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Highlights

e Undifferentiated Caco-2 cells showed highest PS uptake rate among four cell lines.
o Differentiated cells showed lower PS uptake rate than the undifferentiated.
e Short PS exposure did not induce effects on cellular and mitochondrial functions.

e PS evoked oxidative stress and mitochondrial dysfunction after 12-d post exposure.

Abstract

The ubiquity of microplastics (MPs) in food sources and personal care products increasingly raises concerns on
human health. However, little is known about the duration of the effects of MPs and whether effects depend on
cellular differentiation status. In this study, cellular and bioenergetic effects of MPs in different exposure
scenarios on four types of human cell lines derived from colon (Caco-2), liver (HepG2) and lung (A549 and BEAS-
2B) were investigated. These cell lines are models for the major exposure routes in the body (inhalation, ingestion
and physiological transport through the liver by the portal vein). To this aim, different scenarios were
implemented by exposing undifferentiated and differentiated cells to single dosing of 2-um polystyrene (PS) (10%-
10° particles/mL) for 48 h and 12 days. The undifferentiated Caco-2 cells with short exposure (48 h) showed the
highest uptake rate of PS yet without significant cellular and mitochondrial responses. The biological effects were
not influenced by differentiation states of A549 and Caco-2 cells even though differentiated cells showed much
weaker ability to internalize PS. However, PS had significantly long-term impacts on cellular and mitochondrial
functions even after the initial exposure period. In particular, Caco-2 cells that were post-exposed for 12 days
after single PS dosing suffered higher oxidative stress and exhibited mitochondrial dysfunction than that in short

exposure. Correspondingly, we observed that PS particles still remained in the cell membrane and even in nuclei
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with high retention rate by 14-d post exposure during which metabolism and exchange of internalization and
release occurred in cells. This indicates PS could induce chronic stress and even harmful effects on human cells
even after single intake that persists for a long time. This study paves the way for assessing the influence of PS

on human health at low particle concentrations and with multiple exposure scenarios.

Key words: Microplastics; Long-term impacts; Bioenergetic effects; Cell differentiation; Low particle
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1. Introduction

Plastic products (such as food contact materials, food and drinking packaging and synthetic clothing) are widely
used in our daily life. These can unintentionally release micro-/nanoplastics (MNPLs) due to weathering or friction
processes (hydrolysis, UV photodegradation and mechanical abrasion) occurring ubiquitously in our living
environment (Alimi et al., 2018; Dalla Fontana et al., 2020; Fadare et al., 2020). MNPLs are also intentionally
added components of products, such as exfoliating facial scrubs, toothpastes and resin pellets (Hernandez et al.,
2017) with the potential to accumulate in the food chain (Sana et al., 2020). At present, MNPLs have been
detected in various food and beverages for human consumption such as drinking water (Elkhatib and Oyanedel-
Craver, 2020), seafood (Van Cauwenberghe and Janssen, 2014), honey (Liebezeit and Liebezeit, 2013), table salt
(Yang et al., 2015), milk (Kutralam-Muniasamy et al., 2020), and even in both in- and outdoor air (Gasperi et al.,
2018). Thus, MNPLs are ubiquitous in our environment and pose potential threats to human health through

inhalation or ingestion.

Human biomonitoring studies have detected microplastics (MPs) with the size of 50-500 um in human stool
(Schwabl et al., 2019). Furthermore, smaller MPs particles (less than 10 um) are capable to cross human biological
barriers and potentially transfer to organs and tissues (Bruinink et al., 2015), which was confirmed by the
observation of MNPLs in human placentas (Ragusa et al., 2021), lung tissue (Amato-Lourenco et al., 2021) and

blood (Leslie et al., 2022). In terms of effect studies, a substantial number of studies (see Table S1 in supporting
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information) have focused on the toxicological assessment of MNPLs on human health, primarily using cell lines
derived from colon (Caco-2, HT-29), lung (A549, BEAS-2B) and liver (HepG2, HL-7702) since those organs can
come into contact with MNPLs after ingestion or inhalation. From previous research, it is clear that MNPLs can
enter human cells (including nuclei, lysosomes and cytoplasm) and potentially trigger toxicity at high
concentrations (Bonanomi et al., 2022; Cortés et al., 2020; Liu et al., 2021). For instance, it is reported that the
cell viability of Caco-2 and A549 cells showed a significant decrease at a high concentration of PE (6.2 pm, 1000
ug/mL, 8.71x108 particles/mL), and this high dose significantly increased ROS production in U937 and THP-1 cells
(Gautam et al., 2022). Furthermore, one study conducted proteomic and metabolomic analysis and found 785
proteins and 17 metabolites with altered levels when HKC and HL-7702 cells were exposed to high PS
concentration (80 nm, 100 pg/mL, 3.55x10%! particles/mL) (Wang et al., 2022). Most studies reported exposure
levels in mass concentration (ug/mL, see table S1). However, for biological effects, particle number concentration
(particles/mL) is likely to be more informative since it is the individual particle that will interact with cells (Connors
et al., 2017). After converting mass concentrations into particle concentrations in the published papers, it is
remarkable that the used particle concentrations, mainly ranging between 10* and 10*? particles/mL (see Table
S1), are much higher than those currently documented in possible exposure concentrations for humans (no more
than 10° particles/mL for MPs, see Table S2). Therefore, there is a mismatch between the exposure and effect

studies which makes it difficult to properly assess potential risks of MPs at lower levels of exposure.

Biological effects do not solely depend on exposure concentrations, but are also a function of cell type,
differentiation status, post-exposure time indicating possibly different risks at different organs and end-points.
As summarized in Table S1, current literature mainly set undifferentiated cells as exposure targets with short
exposure time. In general, upon reaching confluency, cells may undergo differentiation process with significantly
morphological and physiological changes during a long culture time. In that case, differentiated cells are closer
to in-vivo status and reflect more physiologically relevant conditions. At this moment it is not clear whether
undifferentiated or differentiated cells provide sufficiently similar models to assess in-vivo effects. Moreover,
single dosing with long-term effects, nearly ignored by most studies, is an essential occasion occurring in our
daily life (i.e. intake of MPs which are not immediately removed and as such exposure continues to last).
Therefore, to comprehensively understand the toxicity of MPs, the effects on differentiated cells and cells with

single dosing for long-term period should also be tested.

The current study aims to comprehensively evaluate biological effects of PS with concentrations close to human
exposure levels (based on current exposure data) on multiple human cell lines with different differentiation
status and culture time after a single dosing. To this aim, four types of human cell lines derived from colon (Caco-
2), liver (HepG2) and lung (A549 and BEAS-2B) were exposed to 2-um PS microspheres (10%-10° particles/mL)
with single dosing for 48h and 12 d. We specifically selected the plastic material and cell types to match those
currently used in literature to benchmark our results to previous work at higher exposure concentrations. The
four chosen cell lines represent the key target organs relevant for MPs exposure via inhalation, ingestion and
detoxification. PS was selected because of its wide presence in daily used products and easy control of size during

material synthesis. The 2-um plastic particles were used in our study for two reasons: 1) larger particles cannot
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be internalized by cells and 2) human exposure data of smaller nano-sized particles are not well validated yet,
which makes it impossible to select relevant exposure concentrations. The basic cellular responses or parameters
were measured by biochemical assays (intracellular reactive oxygen species, mitochondrial membrane potential,
sulforhodamine B and MTT assays). Mitochondrial respiration parameters and bioenergetic status, the vital
indicators of cell metabolism, immunity and function, were analyzed by a Seahorse efflux analysis experiment.
Flow cytometry and confocal microscopy were used to monitor dynamic processes of uptake, release and
localization of PS during exposure especially for long-term period. This study is the first to systematically
investigate the effects of PS in relation to cell type, differentiation status and post-exposure time under a
concentration range close to reported human exposure levels. Those data could provide a first step towards
comprehensive risk assessment of MPs exposure for human health and stimulate further research on real-life

scenarios of MPs.

2. Materials and methods

2.1. Cell culture

The adenocarcinomic human alveolar basal epithelial cell line (A549) and normal human bronchial epithelium
cell line (BEAS-2B), available at Laboratory of Environmental Toxicology and Aquatic Ecology (GhEnToxLab, Ghent
University) and deposited under Biobank number BR-42, were used. The adenocarcinomic human epithelial
colon cell line (Caco-2) and adenocarcinomic human liver cell line (HepG2) were obtained from ATCC and
deposited under Biobank number BB190156. Undifferentiated A549, BEAS-2B and HepG2 cell lines were cultured
in Dulbecco’s modified eagle medium (DMEM) supplemented with phenol red, 10% fetal bovine serum (FBS),
100 U/mL penicillin and 100 pg/mL streptomycin (Mohammed et al.,, 2018; Van Acker et al., 2020). The
differentiated and undifferentiated Caco-2 cells were grown in supplemented DMEM medium, as described
above, with addition of 2% nonessential amino acids (NEAA) (Liu et al., 2004; Pichardo et al., 2017). Differentiated
A549 cells were cultured in F-12 Nutrient Mixture supplemented with phenol red, 10% FBS, 100 U/mL penicillin
and 100 pg/mL streptomycin (Cooper et al., 2016). All culture and supplemented media were purchased from
Thermo Fisher Scientific, USA. All cell lines were incubated at 37 °C, 5% CO, and a relative humidity of 95% to
100%. Cell lines were checked daily for growth and confluence. Confluent cells were sub-cultured by 0.5%
Trypsin-EDTA (Thermo Fisher Scientific, USA) and cells were split once a week with % ratio. The passage numbers

of all cultured cell lines were within the value of 50 during the whole research.
Differentiation of the cell lines:

e  (Caco-2: Caco-2 cells are able to be differentiated on 2D Transwell® plates after 21-day culture. However,
cells would acidify too much and start to detach from full-bottom standard culture plates used in this
study after 14 days according to our previous experience. It is reported that Caco-2 cells exhibited well-
defined tight junctions and kept high and stable transepithelial electrical resistance (TEER) after 13-d
culture, indicating they are differentiated enough (Hidalgo et al., 1989). Therefore, the maximum time

to make Caco-2 cells be differentiated is 14 days in our work.
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e A549 & BEAS-2B: It is reported that differentiated lung cells (such as A549 cells) exhibited significant up-
regulated gene expression involved in lipidogenic pathway, which induced increased lipid production
(Cooper et al., 2016; Corbiere et al., 2011). Thus, to keep the same culture time as Caco-2 cells, we
cultured both A549 and BEAS-2B cells (derived from lung) for 14 days and then checked differentiated
status by staining lipid in Adipored assay. As shown in Fig. S4, lipid production of A549 was significantly
increased after 14-days culture while BEAS-2B did not have any lipid increase with increment of culture
time. Vividly, we observed lipid droplets in both A549 and BEAS-2B cells (white dots in yellow circles,
see Fig. S5 and Fig. S6). The quantity of lipid droplets in A549 increased significantly after 14 days, which
was much higher than that in BEAS-2B at same timeslot. Those results indicate A549 cells became
differentiated while BEAS-2B cells could not be differentiated after 14 days in this culture system.

e HepG2: Unfortunately, to the best of our knowledge, HepG2 cells cannot differentiate on two-
dimensional (2D) tissue culture surfaces while they would stop proliferating and differentiate to form
spheroids in three-dimensional (3D) in vitro model (Ramaiahgari et al., 2014). Thus, it is not feasible to

culture differentiated HepG2 cells in this work that used 2D culture flasks and well plates.

Also, the images of cultured A549 and Caco-2 cells after 12 days by light microscopy displayed well growth
morphology and domes formation (Fig. S7, yellow circles) which is also a sign of differentiation reported by
literature (Lever, 1979). Therefore, A549 and Caco-2 cells were selected as differentiated models for the

following exposure targets and the total culture time is 14 days in this work.

2.2. Microplastics (PS)

In this study, 2-um polystyrene (PS) microspheres were used with yellow/green fluorescence (Fluoresbrite®,
Polysciences Inc.), provided as a sterile 2.5% aqueous suspension (5.68x10° particles/mL (P/mL)) by
manufacturer. Size, shape and concentration of the PS particles in the stock solution was confirmed using
scanning electron microscopy and flow cytometry (Supplementary file 2). After ultrasonic treatment (5 min) and
vortex, the stock solution was continuously diluted 100 times twice with culture medium (supplemented with
100 U/mL penicillin and 100 pg/mL streptomycin) to obtain 5.68x10> P/mL theoretically, which was set as the
highest tested concentration in this work based on the summary of the highest reported human exposure
concentration (10° P/mL in Table S2). Lower concentrations were derived from a dilution factor of 10 from the
highest concentration (5.68x10° P/mL). After dilutions, the expected exposure concentrations were 1.14x10?,

1.14x103, 1.14x10%, 5.68x10%, 5.68x10° P/mL.

2.3. Exposure of the cells with microplastics (PS)

Schematic overview of three scenarios that mimic real-life exposure is depicted in Fig. 1. Prior to the experiment,
trypsinized cell lines were detached and suspended in culture medium as described above. First, the cell
suspension was diluted and seeded in 96-well plates (20000 cells per well with 200 pL medium) for the cellular
assays (see below), in 24 well-plates (100000 cells per well with 1000 pL medium) for flow cytometry
measurements (see below) and in a chambered coverslip with 8 wells (30000 cells per well with 300 uL medium)

for confocal microscopy observations (see below). The seeding density of cells was selected based on previous
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literature (Chen et al., 2022). With this seeding density, cells would be at least 80% confluent after 48-h culture

to guarantee they are stable and robust before PS exposure.

In order to mimic possible real-life situations, three exposure scenarios were used in this work. Scenario 1 entails
the study of short exposure (48 h) of undifferentiated cells (prior to 48-h culture of seeding cells). In scenario 2,
cells were first cultured until differentiation (after 12 days) and the differentiated cells were subsequently
exposed to the PS with same short exposure (48 h). For scenario 3, after 48-h culture of seeding cells, confluent
cells were exposed to PS once and then these exposed cells were grown for 12 days during differentiation process
to investigate longer-term effects. The maximum culture time of cells was kept for 14 days in this study as cells
would acidify too much and start to detach from the bottom if we culture them longer in full-bottom standard

culture plates.

After PS exposure, four biochemical assays were conducted to evaluate the effects on cell viability (MTT assay
aims to measure mitochondrial activity and SRB assay aims to measure protein contents), oxidative stress (ROS
assay) and mitochondrial membrane potential (TMRE staining). For each PS exposure concentration, six wells
with the same exposure concentration and passage number were analyzed to measure their responses using the
above assays. The Agilent Seahorse XF Cell Mito Stress Test (six replicates per concentration) was performed to
explore mitochondrial function and metabolic pathways. Also, flow cytometry (three replicates per
concentration) and laser confocal microscopy (one replicate per concentration) were implemented to study
cellular uptake and localization of PS in cells. For all experiments, culture medium was used as a negative control,

and culture medium was changed every 48 h during differentiation.

2.4. Cellular and biochemical assays

Followed by PS exposure, four cellular assays were performed on the above three exposure scenarios to assess
cellular and biochemical effects. Before conducting cellular assays, the procedure to exclude possible signals

from fluorescent PS was described in supporting information (see Fig. S2 and Fig. S3).
2.4.1. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

First, six replicates of cells were treated with 10% DMSO for 48 h as positive control. Then 100 uL cell culture
medium was removed from each well. Next, 20 uL MTT (final concentration of 5 mg/mL) was added to each well.
The treated cells were incubated in the dark for 2 h at 37 °C. After that, all media were carefully removed and
200 pL pure DMSO was added to each well. DMSO solvent was suspended several times to form homogeneous
purple solution. Finally, the absorbance of each well was measured at 570 nm with a Spectramax Gemini XS

Fluorescence Plate Reader.
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Fig. 1 The schematic overview of the experimental design implemented in this study. Four different cell types were used in
the experiment representing the major exposure pathways (inhalation, ingestions, detoxification). The cells were exposed
to polystyrene (PS) microparticles in three scenarios with different differentiation status and culture time. After exposure,
biological responses and internalization of the PS particles were analyzed.
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2.4.2. Intracellular reactive oxygen species (ROS) assay

First, six replicates of cells were treated with 10% DMSO for 48 h as positive control. Then 20 uM H,-DCFDA (2,7-
dichlorodihydrofluoresceindiacetate) (in 200 uL DMEM without phenol red) was added to each well after
removing the old medium. The treated cells were stored in the dark for 20 min at 37 °C. After that, all media
were removed and 200 uL phenol red-free DMEM was loaded in each well. Finally, the fluorescence of stained
cells was measured by a Spectramax Gemini XS Fluorescence Plate Reader with the excitation and emission

wavelengths of 485 and 535 nm, respectively.
2.4.3. Mitochondrial membrane potential assay

First, 1 uM TMRE (tetramethylrhodamine ethyl ester perchlorate) (in 200 uL DMEM without phenol red) was
added to each well after removing the old medium. The treated cells were stored in the dark for 30 min at 37 °C.
Then cells were washed by 0.2% bovine serum albumin (BSA) in DPBS. After that, 200 uL 0.2% BSA was loaded in
each well and the fluorescence of stained cells was measured by a Spectramax Gemini XS Fluorescence Plate
Reader with the excitation and emission wavelengths of 549 and 575 nm, respectively. Six replicate wells were
exposed to 20 uM FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone) for 10 min at 37 °C as the

positive control before TMRE staining.
2.4.4. Sulforhodamine B (SRB) assay

After ROS assay, SRB assay was performed on the same cells that were used for measuring ROS production. First
cells in each well were fixed with 50 uL 50% TCA (trichloroacetate) at 4°C for 1 h. Then the plate was mildly rinsed
with tap water five times and was air dried. After that, the cells were stained with SRB solution (0.4% in 1% glacial
acetic acid) at room temperature for 30 min. The stained cells were softly rinsed with 1% glacial acetic acid three

times and were air dried. Then each well was added 200 pL of 10 mM Tris buffer (Tris(hydroxymethyl)-
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aminomethane) and was suspended multiple times to form uniform solution. Air bubbles were avoided. Finally,

the absorbance of solution was measured at 490 nm by a Spectramax Gemini XS Fluorescence Plate Reader.
2.5 Seahorse analysis of mitochondrial respiration

Human cell lines were seeded in Seahorse 96-well XF Cell Culture microplates (Agilent Seahorse Bioscience, Sana
Clara, CA, USA) with 80 pL of culture medium at a density of 8000 cells/well. Cell culture and PS exposure were
the same as what was conducted in normal 96-well plates. One day before conducting the XF assay, the Seahorse
XF Sensor Cartridge was hydrated by filling 180 pL/well of Seahorse XF Calibrant Solution Cells. Then the prepared
cartridge was incubated at 37 °C without CO, for 24 h to exclude the interference of CO, in the medium to
measurements. Before extracellular flux measurements, cells were washed twice with XF Assay Medium (Agilent
Seahorse Bioscience, Sana Clara, CA, USA) supplemented with 2 mM glutamine, 1 mM pyruvate and 10 mM
glucose and then kept in an incubator at 37 °C without CO, for 45 min. After that, the Agilent Seahorse Cell Mito
Stress Test was applied to treat cells with a sequential injection of oligomycin (OM) (1 uM and 2 uM for
undifferentiated and differentiated cells, respectively), Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP) (1 uM for undifferntiated A549 and BEAS-2B, 0.5 puM for undifferentiated Caco-2, 0.25 puM for
undifferentiated HepG2, 2 uM for differentiated cells), and a mixture of rotenone and antimycin A (ROT/AA) (0.5
KM). Finally, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured by Agilent
Seahorse XF96 Analyzer (Agilent Seahorse Bioscience, Sana Clara, CA, USA) according to the manufacturer’s

instructions.
2.6. Microplastics (PS) intake by flow cytometry

After PS exposure, cells were detached with 0.5% Trypsin-EDTA and diluted with PBS. The cell suspension was
transferred to a 96-well plate (200 pL per well) for measurement without any staining, and PBS was used as the
negative control. The fluorescence emission of PS particles was measured using an Attune NxT flow cytometer
equipped with a blue laser (488 nm) and a red laser (637 nm). The number of total cells and cells containing
fluorescent PS was counted by gating strategy based on forward scatter, sideward scatter and green fluorescence

in the blue laser channel.
2.7. Microplastics (PS) localization by laser confocal microscopy

After PS exposure, cells were washed with PBS. The washed cells were fixed with 4% paraformaldehyde for 20
min at room temperature, followed by washing with PBS. After that, cells were treated with Hoechst 33342 (1000
times of dilution in PBS) for 15 min at room temperature to stain the nuclei. To remove the residual staining, the
cells were washed again with PBS. Next, cells were treated with Cellmask™ Deep Red plasma (2000 times of
dilution in PBS) for 30 min at room temperature to stain the cell membrane. The stained cells were washed with
PBS three times. Finally fluorescent images of each stained sample were performed by Nikon A1R confocal
microscope from the Centre for Advanced Light Microscopy at Ghent University (Belgium). Images were analyzed

with Fiji software 2.1.0.
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2.8. Statistical analysis

All the data were normalized based on the negative control (=100%). Statistical analysis was performed using
one-way analysis of variance (ANOVA) or non-parametric Kruskal-Wallis test with Tukey post hoc test by R-studio.
Statistical significance was indicated as *p < 0.05. The effect of the positive control was used as quality assurance

of the performed assays.

3. Results

Overall, we observed no major effects on cell viability in all treatments (Tablel). Most of the effects were related
to ROS production while Caco-2 cells showed the most effects under scenario 3 (Table 1). In the next sections,
these results will be reported in detail.

Table 1 The overview of cellular and bioenergetic effects of polystyrene microplastic on human cell lines

Cell types MTT assay  SRB assay TMRE assay ROS assay Mltochon.drlal
respiration
undiff. A549 0 0 0 0 0
Scenario 1 undiff. BEAS-2B 0 0 0 0
undiff. Caco-2 0 0 0 0 0
undiff. HepG2 0 0 0 ROS 4 0
Scenario 2 diff. A549 0 0 0 ROS 4 0
diff. Caco-2 0 0 0 0 0
A549/long-term 0 0 0 ROS * 0
. culture
Scenario 3 C 2/l 0 0
aco-Z/iong- MMP ROS 4 OCR4
term culture

(Note: MMP, ROS and OCR refer to mitochondrial membrane potential, reactive oxygen species and oxygen
consumption rate, respectively. MTT, SRB, TMRE are abbreviations of chemicals: 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, Sulforhodamine B and tetramethylrhodamine ethyl ester perchlorate,
resprctively. The arrows represent significant increase or decrease induced by at least one PS concentration.
Undifferentiated and differentiated cells are named as undiff. cell (undiff. A549) and diff. cell (diff. A549),
respectively.)

3.1. Short-term effects of undifferentiated cells with single PS dosing

3.1.1. Exposure of alveolar and bronchial lung cells

Undifferentiated (confluent) alveolar A549 cells (undiff. A549) were exposed to different concentrations of PS
for 48 h as short exposure model. Both mitochondrial activity (MTT assay, Fig. S8A) and protein contents (SRB
assay, Fig. S8B) showed the cell viability was not significantly affected by PS at any tested concentration. PS
particles did not cause significant effects on mitochondrial membrane potential (Fig. S8C) and ROS production
(Fig. S8D) compared to untreated cells. However, ROS production displayed a concentration-dependent trend,
ROS value at the highest PS concentration was 23% (p=0.009) higher than that of PS at the lowest concentration.
Meanwhile, the parameters of electron transfer chain (ETC) of mitochondrial respiration were measured by
serially injected oligomycin (to inhibit ATP synthase, complex V), FCCP (to uncouple oxygen consumption) and
mixture of rotenone and antimycin A (to inhibit complexes | and 1) (Fig. 2A, 2C). As shown in Fig. 2B, key

mitochondrial parameters, including basal respiration, maximum respiration, proton leak, ATP production, spare
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respiratory capacity and non-mitochondrial respiration, were not significantly impacted at any concentration of
PS. As for undifferentiated bronchial BEAS-2B cells (undiff. BEAS-2B), as displayed in Fig. S9, none of the tested
PS concentrations caused significant effects on the mitochondrial activity, mitochondrial membrane potential,
ROS production. However, cell viability was significantly inhibited according to the results of SRB assay (Fig. S9B),
which decreased to 85% at the highest concentration (p=0.028). The mitochondrial parameters of undiff. BEAS-

2B were not affected by any PS dose (Fig. S16).
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Fig. 2 Effects of PS on mitochondrial respiration of undifferentiated A549 (undiff. A549) cells after 48-h exposure. (A)
Mitochondrial profiles of PS-treated undiff. A549 in response to sequential administration of pharmacological modulators of
mitochondrial electron transport. (B) Mitochondrial parameters of undiff. A549 cells by measuring oxygen consumption rate
(OCR). (C) The electron transfer chain (ETC) in mitochondrial respiration. (PS1-PS5 correspond to PS concentrations of

1.14x10?%, 1.14x103, 1.14x10%, 5.68x10%, 5.68%x10° P/mL, respectively.)

3.1.2. Exposure of intestinal and hepatic cells

As displayed in Fig. S10 and Fig. S17, undifferentiated intestinal Caco-2 cells (undiff. Caco-2) did not show
significant responses on cell viability, mitochondrial membrane potential, ROS generation and mitochondrial
functions at any PS dose. Undifferentiated hepatic HepG2 cells (undiff. HepG2) exhibited similar responses to
Caco-2 cells with no significant effects on cell viability, mitochondrial membrane potential and mitochondrial
respiration (Fig. S11, S18), while the ROS production at high concentrations was slightly increased compared to

untreated cells (Fig. S11D, p<0.05).

3.2. Short-term effects of differentiated lung and intestinal cells with single
PS dosing

Differentiated cells are another vital model for toxicity test which could reflect more physiologically relevant

conditions. As explained in the methods section, due to the different abilities of the cell lines to differentiate and
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maintain differentiation in 2D culture system, this work was specifically conducted with A549 and Caco-2 cells

for a period of 14 days.

As scenario 2 depicted in Fig. 1, differentiated A549 and Caco-2 cell lines were exposed to different doses of PS
for 48 h to study effects on differentiated cells with short culture. As shown in Fig. S12, cell viability and
mitochondrial membrane potential of differentiated A549 cells (diff. A549) were not significantly affected by any
PS concentration when compared to negative control. Exposure to PS from 1.14x103 to 5.68x10° P/mL
significantly elevated ROS generation (Fig. S12D), and the ROS value obtained from the second highest dose was
about 1.5 times higher than that of negative control (p=0.019). However, the mitochondrial respiration of diff.
A549 cells was not affected by any tested PS concentration (Fig. S19). As for differentiated Caco-2 cells (diff.
Caco-2) with short exposure, mitochondrial membrane potential, cell viability and ROS production were not
significantly changed at any PS concentration when compared to negative control (Fig. S13). Similarly, the

mitochondrial respiration of diff. Caco-2 cells was not affected by any tested PS concentration (Fig. S20).

3.3. Long-term effects of lung and intestinal with single PS dosing during
differentiation

As scenario 3 depicted in Fig. 1, A549 and Caco-2 cell lines were exposed to PS with single dosing at the beginning
of differentiation process to study long-term effects of post-exposure. As illustrated in Fig. S14, mitochondrial
membrane potential and cell viability of A549 cells were not altered at any PS concentration. According to ROS
assay (Fig. S14D), exposure to PS from 1.14x103 to 5.68x10° P/mL significantly increased ROS production, and
the highest ROS value (measured at 5.68x10* P/mL of PS, p=0.008) was about 1.5 times higher than that of the
negative control. According to Fig. S21, PS did not lead to significant effects on the mitochondrial respiration

after a single dosing exposure of A549 with long-term culture.

As depicted in Fig. S15, Caco-2 cells did not show significant long-term responses on cell viability after exposure
during differentiation, while the ROS production and mitochondrial membrane potential were significantly
higher than negative control at all tested PS doses (Fig. 3A, 3B, p<0.05). Moreover, the mitochondrial respiration
was affected by PS exposure as well (Fig. 4). Basal respiration (Fig. 4B) and ATP production (Fig. 4C) showed a
significant increase when Caco-2 cells were exposed to the three highest concentrations. The proton leak (Fig.
4D) and maximal respiration (Fig. 4E) and were significantly increased at any tested PS dose except the lowest
one. All of tested PS concentrations significantly raised spare respiratory capacity compared to the negative

control (Fig. 4F).
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Fig. 3 (A) Relative ROS production and (B) mitochondrial membrane potential of Caco-2 cells exposed to different

concentrations of PS with 12-d culture; DMSO and FCCP are the positive control of ROS and SRB assays, respectively; n=6; *p

< 0.05, significant difference from negative control.
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d culture. (A) Mitochondrial parameters in Caco-2 cells

by measurement of oxygen consumption rate (OCR) (A). Relative OCR from basal respiration (B), ATP production (C), proton

leak (D), maximal respiration (E) and spare respiratory capacity (F) in Caco-2 cells. n=6; *p < 0.05, significant difference from

negative control. (PS1-PS5 correspond to PS concentrations of 1.14x10%, 1.14x103, 1.14x10% 5.68x10% 5.68x10° P/mL,

respectively.)

3.4. Cellular uptake and PS localization

To study the internalization of PS in human cell lines, flow cytometry was used to measure the cellular uptake of

PS in four human cell lines. As depicted in Fig. 5A, the fluorescent signals of undifferentiated cells with short

culture showed a concentration-dependent trend, which indicated the uptake of fluorescent PS in cells. The

uptake rate was different in different cell lines, varying from 18% to 40% at the highest concentration. Generally,
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undiff. Caco-2 and undiff. BEAS-2B cells showed higher uptake rates compared to undiff. HepG2 and undiff. A549
cells. However, for differentiated cell with short exposure (Fig. 5B), the uptake rate was much lower than that of
undifferentiated cells, varying from 1.25% to 2% at the highest dose. Also, the uptake difference between diff.
A549 and diff. Caco-2 was smaller than that of two corresponding undifferentiated cell lines, and even diff. A549
cells exhibited slightly higher uptake rate compared to diff. Caco-2 cells. Moreover, the uptake rates in scenario
3 were studied as well. A549 and Caco-2 cells were exposed to single PS dosing (5.68x10° P/mL) with 14-d post-
exposure. Fluorescent signals were recorded by flow cytometry every 48 h. As displayed in Fig. 5C, in accordance
with the uptake order of undifferentiated cells, the uptake rate of Caco-2 cells was significantly higher than that
of A549 cells during their differentiation. Furthermore, the uptake rate at 2 days was set 100%, and the following
uptake values were normalized by it to see internalization and release of PS during differentiation. Specifically,
the uptake rates of both cells in this exposure scenario showed moderate fluctuation during the increment of
exposure time but with a decreasing trend on the whole. The relative uptake rate after 14 days declined to 62.99%

and 66.51% for A549 and Caco-2, respectively (Fig. 5D).
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Fig. 5 The percentage of fluorescent cells over the total population in (A) undifferentiated cells and (B) differentiated cells
exposed to PS for 48 h and in (C) cell lines exposed to the single PS dosing (5.68x10° P/mL) with 14-d post-exposure by flow

cytometry; n=3. (D) The relative fluorescent cells at different time points based on data from Fig. 7C (The value at 2 days,

which is the end of PS exposure as PS suspension was replaced by culture medium at this timeslot, was set as 100%, other

values at later timeslots were normalized by data at 2 days).

Based on measurements from flow cytometry, PS particles seem to be able to enter four human cell lines, albeit

in different degrees. The localization of fluorescent PS in cell lines was analyzed by confocal microscopy. However,

the high fluorescent intensity of PS combined with a limited resolution in the z-axis (resulting in point spread

function) complicated the interpretation of the images. As illustrated in Fig. S22, PS particles seem to be

internalized in undifferentiated cells upon short exposure and indications of transfer of PS into nuclei could be
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observed as well. In addition, PS particles could be internalized in cell membrane and nuclei of differentiated
A549 and Caco-2 cells with short exposure as well (Fig. 6A, 6B and Fig. S23). The same phenomena of PS
localization could be observed when A549 and Caco-2 cells were exposed to single PS dosing after 12-d culture

(Fig. 6C, 6D and Fig. $24).
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Fig. 6 Three-dimensional images of human cell lines taken by confocal microscopy after exposure to the highest PS (5.68x10°
P/mL). (A) Differentiated A549 and (B) Caco-2 cells were exposed to PS for 48 h; (C) A549 and (D) Caco-2 cells were exposed
to single PS dosing after 12-d culture during differentiation process. Nuclei and cell membranes were stained to show blue
and red fluorescence, respectively. PS exhibited green and blue fluorescence. Yellow lines point out the plane from where

the orthogonal views are projected. The left, bottom and right mages were viewed from XY, XZ and YZ panels, respectively.

4. Discussion

Microplastics (MPs) are ubiquitous in our living environment, which raises concerns regarding daily exposure and
cause potentially negative effects on human health. Up to date, there are plenty of studies detecting
microplastics in drinking water, fruits, vegetables and aquatic food. For insoluble plastic particles, it is supposed

that particles number concentration (particles/mL) would be more informative than mass concentration or other
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units when it comes to interaction and effects with cells. However, converting MPs concentration from the above
solid sources (see Table S2) into unit of particles/mL could be disputable due to some unfixed parameters.
Therefore, we only summarized detected concentrations in liquid and found the highest reported concentration
is about 10* particles/mL (see Table S2). Moreover, currently it is reported that the mean concentration of plastic
particles detected in human blood was 1.6 pg/mL (Leslie et al., 2022), which equals to 3.64x10° particles/mL if
2-um polystyrene (PS) particles used in this work were implemented in the conversion. Integrating the above
reported concentrations together, we set 10° particles/mL as the highest dose for exposure to rationally evaluate
effects of MPs on human health. In general, plastic particles could be ingested in the gut and be respirated in the
lung. Once plastic particles are internalized by those epithelial lung or gut cells, they could be transported into
circulatory systems and possibly enter cells correlated with physiological transport through the liver by the portal
vein. To support more realistic effect assessments in the future, four human cell lines (A549, BEAS-2B, Caco-2
and HepG2), representing pathways of inhalation and ingestion as well as potential detoxification, with different

differentiation status and culture scenarios were comprehensively assessed in this study.

Four undifferentiated cell lines exposed to single PS dosing with short exposure (48 h, scenario 1) showed no
significant effects on cell survival at all tested concentrations. Recent literature (Jeon et al., 2021; Rubio et al.,
2020) has indicated that oxidative stress or overproduction of ROS is one of the key mechanisms by which MPs
affect cells since excessive ROS production could lead to the potential damage to macromolecules such as nucleic
acids, lipids and proteins. Examples include the expression of stress-response proteins (HO-1 and HSP70) and of
proinflammatory cytokines (IL-6 and IL-8) due to high ROS levels (Dong et al., 2020; Wu et al., 2019). In this
scenario, we only observed statistically significant high ROS levels in undiff. HepG2 cells at high PS concentrations.
A possible reason for this observation is that HepG2 cells need to generate more ROS to overcome the stress to
achieve self-resistance (Chen et al., 2022). The mitochondria are the key organelles that represent the
bioenergetic status of cells where mitochondrial respiration is the main activity that consumes oxygen to sustain
oxidative metabolism (Piquereau et al., 2013; Ye et al., 2011). In order to investigate possible effects of PS on
aerobic energy pathway (oxidative phosphorylation), we used the Agilent Seahorse XF96 Analyzer to measure
key mitochondrial parameters of four undifferentiated cell lines. Mitochondrial functions of four undifferentiated
cell lines did not exhibit significant response at any PS concentration, indicating that they are tolerant to stress
from PS exposure. As such, the increased ROS in undiff. HepG2 was likely from other sources such as glycolysis,
enzymatic reactions, cytokines and growth promoters that were reported in fish treated with PS particles
(Umamaheswari et al., 2021), instead of from mitochondria which are regarded as the main source of ROS in
living cells (Feissner et al., 2009). Specifically, the electron transfer chain (ETC) complex | and Ill are the major
mitochondrial sites that produce ROS (superoxide, O,~) by univalent reduction of O, (Brand et al., 2004; Kussmaul
and Hirst, 2006). Overall, at a cellular level, PS at relatively low concentrations is unlikely to result in negative
effects on undifferentiated cells under short exposure even if PS particles were internalized in cells, which is
different from most of the published results that demonstrated significant cytotoxicity and ROS production in
A549, BEAS-2B and Caco-2 cells (Cortés et al., 2020; Dong et al., 2020; Goodman et al., 2021; Wu et al., 2019; Xu
et al., 2019). The lack of response here can primarily be attributed to the lower concentrations used in our study

compared to the published research (see Table S1). From the perspective of mitochondria, to the best of our
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knowledge, only a few papers reported significant responses on spare respiratory capacity, proton leak and ATP
production when A549, L02 and BEAS-2B cells were exposed to high nanoplastics concentrations (Halimu et al.,
2022; Lin et al., 2022; Wang et al., 2022). Our work is the first study to investigate impacts of microplastics on
the mitochondrial functions in different cell types under multiple exposure scenarios, which clearly shows micro-

PS at currently reported human exposure levels did not impair mitochondrial functions after short exposure.

The same assays were performed on differentiated A549 and Caco-2 cell lines with short exposure to support
more relevant effect assessments. Only one endpoint, ROS production, was significantly elevated in diff. A549
cells exposed to high PS, which is in line with a study that reported A549 cells consumed more oxygen and
produced higher ROS levels during differentiation (Ye et al., 2011). Similarly, the differentiated neuronal cells
exhibited significant ROS production and tended to suffer oxidant mediated-damage because of the different
activities of essential antioxidant enzymes and a limited ability to produce or recycle glutathione during
differentiation (Sivanantham et al., 2018). However, diff. Caco-2 cells did not show any significant cellular and
mitochondrial response, which was the same as what was observed in undiff. Caco-2 cells. Further molecular
parameters could help to elucidate the different modes of action for Caco-2 cells with different differentiation

states in future studies.

Different from most chronic studies with continuous contaminants exposure conducted to date (Domenech et
al., 2021; Visalli et al., 2021; Xi et al., 2019), a novel strategy used in this study was to expose A549 and Caco-2
cells to PS once and follow the biological responses by 12-d post-exposure to explore long-term effects after a
single dosing (scenario 3). A key focus here was to assess the potential long-term effects of residual particles in
and outside the cells after the initial exposure. Compared to the above two scenarios with short exposure, A549
and Caco-2 cells with long-term culture during differentiation, exhibited significant stimulation on ROS
production and mitochondrial membrane potential from low to high concentrations of PS. It demonstrates that
reaction mechanism of both cells on PS with long-term culture is quite different from the responses of cells with
short culture. There are the following possible explanations: 1) followed by single PS dosing, long-term culture
caused persistent and accumulated oxidative stress on cells and even probably damaged the integrity of
mitochondria of Caco-2; 2) both cells with the altered phenotype and cell morphology during differentiation were
likely to be more sensitive to PS; 3) PS probably induced more toxic effects on cell differentiation than

proliferation. Unfortunately, no related or similar studies could support or correspond to our hypothesis.

It is worthwhile to highlight that mitochondrial respiration of Caco-2 cells with long-term culture was affected by
PS treatment as well. Specifically, five mitochondrial respiration parameters were significantly increased from
low to high PS concentrations. This demonstrates single PS dosing with long-term culture stimulated Caco-2 cells
to improve energetic demand to cope with the stress from PS. The possible explanations to these phenomena
are in the following: 1) the electron transfer chain (ETC, see Fig. 2C) in mitochondria, suffering persistent and
accumulated oxidative stress from PS exposure, would consume more oxygen and produce more ATP to reach
self-resistance; 2) the observed high membrane potential (Fig. 3B) indicates that PS impaired mitochondrial
functions and disrupted the balance of H* transfer between mitochondrial matrix and inner membrane, leading

to larger synthesis of ATP at higher potential that is stated by the literature (Zorova et al., 2018); 3) the significant
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increase in proton leak is probably attributed to the damage to ETC complexes or the inner membrane,
suggesting mitochondrial injury. It is reported that ETC could generate significantly increased ROS at high
mitochondrial membrane potential (Skulachev, 1996; Starkov and Fiskum, 2003), which might be one of reasons
that ROS production increased upon PS exposure. It is worthwhile to mention that non-mitochondrial respiration,
oxygen consumption persisting due to a subset of cellular enzymes that continue to consume oxygen, did not
change at any PS dose. It suggests our results are an accurate measure of mitochondrial respiration based on the
same level of oxygen consumption rate (OCR). Based on the above results, it is clear that single PS dosing caused
more oxidative stress on A549 and Caco-2 cells with long-term culture and evoked mitochondrial dysfunction of
Caco-2 compared to short culture. However, the effects caused by such stress are not acutely detrimental for
cells, and it only influenced mitochondrial respiration chain. One possible reason is that the concentration we
used is quite low, which may be below the threshold of lethal dose. Another explanation is that cells have
complicated mechanisms able to regulate mitochondrial quantity, quality and homeostasis. Some research
demonstrated that mitochondrial homeostasis is achieved through synergetic processes such as mitochondrial
biogenesis, and thus, some mitochondrial parameters (such as spare respiratory capacity levels and ATP transfer)

are regulated by these mitochondrial quality control mechanisms (Marchetti et al., 2020).

Overall, we primarily observed elevated effects on ROS production and mitochondrial respiration. A recent
adverse outcome pathway developed by Jeong (Jeong and Choi, 2019) indicated that ROS production could
induce oxidative stress and inflammation response and eventually lead to potential higher level effects including
growth reduction, reproductive failure and even mortality. Moreover, mitochondrial dysfunction under oxidative
stress implies potential pathogenesis of multiple human metabolic disorders (diabetes, obesity), cancer,
cardiovascular disease and neurodegeneration (Camara et al., 2011; Camara et al., 2009; Cortassa et al., 2014).
Our results further highlight the role of ROS and mitochondrial functions as the molecular and metabolic initiating
events to assess micro-PS ecotoxicity. Further studies should confirm the downstream reaction into other tissues
and organs. Also, the above observable end-points did not show a clear concentration dependence response,
which could be attributed that our concentration range particularly focused on the lower part of the
concentration response curve in terms of particle number. It could reflect more realistic exposure levels in human

daily life.

The internalization and localization of fluorescent particles revealed that PS could be internalized in cell
membrane and nuclei during short exposure as depicted in confocal images. This phenomenon was consistent
with previous studies that detected PS particles in undifferentiated A549 (Goodman et al., 2021), HepG2 (He et
al., 2020) and Caco-2 (Cortés et al., 2020) cell lines. In contrast to high uptake rates in undifferentiated cells,
differentiated A549 and Caco-2 cells exhibited lower uptake rate of PS. There are two possible reasons for these
results: 1) the number of differentiated cells are much higher than undifferentiated cells (about three times)
(Gerloff et al., 2013) as the culture time of differentiated cells is much longer than that of undifferentiated cells;
2) the altered phenotype and cell morphology after differentiation are likely to diminish the capability of the
uptake of microplastics in differentiated cells. Previous research also observed that undifferentiated Caco-2 cells

had much higher ability to internalize graphene oxide sheets than differentiated cells (Kucki et al., 2017).
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Similar to cells with short exposure, PS particles were observed in cell membrane and even in nuclei of scenario
3 where A549 and Caco-2 cells were exposed to single PS dosing with 12-d post-exposure. It is interesting to
highlight the dynamic uptake and release once cells were exposed to PS at the beginning of differentiation
process. As in line with the results of undifferentiated cells, the uptake rate of Caco-2 cells was rather higher than
that of A549 cells during differentiation, which may be a reason that PS induced more stimulated long-term
effects on Caco-2 cells than that on A549 cells. A study also reported that induction of defensive responses
(significant oxidative and mitochondrial stress) related to high number of plastic particles in Caco-2 cells (Saenen
et al., 2023). The internalization of PS in both cells fluctuated with the increment of exposure time and the final
relative uptake rates remained more than 60%. The possible explanation is that PS could be accumulated in cells
by pinocytosis/micropinocytosis or by phagocytosis without any specific receptor, and the internalization
saturation occurred within certain time followed by release process (Xu et al., 2019). In addition, cells would
grow and die during differentiation, and thus PS will be released and internalized repeatedly. More importantly,
it is very difficult for cells to excrete micro-PS particles once they are internalized in cells, which corresponds to
the above results that long-term culture showed more negative effects than short culture. In other words, due
to the retention of PS in cells, potential harmful effects would appear in our body with single intake after a long
time. As stated in the above, the continuous metabolic and oxidative stress are on the onset of many chronic

diseases. Whether this is occurring as a result of PS exposure remains to be elucidated.

These results thus show for the first time that single intake of micro-PS in the human body is not likely to cause
detrimental effects for short period but might trigger stress after a long time. Evidently, to be able to estimate
the impact of microplastics on human health, in the full continuum of plastic types, sizes and shapes, similar
experiments would be necessary by using more variable plastic particles. Moreover, the effects of additives,
surface coatings and weathering, amongst others, should be tested to be able to estimate the relevant risk of

plastic exposure for human health.
5. Conclusions

In this study, A549, BEAS-2B, Caco-2 and HepG2 cell lines were exposed to 2-um PS at tested concentrations
close to currently reported human exposure levels (no more than 10° particles/mL) under three mimicked
scenarios. PS could be internalized in cell membrane and even in the nuclei for all tested cell lines but
undifferentiated Caco-2 cells showed the highest uptake rate without any cell survival loss and mitochondrial
dysfunction after short exposure. No statistically significant changes in cell viability and mitochondrial functions
were observed in both undifferentiated and differentiated cell lines with short exposure even if undifferentiated
cells showed higher uptake rates. It is worthwhile to note that the exposure of single PS dosing followed by long-
term culture resulted in negative effects on Caco-2 cells, which showed overproduction of ROS, higher
mitochondrial membrane potential and stimulated mitochondrial respiration. It suggests that single PS dosing
could disrupt electron transfer chain to evoke mitochondrial damage and break the balance of H* transport
between the mitochondrial matrix and mitochondrial inner membrane during 12-d differentiation process.

Similarly, A549 cells with long-term culture were more sensitive to oxidative stress of PS than A549 cells upon
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short culture. This work investigates the impacts of PS microplastic on cell type, cell differentiation status and

post-exposure time at low concentrations.
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