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Abstract

Exposure to PM2.5 and its associated micropollutants, including micro- and nanoplas-
tics, has been strongly linked to adverse health effects in humans. The risk posed by
micro/nanoplastics can be attributed to the particles themselves and their ability to leach
into the surrounding environment. However, the impact of micro/nanoplastics on the
surrounding environment through leaching is still underestimated. In this study, we con-
ducted ex situ experiments involving micro/nanoplastics and PM2.5 at various particulate
matter mass concentrations and exposure times (1–336 h). The micro/nanoplastics were
then removed from the PM2.5 media, and the aromaticity, light absorption, zeta potential,
and oxidative potential of the PM2.5 were measured. Furthermore, the toxicity of the
PM2.5 was investigated using a bacterial model by Staphylococcus aureus. Changes in the
aromaticity, light absorption, zeta potential, and oxidative potential of PM2.5 indicated
the impact of the micro/nanoplastics on the PM2.5. For example, PM2.5 exhibited higher
aromaticity in the initial exposure stages (2–4% and 9–11%), whereas its light absorption
(0.5–6-fold) increased with prolonged exposure to micro/nanoplastics. Overall, more neg-
ative zeta potentials and higher oxidative inputs (~6–40%) were obtained in PM2.5 after
micro/nanoplastic treatment. The bacterial model revealed that the viability and biofilm
formation of bacteria were affected by PM2.5 exposed to micro/nanoplastics, compared
to PM2.5 not exposed to micro/nanoplastics, for example, 0.5–2-fold higher bacterial ac-
tivity with longer MNP exposure and 4–39% higher biofilm formation. Furthermore, the
oxidative stress-related bacterial indicators were primarily influenced by the aromaticity,
zeta potential, and oxidative potential of PM2.5. The results of this study suggest that the
bacterium Staphylococcus aureus can adapt to PM2.5 contaminated with micro/nanoplastics.
Therefore, this study highlights the potential impact of micro/nanoplastics on bacterial
adaptation to environmental contaminants and antibiotic resistance via PM2.5.

Keywords: nanoplastics; air quality; oxidative potential; bacterial colonisation; opportunistic
pathogen; PET leaching

Microplastics 2025, 4, 103 https://doi.org/10.3390/microplastics4040103

https://doi.org/10.3390/microplastics4040103
https://doi.org/10.3390/microplastics4040103
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microplastics
https://www.mdpi.com
https://orcid.org/0000-0003-2479-7635
https://orcid.org/0000-0002-0178-7808
https://orcid.org/0000-0003-0360-4638
https://orcid.org/0009-0001-9391-8405
https://doi.org/10.3390/microplastics4040103
https://www.mdpi.com/article/10.3390/microplastics4040103?type=check_update&version=1


Microplastics 2025, 4, 103 2 of 23

1. Introduction
Plastic pollution poses a significant threat to the environment and all forms of life.

According to records, 367 million tonnes of plastic were produced worldwide for use
in both domestic and industrial applications. The main types of plastic produced for
these purposes are polyethylene terephthalate (PET), polypropylene (PP), polyethylene
(both low-density and high-density PE), polyvinyl chloride (PVC), polystyrene (PS) and
polyurethane (PU), with significant quantities entering the environment [1,2]. After being
released into the environment, many plastics become physically, chemically and biologically
deformed and eventually form plastic debris of various sizes, including macroplastics
(>25 mm), mesoplastics (fragments > 5 mm), microplastics (5 mm–1 µm) and nanoplastics
(<1 µm) [3,4]. These particles, items and debris are considered to be a new type of persistent
and emerging contaminant in environmental compartments, such as aqueous systems, the
air and soil [5]. For example, a summary of 105 studies found that the five oceans were
dominated by PS, PET and polyphthalamide plastics. Several studies have also suggested
that the oceans are the main source of plastic debris in the air, rather than air conditioning,
industrial processes, and the use of sprays for agricultural purposes, body sprays, and
paints [6–9].

Although the direct effect of plastic debris in the air on human health through in-
halation is a key area of research, studies mainly focus on aqueous systems, with a par-
ticular focus on the detection, simulation, adsorption, weathering and leaching of mi-
cro/nanoplastics (MNPs), as well as their biological endpoints or toxicity. Air-related
studies are limited compared to those conducted in aqueous and soil systems. Studies
regarding airborne MNPs have currently focused on detecting and monitoring plastic
debris in atmospheric components, including dust and PM2.5. The presence of plastics has
been identified in various types of air samples collected from different locations, including
indoor and outdoor environments, at varying concentrations [10]. However, the impact
of MNPs on air particulates has yet to be examined due to analytical considerations, as
isolation of MNPs is not a standardised method and cannot be accomplished without defor-
mation, contamination and the use of toxic chemicals during isolation processes. Generally,
identification of MNPs in air consists of various steps: sample collection, preparation,
and characterisation [11,12]. However, none of these methods are standardised. Some
researchers have examined the suitability of these procedures from a limited perspective.
In one such study, Rahman et al. [13] evaluated the sample collection filter matrices and the
applicability of the characterisation technique for PM2.5 samples. They compared silver
and Teflon filters and found that the Teflon filter was more suitable due to silver’s interac-
tion with polymers. In the sample preparation step, organic materials in the samples can
be removed using various oxidisers (H2O2), acids (HNO3, HCl), alkalis (KOH, NaOH) and
enzymes. For example, H2O2 is often used to isolate MNPs from atmospheric samples [6].
However, weathering studies using oxidisers and acids have shown that MNP surfaces are
damaged, which decreases the accuracy of identification [11]. After removing the organ-
ics, MNPs can frequently be separated from atmospheric sample particles using density
separation, with ZnCl2 solutions being the most common chemical used. However, some
issues were also identified in this procedure [14–16]. For example, Bhat [16] used ZnCl2
density separation to identify microplastic MNPs in suspended air particulates. Elemental
characterisation by EDX revealed the presence of Zn and Cl. The presence of Zn and Cl
in the samples was explained by the isolation procedure of MNPs. In the characterisation
step, widely used techniques include visual characterisation using a stereomicroscope
and scanning electron microscopy (SEM), as well as polymer identification using Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy. Visual identification by
stereomicroscope is suitable for particles measuring over 500 µm; however, smaller particles
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cannot easily be visualised in this way. Furthermore, the shapes and colours of particles
can easily be confused, as can natural and synthetic particles. Therefore, it is recommended
that this technique be combined with others, and/or additional characterisation techniques
be applied [11,17,18]. SEM can provide more high-resolution visual characterisation with
<0.5 µm resolution and surface textures (e.g., grooves, pits, fractures and flakes); however, it
is more time-consuming as samples need to be prepared for analysis. In polymer characteri-
sation, FTIR is a reliable and non-destructive technique for particles measuring 10–20 µm or
larger; smaller particles can be analysed by micro-FTIR. However, this technique has some
limitations, including reduced accuracy for smaller particles (e.g., <20 µm) and expensive
instrumentation. Similarly, the polymer and surface chemistry of particles can be reliably
characterised by Raman spectroscopy for sizes up to 1 µm [11,17,18]. However, colour and
some chemicals attached to the surface (e.g., additives and contaminants) can interfere with
the spectra. This technique is time-consuming and sometimes destructive. It also requires
careful preparation, and the chosen wavelength is a critical parameter for reducing the
fluorescence emitted by the sample. In addition to basic characterisation involving visual
inspection and polymer analysis, further analysis can be applied to determine the elemental
composition using energy-dispersive X-ray spectroscopy (EDS) and to identify degradation
products using pyrolysis gas chromatography-mass spectrometry (Py-GC/MS), which is
reliable for detecting polymer types and additives. However, this technique has some limi-
tations [11,17,18]. For example, it is only suitable for samples larger than 100 mm, and it is
time-consuming and destructive. Similarly, more analytical techniques have been combined
with SEM-EDS and Pyr-GC/MS to overcome limitations in the detection and identification
of MNPs in environmental studies. Currently, thermal desorption–proton transfer reaction
mass spectrometry (TD-PTR-MS) is being used to detect PET MNPs in snow samples. This
technique requires a very low sample amount in the µg to ng range [19,20]. In addition,
to increase the spatial resolution of FTIR and Raman spectra, IR techniques have been
combined with atomic force microscopy (AFM) to enable high-resolution, in situ chemical
analysis [19,20]. However, its application is very limited in air samples [21]. Furthermore,
various studies have examined the importance of contamination control procedures in
air samples [22–25]. For example, Jones et al. [26] examined the laboratory sources of
MNP contamination from various sources, including air, during the isolation/identification
processes. The results showed that the order of contamination risk is biosafety cabinet
< bench < fume hood. Bhat et al. [25] investigated contamination control procedures for
airborne and indoor MNP research during sample preparation and analysis in fume hoods,
laboratories and laminar flow systems. The results suggested that laminar flow is the most
effective way to reduce blank MNP levels.

Furthermore, different studies showed that PET, PS, PVC, and polyamide (PA) are
predominantly characterised as plastic debris in both indoor and outdoor air [27–29].
Unfortunately, studies involving human participants have also indicated the presence
of MNPs in various body parts, including the lungs. For instance, Alpaydin et al. [30]
identified MNPs in human bronchoalveolar lavage ranging in size from 4.19 to 792.00 µm.
The particles were characterised as being made of PA, PET, PVC and polyurethane (PU).
Jiang et al. [31] examined the presence of MNPs in the upper respiratory tract of indoor and
outdoor workers using sputum and nasal lavage fluid. PVC, PA, PE and polycarbonate were
identified as the polymers present in these samples. Chen et al. [32] identified microplastic
particles in human lung ground glass nodules measuring between 13 and 125 µm in width.
Jenner et al. [33] examined the presence of plastics in human lung tissue. Their results
showed that PET and PP were the most prevalent polymers, ranging in size from 12 to
2475 µm and 4 to 88 µm, respectively. Another study determined the presence of MNPs in
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13 out of 20 lung tissue samples obtained at autopsy, with sizes smaller than 5.5 µm, and
fibres ranging from 8.12 to 16.8 µm [34].

In addition to MNPs being found in the air and in human lungs, air-related studies
have shown that some organic contaminants relating to plastics, including phthalates and
polycyclic aromatic hydrocarbons (PAHs), are widely and highly distributed in PMs [35–37].
Furthermore, some studies have examined the impact of burning plastic on the oxidative
characteristics of PMs [38]. The results showed that burning common plastics (e.g., PET,
PVC, PS and PE) releases metals, PAHs and environmentally persistent free radicals into the
PM, resulting in higher oxidative potential. Specifically, higher levels of environmentally
persistent free radicals were detected in PVC and PET plastics than in the other plastics
tested. All these studies suggest the direct and indirect impact of MNPs on PMs. However,
most studies regarding MNPs and PM2.5 thus far have focused on their occurrence, risk
assessment and distribution. Thus, there is a significant knowledge gap regarding the
potential impact of polymers on PMs.

Furthermore, plastic pollution poses a dual threat to the environment and human
health. Apart from the direct effect of plastic particles on living systems, plastic debris can
age and degrade in air, water and soil media, impacting the physicochemical and biological
behaviour of these environments. Since plastic materials contain phenolic substances,
elements/metals, and organophosphates to enhance various properties, including flexibility,
flame retardance, and durability, etc. [1,4,39,40]. Unfortunately, these substances are known
to be harmful and to act as sources of dissolved organics. These substances can easily
leach from the surface of plastic particles when exposed to any stress. Many laboratory
studies have started to assess the release of dissolved organics or leachates from MNPs
under various conditions, including UV exposure, temperature, pH, salinity and abiotic
and biotic environments [1,4,41,42]. These controlled laboratory studies play a significant
role in our understanding of the status and mechanism of MNP leaching and deformation.
However, studies characterising leachates and their release mechanisms are still scarce and
not well understood. Moreover, available studies indicate that deformation of MNPs and
the release of substances from them might affect complex environmental components and
conditions [43]. However, further evaluation using ex situ experiments is needed to bridge
the gap between controlled and real conditions and to better understand MNP deformation
and its effect on the surrounding environment. Although ex situ experiments examining
the use of the aquatic/marine environment have begun, examinations in the field of air
are rare. Furthermore, ex situ experiments can be used to identify toxic behaviour. In our
recent studies, we examined the effect of MNP deformation on the bacterial behaviour
of seawater and sediments under various conditions [44,45]. These studies also revealed
the impact of MNPs on the biological responses of environmental media owing to MNP
leachates. Therefore, to understand the environmental behaviour and toxic effects of plastic
debris in the surrounding environment (e.g., air), further studies need to be conducted
under various environmental conditions and exposure durations. It is also important to
examine their interaction with air chemical components.

Furthermore, plastics consist of various organic compounds that undergo polymeri-
sation. However, some of these compounds, such as flame retardants and UV stabilisers,
do not form complete covalent bonds with the polymer matrix. Under natural conditions,
small compounds with functional groups such as hydroxyl, carboxyl and carbonyl on aro-
matic rings can easily deform and leach into the environment [3,46,47]. Changes in aromatic
ring substitutions in the media can be characterised by aromaticity [48]. Ultraviolet–visible
(UV–Vis) spectroscopy has been used to analyse aromaticity characteristics [49]. Further-
more, these small compounds can be sources of free radicals, dissolved organic matter,
and oxidative species (e.g., hydroxyl, carboxyl, and carbonyl functional groups). The
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light absorption and optical properties of air particulates are caused by various organic
compounds in the air, including humic substances, dissolved organic content, transition
metals, polycyclic aromatic hydrocarbons, and quinones. Additionally, aromatic com-
pounds typically contain chromophores, resulting in high light absorption across various
UV-Vis wavelengths [50]. However, many studies have confirmed that organic compounds
in air-related media also possess significant oxidative capacity, generating oxidative species
and contributing to the oxidative potential (OP) of air. OP can be effectively determined
using the dithiothreitol (DTT) assay in air particulates. Various studies have confirmed the
relationship between OP as determined by the DTT assay and biological responses, such
as those of bacteria [51,52]. Similarly, the aromaticity and light absorption of dissolved
organic compounds influence microbial activities [53]. The level of zeta potential indicates
the stability of particles and solutions; higher negativity indicates more stable particles than
those with lower zeta potentials. Furthermore, the charge of the solution is influenced by
chemical components, which is also related to binding or interaction with biotic or abiotic
substances, and eventually toxicity [54].

In general, the toxicity of air particulates has been investigated using various levels of
living systems. These include in vivo animal models (mainly mice and rats), organ models
(respiratory, cardiac, nervous, and multi-organ), and in vitro cultures of eukaryotic cells or
tissues (specific cell types belonging to the respiratory, cardiovascular, nervous, and blood
systems) [55,56]. In vitro eukaryotic cell models are popular for assessments due to being
relatively simple and rapid compared to in vivo models. The most commonly used cells for
in vitro inhalation toxicity models are human lung adenocarcinoma epithelial cells (A549
cells) and human bronchial epithelial cells. Nervous toxicity is primarily examined using
neurons from rodent models and human and murine neuroblastoma cells [55–59]. However,
due to their close relationship with human health, bacterial infections and imbalances are
also important issues for ecosystems and human health, as demonstrated through in vivo
and in vitro examination of eukaryotic cells. Similarly, various health problems, such as
respiratory infections, poor immunity, microbiota issues and allergy sensitivity, are directly
related to bacterial responses [60]. Nevertheless, research using bacterial model systems
to evaluate the effect of PMs on bacterial responses is limited compared to research using
in vivo and in vitro human cell models [60–70]. The limited number of bacterial-based
experimental bioanalysis/biotoxicity studies in PMs have mainly examined relationships
with allergies and environmental biotoxicity. The bacteria tested were Salmonella, Vibrio
fischeri, Photobacterium phosphoreum, Escherichia coli, Enterococcus faecalis, Klebsiella pneumo-
niae, Staphylococcus aureus and Pseudomonas aeruginosa [60–70]. Examining the results of
these limited studies has revealed a relationship between bacterial-based biotoxicity and
PM chemical markers. For instance, Caumo et al. [70] investigated polycyclic aromatic
hydrocarbon (PAH) levels, oxidative potential and biotoxicity using Vibrio fischeri in PM2.5
samples, discovering a strong positive correlation between oxidative potential and bacterial
responses, as well as a positive association between PAH and oxidative potential. Moreover,
over the past decade, studies on air particulates have focused on the detection of bacte-
ria due to the increasing prevalence of bacterial infections and bacterial tolerance [71,72].
Various indoor and outdoor air samples have revealed the presence of Staphylococcus, Es-
cherichia coli, Lactococcus, Pseudomonas aeruginosa, and Klebsiella [71,72]. For example, S.
aureus is a Gram-positive bacterium and the most common pathogen that causes a diverse
array of life-threatening infections, including necrotizing pneumonia and chronic lung
diseases [73,74]. Unfortunately, despite appropriate antimicrobial treatments, pulmonary S.
aureus infections are an important public health issue due to having a very high fatality rate
and are the leading cause of various pneumonia-related infections. The studies indicated
that S. aureus can easily adapt to antibiotic treatments and exhibit antibiotic resistance,
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leading to increased intracellular persistence. Nevertheless, knowledge of bacterial survival
behaviours in the air and their relationship with air chemical composition is limited. All
bacteria-related air studies have suggested examining microbial activity and its pathways
of action in the presence of various chemicals.

Various environmental agents can cause oxidative damage in bacteria, leading to the
production of reactive oxygen species (ROS) and resulting in damage to DNA, proteins,
and lipids, which can ultimately lead to cell death [74,75]. Similarly, studies have indicated
that many stress factors containing different chemical agents can mediate the inhibition
of bacteria by promoting the formation of ROS in the environment [74,75]. These agents
are generally thought to stimulate intracellular hydrogen peroxide production, which can
lead to lethal DNA, protein, and lipid damage via the Fenton reaction. This can result
in inhibition through a series of enzymatic or non-enzymatic oxidative stress responses
(catalase-CAT, superoxide dismutase-SOD, glutathione peroxidase-GSH, lipid peroxidase-
LPO). On the other hand, bacteria adapt to changes in their natural environment through a
network of stress responses that allow them to alter their gene expression in order to survive
in the presence of a wide variety of stress factors [76]. These oxidative stress responses
may be specific to the type of stress, and these general stress responses can be activated in
the form of repair responses for DNA, protein, or lipid damage and can enhance survival
capacity [77,78]. For example, it has been shown that different chemical structures or
environmental conditions (such as oxidants, phenols, heavy metals, micro/nanoplastics,
temperature, chemical pollutants, sediment, seawater) can alter the responses of different
bacterial species to chemicals or their survival capabilities through oxidative stress (CAT,
SOD, GSH, LPO, etc.) and activate key metabolic parameters or inhibit the negative effects
of chemicals [44,45,79]. However, studies on adaptation in literature are mostly conducted
under controlled conditions and where the structure of the real environmental setting is
neglected, specifically where air environments are not examined. The effect of emerging
contaminants in PMs, such as MNPs, has yet to be examined on bacterial responses under
the chemical conditions of PMs.

Therefore, this study examined the effect of MNPs on physicochemical indicators
of fine air particulates (PM2.5) under different exposure conditions (e.g., PM2.5 mass
concentration and exposure duration). The leachability of MNPs under PM2.5 conditions
was tested using the aromaticity, light intensity, zeta potential, and oxidative potential of
PM2.5. Furthermore, the impact of MNPs on PM2.5 on bacterial biochemical and oxidative
stress responses was investigated using a S. aureus bacterial model of toxicity.

2. Materials and Methods
Sampling and ex situ experimental design are presented in Figure S1.

2.1. PM2.5 Sampling and Preparation

PM2.5 samples were collected in Maslak, Istanbul, Turkey, using a High Volume Air
Sampler (Analytica Strumenti, Pesaro—Italia, 30 m3/h, 2880 m3, CSN EN 12341 [80]) on
a quartz filter over 96 h. The sampler was positioned 4–5 m behind a busy road and at
a height of 3–4 m, 200 m away from one of Istanbul’s largest shopping centres and other
buildings. The samples were stored in a dark, cold room at 4 ◦C until analysis. The mass
concentration of the PM2.5 sample was determined by pre- and post-weighting of the filters
using a Precise ultra-microbalance with five digits. The PM2.5 samples were pooled and
extracted in ultrapure water to prepare a stock solution at a concentration of 25 µg/m3,
mimicking the high mass concentration. The stock solution was filtered with a 0.45 µm
syringe filter and analysed for metals using ICP-OES (Analytic Jena, Jena-Germany), as
presented in Table S1, as well as for microorganism growth. This procedure has been
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widely used for metal analysis and cytotoxicity experiments [81–83]. Using the high stock
concentration, low (2.5 µg/m3) and medium (10 µg/m3) mass concentrations of PM2.5
were then prepared with ultra-pure water (Milli-Q, Merck, Darmstadt, Germany) [12,83,84].
A blank quartz filter was used to control the process. Parallel samples were prepared for
each concentration.

2.2. PET MNP Preparation

PET drinking water bottles were used to obtain secondary MNPs as a real-world
approach, and the plastic water bottles were purchased from markets in Türkiye. The
‘real-world approach’ was conducted through four baselines according to available reports
and published studies:

(i). The most produced and consumed polymers;
(ii). Their release and occurrence in oceans;
(iii). Oceans as the main source of atmospheric MNPs;
(iv). Their occurrence in PM2.5 and human lungs.

While this approach cannot reflect real airborne MNPs due to the various weathering
processes that MNPs undergo in nature, the ex situ experiment can provide limited insight
into the interaction/leaching pathways.

The preparation processes of MNPs using the ‘real-world approach’ were previously
described in the study by Saygin et al. [44,45]. The PET bottles were rendered with a
stainless steel render, then sieved, washed, and dried at room temperature. The physico-
chemical properties (e.g., morphology, elemental composition, and surface characteristics)
of the prepared MNPs were characterised and presented in the studies of Saygin et al.
and Baysal et al. [44,45,85]. The same batch was used in this study. The MNPs had a
size range of 295–460 nm. Other physicochemical properties, including scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM–EDX, FEI, Thermo Fisher
Scientific, Waltham, MA, USA), dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern
Instruments, Malvern, UK), Brunauer–Emmett–Teller surface area by multipoint mea-
surement (BET, Micromeritics Gemini VII 2390 T, Norcross, GA, USA), Fourier-transform
infrared spectroscopy (FTIR, Bruker Invenio S, Billerica, MA, USA) and transmission
electron microscopy (TEM, Hitachi High-Tech HT7700, Minato, Japan), are presented in
Figure S2 [85].

2.3. Ex Situ Exposure of PET MNPs with PM2.5

A controlled ex situ experiment was conducted to assess the interaction between
MNPs and PM2.5. To expose the PM2.5 to MNPs, a specific number of MNPs were weighed
using an ultra-microbalance (Precise), in line with their occurrence in atmospheric samples.
These were then dispersed into three concentrations of PM2.5 extracts [84]. Exposure was
conducted in a parallel setup. Samples containing and not containing MNPs (control/bare
PM2.5) were placed in natural light and stirred gently three times a day at various exposure
time intervals (1 h, 1 day–24 h, 2 days–48 h, 7 days–168 h and 14 days–336 h). Once the
treatment duration had ended, the MNPs were removed from the PM2.5 samples via
filtration using a 0.1 µm syringe filter and the PM2.5 extracts were analysed for subsequent
testing. To ensure quality control, PM2.5 extracts that had not been exposed to MNPs
were also filtered using a 0.1 µm syringe filter. Filtration was applied for sterilisation and
homogenisation, and to limit the interference of possible microorganisms. This filtration
is a widely used approach in bacterial studies. The MNPs were not analysed, and all
parameters were measured as the mean of three replicates.



Microplastics 2025, 4, 103 8 of 23

2.4. Assays for Physicochemical Characteristics of PM2.5 After PET MNP Exposure

To assess the impact of MNPs on PM2.5, the following properties of PM2.5 were tested:
aromaticity (leachability), light intensity, zeta potentials, and oxidative potentials. We
conducted the whole analysis using treated-PM2.5 and non-treated PM2.5 (control/bare)
samples, not MNPs. The results were then compared with those of the PM2.5 controls,
which contained no MNPs. Blank, recovery control, samples in triplicate, matrix spike, and
limit of detection and limit of quantification were conducted for all procedures.

To characterise the leaching of MNPs onto PM2.5, the aromaticity (AR) of the leached
solutions was measured using a UV-VIS microplate spectrophotometer (Multiskan Sky-
High, Thermo Scientific, Cleveland, OH, USA), and the AR was calculated according to
Equation (1) [48].

AR =
A253
A203

(1)

The MNP-treated and non-treated (control/bare) PM2.5 extracts were tested for light
intensity at 366 nm, 600 nm, and 725 nm using a UV-VIS microplate spectrophotometer
(Multiskan SkyHigh, Thermo Scientific, Cleveland, OH, USA) to examine total particulate
absorption [86].

The zeta potentials of the MNP-treated and non-treated PM2.5 samples were analysed
using a Zetasizer (Nano ZSE, Malvern Instruments, Malvern, UK).

Oxidative potentials (OP) by redox activity of PM2.5 samples exposed and not exposed
to MNPs were determined using a dithiothreitol (DTT) assay [87]. In brief, the PM2.5
extracts and DTT (1 mM) were mixed at 37 ◦C, 5,5′-dithiobis-(2-nitrobenzoic acid) was
added, and the reaction with the remaining DTT was read at 412 nm.

2.5. Assays Bacterial Responses of PM2.5 After PET MNP Exposure

The Gram-positive bacterium Staphylococcus aureus (S. aureus, ATCC 25923) was ob-
tained from the American Type Culture Collection in the USA. The tryptic soy broth (TSB)
growth medium was autoclaved for 15 min at 121 ◦C before use in the experiments [44,45].
Non-treated (control/bare) and MNP-treated PM2.5 extracts were mixed with 2.0 mL of
TSB containing isolated bacterial suspensions. After the freshly cultured bacteria were
exposed to the PM2.5 samples at three different mass concentrations, both with and without
MNP treatment in the growth medium, all of the samples and their respective controls were
incubated in a dark oven at 37 ◦C for 24 h. In addition to the sample control, procedural
control was also conducted using only bacteria that did not contain any PM2.5.

The biochemical and oxidative-related indicator assays were repeated at least three
times. All relevant controls were used; for example, one well containing sterile medium
was used as a blank control, as were PM2.5 extracts at three concentrations without MNPs.

The optical density (OD) at 600 nm and the crystal violet (CV) methods were used
to assay bacterial activity and biofilm formation (BF) in the presence of PM2.5 via 96-well
plates [44,45,84,88,89].

Oxidative indicators of bacteria were tested using catalase (CAT), glutathione reduc-
tase (GSH) and superoxide dismutase (SOD) antioxidant assays, which were conducted
immediately after the 24 h incubation period using the same sets of bacteria and biofilm.
Antioxidant activity was measured according to the CUPRAC assay [44,45,84,89]. CAT
activity was tested using a procedure involving H2O2, phosphate buffer (pH 7.0), cell
extract, and distilled water. The change in absorbance at 240 nm was measured and then
calculated to estimate CAT activity, as described by Saygin et al. [44,45]. GSH activity was
assessed by monitoring changes in absorbance at a wavelength of 340 nm after mixing
with potassium phosphate buffer, GSH, sodium azide and glutathione reductase, and
incubating the mixture at 37 ◦C for 10 min. Then, NADPH and H2O2 were added to the
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mixture. Subsequently, absorbance was measured at a wavelength of 340 nm [44,45]. SOD
activity was utilised by the assay using sodium carbonate buffer, nitroblue tetrazolium,
Triton X-100, and hydroxylamine-HCl–HCl. Subsequently, the absorbance was measured
at 560 nm against a blank [44,45].

2.6. Statistical Analysis

Experimental data is calculated as mean ± standard deviation. ANOVA with post hoc
Tukey with one- and two-tailed was used to analyse the differences between the control and
the samples, as well as the differences among the samples. These values are representative
of three independent experiments and total 12 measurements. The significance and Pearson
correlation (two-tailed) tests were performed using SPSS 19.0 software. Values of p < 0.05
were considered statistically significant.

3. Results
3.1. Characterisation of MNP Leaching and Impacts on Physicochemical Properties of PM2.5

To characterise the leaching of PET MNPs into PM2.5, the AR levels in PM2.5 samples
were assessed before and after MNP exposure (Figure 1). PM2.5 AR levels increased
significantly at the start of the MNP exposure period in all tests (p < 0.05). AR levels were
2–4% and 9–11% higher with 1 and 24 h exposures, respectively. However, the AR ratio
of PM2.5 decreased with longer exposure to MNP. For example, lower AR levels in low
PM2.5 were obtained after 48 and 336 h exposures to MNP, compared to the control group
(Figure 1a). A similar result was observed in the medium PM2.5 concentration group
when treated with MNPs for 48 h (Figure 1b). As shown in Figure 1c, at the highest PM2.5
concentration, longer exposures to MNPs did not result in significant changes compared to
the control group (p < 0.05).

Figure 1. Aromaticity (AR) changes of PM2.5 with MNP exposure (∆AR = AR/ARo, AR: MNP-treated
PM2.5, ARo: PM2.5 (no MNP/control)). (a) PM2.5 at low mass concentration (2.5 µg/m3), (b) PM2.5
at medium mass concentration (10 µg/m3), and (c) PM2.5 at high mass concentration (25 µg/m3).
The letters above the bars indicated the statistical difference (p < 0.05): (a) difference with MNP
treatments for 1 h, (b) difference with MNP treatments for 24 h, (c) difference with MNP treatments
for 48 h, (d) difference with MNP treatments for 168 h, and (e) difference with MNP treatments for
336 h. (*) Difference with their control at this stage.

Figure 2 shows the impact of MNP contamination on the light intensity of PM2.5
in water. Light intensities of PM2.5 at three wavelengths were reduced at initial MNP
exposure; for example, light intensities were 50–76% lower within 24 h of exposure. How-
ever, the increase was more pronounced with increasing exposure duration. For example,
when exposed to MNP, the light intensity order at the lowest PM2.5 concentration is
48 h > 336 h > 168 h > 24 h > 1 h (Figure 2b). For the medium and high PM2.5 concentra-
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tions, it was 48 h > 168 h > 336 h > 24 h > 1 h and 168 h > 48 h > 336 h > 24 h > 1 h
(Figure 2b,c).

Figure 2. Light intensity changes at 360 nm, 600 nm, and 725 nm of PM2.5 with MNP exposure
(∆A = A/Ao, A: MNP-treated PM2.5, Ao: PM2.5 (no MNP/control)). (a) PM2.5 at low mass concen-
tration (2.5 µg/m3), (b) PM2.5 at medium mass concentration (10 µg/m3), and (c) PM2.5 at high mass
concentration (25 µg/m3). The letters above the bars indicated the statistical difference (p < 0.05):
(aL) Difference with MNP treatments for 1 h at 360 nm, (bL) Difference with MNP treatments for
24 h at 360 nm, (cL) Difference with MNP treatments for 48 h at 360 nm, (dL) Difference with MNP
treatments for 168 h at 360 nm, and (eL) Difference with MNP treatments for 336 h at 360 nm. (aM)
Difference with MNP treatments for 1 h at 600 nm, (bM) Difference with MNP treatments for 24 h
at 600 nm, (cM) Difference with MNP treatments for 48 h at 600 nm, (dM) Difference with MNP
treatments for 168 h at 600 nm, and (eM) Difference with MNP treatments for 336 h at 600 nm. (aH)
Difference with MNP treatments for 1 h at 725 nm, (bH) Difference with MNP treatments for 24 h
at 725 nm, (cH) Difference with MNP treatments for 48 h at 725 nm, (dH) Difference with MNP
treatments for 168 h at 725 nm, and (eH) Difference with MNP treatments for 336 h at 725 nm. Figure 3
shows how the zeta potential of MNP-treated PM2.5 extracts compares to that of control PM2.5. The
zeta potentials of low, medium, and high concentrations of PM2.5 in ultrapure water (controls) were
−16.3 mV, −12.8 mV, and −10.1 mV, respectively. However, when exposed to MNPs, the negativity
of the zeta potentials declined. The average zeta potentials of PM2.5 changed from −0.856 mV to
−2.255 mV, from −1.130 mV to −5.715 mV, and from −0.320 mV to −5.515 mV at low, medium,
and high PM2.5 mass concentrations, respectively. As illustrated in Figure 3a, the order of the zeta
potentials of low PM2.5 after MNP treatment was 48 h > 168 h > 24 h > 336 h > 1 h. For the medium
and high PM2.5 concentrations, however, they were 336 h > 168 h > 24 h > 1 h > 48 h (Figure 2b,c).

The oxidative potential (OP) of PM2.5 samples was tested using the DTT assay before
and after MNP exposure to understand the impact of MNPs on the oxidative characteristics
of PM2.5 (Figure 4). The results showed that the OPs of PM2.5 increased by ~6–40% with
MNP exposure. Furthermore, higher exposure durations also increased the OP levels
compared to earlier exposures. For example, as shown in Figure 4a, the order of the OP at
low PM2.5 with MNP exposure is 168 h > 24 h > 336 h > 1 h > 48 h. In the medium and
high PM2.5 with MNP exposure, the order is 336 h > 24 h > 168 h > 48 h > 1 h (Figure 4b)
and 168 h > 336 h > 1 h > 24 h > 48 h (Figure 4c).
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Figure 3. Zeta potentials of PM2.5 with MNP exposure. (a) PM2.5 at low mass concentration
(2.5 µg/m3), (b) PM2.5 at medium mass concentration (10 µg/m3), and (c) PM2.5 at high mass
concentration (25 µg/m3). The letters above the bars indicated the statistical difference (p < 0.05):
(a) Difference with MNP treatments for 1 h, (b) Difference with MNP treatments for 24 h, (c) Difference
with MNP treatments for 48 h, (d) Difference with MNP treatments for 168 h, and (e) Difference with
MNP treatments for 336 h. (*) Difference with their control at this stage.

Figure 4. OP changes of PM2.5 with MNP exposure (∆OP = OP/OPo, OP: MNP-treated PM2.5, OPo:
PM2.5 (no MNP/control)). (a) PM2.5 at low mass concentration (2.5 µg/m3), (b) PM2.5 at medium
mass concentration (10 µg/m3), and (c) PM2.5 at high mass concentration (25 µg/m3). The letters
above the bars indicated the statistical difference (p < 0.05): (a) Difference with MNP treatments
for 1 h, (b) Difference with MNP treatments for 24 h, (c) Difference with MNP treatments for 48 h,
(d) Difference with MNP treatments for 168 h, and (e) Difference with MNP treatments for 336 h.
(*) Difference with their control at this stage.

3.2. Impact of MNP Exposure on PM2.5 by Metabolic and Biochemical Responses of S. aureus

The biological activity induced by MNP-treated PM2.5 was assessed using bacterial
assays. The metabolic and biochemical characteristics of the Gram-positive bacterium
S. aureus were measured using the OD600, CV, antioxidant, CAT, GR, and SOD assays.
Exposure of S. aureus to MNP-treated PM2.5 generally had a significant influence on
bacterial activity compared to non-treated PM2.5, except 24 h and 48 h exposure of MNP
in the low PM2.5, and 24 h exposure of MNP in the medium PM2.5 (Figure 5a–c). For
example, early exposure to MNPs resulted in approximately 50% inhibition; however,
increasing the duration of MNP exposure to PM2.5 increased bacterial activity at all PM2.5
mass concentrations. At longer exposure times, S. aureus activity significantly increased in
MNP-treated PM2.5 compared to the control group. Specifically, S. aureus activity increased
with higher PM2.5 concentrations.
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Figure 5. Bacterial activity of Gram-positive S. aureus in the presence of PM2.5 with and without
MNP exposures by OD assay (OD: MNP-treated PM2.5, ODo: PM2.5 (no MNP/control)), (a) PM2.5
at low mass concentration (2.5 µg/m3), (b) PM2.5 at medium mass concentration (10 µg/m3), and
(c) PM2.5 at high mass concentration (25 µg/m3). Biofilm formation of Gram-positive S. aureus in the
presence of PM2.5 with and without MNP exposures by CV assay (CV: MNP-treated PM2.5, CVo:
PM2.5 (no MNP/control)), (d) PM2.5 at low mass concentration (2.5 µg/m3), (e) PM2.5 at medium
mass concentration (10 µg/m3), and (f) PM2.5 at high mass concentration (25 µg/m3). The letters
above the bars indicated the statistical difference (p < 0.05): (a) Difference with MNP treatments
for 1 h, (b) Difference with MNP treatments for 24 h, (c) Difference with MNP treatments for 48 h,
(d) Difference with MNP treatments for 168 h, and (e) Difference with MNP treatments for 336 h.
(*) Difference with their control at this stage.

Figure 5d–f shows the biofilm formation of S. aureus in the presence of MNP-treated
PM2.5. In general, biofilm formation was significantly higher with MNP-treated PM2.5
samples, e.g., 4–39% higher biofilm formation, except 168 h exposure of MNP to the all
tested concentrations of PM2.5. However, at a longer exposure to MNP of PM2.5, biofilm
formation decreased by approximately 10–12%. For example, the order of biofilm formation
is as follows:

- 24 h > 1 h > 48 h > 336 h > 168 h (Figure 5d)
- 24 h > 48 h > 1 h > 336 h > 168 h (Figure 5e)
- 48 h > 24 h > 336 h > 1 h > 168 h (Figure 5f)

This is for low, medium and high PM2.5 concentrations when exposed to MNPs,
respectively.

To observe the biochemical response pathway of bacteria after exposure to MNP-
treated PM2.5, oxidative stress-related indicators (e.g., antioxidants, CAT, GR, and SOD)
were examined. Figure 6a depicts the antioxidant levels of S. aureus exposed to MNP-
treated PM2.5 extracts. MNP treatment initially reduced antioxidant formation; however,
longer exposure to MNPs on PM2.5 increased antioxidant levels.
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Figure 6. (a) Antioxidant activity ratio (∆AOX = AOX/AOXo, AOX: MNP-treated PM2.5, AOXo:
PM2.5 (no MNP/control)), (b) CAT ratio (∆CAT = CAT/CATo, CAT: MNP-treated PM2.5, CATo:
PM2.5 (no MNP/control)), (c) GSH ratio (∆GSH = GSH/GSHo, GSH: MNP-treated PM2.5, GSHo:
PM2.5 (no MNP/control)), and (d) SOD ratio, (∆SOD = SOD/SODo, SOD: MNP-treated PM2.5,
SODo: PM2.5 (no MNP/control)) of Gram-positive S. aureus in the presence of PM2.5 with and
without MNP exposures. The letters above the bars indicated the statistical difference (p < 0.05):
(aL) Difference with MNP treatments for 1 h of low concentration PM2.5, (bL) Difference with MNP
treatments for 24 h of low concentration PM2.5, (cL) Difference with MNP treatments for 48 h of low
concentration PM2.5, (dL) Difference with MNP treatments for 168 h of low concentration PM2.5,
and (eL) Difference with MNP treatments for 336 h of low concentration PM2.5. (aM) Difference
with MNP treatments for 1 h of medium concentration PM2.5, (bM) Difference with MNP treatments
for 24 h of medium concentration PM2.5, (cM) Difference with MNP treatments for 48 h of medium
concentration PM2.5, (dM) Difference with MNP treatments for 168 h of medium concentration
PM2.5, and (eM) Difference with MNP treatments for 336 h of medium concentration PM2.5. (aH)
Difference with MNP treatments for 1 h of high concentration PM2.5, (bH) Difference with MNP
treatments for 24 h of high concentration PM2.5, (cH) Difference with MNP treatments for 48 h of high
concentration PM2.5, (dH) Difference with MNP treatments for 168 h of high concentration PM2.5,
and (eH) Difference with MNP treatments for 336 h of high concentration PM2.5. (*) Difference with
their control at this stage.

Figure 6b–d show the responses of oxidative stress indicators, including CAT, GR,
and SOD, when exposed to MNP-treated and untreated PM2.5 extracts. In all cases, the
impact of S. aureus CAT activity on PM2.5 was relatively low following MNP treatment. For
example, a minimum reduction of 3% and a maximum increase of 5% in CAT activity were
observed (Figure 6b). Furthermore, the GSH levels of S. aureus declined by ~15–60% after
exposure to MNP-treated PM2.5 compared to the control group (no MNP-treated PM2.5),
except for early MNP exposure (approximately 10–70% higher activities) (Figure 6c). In
addition, GSH levels increased with PM2.5 concentrations at the level of 4–60%, except 48
h exposure period. MNP exposure to PM2.5 also affected S. aureus SOD levels according
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to the duration of MNP treatment and PM2.5 concentration (Figure 6d). SOD levels in S.
aureus in the presence of PM2.5 samples increased with longer MNP exposure durations.
However, SOD levels decreased with increasing PM2.5 concentrations

Figure 7 shows the overall interaction pathways between MNP-treated PM2.5 and
bacteria. Of course, the overall calculation may cause errors, but to see the total relationship
of the results, all the data were used, regardless of differences in PM2.5 concentration. Sta-
tistical analysis revealed the importance of MNP contamination of the PM2.5 environment
due to the leaching/deformation impact of MNPs. For example, a negative correlation
was found between viability and AR (r = −0.49), and zeta potential (r = −0.52). The light
intensities and OP exhibited positive correlations with bacterial activity (r = 0.63–0.64, and
0.40, respectively). These results indicated that viability was primarily influenced by light
intensities, zeta potential, and AR rather than OP. In addition to bacterial activity, biofilm
formation is mostly controlled by AR and the OP when exposed to MNPs, rather than light
intensities and zeta potentials of PM2.5. There is a moderate positive link between AR
(r = 0.39) and biofilm formation, and a moderate negative link between OP and biofilm
formation after MNP contamination, compared to the zeta potentials (r = 0.14) and light
intensities (r = 0.08, 0.19, and 0.22 at 360, 600, and 725 nm) of PM2.5. Moreover, AR, zeta
potentials, and the OP of PM2.5 affect the oxidative stress-related indicators of bacteria. For
example, zeta potential and OP are moderately linked with the antioxidant activity of S.
aureus in the presence of PM2.5 after MNP exposures. The CAT and GSH are dominated by
AR and OP of MNP-treated PM2.5. The zeta potentials, AR, and OP of PM2.5 triggered the
SOD of S. aureus.

Figure 7. Heatmap of Pearson correlation coefficient matrix between physicochemical indicators
of PM2.5 and bacterial responses. The correlation coefficient (r) indicates strong (high) correlation:
±1.00–0.60, moderate (medium) correlation: ±0.59–0.30, and small (low) correlation: <+0.29.

4. Discussion
Since AR index reflects the aromatic ring substitution [48], the higher AR of MNP-

treated PM2.5 compared to untreated PM2.5 indicates an increase in the quantity of carboxyl
and carbonyl functional groups on the aromatic rings of PM2.5 due to the leaching of
PET aromatic rings [48,90,91]. Higher aromaticity may influence the bacterial response
to PM2.5 [48,91]. For instance, studies on microorganisms have shown that increased
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aromaticity can lead to a greater diversity of bacterial communities, including Luteimonas
and Sphingobacteriaceae [91].

Some environmental factors, including the intensity of light in the air, can be an
indicator of photoaging. Light intensity can also have an important effect on the oxidation
capacity of air through the production of carbonaceous compounds, nitrous acid, and
hydroxy radicals [92–94]. The changes in light intensities of the air medium can be explained
by the mixture of leaching, sorption and desorption processes of MNPs. These variations
in PM2.5 with MNP contamination can also involve various chemical reactions, and higher
PM2.5 intensities at longer MNP exposure times can be explained by MNP deformation
and/or leaching and desorption of substances from the PM2.5 [93–95]. Furthermore, higher
light intensities can indicate the formation of dissolved organic matter [96,97]. However,
the lower intensities and higher AR levels observed during the initial exposure period
at all tested PM2.5 concentrations suggest that the balance between changes in aromatic
substitution in PM2.5 due to MNP leaching and the sorption of chemicals in PM2.5 onto
MNPs may be imbalanced. More substances related to light intensity can be adsorbed
onto the MNP surface; then, with longer MNP exposure, the MNPs can desorb these
substances into the PM2.5 medium. However, multiple compounds are found in both
the PM2.5 media and the MNPs, as well as many leachable substances acting as sorbents.
Consequently, competitive and cooperative sorption and desorption of contaminants can
occur [98–100]. These changes in PM2.5 with MNP exposure may also affect living systems,
such as microorganisms, since light is the primary energy source for organisms and is
directly linked to the growth rate of microorganisms [101]. The wavelength at which light
is absorbed can indicate the presence of substances. For example, the brown carbon and
coloured chromophores of dissolved organic substances absorb light at wavelengths of
around 300–400 nm and 500–600 nm, respectively [102,103]. The results also showed higher
mean values at light absorption of 725 nm than at lower wavelengths with increasing MNP
exposure duration in water-treated PM2.5, indicating the effect of the UV-blue domain [104].
High values at light absorption of 725 nm may indicate low pigment packing due to the
available pigment composition and/or high concentrations of non-photosynthetic pigments
in this medium [86,105].

The zeta potentials of PM2.5 were also measured to understand the solution chemistry
after MNP exposure, since dissolved or sorbed substances influence the zeta potentials
of the solution, resulting in a differentiated biological response. The changes after MNP
exposures and durations indicate the interaction between MNPs and PM2.5 [106]. Changes
in the AR, light intensities, and zeta potentials of PM2.5 extracts after MNP exposure
indicated the impact of MNP leaching and deformation [4,107]. Changes over time may be
due to the impact of the plastic region, since chemical additives on the outer surface of the
MNPs can easily leach, thereby influencing the crystalline region of the MNPs in response
to the surrounding conditions [4,108].

Variations in ARs, light intensities, and zeta potentials of PM2.5 with MNP exposure
can trigger oxidative characteristics. These results agree well with the light intensity results,
and higher light intensities can promote the formation of oxidative species such as nitrous
acid and hydroxy radicals [93,94]. These findings explain the higher OP in PM2.5.

Inhibition in S. aureus at early stages can be explained by the presence of deformed
substances in the medium. Since exposure to MNPs in PM2.5 can result in MNP leach-
ing/deformation. Harmful components such as metals, flame retardants, and antioxidants
can leach from these materials when exposed to different conditions [3,4,39,40]. Further-
more, the increased bacterial activity in the presence of MNP-contaminated PM2.5 can be
attributed to the nutritional effects of PM2.5 following MNP contamination [109].
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Although it is expected that oxidative capacity (OP) may reduce activity, the positive
correlation with light intensity also demonstrates the formation of organic matter, which
can contribute to nutritional effects. Furthermore, light intensities were found to have a
stronger correlation with bacterial activity than with AR, OP, and zeta potentials. These
results also indicated a nutritional effect due to the increased organic matter in PM2.5
following MNP contamination.

The higher biofilm formation can be explained by two approaches. Firstly, the avail-
able substances for biofilm formation are due to MNP leaching/deformation [4]. Secondly,
a reduction in bacterial activity can cause biofilm formation due to the survival character-
istics of bacteria [110]. The functional groups in the medium also play a role in bacterial
aggregation and biofilm formation due to MNP leaching [111]. The dependence of biofilm
formation on AR and OP also correlates well with MNP leaching.

Since the leaching of MNPs can produce reactive oxygen species in the surrounding
medium due to the release of substances such as O2

2−, O2
−, H2, and ·OH [4], the oxidative

stress-related indicators in bacteria were examined. Changes in antioxidant activity can
be explained by zeta potentials and OP responses in PM2.5. For example, higher OP by
DTT of PM2.5 after MNP treatment affected antioxidant levels. However, since DTT reacts
with disulfide bonds, it may not be possible to fully understand the relationship between
OP and antioxidant levels in bacteria. Other oxidative potential indicators can be applied.
For example, the 2′,7′-dichlorofluorescein diacetate assay uses fluorescence spectrometry
to detect non-specific oxidant species and reactive nitrogen species, as well as measuring
the transition-metal-based redox activities of ascorbic acid at 265 nm [112]. Meanwhile,
high and low antioxidant levels can both indicate oxidative stress due to an imbalance
between reactive oxygen species and antioxidants. Studies have revealed that bacteria
can act as antioxidants and chelate various reactive oxygen species in order to adapt [51].
Furthermore, fluctuations in the antioxidant levels of S. aureus in PM2.5 extracts during
MNP exposure may also indicate variations in the balance of defence reactions against
oxidative stress [113].

The limited changes in CAT activity of S. aureus revealed that bacteria can only use a
limited amount of CAT to eliminate excess reactive oxygen and H2O2 from the system [114].
One of the key defence systems against oxidative species is the non-enzymatic pathway
GSH, which is responsible for detoxification and the elimination of oxidative species and
lipid peroxidation metabolites [115–117]. Lower GSH levels can result in limited sensing
of oxidative species in the medium [118]. Increased GSH levels can indicate a disturbed
glutathione balance caused by reactive species in these conditions [119]. Higher SOD
levels indicated that SOD was formed to eliminate reactive oxygen species due to MNP
contamination in PM2.5 [120]. These results explain the higher bacterial activity associated
with exposure to MNPs in PM2.5.

5. Conclusions
The presence of PET MNPs in the air could have an adverse effect on bacteria, specifi-

cally on S. aureus, but this has not yet been adequately investigated. This study is the first
to examine the impact of PET MNPs on the chemistry and toxicity of PM2.5, as well as the
physicochemical characteristics and biochemical and oxidative response of S. aureus. Our
findings suggest that, under these conditions, MNPs (particularly PET) increase the AR,
light intensities, zeta potential and oxidative potential of PM2.5. In addition to the changes
in the physicochemical properties of PM2.5 resulting from exposure to MNPs, the bacterial
model system using S. aureus exhibited increased bacterial activity and biofilm formation
in the presence of MNPs. We also observed differences in SOD and GSH activities, which
suggest potential harm to the antioxidant system. Meanwhile, CAT activity indicates a



Microplastics 2025, 4, 103 17 of 23

limited response to oxidative stress. Oxidative indicators of S. aureus were also strongly
linked with AR, zeta potential, and OP compared to light intensity; however, AR and light
intensity mainly influenced bacterial activity. These results highlight the complex leaching
effects of PET MNPs on PM2.5 and defence systems of S. aureus.

Although appropriate quality control procedures were applied to this study and the
parameters were controlled, this study provides a preliminary insight into the interaction
between PM2.5 and PET MNPs through ex situ experiments. The interaction between
MNPs and chemicals is also affected by experimental design; therefore, the design of
future experiments should include strict and varied quality control measurements, ma-
terial selection (e.g., various MNP types with different surface areas, colours and sizes),
PM mass concentrations and sizes, and examination of individual samples rather than
pooled sampling. Moreover, to characterise leachable or sorbed chemicals, more sensitive
and specific analytical techniques can be employed, such as Py-GC/MS and AFM-IR. To
understand the impact of MNP contamination of PMs, studies can be extended to include
eukaryotic cell models and organisms that are more relevant to human health and aquatic
ecosystems. Furthermore, standardisation of methods for the detection and characterisation
of MNPs and weathering–leaching processes should be conducted to increase the rigour,
reproducibility and scientific and environmental relevance of this type of research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microplastics4040103/s1, Figure S1. Scheme of experimental
process of the study; Figure S2. Physicochemical characteristics of PET micro/nanoplastics (a) TEM,
(b) particle size distribution, (c) EDX spectrum, (d) BET sorption/desorption isotherms, and (e) FTIR
spectrum [85]; Table S1. Trace element analysis by ICP-OES of PM2.5 at the concentration of 25
µg/m3 after being extracted in ultra-pure water and filtered with 0.45 µm syringe (ND: not detected).
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