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A B S T R A C T

Polyethylene terephthalate (PET) micro and nanoplastics (MNPs) are widely dispersed pollutants with significant 
environmental and health implications. Current preparation methods of representative secondary PET MNPs are 
limited. In this study, we developed a scalable, standardized ethylene glycol fragmentation (EGF)-based method 
to generate PET MNPs from three distinct plastic sources (commercial pellets, bottle-grade, and film-grade). PET 
samples were depolymerized using ethylene glycol and sodium carbonate under controlled thermal conditions. 
Two fractions (Ea and Eb) were collected and analyzed, fraction Ea consisted of covalently fragmented BHET- 
oligomer-based nanoplastics (~200–375 nm), while fraction Eb comprised non-covalent BHET-based larger 
microplastic aggregates (~1.2–1.9 µm). EGF method turned out to be more efficient than published trifluoro
acetic acid (TFA) method giving mainly BHET-oligomer-based nanoplastics with higher yields and improved 
MNPs size control. MNPs generated by EGF showed a size range between 200 and 375 nm with good colloidal 
stability. In vitro assays showed that both type (covalent and non-covalent) of PET nanoplastics reduced THP-1 
macrophage viability in a dose-dependent manner which was associated with IL-1β release, and triggered an M1- 
polarizing cytokine profile, thus indicating potential toxicity and proinflammatory activity. Our EGF-based 
synthesis platform enables controlled production of PET MNPs with source-dependent characteristics and bio
logically relevant behavior. These standardized MNPs and the THP-1 macrophages biosensor model provide 
useful tools for environmental toxicology research.

1. Introduction

The widespread production and use of plastics has led to their 
ubiquitous presence in plastic waste streams [1]. Micro-nanoplastics 
(MNPs) originating from the degradation of macroplastics persist in 

diverse environments, and further fragment into nanoplastics (NPs) 
which can interact with biological systems. These interactions have 
shown to induce oxidative stress, inflammation, and cellular damage in 
different biotic models [2–5]. As a thermoplastic polymer widely used in 
packaging, textiles, and consumer goods, polyethylene terephthalate 
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(PET) accounts for approximately 12 % of global plastic production. Its 
annual output exceeds 55 million tons [6,7]. Despite its recyclability, its 
widespread use, improper disposal and environmental degradation 
contribute significantly to microplastic pollution [8,9]. However, the 
biological impact of PET MNPs remains poorly understood, in part due 
to a lack of standardized, representative materials for toxicological 
studies. Plastics are susceptible to degradation via abiotic mechanisms 
due to different factors such as thermal and photodegradation and me
chanical abrasion [10–12]. Fig. 1 provides a schematic representation of 
different possible PET chemical fragmentation MNPs generated through 
ester bond cleavage. PET from commercial, bottle-grade, or film-grade 
sources exhibits considerable differences due to variations in addi
tives, crystallinity, and intrinsic viscosity [13,14].

Different recycling methods for PET have been reported, where the 
polymer is fully fragmented through acid hydrolysis or glycolysis until 
reusable monomers are obtained [15–17]. Metal-Organic Frame
work-based catalytic routes for PET chemical recycling have also been 
explored with the aim of repurposing PET monomers for energy storage 
applications [18,19]. Among these, the trifluoroacetic acid (TFA)-based 
hydrolysis protocol has also been applied to the generation of PET NPs 
[20]. This acid-based hydrolysis partially depolymerizes PET, disrupting 
crystalline regions and leading to the formation of terephthalic acid 
(TPA)- or mono(2-hydroxyethyl) terephthalate (MHET)-based oligo
mers. While many researchers have employed the same TFA protocol for 
PET NP production, its practical limitations, including low yields and 
slow kinetics, remain significant challenges [21,22]. Despite this pub
lished method to obtain PET NPs by acid hydrolysis, currently, no 
standard PET MNPS are commercially available for biological studies.

Here we present a new protocol to obtain PET NPs based on ethylene 
glycol fragmentation (EGF) in the presence of sodium carbonate [23]. 
We prepared PET NPs from three different sources: PET Commercial 
(PC), PET bottle-grade (PB), and PET film-grade (PF). Comprehensive 
physicochemical and biological characterization were conducted to 
assess the properties and potential impacts of PET NPs. Comparisons 
with TFA-based hydrolysis were made to highlight the advantages of the 
EGF method in terms of efficiency, scalability, and environmental rele
vance. We utilized THP-1 macrophage polarization model as a biosensor 
for the assessment of proinflammatory properties of generated PET NPs. 
The findings contribute to advancing standardized NPs reference ma
terials for environmental and toxicological research.

2. Materials and methods

2.1. Materials

Three types of PET were used as starting materials: commercial PET 

(Goodfellow, particle size ~300 μm, crystallinity <50 %), bottle-grade 
PET (sourced from food-grade supplier, unused, crystallinity 40–45 
%), and film-grade PET (obtained from food packaging films, crystal
linity ~30 %). Bis(2-hydroxyethyl) terephthalate (BHET) and tereph
thalic acid (TPA) were used as MNP reference standards (Sigma-Aldrich, 
purity ≥94 %). Ethylene glycol (EG, 99.5 %) and sodium carbonate 
(Na2CO3, 99.9 %) were used in the EGF reactions. Milli-Q water was 
used throughout the study to minimize contamination.

2.2. Preparation of PET MNPs

To perform the EGF reaction, 1 g of PET (PC/PB/PF) was added to 
2.2 mL of ethylene glycol along with 30 mg of sodium carbonate in a 
round-bottom flask. The mixture was heated to 185 ◦C under constant 
stirring (600 – 800 rpm) to ensure homogeneous mixing. The reaction 
was allowed to proceed for 4 h before being terminated by adding 10 mL 
of Milli-Q water dropwise under stirring. The resulted precipitate was 
then filtered using glass microfiber filters (Whatman® GF, pore size 
<1.0 μm) and air-dried at 55 ◦C for 24 h, the solid residue was labelled as 
fraction Ea. The residual clear filtrate was kept at 4 ◦C overnight for 
precipitation. The mixture was filtered again using the same glass mi
crofiber filters and the collected residue was labelled as fraction Eb.

2.3. Physicochemical characterization

2.3.1. Dynamic light scattering (DLS) and zeta potential
Particle size distribution and zeta potential were measured using a 

NanoBrook 90Plus Zeta instrument. Samples were dispersed in Milli-Q 
water, and measurements were conducted at 25 ◦C. Three replicates 
were recorded for each sample to ensure reproducibility.

2.3.2. Transmission electron microscopy (TEM)
TEM was performed using a Hitachi HT7800 instrument operating at 

100 kV equipped with QEDIRA B60T camera (EMSIS Münster, Ger
many). All the PET MNP samples (PC; PB; PF) of both Fraction Ea and 
Fraction Eb were diluted in Milli-Q water and applied onto glow- 
discharged, carbon-coated copper grids. Each sample was adsorbed for 
2 min, excess liquid was blotted, and the grids were stained with 1 % (w/ 
v) phosphotungstic acid as a negative stain. After a 30-second incuba
tion, grids were blotted and allowed to air dry at room temperature. 
Representative images were acquired at 20,000 × magnification.

2.3.3. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) 
spectroscopy

For ATR-FTIR analyses, samples were placed on the diamond crystal 
of a single reflection ATR accessory (Quest, Specac, USA) and forced into 

Fig. 1. Schematic representation of different possible PET MNPs generated by random ester bond cleavage.
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close contact with the crystal using the clamp arm assembly of the de
vice [24,25]. ATR-FTIR spectra were recorded at room temperature 
using a Varian 670-IR spectrometer (Varian Australia Pty Ltd., Mul
grave, VIC, Australia) equipped with a nitrogen-cooled mercury cad
mium telluride (MCT) detector. Measurement parameters were: 2 cm− 1 

spectral resolution, 25 kHz scan speed, 512 coadded scans, and trian
gular apodization. The figures display the average FTIR spectra, calcu
lated from three independent analyses per sample. Spectra were 
normalized at the peak of maximum absorption in the displayed spectral 
range.

2.3.4. Atomic force microscopy (AFM)
AFM measurements were performed on the Ea fractions using the 

Horiba OmegaScope optical platform equipped with gold tips (µMASCH) 
with 150 μm cantilever Samples diluted in H2O were deposited onto a 
flat Si chip and let dry for a few minutes without any additional treat
ment. A 100 × objective was used for accurate localization of the region 
of interest, and AFM scans were conducted in tapping mode at room 
temperature. Standard AFM parameters such as scan rate and resolution 
were optimized to obtain high-quality surface topography data while 
minimizing tip–sample interaction. Raw AFM images were processed 
and analyzed using Gwyddion software, which enables data flattening, 
artifact filtering, and the extraction of quantitative surface parameters 
[26].

2.4. Biological assays

2.4.1. Cells maintenance and treatment
THP-1 cells were obtained from the European Collection of Animal 

Cell Cultures (Salisbury, Wiltshire, U.K.) and cultured in RPMI (+10 % 
heat inactivated foetal bovine serum (HIFBS), +1 % Glutamine, +1 % 
penicillin/streptomycin). Cells were split 3 times weekly and main
tained at a density of ~0.5 × 106 cells/ml. For differentiation of THP-1 
cells, 25 nM of PMA (Phorbol 12-myristate 13-acetate) was added to 
plated cells for 3 days before washing three times with fresh medium. 
Cells were then left to rest overnight before the THP-1 macrophages 
were exposed to PET (0–5mg/ml) for 24 h.

2.4.2. MTT assay
MTT assay was performed to evaluate the effect of MNP samples on 

THP-1 derived macrophage viability. Cells were treated with different 
concentrations of PET MNP (0–5mg/ml). MTT was dissolved in RPMI 
1640 medium (5mg/ml). Subsequently, 25 μl of the MTT solution was 
added to each well of a 96-well plate, containing 50,000 cells per well. 
The cells were then incubated at 37 ◦C with 5 % CO2 for 2 h. A blank 
control solution was prepared by using complete medium without cells. 
Finally, cells were solubilised with 10 % SDS and incubated overnight at 
37 ◦C. 100 ml medium from each well was spun down (5000 g) and the 
supernatant was transfer in new 96 well plate. Plates were read at 
absorbance wavelength of 620 nm.

2.4.3. LDH assay
To assess the effect of PET MNP samples on THP-1 macrophage 

viability associated with pyroptosis, LDH assay was used. THP-1 mac
rophages were seeded on 96 well plates (0.5 × 106/ml). Cells were 
differentiated with PMA (25 nM) for 3 days. PMA was washed out and 
THP-1 macrophages were left for 24 h in fresh medium before to 
exposed to PET MNP (0–5mg/ml) for further 24 h. 10 µl medium from 
each sample/well was analysed for LDH release following manufac
turer’s instructions (Abcam, UK). Finally, plates were read at 450/620 
nm.

2.4.4. Inflammation antibody array
THP-1 macrophages were treated with PET MNP samples. Culture 

medium was collected after 18 h of incubation and analysed on a human 
inflammation array (Ray-Biotech, USA) containing 40 proinflammatory 

proteins) to assess relative levels of cytokine expression by samples. 
Results are expressed as fold-increase relative to control samples.

2.4.5. ELISA
Human IL-1β production was measured in cell culture medium using 

ELISA kits (R&D Systems, USA and Ray-Biotech, USA) following the 
manufacturer’s instructions. At the final stage, absorbance was 
measured at 450 nm using the Sunrise (Tecan Group LTD., Switzerland) 
microplate reader. Protein concentration was calculated using Graph
Pad Prism version 7.01.

3. Results and discussion

3.1. Preparation of PET MNPs

The ethylene glycol fragmentation (EGF) method described here for 
preparing the PET-derived MNPs employed ethylene glycol under 
controlled heating conditions in the presence of sodium carbonate. Two 
distinct fractions were collected by filtration and labelled as fraction Ea 
and fraction Eb. Fraction Ea accounted for 27–33 % of the total mass, 
while fraction Eb comprised 67–73 %. In comparison, the previously 
reported TFA hydrolysis method showed significantly lower yields 
(approximately 5 %) and primarily produced TPA-based oligomers. 
Fraction Ea turned out to be BHET-based PET fragments representing 
well secondary PET MNP generated by chemical or physical or me
chanical fragmentation. This is in accordance with the fact that EGF 
method is based on a transesterification reaction, and ethylene glycol 
cleaves PET's ester bonds yielding BHET-based oligomers [23]. Fraction 
Eb, is constituted by PET monomers aggregated through non-covalent 
interactions in large particles (thousand nm size) representing the 
microplastic fraction of MNPs. This partitioning reflects the efficiency of 
EGF in producing distinct oligomeric and monomeric fractions. It must 
be noted that the separation of fractions Ea and Eb by filtration is not 
strictly due to size cutoff of the filter, but is driven by differences in the 
solubility and aggregation behavior of the depolymerization products in 
the aqueous medium. Fraction Ea precipitates first because it consists of 
covalently stable, higher molecular weight PET residues that are 
essentially insoluble in the polar aqueous environment (water/ethylene 
glycol mixture). Upon the addition of water, these hydrophobic, 
high-Mw speciesimmediately aggregate into micron-scale particles 
(MNPs), causing the observed rapid precipitation. The low molecular 
weight species (such as BHET monomers and possibly small oligomers) 
remain soluble in hot polar environment and pass through the filter 
during the first filtration. As the temperature of solution cools, the 
low-M.speciesreach the supersaturation and gradually crystallize or 
aggregate into large particles which can filtered as fraction Eb [27,28]. 
The filtration-based separation effectively exploits the different stability 
and aggregation states of the two fractions in water thereby generating 
PET NPs (fraction Ea) as well as larger PET microplastic derived from 
monomers aggregation (fraction Eb).

The EGF mechanism is different from acid hydrolysis (TFA method), 
which preferentially generates carboxylic acid-terminated oligomers 
(TPA-based) due to ester bond acid hydrolysis [16,20]. The trans
esterification route of EGF offers superior control over the depolymer
ization process, resulting in more uniform oligomer distributions and 
higher yields [17,29]. Such controlled glycolytic depolymerization 
aligns with literature demonstrating similar efficacy and selectivity in 
PET breakdown using glycol solvents. In contrast, the TFA method relies 
on hydrolysis of PET in concentrated trifluoroacetic acid at lower tem
peratures (50 ◦C), typically inducing rapid yet heterogeneous depoly
merization. This method is known to yield TPA-rich oligomers exposing 
carboxylic acid functionalities. Our FTIR analysis confirms that with the 
TFA hydrolysis protocol TPA fragments are formed and show chemical 
structures different from the BHET-based fragments obtained via EGF 
method [30,31].

Our replication of this method, conducted both with and without 
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SDS, highlighted particle sizes in the same order of magnitude in the two 
conditions (Fig. S1 and Fig. S2). In contrast with the existing methods, 
EGF protocol allows to obtain SDS-free standard PET MNPs that are 
homogenously dispersed in aqueous media [20]. This aligns with recent 
literature advocating for the production of environmentally relevant 
microplastics free from surfactants that may alter natural interactions 
[32,33]. The possibility of using MNPs not contaminated by SDS is 
relevant because SDS is toxic for cells and animals and therefore impacts 
in the outcome of biological evaluation of MNPs [32,34]. In general, 
SDS-free MNPs better represent environmental MNP and are better 
standards to study their biological properties through cell or animal 
experiments [33,35].

The environmental and interactional implications of these chemi
cally distinct PET oligomers are substantial. BHET-based oligomers 
terminate by neutral hydroxyl groups, so that the corresponding MNPs 
present neutral group on their surface. On the contrary, MNP obtained 
by TFA-mediated acid hydrolysis present TPA oligomers with carbox
ylate ends that are anionic at neutral pH. Such differences in terminal 
functional groups significantly influence environmental fate, biological 
uptake, and potential toxicological responses [36,37]. Both fractions 
were, therefore, subjected to detailed physical characterization (DLS, 
Zeta, and FTIR) to elucidate their oligomeric nature and potential 
environmental relevance.

3.2. Physicochemical characterization of PET MNPs

DLS analysis revealed distinct differences in the particle hydrody
namic diameter among the PET MNP samples. The effective diameters of 
the fractions Ea from different PET sources (PC, PB, PF) were signifi
cantly smaller compared to Eb fractions. Specifically, fractions from 
commercial PET (PC-Ea) exhibited an effective diameter of 345 nm with 
a polydispersity index (PDI) of 0.35, while PET bottle fractions PB-Ea 
had a slightly larger diameter of 374 nm and identical PDI (0.35). 
Finally, the film-derived PF-Ea showed the smallest diameter of 275 nm 
with a notably lower PDI of 0.26, suggesting greater homogeneity in 
particle size distribution.

Despite the increase in size, the PDI values remained relatively 
consistent across fraction Eb samples, ranging from 0.35 to 0.38, indi
cating moderate size distribution uniformity. ζ-potential measurements 
showed relatively consistent among fraction Ea samples from different 
PET sources, ranging from − 34 mV to − 36 mV (Table 1). This suggests 
good colloidal stability, resistance to particle aggregation and better 
environmental dispersion [37]. Fractions Eb demonstrated slightly less 
negative zeta potentials, with a notably higher value of − 27 mV for 
PF-Eb indicating potentially decreased colloidal stability, suggesting 
potential agglomeration tendencies due to less negative zeta potentials 
[36]. This finding is critical, as particle size and colloidal stability 
significantly influence the environmental fate, bioavailability, and 
toxicity profiles of MNPs

The TEM analysis revealed further details of particle morphology and 
dispersion of PET MNPs prepared by EGF method (Fig. 2). Fraction Ea 
samples from PC (Fig. 2A), PB (Fig. 2B), and PF (Fig. 2C) appeared as 
dispersed, low-contrast nanostructures with irregular shapes lacking 
directional structure. The estimated diameters range from ~200 to 400 
nm, consistent with DLS results. The irregular morphology of fraction Ea 

reflects fragmentation into BHET-based oligomers that remained 
consistent with limited crystalline order as in the FTIR spectra. Fraction 
Eb samples (Fig. 2D-F), on the other hand, appeared as denser, higher- 
contrast rod-shaped aggregates with diffuse edges and size around ~1 
µm. The morphology and density profile of Eb particles suggest loose 
supramolecular association, likely driven by BHET stacking and 
hydrogen bonding.

Additionally, we observed that the filtrates corresponding to the 
fractions Eb, when stored at 4 ◦C for 24 h, resulted in a visible precipi
tation. This behavior suggests that low-molecular-weight PET mono
mers, particularly BHET, may undergo temperature-dependent 
aggregation or crystallization. Such precipitation tendencies are likely a 
result of supramolecular interactions and the inherent thermodynamic 
instability of BHET in aqueous media [38]. These phenomena may 
explain the larger hydrodynamic diameters observed for fraction Eb. In 
contrast, the oligomer-rich fraction Ea remained well-dispersed and 
colloidally stable. These structural characteristics may influence envi
ronmental behavior of plastic particles, where fraction Ea might remain 
suspended and provide enhanced bioavailability, whereas fraction Eb 
may sediment and accumulate locally [39].

3.3. ATR-FTIR spectroscopy characterization of PET MNPs

To facilitate the interpretation of the PET sample analysis, FTIR 
investigation was initially conducted on control BHET and TPA standard 
nanoparticle samples (Fig. 3). The resulting spectra (Fig. 3A) were 
divided into three distinct regions, that is ~ 4000–2500, 1800–1550, 
1500–750 cm-1 hereafter named for simplicity hydroxyl, carbonyl and 
fingerprint regions respectively, to better visualize the differences be
tween the two compounds (Fig. 3B-D). FTIR spectroscopy revealed that 
the chemical structures of PET were preserved after EGF, albeit with 
critical differences in crystallinity and amorphous content. Specifically, 
bottle-derived PB-Ea MNPs retained significant crystalline character, 
consistent with AFM observations of sharp-edged, irregular particles 
indicative of crystalline fragmentation behavior. As shown in Fig. 3B, 
monomeric BHET exhibits a prominent hydroxyl stretching band around 
3442 cm⁻¹ (Fig. 3B) and two sharp, well-resolved bands in the carbonyl 
stretching region at approximately 1713 cm⁻¹ and 1687 cm⁻¹ (Fig. 3C) 
[29,30]. In contrast, the TPA spectrum displays a broad and intense 
carbonyl absorption band near 1673 cm⁻¹, with a shoulder around 1610 
cm⁻¹ and a well resolved peak at ~1575 cm⁻¹, both mainly ascribable to 
benzene ring vibrations (Fig. 3C), alongside fingerprint region bands 
near 926 cm⁻¹, primarily due to CH vibrations, and around 780 cm⁻¹, 
mainly from C–COOH vibrations (Fig. 3D) [31]. Such correlation be
tween crystalline content and sharper-edged morphology has been 
previously documented in polymer fragmentation studies [40].

We then measured the IR absorption of the commercial, bottle, and 
film PET MNP residues, which were collected after the first filtration 
step (Fig. 4). In Fig. 4A the spectra of the three samples are displayed 
across the entire measured mid-IR spectral range. As discussed above for 
the standards, the spectra were divided into three spectral regions 
(Fig. 4B-D). In the 4000–2500 cm⁻¹ range (Fig. 4B), fraction Ea from PC, 
PB, and PF displayed a broad, asymmetric hydroxyl stretching band, 
characterized by a main peak at approximately 3390 cm⁻¹ and addi
tional components at 3440 and 3535 cm⁻¹. The co-occurrence of these 
three absorption features suggests the presence of BHET-based oligo
mers [29,30,41].

In the carbonyl region (Fig. 4C), all three samples show a main peak 
at approximately 1714 cm⁻¹; additionally, a peak at 1700 cm⁻¹ is clearly 
visible in PB-Ea and PF-Ea whereas it appears as a shoulder in PC-Ea 
[42]. The peaks of the carbonyl stretching mode in the 1800–1550 
cm-1 region suggest the presence of BHET oligomers, complementing the 
presence of the hydroxyl stretching bands in the 4000–2500 cm-1 region. 
Furthermore, analysis of the 1500–750 cm-1 fingerprint region (Fig. 4D) 
provided two distinct insights. Firstly, we found no evidence of TPA in 
any of the three samples (see TPA standard spectrum in Fig. 3D). 

Table 1 
Effective diameter, PDI and ζ- potential of the all the residues of different PET 
sample types.

Sample ID Eff. Diameter (nm) Std. Dev. PDI Zeta Potential (mV)

PC-Ea 345 4.21 0.35 − 34
PB-Ea 374 10.53 0.35 − 34
PF-Ea 275 8.59 0.26 − 36
PC-Eb 1350 13.17 0.38 − 33
PB-Eb 1497 19.81 0.35 − 32
PF-Eb 1880 20.03 0.37 − 27
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Moreover, the simultaneous occurrence of three well-resolved peaks at 
~1470 cm⁻¹ (CH2 bending) ~1342 cm⁻¹ (CH2 wagging) and ~972 cm⁻¹ 
(O–CH2 and C(=O)-O stretching) was observed across all samples. 
These peaks are typically assigned to vibrations of the trans conforma
tion of the ethylene glycol moiety, suggesting a high level of crystallinity 
[30,43].

Next, we analyzed the mid-IR absorption of fractions Eb (Fig. 5), 
collected after the second filtration. In the 4000–2500 cm⁻¹ range 
(Fig. 5B), FTIR spectra of fractions Eb from PC, PB, and PF primarily 
showed a band at 3440 cm⁻¹, characteristic of monomeric BHET (see 
also Fig. 3B). A distinct, though low-intensity, band at 3535 cm⁻¹ was 
observed only in the PC-Eb spectrum, suggesting the additional presence 

Fig. 2. TEM images of PC-Ea (A), PB-Ea (B), PF-Ea (C), PC-Eb (D), PB-Eb (E), and PF-Eb (F), MNPs obtained via ethylene glycol fragmentation. All images were 
acquired at 20,000x magnification with phosphotungstic acid negative staining.

Fig. 3. Mean FTIR absorption spectra of BHET and TPA standard are shown in the full measured range (A), hydroxyl (B), carbonyl (C), and fingerprint (D) regions. In 
each spectral range, spectra have been normalized to maximum intensity. The relevant peaks are indicated.
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of oligomeric forms. The carbonyl stretching region (Fig. 5C) of the 
fraction Eb spectra displayed two sharp peaks at approximately 1714 
cm⁻¹ and 1687 cm⁻¹, consistent with monomeric BHET (Fig. 3C). 
Furthermore, in the fingerprint region (Fig. 5D) the TPA marker bands 
were not detected in all three samples (see also Fig. 3D). In contrast to 
the fraction Ea samples, the ~1470 cm-1, ~1342 cm-1, and ~972 cm-1 

bands were not detected, suggesting a decrease in crystallinity. 
Furthermore, the fraction Eb samples exhibited a split band with peaks 
at approximately 909 cm⁻¹ (chain CH2 rocking) and 898 cm⁻¹ (chain CH2 
rocking), a feature absent in fraction Ea. The co-presence of these two 
peaks, assigned to trans and cis CH2 vibrations respectively, indicates 
more amorphous materials [30,43].

We also analyzed the IR absorption spectra of commercial PET 
Commercial (PC-Ta), PET bottle (PB-Ta), and PET film (PF-Ta) samples 
after acid hydrolysis with TFA. We compared these spectra with those of 
their respective controls (see Fig. S3, Fig. S4 and Fig. S5) and observed 
the presence of carboxylate end groups, not present in the EGF samples.

Upon examining the entire analyzed range for PC-Ta (Fig. S3 A-D), 
we did not detect any marker bands indicative of BHET monomers as 
expected. Instead, in the carbonyl region, we observed two bands that 
could be attributed to TPA: a broad absorption at approximately 1681 
cm⁻¹, which could encompass the spectral components found in the TPA 
spectrum at approximately 1673 cm⁻¹ and 1611 cm⁻¹, as well as a 
component at approximately 1577 cm⁻¹ (Fig. S4 C and Fig. 3C). 
Furthermore, we also detected an absorption at approximately 780 cm⁻¹, 
although with low intensity (Fig. S3 D). Very similar spectral features 
were observed for PF-TB and PB-TB (Fig. S4 and Fig. S5), suggesting the 
presence of TPA traces but not BHET monomers in these samples as well.

3.4. AFM analysis

Atomic Force Microscopy (AFM) provided insights into the 
morphology, surface texture, and particle dimensions of the PET-derived 
MNPs synthesized via EGF (Fraction Ea of PC, PB, PF). The analysis 
revealed distinct morphological features (Fig. 6), clearly associated with 
their original PET starting material forms prior to depolymerization. The 
PC-Ea samples (Fig. 6A) exhibited predominantly circular and sphe
roidal morphologies, with smooth, regular contours consisting of par
ticles derived from pelletized starting materials. The homogenous, 
smooth-edged shape observed in these MNPs could be attributed to 
the uniform initial pelletized material structure and controlled depoly
merization kinetics. Such shapes are commonly reported for nano
particles originating from industrial-grade, uniformly molded polymer 
pellets due to their consistent density and crystallinity profiles [44]. 
Conversely, PB-Ea samples (Fig. 6B) displayed irregular and jagged 
shapes, characterized by pronounced sharp edges and a broader size 
distribution. This structural irregularity and edge prominence are 
indicative of crystalline PET structures commonly found in commercial 
bottles. The presence of sharp edges in MNPs derived from bottle-grade 
PET aligns well with previously documented crystallinity-dependent 
fracture patterns during mechanical and chemical processing of crys
talline polymers [40]. Film-derived PF-Ea samples (Fig. 6C) revealed 
highly fragmented and finely dispersed powder-like morphologies. The 
rapid depolymerization of PET films, accelerated by their significantly 
greater exposed surface area, resulted in the generation of amorphous 
particles characterized by irregular, less defined edges compared to the 
bottle-derived samples. The colloid-like morphology is consistent with 
literature reports documenting rapid surface degradation and frag
mentation behavior of polymer films under chemical treatments, driven 

Fig. 4. Mean FTIR absorption spectra of PC, PB, PF collected after the first filtration step (fraction Ea) are shown in the full measured range (A), hydroxyl (B), 
carbonyl (C), and fingerprint (D) regions. In each spectral range, spectra have been normalized to maximum intensity. The relevant peaks are indicated.
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by their thin morphology and larger accessible reactive surface area 
[45].

Overall, the combined FTIR and AFM data strongly supported the 
hypothesis that original PET material crystallinity and morphology 
significantly influence the final nanoparticle structure and chemical 
integrity post-EGF in both fractions Ea and Eb constituted, respectively, 
by the covalent polymer and by non-covalent monomers and oligomers 
aggregates. These insights not only affirm the critical impact of original 
polymer forms on the properties of generated MNPs but also underscore 
the importance of thorough characterization for developing standard
ized nanoparticle forms suitable for environmental and biological 
interaction studies.

3.5. Biological activity of PET MNPs: effect of MNPs treatment on THP-1 
human macrophages

To study toxicological and proinflammatory properties of generated 
PET MNP, THP-1-derived human macrophages were used as an in vitro 
biosensor cell model. The experimental design was based on two read
outs: effect of MNP on THP-1 macrophage viability and induction of 
pyroptosis to measure toxicity and M1 THP-1 macrophage polarization. 
Initially MTT results showed that all PET MNP samples reduced THP-1 
macrophage viability in a dose-dependent manner (Fig. 7). While low 
PET MNP concentrations (below 0.5 mg/ml) did not have a significant 
impact on macrophage viability, higher PET MNP concentrations (0.5–5 
mg/ml) negatively affected cell viability. Importantly, fraction Eb (1–5 
mg/ml) reduced cell viability more effectively compared to fraction Ea . 
This could be linked to differences in the composition of nanoparticles, 

Fig. 5. Mean FTIR absorption spectra of PC, PB, PF collected after the second filtration step (fraction Eb) are shown in the full measured range (A), hydroxyl (B), 
carbonyl (C), and fingerprint (D) regions. In each spectral range, spectra have been normalized to maximum intensity. The relevant peaks are indicated.

Fig. 6. Height-channel AFM maps of PC-Ea (A), PB-Ea (B) and PF-Ea (C). Scan areas are mentioned in μm on the panels. The greyscale wedge denotes the full 
topographic range (0–60 nm). Images were plane-levelled and rendered in Gwyddion 2.63.
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particle size between Ea (200–350 nm) and Eb (higher than 1000 nm) 
and also by the fact that Ea is formed by stable particles of covalent 
polymer while Eb is an unstable aggregate of non-covalent assembled 
monomers. Due to their colloidal instability, Eb aggregates may pre
cipitate during incubation and accumulate on the cell surface, creating 
localized concentration hotspots that promote particle cell contact [46]. 
In contrast, the smaller, semi-crystalline Ea nanoparticles are more 
evenly dispersed and may interact with cells in a more uniform manner. 
This distinction underscores the relevance of aggregation behavior and 
physical form in determining the biological impact of PET-derived 
MNPs.

In a second series of experiments, we examined the ability of PET 
MNPs to induce LDH release as a biomarker of pyroptosis in THP-1 
macrophages. Similarly to the MTT results, only high concentrations 
(1–5 mg/ml) of fraction Ea and Eb samples induced a significant release 
of LDH compared to the controls (Fig. 8). No significant differences 
were, however, observed between Ea and Eb fractions. These results 
demonstrated that PET MNP can induce LDH release in a dose- 

dependent manner irrespective of their physico-chemical properties 
and size which strongly influence their capacity to induce pyroptosis in 
THP-1 macrophages. Similar studies on nanoparticle aggregates showed 
the induction of oxidative stress and mitochondrial dysfunction without 
triggering acute necrosis or pyroptosis [46–48].

Our results are in support with recent study using PS MNP [49]. 
Adler et al. found that PS MNP induced LDH release in dose and 
size-dependent (500 nm as more effective compared to 1–3μm) manner 
in THP-1 macrophages. In contrast, the authors did not observe any 
effect of PS MNP on M1 macrophage polarisation using both THP-1 and 
PBMC-derived macrophages.

In the next series of experiments, we examined the potential of PET 
MNP to mediate the production of proinflammatory proteins (bio
markers of M1 polarisation) in THP-1 macrophages. For this purpose, we 
utilised an inflammation antibody array measuring the production of 40 
proinflammatory proteins such as IL-1β, GM-CSF, IL-7, IL-8, MCP-1, 
MCP-2, MIP-1alfa, MIP-1beta and RANTES. Antibody array results 
revealed that both PET MNP Ea and Eb fractions induced the release of 

Fig. 7. PET MNP reduce THP-1 macrophages viability. THP-1 macrophages were treated with PET MNP with concentration ranging (0–5mg/ml) for 24 h as pre
sented PC-Eb, PB-Eb, PF-Eb, PC-Ea, PB-Ea and PF-Ea respectively. Cell mediums were analysed by MTT assay. Results are from three independent treatments. 
Statistically significant results are indicated as *p < 0.001 versus control.\.

Fig. 8. PET MNPs induced LDH release in THP-1 macrophages. THP-1 macrophages were treated with PET MNP with concentration ranging (0–5mg/ml) for 24 h as 
presented PC-Eb, PB-Eb, PF-Eb, PC-Ea, PB-Ea and PF-Ea respectively. Cell mediums were analysed by LDH assay. Results are from three independent treatments. 
Statistically significant results are indicated as *p < 0.001 versus control.
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10 out of 40 proinflammatory proteins all essential biomarkers for M1 
macrophage polarisation and amplification of the immune response 
(Table 2). The amplitude of production of different proinflammatory 
mediators, however, varied between fractions Ea and Eb samples. These 
results demonstrated that PET MNPs induce proinflammatory mediators 
that are associated with M1 THP-1 macrophage polarisation.

We validated PET MNP-induced IL-1β production which is primarily 
linked to the induction of pyroptosis in THP-1 macrophages. Similarly to 
the LDH results, ELISA data showed that PET MNPs in both residues a 
and b samples upregulated IL-1β at 5mg/ml (Fig. 9). Interestingly, only 
PC-Ea and PB-Ea increased IL-1β release at 1mg/ml. These results clearly 
showed the potential of PET MNP a and b residues to induce THP-1 M1 

Table 2 
PET MNPs induce production of proinflammatory proteins in THP-1 macrophages. PET MNP (fractions Ea and Eb) upregulate release of proinflammatory mediators in 
THP-1 macrophages. THP-1 macrophages were treated with PET MNP (5mg/ml) for 24 h. Cell mediums were analysed on antibody inflammation array containing 40 
proinflammatory proteins. Semi-quantitative results are normalized to untreated control cells (fold increase).
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polarisation associated with IL-1β and LDH release leading to induction 
of pyroptosis in THP-1 macrophages.

Although we validated only IL-1β release, further validation of other 
proinflammatory proteins could be useful to outline some differences 
between Ea and Eb fractions of PET MNP based on their different con
centrations. For example, in a recent study Jeon et al. found that frag
mented PP/PS MNP reduced cell viability in THP-1 monocytes that is 
associated with release of proinflammatory mediators (IL-1β and MIP- 
1β) [50]. Furthermore, using RAW264.7 mouse macrophages, Wu et al. 
demonstrated that variety of MNP (PP, PS, PE and PET) induced 
different modes of cell death dependent on their physico-chemical 
properties [51]. Similarly. Deng et al. provided evidence that MNP 
(PP, PS and PET) suppressed lysosomal activity associated with 
compromised cellular degradation processes in RAW264.7 mouse mac
rophages [52]. Our study demonstrates that both PET MNP fractions (Ea 
and Eb) reduce macrophage viability and induce LDH release as well as 
proinflammatory cytokines associated with M1 polarization and 
pyroptosis. This supports the use of the THP-1 macrophage polarization 
model as a robust biosensor for MNP immunotoxicity.

4. Conclusion

This study presents a reproducible and scalable method for gener
ating PET MNPs via EGF, offering a significant route with higher yields 
than existing TFA hydrolysis approach. By employing sodium carbonate 
catalysis and ethylene glycol, we produced BHET-based oligomeric PET 
fragments from three distinct PET sources, commercial, bottle-grade, 
and film-grade. During the process, two filtration steps allowed to 
isolate two fractions Ea and Eb. Fraction Ea turned out to be composed of 
BHET-based PET fragments that effectively represent secondary PET 
nanoparticles generated by fragmentation processes (chemical, physical 
or mechanical). Fraction Eb consists of PET monomers re-associated 
through non-covalent interactions into large particles (1200–1900 nm 
size). This latter type of microplastic, generated by spontaneous 
monomer re-association, is reported and characterized here for the first 
time and could represent a secondary form of MNP found in the envi
ronment and in the human body.

The resulting MNPs (both fractions Ea and Eb) were comprehen
sively characterized and demonstrated significant physico-chemical 
differences attributable to their parent polymer form. Importantly, 
these structural variations correlated with differential biological re
sponses in a THP-1 macrophage model, notably in cell viability, LDH 
release, and IL-1β production. This work emphasizes the need for source- 
specific MNP standards and highlights the value of physiologically 
relevant MNPs for toxicological studies. The use of a THP-1 macrophage 
polarization model as a biosensor also provides a powerful tool for im
mune toxicity assessment. By generating PET MNPs from defined 
packaging-grade sources under reproducible conditions, this study 

offers a framework for establishing physiochemically characterized 
MNP reference types relevant to specific environmental exposure sce
narios. Altogether, our findings support the development of standard
ized, environmentally relevant PET NP reference materials for future 
ecotoxicological and biomedical research.
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