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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Polytetrafluoroethylene micro/nano
plastics affect human intestinal cells.

• Both undifferentiated and differentiated 
(barrier) cells were affected.

• Smaller particles and longer exposure 
enhanced the induced harmful effects.

• Mitochondrial dysfunction, genotox
icity, and inflammation was induced.

• Low risk, by assuming chemical inert
ness and low release, is discarded.
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A B S T R A C T

Polytetrafluoroethylene (PTFE, Teflon™), widely used in non-stick cookware, can degrade into micro- and 
nanoplastics (MNPLs). This raises concerns about human exposure, which remain largely unexplored. In the 
present study, we used physiologically relevant in vitro intestinal monoculture and co-culture models (Caco-2/ 
HT29-MTX) to systematically assess the effects of PTFE-MNPLs (~250 nm and ~2 µm) at concentrations of 
50–200 µg/mL over 24–48 h. PTFE-MNPLs, particularly nanosized particles, readily entered both differentiated 
and undifferentiated cells. They interacted with nuclear membranes and mitochondria, inducing structural and 
physiological disturbances without significantly affecting cell viability. These interactions led to mitochondrial 
damage and triggered inflammation, oxidative stress, and DNA damage. The severity of these effects increased 
with particle size, dose, and exposure duration. These findings challenge the assumption that PTFE particles are 
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biologically inert, highlighting hazards arising from their physical interactions, especially at the nanoscale. Given 
the relevance of the co-culture in vitro model of intestinal barrier to human intestinal physiology, the results 
underscore potential intestinal health risks from PTFE-MNPL exposure. Future studies should focus on chronic, 
low-dose exposures to elucidate the specific cellular pathways activated by PTFE-MNPL exposure.

1. Introduction

Plastic production has increased exponentially in recent decades, 
resulting in widespread waste and pervasive environmental pollution 
[1]. The degradation of plastics in the environment generates micro- and 
nanoplastics (MNPLs), emerging contaminants capable of entering or
ganisms, crossing biological barriers, and disrupting tissue structure and 
function [2,3]. As sources of MNPLs continue to expand, human expo
sure, and associated health risks, are increasing, particularly through 
direct interactions with contaminated materials. Daily exposure can 
occur via food, especially when using plastic-related cooking tools, yet 
the potential risks of these exposures have long been underestimated. 
For instance, food containers made from polypropylene and polystyrene 
can release significant amounts of microplastics (100,000–260,000 
particles), particularly under freezing or heating conditions [4].

Polytetrafluoroethylene (PTFE), commonly known as Teflon™, is a 
potential emerging source of MNPLs, yet it has received little research 
attention [5]. PTFE is widely used due to its non-stick properties, ther
mal resistance, low friction, and chemical inertness [6,7]. Although long 
considered stable, recent studies reveal that PTFE-coated cookware can 
release thousands to millions of particles during routine use, including 
brief cooking sessions or minor scratches [8]. Many of these particles can 
transfer to food or persist on cookware surfaces, posing a chronic 
ingestion risk [9]. Recently, PTFE microplastics (300 nm–5 µm) have 
been shown to impair embryonic development, inducing mortality, 
vascular defects, and neural abnormalities [10]. These findings have 
sparked renewed concern about the safety of PTFE-based kitchen 
products, especially in the absence of comprehensive toxicological 
evaluation [11].

MNPLs have been found to cross biological barriers, such as the in
testinal and pulmonary epithelium, and accumulate in different organs, 
tissues, bodily fluids, and excreta [12,13]. Their presence in the gut can 
disrupt intestinal health and potentially induce microbial dysbiosis [14]. 
In vitro intestinal models have become essential tools for studying 
MNPLs toxicity via oral exposure, the primary route of human intake 
[15–17]. Recent studies using Caco-2 and HT29-MTX co-cultures 
demonstrate their ability to simulate intestinal barrier responses to 
MNPLs released from food containers. Observed effects include oxida
tive stress, mitochondrial dysfunction, membrane damage, and altered 
gene expression [18–20]. This evidence underscores the suitability of 
these models for investigating MNPL impacts across a wide array of 
biological pathways.

The present study aims to evaluate the toxicological effects of PTFE- 
derived MNPLs using undifferentiated and differentiated Caco-2/HT29- 
MTX co-cultures, investigating MNPL internalization, interactions with 
cellular components, and the influence of particle size, shape, and 
morphology. The study further assesses the impact of PTFE-MNPLs on 
cellular homeostasis, including various cellular and physiological 
pathways. Through this approach, it provides preliminary mechanistic 
insights into the harmful effects of PTFE-MNPLs and addresses critical 
knowledge gaps regarding their potential impact on intestinal health, 
which have not been thoroughly examined previously.

2. Materials and methods

2.1. Physicochemical characterization and preparation of PTFE-MNPLs 
dispersions

Two distinct commercial types of PTFE-MNPLs were used in this 

study: micro-sized particles (PTFE-MPLs) obtained from Nanoshel (UK) 
and nano-sized particles (PTFE-NPLs) from Sigma-Aldrich (USA). Par
ticle characterization including size, morphology, shape, and dispersity 
was performed using dynamic light scattering (DLS; Malvern Zetasizer 
Nano-ZS), transmission electron microscopy (TEM; HITACHI H-7000, 
125 kV), and scanning electron microscopy (SEM; Zeiss Merlin). 
Chemical composition was confirmed via Fourier-transformed infrared 
spectroscopy (FTIR; Hyperion 2000, Bruker). To ensure uniform 
dispersion, PTFE particles were suspended in 40 mL Milli-Q water at 
15 mg/mL and subjected to sonication (400 W, 10 % amplitude) in an 
ice-water bath for 16 min, followed by magnetic stirring at 800 rpm for 
2 h to prevent sedimentation due to their hydrophobic nature. Aliquots 
were stored at − 80 ◦C for future use.

2.2. Intestinal cell models and culture conditions

Two human colon adenocarcinoma cell lines, Caco-2 and HT29- 
MTX, were used as undifferentiated monocultures or differentiated co- 
cultures forming an in vitro intestinal barrier. Undifferentiated models 
lack intestinal barrier complexity, while differentiated co-cultures 
mimic the epithelium with polarized Caco-2 cells and mucus-secreting 
HT29-MTX cells. Caco-2 cells were initially kindly provided by Dr. Isa
bella de Angelis (ISS, Italy), and HT29-MTX cells were purchased from 
ATCC (USA). Both lines were cultured in high-glucose DMEM (without 
sodium pyruvate), supplemented with 10 % FBS, 1 % NEAA, 1 % 
Amphotericin B, and 2.5 µg/mL Plasmocin. Cells were maintained at 37 
◦C in a humidified 5 % CO₂ atmosphere and subcultured weekly at 
70–80 % confluency using 1 % trypsin-EDTA. Undifferentiated cells 
were seeded at 1.7 × 10⁵ cells/well for 24 h, while differentiated co- 
cultures (Caco-2:HT29-MTX, 90:10) were grown on 1.12 cm² Trans
well® inserts for 21 days with bi-daily media changes to form a full 
barrier [21].

2.3. Cell viability studies

Cells (undifferentiated monocultures or differentiated co-cultures) 
were exposed to PTFE-MNPLs at concentrations of 0, 50, 100, and 
200 µg/mL for 24 and 48 h. PTFE-MNPLs that were stored at –80 ◦C were 
thoroughly vortexed prior to use to ensure proper dispersion and pre
vent particle agglomeration. After exposure, cells were washed with 
PBS, detached with trypsin-EDTA, diluted in ISOTON (1:100), and 
viable cells were counted using a Coulter counter. Cell viability was 
quantified using the Z™ Series Coulter Counter (Beckman Coulter Inc., 
CA, USA). Viability data for each treatment condition represents the 
mean of three independent experiments, each performed in triplicate.

2.4. Cell internalization by TEM and confocal imaging

Internalization of PTFE-MNPLs was examined by TEM and confocal 
microscopy. Undifferentiated Caco-2, HT29-MTX, and differentiated co- 
cultures were exposed to 200 µg/mL PTFE-MNPLs for 48 h to facilitate 
visualization. For TEM, cells were fixed, resin-embedded, sectioned, 
stained, and imaged using a HITACHI H-7000 (125 kV). For confocal 
microscopy, PTFE-MNPLs were fluorescently labeled with iDye PolyPink 
[22], and after exposure, cells were counterstained for nuclei and 
membranes before imaging with a Leica TCS SP5. Images were pro
cessed with Fiji and Imaris software. The complete protocol is described 
in the supplementary material.
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2.5. Barrier integrity by TEER measurements

Barrier integrity was assessed by measuring TEER using a Millicell- 
ERS volt/ohm meter. Barriers were exposed to PTFE-MPLs or PTFE- 
NPLs (0–200 µg/mL) for 24 and 48 h. At each 24 h interval, inserts 
were washed with PBS, fresh DMEM was added, and TEER was 
measured at three points per insert. Values were averaged from three 
independent experiments and normalized using TEER (Ω⋅cm²) = [Ω(cell 
insert) − Ω(cell-free insert)] × 1.12 cm².

2.6. Inflammatory response

The inflammatory response level was quantified in both undiffer
entiated Caco-2 and HT29-MTX cells and differentiated Caco-2/HT29- 
MTX co-culture using the Human IL-8 Conferma™ ELISA Kit (Milli
pore Sigma). Cells were exposed to PTFE-MNPLs at concentrations 
0–200 µg/mL for 24 or 48 h. Interleukin-8 (IL-8) levels were quantified 
in cell culture supernatants as per the manufacturer’s instructions, and 
absorbance was measured at 450 nm using a POLARstar plate reader.

2.7. Mitochondrial membrane potential assay

Mitochondrial membrane potential in undifferentiated and differ
entiated Caco-2/HT29-MTX cells was assessed using the MitoProbe™ 
TMRM assay following 48 h exposure to 200 µg/mL PTFE-MNPLs. Cells 
were washed twice with PBS, trypsinized, centrifuged, and resuspended 
in PBS. TMRM fluorescence, reflecting mitochondrial membrane po
tential (Δψm), was measured by flow cytometry (CytoFLEX, Beckman 
Coulter, USA) at 561/585 nm excitation/emission. A total of 10,000 
cells per sample were analyzed, and data were processed using CytEx
pert software.

2.8. Production of intracellular reactive oxygen species

Intracellular ROS levels were measured in undifferentiated Caco-2 
and HT29-MTX cells, as well as in differentiated Caco-2/HT29-MTX 
co-cultures, using the dihydroethidium (DHE) assay kit (Abcam plc.). 
Cells were exposed to PTFE-MNPLs (0–200 µg/mL) for 24 or 48 h, 
washed, trypsinized, and stained with 10 µM DHE at 1 × 10⁶ cells/mL for 
30 min at 37 ◦C. After staining, cells were washed, resuspended in PBS, 
and kept on ice. Viability was assessed using Via-Probe™ Red, and flow 
cytometry was performed on ≥ 20,000 live cells per sample, with 
100 µM Antimycin A-treated cells serving as a positive control.

2.9. Genotoxic and oxidative DNA damage by the comet assay

Genotoxicity was assessed in undifferentiated Caco-2, HT29-MTX, 
and differentiated co-cultures using the alkaline comet assay following 
PTFE-MNPL exposure (0–200 µg/mL, 24–48 h). Oxidative DNA damage 
in the barrier model was further evaluated with formamidopyrimidine- 
DNA glycosylase (FPG). Samples were electrophoresed, stained with 
SYBR Gold, and DNA damage quantified as % tail DNA in 100 nuclei/ 
sample using Komet 5.5 software. Oxidative damage was calculated as 
the difference between FPG-treated and untreated samples. Potassium 
bromate (5 mM) and methyl methanesulphonate (2.5 mM) were used as 
positive controls. The complete protocol is described in the supple
mentary material.

2.10. Statistical analysis

All experiments were performed with at least two independent bio
logical replicates, each containing a minimum of three technical repli
cates per treatment. Data are presented as mean ± standard error of the 
mean (SEM). Normality of the data was assessed using the D’Agostino- 
Pearson omnibus and Shapiro-Wilk tests, both conducted in GraphPad 
Prism version 9 (GraphPad Software, San Diego, CA, USA). For normally 

distributed data, statistical differences between groups were evaluated 
using one-way or two-way ANOVA, followed by Tukey’s or Dunnett’s 
post hoc tests as appropriate. Statistical significance was defined as 
P ≤ 0.05.

3. Results and discussion

3.1. Physicochemical characterization of PTFE-MNPLs

Physicochemical characteristics are critical determinants of the 
toxicological profile of materials at the micro- and nanoscale. Accord
ingly, both PTFE types used in this study were extensively characterized 
(Fig. 1a–i). Microscopies analysis using SEM and TEM images revealed 
two distinct categories of PTFE-MNPLs: larger, irregular, and hetero
geneous particles (Fig. 1a, c), and smaller, well-dispersed, homoge
neous, nearly spherical particles (Fig. 1b, d). Particle size measurements 
further supported this distinction, with the first type in the microscale 
range (1979.5 ± 1227.6 nm; Fig. 1e) and the second in the nanoscale 
range (249.2 ± 59.2 nm; Fig. 1f). For clarity, the microscale particles are 
hereafter referred to as PTFE-MPLs, and the nanoscale particles as PTFE- 
NPLs.

Dynamic light scattering (DLS) further supported these findings, 
showing a broader distribution for PTFE-MPLs with a Z-average of 9113 
± 2023 nm and a polydispersity index (PDI) of 0.94 ± 0.11 (Fig. 1g). 
However, PTFE-NPLs had a mean diameter of 486.6 ± 20.3 nm and a 
narrower PDI of 0.52 ± 0.01, suggesting higher uniformity and greater 
monodispersed (Fig. 1g). The high PDI observed for PTFE-MPLs and the 
moderate PDI for PTFE-NPLs indicate the degree of heterogeneity, 
which increases with higher PDI values, and this finding is consistent 
with the morphological observations [23]. Although DLS measurements 
indicated that both PTFE-MPLs and PTFE-NPLs tend to aggregate in 
solution, the particles were well dispersed during treatment to minimize 
aggregation prior to exposure. Notably, previous studies have shown 
that the hydrodynamic diameter of particle agglomerates does not affect 
their biological impacts, such as the induction of DNA damage [24].

Fourier-transform infrared spectroscopy (FTIR) analysis confirmed 
the chemical identity of both particle types. Prominent stretching vi
brations at approximately 1200 cm⁻¹ and 1150 cm⁻¹ (Fig. 1h, i) matched 
the characteristic spectral profile of PTFE, confirming that despite 
morphological and size differences, both PTFE-MPLs and PTFE-NPLs 
share the same fluoropolymer composition and chemical stability [7]. 
Although PTFE is traditionally considered chemically inert, its physical 
properties, particularly size and morphology, can strongly influence 
biological interactions and toxicity. Smaller PTFE particles, with higher 
surface-area-to-volume ratios, are more likely to be internalized and 
exhibit increased reactivity compared to larger ones. However, to date, 
few studies have examined the toxicological effects of PTFE-MNPLs 
using either in vitro or in vivo models, as recently reviewed [25].

3.2. Cell viability

In this study, no significant cytotoxic effects were observed for any of 
the PTFE-MNPLs treatments across the range of concentrations from 0 to 
200 μg/mL and at any exposure duration (24 and 48 h) in either un
differentiated monoculture of Caco-2, HT29-MTX and differentiated 
intestinal co-culture model, Caco-2/HT29-MTX barrier (Fig. 2).

Studies indicate that PTFE-MNPLs exhibit low toxicity. In rats, di
etary exposure to PTFE particles (5–50 μm; 0–2000 mg/kg) did not 
produce any noticeable changes in clinical signs, organ pathology, or 
body weight [26]. Likewise, the marine gastropod Littorina brevicula 
showed no adverse effects following exposure to PTFE (0.1–10 µm; 
4 mg/cm²) [27]. Consistent with these findings, no significant cytotox
icity was observed in vitro for PTFE-MNPLs (0–200 μg/mL; 24–48 h) in 
undifferentiated Caco-2 and HT29-MTX monocultures or in differenti
ated Caco-2/HT29-MTX co-cultures. However, the potential effects of 
PTFE-MNPLs remain poorly understood and warrant further 
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investigation. Their impact may not be limited to a reduction in cellular 
function; underlying physiological and pathological changes should also 
be assessed to fully elucidate their effects.

3.3. Cellular internalization

The ability of MNPLs to penetrate biological barriers is essential for 
risk assessment. It provides insight into the physiological and histo
pathological pathways they may affect. There is a need to study less- 
explored plastics across nano- and micrometre scales. Fluorescent 
labelling can help track their internalization in biological systems [28]. 
Mechanisms of internalization have been studied for polymers such as 
polystyrene (PS), polylactic acid (PLA), and polyethylene terephthalate 
(PET) using in vitro and in vivo models [29–31]. Most studies on 
microplastic uptake have focused on spherical, monodisperse PS parti
cles, with little investigation into the effects of particle surface, shape, or 
material [32]. Research on PTFE-MNPLs is still in its early stages. Little 
is known about their interaction with biological barriers, especially the 
intestine, which is a primary route of internalization.

Imaging confirmed the internalization of both PTFE-MNPLs by in
testinal epithelial cells. At 200 µg/mL, TEM and confocal microscopy 
revealed widespread intracellular localization of PTFE-NPLs, particu
larly around the nucleus, in close association with the nuclear mem
brane, and in some cases within mitochondria (Fig. 3). PTFE-MPLs were 
also internalized but to a lesser extent, appearing mainly near the nu
cleus or within the cytoplasm of barrier cells (Fig. 4). These findings 
highlight a clear size-dependent uptake, with nanoscale particles 

exhibiting greater penetrability than microscale counterparts.
The subcellular localization of PTFE-NPLs aligns with prior obser

vations of nanoplastics, such as polystyrene, accumulating near mito
chondria in enterocytes and other cell types [33]. Such interactions have 
been linked to mitochondrial morphological alterations and potential 
functional impairment [34]. The higher uptake of PTFE-NPLs compared 
to PTFE-MPLs underscores the greater biological reactivity of nanoscale 
plastics, whose small size and large surface-to-volume ratio facilitate 
internalization and intracellular transport [35]. These results highlight 
that particle size is a critical determinant of organelle-level interactions. 
This factor should be carefully considered when evaluating the toxico
logical risks of MNPLs, particularly for PTFE, which has not been thor
oughly addressed.

On the other hand, a lower distribution of PTFE particles, irre
spective of size, was observed in well-differentiated intestinal barriers 
compared with undifferentiated monocultures (Caco-2 and HT29-MTX). 
This reduced uptake is likely attributable to the differentiated state of 
the cells, which feature an apical brush-border structure, mature tight 
junctions, and a well-developed mucus layer [36]. Alaraby et al. [37]
reported that, in Drosophila larvae, while some particles like CeO₂-NPs 
were able to penetrate the intestinal barrier, others remained in the 
lumen, attached to the peritrophic membrane. Together, these charac
teristics provide critical physical and biochemical protection that limits 
particle penetration. However, our findings are consistent with previous 
reports on other MNPLs, where nanoparticles were shown to be more 
readily internalized by undifferentiated or simpler epithelial models and 
to exhibit greater translocation efficiency than larger microparticles [38, 

Fig. 1. Physicochemical characterization of PTFE-MNPLs. Representative SEM (a, b) and TEM (c, d) images of both PTFE-MNPL types are shown. Size distributions of 
PTFE-MPLs and PTFE-NPLs (e, f), measured using ImageJ, revealed average sizes of 1979.5 ± 1227.6 nm and 249.2 ± 59.2 nm, respectively. Hydrodynamic size and 
zeta potential of both PTFE-MNPLs are shown in (g). FTIR spectra of PTFE-MNPLs (h, i) indicate the functional groups present in their chemical composition.
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39].

3.4. Effect of PTFE-MNPLs on the intestinal barrier integrity

Intestinal barrier permeability can be compromised by MNPLs via 
disruption of tight junctions and weakening of ZO-1 proteins. TEER 
measurements provide an indicator of barrier integrity and potential 
adverse effects. Exposure to PLA-NPLs increased barrier permeability, 
suggesting epithelial damage [40].

After 21 days, the intestinal barrier was fully established, with 
baseline TEER values averaging 526 Ω⋅cm², confirming barrier integrity 
and tight junction formation [41]. Exposure to PTFE-MNPLs 
(0–200 µg/mL) maintained stable TEER values after 24 h (Fig. 5A). At 
48 h, a slight decrease in cell viability was observed at 50–100 µg/mL, 

whereas a significant reduction occurred at 200 µg/mL, particularly for 
PTFE-NPLs (Fig. 5B), indicating a dose-, size-, and time-dependent ef
fect. These findings align with our internalization data, showing higher 
uptake of PTFE-NPLs compared with PTFE-MPLs (Figs. 3–4). Previous 
studies also reported similar trends, such as TEER reductions following 
TiO₂-NPs exposure in a time- and shape-dependent manner [36]. Greater 
nanoparticle internalization may therefore contribute to subtle barrier 
dysfunction. Supporting this, PET microplastics can exacerbate PFOA 
toxicity by increasing cellular accumulation and inhibiting ZO-1 pro
teins [41]. TEM imaging revealed reduced tight junction density in 
barriers exposed to both PTFE-MPLs and PTFE-NPLs compared with 
controls (Fig. S1), indicating structural disruption. Tight junction 
integrity is vital for epithelial barrier function, with zonula occludens 
(ZO) proteins linking transmembrane junction components to the 

Fig. 2. Cell viability. Undifferentiated Caco-2 (A, B) and HT29-MTX monocultures (C, D), and the differentiated Caco-2/HT29-MTX co-culture barrier model (E, F) 
were exposed to PTFE-MNPLs (0, 50, 100, and 200 μg/mL) for 24 and 48 h. Cell viability is presented as a percentage relative to the negative control. Data are 
expressed as mean ± SEM and were analysed using one-way ANOVA followed by Dunnett’s post-test. No significant effects were detected.
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cytoskeleton and regulating signalling pathways involved in inflam
mation, tissue repair, and tumorigenesis [42]. These findings raise 
questions about the physiological pathways affected by PTFE-MNPLs 
exposure, stemming from widespread particle distribution and 
apparent structural alterations.

3.5. Pro-inflammatory effects of PTFE-MNPLs on intestinal epithelial 
models

The capacity of MNPLs to induce inflammation is a critical concern, 
as it highlights potential hazard pathways and may help elucidate the 
mechanisms leading to deleterious biological responses. PS-NPs activate 
NF-κB/NLRP3 signalling, elevate IL-1β and IL-18, and recruit immune 
cells in the intestine, while downregulating tight junction proteins 
(Claudin-1, Occludin, ZO-1). This increases permeability, triggers 
inflammation and intestinal barrier disruption [43]. To address the 
immunotoxic potential of PTFE-MNPLs, IL-8 secretion was measured in 
differentiated Caco-2/HT29-MTX co-cultures (Fig. 6). After 24 h, no 
significant changes were observed (Fig. 6A). After 48 h, a modest but 
statistically significant increase (10–15 %) in IL-8 was observed 
(Fig. 6B). PTFE-NPLs showed a clear concentration-dependent response. 

PTFE-MPLs induced a slight increase only at the lowest concentration. 
This suggests that cumulative nanoparticle internalization and sustained 
intracellular interactions may activate downstream pro-inflammatory 
signalling pathways. Although data on PTFE-related effects are 
limited, PTFE-MPLs have been shown to induce oxidative stress, 
inflammation, and cytokine alterations in human cells [44,45]. Inflam
matory responses from MNPLs are associated with age-related diseases 
and may accelerate cellular senescence via mitochondrial dysfunction, 
impaired autophagy, and DNA damage [46].

3.6. Intracellular ROS production and mitochondrial membrane potential

PTFE-MNPLs can induce structural and pathological alterations 
through their internalization, particularly affecting sensitive organelles 
that govern critical cellular functions. The results showed that PTFE- 
MNPLs caused pronounced mitochondrial ultrastructural alterations in 
intestinal epithelial cells, including swelling, cristae disruption, and 
membrane damage, indicative of mitochondrial dysfunction 
(Fig. 7A–C). Mitochondrial membrane potential (MMP) measurements 
showed significant depolarization after 48 h at 200 µg/mL for both PTFE 
sizes in monocultures, but only PTFE-NPLs affected the barrier model 

Fig. 3. Internalization of PTFE-NPLs (250 nm) after 48 h exposure in intestinal epithelial models. TEM images (a–c) show PTFE-NPLs uptake in Caco-2 cells (a), 
HT29-MTX cells (b), and the Caco-2/HT29-MTX co-culture barrier (c). Red arrows indicate endocytosed PTFE-NPLs within different cellular compartments. (N) 
denotes the nucleus; (M) denotes mitochondria. Confocal microscopy (d–i) confirms the intracellular localization of PTFE-NPLs (green), and 3D Imaris re
constructions (g–i) of the confocal images illustrate their spatial distribution.
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(Fig. 7A). TEM images revealed PTFE-NPLs inside mitochondria 
(Fig. 7B), forming large central vacuoles (Fig. 7C). Mitochondrial 
damage and excessive fission triggered mtDNA release, activating the 
cGAS-STING pathway and upregulating inflammatory factors (NLRP3, 
ASC, Caspase-1 p20, IL-1β) [47].

Multiple studies report that nanoplastic exposure disrupts mito
chondrial function, decreases membrane potential, and induces oxida
tive stress, potentially leading to inflammation and apoptosis [48]. Xuan 
et al. [49] showed that PTFE-MNPL exposure impaired mitochondrial 
function and suppressed the AKT/mTOR pathway in murine intestinal 
organoids, resulting in reduced metabolic activity, autophagy, and ne
crosis. Fig. S2 illustrates how PTFE-NPLs internalize in Caco-2 or 
HT29-MTX monocultures, ultimately causing complete mitochondrial 
damage and cell apoptosis. Exposure to PS-NPLs activated the NLRP3 
inflammasome in THP-1 cells, triggering IL-1β release, caspase-1 acti
vation, and mitochondrial and lysosomal damage [50]. These events 
were accompanied by altered redox status, directly impacting mito
chondria. Excessive reactive oxygen species disrupt antioxidant defence 

(e.g., CAT, SOD, GSTs, Cu/ZnSOD), causing inflammation, cell death, 
DNA and protein damage, lipid peroxidation, and mitochondrial 
dysfunction [51]. PS and PET nanoplastics elevate ROS, reduce mito
chondrial membrane potential (ΔΨ), and increase Ca²⁺ in vitro [52,53]. 
These changes directly impair mitochondrial function and disrupt 
cellular homeostasis [54].

Oxidative stress is a primary initiator of hazardous molecular and 
cellular pathways, disrupting homeostasis and contributing to the 
development of various diseases. Our ROS measurements confirmed a 
concentration- and time-dependent increase, particularly at 48 h, for 
both PTFE-MPLs and NPLs (Fig. 8). Consistently, KC et al. [44] and Xuan 
et al. [49] demonstrated the capacity of PTFE-MNPLs to induce oxida
tive stress. Importantly, oxidative stress is not specific to a single ma
terial but is a common response associated with nearly all nanosized 
materials. Our previous studies have shown that the internalization of 
nanomaterials leads to oxidative stress and disturbances in antioxidant 
enzyme activity across various nanosized materials, including MNPLs 
[55–57]. Notably, the hazardous pathways, such as inflammation, 

Fig. 4. Internalization of PTFE-MPLs (~2 µm) after 48 h exposure in intestinal epithelial models. TEM images (a–c) depict PTFE-MPL uptake in Caco-2 cells (a), 
HT29-MTX cells (b), and the Caco-2/HT29-MTX co-culture barrier (c). Red arrows highlight endocytosed PTFE-MPLs in various cellular compartments. (N) indicates 
the nucleus; (M) indicates mitochondria. Confocal microscopy (d–i) confirms intracellular localization of PTFE-MPLs (green), while 3D Imaris reconstructions (g–i) of 
the confocal images visualize their spatial distribution.
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disrupted cellular functions, impaired mitochondrial stability, and 
apoptosis, are primarily driven by micro- and nanoplastic accumulation. 
This accumulation ultimately results in oxidative stress and DNA dam
age [58]. Thus, these findings underscore the hazardous impacts of 
PTFE-MNPL exposure, emphasizing health risks that have not been 
sufficiently recognized.

3.7. Genotoxic and oxidative DNA damage

Exposure to hazardous materials can trigger cascades of cellular 
changes, ultimately leading to genotoxic effects from unrepaired DNA 
damage. PTFE-MNPLs demonstrated genotoxic potential in both undif
ferentiated and barrier-forming Caco-2 and HT29-MTX cells, with TEM 
and confocal imaging revealing their proximity to the nuclear envelope. 
DNA strand breaks increased significantly in all cell types at 24 and 48 h, 
particularly in Caco-2 cells. PTFE-NPLs induced greater damage than 

PTFE-MPLs, indicating a clear size-dependent effect (Fig. 9A). DNA 
damage also depended on the exposure time and dose of PTFE-MNPLs. 
FPG-modified comet assays in differentiated co-cultures confirmed 
oxidative DNA lesions, which rose from 15 to 20 % at 24 h to 22–30 % at 
48 h for PTFE-MPLs and NPLs, demonstrating time- and size-dependent 
oxidative DNA damage (Fig. 9B). While most genotoxic effects were 
direct DNA breaks induced by PTFE-MNPLs, significant oxidative dam
age was also observed. Fig. 9C shows the degree of DNA damage in 
PTFE-MNPLs–exposed cells compared with non-exposed controls.

The high surface reactivity and efficient cellular uptake of MNPLs 
enhance interactions with mitochondria and nuclei, potentially inter
fering with DNA repair, promoting oxidative imbalance, and increasing 
chromosomal instability [59]. To date, no studies specifically address 
the genotoxic effects of PTFE-MNPL exposure [25]. Thus, comprehen
sive studies investigating their genotoxicity are urgently needed. 
Alarmingly, PTFE-MNPLs pose potential human health risks, as they 

Fig. 5. TEER was measured in the differentiated Caco-2/HT29-MTX co-culture barrier. Cells were exposed to 0–200 μg/mL PTFE-MPLs and PTFE-NPLs for 24 h (A) 
and 48 h (B). Data are shown as mean ± SEM. Statistical analysis was performed using one-way ANOVA with Dunnett’s post-test. *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001.

Fig. 6. Inflammatory effect of PTFE-MNPLs at different concentrations (0, 50, 100, and 200 μg/mL) on Caco-2/HT29-MTX co-culture (intestinal barrier). IL-8 release 
was measured after 24 h (A) and 48 h (B) of apical exposure. Data are represented as mean ± SEM and analysed using one-way ANOVA with Dunnett’s post-test. 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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have already been detected in various human organs and bodily fluids 
alongside other microplastics [60–68]. Notably, the genotoxicity of 
nanoplastics released from real plastic containers has been investigated 
recently. Alaraby et al. [69] demonstrated that metal-doped nano
plastics originating from commercial products, such as milk plastic 
bottles, exhibit genotoxic effects.

Overall, evidence suggests that millions of particles can be released 
from PTFE-based utensils commonly used in everyday food preparation. 
Studies demonstrating the presence of PTFE in human tissues and bodily 
fluids, together with our findings on the hazardous effects of micro- and 
nanoplastic PTFE particles, highlight the urgent need for systematic risk 
assessments at multiple levels. Raising awareness among committees 
and stakeholders about the health risks linked to the improper use of 
plastics, especially PTFE-based products, is of critical importance. 
Furthermore, urgent and comprehensive research is needed to investi
gate the diverse toxic effects of PTFE-MNPLs, elucidate the underlying 

molecular mechanisms, and identify the cellular pathways involved. 
Future research should also prioritize the development of safer alter
natives to mitigate potential human health risks associated with PTFE 
exposure.

4. Conclusion

The current study employed a physiologically relevant intestinal co- 
culture model (Caco-2/HT29-MTX), mimicking the human intestinal 
barrier to systematically evaluate the impacts of polytetrafluoroethylene 
micro/nanoplastics (PTFE-MNPLs). PTFE-MNPLs, regardless of size and 
particularly at the nanoscale, readily entered both differentiated and 
undifferentiated intestinal epithelial cells. These particles interacted 
with the nuclear membrane and mitochondria, causing structural and 
physiological disturbances. Inflammation and mitochondrial damage 
emerged as key hazards. They also induced significant oxidative stress 

Fig. 7. Mitochondrial membrane potential was assessed in Caco-2, HT29-MTX, and Caco-2/HT29-MTX co-cultures after exposure to 200 μg/mL PTFE-MNPLs (A). 
TEM images show PTFE-NPLs inside mitochondria (B) and mitochondrial swelling (C). (N) indicates the nucleus; (M) indicates mitochondria. Red arrow indicates 
PTFE-NPLs inside mitochondria, and yellow arrow indicates mitochondrial vacuoles. Data are presented as mean ± SEM and analysed by two-way ANOVA with 
Tukey’s post-test. *P ≤ 0.05, ** P ≤ 0.01, and ***P ≤ 0.001.

Fig. 8. Intracellular reactive oxygen species (ROS) production was measured in the differentiated Caco-2/HT29-MTX co-culture barrier after 24 or 48 h exposure to 
PTFE-MNPLs (0–200 μg/mL). Data are presented as mean ± SEM and analysed by two-way ANOVA with Tukey’s post-test. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001.
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Fig. 9. Genotoxicity and oxidative DNA damage were assessed in cells after 24 and 48 h exposure to PTFE-MNPLs (0–200 μg/mL). Genotoxicity in undifferentiated 
Caco-2 and HT29-MTX monocultures, and in differentiated Caco-2/HT29-MTX co-cultures, is shown in panel (A). Oxidative damage in differentiated Caco-2/HT29- 
MTX co-cultures (B) was assessed using the FPG enzyme to distinguish direct DNA breaks from those resulting from oxidized DNA bases. Positive controls were 
2.5 mM MMS and 5 mM KBrO₃. Representative fluorescent images of DNA damage are shown in (C). Data are presented as mean ± SEM and analysed by one-way 
ANOVA with Dunnett’s post-test. ***P ≤ 0.001.
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and genotoxicity. Importantly, these effects were dependent on particle 
size, dose, and duration of exposure. Despite these impacts, PTFE- 
MNPLs did not significantly reduce cell viability, highlighting the sub
tle yet biologically significant risks. They can disrupt cellular homeo
stasis and alter the normal molecular and cellular microenvironment. 
These results challenge the long-standing assumption that PTFE parti
cles are biologically inert. Their hazards appear to arise from both 
physical interactions and biochemical responses. The co-culture model 
closely reflects human intestinal physiology, strengthening the rele
vance of the findings. PTFE safety in food-contact applications should be 
reassessed. Future studies should focus on chronic, low-dose exposure 
using in vivo models to identify the specific pathways affected by PTFE- 
MNPLs. Particle size, persistence, and bioactivity should be considered 
when evaluating exposure risks.

Environmental implication

Polytetrafluoroethylene (PTFE) degrades into micro- and nano
plastics (MNPLs) which accumulate in the environment and affect 
humans through non-stick cookware exposure, among others. Using 
physiologically relevant intestinal cell models, mimicking the intestinal 
barrier, we show that both nanosized and microsized PTFE particles 
internalized into cells, inducing oxidative stress, DNA damage, and 
immune responses without immediate cytotoxicity. Our findings, under 
environmentally relevant concentrations and exposure durations, 
highlight the potential risks of PTFE-MNPLs to human health, under
scoring the importance of evaluating environmental release, long-term 
exposure, and regulatory measures for these persistent plastic particles.
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