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Abstract

Micro- and nanoplastics (MNP) can be found virtually everywhere around us in the biosphere and food chain,
therefore humans are continuously exposed to MNP, mainly via inhalation and ingestion. Here, we have applied
physiologically relevant human-based advanced in vitro models representing the lung (MucilAir™) and gut
(INTESTine™ and Intestinal Explant Barrier Chip (IEBC)) to study membrane passage of various MNP and their
potency to induce cytotoxic effects, barrier disturbances or pro-inflammatory cell activation. Selected MNP of
various materials (polystyrene, polyethylene, nylon, car tire, and marine MNP collected from the ocean), shapes
(spheres, fragments and fibers), sizes (0.05-100 um), some of which were fluorescently labelled for tracking, were
included. Without affecting cell viability, nylon fibers and (cleaned) HDPE (high density polyethylene) disrupted the
MucilAir™ epithelial barrier. Luminal exposure to polystyrene particles (1 and 10 um) and pristine HDPE fragments
significantly decreased human colon tissue functionality. Furthermore, all polystyrene particles (0.05, 1 and 10 um)
affected tissue viability in porcine jejunum, ileum and colon tissue after 5 h exposure, and this was further
confirmed in the IEBC after 24 h of exposure to 10 um polystyrene particles and nylon fibers. Exposure to nylon
fibers and its supernatant led to pro-inflammatory cell activation, as shown by increased IL-6 release in MucilAir™
and in human colon tissue after 96 or 24 h, respectively. Regarding transepithelial penetration of the MNP,
permeability of 0.05 um polystyrene spheres in the MucilAir™ lung cell model reached 3.6 £ 1.2% after 24 h. With
3.37 +0.46% after 5h under static conditions and 5.5 + 1.3% after 24 h under microfluidic conditions MNP
permeability across intestinal tissue was highest for the largest (10 um) polystyrene spheres. Confocal microscopy
confirmed the translocation of MNP across the lung and intestinal epithelial barrier. In conclusion, we present a
study revealing the passage of MNP over the epithelium of advanced in vitro models for the lung and intestine
barrier. Furthermore, pro-inflammatory cell activation and disrupted barrier integrity were observed after exposure
to several of the tested MNP. Future research is needed to further identify the effects of shape, size and material on
these processes and subsequently the health effects of humans.
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Introduction

Nowadays, one cannot imagine a life without plastics be-
cause of their countless benefits and ubiquitous applica-
tions such as in food wrapping, bottling, toys, medical
applications, textile industry and tire production. With
an annual global production of 359 million tonnes in
2018, plastic is the third most abundant man-made ma-
terial after steel and concrete [1]. However, one of the
major advances of plastics might also be their problem,
namely that they are persistent and degrade very slowly
[2]. Plastic fragments with a size less than 5 mm are de-
fined as microplastics [3], which also include plastic par-
ticles in the nanoscale size. This latter group of very
small particles (<100 nm) are also specifically referred to
as nanoplastics [3, 4]. Here, we are referring to both mi-
cro- and nano-sized particles, and use the term micro-
and nanoplastics (MNP) throughout the manuscript.

MNP can be found virtually everywhere in the bio-
sphere and food chain [5-12]. MNP are either
intentionally added to products (e.g. in cosmetics, clean-
ing products, medical applications), or have fragmented
and degraded from larger plastic items such as plastic
waste, tires, textile etc. MNP are released into the envir-
onment: transported into seas, carried into the air and
come down with rain [13]. The large volumes of plastics
released into the environment over the last decades have
caused ubiquitous microplastic pollution on a global
level. Whilst evidence that microplastic pollution poses
widespread risks to humans or the environment is lack-
ing, scientists predict that, if emissions of plastics into
the environment continue at the current rate or increase,
ecological risks could be widespread within a century
and the health of humans could potentially also be at
risk [14—16]. Given the potential concerns for the pre-
dicted release of MNP into the environment in the com-
ing years, in combination with the uncertain ecological
and human health risks, there is a need to generate ro-
bust data aimed at better understanding both the expos-
ure and potential effects that MNP may cause in
humans.

The main exposure routes of MNP for humans, as
other pollutants, are via inhalation, ingestion and to a
lesser extend dermal absorption [16, 17]. Recently,
MNP have been detected in human placenta [18]. In
addition several MNP have been detected in human
stool samples, suggesting unintended ingestion from
different sources [19]. There are currently only a few
studies known where they have investigated the
in vitro absorption (and potential cytotoxic effects) of
MNP across lung and intestinal epithelium [20, 21].
In these studies simple single cell-based assays such
as A594 cells (lung) or Caco-2 cells (gut) have been
applied. However, the predictive value of these
methods is often insufficient due to lack of
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physiological complexity of the lung epithelial tissue
and gastrointestinal tract. Here, we aimed to study
membrane passage of various MNP and their potency
to induce cytotoxic effects, barrier disturbances or im-
mune response by applying physiologically relevant
human-based models representing the lung and gut
epithelial barrier. The applied models include Muci-
1Air™, a 3D reconstructed human airway model of the
bronchial epithelium [22, 23] and InTESTine™, a hu-
man tissue based explant model [24, 25]. Based on
this first set of preliminary data we provide evidence
that a fraction of the inadvertent inhaled or ingested
MNP, administered as a relatively high acute single
dose, is able to pass the epithelial barrier of lung and
gut, thereby amenable to potentially causing subse-
quent health effects in secondary organs (e.g. liver,
kidney, brain). Furthermore, exposure to several of
the tested MNP led to a pro-inflammatory cell activa-
tion and detrimental effects on barrier integrity.
These observations together justify the need for re-
search to develop and apply advanced in vitro models,
such as the models presented here, in order to
strengthen qualitative and quantitative in vitro -
in vivo extrapolation of data to improve human health
risk assessment upon MNP exposure.

Methods

Applied micro- and nanoplastics

The following MNP were used: Fluoro-Max Dyed
Green Aqueous Fluorescent Particles of 0.05 um (G50),
1um (G0100) and 10 um (CDG1000) were purchased
from ThermoFisher Scientific, polystyrene particles
(PS) of 0.05um, 0.1 pm, 1 um, 10 um (purchased from
PolySciences and washed with PBS) and high density
polyethylene (HDPE) were kindly provided by Deltares
(Delft, the Netherlands). HDPE was washed with hex-
ane to obtain the so-called HDPE-cleaned. Nylon 6,6 fi-
bers 3 x 13 pm and 10 x 30 um were kindly provided by
the Rijksuniversiteit Groningen (RUG, Groningen, the
Netherlands) who purchased the materials from Good-
fellow (product number AM325705). At RUG they har-
vested the nylon supernatant of the 10 x 30 fibers by
suspending the microfibers in water for 7 days at 37 °C
after which the suspension was filtered over a 0.2 um
filter to obtain the supernatant. Car tire particles were
generated in-house by cryogenic milling of a car tire
(Goodyear 155/70 R13 75S) provided by a recycling
center and subsequently sieving these particles over a
120 pm stainless steel sieve. Marine MNP were pro-
vided as a mixtures of mm sized (weathered) plastic
particles by The Ocean Cleanup (Rotterdam, the
Netherlands). These particles were further cryomilled
in-house and subsequently sieved over a 40 um stainless
steel sieve.
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Chemicals and assay buffer

[**C]caffeine and [*H]mannitol were purchased from
Perkin Elmer Inc. Fluorescein isothiocyanate—dextran
with a molecular weight of 4000 Da (FD4) and Cytotox-
icity Detection Kit™"® to measure LDH were obtained
from Sigma-Aldrich B.V. Components of the so-called
‘cytomix’ were TNF-a (210-TA-005, R&D systems), LPS
(L2630-10, Sigma-Aldrich), and fetal calf serum (FCS)
(10270-106, lot: 2166469, Gibco). The following anti-
bodies were used: anti-phalloidin Alexa568 (Thermo-
Fisher, A12380), anti-acetylated tubulin IgG2 (Sigma-
Aldrich, T7451), anti-mouse Alexa647 (Life Technolo-
gies, A21236), anti-mouse IgG2b Alexa647 (Life Tech-
nologies, A21242). Vectashield® antifade mounting
medium with DAPI (H-1200-10) was obtained from
Vector Laboratories. Williams E buffer was used accord-
ing to Stevens et al. [25], supplemented with 25 mM d-
glucose, 10 mL/L Glutamax and 10 mL/L HEPES, genta-
mycin 50 pg/mL, amphotericin 25 pg/mL and stored at
2-10 °C until use. Williams E supplemented with 1%
and 4% BSA was used to precoat the plates or microflui-
dic system and in the basolateral compartment during
an experiment, respectively.

Human and porcine intestinal tissue

Human intestinal colon tissue was obtained from 1 hu-
man adult patient undergoing surgery for colon carcin-
oma. Ethical approval for the use of human intestinal
tissue was provided by the hospital board. Prior to sur-
gery, informed consent was asked from the patient. After
dissection of the intestinal tissue, the healthy considered
tissue, examined by the surgeon or pathologist, was do-
nated for research purposes. Porcine jejunum, ileum and
colon tissue for the InTESTine™ experiment was ob-
tained from 1 domestic pig (15-25kg) used for educa-
tional purposes at the Utrecht University (Utrecht, the
Netherlands). Porcine colon tissue for the Intestinal Ex-
plant Barrier Chip experiment was obtained from 1 do-
mestic adult pig at a local slaughterhouse. Tissue was
collected within 10 min of the death of an animal and
immediately flushed with ice cold supplemented Wil-
liams E buffer to remove fecal content. During transpor-
tation and preparation in the lab, the tissue was placed
in ice cold supplemented Williams E buffer. At the la-
boratory, fat tissue and the musculo-serosal layer of the
mucosal layer was dissected off and round segments of
0.246 cm® (for InTESTine™) or 0.968 cm” (for Intestinal
Explant Barrier Chip) were punched.

Mucil Air™

MucilAir™ inserts and medium were obtained from
Epithelix and placed in a humidified incubator at 37 °C
with 5% CO,. Until exposure to the MNP, the basolat-
eral medium was refreshed every 2-3 days. On the day

Page 3 of 18

of the experiment, inserts were washed at both sides
with 0.9% saline containing 1.25 mM CaCl, and 0.1 M
HEPES. Thereafter, the inserts were placed in fresh
basolateral medium and apically exposed to 50 pL. MNP
suspension (1 mg/mL), 0.1% Triton X-100 or cytomix
(500 ng/mL TNF-qa, 0.2 mg/mL LPS, 1% FCS), prepared
in 20% MucilAir™ medium in sterile water supplemented
with pen/strep (100 U/mL) and fungizone (2.5 pg/mL),
for 24-96 h. Upon exposure for 96 h, the inserts were
washed with the saline-CaCl,-HEPES solution after 48 h
and subsequently received fresh MNP suspension or
medium at the apical or basolateral side, respectively.
Transepithelial electrical resistance (TEER) was mea-
sured using a Millicell-ERS epithelial volt-ohmmeter at
the moment of washing both sides of the inserts with
the saline-CaCl,-HEPES solution. At the end of an ex-
periment, inserts were washed with the saline-CaCl,-
HEPES solution, the membranes containing the cells
were cut out of their holder, snap frozen and stored at
- 80 °C until further analysis.

INTESTine™

The InTESTine™ system suitable for a 24-well plate
was used as described previously [25]. Briefly, on the
day of the experiment, all media and dosing solutions
were placed in a water bath at 37 °C. MNP solutions
were prepared at 1 mg/mL. With the mucosal side of
the ex vivo intestinal segment facing upwards, the de-
vice was placed horizontally into the basolateral com-
partment which contained 0.875mL of ice-cold
Williams E medium and the apical compartment
contained 125 pL of Williams E medium. Thereafter,
the system was placed into a humidified incubator at
37 °C with 95% O,, 5% CO, for preincubation and to
slowly warm-up to 37°C for a period of 30 min.
After pre-incubation, the basolateral Williams E
medium was replaced by prewarmed Williams E
medium containing 4% BSA. The apical buffer was
removed and mucus build up during the preincuba-
tion phase was aspirated off. Afterwards, Williams E
medium containing the compound of interest was
added at the apical side. The system was placed in
the humidified incubator again for 4 or 5h. During
the incubation, the system was placed on a rocker
platform, gently shaking the plates at 200 rpm. Apical
and basolateral samples were taken at regular time
intervals, and replaced by new apical and basolateral
solutions. At the end of an experiment, the ex vivo
segment was dismounted and washed three times in
ice-cold Williams E medium to remove non-
specifically bound compound. Afterwards, the tissue
segments were snap frozen and stored at -80°C
until further analysis.
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Intestinal explant barrier Chip (IEBC)

The design and fabrication of the Intestinal Explant Bar-
rier Chip is described by Eslami Amirabadi and Donkers
et al, 2021 [26]. One day before the experiment, all
media and dosing solutions were placed in a humidified
incubator at 37 °C with 5% CO,. The microfluidic system
and Intestinal Explant Barrier Chips were prepared one
day prior to an experiment. After connecting the indi-
vidual compartments with tubing, reservoirs were filled
and the system was subsequently flushed with 20% bio-
film (Umwletanalytik) and PBS. Next, Williams E sup-
plemented with 1% BSA was added for overnight
incubation in a humidified incubator at 37 °C with 5%
CO,. Flow rates of 2 and 20 mL/h were used for over-
night incubation and flushing, respectively. The next
day, systems were transferred to a working bench. 1 mm
thick EPDM rubber rings (Eriks), intestinal tissue seg-
ments (mucosal side upwards) on a woven mesh of
170 pm in thickness and 50% open area (Nitex, Sefar)
and a fixing insert were clicked in the snap fit mechan-
ism, thereby separating the apical and basolateral com-
partments of the microfluidic chip. Subsequently, the
Williams E supplemented with 1% BSA was replaced by
the apical and basolateral media: Williams E supple-
mented with FD4 and compounds or Williams E supple-
mented with 4% BSA, respectively. Thereafter, the
system was placed back in the incubator and perfused at
2mL/h. Apical and basolateral samples were collected
from the medium reservoirs, during which the peristaltic
pump was stopped briefly. At t= 20h, apical and baso-
lateral media were replaced with fresh media. At the end
of the experiment, systems were removed from the incu-
bator and all media were replaced with PBS. Next, the
tissue segments were removed from the Intestinal Ex-
plant Barrier Chips and collected for subsequent ana-
lyses. Tubings, chips and reservoirs were flushed and
washed with 20% biofilm and 70% ethanol.

Intestinal tissue permeability measurements

[*H]mannitol (low permeability) and [Y*C]caffeine (high
permeability) were used as reference markers for the
paracellular and transcellular transport route, respect-
ively. [*H]mannitol and [**C]caffeine were mixed with
non-radiolabeled mannitol and caffeine, respectively, to
obtain final nominal concentrations of 10 uM in the ap-
ical solution with an associated radioactivity of 10 and 1
kBq/mL, respectively. Transport was measured by taking
apical (40 uL for InTESTine™ 100 pL for IEBC) and
basolateral (500 pL) samples at indicated timepoints.
Radioactive labelled compounds were measured using
the Tri-Carb 3100TR Liquid Scintillation counter (LSC,
Perkin Elmer, Boston Massachusetts, United States) after
adding scintillation liquid (Ultima Gold, Perkin Elmer
Inc., Boston, Massachusetts, United States) to the apical
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and basolateral samples. Apical-to-basolateral transport
was calculated based on the following equation:

.

app —
A X Capi’()

P.pp (cm/s) denotes the apparent permeability coeffi-
cient, dQ/dt indicates the appearance rate of the com-
pound at the basolateral side over time, A is the surface
area of the exposed tissue and C,pip is the initial dose
concentration of the compound. The transcellular over
paracellular P,,, ratio was calculated as P,,, caffeine/
P,,, mannitol.

app
app

Tissue viability measurements

To assess the viability of the ex vivo intestinal segments,
the cytosolic enzyme lactate dehydrogenase (LDH) was
measured in the apical and basolateral supernatants
using an LDH kit (Sigma-Aldrich) as previously used
[24, 25]. Intracellular LDH levels were measured with
the same kit, after homogenizing the tissue segments in
ice-cold Williams E buffer using a gentleMACS™ Disso-
ciator. Excreted LDH levels were expressed as percent-
age leakage of the total intracellular LDH of a blanc
intestinal tissue segment which was collected before in-
cubation. Samples were analyzed using the BioTek Syn-
ergy HT microplate reader (BioTek Instruments Inc.,
Winooski, VT) with an excitation/emission wavelength
of 490 nm and 520 nm. The acceptance criterion for this
parameter is leakage < 3% per hour of total LDH under
control conditions.

Tissue integrity and fluorescent MNP measurements

To assess the barrier integrity of the tissue, every incuba-
tion, except incubations with fluorescent MNP, was co-
incubated with FITC Dextran 4000 (FD4) and leakage of
FD4 from the apical to basolateral compartment was de-
termined. FD4 was analyzed using a BioTek Synergy HT
microplate reader (BioTek Instruments Inc., Winooski,
VT) with an excitation/emission wavelength of 485 nm
and 528 nm. The acceptance criterion for this parameter
is FD4 leakage < 1% per hour under control conditions.
Transport of fluorescently labeled MNP from the apical
to basolateral compartment was determined using the
same reader and settings.

Determination of the cytokine secretion

After 24 (IEBC) and 96h (MucilAir™) of incubation,
samples were taken to assess cytokine secretion into the
basolateral compartment. MucilAir™ cytokine IL-6 and
IL-8 secretion was measured with ELISA (Invitrogen,
Carlsbad, US) according to manufacturer’s instructions.
IL-6, IL-8, IL-1p, IL-18, IL-10, IEN-y, TNF-a cytokine
release by the intestinal tissue in the IEBC was
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determined by applying MilliPlex Porcine cytokine/che-
mokine magnetic bead panel (PCYTMAG-23 K-08) ac-
cording to the manufacturer’s instructions. Cytokine
concentration levels were determined using a BioTek
Synergy HT microplate reader (BioTek Instruments Inc.,
Winooski, VT) at 450 nm for the ELISA Kkits or a Lumi-
nex® 200™ instrument equipped with the Bio-Plex Man-
ager 6.1 software (Biorad) for the Milliplex assay.

Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) was used to con-
firm composition, size and shape of the MNP present in
the suspensions used for testing. Samples were prepared
for SEM analysis by filtering a fraction of the MNP sus-
pensions over 25 mm diameter gold coated polycarbon-
ate filters under reduced pressure with pore sizes of
0.8 um and 0.1 pm (TJ Environmental). To avoid the ag-
glomeration of the particles, a small amount (~15pL
per sample) of TWEEN-20 (Sigma-Aldrich) was added
to the suspensions prior to filtration. After filtration, the
filter was transferred onto an aluminum SEM-stub cov-
ered with a carbon coated tape. The samples were
coated with a thin (+/- 10 nm) conductive surface film
of carbon using a carbon evaporator (Quorum Q150 T
carbon evaporator) to make the MNP electronically con-
ductive for SEM analyses. The SEM measurements were
performed with a Tescan MAIA III GMH field emission
scanning electron microscope equipped with a Bruker
X-Flash 30 mm2 silicon drift energy-dispersive X-ray
microanalysis detector. The SEM was operated using an
acceleration voltage of 15kV. SEM images were re-
corded using a secondary electron (SE) detector.

Confocal microscopy

From snap-frozen intestinal tissue segments or Muci-
1Air™ inserts cryosections were prepared and fixed with
4% paraformaldehyde in PBS. Fixed sections were then
permeabilized and blocked in 10% normal goat serum/
0.2% Triton X-100/PBS. Sections were incubated with
anti-acetylated tubulin IgG2 (1:500) overnight at 4°C,
washed and subsequently incubated with anti-mouse
A647 (1:800) and anti-mouse IgG2b A647 (1:800) in
combination with anti-phalloidin Alexa568 (1:200) for 2
h at RT or overnight at 4 °C. Slides were washed 3 times
for 15min in PBS, one time with MilliQ water and
mounted using Vectashield® mounting medium with
DAPI. Images were collected with a spinning disk con-
focal microscopy on an inverted research microscope
Nikon Eclipse Ti-E (Nikon), equipped with Plan Apo
10x N.A. 0.45 dry objective (Nikon), Plan Fluor 40x N.A.
1.30 oil objective (Nikon) and Plan Apo VC 100x N.A.
1.40 oil objective (Nikon) and a spinning disk unit
(CSU-X1-A1, Yokogawa). The system was also equipped
with an ASI motorized stage with the piezo plate MS-
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2000-XYZ (ASI), Photometrics Prime BSI sCMOS cam-
era (Teledyne Photometrics) and controlled by the
MetaMorph 7.8 software (Molecular Devices). Vortran
Stradus 405 nm (100 mW), Cobolt Calypso 491 nm (100
mW), Cobolt Jive 561 nm (100 mW), Vortran Stradus
642 nm (110 mW) lasers were used as the light sources.
We used emission filters from ET-BFP2 (49021), ET-
GFP (49002), ET-mCherry (49008), ET-Cy5 (49006) fil-
ter sets mounted into Spinning Disc filter wheel for
imaging.

Statistical analysis

Data are provided as the mean + standard deviation or
standard error of the mean. Differences between 2
groups were analyzed using 2-tailed Student’s t test; 1-
way ANOVA with Tukey’s or Dunnett’s post hoc ana-
lysis was used for comparisons of multiple groups. Stat-
istical significance was considered at p <0.05, and
calculations and graphs were generated using GraphPad
Prism 8.0 (GraphPad Software Inc.). The supplementary
methods can be found in Additional file 1.

Results

Characterization of the applied microplastic particles
Scanning electron microscopy (SEM) was used to con-
firm the composition, size and shape of the diverse set
of micro- and nanoplastic particles (MNP) included in
the present study (Table 1 and Fig. 1). As particle size
descriptor (PSD), the equivalent circular diameter (D,)
was used [27]. For the nylon fibers, the length (L) is
given as PSD to provide a more accurate representation
of the particle size. Furthermore, the d10, d50 and d90
of the particle size distribution were calculated, which
is the equivalent circle diameter at which 10, 50 or 90%
of the number of MNP are smaller. Image analysis of
the polystyrene spheres confirmed the expected size for
the particles of 0.1, 1 and 10 um, but revealed that the
particles of 0.05pum were 75% larger than expected.
Fiber length was confirmed for the larger nylon fiber
while the length of the smaller fiber was shorter than
expected. From the fragmented MNP, the car tire MNP
displayed the largest particles, followed by HDPE and
the marine MNP from the Ocean Cleanup (OCU).
Cleaned HDPE particles showed a lower average frag-
ment size by 19%. Additionally, micro Fourier Trans-
form Infrared microscopy (p-FITR) confirmed the
polymer makeup of the PS, HDPE and Nylon particles
(supplemental Fig. 1).

Effect of MNP on viability and integrity of lung epithelial
cells

We used an advanced 3D in vitro primary cell model
representing the human bronchial epithelium, Muci-
IAir™, to study the effect of MNP exposure via the
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Table 1 Details of the tested MNP. Using SEM, the mean diameter (for spheres and fragments) or length (for fibers) was

determined. n = 100 particles/MNP

Name in Characteristics

SEM data

current study

Material Size (um)  Shape Condition  Mean D, orL (um)  d10 (um)  d50 (um)  d90

(um)

PS 0.05 Polystyrene 0.05 Sphere Pristine 0.09 0.07 0.08 0.14
PS 0.1 0.1 Sphere Pristine 0.10 0.09 0.10 0.11
PS 1 1 Sphere Pristine 1.03 1.01 1.03 1.06
PS 10 10 Sphere Pristine 10.1 10.0 10.2 10.3
PS-F 0.05 Fluorescent polystyrene 0.05 Sphere Pristine nd. nd. nd. nd.
PS-F 1 1 Sphere Pristine n.d. n.d. nd. n.d.
PS-F 10 10 Sphere Pristine n.d. nd. nd. nd.
HDPE-p High density polyethylene  0-80 Fragments  Pristine 40.8 216 329 712
HDPE-c 0-80 Fragments  Cleaned 342 16.9 286 63.9
Nylon 3x 13 Nylon 3x13 Fiber Pristine 10.7 10.1 10.7 113
Nylon 10 x 30 10x 30 Fiber Pristine 29.5 264 294 331
Nylon spn Supernatant nylon 10x30  na. na. na. na. na. na. na.

Car tire Car tire 0-120 Fragments ~ Cryomilled  69.1 217 40.1 169.5
ocu Ocean cleanup 0-40 Fragments  Cryomilled 263 120 21.5 487

D, diameter, L length, n.a. not applicable, n.d. not determined

inhalation route. Exposure occurred through a dropwise
distribution of a small volume of MNP suspension at the
air-exposed side of the lung cells and effects on cell via-
bility and integrity were subsequently assessed. The
amount of lactate dehydrogenase (LDH) released by cells
or tissue is a commonly used marker to assess viability
as upon damage the amount of released LDH increases
[25, 28, 29]. We used the detergent Triton X-100 to in-
duce the maximum LDH release by the lung cells and
compared all other conditions to it (Fig. 2A). After 24 h,
LDH release was 0.62 +0.13% under control conditions
which increased up to 4.3 +2.0% and 8.4 + 4.0% after 48
and 96 h, respectively. None of the MNP evoked a loss
of cell viability as comparable LDH levels were observed
between control and MNP-exposed conditions at all
timepoints. Integrity of the lung cell model was assessed
by measuring the transepithelial electrical resistance
(TEER) before (t =0) and after 24, 48 and 96 h of expos-
ure (Fig. 2B). As demonstrated before and potentially
due to physical challenge [30], in the first 24—48 h after
exposure TEER increased under control conditions (Fig.
2B, inset). In line with the maximally released LDH for
Triton X-100 damaged lung cells, TEER strongly de-
creased within 24-h upon exposure to Triton X-100, in-
dicating maximum destruction of the lung cell barrier
integrity. A significant lower relative TEER compared to
the control condition was noted for nylon 3 x 13 (56.1 +
8.6%). Furthermore, after 48 h exposure to larger (10 x
30) nylon fibers or the supernatant of these fibers, a
non-significant trend of decreased relative TEER (45.6 +
27.8% or 39.2 + 1.4%, respectively) was observed. HDPE-

¢ showed a significant decreased barrier integrity after
48 h of exposure only, hinting towards a slower onset of
effects for this MNP. None of the other MNP signifi-
cantly affected the barrier integrity, but PS 10 and car
tire showed clear trends to lower the relative TEER with
~20% after 24h (80.2 +17.7% or 80.9 + 20.3%, respect-
ively), which were sustained and increased after 48 h of
exposure with a further decrease in TEER of ~30% for
both MNP (PS 10 50.1 +27.6%, car tire 50.6 + 13.3%).
After 96 h of exposure, TEER was no longer decreased
in the conditions with PS particles, HDPE-c or nylon
supernatant, but (non-significant) trend effects were still
noted for nylon 10 x 30 fibers and now for the first time
also for OCU, indicating once again the possibility for a
slower onset of effects upon exposure to these specific
MNP.

Viability and effects on intestinal permeability of MNP
exposed to human and porcine ex vivo intestinal tissue
explants

By using intestinal tissue explants of human and porcine
origin we recapitulated the in vivo complexity in archi-
tecture and morphology of the gastrointestinal epithelial
barrier in an ex vivo setting. Based on the MucilAir™ re-
sults, six MNP were selected for exposure to human
colon intestinal tissue using the InTESTine™ in vitro
model [24, 25]. Although no positive control could be
included in the current experiment due to the limited
availability of fresh tissue, multiple historic INTESTine™
studies using 0.1% Triton X-100 as positive control show
similar (negative) effects on intestinal permeability and
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Fig. 1 Characterization of micro- and nanoplastic particles by scanning electron microscopy (SEM). Representative images of polystyrene (PS)
spheres of 0.05, 0.1, T and 10 um, high density polyethylene (HDPE) fragments, the nylon fiber of 10 x 30 um, car tire and ocean

Ocean cleanup

tissue viability (supplemental Fig. 2A-C). Upon 4 h ex-
posure, viability of the human colon tissue explants was
not affected as the release of LDH was similar for con-
trol and MNP exposed conditions (Fig. 3A). To study in-
testinal functionality, we analyzed the transport of two
small molecule model drugs: mannitol, a low permeable
drug that translocates via the paracellular route, and caf-
feine, a high permeable drug that translocates via the
paracellular route [31]. Based on our previous human
colon InTESTine™ results we applied a cutoff value of
2 for the caffeine/mannitol transport ratio to define
proper tissue functionality [25]. Under control condi-
tions, mannitol transport was low with an apparent
permeability (P,p,) of 5.1+1.4x 10" %cm/s or 6.5+
0.8 x 10 ®cm/s between 1 and 2h and 2-4h, respect-
ively, while caffeine transport was at least 2-fold
higher with P,,, values of 14.2+6.3x 10" °cm/s and
14.4+3.0x 10" ®cm/s between 1 and 2h and 2-4h,
respectively (Fig. 3B and supplemental Fig. 2D-E).

Exposure to polystyrene particles of 1 and 10 pm or
pristine HDPE fragments significantly decreased the
caffeine/mannitol P,,, ratio between 1 and 2h. Al-
though the caffeine/mannitol P,,, ratio remained
above 2 for both PS conditions, the criterion for
proper tissue functionality could not be met for pris-
tine HDPE (1.9 +0.03 x 10" ®cm/s). Between 2 and 4 h
of incubation, caffeine/mannitol P, ratios further de-
creased and dropped below the criterion of 2 for all
three MNP. Exposure of the human colon tissue ex-
plants to OCU and car tire fragments also decreased
tissue functionality between 2 and 4 h. For polystyrene
particles of 0.05pum, caffeine/mannitol P,,, ratios
were lower than the control condition at all time-
points but remained above 2 for the length of the ex-
periment (not significant). For most MNP the
decreased caffeine/mannitol P,p, ratios were a result
of reduced caffeine transport with the exception of
OCU, for which caffeine transport remained intact
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Fig. 2 Viability and integrity measurements in the lung epithelial cell model MucilAir™ upon 24, 48, and 96 h exposure to MNP (1 mg/mL). A The
release of lactate dehydrogenase (LDH) into the basolateral compartment was measured as a marker of cell viability. Maximum LDH release was
achieved by exposure to Triton X-100 0.1%, and all other values were expressed as percentage relative to the maximum release. B Transepithelial
electrical resistance (TEER) as marker for barrier integrity was measured before (t= 0 h) and after exposure. Per condition, TEER at t= 0 h was
normalized to 1 and subsequent measurements were expressed relative to t= 0 h. Additionally, at every timepoint, ctrl TEER was set at 100%, and
all other values were expressed as percentage relative to the ctrl. Inset: relative TEER under control conditions over time. TEER at t= 0 h was
normalized to 1 (dotted line) and subsequent measurements were expressed relative to t= 0 h. Data are presented as mean + SD. * p < 0.05

compared to the control condition, calculated by one-way ANOVA (Dunnett's multiple comparisons). N.D. = not determined

and mannitol transport increased slightly compared to
the control condition (supplemental Fig. 2D-E).
Anatomically, but also at transporter and enzyme
protein level, the gastrointestinal (GI) tract of the om-
nivorous pig is highly similar to the human GI tract
[32, 33]. Furthermore, it was demonstrated that porcine
intestinal tissue is a good alternative to predict intes-
tinal permeability in humans with the advantage of be-
ing more widely available and having the possibility to
study multiple intestinal regions, aspects rather limited
for human intestinal tissue [24]. Here, we applied por-
cine jejunum, ileum and colon tissue in the InNTESTine™
model to study regional effects of MNP. Based on the
results obtained with human colon tissue we exposed
the porcine intestinal tissue to (fluorescent) polystyrene
particles of different sizes for 5h. Under control condi-
tions, LDH secretion was the highest in jejunum,
followed by ileum and subsequently colon (Fig. 3C).
With 5.6 + 0.7%, LDH release under control conditions
in porcine colon after 5h was comparable to the release
by human colon tissue after 4h (Fig. 3A, 5.0 £ 0.4%),

showing the robustness of the model and comparability
between human and porcine intestinal tissue. All poly-
styrene particles significantly increased the LDH release
in ileum and colon tissue and the three fluorescent
polystyrene particles also significantly increased the
LDH release in jejunum intestinal tissue, hence indicat-
ing that these MNP at the applied concentrations af-
fected tissue viability in the current setup. The
relatively short timeframes of 4 and 5 h that we applied
here were inherent to the limited lifespan of using
ex vivo intestinal tissue explants in static in vitro
models such as the INTESTine™ or the Ussing chamber
and this is one of the main limitations in such studies
[34-37]. Applying microfluidics to so-called intestine-
on-a-chip models, thereby providing relevant microen-
vironmental context such as mechanical shear stress
[38], has shown to sustain ex vivo tissue viability for
>24-h [39, 40]. Using our recently developed Intestinal
Explant Barrier Chip (IEBC) [26] we exposed porcine
colon tissue for 24 h to MNP. Under control conditions
LDH release was 23.1 +3.6% in the IEBC (Fig. 3D), in
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Fig. 3 Viability and functionality of human and porcine intestinal tissue explants upon exposure to MNP (1 mg/mL). A-B Human colon tissue
explants were mounted in the InNTESTine™ and exposed to MNP for 4 h (n = 3). A Cumulative LDH release into the apical and basolateral
compartment. B Ratio of caffeine/mannitol (both applied at 10 uM) apparent permeability (P,pp), calculated between 1 and 2 and 2-4 h of
incubation. Cutoff for proper tissue functionality is 2, indicated by the dotted line. C Cumulative LDH release into the apical and basolateral
compartment of porcine jejunum, ileum and colon tissue explants mounted in the InTESTine™ and exposed to MNP for 5 h (n =4). D-E Control
and PS-F 10 exposed porcine colon tissue explants in the Intestinal Explant Barrier Chip (IEBC) for 24 h (n=3-4). D Cumulative LDH release into
the apical and basolateral compartment. E Ratio of caffeine/mannitol (both applied at 10 uM) Py, calculated between 3 and 5 and 22-24 h of
incubation. Cutoff for proper tissue functionality is 2, indicated by the dotted line. Data are presented as mean + SD. * p < 0.05 compared to the
control condition, calculated by one-way ANOVA (Dunnett's multiple comparisons)

line with the InTESTine™ results (Fig. 3C, 5.6 £ 0.7%
after 5h). The LDH release tends to increase upon ex-
posure to the fluorescent polystyrene particles of 10 um
and the nylon fibers (not significant), but not when ex-
posed to its supernatant. Control and PS-F 10 condi-
tions were co-incubated with caffeine and mannitol to
assess the effect on tissue functionality. Between 3 and
5h, tissue functionality was good under control condi-
tions, as indicated by a caffeine/mannitol P,,, ratio
above 2, but not for the tissue exposed to PS-F 10 (Fig.
3E and supplemental Fig. 2E-F; caffeine/mannitol P,
ratio of 1.5 £ 1.1). These results are in agreement with
the InTESTine™ data obtained for the non-fluorescent
PS 10 MNP in human colon tissue between 1 and 4 h.
With a caffeine/mannitol P,,, ratio of 1.8+0.04 or
1.8 £ 0.3 under control or PS-F 10 conditions, respect-
ively, tissue functionality was comparable in both con-
ditions between 22 and 24 h.

Nylon (supernatant) evokes pro-inflammatory cell
activation

When MNP (or chemicals leaching from the particles)
come in contact with cells, this may lead to local effects
on the immune system [41]. Here we included nylon
supernatant as an example of exposure to environmental
leaching of MNP-associated chemicals. As the response
of the immune system takes days rather than hours, we
evaluated the release of pro-inflammatory cytokines after
96 h in the MucilAir™ human lung cell model or after
24 h in the IEBC with porcine colon tissue. A mixture of
TNEF-a, LPS and fetal calf serum, hereafter called cyto-
mix, was included as positive control to induce a pro-
inflammatory immune response. Lung cell secretion of
IL-6 was significantly increased upon exposure to cyto-
mix (Fig. 4A). From the MNP, nylon supernatant in-
duced the highest IL-6 release (6-fold increase compared
to control), followed by PS 10 (4-fold), car tire (2.5-fold)
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h (n=3-4). Data are presented as mean = SD. * p < 0.05 compared to the control condition, calculated by one-way ANOVA (Dunnett's
multiple comparisons)
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and OCU (2-fold). None of the MNP, but also not cyto-
mix, increased the secretion of IL-8 by the lung cells
(Fig. 4B). In addition to IL-6 and IL-8, we assessed 5
additional cytokines in the IEBC experiment. No results
were obtained for IFN-y, TNF-a and IL-10 as concentra-
tions were below the limit of detection (except for TNF-
a in the cytomix positive control condition). Cytomix
significantly increased the secretion of IL-6, as did the
nylon fibers and its supernatant (Fig. 4C). In line with
the results of the lung cell model, nor cytomix nor any
of the MNP affected the release of IL-8 (Fig. 4D). Expos-
ure to PS-F 10 resulted in a high IL-1f release by 2 of
the 4 colon tissue segments and both PS-F 10 and nylon
supernatant provoked a 2-fold increase in IL-18 secre-
tion (Fig. 4E-F). The combined results of the advanced
lung and intestinal models show that nylon 10 x 30 fi-
bers and its supernatant, and possibly also (fluorescent)
polystyrene particles of 10 um, have immunogenic po-
tential with predominantly effects on the local secretion
of the pro-inflammatory cytokine IL-6.

Fluorescent polystyrene MNP cross the lung and
intestinal epithelial barrier

In addition to the potential adverse biochemical and bio-
logical responses of MNP-exposed lung and intestinal
epithelial cells, it is of interest to assess particle uptake
and accumulation. Therefore, we applied fluorescently
labeled polystyrene particles of different sizes and deter-
mined apical to basolateral permeability and epithelial
penetration by plate reader measurements and confocal
microscopy, respectively. After 24 h, permeability of PS-
F 0.05 in the MucilAir™ lung cell model reached 3.6 +
1.2% (Fig. 5A). In a second experiment applying the
same MNP, a comparable permeability was shown be-
tween 0 and 48 h (first dose) and 48-96 h (2nd dose) of
approximately 6—9%. Confocal microscopy confirmed
the penetration of PS-F 0.05 into the MucilAir™ lung
epithelium by showing green fluorescence in the PS-F
0.05-exposed cell system only, and not in the blanc con-
trol (Fig. 5B). As both big and small green fluorescent
structures were visible, it is possible that the 0.05pum
size microparticle beads aggregate (upon intracellular
absorption) to form larger clusters.

Using porcine jejunum, ileum and colon tissue, re-
gional differences in intestinal permeability were
assessed. Furthermore, particles of 0.05, 1 and 10 pm
were used to determine if particle size influenced uptake.
Between regions, no significant differences were ob-
served in particle uptake after 5h exposure (Fig. 5C).
The highest permeability was observed for PS-F 10 with
an average uptake of 3.37 + 0.46% along the 3 intestinal
regions. For PS-F 0.05 and PS-F 1, permeability was
much lower with an average uptake of 0.30 + 0.01% or
0.62+0.03%, respectively. Presence of fluorescent
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particles in the basolateral medium was confirmed by
fluorescent microscopy (Supplemental Fig. 3A-B). As
PS-F 10 showed the highest permeability after 5h of ex-
posure, we choose this MNP to determine the 24 h up-
take using porcine colon tissue in the IEBC. With 1.6 +
0.1% after 5 h exposure, PS-F 10 uptake was lower under
microfluidic conditions in the IEBC than under static
conditions in the InTESTine™ (Fig. 5D). After 24h, a
total amount of 5.5 + 1.3% was translocated to the baso-
lateral side of the colon tissue segment. As for the lung
model, confocal microscopy confirmed the presence of
the fluorescent MNP in the intestinal tissue segments
(Fig. 5E-G and supplemental Fig. 4A-C). A clear intes-
tinal tissue structure was observed with the lining of the
muscularis mucosa and crypt and/or villi structures
marking the basolateral and apical side, respectively, of
the tissue segment. The fluorescent polystyrene particles
are visualized as round spheres in all 3 intestinal regions
(Fig. 5E and supplemental Fig. 4A). Most particles were
observed at the apical, and thus exposed, side, but parti-
cles have also penetrated deeper into the tissue seg-
ments. Interestingly, the absorbed particles seemed to
cluster together at several locations in the tissue seg-
ments. At higher magnifications it is clear that especially
for PS-F 1 these clusters can contain more than 50 sin-
gle entities (Fig. 5F and supplemental Fig. 4B). To inves-
tigate where the MNP are situated, e.g. on top or below
the cells or in the same plain, orthogonal representations
were made of PS-F 1 and PS-F 10 inside jejunum tissue
(Fig. 5G). These images show that the particles were lo-
cated in the same Z-stack position as the cells meaning
that the particles are next or even inside the cells, and
not on top or below the cells. This assumption is sup-
ported by close-ups of the acetylated-tubulin and phal-
loidin staining of the cytoskeleton showing that the PS-F
10 particles are situated inside the cell structure as the
cytoskeleton has formed itself around the MNP (Supple-
mental Fig. 4C). To verify whether MNP truly access
(the intestinal) cells should be investigated in future re-
search as the current set of images cannot provide this
answer. Nevertheless, these results strongly suggest that
particle uptake (with a size <10 pum) is of relevant con-
cern upon MNP inhalation or ingestion.

Discussion

An increasing number of in vitro studies suggest that
MNP are taken up and affecting epithelial cells (A549,
BEAS-2B, Caco-2) in a material and size-dependent way,
but studies using more advanced physiologically relevant
3D barrier models are rare. To the best of our know-
ledge, this is the first study revealing the passage of the
same set of MNP over the epithelium of advanced
in vitro models for both the lung and intestine barrier.
Furthermore, pro-inflammatory cell activation and
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(See figure on previous page.)

Fig. 5 Permeability of fluorescent MNP. A-B MucilAir™ systems were apically exposed to PS-F 0.05 (1 mg/mL) for 24 or 96 h (2 independent
experiments). PS-F 0.05 dose solution was replaced after 48 h. A Apical to basolateral permeability of PS-F 0.05 between 0 and 24 h (experiment 1,
n =6) or 0-48 and 48-96 h (experiment 2, n = 3). B Representative confocal microscopy images of blanc control and 96 h PS-F 0.05 exposed
MucilAir™ systems. Dark blue: cell nuclei (DAPI); red: actin (phalloidin; cytoskeleton); light blue: cilia (acetylated-tubulin); green: MNP. Each staining
is separately visualized with a specific laser in the blue, green, red or far-red channel, followed by projecting the signals from the separate
channels in an overlay picture. C Apical to basolateral permeability of PS-F 0.05, PS-F 1 and PS-F 10 (all 1 mg/mL) in porcine jejunum, ileum and
colon tissue explants mounted in the INTESTine™ after 5 h (n =4). D Apical to basolateral permeability of PS-F 10 (1 mg/mL) in porcine colon
tissue explants in the IEBC after 24 h (n = 4). E-G Representative confocal microscopy images of blanc control and 5 h PS-F 1 or PS-F 10 exposed
porcine jejunum tissue explants. Dark blue: cell nuclei (DAPI); red: actin (phalloidin; cytoskeleton, intestinal/crypt linings); purple: cilia (acetylated-
tubulin; cytoskeleton); light blue: MNP. Each staining is separately visualized with a specific laser in the blue, green, red or far-red channel,
followed by projecting the signals from the separate channels in an overlay picture. E Jejunum tissue was imaged using a 10x objective. As the
complete intestinal tissue segment (from apical to basolateral) did not fit in one field of view (FOV) using the 10x objective, 2 or 3 FOVs per slide

were taken and combined into one image. F Jejunum tissue exposed to PS-F 1 and PS-F 10 was imaged using a 40x and 100x objective. G Z-
stack: two orthogonal representations of jejunum tissue exposed to PS-F 1 or PS-F 10 showing that the plastic particles are at the same Z-
position as the cells. Data are presented as mean + SD (graphs) or as representative images

disrupted barrier integrity were observed after exposure
to several of the tested MNP. With intact 3D tissue
architecture, cell type diversity and physiological charac-
teristics such as mucus production, the MucilAir™, In-
TESTine™, and IEBC models offer more in vivo-like
complexity than the majority of conventional lung and
gut in vitro models that are based on monolayers of cell
lines. Especially the aspect of full tissue thickness in our
advanced models adds value in comparison to the sensi-
tive single layer cellular models when assessing not only
epithelial barrier disturbances but also the lumen-to-
blood permeation of compounds in vitro.

With increasing evidence gathered over the past dec-
ade indicating the presence of MNP inside the animal
and human body, intake of MNP and their associated
chemicals via diet and inhalation shifted from threat to
real phenomenon. Honey, beer, bottled but also tap
water, salt and seafood have been identified as potential
food sources for human consumption of MNP [16, 42—
45]. Among the discovered MNP in foods are PET, PS
and PE particles [42] with fibers being the most com-
monly consumed type of particle, followed by fragments
[43]. The detection of MNP in atmospheric fallout [46]
points towards the omnipresence of airborne MNP for
which textile, e.g. nylon, and flock (microfibre) industry
have been identified as important sources, but also car
tires and degradation of agricultural plastics and
fertilizer have been described [47-49]. By using PS,
HDPE, nylon, car tire and OCU fragments, we have tried
to recapitulate the diversity of MNP types and shapes
that have been found as air- or foodborne contamina-
tors. Furthermore, we included the so-called nylon
supernatant as example of exposure to environmental
leakage of MNP-associated chemicals. The size of the
MNP used in the current study lies within the range typ-
ically found for environmental MNP [16, 42] and the
size heterogeneity of such environmental samples of
MNP is mimicked with our HDPE, car tire and OCU
particles. The use of fluorescently labeled PS of different

sizes allowed us to study size-dependent effects in par-
ticle uptake, as it was described previously that perme-
ability can highly vary between differently sized particles
influenced by the various possibilities that cells and cell
layers have to facilitate uptake [16, 20, 50, 51]. Only lim-
ited knowledge exists about daily human exposure to
MNP and with estimates of ~ 50 particles consumed/day
[43] or 40 mg ingested inorganic microparticles/day [52]
the exact particle concentration to which the lung or in-
testinal epithelium are exposed is guesswork. The ap-
plied concentration of 1 mg/mlL, reflecting a dose of ~
150 pg/cm® (MucilAir™) or ~ 500 pg/cm® (InTESTine™),
in the current study likely exceeds daily exposure, but
was chosen in line with dose administrations in other
in vitro and in vivo studies [53-57]. Furthermore, it is
expected that hazardous effects and differences between
MNP are identified with less effort when using a rela-
tively high concentration, administered here as an acute
single dose. Administration occurred as liquid suspen-
sion in all our experiments, which might sound counter-
intuitive for the lung epithelial model having an air-
liquid interface and can therefore also be exposed to
aerosols. We however choose to apply the MNP in a
minimal droplet based on the following: 1) We showed
similar results for droplet and air exposure for CeO, and
CuO particles based on gene expression as a readout
parameter (unpublished results), 2) air exposure would
require high amounts of MNP, which are not available
for the selected subset of microplastics. Based on these
compiled results we believe that droplet exposure to
lung epithelial model as applied in this study mimics ex-
posure of MNP via inhalation.

For uptake, particles <2.5um and fibers are of most
concern for the lungs whereas also larger particles can
be taken up by the intestinal tissue [16], and our parti-
cles to study uptake were selected accordingly. MNP up-
take was quantified with transport rates of
approximately 3.5% (0.05um-sized PS-F) or 5.5%
(10 pm-sized PS-F) per 24h across our models of the
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lung or intestinal epithelial barrier, respectively. Further-
more, we demonstrated that the intestinal absorption of
large PS particles (10 pm) was higher than that of
smaller PS particles (0.05—1 pm). In contrast to previous
in vitro studies using cellular monolayers, MNP uptake
in the present study not just means that the epithelial
cells might have the capability to internalize or absorb
particles, but also emphasize that these particles can
translocate all the way through multiple cell layers into
the basolateral compartment. Previous research into
lung or intestinal MNP uptake has been conducted
mostly in the A549 or Caco-2 cells lines, which are the
most frequently applied cell lines in lung or intestinal re-
search, respectively [20, 50, 51, 53, 58]. Using mostly
fluorescently labeled PS particles, MNP uptake has been
demonstrated in A549 cells for different particles with a
size smaller than 100 nm [50, 51], and in Caco-2 cells
for particles with a size ranging from 0.1-10 pm [20, 58].
Although these studies assessed the amount of MNP lo-
cated inside or on top of the cells, no quantitative results
were obtained for penetration through the epithelial cell
layer into the basolateral medium. In line with our re-
sults that show a higher uptake for larger particles by
the intestinal epithelium, Caco-2 cells showed more in-
ternalization of 4 um sized particles than 1 pm particles
[20]. Interestingly, higher particle uptake was noted for
Caco-2 co-cultures with either HT29-MTX cells or Raji
B cells compared to Caco-2 alone [20], suggesting that
the use of more complex models increase the predictive
value for the in vivo situation. Unlike our findings,
10 um sized particles were hardly taken up by Caco-2
cells [20]. One of the possible explanations for this dis-
crepancy can be that a simplistic model with just the
epithelial cells omits other cell types present in the epi-
thelial layer that might play a more prominent role in
the endocytosis of larger MNP. For example, as reviewed
by Wright and Kelly 2017 in the gastrointestinal tract
the Peyer’s patches of the ileum play an important role
in the uptake and translocation of particles in the range
of 0.1 <10 pm via endocytosis [16]. Another explanation
for the lack of uptake of 10 um sized particles by Caco-2
cells can be the much tighter barrier integrity, as mea-
sured by TEER, for Caco-2 cells in comparison to intes-
tinal tissue explants [30], thereby likely underestimating
the fraction of MNP that are able to pass the intestinal
barrier in vivo. For A549 cells the opposite is the case, as
it has a poor barrier integrity due to the lack of func-
tional tight junctions, thereby easily overestimating com-
pound permeability [59, 60]. Again it was demonstrated
that particle size influenced uptake as one study showed
that uptake by A549 cells was higher for 40 nm particles
compared to 20 or 100 nm sized particles [51]. Although
it has been demonstrated that translocation efficiency in-
creased when particle size decreases [61, 62], it is also
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known that different uptake mechanisms are at play for
different size fractions. Besides endocytosis, the
phenomenon of persorption is another route of uptake
covering particles even up to 130 um via mechanical
kneading through gaps in the intestinal epithelium at the
villus tips [16]. A major limitation of (almost) all in vitro
and in vivo studies, including the study presented here,
towards particle uptake is that so far only spherical
shaped polystyrene particles are used. The reason for
this is the availability of these spheres with a fluorescent
label, simplifying the detection. As environmental MNP
are more often not spherical and more fragmentized, ex-
trapolation of experimental particle uptake data to assess
human risk exposure should be done with care and will
benefit from evaluating uptake of particles with a
broader diversity in not only shape, but also material
composition. A broader availability of fluorescently, or
otherwise, labeled particles would obviously ameliorate
such studies.

From all the tested MNP, car tire, PS of 10 um, nylon fi-
bers and the nylon supernatant stand out as the particles
evoking adverse effects on the barrier integrity and pro-
inflammatory cell activation in our lung and intestinal
models. The finding that in addition to the particles them-
selves, also the nylon supernatant could elicit cytotoxic ef-
fects emphasize that leaching chemicals or other particle-
associated factors should also be considered as being de-
structive. In fact, a recent study focusing on the effect of
polyester and nylon microfibers, the same nylon microfi-
bers used in this study, in human and murine alveolar and
airway organoids attributed the negative effects on cell
growth and development of nylon specifically to its leach-
ing chemicals [63]. The negative effects reported in the
current study for nylon fibers might therefore potentially
also being caused by leaching chemicals and not, or to a
lesser extent, by the particle itself. However, which com-
ponents in the nylon supernatant caused the negative ef-
fects in the airway model of van Dijk et al. and in our
advanced in vitro models of the lung and intestinal epithe-
lial barrier could not be identified so far [63]. Chemical
leaching might also play a role for the car tire particles as
different additives are used in car tire manufacturing and
toxic components have been found to leach from tire rub-
ber [64, 65]. Likewise, detrimental leachate effects on sea
urchin embryo development have been shown previously
for the same HDPE fluff stock as that we used in our study
and for PS particles, but the latter were from a different
source [66]. For HDPE six aliphatic hydrocarbons (C14,
C16, C18, C20, and C22) were detected in the leaching so-
lutions [67] and they might have caused the negative ef-
fects on the sea urchin embryos. In an attempt to avoid
HDPE leaching effects in the current study, we also in-
cluded hexane-cleaned HDPE (HDPE-c). For the applied
PS particles in this study we have no information on
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possible chemical leachates, but the supplier information
shows that the PS particles are almost purely composed of
polystyrene (97.5%) and polystyrene divinylbenzene
(2.5%), although they might contain possible residual pro-
prietary surfactants [68]. For all other MNP used in this
study we have no technical specifications from the sup-
plier on the use of additives. Previous reports on cytotox-
icity and immune-modulating effects of MNP vary widely
within and between cell types, likely due to differences in
experimental conditions, particle type and timing [69]. In
general, cytotoxic effects start to appear from concentra-
tions of 25 pg/mL or higher in various lung, intestinal but
also immune cell models. However, as was also demon-
strated by our results, cytotoxicity is not always going
hand in hand with a decreased barrier integrity, for which
different mechanisms can be at play. Hindering cell prolif-
eration and activation of apoptotic pathways has been
shown in A549 cells [50] and murine and human lung
organoids [63] and activation of such processes that im-
pair cell growth might explain the lower TEER upon ex-
posure to some of the MNP in the MucilAir™ model.
Additionally, lower TEER values can also indicate in-
creased epithelial permeability for which ROS-induced
disruption of tight junction proteins might be held re-
sponsible as they are well-known to disrupt tight junctions
and to be formed upon interaction of MNP with the bio-
logical environment [21, 70]. In congruence with the data
presented here, MNP-associated release (or gene expres-
sion) of pro-inflammatory cytokines such as IL-6 and IL-
1B has been observed in several other in vitro studies [50,
53, 55, 70], but also iz vivo in rat and mice [53, 54]. At the
initiation of the inflammatory response, pro-inflammatory
cytokines like IL-1B, IL-6 and IL-8 facilitate neutrophil re-
cruitment. This recruitment of inflammatory cells upon
MNP exposure might pursue particle clearance at first,
but if sustained, e.g. upon repeated or continuous expos-
ure to MNP and/or if the immune system fails to remove
the particles, this will likely evoke tissue damage and in-
crease the risk of neoplasia [71]. Despite the frequently re-
ported observations on an activated pro-inflammatory
immune response upon MNP exposure, there are also
studies that did not find such inflammatory responses [20,
72, 73]. As different in vitro or in vivo models, MNP and
exposure regimens are used in every study, different out-
comes are inevitable. Nonetheless, MNP clearly have the
potential to affect human health, but the exact impact and
consequences on the long-term are currently unknown
and need to be explored in future investigations.

Conclusions

Although not the first in demonstrating MNP-induced
cytotoxicity or particle crossing of the lung and intestinal
epithelial barrier, the innovative aspect of the current
study was that we used advanced in vitro models
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representing the tissue architecture and cell type diversity
in vivo. Our results showed the applicability of the pre-
sented lung and intestinal models for MNP research into
1) MNP-induced biological or biochemical responses of
the exposed epithelium, and 2) penetration effects of the
MNP themselves. Of course, results from the specific
MNP should be interpreted with care, especially as the ap-
plied dose was relatively high. These achieved experimen-
tal outcomes fit the needs in MNP risk analysis, for which
data on exposure and hazard are needed. Furthermore,
with an expected higher in vitro-in vivo translatability
compared to conventional in vitro research models,
utilization of such advanced research models likely con-
tribute to a more complete assessment of MNP impact.
Further optimization and validation of the current meth-
odologies should be part of future investigations, as well
as the possibility to implement these advanced in vitro
lung and gut epithelial barrier models in MNP risk ana-
lysis strategies.
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