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ARTICLE INFO ABSTRACT
Keywords: Challenges in characterizing and quantifying nanoplastics within the human body hinder understanding of their
Microplastics

transport, biotransformation, and potential for cellular penetration and barrier crossing. By implementing an

Protein corona innovative analytical workflow, including incorporation of gadolinium (Gd) as a tracer into the polymer matrix
;Zf:oi:;:itz tracin. of nanoplastics, the fate of nanoplastics relative to an in vitro blood-brain barrier (BBB) model is elucidated in the
Protolzol 8 absence or presence of a biomomolecule corona. The nanoplastics were incubated in human plasma for 5 min,

1 h, 6 h, and 24 h, after which the absorbed proteins and lipids (biocorona) were determined. A total of 268
proteins were identified in the biological coronas on polystyrene (PS) and polyvinyl chloride (PVC) nanoplastics,
with the initial compositions being broadly similar on both PS and PVC. Both nanoplastics exhibited a strong
affinity for phosphatidylcholines (PC) and lysophosphocholines (LPC) from human plasma. The inherent
chemical composition of the nanoplastics plays a pivotal role in the corona’s evolution over time. Human
induced pluripotent stem cell (iPSC)-derived endothelial cells (iECs) and astrocytes were exposed for 2 h to 5 pg
L1 of pristine nanoplastics or nanoplastics covered with a biological corona (following incubation in plasma for
6 h). A relatively low concentration of PS and PVC nanoplastics was determined to be present within the cellular
layer of the BBB. The number of PVC nanoplastics crossing the BBB was higher than the number of PS nano-
plastics. The presence of a biological corona on these particles decreases their uptake and transcytosis. This
understanding might further the development of preventive measures or therapeutic strategies to counteract
potential nanoplastic-induced neurotoxicity, and provide a foundation for development of in silico models to
predict the neurotoxic implications of nanoplastics.
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Introduction

Six billion tons’ of plastic pollution has been identified in diverse
environments, from the deep sea to mountainous areas. Depending on
the type of plastic and environmental conditions such as ultraviolet ra-
diation, thermal exposure, and oxidation reactions, these plastic wastes
break down into smaller fragments, defined as secondary microplastics,
or nanoplastics when the size < 1 pm[1,2]. There is no universally
accepted definition for nanoplastics, with some researchers using a size
cutoff of 100 nm and others using 1000 nm [3]. Nanoplastics have also
been intentionally added to some commercial products, like cosmetics,
personal care products, and cleaning agents [4]’ [5], although in the EU,
the European Commission Regulation (EU) 2023/2055 has banned the
intentional addition of microplastics with a phase-in period of 5-8 years
[3]. Considering the wide range of plastic applications and thus sources
of release to the environment, it’s common for individuals to encounter
and ingest various types of nanoplastics such as PS, polyethylene (PE),
PVC, and polyester via air, water, and food [6]. In human feces, over
95.8 % of samples tested positive for microplastics, with concentrations
reaching up to 138.9 items per gram, including fragments, films, and
fibers [7]. Several in vitro and in vivo studies have already indicated the
potential adverse effects of inhaled or ingested nanoplastics, including
oxidative stress, cellular damage, inflammation, DNA damage, and
neurotoxicity [8,9]. However, our understanding of the fate of nano-
plastics (i.e., toxicokinetics) within the human body is currently very
limited.

Upon first contact with biofluids or the environment, exogenous
particles, including nanoplastics, invariably attract a variety of organic
molecules from the environment such as volatile organic compounds
(VOCs) and/or biomolecules such as metabolites and proteins [10-12].
This adsorption process of biomolecules results in the creation of a
"biological corona’ [13,14], a phenomenon attributed to the high free
surface energy of these particles and the tendency of biomolecules to
adhere to surfaces [15-17]. Consistent with other nanoparticles, previ-
ous research has confirmed the immediate formation of a biological
corona on nanoplastics as soon as they enter an organism’s body [18] as
well as the evolution of this corona as nanoplastics move up the food
chain [19]. The biological corona determines the particles’ biological
identity, thereby influencing various aspects of their fate within the
body, including toxicokinetics, biodistribution, cellular uptake, and
intracellular trafficking [20]. Extensive investigation of the coronas of
nanomaterials, including nanoscale PS, has demonstrated that the
composition of the biological corona is influenced by the physico-
chemical properties of the particles (e.g., size, aspect ratio [21], and
chemical composition [22]) and the characteristics of the surrounding
biofluids. Furthermore, the biological corona’s formation is dynamic,
undergoing evolution over time as initial adsorption of the most abun-
dant biomolecules occurs which are gradually supplanted by bio-
molecules with lower abundance but higher affinity [23,24], and
biomolecule-biomolecule interactions are typically also involved in
recruitment of the evolved corona [25].

The presence of long-lived biomolecules within the biological corona
can have significant implications: they may initiate opsonization,
thereby facilitating the phagocytic elimination of the particles, or
alternatively, dysopsonising proteins extend the particles’ circulation
duration within the bloodstream. This prolonged presence enhances the
potential for these particles to permeate various organs and tissues [23,
26]. Currently, our understanding of the formation and evolution of the
biological corona, encompassing proteins and metabolites, on the sur-
face of nanoplastics remains limited, especially in terms of under-
standing whether primary versus secondary nanoplastics induce
different biological coronas due to their different methods of generation,
and/or the influence of other incidental co-pollutants such as VOCs.
Moreover, the impact of the physicochemical properties of nanoplastics,
such as their chemical composition, on the formation and the overall
composition of the biological corona has not been systematically
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investigated.

In humans, the blood-brain barrier (BBB) consists of a tightly packed
layer of endothelial cells that separate the blood components from the
cerebrospinal fluid, thus preventing most foreign substances from
entering the brain [27]. It was recently reported that metallic nano-
particles, such as Ag and ZnO, may penetrate the BBB (ZnO exhibited the
highest transport percentage, with 10.5 and 13.4 % of the applied dose
translocated at 1 and 2.5 mg/L exposure concentrations, respectively),
inducing damage to cell membranes in the brain [28], and affecting
cholinergic neurotransmission [29]. Certain metallic nanoparticles have
the potential to undergo dissolution within the cellular lysosomal
environment, converting them into their ionic forms [30,31]. After
dissolution, these ionic forms might utilize pathways meant for soluble
chemicals, thereby integrating into the body’s regulatory and excretory
systems leading to their clearance [32]. This process potentially reduces
their accumulation within biological systems. Nanoplastics, which are
not easily biodegradable, may pose a risk of accumulating in the brain,
as depending on their size, shape, and composition, they appear to have
the ability to reach the brain within a few hours after ingestion or
inhalation [19,33]. Although some studies have reported that PS
nanoplastics might pass through the BBB [34,35], there is still limited
knowledge regarding the quantity of nanoplastics that can traverse the
BBB. Additionally, how the nanoplastic composition (PVC, PE, PS etc.),
and the presence of a protein corona might influence this process re-
mains largely unexplored. This knowledge gap is primarily attributed to
the analytical challenges in tracking and quantifying such small poly-
meric particles at the cellular level in real-time and on a numerical basis
[34]. These difficulties arise from the fact that the chemical composi-
tions of nanoplastics bear a close resemblance to that of biogenic poly-
mers, such as proteins, lipids, polysaccharides, and celluloses, which
poses a significant analytical challenge in differentiating them. Some
progress has been made in tracking nanoplastics in complex matrices
using proxies, such as stable isotope or radio-labeling techniques.
Recently, labeled or tagged nanoplastics including metal-labeled plastics
have been investigated in various model environmental systems at
bench-top or pilot-scale [36]. Additionally, microplastics can potentially
be identified using techniques like Py-GC-MS and characterized in terms
of different physicochemical properties. Nevertheless, this technique
faces challenges in tracking nanoplastics in biological samples [37].

To overcome these analytical limitations, our study utilized Gado-
linium (Gd) as a tracer by embedding it within nanoplastics. Recently, a
few studies have emerged where metals or metallic nanoparticles were
embedded in nanoplastics to facilitate tracking of PS nanoplastics in
environmental samples [36,38-40]. However, apart from our previous
study [19], no research has embedded Gd in nanoplastics other than PS,
such as PVC, and tracked the particles in the presence of enzymes and
proteins, which could potentially biotransform the particles and lead to
metal release. Gd is a rare element in biological systems, and thus its
incorporation at low concentrations into nanoplastics serves as a distinct
marker, facilitating the detection and quantification of nanoplastics
within complex matrices of cells and tissues [19]. Moreover, the pres-
ence of Gd enables the use of a range of established analytical methods
including single-particle inductively coupled plasma mass spectrometry
(spICP-MS) and scanning electron microscopy (SEM) coupled with
energy-dispersive spectroscopy (EDS) [19]. Due to the low contrast
between polymeric particles and biological background, the application
of transmission electron microscopy (TEM) is challenging [41]. How-
ever, by incorporating Gd into nanoplastics, TEM can be effectively
utilized, and sample preparation protocols including cell fixation and
sectioning are used to enhance the distinction between the nanoplastics
and the biological background in TEM imaging.

The primary objective of this study is to utilize Gd-entrapped nano-
plastics and advanced nano-analytical protocols to analyze the specific
metabolites and proteins forming the biological corona acquired by PS
and PVC nanoplastics in human plasma, and their subsequent passage
through, the cells of an in vitro BBB. Additionally, we quantify the
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number of nanoplastics that are capable of entering and trasncytosing
the BBB in the presence and absence of the biological corona, . This
approach will allow for a detailed understanding of how different
nanoplastic compositions affect BBB permeability. The importance of
this work lies in several key areas: a) by analyzing the specific metab-
olites and proteins forming the initial biological corona, it is possible to
gain insights into how nanoplastics interact with biological systems at
the molecular level and assess how the biological corona evolves as
nanoplastics move through cellular barriers will help to elucidate the
dynamic processes involved in nanoplastic-cell interactions, b) quanti-
fying the number of nanoplastics that can transcytose the BBB in the
presence or absence of the biomolecule corona provides crucial data on
the potential risks of nanoplastic exposure to brain health. This will
improve our understanding of how nanoplastics might be modified by
biological systems, affecting their transportation, behavior and toxicity;
and c¢) employing advanced nano-analytical protocols to nanoplastics
research will push the boundaries of current methodologies, providing
more precise and reliable data.

Results and discussion
Physicochemical properties of the nanoplastics

The pristine PS and PVC nanoplastics were comprehensively char-
acterized utilizing dynamic light scattering (DLS), SEM-EDS, spICP-MS,
and zeta potential ({) measurements, as detailed in Table 1 with the
approaches described in the Supporting Information, Section 1. The
nominal particle diameter for PS and PVC are 250 nm, with poly-
dispersity indices (PDI) of 0.1 and 0.2, respectively. The hydrodynamic
diameters, as determined by DLS, and the diameters measured by TEM —
based on the average of 100 particles for each type of nanoplastic — were
consistent with the nominal sizes, indicating a homogeneous size dis-
tribution. Raman spectroscopy was employed to determine the polymer
compositions of the nanoplastics, as detailed in the Supporting Infor-
mation (Section 1). Accordingly, aggregations of the particles were
prepared on microscope slides to facilitate Raman measurements. The
hydrophobicity of the particles was assessed by measuring their contact
angles with water, following previously reported methodologies[39].
The PS particles, exhibiting a contact angle of 80 + 2 degrees, were
found to be more hydrophobic compared to the PVC particles, which had
a contact angle of 60 + 1 degrees. Additionally, the ¢ of both PS and PVC
particles was measured in Milli-Q water to be negative, as reported in
Table 1. This negative ¢ is indicative of a tendency towards particle
repulsion and minimizes the likelihood of agglomeration [42]. The
stability of the particles against agglomeration was investigated by
measuring their hydrodynamic sizes using DLS over 6 h (Fig. 1a). The
SEM-EDS analysis revealed the elemental composition of the PS and PVC
nanoplastics. The analysis identified carbon (C) and Gd in the PS par-
ticles, and C, chlorine (Cl), and Gd in the PVC particles, as depicted in
Fig. 1b. The presence of Gd increased the density of the PS and PVC
nanoplastics from 1.05 and 1.38 g/cm® to ~ 1.3 and 1.6 g/cm?,
respectively.

Testing the stability of gadolinium in the nanoplastics

To confirm the retention of Gd within the nanoplastic particles, we
conducted stability tests for a duration of 6 h in the serum free cell
culture medium (for the composition of the culture medium see Meth-
odology, Exposure to nanoplastics) used to establish the co-culture

Table 1
Physicochemical properties of the nanoplastics applied in this study.
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model. The concentration of Gd ions, as well as the nanoplastic num-
ber, were quantified at 0 and 6 h using spICP-MS (Supporting Infor-
mation, Section 2). We recently developed and tested a protocol for the
application of spICP-MS to simultaneously measure nanoplastics and the
release of metals from them over time [19]. No Gd ions were detected
after 6 h in the cell culture medium, aligning with the findings of our
prior research [39]. Furthermore, there were no significant changes in
particle numbers between the measurements at 0 and 6 h (see Fig. 1c),
indicating the nanoplastics’ stability against degradation, while DLS
data confirmed no notable amount of agglomeration.

Previous studies have indicated that the presence of proteins on the
surfaces of particles might expedite the release of ions from metallic
nanoparticles through a process known as ligand-mediated dissolution
[43]. In the context of Gd-entrapped nanoplastics, it is hypothesized that
the adsorption of proteins and metabolites onto their surfaces could
potentially lead to leakage of Gd as a result of the affinity of Gd for serum
proteins including serum albumin [44]. To ensure that this phenomenon
does not induce the release of Gd from the particles, we dispersed the
nanoplastics in plasma, and monitored the Gd ion concentration at 0 h
and 6 h using spICP-MS. There was no significant difference (t-test, p >
0.05) in the particle number after 6 h of mixing, and no Gd ions were
detectable in the medium throughout the duration of the experiment
(Fig. 1d), confirming the stability of the nanoplastics in terms of both Gd
retention and particle number for the duration of the BBB exposure
studies.

Formation and evolution of the biological corona on the surface of
nanoplastics

Fig. 2a illustrates the experiment performed for analysis of the bio-
logical corona. Adsorption of biomolecules, such as proteins, onto
nanoplastics involves several mechanisms. Electrostatic interactions
occur due to surface charges on proteins and nanoparticles, while hy-
drophobic interactions attract proteins with hydrophobic regions to
hydrophobic surfaces, which is expected to be the driving force for
biomolecule adsorption onto nanoplastics. Van der Waals forces and
hydrogen bonding also contribute, with specific functional groups on
nanoparticle surfaces enhancing adsorption through chemical in-
teractions [23]. The structural conformation and flexibility of proteins,
along with the ionic strength and pH of the solution, further influence
adsorption. Additionally, the size and shape of nanoparticles affect the
surface area available for binding, and the dynamic exchange of pro-
teins, known as the Vroman effect, plays an important role in the
adsorption process. Understanding these mechanisms is essential for
predicting nanoparticle behavior in biological systems [45,46].

TEM images (Fig. 2b) taken after 1 h confirm the formation of a
biological corona on the surfaces of both types of particles. This has
already been reported for different types of nanoparticles, but less so for
nanoplastics [47]. The presence of the corona on the surface of nano-
plastics can modify both the size and the ¢ of the particles. After a 6-h
mixing in plasma, the hydrodynamic diameter of the particles
increased to ~ 400 nm (Fig. 2c), indicative of protein adsorption, as was
expected. Furthermore, the absolute value of the { potential was
measured to decrease for PS when they were covered by the biological
corona (Fig. 2d). Changes in particle properties such as size or ¢ influ-
ence the mobility and further transformation of particles within organ-
isms’ bodies.

Metabolite corona- For the analysis of the metabolite corona, nano-
plastics were incubated in human plasma for 6 h, after which the

Nanoplastics Hydrodynamic diameter (nm) TEM measured diameter (nm) Chemical composition Contact angle Zeta potential (mV)
PS 267 + 14 258 + 8 Verified PS 80 + 2 -14+1
PVC 255 + 21 253 +£13 Verified PVC 60+1 —15+2
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Fig. 1. Characterization of Gadolinium-embedded nanoplastics: a) Agglomeration profiles of PS and PVC nanoplastics in serum-free exposure medium containig
diluted human plasma (diluted 10 times in PBS) were assessed using DLS. Over a period of 6 hours, no significant changes (One-way ANOVA, p < 0.05) in hy-
drodynamic diameter were observed, indicating the stability of the nanoplastics against agglomeration. b) SEM images, along with corresponding EDS elemental
mappings, were obtained for PS (showing carbon [C] and gadolinium [Gd] atoms) and for PVC (showing carbon [C], gadolinium [Gd] and chlorine [Cl] atoms). The
scale bar represents 250 nm. ¢) The particle number of PS and PVC nanoplastics in the cell culture medium over 6 h. No significant variation was found between 0 h
and 6 h (mean + standard deviation, t-test: p < 0.05,). d) The particle number of PS and PVC nanoplastics in diluted plasma (diluted 10 times in PBS) were quantified
at 0 and 6 h of incubation using spICP-MS. No significant variation was found between O h and 6 h (mean + standard deviation, t-test: p < 0.05.

metabolites adsorbed onto their surfaces were extracted and their
variation quantified using liquid chromatography- high-resolution tan-
dem mass spectrometry (LC-HRMS/MS). Approximately 2000 molecular
features were identified in the biological coronas of both types of
nanoplastics. Compounds categorized as ’leachables’, along with other
unidentified features, were excluded from the analysis. After subtracting
the background signal, 21 identified small metabolites and 26 lipids
were selected for further analysis. To benchmark the metabolite con-
centrations on the nanoplastics, we compared them with untreated
plasma (plasma without nanoplastics) and normalized the signal of each
metabolite associated with the particles to its corresponding signal in
the untreated plasma. The detailed results (Fig. 3) indicate that the
nanoplastics exhibit a strong affinity for lipophilic compounds, such as
phosphatidylcholines (PC) and lysophosphocholines (LPC), from human
plasma. This study is the first to demonstrate how and which types of
lipids adsorb to different types of nanoplastics, and it might serve as a
starting point for understanding this phenomenon for risk assessment
and medical purposes. This data show that the nanoplastics display a
selective binding behavior based on the lipophilicity of compounds. In
contrast, the nanoplastics showed a markedly lower binding affinity for
polar, small molecular weight compounds, such as amino acids, sug-
gesting that the tested nanoplastics favor lipophilic interactions. This
preferential binding suggests that nanoplastics could accumulate in
lipid-rich tissues and potentially interfere with lipid-based biological
processes in the brain if they can pass through the BBB. Understanding
this behavior is crucial for evaluating the potential health risks posed by
nanoplastics, as it indicates a specific pathway of interaction and
accumulation within organisms.

While the observed variation between replicates was considerable,
no significant differences were found in the metabolite profiles on the
surfaces of PS and PVC nanoplastics (as determined by ANOVA, p < 0.05
in all cases). This observation has far-reaching implications. The

metabolites adsorbed onto the surface of nanoplastics can significantly
affect their biological fate, influencing factors such as biodistribution
within the human body and potential for degradation over time [48].
The absence of a notable difference in metabolite adsorption between
the two different nanoplastic compositions suggests that the chemical
composition of nanoplastics may play a relatively minor role in
metabolite adsorption. Note taht these results can not be extrapolated to
all types of nanoplastics as we have only investigated two types of plastic
particles. This could pave the way, however, for the development of a
general framework for grouping these particles for risk assessment
purposes, as employed for other nanomaterials [49]. Such an approach
would categorize nanoplastics based on their behavior in biological
systems, supporting read-across predictions. This allows researchers to
infer properties or effects of one substance based on data from a similar
substance that is better understood, thereby circumventing the need for
exhaustive studies on the target substance. This approach is particularly
advantageous for assessing the risks associated with various types of
nanoplastics where toxicological data is scarce or non-existent. It is
important to note, however, that the protein component of the biological
corona, in addition to metabolites, plays a critical role in the interactions
and subsequent behavior of nanoplastics in physiological conditions
[23]. This suggests that while metabolite adsorption patterns may be
similar across different nanoplastics, the complete biological corona
[25]- including proteins — must be considered to fully understand and
predict the biological behavior of these materials.

Protein corona- Following incubation, proteins comprising the corona
were eluted and their abundances quantified using TMT Tandem Mass
Tag (TMT)-based quantitative proteomics [50]. The abundance of pro-
teins in the corona was then assessed relative to their abundance in
undiluted human plasma. A total of 268 proteins were reliably identified
as being present in at least one of the biological coronas recovered from
the surfaces of the nanoplastics. The average log2 fold changes (FCs) and
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Fig. 2. Formation and characterization of the nanoplastic-biological corona (BC) complex. a) A schematic diagram illustrating the incubation of nanoplastics
in plasma followed by the extraction of particles for analysis. b) TEM images confirming the formation of the biologicl corona on the surface of the nanoplastics after
1 h mixing in plasma. ¢) The change in the hydrodynamic size of the nanoplastics when incubated in plasma over a 6 h , and d) { measurements of the particles at

0 and 6 h (mean + standard deviation, t-test: p < 0.05).

adjusted p-values were calculated (see Additional file proteome:
Table 1), revealing that 241 proteins were significantly enriched
(adjusted p-value < 0.05) on either PS or PVC nanoplastics. Additionally,
the reliably identified proteins were analyzed using Principal Compo-
nent Analysis (PCA), which revealed only minor differences in the
protein coronas of the two nanoplastics (Fig. 4a). Time-dependent for-
mation of the protein corona was observed on both PS and PVC nano-
plastics (Fig. 4b). To further analyze time-dependent protein
associations with the nanoplastics, Weighted Gene Correlation Network
Analysis (WGCNA) was employed. This network analysis identified five
modules of co-abundant proteins that are named by colors (Fig. 4b). We
then assessed the temporal correlation of these modules and their rela-
tionship with combined time points for both types of particles (Fig. 4c).
The correlation values obtained from the analysis indicated the pro-
pensity of proteins within a module to become enriched (correlation >
0) or depleted (correlation < 0) over time. Notably, the two modules in
Fig. 4d exhibited distinct correlation patterns: the blue module showed a
clear trend of time-dependent protein enrichment, whereas the brown
module reached peak enrichment at the 1-h and 6-h time points.
Subsequently, we identified putative 'key drivers’—proteins that
exhibit high connectivity within their respective modules and show
strong association with a specific trait, i.e., with the different time
points. Using the combined time points for both PS and PVC nanoplastics
as the trait, we were able to pinpoint particle-specific key driver can-
didates. The top 10 key drivers were selected based on their combined
absolute module membership and their significance with respect to the
protein-trait relationship (see Additional file proteome: Tables 2-5).
Remarkably, the top 10 proteins were consistent across both nanoplastic
types in the modules of interest, as shown in Fig. 4c. This indicates that
similar proteins adhere to both PS and PVC nanoplastics. Within the blue
module, which showed a pattern of time-dependent enrichment, notable
candidates included apolipoproteins such as APOL1 and APOB. In

contrast, the brown module, which was predominantly enriched at 1 h
and 6 h , included key coagulation factors like F2, F9, and F10. It has
been previously documented that nanoparticles exhibit an affinity for
apolipoproteins, with evidence showing that hydrophobic materials
tend to adsorb apolipoproteins to a greater extent than hydrophilic ones,
which preferentially bind more abundant proteins such as albumin,
fibrinogen, and IgG [51]’ [52]°[53]. Our findings corroborate these ob-
servations, indicating that different types of nanoplastics predominantly
adsorb similar protein types over time. The presence of specific proteins
on nanoplastics can dictate their biodistribution within organisms,
suggesting that various nanoplastic types could share a similar biolog-
ical fate in humans. These insights lend support to the feasibility of a
grouping approach for nanoplastics and highlight the potential for
employing read-across strategies in risk assessment.

Permeability of in vitro BBB model to nanoplastics

The differentiation of human induced pluripotent stem cell (iPSC)-
derived endothelial cells (iECs) and astrocytes was characterized. The
details of this characterization are illustrated in Fig. 5a and d. To
investigate nanoplastics trafficking and translocation, it is essential to
first confirm that the BBB model has successfully formed a monolayer
with intact tight junctions. Initially, the formation of a BBB cell mono-
layer was verified using a TEM method, as previously established [54].
The TEM images confirmed the formation of a monolayer of induced
pluripotent stem cell-derived iECs on the apical side of the Transwell
system (Fig. 5b). The convergence of adjacent cell boundaries, as
observed in Fig. 5c, suggests a tight sealing of the paracellular space,
indicative of the presence of tight junctions. Consequently, this struc-
tural integrity inhibited the paracellular transport of nanoplastics. The
mature astrocytes developed a characteristic star-like morphology and
exhibited a high level of glial fibrillary acidic protein (GFAP) expression,
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Fig. 3. : Comparative analysis of lipid and small metabolite binding to nanoplastics. The normalized peak area ratios of bound lipids and small metabolites to
PS and PVC nanoplastics relative to untreated controls. a) Lysophosphatidylcholines (LPC) show a higher affinity for PS (red bars) as compared to PVC (gray bars). b)
Sphingomyelins (SM) demonstrate similar binding profiles for both PS (orange bars) and PVC (gray bars). ¢) Phosphatidylcholines (PC) bind slightly more to PS
(green bars) than to PVC (gray bars). d) Small metabolites, including amino acids and carbohydrates, display varying degrees of association with PS (purple bars) and
PVC (gray bars), with some showing a preference for PS (results show the mean + standard deviation).

as shown in Fig. 5d. While the S100b protein was expressed in all
astrocyte cells, not all astrocyte cells were positive for GFAP. The as-
trocytes also expressed transporters, including SLC1A2 and SLC1A3
(Fig. 5d). To investigate potential differences in induced pluripotent
stem iECs cultured in both mono-culture and co-culture with astrocytes,
immunocytochemistry (ICC) staining and permeability tests (Fig. 5c and
e) were performed. The expression of the tight junction protein ZO-1 and
endothelial marker CD31 showed no differences between the two cul-
ture conditions. In the permeability tests, where lower permeability
indicates a more effective cell barrier, the results demonstrated that
permeability (calculated as the permeability coefficient, PE-value) was
four times higher for LY (0.4 kDa) compared to dextran molecules.
Comparing co-cultures and monocultures, no significant differences in
permeability were observed. However, there were subtle differences in
permeabilities detected when dextran molecules were used, resulting in
co-cultures having tighter barrier properties. Therefore, we selected the
co-culture model for subsequent experiments.

Cells were treated with a concentration of 5 ug L™} of either pristine
PS and PVC nanoplastics or those covered with a biological corona
provided from the previous section after incubation of particles with
human plasma for 6 h (Fig. 6a). This specific nanoplastic concentration
was selected to represent the levels of nanoplastics expected to be found

in the environment, as reported in the literature [55]. The duration of
cell exposure to nanoplastics was set at 2 h. After the exposure, the cell
insert was washed with PBS, and the cells were fixed for TEM imaging.
Although incorporating Gd into the polymeric particles was intended to
enhance their visibility under TEM, the metal’s density proved insuffi-
cient for clear intracellular distinction. However, we did observe
structures resembling nanoplastics within the cells that were exposed to
pristine nanoplastics, as shown in Fig. 6b. These structures were absent
in the control group of unexposed cells. Notably, PS nanoplastics were
identified in the interstitial space (deattached part of the cells from the
filter) between the iECs cells and the filter membrane (Fig. 6¢), indi-
cating the potential for these particles to traverse through the cellular
layer. The presence of membrane ruffles and cups (Fig. 6d) suggests that
PS nanoplastics may traverse the BBB through mechanisms akin to
macropinocytosis. Similar phenomena have been noted for other types
of nanoparticles in medical research contexts [56]’ [57] [58]. Within
the BBB, the cerebral access of small molecules is primarily facilitated
through passive diffusion or active transport mechanisms. However, in
the case of nanoparticles, it is reported that transcytosis is the pre-
dominant route for entering the brain. This process encompasses endo-
cytosis, intracellular vesicular trafficking, and subsequent exocytosis,
enabling nanoparticles to cross the BBB.
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Fig. 4. Protein corona composition on PS and PVC nanoplastics. a) Identification of proteins constituting the corona on PS and PVC nanoplastics after exposure
to human plasma for 5 min, 1 h, 6 h, and 24 h. The relative abundance of proteins is measured against their presence in pure human plasma, with the depicted values
indicating either enrichment (log2 fold change [Log2(FC)] > 0) or depletion (Log2(FC) < 0) compared to the pure plasma baseline. Proteins with enriched abun-
dances are considered constituents of the protein corona. A Principal Component Analysis (PCA) of the log2(FCs) indicated slight differences between the two types
of nanoplastics yet revealed a clear time-dependent composition of the protein corona for both nanoplastic types. b) Through Weighted Gene Correlation Network
Analysis (WGCNA), five modules of co-abundant proteins were discerned. Specifically, the blue module represented proteins increasingly enriched over time on both
nanoplastics, while the brown module showed proteins predominantly identified in the corona at 1 h and 6 h. ¢) The top 10 key drivers within these modules were
determined based on their combined absolute module membership and protein-trait significance scores, considering all time points for both PS and PVC nanoplastics.

Finally, it is crucial to evaluate the impact of various treatments on
cell viability, as this factor can significantly influence the trafficking and
translocation of nanoplastics. We have performed a cell viability assay
using DAPI (4',6-diamidino-2-phenylindole) staining on iECs and as-
trocytes after exposure to 5ug L™ of either pristine PS and PVC or
biological corona coated nanoplastics. It’s important to note that DAPI
binds strongly to DNA, serving as a marker for cell nuclei in dead cells
within our experimental set up, as the cells were not fixed prior to

quantification. Consequently, cell viability was determined by counting
the total number of cells and observing for any morphological changes’
indicative of cell death. The cell viability was found to range between
95 % and 99 %, with no significant differences detected between the
various treatments, as shown in Fig. 6e.

To substantiate our observations of nanoplastics internalizing within
BBB cells and potentially passing through iECs, we implemented a novel
approach to quantify the number of particles inside both iECs and
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Fig. 5. Cell culture and permeability assessment. a) ICC staining of endothelial cells (iECs) for VE-cadherin, ZO-1, CD31 and DAPI and brightfield image of iECs in
ECGM MV2 medium. b) A TEM image displaying a monolayer formation of endothelial cells on the filter (left) and a TEM image highlighting the tight junctions
between endothelial cells (right). ¢) Permeability (mean and standard error of the mean or SEM) and relative gene-expression (mean and standard deviation, SD) of
iECs in culture model set ups. d) Astrocyte characterization: ICC staining with S100b, GFAP and DAPI, brightfield image of astrocytes and relative gene expression
(mean and SD) of the astrocytes compared to hiPSCs. e) ICC staining of iECs for DAPI, CD31 and ZO1 in monocultures and non-contact co-cultures with astrocytes.

astrocytes. Utilizing Gd as a marker, our method enables the quantifi-
cation of individual nanoplastics within cells [30]. This contrasts with
previous methodologies that primarily focused on quantifying the mass
of particles [59]. In the field of nanotoxicology, determining the accu-
rate count of particles is crucial [36]. The volume-specific surface area of
particles, a factor that can amplify potential hazards, is directly pro-
portional to the number of particles [60]. To quantify the amounts of
PVC and PS nanoplastics within the cells, we employed spICP-MS|[36].
The results revealed that both PS and PVC nanoplastics were internal-
ized by iECs and astrocytes, as shown in Fig. 7. Given the design of the
co-culture model, whereby the astrocytes were not in direct contact with
the inserts, the only way that particles could be taken up by the astro-
cytes was if they first crossed the iEC layer into the well medium. This

finding suggests that both PS and PVC can permeate the in vitro BBB
model. This finding can not be directly transferred to in vivo condition,
considering the complexity of the organisms bodies.

Notably, pristine PVC nanoplastics were found to be more prevalent
within both cell types than pristine PS nanoplastics. Given that both
types of particles have comparable shape, size, and surface charge, this
observation suggests that the chemical composition of the pristine
nanoplastics may be a critical factor in determining their cellular up-
take. Thus, it is essential to mimic real exposure conditions when con-
ducting nanoplastic studies for safety purposes and to consider all
influential parameters, such as the biological corona, to draw conclu-
sions that closely reflect reality rather than relying on experiments with
pristine particles, which do not represent realistic scenarios. Chlorine
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Fig. 6. Exposure of BBB to PS and PVC nanoplastics. a) Schematic illustration of cell culture and the exposure of the BBB model to nanoplastics. b) Possible
internalization of nanoplastics by iECs following a 2-h exposure. ¢) Nanoplastics were found between the filter and the iECs cells in the part where the cells were
deactached from the filters, indicating that nanoplastics could pass through the iECs. d) Emergence of membrane ruffles facilitating nanoplastic uptake via mac-
ropinocytosis. Cell viability of e) iECs and f) astrocytes exposed to 5 pg/L of PS and PVC nanoplastics or biological corona (BC) coated nanoplastics (mean =+ standard

deviation based on six replicates).

increases the density of PVC relative to PS. The density of Gd-labeled
PVC is 1.7 g cm®, compared to 1.3 g ecm® for PS. It is also likely that
more PVC settled onto the cells during the exposure, resulting in
increased cellular uptake. This highlights the importance of adopting
different protocols for nanotoxicity testing of nanoplastics, rather than
using protocols developed for chemicals where a homogeneous solution
is expected, while nanoplastics exhibit different and dynamic behavior
in the exposure medium [37]. Our results, however, indicated a signif-
icant decrease in the cellular uptake of PVC particles when they were
coated with the biological corona (Fig. 7a, b). This finding suggests that
the biological corona and the variations in its composition on the surface
of nanoplastics, or specific patterns of biological corona formation,
could significantly influence the uptake of nanoplastics within the BBB
[61], [33]. A previous study on nanoparticles showed that the formation
of protein corona can reduce overall particle density, resulting in an
apparent decrease in size upon corona formation, which was corrected

when density differences were accounted for using a core-shell model
with different densities [62]. Formation of the biological corona could
counteract some of the increased density provided by the Gd entrapment
in the particles.

It is plausible that the presence of a biological corona may hinder the
penetration of nanoplastics in BBB within living organisms. Biological
coronas primarily drive particle uptake via receptor-mediated endocy-
tosis (RME). However, in the absence of the biological corona, non-
specific uptake and membrane damage may occur, leading to higher
overall uptake [63]. Our results diverge from previous studies that
indicated nanoplastics penetrate into the same BBB model at high con-
centrations [33]. This discrepancy could be attributed to differences in
the methodologies applied as well as variations in the size and type of
nanoplastics. Previous studies often relied on modeling approaches [33]
or utilized fluorescent labeling of the particles surface [34], which may
not accurately replicate the behavior of non-labeled nanoplastics in
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Fig. 7. Number of nanoplastics determined to be present in the cells following exposure for 2 h to 5 pg L~! of 250 nm PS or PVC nanoplastics. a) Number of
PS and PVC nanoplastics found within iECs, pristine and biological corona (BC)-coated, respectively. b) Number of PS and PVC nanoplastics located in astrocytes.
Note that to reach the astrocytes, the nanoplastic particles had first to traverse the iECs, and thus the exposure concentration was lower in this case. The presence of
nanoplatics in the astrocytes is evidence of transcytosis of nanoparticles through the iEC cells / the BBB (mean + standard deviation, One-way ANOVA, p < 0.05).

biological systems [36]. The distinct behavior between PVC and PS
nanoplastics in cellular uptake underscores the importance of the
chemical composition of nanoplastics in determining their
bio-interactions. The reduced uptake of PVC particles coated with a
biological corona highlights the significant role that surface modifica-
tions or corona coatings play in nanoplastic interactions with cells. This
insight can have implications for biomedical applications and suggests
that the biological corona might act as a protective barrier, potentially
reducing the risk of nanoplastic uptake.

Conclusion

This study investigated the interactions between nanoplastics and
biological matrices through the employment of advanced analytical
methodologies specifically designed for nanotechnology applications.
These methodologies include the entrapment of Gd in polymeric
matrices for quantification and characterization, along with the utili-
zation of sp ICP-MS and SEM-EDS. Additionally, a novel protocol for
observing nanoplastics inside cells using TEM was applied. A notable
finding is that regardless of their chemical composition, nanoplastics
selectively bind lipophilic compounds from plasma. The proteomic
analysis underscores a dynamic temporal attachment of specific proteins
to nanoplastics. Remarkably, despite compositional differences between
PS and PVC nanoplastics, similar proteins seem to dominate their
respective initial coronas. Furthermore, the study establishes that
nanoplastics, whether in their pristine form or coated with a biological
corona, can permeate the BBB. The chemical composition did not yield
significant alterations in the BC; however, it did prompt variations in
cellular uptake in the absence of the biological corona. Differences in
particle density of plastics could be the cause of the variations in uptake.
This may stem from differences in the settling behavior of the particles
due to variations in density. The presence of a biological corona not only
decreased cellular uptake but also minimized the variation in cellular
uptake between PVC and PS nanoplastics, thereby smoothing out the
effect of chemical composition. The findings carry significant biomed-
ical implications and also underscore the urgent need for customized
risk assessments.

Materials and methods
Chemicals and materials

All chemicals, unless otherwise stated, were reagent grade and
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obtained from Sigma-Aldrich. Milli-Q water was provided by a Milli-
pore® filtration system (RiOs™ Essential 16 Water Purification System).
The PS (250 nm PDI: 0.2) and PVC (250 nm, PDI: 0.1) nanoplastics were
custom designed by our group and synthesized by cd-bioparticles (NY
11967, USA) according to our specifications. Custom Gd*3 was incor-
porated into the particles. The quantity of Gd in the particles was 9.7 %-
11 % as measured by ICP-MS. Gd was chosen due to its rarity in nature,
enabling easy detection and quantification using ICP-MS without
interference, and the nontoxic nature of Gd at low concentrations (up to
10 mmol LY [19] [64]. Additionally, Gd slightly increased the optical
density of the particles, aiding in imaging using TEM in biological
media.

Observation of nanoplastics using transmission and scanning electron
microscopy

The chemical composition of the Gd-entrapped nanoplastics was
examined using SEM- Energy Dispersive X-Ray (EDX) analysis. In the
presence of Gd, characteristic X-ray peaks should typically occur be-
tween 0.9 and 1.2 keV. The samples were observed using a Field Emis-
sion (Schottky type) SEM. An acceleration voltage of 4 kV was applied
under high vacuum conditions (pressure, P < 2 mPa) during the
observation. Micrographs were captured with an InLens secondary
electron detector to enhance spatial resolution and visualize all particles
of interest. The imaging of nanoplastics in cells and nanoplastic-protein
complexes was conducted using a TEM (JEOL JEM-2100 F, JEOL Corp.,
Tokyo, Japan) operating at 200 kV following the previously described
method [39].

Incubation of nanoplastics in plasma

The nanoplastics were dispersed in a small volume of physiological
buffer saline (PBS, 100 mg L™1) and then incubated in human plasma
(x10 diluted with PBS) to achieve a final particle concentration of
10 mg L™, following the previously described method [19]. Note that
the concentration of the particles was selected to facilitate easy quan-
tification and identification of the biomolecules forming the corona. For
cellular exposure, we used a lower particle concentration to better
represent real-exposure conditions and selected a corona-formation time
of 6 h. The samples were placed on a rotator at 37 °C and incubated for
different times: 5 min, 1 h, 6 h, and 24 h. After each incubation period,
unbound proteins and metabolites were removed through a stepwise
washing process: (i) 1 ml of PBS was added to the sample and
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centrifuged at 2500 xg and 4 °C for 10 min, (ii) the supernatant was,
and the previous washing step was repeated twice, and (iii) 1 ml
NH4HCO3 was added to the resulting pellets. Four replicates were pre-
pared for each time point. The supernatants, containing free proteins
and possibly any released Gd, were used to measure the concentration of
Gd released from the particles using spICP-MS. The resulting pellets
were re-dispersed in PBS. The nanoplastic-protein complexes were
characterized in terms of size and charge using DLS, and shape using
TEM. The number of particles was measured using spICP-MS, as it has
been demonstrated to effectively measure metals associated with
nanoplastics [19]. The remaining samples were stored at —80 °C for
further analysis.

Plasma metabolite isolation and non-targeted metabolite profiling

A detailed description of the isolation procedure and method is re-
ported in the supporting information Section 3. The samples were
analyzed using reversed phase liquid chromatography (RPLC) and high-
resolution mass spectrometry, as described previously [65]. Briefly, the
samples were centrifuged at 700 x g and 4 °C for 5 min and the super-
natants were collected into conical glass vials. Six replicate samples
were made for both nanoplastic types (PS and PVC). The sample solution
(2 pL) was injected onto a RP column (Zorbax Eclipse XDBC18, 2.1 x
100 mm, 1.8 pm, Agilent Technologies, Palo Alto, CA, USA) that was
kept at 40 °C. Mass spectrometry was equipped with a heated electro-
spray ionization probe (ESI). The positive ionization mode was used to
acquire the data in profile mode. A solvent blank was injected six times
at the beginning of the sequence to equilibrate the analytical platform.
The LC-MS data alignment, molecular feature finding, and peak picking
was done using Compound Discoverer 3.3. software (Thermo Scientific,
Bremen, Germany). Compounds that were found in PVC and PS extracts
in the absence of plasma (blanks) were subtracted from the data. Com-
pounds that were successfully identified by MS/MS using an in-house
and m/z Cloud spectral library (small molecules) or LipidSearch soft-
ware (lipids, Thermo) on the treated nanoplastic particles and/or
plasma background were used for calculations.

Untargeted proteomics to evaluate the serum-acquired protein coronas

A detailed description of the method is reported in the supporting
information Section 3. Protein concentrations were determined using
the DC Protein Assay (BIO-RAD) according to the manufacturer’s in-
structions. The LC -MS/MS analysis was conducted using TMT and a
paramagnetic bead approach as described before [66]. The obtained raw
data were processed against the UniProt reference proteome of Homo
sapiens (6 December 2021) using Proteome Discoverer 2.5. Protein fold
changes (FCs) of the protein corona samples were calculated against the
protein abundances obtained for pure human plasma, resulting in values
reflecting either enrichment or depletion of proteins due to exposure of
nanoplastics to human plasma. To identify proteins being attached onto
the nanoplastics in a time-dependent manner (i.e., not present at early
timepoints due to low abundance or not present at longer times due to
low affinity), a Weighted Gene Correlation Network Analysis (WGCNA)
[67] was applied as described before [68]. The top 10 key drivers, which
are the proteins found in the coronas of PS and PVC nanoplastics to be
dependent on the incubation times, were identified based on their
summed absolute protein-trait significances (Additional file proteome:
Table 2) and module memberships (Additional file proteome: Table 3).
This was done for all available modules and conditions (Additional file
proteome: Table 4) and visualized using the corresponding gene names
(Additional file proteome: Table 5) for the relevant modules with sig-
nificant correlations.

Cell cultures

Human induced pluripotent stem cells. The human induced pluripotent
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stem cell, Cellartis® Human iPS Cell Line 18 (Takara Bio, Cat: Y00300)
(hiPSC), was used for the differentiation of astrocytes and endothelial
cells (Supporting Information, Section 4) [69]. Human iPSC-derived
endothelial cells (iECs) were differentiated from hiPSC according to
the previously described protocol [69]. The astrocyte differentiation was
induced following the protocol published by Krencik & Zhang [70] with
modification as introduced by Oksanen et al. [71] (Supporting Infor-
mation Section 4). The detailed methods for immunocytochemistry
(ICC), the real-time qPCR are described in the supporting information
Section 4.

BBB Model Setup. The cell culture model used in this study consisted
of a co-culture of iECs and astrocytes. The characterization was made for
a monoculture of iECs and a co-culture of iECs with astrocytes. The steps
involved in development of the co-culture model are described in the
supporting information (Supporting information Section 4). Two days
after co-cultures of iECs and astrocytes were initiated, the nanoplastic
exposure experiments were conducted. For characterization of the
monoculture model, the astrocytes were left out.

Permeability assay. The permeability tests for mono- and co-cultures
were made with two sizes of fluorescently labeled 0.5 mg ml~' Dex-
trans, 4 kDa fluorescein isothiocyanate (FITC)-Dextran (Sigma, Cat:
46944-500MG-F) and 20 kDa tetramethylrhodamine (TRITC)-Dextran
(Merck, Cat: 73766-1 G) and 0.4 kDa Lucifer Yellow CH dipotassium
salt (LY) (Sigma-Aldrich, L0144) of 0.1 mg ml~! two days after starting
the co-cultures (further details provided in supporting information
Section 4). As a control for the permeability calculations, Matrigel
coated inserts without cells were used. Samples (150 pl) were collected
from the wells at 20, 40, 60, 75 and 90 min after adding the Dextran or
LY solution. The equivalent volume of fresh medium was then added to
maintain a constant volume c. At the 90-minute time point, additional
samples from the insert were collected. Afterwards the samples were
prepared for ICC and real-time quantitative polymerase chain reaction
(RT-qPCR). For RT-qPCR, the iECs were detached from inserts with
TrypLE Express, pelleted and stored at —70 °C for RNA extraction. The
inserts were later stained with ZO-1 and DAPI, and RT-qPCR was per-
formed for the genes CDH5, CLDN5, OCLN, TJP1 a SLC2A1 (more
detailed information on the list of primers is provided in Table S2 in the
supporting information Section 4). The permeability efficiency (PE) was
calculated as described previously [72] and presented as PE (cm/sec). In
brief, PE was determined using the formula: 1/PE = 1/mc — 1/mf, where
mc is the slope of the cleared volume plotted against time for inserts
containing iECs and mf is the slope of the cleared volume plotted against
time for inserts without iECs.

Exposure to nanoplastics

Cells were exposed for 2 h to a concentration of 5 ug L™! of either
pristine PS or PVC nanoplastics or the nanoplastics with their acquired
biological corona. The nanoplastic exposure experiment was conducted
in the co-culture model with iECs and astrocytes. Six different treat-
ments were tested on the transwell model. The treatments used were as
follows: 1) co-culture medium (75 % of astrocyte differentiation me-
dium + 25 % human endothelial serum free medium with 1x B27,
10 ng/ml bFGF and 0.55 uM hydrocortisone; see supporting information
Section 4 for full composition of the medium) without cells and particles
as a control, 2) plasma proteins in PBS (*10) as a control mixed with co-
culture medium, 3) pristine PS nanoplastics in co-culture medium, 4) PS
nanoplastics pre incubated in human plasma for 6 h (PS-BC), 5) pristine
PVC nanoplastics in the previously described co-culture medium, and 6)
PVC nanoplastics pre incubated in human plasma (PVC-BC). The pre-
incubated nanoplastics in human plasma underwent a process where
the particles were initially mixed with the plasma, followed by isolation
and subsequent resuspension in the expeosure medium to form the
biological corona (BC). The number concentration of the particles were
equal for both nanoplastics. Fresh co-culture medium was added to the
wells, and treatment solutions were applied to the inserts. Four
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replicates were used for each treatment. One control insert was taken for
TEM analysis (to observe tight junctions) at the beginning of the
experiment, and after 1 h of treatment, one insert per treatment (PS, PS-
BC, PVC, PVC-BC) was taken for TEM analysis to observe the localization
of the particles. After 2 of treatment, the wells and inserts were washed,
and cells were detached (see supporting information Section 4). Each
sample was divided into smaller samples for further analysis.

Cell viability assay

To determine if the nanoplastic treatments affected the viability of
the cells, we collected samples from iECs and astrocytes at the end of the
exposure experiment. The samples were incubated with the nuclear dye
DAPI (4,6-diamidino-2-phenylindole dihydrochloride, Sigma, Cat:
D9542) at a ratio of 1:2000 for 5 min at room temperature. Before the
analysis, quality control was performed with CytoFLEX Daily QC Fluo-
rospheres to ensure that the system is optimized and ready to produce
accurate and precise results (Beckman Coulter, cat: B53230). The violet
laser at 405 nm was used to detect DAPI from the collected samples.

Cell fixation and sectioning

To examine the localization of nanoplastics within cells by TEM,
samples were fixed using 2.5 % glutaraldehyde in 0.1 M phosphate
buffer at pH 7.4 and sliced into small and thin sections using an ultra-
microtome (Supporting information section 5). The resulting sections
were observed using TEM.

Data analysis

The graphs were generated using GraphPad Prism version 10.2.0,
GraphPad Software, Boston, Massachusetts USA, www.graphpad.com.
Data were assessed for normality using a Shapiro-Wilk test in SigmaPlot
14, and the homogeneity of variances was verified. One-way analysis of
variance, followed by Duncan’s post hoc test, was conducted to identify
statistically significant (two-sided) differences between nanoplastic and
nanoplastic-BC treatments. To determine significant differences be-
tween PS and PVC, a t-test was applied. Average Log2(FCs) were
calculated for both nanoplastics at all time points, and significantly
enriched or depleted proteins were determined using a Student’s t-test
with subsequent p-value adjustment according to Benjamini & Hochberg
(Additional file proteome: Table 1). The correlation of the protein con-
taining modules in the WGCNA model with the two nanoplastics at the
four time points or the combination of all time points was determined
using Pearson correlation and Student asymptotic p-values. Data from
the qPCR and viability tests are presented as mean and standard dvia-
tion, while for the permeability tests, data are presented as mean and
standard error of the mean .
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