degrades slowly, causing long-term accumulation in ecosystems and 
increased human exposure risk; environmental factors like pH can 
further increase toxic chemical leaching (Giordano et al., 2025). Given 
its widespread use, the potential health risks of PET MNPs merit close 
attention.

MNPs in biological samples are typically visualized by fluorescence 
imaging usually after staining with fluorescent dyes. However, these 
dyes can introduce limitations such as non-specific signals, false posi
tives, photobleaching, and dye leaching (Cho et al., 2025). Recent works 
have shown that PET nanoparticles exhibit intrinsic autofluorescence, 
enabling their detection without the use of external dyes and preserving 
their native properties (Lionetto et al., 2022). The intrinsic fluorescence 
of PET nanoparticles offers promising potential for tracking nanoplastics 
in environmental samples and studying their cellular interactions, 
without the complications introduced by external labeling (Giordano 
et al., 2025). This label-free imaging approach relies on the natural 
fluorescence arising from aromatic rings in the PET molecular structure, 
although further investigation is still needed to fully understand and 
enhance this phenomenon.

This study primarily aims to investigate the impact of crystallization 
kinetics on the autofluorescence behavior of PET micro- and nano
plastics (MNPs) produced by mechanically fragmenting plastic waste in 
conditions that simulate natural fragmentation forces like wave erosion 
and rock impact. This represents a novel and underexplored approach in 
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microplastic research that provides new insights into how structural 
transitions influence optical properties in environmentally relevant 
plastic particles. The study examines how thermal treatments influence 
crystallinity and explores the effect of crystallinity levels on auto
fluorescence intensity through the application of multiple analytical 
techniques. Another goal is to restore polymer crystallinity by 
mimicking the increased crystallinity of degraded polymer in the envi
ronment. Finally, the suitability of label-free PET nanoplastics for bio
logical studies and their impact on aquatic organisms has been assessed 
using in vivo exposure experiments on neonates of the freshwater zoo
planctonic model species Daphnia magna and ecotoxicological outcomes 
have been investigated under different exposure temperatures.

Daphnia magna, a species of freshwater zooplankton, represents a 
model organism due to its well-known biology, short lifecycle, parthe
nogenetic reproduction, and high sensitivity to pollutants (Ebert, 2022). 
The transparency of its body allows for easy physiological observation 
(Ducoli et al., 2025). As a primary consumer and prey for higher trophic 
levels, Daphnia magna plays a vital role in aquatic food webs. As a filter 
feeder, Daphnia naturally ingests MNPs present in the water column (Le 
et al., 2016), reflecting realistic exposure scenarios. Daphnia magna 
serves as a bioindicator for assessing the impact of various environ
mental stressors, including emerging contaminants such as nanoplastics, 
on aquatic ecosystems (Crosset-Perrotin et al., 2025) supporting its use 
in environmental risk assessment (Rosner et al., 2024).

2. Experimental

2.1. Nanoplastic production

Post-consumer PET bottles were used to prepare PET nanoparticles 
in this study. A sketch of the process is reported in Fig. 1. After cutting 
the bottles into pieces of about 5 × 10 cm2, they were crushed in a 
Retsch SM 2000 cutting mill (RETSCH GmbH & Co., Düsseldorf, Ger
many). The obtained millimetric powder was finely milled to the 
micrometric size using a RETSCH ZM100 Ultra Centrifugal mill 
(RETSCH GmbH & Co., Düsseldorf, Germany) at 14.000 rpm. The 
micrometric powder was wet-milled at 390 rpm for 30 min in a zirconia 
jar, using ultrapure water and zirconia balls in an ambient atmosphere 
and an S/1 1000B ball mill (Ceramic Instruments S.r.l, Sassuolo Modena, 
Italy) with parameters optimized in a previous work (Lionetto et al., 
2021). From previous studies (Rajtar et al., 2025), we found that 
approximately 60 % of the overall particle volume exhibited sizes within 

the nanometric range after 20 min of milling, whereas the micron-sized 
fraction resulted from incomplete comminution or particle aggregation. 
The suspension was subsequently sieved to remove particles larger than 
1 µm and sonicated to ensure a homogeneous nanoplastic dispersion.

2.2. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was used to analyse the topography 
of PET nanoplastics. The characterization was performed with a Bruker 
MultiMode 8 AFM system. Ultrapure water was used to dilute the 
colloidal suspension of nanoparticles and 50 µL of the dispersion was 
spin-coated onto a steel disc, followed by drying at room temperature. 
AFM imaging was conducted in PeakForce QNM mode, under ambient 
conditions, utilizing RTESPA-300 cantilever (Bruker) with a spring 
constant of 40 N/m. In this mode, the AFM tip periodically tapped the 
surface and the tip-sample interaction force was directly controlled and 
measured in each tap. This mode was particularly useful in studying 
polymer samples because it combined mechanical mapping with mini
mal sample disturbance (Chang et al., 2023). The scan sizes were 3 × 3 
µm² and 2 × 2 µm², the scan rate was 0.46 Hz and the resolution was 500 
lines per scan. Data processing and size measurements were performed 
using Nanoscope Analysis v1.5 software (Bruker). The statistical anal
ysis of nanoplastic sizes was performed by measuring the particle di
ameters and area by using ImageJ software on >500 nanoparticles.

2.3. Laser diffraction

Particle size distribution was analyzed using a CILAS 1190 multi- 
laser particle size analyzer (CPS Us, Inc., Madison, WI, USA) in combi
nation with Particle Expert® software. Powder samples were dispersed 
in a 500 mL water cell and illuminated by a low-intensity laser beam. 
The scattered light was collected and focused onto detectors using a 
Fourier lens, and particle size measurements were calculated based on 
Mie scattering theory. The results were the average of three replicates.

2.4. Differential scanning calorimetry

Thermal analysis was carried out using a METTLER TOLEDO DSC 
822e under an inert nitrogen atmosphere with a flux of 60 ml/min. The 
instrument was calibrated with indium and aluminum pans of 40 μl were 
used. The analyzed samples consisted of two types: disks (6 mm in 
diameter) punched from post-consumer PET bottles (named PET-B) and 

Fig. 1. Scheme of nanoplastic production process.
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microplastic-like powder (designated as PET-MP) with an average par
ticle size of 100 µm. Dry PET microparticles were used for DSC analysis 
instead of nanoparticles due to the experimental challenges associated 
with accurately handling and weighing nanoparticle samples, while 
microparticles provide sufficient mass and reliable thermal signals 
representative of the polymer’s bulk behavior. As reported in the liter
ature, DSC allows reliable identification and quantification of semi- 
crystalline PET microplastics, with particle size affecting peak resolu
tion but not the intrinsic thermal transition temperatures which are 
independent of sample morphology or size scale (Rodríguez Chialanza 
et al., 2018; Šudomová et al., 2023). Samples of about 7–10 mg were 
heated from 25 ◦C to 300 ◦C at 10 ◦C/min followed by cooling from to 25 
◦C and second heating, both at 10 ◦C/min. A Sartorious balance with a 
weighing accuracy of 0.01 mg was used. The glass transition tempera
ture, Tg, of each sample was defined as the inflection point of the glass 
transition heat flow jump. The melting temperature was defined as the 
peak temperature of the melting endotherm. The annealing procedure 
was studied by applying the following protocol: heating from 60 ◦C to 
annealing temperature at 10 ◦C/min, holding 2 h at annealing temper
ature, cooling to 25 ◦C at 10 ◦C/min and subsequent heating from 25 ◦C 
to 280 ◦C at 10 ◦C/min. The annealing temperature was varied between 
100 ◦C and 160 ◦C. Each result was the average of three replicates.

2.5. Raman spectroscopy

Raman spectroscopy was carried out using a LabRam confocal sys
tem (Horiba Jobin Yvon) equipped with a 100 × objective lens. A He–Ne 
laser working at 633 nm supplied 7 mW at the sample surface. Spectral 
acquisition was performed with a 3 cm-1 spectral resolution over a 
wavenumber range of 100–2000 cm-1 with 300 scans per sample.

2.6. Spectrofluorimetric analysis and confocal fluorescence microscopy 
visualization of PET NPs

The fluorescence emission spectra of aqueous dispersions of label- 
free PET nanoparticles were measured with a Cytation 5 multimode 
reader (BioTek, Winooski, VT, USA) in Corning® 96-Well Black Micro
plates (Glendale, AR, USA) in the λ range from 350 nm to 700 nm.

The fluorescence microscopic visualization of PET NPs powder ag
gregates was performed by using confocal analysis. Briefly, 0.2 mg of 
PET NPs powder was spread on the surface of a microscope slide, 
mounted with IBIDI mounting medium for fluorescence microscopy 
(Ibidi GmbH, Gräfelfing, Germany) and visualized by 405 nm laser lines 
of A1 NIKON (Tokyo, Japan) confocal laser scanning unit coupled with a 
NIKON Ti microscope using a Plan Apo 60 × 1.40 Oil objective (Nikon, 
Tokyo, Japan).

2.7. Short term exposure of Daphnia magna to PET NPs and recovery

The ecotoxicological impact of PET NPs on the model organism 
Daphnia magna were evaluated by exposing hatched neonates <24 h old 
to PET NPs in the concentration range from 5 mg/L to 100 mg/L for 48 h 
and recording mortality as endpoint according to EN ISO 6341:2012 (EN 
ISO 6341 2012). The choice of neonates is guided by standard ecotoxi
cological protocols (e.g., OECD Test Guideline 202 (Development, O. for 
E.C 2004)) and optimizes the sensitivity, reproducibility, and ecological 
relevance of the tests. Neonates represent the early stage of life, which is 
the most vulnerable phase of an organism's life cycle. Impacts on 
neonate survival and development directly affect population sustain
ability, making them ecologically relevant endpoints (David et al., 
2011).

Daphnids were derived from Daphtoxkit F™ magna (1996) conform 
with ISO Standard 6341and OECD Guideline 202 (Development, O. for 
E.C 2004). The organisms were prefeed with lyophilized Arthrospira 
platensis provided by the kit. Two exposure experiments were performed 
in parallel at two different temperatures: one at 21 ± 1 ◦C and the other 

at 25 ± 1 ◦C under a 16: 8 h light/dark regime. Control organisms were 
exposed to the same experimental conditions as test organisms except 
for the presence of PET NPs. ASTM synthetic water was used for ex
periments (ASTM, 1980). 21 ± 1 ◦C is included in the normal culture 
temperature for these organisms, since their optimal temperature range 
is typically between 18 and 22 ◦C, according to OECD Guideline 202 
(Development, O. for E.C 2004). 25 ± 1 ◦C is often used in experiments 
with Daphnia magna to simulate an increase in environmental temper
ature since 25 ◦C represents a moderate thermal stress condition, 
mimicking the effects of climate change or heatwaves in freshwater 
ecosystems (Bergman Filho et al., 2011; Im et al., 2020). Before exposure 
of Daphnia, the dispersion of PET NPs in ASTM water was sonicated with 
a customized protocol using a Bioruptor Plus (Diagenode, Denville, NJ, 
USA) to improve the nanoparticle dispersion. After 48 h of exposure, 
daphnids were inspected for immobility (according to EN ISO 
6341:2012 (EN ISO 6341 2012)) and immobilized organisms counted. 
Immobilization was assumed when the animals cannot swim within 15 s 
when gently prodded (Development, O. for E.C 2004). Mortality was 
expressed as the percentage of immobilized animals for each concen
tration and each temperature condition.

After 48 h exposure, live organisms were first transferred to clean 
ASTM water to rinse them and subsequently transferred to clean ASTM 
water with added algae (Clorella vulgaris; density 5 × 104 cells) for 
another 48 h under the same conditions as during the first 48 h (at two 
temperatures 21 ◦C and 26 ◦C under a 16: 8 h light/dark regime). After 
48 h of exposure, mortality was recorded.

2.8. Visualization of PET NP in the body of Daphnia magna

The visualization of PET NP in the body of Daphnia magna neonates 
was performed after 24 h exposure to PET NPs 5 mg/L. After the 
exposure, the organisms were first transferred to clean ASTM water to 
rinse them before visualization. Then they were put in a small drop of 
ASTM water into the wells of a Corning 96 multiwell black. Images of the 
whole organisms were taken at 4 × magnification under bright field and 
fluorescence microscopy observation using a Cytation 5 (BioTeck 
Winooski, VT, USA) imaging multi-mode reader provided with 360/460 
nm (blue) filter set. The visualization was performed in 5 replicates

3. Results

3.1. Morphological characterization and size distribution of PET 
nanoparticles

The procedure employed in this study enabled the production of 
nanoparticles without the use of toxic solvents, while also simulating the 
fragmentation of plastic debris in aquatic environments caused by me
chanical abrasion. The morphology of the resulting nanoparticles is 
shown in Fig. 2a-b). These nanoplastics were irregularly shaped, similar 
to naturally occurring nanoplastics. They were not perfectly spherical 
but rather elongated. Circularity analysis was performed using ImageJ 
software on several AFM images. The software calculated circularity 
according to the following equation: 

Circularity =
4 ∗ π ∗ Area
(Perimeter)2 (1) 

with a circularity value of 1 indicating a perfect circle. The shape 
observable in Fig. 2a-b are consistent with an obtained circularity value 
of 0.68 ± 0.11.

The size distribution of PET particles generated during the milling 
process was analyzed using both AFM and laser diffraction techniques, 
showing a right-skewed distribution centered around 150–200 nm, with 
most particles below 400 nm. The frequency distributions shown in 
Figs. 2c–d represent the probability of encountering a particle with a 
given diameter (D) within the sample population. Key percentile values 

F. Lionetto et al.                                                                                                                                                                                                                                 Journal of Hazardous Materials Advances 21 (2026) 101093 

4 

astm:synthetic
astm:water
astm:water
astm:water
astm:water
astm:water


(D10, D50, and D90 in Fig. 2d) indicate the diameters below which 10 %, 
50 %, and 90 % of the total particle volume are found, respectively. The 
consistency between AFM and laser diffraction confirms the reliability of 
the size estimation across methods.

Moreover, particle size distribution resulting from AFM measure
ments, was modeled with Weibull distribution (De Pascalis et al., 2023): 

f(l) =
k
λ

(
l
λ

)k− 1

exp

[

−

(
l
λ

)k
]

(2) 

where k an λ were the shape and scale parameter, respectively. These 
parameters were obtained by applying the least square method to the 

Fig. 2. a, b) AFM images of PET nanoparticles at two different magnifications; c) particle size distribution obtained from AFM image analysis; d) particle size 
distribution measured by laser diffraction.

Fig. 3. a) DSC thermograms of PET microplastics and post-consumer bottle, before and after 2 h annealing at different temperatures; b) apparent crystallinity.
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size measurements from AFM images and are reported in Fig. 2c. The 
fitted length parameter, λ, closely matched the average particle size 
determined by laser diffraction.

The shape parameter (k = 2) indicated a moderately skewed distri
bution with a distinct peak centered around a dominant particle size. 
Such a distribution is characteristic of breakage processes governed by 
brittle fracture mechanics, where particle fragmentation occurs in a 
relatively uniform manner.

3.2. Isothermal crystallization kinetics of PET microplastics

Fig. 3 compares the thermal behavior of PET microparticles, 
analyzed by DSC at a heating rate of 10 ◦C/min, with that of the original 
post-consumer PET bottles. The glass transition temperature (Tg) was 
identified as the inflection point on the DSC curve, corresponding to the 
change in heat capacity. For the PET bottle samples (labeled PET-B in 
Fig. 3a), the glass transition occurred at 77 ◦C, and the melting endo
therm peak was at 249 ◦C.

DSC provide indirect indications on the formation of lower molecular 
weight species during PET milling by analyzing changes in the thermal 
properties of the material. Šudomová et al. (Šudomová et al., 2023) 
observed significant differences (about 20 ◦C) in peak temperatures of 
recycled PET samples under various conditions that may indicate al
terations in molecular structure, including the formation of lower mo
lecular weight species. However, in the thermograms reported in Fig. 3a, 
there is no significant difference in the melting peak temperature, as also 
reported in Table 1, confirming that the milling process did not produce 
a significant amount of lower molecular weight species.

Moreover, thermogravimetric (TGA) analysis in nitrogen at 10 ◦C/ 
min revealed that both the PET bottle and the corresponding MPs exhibit 
a two-step decomposition process. The TGA curve of MPs closely re
sembles that of the PET bottle, although it is slightly shifted toward 
lower temperatures. This minor shift is likely due to PET degradation 
induced by mechanical fragmentation, as also reported by Ducoli et al. 
(Ducoli et al., 2024). In conclusion, within the limits of the sensitivity of 
DSC and TGA analyses, the milling process did not produce a significant 
amount of lower molecular weight species.The microparticles produced 
by milling (black curve, labeled PET-MP in Fig. 3a) exhibited an addi
tional exothermic peak at 131 ◦C, corresponding to the cold crystalli
zation of the amorphous regions of the molecular chains (Cheng et al., 
2021). This indicated that the mechanical energy from milling induced 
amorphization in the PET polymer. The milling process applied signif
icant mechanical stress, especially to the crystalline regions. Repeated 
impacts and shear forces disrupted the ordered arrangement of polymer 
chains, with the energy input eventually overcoming the forces that 
maintain the crystal structure. This transformation likely occurred in the 
solid state, as the temperature inside the milling jar rose above the 
polymer glass transition temperature but remained well below the 
melting point, consistent with observations from other studies (Font 
et al., 1999; Zaker and Auclair, 2024). As also reported by Bai et al. (Bai 
et al., 2000), the temperature during grinding allowed sufficient mo
lecular mobility to promote solid-state amorphization without reaching 
the melt phase.

The heat absorbed during melting, ΔHm, or released during crystal
lization, ΔHcc, was proportional to the area between the curve and the 

baseline of the DSC thermogram in the temperature range where the 
transition occurred. The difference between ΔHm and ΔHcc corre
sponded to the heat associated with the melting of the crystals initially 
present in the sample. The relative crystallinity, Xc, was calculated ac
cording to Eq. (1): 

Xc =
ΔHm − ΔHcc

ΔH0
∗ 100(%) (3) 

were ΔHm and ΔHcc were the melting and cold crystallization enthalpies 
(J/g), respectively, and ΔH0 = 140 J/g the melting enthalpy of a 100 % 
crystalline PET (Lionetto et al., 2021; Viora et al., 2023; Androsch and 
Wunderlich, 2005).

The thermal properties are summarized in Table 1. The apparent 
crystallinity of PET-B (34.7 ± 2.2 %) was in agreement with literature 
data where a range of 25–38 % was observed for water bottles except for 
the finish/neck zone (Zaker and Auclair, 2024; Lu et al., 2022). The 
milled PET microplastics (PET-MP) presented a reduced crystallinity 
(15.1 ± 1.1 %).

Plastic waste and microplastics in the environment undergo weath
ering due to UV exposure and thermal ageing. In semi-crystalline poly
mers, the amorphous regions of the polymer chains degrade more 
readily than the crystalline regions, which are less accessible to envi
ronmental factors. As a result, the crystallinity of the remaining micro
plastic particles tends to increase over time (Thomsen et al., 2023; Guo 
and Wang, 2019). To accurately replicate environmentally relevant 
micro- and nanoplastics, it is essential to restore their original, pristine 
level of crystallinity. For this purpose, the crystallization kinetics of PET 
microplastics was studied by DSC and thermal annealing was applied in 
the temperature range of 100–160 ◦C, i.e. between Tg and Tm, to pro
mote crystallization without melting the polymer but preserving its 
structural integrity. The samples were heated from 25 ◦C to the selected 
isothermal temperature at 60 ◦C/min, then they were kept for 2 h at the 
isothermal temperature, then cooled to 25 ◦C at 10 ◦C/min and heated to 
280 ◦C at 10 ◦C/min. The labels used in Fig. 3 were PET-MP100, 
PET-MP120, PET-MP140 and PET-MP160 to indicate samples 
annealed at 100 ◦C, 120 ◦C, 140 ◦C, 160 ◦C.

The DSC thermograms in Fig. 3a revealed the effect of annealing 
treatment on the crystallization behaviour of PET microplastics. After 
isothermal annealing of microplastics at 100 ◦C (sample MP-100 in 
Fig. 3a), the crystallization peak was still present, even if its intensity 
was smaller than that of the milled samples. In samples annealed at 
temperatures above 100 ◦C, the exothermic peak disappeared but an 
additional small low-temperature endotherm was observed at approxi
mately 15–17 ◦C above the annealing temperature in agreement with 
the literature (Bartolotta et al., 2003). This low-temperature melting 
indicated the occurrence of crystal perfection and reorganization during 
heating and the melting of less thermally stable crystallites likely formed 
during the isothermal treatment. The apparent crystallinity Xc was 
estimated accounting for the two observed melting enthalpies and the 
values plotted in Fig. 3b

The maximum of the main melting peak, observed at 247 ◦C for all 
annealed samples, remained unchanged in temperature regardless of 
annealing conditions while its enthalpy increased with the annealing 
temperature. As expected, the degree of crystallinity increased with the 

Table 1 
Thermal properties of PET microplastics and starting PET from post-consumer water bottles.

Sample Tg 

(◦C)
Tlm 

(◦C)
Tm 

(◦C)
ΔHlm 

(J/g)
ΔHm 

(J/g)
Xc 

(%)
RAF 
(%)

PET-B 77.2 ± 2.1 - 249.5 ± 1.1 - 48.6 ± 2.7 34.9 ± 2.3 56.3 ± 2.0
PET-MP 81.1 ± 0.6 - 247.6 ± 0.2 - 40.2 ± 1.9 15.1 ± 1.1 12.1 ± 1.3
PET-MP100 79.4 ± 0.4 - 247.5 ± 0.2 - 42.1 ± 1.8 24.2 ± 1.3 29.1±.4
PET-MP120 82.8 ± 0.6 137.1 ± 0.2 247.9 ± 0.3 2.4 ± 0.1 34.9 ± 1.6 26.8 ± 1.2 33.3 ± 2.1
PET-MP140 82.9 ± 0.6 155.5 ± 0.3 247.6 ± 0.4 2.7 ± 0.2 37.0 ± 2.1 30.5 ± 1.6 40.0 ± 2.9
PET-MP160 84.2 ± 0.9 174.8 ± 0.2 247.7 ± 0.3 3.8 ± 0.2 41.8 ± 1.8 32.4 ± 1.8 42.1 ± 3.9
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annealing temperature since the existing crystalline regions grew further 
and additional crystallization occurred in the amorphous regions. This 
crystal perfection affected the Tg that increased from 79 ◦C to 84 ◦C.

To understand how crystallinity changes during annealing, the rigid 
amorphous fraction (RAF) was investigated. RAF represents the portion 
of the amorphous phase that is constrained by neighboring crystalline 
regions, exhibiting reduced mobility compared to a fully amorphous 
polymer. By analyzing the heat capacity change at the glass transition, 
the mobile amorphous phase MAF can be estimated according to this 
equation: 

MAF =
Δcp

Δc0
p

(4) 

where Δcp and Δcp
0 were the specific heat capacity change of PET MPs 

and a 100 % amorphous PET at the glass transition, 0.405 J/(g K) (Badia 
et al., 2012), respectively. According to a three-fraction model, RAF was 
determined by the following equation (Corcione and Maffezzoli, 2009): 

RAF=100 − XC− MAF (5) 

The RAF values at different annealing temperatures are reported in 
Table 1. A clear trend of increasing RAF with annealing temperatures 
indicates that more amorphous chains become immobilized at crystal 
interfaces and crystallization is dominated by formation of many small 
crystallites.

The evolution of relative crystallinity as a function of time at 
different annealing temperatures is presented in Fig. 4a. The data were 
modelled with the Avrami equation (Avrami, 1939): 

Xc(t) = 1 − e− (kt)n (6) 

where Xc(t) was the relative crystallinity at time t, K was the crystalli
zation rate constant, and n was the Avrami exponent linked to the ge
ometry of crystals. The linearization of Eq. (4) led to the following 
equation: 

ln[− ln(1 − Xc)] = nlnt + nlnK (7) 

As shown in Fig. 4b, a series of straight lines were obtained from a 
plot of ln[-ln(1-Xc)] versus lnt, indicating that the process obeyed the 
Avrami time dependence. From the linear fit of data in Fig. 4b, it was 
possible to determine the Avrami exponent n and the K constant, re
ported in Table 2. The values of n were consistent with other crystalli
zation kinetic studies carried out on PET films (Lu and Hay, 2001). It 
should be underlined that this is the first study on the modeling of 
isothermal crystallization of PET microparticles. As expected, the values 
of Avrami rate constant values increased with the annealing 

temperature which favoured the molecular mobility. The highest K 
value was found at 160 ◦C suggesting that the crystallization process was 
occurring more rapidly. The value of 160 ◦C was then chosen as the 
annealing temperature for increasing the crystallization content of lab
oratory made microparticles.

Raman spectroscopy was employed to investigate the crystallinity of 
the samples. All spectra reported in Fig. 5a were normalized to the peak 
at 1291 cm-1, corresponding to the ring and O–C stretching vibrations, as 
this band exhibited relatively constant intensity across samples (Perret 
et al., 2021). Three characteristic vibrational bands of PET were evident 
in the spectra. The peak at 1725 cm⁻¹ was attributed to C=O stretching 
in the terephthalic acid units. The band at 1614 cm⁻¹ was assigned to 
symmetric stretching of C–C/C=C bonds in the benzene ring. The band 
at 1118 cm⁻¹ corresponded to the C–H rocking in the benzene ring and 
the C–O stretching in the ethylene glycol unit, while the band at 1096 
cm⁻¹ was associated with C(O)-O stretching of ester group and C–C 
stretching of ethylene glycol segment (Lionetto et al., 2022; Perret et al., 
2021; Hafsia et al., 2016).

Numerous studies have shown that Raman spectroscopy is highly 
sensitive to the molecular conformations of PET. In particular, in the 
crystalline phase, the ethylene glycol units of PET molecule predomi
nantly adopt a trans conformation, associated with a Raman peak near 
1096 cm⁻¹. In contrast, both trans and gauche conformations coexist in 
the amorphous phase, corresponding to a peak around 1118 cm⁻¹ (Perret 
et al., 2021; Hafsia et al., 2016; Ellis et al., 1995; Bouita et al., 2023). To 
gain deeper insight into the molecular conformations of PET, the spec
tral region between 1160 and 1040 cm⁻¹ (Fig. 5b) has been investigated. 
The spectra show a vibrational band at 1096 cm⁻¹ whose intensity and 
sharpness increase progressively with annealing temperature, particu
larly with the treatment at 160 ◦C. This behavior indicates enhanced 
molecular ordering or partial crystallization of the ethylene glycol-based 
segments. The spectral evolution from the amorphous to thermally 
treated states reflects a clear structural transition driven by thermal 
processing.

The integral intensities of the two vibrational bands at 1096 cm-1 and 

Fig. 4. a) Evolution of relative crystallinity as a function of time at different annealing temperatures; b) Avrami plot.

Table 2 
Avrami parameters of PET microplastics during isothermal crystallization at 
different temperatures.

Sample n 
(-)

K 
(s-n)

R2 

(-)

PET-MP100 1.94 2.99 × 10–3 0.996
PET-MP120 1.93 8.44 × 10–3 0.999
PET-MP140 1.96 1.23 × 10–2 0.998
PET-MP160 2.033 2.57 × 10–2 0.997
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118 cm-1 can be used to assess a Raman relative crystallinity, Xc-Raman: 

Xc Raman =
I1096 − I1096a

I1118 + I1096
(8) 

where I1096, I1096a and I1118 are the integral of the 1096 cm-1, 1096 cm-1 

in a 100 % amorphous state obtained in a quenched sample and 1118 
cm-1 vibrational bands, respectively. The crystallization evolution with 
annealing temperature, as determined by the Raman ratio, followed a 
similar trend to that observed by DSC (Table 1), with values differing by 
no >15 %.

3.3. Autofluorescence characterization

To investigate the intrinsic fluorescence of the obtained PET NPs, a 
fluorescence characterization was performed by setting the excitation 
wavelengths and then recording the emission spectrum. In the 3D 
excitation-emission matrix (EEM) of label-free PET NPs reported in 
Fig. 6, each curve represented the fluorescence emission spectra at a 
specific excitation wavelength between 340 nm and 420 nm. The color 

gradient highlighted the intensity with the red area showing higher 
fluorescence intensity. As expected, emission spectra were strongly 
affected by the excitation wavelength. As reported in Fig. 6, label-free 
PET NPs exhibited wide-band fluorescence with a pronounced emis
sion peak in the UV region (370–440 nm), followed by a distinct 
shoulder. The intrinsic fluorescence of PET was attributed to the phe
nylene rings in the backbone and their interaction with other phenylene 
rings or carbonyl groups (Lionetto et al., 2022).

The spectral properties of the true-to-life PET NPs make them suit
able for fluorescence microscopy applications since they showed an 
excitation and emission peak compatible with the commercially avail
able UV/violet light source and microscope's filters and detectors.

The visualization of PET NPs under confocal fluorescence micro
scopy is reported in Fig. 7, where a representative 3D reconstruction 
from PET NPs powder aggregates viewed by confocal fluorescence mi
croscopy (with a 405 nm excitation laser line and a 425–475 nm emis
sion filter) is reported. This laser line is commonly used in biological 
research to excite fluorophores with excitation peaks in the near-UV to 
violet range. The NPs aggregates were clearly visible with the UV/violet 

Fig. 5. a) Raman spectra of PET microparticles in different states: amorphous (black), mechanically processed (red), and thermally treated at 100 ◦C (green) and 160 
◦C (blue); b) magnified view of the 1160–1040 cm⁻¹ region.

Fig. 6. Fluorescent emission spectra of label-free PET nanoplastics for different excitation wavelengths between 340 nm and 420 nm.
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laser line. Overall, the results confirm that PET NPs had intrinsic fluo
rescence properties that can be used for their detection and imaging in 
fluorescence microscopy and potentially in any fluorescence based 
technical approach or methodology without the addition of external 
dyes.

In this work, the potential of modulating the crystallinity of NPs to 
enhance the intensity of their fluorescence signal was explored by 
investigating two kinds of label-free PET NP samples with different 
apparent crystallinity, i.e. Xc = 0.15 after production and Xc = 0.32 after 
annealing. The same excitation wavelength (350 nm) was applied 
leading to fluorescence spectra with emission peaks centered at two 
different wavelengths, as shown in Fig. 8.

The observed blue shift and intensity enhancement with increasing 
crystallinity (Xc from 0.15 to 0.32) can be attributed to changes in the 
local packing of PET aromatic rings within the crystalline domains. In 
PET, the photophysically active units are the terephthalate aromatic 
rings, which generate weak monomeric fluorescence in the near-UV 
region. When the polymer undergoes mechanical processing (e.g. mill
ing) or thermal treatment (annealing), its microstructure is modified in 
ways that strongly influence the excited-state dynamics. Mechanical 
fragmentation reduces crystallinity and introduces enhanced segmental 

mobility in the amorphous phase. These effects increase the probability 
of π–π interactions between neighboring aromatic rings, facilitating the 
formation of excimers. Thermal annealing promotes crystallization, re
organizes the surrounding amorphous regions and brings aromatic 
groups into more defined spatial arrangements, modifying their inter
molecular interactions. This interpretation is consistent with the pio
neering work of Itagaki (Itagaki et al., 1996), who demonstrated that 
PET fluorescence is highly sensitive to the degree of crystallinity. More 
recently, Zhao et al. (Zhao et al., 2023) reported that enhanced PET 
crystallization, induced by graphene quantum dots acting as nucleating 
agents, produces a marked increase in fluorescence intensity and a blue 
shift of the emission peak. They attributed this effect to the confinement 
of fluorescent centers within more ordered crystalline regions and the 
suppression of non-radiative decay. Together, these findings support our 
conclusion that the increase in fluorescence intensity and blue shift 
observed with higher PET crystallinity arise from molecular ordering 
and restricted chain dynamics within the crystalline domains.

Overall, the fluorescence characterization confirmed the capability 
to visualize label-free PET nanoparticles (obtained in the laboratory 
from post-consumer PET bottles) using spectrofluorimetric and micro
scopy techniques without the need for dye staining. This is possible due 
to the inherent fluorescence properties of PET. Such autofluorescence 
hold high potential for environmental applications both in detection of 
PET NPs in environmental samples or in studying their interaction with 
biological systems, since the autofluorescence could facilitate the iden
tification and quantification of PET MNPs.

3.4. Ecotoxicological effects of label-free PET nanoplastics on Daphnia 
magna

To evaluate the potential ecotoxicological risk of PET NPs, we first 
assessed whether the freshwater zooplankton species Daphnia magna 
ingested the particles. We then investigated their effects on the viability 
of Daphnia magna under acute exposure conditions at different concen
trations and temperatures. Finally, we evaluated the organisms' ability 
to recover after exposure and monitored for any delayed mortality.

3.4.1. Visualization of PET NPs in the body of Daphnia magna
Organisms were exposed to 5 mg/L of label-free PET NPs for 24 h and 

the distribution of label-free PET NPs in the body of Daphnia magna 
neonates was examined by fluorescence microscopy using a 360/460 nm 

Fig. 7. 3D reconstruction of PET NP aggregates visualized under confocal microscopy by a 405 nm laser line of A1 NIKON confocal laser scanning unit coupled with a 
NIKON (Tokyo, Japan) Ti microscope. Objective used: Plan Apo 60 × 1.40 Oil.

Fig. 8. Effect of crystallinity degree on the emission spectra of MPs excited at 
350 nm.
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(blue) filter set. A prevalent accumulation in the gastrointestinal tract 
was evident in the neonates after 24 h, as shown in Fig. 9, while control 
organisms did not show any fluorescence. This result demonstrated that 
PET NPs were filtered and ingested by the organisms when they were 
exposed. It is known that D. magna feed by filtering microscopic particles 
from the water by generating water currents with their thoracic ap
pendages. They draw food particles into their filtering apparatus and 
then ingest them (Turcihan et al., 2022). The filter mesh-sizes of Daphnia 
magna are in the size range of 0.24–0.64 μm (Geller and Müller, 1981). 
Therefore, based on the PET NPs distribution determined by DLS, it can 
be suggested that larger particles are efficiently captured trough filtra
tion, while smaller particles may be ingested indirectly, either by 
attaching to larger particles or by being taken up during water intake.

3.4.2. PET NPs acute toxicity on Daphnia magna
The ecotoxicological effect of the exposure to PET NPs on Daphnia 

magna neonate survival was performed assessing immobilization of the 
animals after 48 h exposure. As reported in the Experimental section, 
neonates were exposed to different PET NPs concentrations in the range 
from 5 to 100 mg/L for 48 h at the temperatures of 21 ◦C and 25 ◦C. This 
broad range of concentrations was chosen to explore dose-dependent 
relationships according to literature data (Jemec et al., 2016). These 
concentrations are higher than the levels of NPs reported in natural 
waters which are usually below 1 μg/L. However, localized hotspots 
may occasionally reach higher levels (in the range of mg/L) due to 
pollution sources (Okoffo and Thomas, 2024; Shi et al., 2024). The 
concentrations used experimentally in this study were selected to assess 
acute toxicity which typically require higher concentrations than those 
found in nature to elicit clear, measurable effects within a short time 
frame, enabling dose-response analysis and hazard assessment, and 
simulating worst-case scenarios or spill/release events.

Moreover, our work was set up to evaluate the possible synergistic 
effects between temperature increase and exposure to NPs in the context 
of climate change. Climate change is causing global warming of surface 
waters, with freshwater ecosystems potentially experiencing even larger 

and more rapid fluctuations. A previous study by Na et al. (Na et al., 
2023) on PET microplastics demonstrated a synergistic effect when 
Daphnia magna was exposed to both microplastics and increased tem
perature. However, to our knowledge, no information is currently 
available on the combined effects of PET NPs and temperature. A 4 ◦C 
increase, chosen in the present study, aligns with projections for 
near-future climate change scenarios often used in experimental studies 
to simulate future climate warming (Geerts et al., 2015; Bour et al., 
2015).

Fig. 10a shows the mortality of Daphnia magna neonates exposed at 
21 ◦C and 25 ◦C to label-free PET NPs in the concentration range from 5 
mg/L to 100 mg/L for 48 h. No mortality was recorded at the temper
ature of 21 ◦C at any concentration tested while a weak dose-dependent 
decrease in the vitality of the organisms was observed at 25 ◦C, with a 15 
% mortality at 100 mg/L. In all the tested experimental conditions, the 
mortality of control was 0, indicating the validity of the test according to 
EN ISO 6341:2012. These results indicate that PET NPs at the tested 
concentrations are not acutely lethal to Daphnia magna neonates at 21 
◦C, but higher temperatures (25 ◦C) increase their sensitivity, leading to 
measurable mortality. This suggests that increased temperature en
hances the toxic effects of PET NPs on Daphnia magna neonates, possibly 
due to synergistic or additive stress. This highlights the importance of 
considering environmental factors like temperature when assessing the 
ecological risks of NPs.

3.4.3. Recovery assay
Following the 48 h exposure to label-free PET NPs, the organisms 

were exposed to clean water for another 48 h in order to assess their 
ability to recover after exposure. Previous studies on PET textile 
microfibers (Jemec et al., 2016) demonstrated that Daphnia magna 
exposed for 48 h were not able to recover in the subsequent 24 h post 
exposure, but data on possible recovery of Daphnia after exposure to PET 
NPs are lacking. In our experimental set up, after 48 h recovery, a 
dose-dependent increase in mortality was observed at both tempera
tures, and this effect was more pronounced at the exposure temperature 
of 25 ◦C (Fig. 10b). Controls did not show mortality in any experimental 
conditions. These results suggest that the PET NPs may have caused 
sublethal effects during the initial two-day exposure, leading to 
continued mortality even after the organisms were transferred to clean 
water.

As regards possible underlying mechanisms, NPs, including PET NPs, 
are known to generate intracellular oxidative stress in a wide range of 
cell types and organisms leading to downstream cellular effects 
(Giordano et al., 2025; Liu et al., 2020; Wang et al., 2024). Oxidative 
stress induction is a key multifaceted mechanism underlying NPs 
induced toxicity involving increased ROS (Bashirova et al., 2023), 
mitochondrial impairment (Bashirova et al., 2023; Zhang et al., 2022), 
and weakened antioxidant defenses, with downstream effects on gene 
expression and cell viability. Temperature increase can synergistically 
amplify ROS production (as shown in Lyu et al. (Lyu et al., 2021) for 
polystyrene MPs), potentially overwhelming the organism’s antioxidant 
defense (Sanpradit et al., 2024). Such oxidative imbalance may cause 
cumulative cellular damage, which may become lethal only in the hours 
following exposure, coherently with the delayed mortality observed in 
our study.

These considerations highlight the potential for PET NPs to induce 
persistent damage even after direct exposure ends, raising concerns 
about their long-term effects that might extend beyond immediate 
exposure in a delayed and prolonged manner.

3.4.5. Comparison of the PET NPs ecotoxicological outcomes with literature 
data

Table 3 summarizes the few available data in literature on Daphnia 
magna mortality following exposure to PET MNPs under acute exposure 
conditions compared with results obtained in this study. The comparison 
highlights that the mortality rates observed in our study at 25 ◦C were 

Fig. 9. Representative image of a D. magna neonate exposed for 24 h to label- 
free PET NPs and a control neonate. The two specimens were placed together in 
the same observation field. The displayed image is the result of merging the 
brightfield image with the fluorescence-acquired image (using a 360/460 nm 
filter set). Objective used: 4X.
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generally higher than those reported in most studies conducted at lower 
temperatures, suggesting that temperature may enhance the toxicity of 
PET NPs. In contrast, at 21 ◦C, our results showed no mortality, which is 
in line with some of the previously reported findings for similar NP 
concentrations and exposure times. These differences underline the 
importance of environmental factors, such as temperature, in modu
lating the ecotoxicological effects of NPs on aquatic organisms. This 
interaction suggests that rising global temperatures could exacerbate the 
ecological impact of MNPs on aquatic organisms, emphasizing the need 
for environmental risk assessments that consider temperature varia
tions. These findings highlight the importance of considering tempera
ture as a significant factor in assessing the environmental risks of 
microplastics. Possible mechanisms underlying the observed effects of 
temperature could be represented by accelerated ingestion of NPs at 
increased temperature as demonstrated by Lyu et al. (Lyu et al., 2021) 
for polystyrene microplastics. This increased intake can lead to greater 
exposure to the toxic effects of the nanoplastics, thereby amplifying their 
negative impact on the organism's health and fitness. Moreover, 
elevated temperatures have been demonstrated by Lyu et al. (Lyu et al., 
2021) to increase the expression of genes related to oxidative damage. 
This suggests that increased temperatures can enhance the oxidative 
stress caused by MNPs microplastics, further contributing to their 
toxicity.

4. Conclusions

Nanoplastics made from polyethylene terephthalate (PET) were 
successfully produced from post-consumer bottles using a top-down 
mechanical fragmentation process mimicking natural environmental 
degradation. These nanoparticles exhibited realistic physical properties, 
such as irregular shapes, with no alteration to the polymer's chemical 
structure. The nanoplastics were thoroughly characterized using multi
ple analytical techniques, including atomic force microscopy (AFM), 
laser diffraction, differential scanning calorimetry (DSC), Raman spec
troscopy, confocal microscopy and fluorescence microscopy. The crys
tallinity of the nanoplastics was restored to mimic the ageing process of 

microplastics in the environment.
Label-free PET nanoplastics demonstrated intrinsic autofluorescence 

properties, making them suitable for fluorescence microscopy applica
tions and potentially in any fluorescence based technical approach 
without the addition of external dyes. Higher crystallinity was found to 
be correlated with stronger fluorescence signals and a shift in emission 
peaks towards shorter wavelengths.

In this study, mechanically fragmented label-free PET nanoplastics 
were employed to investigate the role of crystallization kinetics in their 
autofluorescence behavior and to restore polymer crystallinity as a 
proxy for environmental aging. By avoiding UV and oxidative treat
ments, surface alterations were minimized, ensuring that the observed 
effects primarily reflected the intrinsic physical properties of the parti
cles.In vivo exposure experiments with Daphnia magna validated the 
suitability of label-free PET nanoplastics for biological studies. The 
nanoplastics accumulated predominantly in the gastrointestinal tract of 
the organisms. Exposure to PET nanoplastics resulted in dose- and 
temperature-dependent mortality in Daphnia magna. Higher tempera
tures exacerbated the toxic effects, highlighting the potential for global 
warming to amplify the ecological impact of microplastics. PET nano
plastics induced sublethal effects during exposure, resulting in 
continued mortality even after the organisms were transferred to clean 
water. This raises concerns about their long-term ecological impact.

These findings highlight the importance of considering environ
mental factors, such as rising water temperatures due to climate change, 
in ecotoxicological risk assessments of NPs. Moreover, the use of label- 
free PET NPs with environmentally relevant properties represents a 
promising approach for future biological studies, supporting the need 
for standardized nanoplastic models in ecotoxicology.
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Fig. 10. Effect of PET NPs on the mortality of Daphnia magna neonates after 48 h exposure at two temperatures, 21 ◦C and 25 ◦C. Data are expressed as mean ± SD.

Table 3 
Mortality data on Daphnia Magna exposed to micro-nanoplastics: comparison with previous literature.

Particle type Average size 
(µm)

Concentration 
(mg/L)

Time of exposure 
(h)

Temperature 
(◦C)

Mortality 
(%)

Ref.

PET fragments 33 ± 8 200 48 20 ± 1 20 at the highest concentration of 200 mg/L (Han et al., 2021)
PET Fibres 360 100 48 20 ± 1 0 (Tourinho et al., 2022)
PET fibers 62–1400 12.5–100 48 21 ± 1 <10 (Jemec et al., 2016)
PET NPs 0.196 0.1–1000 48 20 ± 1 0 (Rajtar et al., 2025)
PET NPs 0.100 5–100 mg/L 

5–100 mg/L
48 h 
48 h

21 ± 1 
26 ± 1

0 
15–35

This study
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microplastic textile fibers on freshwater crustacean Daphnia Magna. Environ. Pollut. 
219, 201–209. https://doi.org/10.1016/j.envpol.2016.10.037.

Okoffo, E.D., Thomas, K., 2024. V quantitative analysis of nanoplastics in environmental 
and potable waters by pyrolysis-gas chromatography–Mass spectrometry. J. Hazard. 
Mater. 464, 133013. https://doi.org/10.1016/j.jhazmat.2023.133013.

Shi, C., Liu, Z., Yu, B., Zhang, Y., Yang, H., Han, Y., Wang, B., Liu, Z., Zhang, H., 2024. 
Emergence of nanoplastics in the aquatic environment and possible impacts on 
aquatic organisms. Sci. Total Environ. 906, 167404. https://doi.org/10.1016/j. 
scitotenv.2023.167404.

Na, J., Song, J., Jung, J., 2023. Elevated temperature enhanced lethal and sublethal 
acute toxicity of polyethylene microplastic fragments in Daphnia Magna. Environ. 
Toxicol. Pharmacol. 102, 104212.

Geerts, A.N., Vanoverbeke, J., Vanschoenwinkel, B., Van Doorslaer, W., Feuchtmayr, H., 
Atkinson, D., Moss, B., Davidson, T.A., Sayer, C.D., De Meester, L., 2015. Rapid 
evolution of thermal tolerance in the water flea daphnia. Nat. Clim. Chang. 5, 
665–668. https://doi.org/10.1038/nclimate2628.

Bour, A., Mouchet, F., Silvestre, J., Gauthier, L., Pinelli, E., 2015. Environmentally 
relevant approaches to assess nanoparticles ecotoxicity: a review. J. Hazard. Mater. 
283, 764–777. https://doi.org/10.1016/j.jhazmat.2014.10.021.

Liu, Z., Huang, Y., Jiao, Y., Chen, Q., Wu, D., Yu, P., Li, Y., Cai, M., Zhao, Y., 2020. 
Polystyrene nanoplastic induces ROS production and affects the MAPK-HIF-1/NFkB- 
mediated antioxidant system in Daphnia Pulex. Aquat. Toxicol. 220, 105420. 
https://doi.org/10.1016/j.aquatox.2020.105420.

Wang, Y., Huang, Y., Fu, L., Wang, X., Chen, L., 2024. Evaluation of nanoplastics-induced 
redox imbalance in cells, larval zebrafish, and daphnia magna with a superoxide 
anion radical fluorescent probe. Chemosphere 356, 141829. https://doi.org/ 
10.1016/j.chemosphere.2024.141829.

Bashirova, N., Poppitz, D., Klüver, N., Scholz, S., Matysik, J., Alia, A., 2023. 
A mechanistic understanding of the effects of polyethylene terephthalate 
nanoplastics in the zebrafish (Danio Rerio) embryo. Sci. Rep. 13, 1–14. https://doi. 
org/10.1038/s41598-023-28712-y.

Zhang, H., Zhang, S., Duan, Z., Wang, L., 2022. Pulmonary toxicology assessment of 
polyethylene terephthalate nanoplastic particles in vitro. Environ. Int. 162, 107177. 
https://doi.org/10.1016/j.envint.2022.107177.

Lyu, K., Cao, C., Li, D., Akbar, S., Yang, Z., 2021. The thermal regime modifies the 
response of aquatic keystone species daphnia to microplastics: evidence from 
population fitness, accumulation, histopathological analysis and candidate gene 
expression. Sci. Total Environ. 783, 147154. https://doi.org/10.1016/j. 
scitotenv.2021.147154.

Sanpradit, P., Byeon, E., Lee, J.-S., Jeong, H., Kim, H.S., Peerakietkhajorn, S., Lee, J.-S., 
2024. Combined effects of nanoplastics and elevated temperature in the freshwater 
water flea Daphnia Magna. J. Hazard. Mater. 465, 133325. https://doi.org/ 
10.1016/j.jhazmat.2023.133325.

Han, B., Geonu, P., Yoo, S., Kim, C., Jung, J., 2021. Effect of chronic toxicity by waste 
microplastics (PET) on Daphnia Magna. Ecol. Resilient Infrastruct. 8, 281–289.

Tourinho, P.S., Silva, A.R.R., Santos, C.S.A., Prodana, M., Ferreira, V., Habibullah, G., 
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