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General introduction

1.1 Historical perspective on micro- and nanoplastics

Throughout its history, mankind has continually sought novel materials to meet the
ever-increasing demands of society. Until the mid-19™ century, industry relied on natural
materials including steel, wood and leather which were heavy, rigid and sensitive to
degradation (1). The increasing demand for luxury products during the industrial revolu-
tion caused an excessive need for animal-derived polymers such as ivory, turtle shell and
shellac, which could no longer be met by the mid-1800s (2). In order to stave off mass
animal extinction, synthetic plastics were invented in 1863, which endowed man with
a material that is readily available, long lasting, and pliable. The maturation of polymer
chemistry in the 1930s, combined with high material demands during the second world
war, kickstarted the plastic boom as we know it today (2, 3). Currently, over 460 million
tons of plastics are produced on an annual basis with a recycling rate of less than 9% (4).
Although plastics have been a great boon to human innovation, the once desirable ease
of production and long-persistence has now made plastics one of the most abundant
environmental pollutants (5).

Macroscopic waste in the environment is continually exposed to environmental forces in-
cluding abrasion by wind and waves, ultraviolet (UV) light and biological fouling. Through
these processes, plastic waste can slowly be degraded into plastic fragments smaller than
5 mm called microplastics and nanoplastics (MNPs). The small size of MNPs facilitates
their spread throughout earth’s ecosystems by the tidal circulation and atmospheric
airstreams (6, 7). As a result, MNPs and microplastics have been detected in all locations
in the known ecosphere including remote locations devoid of anthropogenic activity like
the Mariana trench (8, 9), mount Everest (10) and the north pole (11).

Micro- and nanoparticles below 10 pm, like small MNPs or metallic particles, are called
colloids and are subject to both physical forces like sedimentation and thermodynamic
forces that commonly act on a molecular scale. Colloidal MNPs are undetectable by
the naked eye, can traverse biological barriers and can accumulate in biological tissues
otherwise inaccessible to larger plastic objects (12, 13). Human exposure to MNPs has
been confirmed by the recent detection in various human tissues (14-18), which raises
concerns about the effect of MNPs on human health. In view of this, MNPs have recently
been designated as a contaminant of emerging concern (19-21) and have received
increasing scientific attention by the European Food Safety Authority (EFSA), the World
Health Organization (WHO) and the environmental protection agency (EPA) (22-24). To
warrant human health throughout a lifelong exposure to MNPs, there is an urgent need
to understand human exposure to microplastics, the fate of MNPs in the human body and
the potential toxicity of MNPs to humans.
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Chapter 1

1.2 Generation of micro- and nanoplastics

MNPs can either be formed due to natural processes leading to weathering of macroscop-
ic plastic or by intentional synthesis at a microscopic size. MNPs which have been synthe-
sized intentionally are called primary MNPs and have historically been used as abrasive
agents in cosmetics or building materials(25) and are still commonly used in laboratory
settings. While there are multiple ways of generating primary MNPs, the most common
method of synthesis is by solvent displacement and emulsion polymerization (26, 27).
Here, monomers are initially dispersed in a solvent which is then subsequently added
to a non-miscible aqueous liquid. As a result, microscopic droplets form in the aqueous
phase containing plastic monomers the size of which can be controlled with solvents or
mechanical stimulation(26, 27), and polymerization can be initiated within the solvent
droplets(28). This method allows for accurate control of MNP size and various additives
like fluorophores can be added to the solvent phase to allow internal labelling of MNPs
(29, 30). Importantly, solvent displacement methods require the use of monomers which
are highly soluble in an organic solvent, but poorly soluble in the non-miscible liquid(31).
Of all polymers with high production volume, polystyrene (PS) is the most suitable for sol-
vent displacement methods and the size of the resulting MNPs can be controlled even for
small nanoparticles(28). Contrastingly, the other polymers with high production volume
have a higher water solubility which makes it more difficult to be efficiently synthesized
at colloidal sizes(28). Consequently few primary MNPs are available for non-PS MNPs.

The other main group of MNPs are the secondary MNPs which are either generated due
to environmental weathering of macroscopic plastic waste, or by intentional artificial
weathering of larger plastics products or particles. As mentioned earlier, environmental
weathering occurs mainly through abrasion by waves, UV light causing internal breaks
in the plastic structure and biological degradation by plastic degrading bacteria (32).
Environmental weathering has both physical and chemical consequences to the MNPs.
Chemically, UV radiation and oxidation causes exchange of methyl/carbon groups with
carbonyl and hydroxyl groups, and alteration of the crystalline structure of MNPs and
accumulation of oxidated end-products leading to discolouration (32-34). Physically
speaking, the main consequences of weathering are the formation of cracks and pores
in MNPs by degradation of the polymer backbone and repeated thermal expansion and
contraction. Both cracking and pore forming increase the total surface area of MNPs
which in turn increase their ability to adsorb environmental toxicants (35). Thermal
weathering and physical weathering of plastics occurs frequently in both environmental
MNPs and food-contact materials. Thermal weathering typically occurs at temperatures
above 200°C, although combined action of UV radiation and oxidation can accelerate
this process. Thermal degradation results in the formation of free radicals which, under
the influence of oxygen, result in similar alterations as oxidative weathering (36, 37).
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General introduction

Physical weathering, unlike UV, oxidative and thermal-induced weathering, mainly af-
fects the physical structures of MNPs with minimal alterations to the chemical structure.
It is not practical to collect weathered plastics from the environment as there is a lack
of suitable separation techniques to obtain relatively homogenous MNP mixtures from
environmental samples. Instead, environmentally weathering is typically mimicked by
accelerated top-down degradation of plastic products. The five main accelerated weath-
ering methodologies are cryogenic grinding (38), thermal degradation (39), laser ablation
(40) , UV-induced fragmentation (41, 42) and advanced oxidative degradation (43). It is
poorly understood how similar the chemical and physical MNP modifications of these
accelerated weathering methodologies are to natural weathering, but likely cryogenic
grinding, will only mimic physical alterations while the remaining methods will introduce
both physical and chemical modifications to the material. Regardless of environmental
or artificial weathering, secondary MNP formation generates homogenous mixtures of
MNP sizes and shapes with little possibility to control resulting MNP properties. As such,
the variety and complexity of secondary MNPs tends to be higher than primary MNPs. As
a result, laboratory studies with MNPs have largely been carried out with primary MNPs
despite the fact that secondary MNPs are more common in nature.

1.3 Physicochemical properties of micro- and nanoplastics

The physicochemical properties of MNPs can influence their behaviour in the environ-
ment and their interactions with humans. The most important physicochemical proper-
ties are particle size, shape and polymer type, and these properties are frequently used for
MNP grouping. As highlighted earlier, small size is the main determining factor of MNPs.
While the term microplastic was coined over 20 years ago, there is an ongoing discussion
on the exact size definition of MNPs (44). In general, microplastics are considered any
plastic particle ranging from 1 um - 5mm, while nanoplastics are defined to range from
1-100 nm and the particles ranging from 100 nm - 1 pm are ambiguously referred to as
nanoplastics or microplastics. For the remainder of the thesis, particles ranging from 100
nm - 1000 nm are considered microplastics, as this definition is in line with the definitions
set by the international organization for standardization (ISO), EFSA and the OECD (45).

Another key property of MNPs is the polymer composition, which determines the chemi-
cal reactivity, density and rigidity (32). The polymer composition of secondary MNPs
mimics the polymer composition of macroscopic plastic material, while primary MNPs are
mostly made of PS. In Europe, 91% of all produced plastics are comprised of polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC), polyethylene terephthalate (PET), poly-
urethane (PUR) and polystyrene (PS) (46-53) and the remaining 9% are classified as other
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Fig 1. Overview of polymer types and global plastic production

The symbols on the left-hand side show the chemical backbone of the most produced polymer
types and their associated resin recycling code as classified by society of the plastic industry (SPI).
*Resin recycling code 7 applies to all plastics other than PET, HD-PE, PVC, LD-PE, PP or PS. The pie
chart on the right shows the percentual contribution of each polymer type to global plastic pollution
taken from PlasticsEurope (4).

The polymer composition also impacts the crystallinity, roughness and chemical reac-
tivity of the material, however it is poorly understood how this impacts the interaction
with humans. In laboratory settings, the MNP polymer is often modified by addition of
carboxyl or amine groups to the surface of the MNP polymer, imparting a negative and
positive surface charge respectively. The surface charge of MNPs largely impacts their
interaction with humans, as human cell and mitochondrial membranes are negatively
charged and can be disrupted by a positive charge of colloids (54).

Finally, the shape of MNPs largely determines their behaviour. Microplastics can exist
as spheres, sheets, rods, fibres, foams or fragments of heterogenic aspect ratios (55, 56).
Spherical microplastics are the most frequently tested in laboratory settings, but only
comprise a minor part of environmental MNPs where fibres, fragments and films are most
common (55, 56). The shape of MNPs is inherently linked to their total surface area which
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impacts both their reactivity and binding capacity. Additionally, the shape of MNPs im-
pacts their aerodynamic and hydrodynamic properties, which alter their environmental
deposition and biodistribution in the body (discussed in detail in section 1.6) (57-59).
Specific shapes also impart unique mechanisms of toxicity such as frustrated phagocyto-
sis which causes inflammation through the inability for phagocytes to engulf long fibres
(60, 61).

Overall, the importance of physicochemical properties of MNPs on their toxicity is known,
but vaguely understood.

1.4 Additives and fillers

Besides differences in physicochemical properties, another main distinguishing feature of
MNPs is the presence of additives and fillers. Additives shape the functional properties of
plastics, and all plastic products contain additives to some degree. In the European union,
plastic additives are categorized as functional additives, colorants, fillers and reinforce-
ments (62). A table of the most common additives and their typical weight fraction in
percentage is included in table 1.

Table 1: Typical additives used in plastics

Category Weight fraction Notable Examples

Plasticizer 10-70% Chlorinated paraffins BPA, DEHP, BBP

Flame retardant 0.7-25% Halogenated phenols, aluminium oxide,
halogenated hydrocarbons

Stabilizers 0.05-3% Cadmium, lead, stannum, barium, zinc, phenolic
antioxidants

Biocides 0.001-1% Arsenic compounds, organic tin, triclosan

Organic colorants 0.001-5% Azocolorants

Inorganic pigments 0.01-10% Cadmium, chromium, lead

Fillers <50% Calcium carbonate, Talc, Clay, ZnO, glass,
plant-derived polymers, TiO, etc.

Reinforcements 15-30% Glass fiber, carbon fiber, aramide fiber, plastic

nanomaterials, metal nanomaterials, ceramic
nanomaterials

Table is recreated from the table presented in (63) and contains information from (64) and (65).
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Chapter 1

Functional additives include flame-retardants, antioxidants, plasticizers, heat/light sta-
bilizers, biocides among others (63). The most abundant additives in terms of weight/
weight fraction are plasticizers, flame retardants, fillers and reinforcements. Many of the
functional additives like phenolic compounds and halogenated flame retardants have
suspected endocrine disrupting potential, while heavy metals used as pigments may
induce neurotoxicity (25, 66-74). For macroscopic plastic products, the leaching of these
materials is typically assessed by in silico prediction of leaching (62), however it may be
possible that leaching from MNPs is higher than macroscopic plastics. Furthermore, MNPs
show higher bioavailability than macroscopic plastics and may act as a vector to shuttle
these compounds to otherwise inaccessible locations, which is called the trojan-horse
effect (63, 75). As such, there is large scientific and regulatory interest in establishing the
role of functional additives and pigments on MNP toxicity. Filler materials and reinforce-
ments are typically included in plastic materials at high weight fractions to alter physi-
cochemical properties of the plastic, reduce the cost, or improve degradability (76, 77).
Typical filler materials do not have well established roles in toxicity, and the role of fillers
and reinforcements has been largely ignored from a toxicological perspective. How-
ever, when plastics are degraded, these fillers are also miniaturized, potentially imparting
novel toxicity. Furthermore, degradation of plastic leads to release of the filler material
(78) which can lead to secondary exposure to inorganic or organic filler nanoparticles.
No studies could be identified which investigated the role of fillers in MNP toxicity, which
represents an important knowledge gap. Besides these additives mentioned above, plas-
tics typically also contain unreacted monomers and oligomers, which are often cytotoxic
and carcinogenic and may contribute to overall effects of MNPs (63, 79). As evident from
their physicochemical properties and common additives, there is a near limitless combi-
nation of possible MNPs a highly diverse suite of contaminants, the complexity of which
is not subservient to the complexity of small molecules.

1.5 Human exposure to micro- and nanoplastics

Humans cannot visually or physically detect MNPs (present in food and air) and conse-
quently may unintentionally be exposed to up to hundred thousands of MNP fragments
per year (80). There are four possible exposure routes to MNPs: ingestion, inhalation,
dermal absorption and intravenous release. Barring uptake through open wounds, der-
mal absorption of MNPs is virtually absent, making the dermal route of exposure largely
negligible. Intravenous exposure is mostly due to release of MNPs from tubing intended
for intravenous application or released from prosthetic implants (81-84). While intrave-
nous exposure is highly relevant for specific patient populations and the elderly, it has a
negligible contribution to the general population.
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While not the focus of this thesis, one of the two main routes of human MNP exposure is
inhalation of contaminated air. MNPs comprise a significant part of particulate matter in
air and numerous studies have confirmed their presence in both indoor and outdoor air.
Currently there is a consensus that exposure to indoor air represents the major route of
inhalatory MNP exposure, both due to higher reported concentrations (85) and because
humans spend around 70-90% of their time indoors (86). Inhalatory exposure is limited
to spherical particles with a hydrodynamic diameter smaller than 10 um due to deposi-
tion of larger MNPs in the upper airways followed by exhalation or clearance, while fibres
longer than 10 um can still be internalized (87). Fibres have been shown to translocate
to the pulmonary region more efficiently than particles (88) and can have pronounced
local toxicity through frustrated phagocytosis (60), but translocation to the bloodstream
is highly unlikely. A study on indoor air demonstrated microplastic concentrations of 0.4
to 56.5 particles per cubic meter (89), while occupational exposures can be many times
higher than regular indoor exposure. The majority of inhaled particles get trapped in mu-
cous or macrophages lining the lung epithelia. These particles are subsequently cleared
from the lung by a process called the mucociliary escalator, after which they are swal-
lowed (90). The exact degree of mucociliary clearance is unknown, but various studies
have shown clearance of ~ 50-85% of inhaled particles of size 220 nm - 4.2 pm within 24 h
(91-93). Additional contribution of airborne particles to the total oral MNP burden occurs
through settling of airborne dust on the ground and on plates (94-96). The daily inhala-
tion of microplastic fibres was estimated to be between 26 - 130 fibres of 50 - 500 um (85)
or around 272 fibres of approximately 250 um in size per day (97).

The consumption of contaminated foodstuffs represents the largest vector of human
MNP exposure. There is an increasing tendency to package food in plastic containing
food-contact materials, which upon opening, microwaving, heating, or passively over
time can generate MNPs (98-101). Additionally, foodstuffs themselves can get contami-
nated through consumption of MNPs by animals or livestock through grazing of contami-
nated plants, ingestion of MNPs in surface water and the consumption of other animals
leading to trophic transfer (102-105). MNPs have been detected in virtually all food com-
modities, including meat (13, 106), milk, fruit and vegetables (107), honey (108), salt (109),
shellfish (110), fish (111), beer (112) and drinking water (113), carbonated drinks, coffee
(114). Based on MNP concentrations in these sources, there are multiple estimates of hu-
man oral exposure. In terms of numbers of particles, an estimate of total human food
consumption predicted oral exposure to 114000 and 94000 MNPs per year for males and
females, respectively (115), while consumption of tea was estimated to lead to exposure
to 2.93%10'° particles per year, although this also included non-MNP particulates (116).
In addition to number-based estimates based on particle counting, two mass-based
estimates exist which range between 4.1 ug/week (80) and 0.1-5 g/week (117).
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The above exposure estimations range over six orders of magnitude, which highlights
the difficulty of plastic exposure assessment as recently discussed by the European Food
Safety Authority (EFSA) and the U.S. Food and Drug Administration (FDA) (13, 114). Cur-
rent analytical methods have difficulty detecting microplastics <1 um in complex samples
and as a result the concentrations of nanoplastics in food have to be estimated from the
presence of larger microplastics. Plastic abundance in nature generally follows a power
law relation with smaller particles being exponentially more present (80, 118). Addition-
ally, nanoplastics are more bioavailable and have a higher capacity for toxicity (13). It is
therefore commonly believed that nanoplastics pose a larger risk than microplastics for
humans, but the lack of analytical techniques precludes accurate nanoplastic exposure
assessment.

1.6 Biodistribution of MNPs

After ingestion of MNPs, their biodistribution within the body is determined by their ab-
sorption from the gastrointestinal tract to the central circulation, their distribution from
the central circulation to organs and their elimination from organs into urine or feces.

Oral ingestion of MNPs has no clear size cutoff and all swallowed MNPs eventually
traverse the entire gastrointestinal tract, consisting of the esophagus, stomach, small in-
testine and large intestine. Throughout the gastrointestinal tract, MNPs are subjected to
large fluctuations in pH, osmotic strength and various digestive (e.g. enzymes) and non-
digestive proteins (e.g. mucins) which line the inside of the gastrointestinal organs. Due
to their high recalcitrance to chemical modifications, no substantial MNP metabolism oc-
curs in humans and MNPs can pass the stomach with minimal alterations (119-121). After
passing the stomach, MNPs enter the small intestine, where the majority of absorption
occurs. The small intestine consists of a luminal compartment containing the digesta, an
epithelial layer which forms both a barrier to foreign agents as well as the main site of
nutrient absorption, and a submucosal layer containing various immune cells as well as
lymphatic and capillary vessels.

The epithelial layer consists of finger like protrusions called villi, invaginations in between
the villi called crypts and scattered lymphoid structures called Peyer's patches. The villi
serve to increase the surface area of the small intestine increasing the capacity to absorb
nutrients and chemicals. Villi are comprised of two main cell types, enterocytes and gob-
let cells of which goblet cells represent approximately 10% of all cells (122). Goblet cells
secrete a negatively charged mucous into the luminal compartment which covers the
entirety of the small intestine epithelium. The mucous layer strongly restricts transport
of particles with a size of >2 um (123-125), as well as charged particles (126, 127). The
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mucous layer is fully renewed every 1-3 h leading to fecal excretion of the old mucous
with all entrapped particles (128, 129).

After passage through the mucous layer, MNPs between 50 and 500 nm can be taken
up directly by enterocytes through endocytosis (particles <150 nm) or macropinocytosis
(particles <500 nm). Larger particles can be internalized by phagocytosis(130), but the
phagocytotic capacity of enterocytes is limited. The crypts house intestinal stem cells,
which, through stimuli by Paneth cells, differentiate into new intestinal cell types which
migrate upwards from the base of the crypt to the tip of the villi. Dead cells are shedded
from the villi tips, leaving transient gaps in the villi membrane. It has been proposed that
gaps at the tips of the villi through enterocyte shedding might allow MNPs up to a size
of 150 um to enter the basolateral tissue (131, 132), through a process called persorption
but this mechanism is still highly debated (133). A final route how MNPs can pass the
intestinal epithelium is via specialized lymphoid regions, the Peyer’s patches (also called
the gastric lymphoid associated tissue (GALT)). The intestine contains approximately 100-
300 Peyer’s patches sparsely spread throughout the small intestine which are responsible
for a large part of the intestinal microparticle absorption (134, 135). Unlike the remainder
of the small intestinal epithelium, Peyer’s patches have a minimal mucous layer (136, 137)
and are home to specialized enterocytes called microfold cells (M-cells). M-cells display a
much increased phagocytic capacity compared to enterocytes and have been shown to
internalize particles up to 10 pm, with optimal internalization of 1 um particles (138). The
degree of intestinal absorption of MNPs in humans is unknown, but mouse studies show
an absorption of ranging typically between 0.1 - 2% (13, 139, 140).

After intestinal absorption, MNPs get deposited in the lamina propria or the submuco-
sal area of Peyer’s patches. Particles below 5 pm can distribute to the rest of the body
through the villous capillaries and lymphatic vessels called lacteals (141), while particles
>5 um typically remain in the intestine. The intestinal capillaries are porous, allowing the
entry of particles below 12 nm like proteins and small molecules (142). The majority of
MNPs cannot directly pass into the intestinal capillaries and are instead transported by
the lacteals to collecting lymph nodes, from where they can enter the bloodstream by
deposition in the subclavian vein.

After entry into the bloodstream the distribution of MNPs is governed mostly through
capture by phagocytotic cells and the porosity of blood vessels. The majority of MNPs are
rapidly sequestered in the liver and spleen, due to the high phagocytic activity of resident
macrophages, and because of large fenestrations in liver capillaries and open-ended cap-
illaries in the spleen (142, 143). Distribution to other organs has been confirmed in vivo,
but biodistribution studies indicate that this fraction is small compared to concentrations
in the intestine, spleen and liver (139, 144, 145).
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MNPs are eventually removed from the body by urinary or biliary excretion. The kidneys
have capillary fenestrations up to 70 nm and bloodborne MNPs <10 nm are rapidly ex-
creted into the urine (146). Urinary excretion of larger fluorescently labelled MNPs has
also been shown in vivo, but as of yet there is no theoretical justification how this is
possible and may be an artifact due to leaching of fluorophores from the plastic surface.
Biliary excretion of MNPs occurs by the transfer of MNPs from the liver into proximal bile
channels with a diameter of 2 um called canaliculi, which are subsequently released back
into the intestine through the sphincter of Oddi. The presence of microplastics up to 3
pum has been confirmed in bile ducts (147), however as the particles exceeded the size
of canaliculi, the mechanism of biliary excretion is unknown. While biliary excretion is
thought to be the main excretion pathway for MNPs, the excretion of MNPs appears slow
(hours to months) (148) and no exact rates or size cutoffs for biliary excretion are known.

1.7 Protein corona

Colloidal MNPs very efficiently adsorb surrounding molecules due to their high surface
area and hydrophobic nature, which leads to the formation of a layer of biomolecules
on MNPs as they traverse the body. This layer of molecules is called the corona and can
significantly impact nanoparticle toxicity through modulation of biological interac-
tions(149-152).

While any lipophilic or amphiphilic molecule (like proteins, saccharides and lipids) can be
part of the MNP corona, the protein component of the corona, referred to as the protein
corona, has received the most scientific attention and is the best comprehended aspect
of the micro- and nanoparticle corona (151, 153). The body consists of various matrices
including blood, tissue, lymph and digesta, each with their specific protein compositions.
As a result, the protein corona develops dynamically as MNPs transit through different
biological compartments. The development of the protein corona within the body can be
divided in two phases, formation of the hard protein corona and the soft protein corona.
First, proteins with a high abundance but low affinity attach to the MNP, forming the
weakly interacting soft protein corona within seconds to minutes. Within the timespan
of several minutes to hours, weakly interacting proteins are exchanged for high-affinity
proteins forming the hard protein corona, which is rapidly covered by proteins of the
soft-protein corona through protein-protein binding (154). The timeframes of these
processes cause the soft protein corona to change rapidly during bodily transit while
the hard protein corona partially endures and shows fewer alterations at a biologically
relevant timeframe. The mutability of the soft-protein corona complicates in vitro studies,
as any manipulation steps leads to significant alterations. Instead, research has largely
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Fig. 3: overview of protein corona formation.
Adapted from (155)

The protein corona covers the entire surface of MNPs which shields cells from potential
cell membrane destabilization due to the reactive MNP surface and the presence or
absence affects cell membrane attachment of micro- and nanoparticles (156-158).
Importantly, the composition of the protein corona can affect both cellular uptake of
MNPs and toxicity. Many proteins are targets for cell surface receptors, and misfolded
proteins within the protein corona can be recognized by scavenger receptors leading to
phagocytosis and immune stimulation. Additionally, the binding of specific proteins, like
digestive proteins, can interfere with their physiological functions leading for example
to reduced lipid metabolism (159). Oral ingestion of MNPs appears the main vector of
human exposure, making the protein corona formed during digestion most relevant to
human toxicity, however little is known on the composition of the digestion-associated
protein corona.

It has been recognized that the protein corona is more predictive of nanoparticle toxicity
than the physiological properties of particles themselves, highlighting it's importance for
the potential toxicity of MNPs (152, 160-164).

1.8 Toxicity of MNPs

1.8.1 Toxicity in animals

Given the population-wide exposure to MNPs, there is a large interest in establishing the
risk MNPs pose to human health. Macroscopic plastic materials are generally designed
to be biologically inert and many of the polymers used today including PU, PS, PVC, PP
have been used for medical applications (165). However, as particles decrease in radius,
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the total surface area increases linearly, and the particle number scales to the third power
which can impart new material properties. For example, a single T mm microplastic has
the potential to degrade into a trillion nanoplastics of 100 nm with a total surface of
3.15%10* mm?. It is well recognized that cellular interaction is largely driven by surface
processes and the increase in surface area associated with miniaturization of materials
bestows novel mechanisms of toxicity (166-170).

The toxic potential of MNPs was first established in aquatic animals due to their high en-
vironmental exposure and most MNP research to date focused on aquatic animals (171,
172). In vivo exposure of fish, crustaceans and mollusks to microplastics show that MNPs
can induce neurotoxicity, metabolic disruption, immunotoxicity, reproductive toxicity,
oxidative toxicity and genotoxicity (173-180). Similar results to those found in aquatic
animals are reported in rodents, as several mouse studies have shown that oral exposure
to high doses of polystyrene can lead to metabolic disorders, reproductive toxicity (181),
behavioural alterations, gut microbiota dysbiosis (159, 182-184), hemotoxicity (185,
186), hepatotoxicity (187, 188). Most of these effects appear to be mediated through
ROS formation and inflammation (189, 190). Additionally studies have reported that oral
MNP exposure may lead to alterations of mucus secretion, loss of barrier integrity, and
inflammation of the gastrointestinal tissues, as well as alterations in the gut microbiome
composition (191). However, the concentrations used in rodent studies tend to be high
and are often criticised for having unrealistic exposure settings and assessing endpoints
with questionable human relevance. Rodent studies frequently have reported contradict-
ing findings, showing no effect on gut microbiota (192), inflammation (193), behaviour
(184, 194), hemotoxicity (186) and multiple studies with PS MNPs have reported no
observed adverse effects (139, 195). The inconsistency of reported effects and absence of
consensus on realistic MNP concentrations hinder the translation of in vivo rodent studies
to humans.

1.8.2 Toxicity in humans

While the presence of MNPs has been reported in most human tissues including saliva
(196), blood (14), breast milk (18), liver (197), kidney (197), placenta (17, 18, 198), lung
(199), spleen (197) and brain (16), little is known on human toxicity of MNPs. Epidemio-
logical studies showing a relation between pulmonary diseases and exposure to inhal-
able plastic particles by factory workers have been available for over 20 years, however it
is uncertain if this relation holds true for the general population (200, 201). Recent studies
have shown that the abundance of microplastics in stool correlated to inflammatory
bowel disease (202) and that MNPs are present in cirrhotic liver tissue (197) and arterial
thrombi isolated after acute embolism (203). While these findings indicate a potential
role for MNPs in the etiology of inflammatory diseases and tissue damage, MNPs appear
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to have a low acute toxicity and there is too little in in vivo data to conclude whether
MNPs are toxic to humans.

In an attempt to fill these data-gaps using human relevant data, there has been a rapid
rise in in vitro toxicity testing using human cell lines. Overt cytotoxicity of MNPs is low,
although exposure to very high concentrations of MNPs may induce minor levels of cell
death in lung cells (204), hepatocytes (205), intestinal enterocytes (206), fibroblasts (207)
and hematopoietic cells (208). Knowledge on nanomaterial toxicity and in vitro studies
on MNP toxicity, indicate that MNP toxicity likely is driven by two main processes: the
stimulation of inflammatory responses and the generation of ROS.

Immune cells are susceptible to MNP toxicity as MNPs are actively phagocytosed by
various immune cells including neutrophils, dendritic cells, macrophages and monocytes.
Under normal physiology, immune cells maintain a balance of pro-inflammatory and
anti-inflammatory states which promotes the elimination of xenobiotic entities, without
inducing inflammatory tissue damage. Phagocytosis of charged MNPs appear have
shown to influence the polarization of macrophages and dendritic cells either towards
the pro-inflammatory M1 or anti-inflammatory M2 cells (209) and exposure to MNPs can
induce the secretion of pro-inflammatory cytokines IL-1f IL-6, IL-8, TNF-a in both immune
(210, 211) and epithelial cells (204, 212, 213). Together, the induction of inflammatory
cytokines and alteration of cellular polarization may tilt the balance of pro-inflammatory
and anti-inflammatory stimuli towards inflammation, which may contribute to tissue
damage such as lung and liver fibrosis (197, 214, 215), loss of barrier integrity (216, 217)
and chronic inflammatory.

The second toxicity pathway with a well-known role in the toxicity of nanoparticles is the
generation of ROS. Non-polymeric nanoparticles can spontaneously generate oxygen
radicals through chemical reactions at the surface. While microplastics themselves do not
spontaneously form oxygen radicals, metal fillers or aggregation of metals on the MNP
surface can lead to ROS generation (218). MNPs can additionally generate ROS through
their interaction with cells and organelles. Multiple studies have shown that MNPs can
bind and destabilize the mitochondrial membrane leading to dysregulation of cellular
lipid and energy metabolism and the release of ROS-producing redox proteins (219, 220).
Additionally, the aforementioned recognition and phagocytosis by macrophages stimu-
lates the production of hydrogen peroxide radicals which can lead to oxidative damage.
The generation of ROS and inflammation are both linked to the etiology of tissue dam-
age, cell death and barrier permeability (221) and may synergistically contribute towards
these endpoints.
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In addition to the well-established effects of nanoparticles, an increasing number of stud-
ies have shown that MNPs may induce genotoxicity or reproductive toxicity (222). Some
studies have shown internalization of MNPs in the nucleus of the cell and theorize a direct
interaction between microplastics and the DNA. Indirect genetic damage through ROS,
inflammation and genotoxicity may in theory cause MNPs to stimulate the formation of
neoplasms (85). Although the genotoxicity of MNPs warrants attention, in vitro results are
inconclusive and no epidemiological correlation between MNPs and carcinogenesis has
been established (222, 223).

Overall, the in vitro and in vivo data show low to negligible toxicity at concentrations of
<20 pg/ml and a potential role for MNPs in tissue damage, the onset of neoplasms, repro-
ductive toxicity and inflammation, at concentrations of 50 - 1000 pg/ml.

1.9 New approach methodologies for MNP toxicity testing

As outlined above there is a near limitless diversity in MNP types which may differ in up-
take and toxicity profiles. The sheer multitude of MNPs is too vast to allow for exhaustive
in vivo toxicity testing (114), precluding conventional risk assessment. In vitro and in silico
models show advantages over animal models in terms of ethical acceptance, throughput
and mechanistic insight obtained. In vitro and in silico methods are collectively referred to
as new approach methodologies (NAMs) and aim to predict human toxicity in an animal-
free manner (224). The following sections outline NAMs which are frequently used for
MNP research.

1.9.1 In vitro NAMs

The intestine is the portal to the bloodstream, and multiple in vitro models of the small
intestine are available. The most commonly used in vitro models are based on the
adenocarcinoma-derived Caco-2 cells. Caco-2 cells differentiate into cells with colon- and
enterocyte- like features (225), which can be cultured on semi-permeable membranes to
assess MNP transport through the intestinal layer. Caco-2 cells are frequently co-cultured
with other intestinal cell lines or immune cell lines to increase physiological relevance.
Caco-2 cells show a minimal secretion of mucus, and goblet-like HT29-MTX cells are
often included in a 1:10 ratio, as HT29-MTX cells secrete a mucus layer on top of the
cells. While there are no cell lines available for M-cells, it was found that the inclusion of
Raji-B lymphocytes at the basolateral side causes Caco-2 cells to display an M-cell like
phenotype with increased particle phagocytosis, the lack of microvilli and expression of
M-cell markers (226). In addition to intestinal cell lines, immune cell lines are frequently
utilized to assess the immunogenicity of particles. THP-1 cells are acute-leukemia derived
monocytes which can be differentiated into macrophages through the addition of
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phorbol 12-myristate 13-acetate (PMA). THP-1 cells have been utilized as monocultures to
assess cytokine secretion, macrophage polarization and rate of phagocytosis upon MNP
exposure. Co-cultures of Caco-2 and THP-1 have been established to model intestinal
inflammatory processes, and the THP-1 derived macrophages can be driven towards a
pro or anti-inflammatory state to mimic healthy or inflamed gut. Inverted versions of
the models outlined above have also been generated to model transport and toxicity of
buoyant MNPs like PE and PP.

While studies using cell line models greatly increased our understanding of MNP toxicity,
their cancerous origin causes limitations when assessing MNP toxicity. Cancers typically
show aberrant upregulation of glycolysis which is called the Warburg effect (227, 228).
Cancerous cells also display an upregulation of cellular survival and reduced expression
of toll-like receptors (TLR) required for immune activation. The lack of TLR expression,
aberrant use of glycolysis and lack of responsiveness to inflammation have also been
confirmed in cell lines like Caco-2 (229-232). The majority of MNP toxicity is inflammation
and ROS mediated, thus the reduced applicability of cell lines for these endpoints casts
doubts on the relevance of results.

As an alternative to cell line models, primary cells can directly be isolated from patient
derived material and show optimal physiological relevance. Primary blood derived
monocytes (PBMCs) are frequently used for the study of MNP toxicity and some studies
have assessed the effects of MNPs on other primary cells like keratinocytes and astrocytes
(233-235). Primary cells of intestinal cells cannot be kept in culture for long and the isola-
tion of separate cell types often involves complicated isolation procedures which can be
time-intensive and require consistent availability of patient material.

Instead, stem cell-derived intestinal cultures can be generated either from isolated
adult intestinal stem cells or from commercially available induced-pluripotent stem
cells (iPSCs). Stem cell-derived intestinal epithelial models typically contain more varied
cell-types than cell-culture models and show a better expression of receptors involved in
active transport and immune stimulation leading to an increased sensitivity for inflam-
mation and better correlation of intestinal permeability with human data (236-240).
While stem cell-derived intestinal models are rapidly being adopted for the prediction of
transport and toxicity of chemicals, few studies have attempted to assess MNP toxicity.
A detailed overview of the potential advantages and disadvantages of stem cell-derived
models is given in chapter 2.

1.9.2 PBK models

In vitro data can be generated rapidly and can give insight in potential toxicity pathways,
but it is non-trivial to link the dose used in vitro to the exposure in vivo. The prediction
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of the exposure required to reach in vitro concentrations is called quantitative in vitro to
in vivo extrapolation (QIVIVE) and typically requires physiologically based kinetic (PBK)
models(241, 242). PBK models are mathematical representations of the human body,
which rely on a set of species-specific physiological parameters and chemical-specific
parameters to predict absorption, distribution, metabolism and elimination processes.
Species-specific physiological parameters are well documented and can be used to guide
interspecies extrapolation of in vivo concentrations in animals to humans. The chemical-
specific parameters for small molecules are typically derived using quantitative structure
activity relationships (QSARs)(241), however these are not available for MNPs. Instead,
animal derived tissue concentrations are used as guidance to fit the MNP specific param-
eters so that it matches the data(243).

PBK models for nanomaterials have been developed for both oral and intravenous routes
and recently, the first oral MNP PBK models were published (244, 245), demonstrating
general applicability of PBK models for MNP distribution. Interspecies scaling has been
demonstrated for gold nanoparticles (246, 247), but has not yet been demonstrated
for MNPs. However, the reliance on empirical fitting to the in vivo data does not offer a
mechanistic explanation of MNP transport in the body. The lack of mechanistic informa-
tion makes it complicated to predict how particles with different properties distribute in
the body and also complicate extrapolation to data-poor species like humans.

Despite an urgent need to validate the relevance of obtained in vitro results, currently,
the lack of mechanistic processes in MNP PBK models hinders model extrapolations and
QIVIVE for MNPs.

1.10 Outline of thesis

The field of MNP toxicity testing is rapidly evolving, but there are notable limitations to
current testing strategies. Specifically, the focus on primary MNPs, the limited under-
standing of the protein corona and the lack of suitability of in vitro and in silico methods
causes large data-gaps.

The aim of this thesis was to improve in vitro and in silico NAMs for MNP toxicity assess-
ment and to improve understanding of the formation and effects of the protein corona
on MNPs. To accomplish this, the studies presented here were designed to answer four
research questions.
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1. To assess the suitability of iPSC-derived intestinal models for in vitro MNP toxicity
testing.

2. To delineate the role of the protein corona on MNPs to their cellular interaction.

3. To determine whether primary MNPs are representative of MNP toxicity as a whole.

4. To develop a mechanistic PBK model for predicting bioaccumulation after oral MNP
exposure

In Chapter 1 an introduction giving an overview of MNPs, important concepts in
nanotoxicology and a list of in vitro and in silico methods is explained and discussed.

Chapter 2 presents a review of the literature that extends the discussion on in vitro
models from chapter 1 by highlighting current intestinal models used in nanotoxicology
testing and discussing the potential use of stem cell-derived in vitro models for MNP
toxicity testing.

Chapter 3 describes the utilization and characterization of an iPSC-derived model of the
intestinal epithelia. The presence of three major intestinal cell types; enterocytes, goblet
cells and Paneth cells was confirmed based on immunostaining and RNA expression The
intestinal epithelium was exposed to bacterial toxins and the inflammatory response and
barrier disruption was compared to the Caco-2 model.

Chapter 4 describes the exposure of the iPSC-derived intestinal epithelia to secondary
microplastics derived from plastic products. The barrier disruption, cytokine secretion and
intracellular ROS of the IEC in response to product-derived PET-TiO,, PP-Talc, PLA, PVC and
PA microplastics was compared to the response to model PS microplastics. The serum-
protein corona on all microplastics was characterized and correlated to the effects seen
in vitro.

In Chapter 5, an in vitro digestion method was optimized for the use with MNPs
and THP-1-derived macrophages, which were exposed to in vitro digested PS MNPs
between 0.05 - 1 um. The protein corona formed during in vitro intestinal digestion
was characterized using mass spectrometry-based proteomics and compared to the
protein corona in serum. Finally, the influence of the protein corona on PS uptake into
macrophages was assessed using flow cytometry.
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Chapter 6 describes the development of a size- and polymer-agnostic PBK model to pre-
dict organ concentrations in humans and mice after oral exposure to MNPs. The mecha-
nistic PBK model was used to predict tissue concentrations in mice and humans spanning
single exposure to lifelong exposure. The performance of the mechanistic PBK model was
compared to an empirically fit PBK model in their ability to predict tissue concentrations
after oral exposure to MNPs.

In chapter 7, a synthesis of all result obtained during the thesis is presented, including
the main findings, their implications and recommendations for future studies.
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2.1 Abstract

Plastic particles in the nanometer range - called nanoplastics - are environmental
contaminants with growing public health concern.. As plastic particles are present
in water, soil, air and food, human exposure via intestine and lung is unavoidable,
but possible health effects are still to be elucidated. To better understand the Mode
of Action of plastic particles, it is key to use experimental models that best reflect
human physiology. Novel assessment methods like advanced cell models and several
alternative approaches are currently used and developed in the scientific community.
So far, the use of cancer cell line-based models is the standard approach regarding in
vitro nanotoxicology. However, among the many advantages of the use of cancer cell
lines, there are also disadvantages that might favor other approaches. In this review,
we compare cell line-based models with stem cell-based in vitro models of the human
intestine and lung. In the context of nanoplastics research, we highlight the advantages
that come with the use of stem cells. Further, the specific challenges of testing
nanoplastics in vitro are discussed. Although the use of stem cell-based models can
be demanding, we conclude that, depending on the research question, stem cells in
combination with advanced exposure strategies might be a more suitable approach
than cancer cell lines when it comes to toxicological investigation of nanoplastics.
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2.2 Nanoplastics: Unknown health risks

Plastic polymers have become indispensable in our everyday life due to their favorable
physicochemical properties and relatively low production costs. Annual plastics produc-
tion has risen to 368 million tons in 2019 (https://plasticseurope.org) and 71% of the
subsequent plastic waste ends up in aquatic or terrestrial environments (53, 248). This
plastic waste is continually exposed to physical stress through abrasion or UV light and
will inevitably fragment into microplastics (<5mm) and eventually nanoplastics (<100nm)
(249). In addition to environment-derived micro- and nanoplastic particles, microplastics
have also intentionally been included in consumer products and can subsequently frag-
ment to the nanoscale size (250). Other direct sources of micro- and nanoplastics include
the release of fibers from synthetic textiles (251) or abrasion of car tires (252).

Nanoplastics cannot easily be measured directly due to a lack of suitable analytical tech-
niques (253), but are assumed to be present in household dust (254), particulate matter in
outside air (255) and foodstuffs including salt (109), bivalves (256, 257), fish (258), honey
(259) and water (109, 260). Humans are therefore exposed to nanoplastics by ingestion
and inhalation and subsequent health outcomes are poorly understood. Studies on hu-
man exposure to microplastic particles show that annual intake may exceed hundred
thousands of particles (80, 115), while data on nanoplastic exposure is not available yet.
Societal concerns on the potential health effects of micro and nanoplastic exposure have
been increasing, underpinning the need for risk assessment (261, 262).

Nanoplastics are not a homogeneous contaminant but represent a mixture of sheets,
fragments and fibers of various sizes comprised mainly of polyethylene (PE), polypropyl-
ene (PP), polyethylene terephtalate (PET) and polyvinyl chloride (PVC) (https://plasticseu-
rope.org, Karbalaei et al., 2018). This heterogeneity complicates risk assessment as past
research has mostly focused on polystyrene (PS) nanospheres, which do not accurately
represent the multitude of nanoplastics to which humans are exposed. Only few studies
have considered alternative polymer types (40, 263-265) and even fewer studies have
focused on non-spherical (211) or weathered particles (266, 267). Despite the lack of
data on prototypical environmental nanoplastics, considerable effort has been made to
implement read-across methodologies based on the particles’ intrinsic properties, Mode
of Action (MoA) or associated (bio)molecules, but these algorithms are not yet applicable
to nanoplastics risk assessment (161-163).

There is limited information available on nanoplastics toxicity in vivo and much of our
current knowledge stems from rodent studies using microplastics. These studies need
to be interpreted with caution, as some of these studies have been scrutinized because
of issues related to particle characterization, (overload) exposure, detection of particles
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in tissues (mass balance) and methodological issues related to histopathology (262,
269). Rodent studies using high concentrations of PS nanoplastics report bioavailability
after ingestion or inhalation and particle translocation to lymph nodes, liver, spleen, and
kidneys (270, 271). More data on plastic particle toxicity is available in the context of oc-
cupational exposure with polymers (272-274). However, this information holds limited
applicability to environmental nanoplastics exposure, as these studies were conducted
to simulate high lung exposure concentrations in plastic industry workers (275-277),
which is hardly comparable to the current levels of airborne plastic particles in a non-
occupational environment.

Besides the direct toxicity of nanoplastics, the potential toxicity of associated chemicals
and components of the eco-corona should also be considered. Nanoplastics frequently
contain additives, e.g. phthalates, which may comprise up to 50% of the total mass of
plastics (278, 279) and often contain known toxicants like dioxins, polycyclic aromatic
hydrocarbons, halogenated flame retardants and heavy metals (63, 75, 280), which could
be released from the polymers after uptake (281). Furthermore, the surface of particles
spontaneously adsorbs surrounding chemicals and biomolecules, leading to an eco-
corona, or bio-corona, respectively (282, 283).

The plethora of possible polymers, shapes, sizes and exposure scenarios make exhaus-
tive testing of nanoplastics a daunting task that is ethically, financially and temporally
unfeasible using animal models. The acceptance of data generated in in vitro models for
regulatory purposes is being spurred by the ban on animal testing in the cosmetics
industry (284) and nanotoxicity testing will also have to rely on data generated in vitro
(285). Initiated by “toxicology of the 21st century” (286), and to better explain MoAs,
models that emulate human physiology best, should be put forward. This is boosting
the development of in vitro models ultimately replacing animal based testing (287).
Currently, the main models used for in vitro oral or inhalation nanotoxicity testing are
based on immortalized cell lines derived from cancer tissue, including Caco-2 for the
intestine or A549 for the lung (285, 288-290). In addition to these conventional models,
novel models including stem cell-based approaches have recently started being used
in nanotoxicity testing. These novel methods offer advantages over cancer cell lines by
having an unaltered genotype, allowing the presence of more physiologically relevant
cell types and may help estimate interindividual variation. In this review we discuss novel
stem cell-based in vitro models of the primarily exposed organs, intestine and lung, as a
new approach methodology for nanoplastics toxicity testing and how the resulting data
can be used to guide future risk assessment.
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2.3 Selection of in vitro models to study the toxicity of
nanoplastics

Based on the knowledge on microplastics and engineered nanomaterials, nanoplastics
mainly enter the human body through ingestion or inhalation. Therefore, these barriers
are initially most at risk and studying potential toxic effects in vitro requires physiologi-
cally relevant models of the intestine and lung, respectively. While cell line-based models
have been extensively used in toxicological research, these models lack essential features,
as discussed below.

Establishing advanced barrier models requires an actively dividing and tissue-specific
cell source, for example fully differentiated primary cells or somatic stem cells that can
be directly isolated from the human body, often obtained from biopsies. However, the
replicating ability of differentiated primary cells is limited, as differentiation generally
occurs after exiting the cell cycle (291). Recently, commercially available constructs based
on primary human tissue of the intestine or lung, have become available and applied
for toxicological studies (292, 293). These constructs are generated from human donors
and are directly provided to the user for one-time experimental application. Although
these primary models are highly relevant in terms of physiology, the user is dependent
on donor availability and unobstructed delivery, as these models cannot be permanently
established in a laboratory independently from the commercial provider.

In contrast to already differentiated primary tissue and cells, somatic stem cells are undif-
ferentiated cells that divide to replenish dying cells under physiological conditions (294).
These somatic stem cells, also called adult stem cells (ASCs), remain dormant until sur-
rounding factors activate them to divide and terminally differentiate into functional cells
(295). ASCs are multipotent, meaning that they can develop into more than one cell type,
but they cannot produce all cell types of the body, as is the case for pluripotent cell types
(296, 297). Despite improvements in long-term culture expansion of ASCs, their lifespan
appears limited and inversely correlated to the donors age and highly affected by the ex-
traction site (298, 299). Overall, the limited availability of biopsy material in combination
with the finite dividing capacity of both primary cells and ASCs make them less suited
to be used in toxicological studies. However, their use has greatly advanced the field of
patient-specific disease modeling, i.e. cancer research and drug screening (300, 301).

Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSC), on the other hand,
have gained increasing interest as a source of stem cells due to their ability to differenti-
ate into all cell types of the organism and their high proliferative capacity (302). Human
ESCs are pluripotent stem cells generally derived from the inner cell mass of blastocysts
(303). The required number of embryos used to generate the resulting ESC lines have
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only been reported in a small number of cases (304), hinting at a low success rate, which
in combination with the destructive process on the blastocyst have led to an extensive
ethical debate on the use of human material (305, 306). Conversely, iPSCs do not rely on
the use of embryos or invasive biopsies, forming a more ethical source of pluripotent
cells. iPSCs are somatic cells (e.g. fibroblasts) reprogrammed into a pluripotent state
through the forced overexpression of the four transcription factors OCT4, SOX2, KLF4 and
MYC (307). From their pluripotent state, iPSCs have been successfully differentiated to
obtain tissue-specific morphology and gene expression for various organs, including the
intestine (308) and lung (309). Embryonic-like cells derived from iPSC differentiation can
be used to study a wide variety of organs and exposure scenarios, due to their prolif-
erative capacity and the wide spectrum of available differentiation protocols (310). The
differentiation of iPSCs into mature models of human organs usually requires multiple
sequential steps in which cells are exposed to different growth factors mimicking the in
vivo cell environment during mammalian embryonic development (311, 312). As a result,
the differentiation of iPSCs leads to models with a better representation of different
tissue-specific cell types encountered in vivo (313), in contrast to cancer lines which only
represent one dominant cell type.

Particle toxicity is often evaluated based on the range of reversible and irreversible cel-
lular damage in addition to the cells’ ability to overcome these effects, as well as signaling
cascades involved in processes like proliferation and inflammation. As cancer cell lines
underwent genetic changes to ensure continuous proliferation in a tumor microenviron-
ment despite challenging metabolic conditions (314, 315), this could potentially lead to
a skewed view on the toxicity-induced effects of nanoplastics on tissue. By contrast, stem
cell-derived tissue-like cells maintain physiological proliferative behavior to provide a
more representative view for toxicity-induced injury compared to cancer cell lines, while
simultaneously providing multiple cell types in the same in vitro model. Thus, we view
iPSC as a promising approach for quantitative nanoplastics toxicity testing with high
physiological relevance in the primarily exposed organs intestine and lung.

2.4 Intestinal models

The intestine is a major part of the human digestive system, responsible for the peristalsis
of chyme and the uptake of nutrients from ingested food. Accordingly, the intestinal
epithelium is constantly exposed to contaminants taken up with food and water, making
it an important target organ for toxicities and diseases. Therefore, research in the fields of
medicine, pharmacology and toxicology has been focused on the development of suit-
able models to study effects on the intestine outside of animals.
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To date, several studies report intestinal effects of ingested micro- and nanoplastics in a
variety of in vitro models based on cancer cell lines. Among the available cell lines, the
colorectal cancer cell line Caco-2 is by far the most utilized one (316-318), as it sponta-
neously differentiates into an enterocyte-like phenotype (319), representing the most
abundant cell type in the human intestine. However, several attempts have been made to
increase the complexity of Caco-2 based in vitro models by implementing additional cell
lines when investigating plastic particles (see Table 1). For example, an advanced intesti-
nal model included HT29-MTX-E12 as goblet cells and PMA-differentiated THP-1 cells as
macrophages to expand the model by the presence of mucus and an immunocompetent
cell type (212). Furthermore, a Caco-2/HT29 model supplemented with Raji-B cells to
induce the differentiation into microfold cells (M-cells), a cell type specialized in transport
across the epithelial barrier (320), was used to investigate the effects of PS nanoplastics
(321). Establishing even higher levels of complexity, a quadruple culture model was used
to study plastic particle effects by complementing a Caco-2/HT29-MTX co-culture with
macrophages and dendritic cells derived from human blood monocytes (322). However,
the co-culturing of different cancer cell lines and/or primary cells requires extensive fine-
tuning of optimal culture conditions, e.g. in terms of medium composition, whereas dif-
ferent cell populations in cultures derived from stem cells originate from the same single
cell source.

A breakthrough toward human cell-based models with advanced physiological relevance
was seen through the establishment of crypt-based intestinal organoids, enabling the
long-term culture of primary intestinal cells in absence of mesenchymal tissue (323, 324).
Since then, research interest in stem cells has increased dramatically, resulting in the
generation of numerous culture and differentiation protocols (312, 325-330), establishing
two principal approaches for the generation of self-organized intestinal spheroids: (1)
isolation of intestinal crypts and (2) use of ESCs or iPSCs.

Uniquely, these spheroids represent all major epithelial cell lineages within the organoid
(324), and allow to skew them towards specific cell types and rare lineages like tuft cells
(331-333). Even the most sophisticated non-stem cell models still fail to replicate the
lineage complexity to this extent (322, 334, 335). For the purpose of hazard testing of
nanoplastics, both overall effects on the tissue as well as effects in specific individual
cell types may be relevant. Using organoids, cell type-specific uptake efficiencies were
demonstrated for nanoplastics (336). The authors generated intestinal organoids from an
iPSC line and reported the presence of enterocytes, Paneth cells, goblet cells and endo-
crine cells using immunofluorescence. Uptake of 50 nm PS nanoplastics was found to be
cell type-dependent, which may have been overlooked or drastically underestimated in
standard culture systems, as the authors report uptake primarily in goblet, Paneth and
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endocrine cells. Furthermore, some cell types may be more sensitive towards stressors or
noxae (337), and might, therefore, represent important targets for exposure studies.

Also their (patho)physiological identity renders intestinal stem cell models a highly ver-
satile tool. The cultures can replicate the complexity of various regions of the intestinal
tract — from duodenum to colon - as well as healthy or diseased tissue depending on
the biopsy origin or growth/differentiation protocol (324, 338, 339). In contrast, standard
cell models mostly rely on cancer-derived cell lines in mono- or co-culture that often
require extensive differentiation times and further manipulation to obtain rather mature
cell types (340, 341) and disease-like phenotypes (342, 343). Inherently diseased, these
cell lines may be of limited physiological relevance for specific research questions due
to biochemical and genetic differences compared to healthy intestinal tissue, e.g. the
absence or limited presence of phosphoprotein p53 (344) and cytochrome (CYP) P450
isoforms (345). While typically considered in the context of drug metabolization (346),
CYP enzymes also play a role in the effects of xenobiotics, e.g. organic pollutants (347,
348), which may be critical contaminants to consider in plastic particle hazard assess-
ment (349, 350).

It is important to also realize potential differences between stem cell-based intestinal
organoids and the in vivo situation, for example the limited presence of mucus, although
refined protocols are being developed (351, 352). Whereas human organoids express
physiologically relevant types of mucins - especially mucin 2 (324) - the overall luminal
coverage and thickness of the mucus remains low (353). In the context of particle hazard
assessment, mucus is a crucial determinant for the dose of nanoparticles that can interact
with the epithelium (338).

However, stem cell-derived intestinal cultures remain scarcely used for nanoplastics
hazard assessment (354, 355) with only three studies on plastic particles to date (336,
356, 357), of which two studies failed to report the differentiation procedure and/or suf-
ficiently characterize the organoids. Even with sufficient characterization, treatment of
organoids with particles is a challenge, as the organoids’ morphology - the inward-facing
apical side creating a lumen - and their maintenance in semi-solid media (e.g. Matrigel)
impede particle exposures. Exposures would typically occur from the apical side, which
is not accessible without manipulation, while diffusion of particles is obstructed in ma-
trices like Matrigel. Various adaptions might resolve these challenges, including luminal
microinjection or application of flow-through after puncturing the organoid (358, 359),
reversed cell polarization (i.e. “apical-out” organoids) (360) or breaking the organoids’
3D structure down to a 2D structure. Especially the latter is applied frequently, either us-
ing the whole organoid (361-365) or selected cell types (366, 367). While the structural
change from 3D to 2D did not substantially modify the expression of intestinal markers
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or functional genes (368), these organoid-derived cell layers can develop a high transepi-
thelial electrical resistance (TEER>1500 Q-cm?) (369), which might indicate restricted pas-
sive transport across the cell layer and may limit the transport of nanoplastics. In contrast
to manipulating mature organoids back into 2D layers, other protocols are designed to
differentiate iPSCs directly into intestinal epithelial monolayers, without the detour of
spheroid generation (370, 371), resulting in more realistic TEER values of ~250 Q.cm?
(372). Besides 2D culturing, adaptions creating accessible luminal space or using perfu-
sion in tubular intestinal structures are becoming increasingly sophisticated (373-375)
and offer promising alternative test systems.
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2.5 Lung models

For inhaled particles, the lung epithelium forms an initial barrier and target site of interac-
tion. Accordingly, in vitro testing of particulates for lung toxicity has long used cancer or
immortalized epithelial cell lines (389). While being less robust and reproducible, particles
have also been tested on primary epithelial cells or tissue explant cultures from lungs
of rodent or human origin (390-393). The introduction of stem cell-based in vitro models
and further advancement of associated tissue engineering methodologies in pulmonary
research has contributed to an improved understanding of mechanisms of lung devel-
opment, damage repair and tissue regeneration processes (394, 395). However, the use
of stem cell-based models for lung toxicity testing is still in its infancy compared to, for
example, developmental neurotoxicity testing (396, 397).

In sharp contrast, the specific field of particle toxicology has witnessed crucial progress
through the development of improved in vitro assays that employ lung epithelial cell
models in air liquid interface (ALI) culture conditions (398-400). Combined with aerosol
generating devices, this allows for a more realistic interaction between the test particles
and the surfactant-containing apical side of the epithelial cells, in contrast to models
in which cells are exposed to particle suspensions under submerged conditions (401).
Another innovative in vitro approach involves the growing of lung epithelial cells on
mechanically stretchable membranes to enable testing of particles under breathing
movement mimicking conditions (402).

To date, the pulmonary toxicity of micro- or nano-sized plastics has been tested in various
in vitro models and aforementioned specific experimental approaches. Most investigators
have either used the A549 human alveolar type ll-like epithelial cell line or the BEAS-2B
human bronchial epithelial cell line under conventional submerged testing conditions
(SeeTable 2). The toxicity of PS nanoplastics has been investigated in suspension on BEAS-
2B cells as well as HPAEpiC human pulmonary alveolar epithelial cells, comprised of type
I and type Il cells (403). A microfluidic-chip test model with BEAS-2B cells was employed
by Gupta, Vallabani (404) to study uptake of silica particles and PS. Furthermore, A549
cells were exposed on a membrane under cyclic stretch conditions to PS nanoparticles
in order to mimic the effect of breathing movements (405). Airway and alveolar epithelial
toxicity has also been explored in ALl exposure settings. For example, the uptake and in-
flammatory properties of various PS particles were investigated in A549 cells, as well as in
the Calu-3 human upper airway cell line under ALl exposure conditions (406). To account
for the potential contribution of alveolar macrophages, the authors also included a co-
culture model of A549 and THP-1 cells (406). To the best of our knowledge, to date only
one study investigating plastics has been performed using a lung organoid-based testing
approach. The toxicity of polyester fibers sampled from cloth dryers was investigated in
human airway organoids that were generated from tissue resident ASCs obtained from

40



Investigating nanoplastics toxicity using advanced stem cell-based intestinal and lung in vitro models

three donors (407). Using immunofluorescence and qRT-PCR based markers, basal cells,
ciliated cells, goblet cells, club cells, and even type | cells were identified. Interestingly,
the authors exposed the organoid spheres after fragmentation to allow exposure to the
fibers from the outside as well as the more relevant“inner cavities” of the organoids. While
the outcomes of this study may be of limited relevance in view of the dimensions of the
tested materials (average length: 700 + 400 um and average width 10 = 5 um), the work
provides strong proof of principle for the use of lung organoids for hazard assessment of
airborne nanoplastics.

Similar to the intestine, a further introduction and application of stem cell-based models
for pulmonary toxicity testing of nanoplastics seems promising. Herein, however, the
principal advantage of exposing such models under ALI-conditions is to be emphasized
in terms of dose and kinetics. Construction of complex organoid (e.g. scaffold) models, in
such a way they that can be coupled to ALl exposure systems in a realistic, physiologically
relevant manner, is a major challenge. If achieved, however, it will greatly contribute to
improved safety evaluation of airborne nanoplastics.
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2.6 Challenges and considerations when testing plastic par-
ticles in vitro

When studying the MoA of nanoplastics in an in vitro model, certain points should be
carefully considered when designing the experiment, choosing relevant endpoints, or
interpreting the data in regard to plastics hazard assessment:

Low density of polymers. Industrially produced plastics cover a whole spectrum of differ-
ent densities, spanning from less than 1 g/cm3 (PP, PE), to around 1 g/cm3 (PS), to heavier
polymers (PVC, polyamide (PA), PET). The density of cell culture medium is approximately
1 g/cm? meaning that nanoplastics will either float or sediment during in vitro experi-
ments, depending on their polymer composition. Polymers with a density lower than
1 g/cm® will become buoyant when applied in a traditional cell culture system and will
not establish contact with cells growing on the bottom of a well plate. So far, several ap-
proaches have been used to tackle this issue: one common approach is the inversion of
the cell model, e.g. by seeding cells on cover slips that are subsequently inverted and
exposed to buoyant particles from below (427), or by sealing a well plate with silicone
gaskets and then inverting the entire plate (428). Furthermore, it has been reported that
inverted in vitro models can be established by seeding cells on the basolateral side of
transwell inserts (318), which also enables the application of more complex co-culture
models (263). Another approach to expose cells to buoyant plastic particles could be
the use of ALI systems (429). The absence of medium on the apical side of cells allows
exposure to particles via particle-containing aerosols that sediment on the cell layers,
regardless of the particles’ density. Although this approach has been used in an advanced
in vitro model of the intestine (322), exposure via aerosols is obviously more relevant for
in vitro models representing the lung. A very specific approach to solve the buoyancy
problem was introduced by Green, Fisher (430). The authors embedded buoyant PE par-
ticles in the surface layer of agarose and seeded primary macrophages on top. However,
due to the immobility of particles, this approach is only useful for phagocytizing cell
models and not applicable for models of the intestinal or lung epithelium. A completely
different approach to test buoyant polymers in vitro is the modification of the material to
become denser. For example, mineral talc is a commonly used filler for PP to increase the
materials’ performance (431), which also increases the density of PP.

Differences in applied dose and effective dose. Apart from buoyant polymers, the low
density of non-buoyant plastic particles needs to be considered as well. Polymers like
PS are only marginally denser than cell culture medium and therefore exhibit very slow
sedimentation rates. The amount of particles interacting with the cells (effective or de-
livered dose) is often small compared to the total amount of particles added to the in
vitro system (applied dose). This may be further aggravated by particle agglomeration in
the cell culture medium, which further decreases the density of the agglomerate (432).
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Therefore, considerations of sedimentation kinetics for in vitro nanotoxicology research is
important to avoid misinterpretation of concentration-dependent cellular response and
uptake data (433). In silico dosimetry models have been developed to predict the deliv-
ered dose based on the physicochemical properties of the particles and the setup of the
in vitro exposure scenario. Currently, three main tools are used to estimate the delivered
dose during in vitro experiments; the In vitro Sedimentation, Diffusion and Dosimetry
model (ISDD), the In vitro Sedimentation, Diffusion, Dissolution and Dosimetry model
(ISD3) and the Distorted Grid model (DG) (432, 434, 435). In most cases, the ISDD model is
sufficient for predicting nanoplastics dosimetry. However, ISD3 and SG are better suited
for modelling buoyant particles such as PE or PP, as well as polydisperse or degradable
materials (428). As an example for a severe discrepancy between the applied dose and
the effective dose that interacts with cells, ISDD sedimentation modelling of 50 nm PS
nanoparticles showed only 17 % deposition after 24 h at relevant in vitro conditions (212).
Contrastingly, heavier, metal-based engineered nanomaterials like silver nanoparticles of
comparable size can sediment completely within 4 h under certain conditions (436). Cell
culture models grown under dynamic flow conditions to improve differentiation (437) or
implemented in microfluidic chips (438, 439) might improve the distribution of nanoplas-
tics, increasing the correspondence between the applied and delivered dose. However,
in silico dosimetry models are not yet equipped to predict nanoparticle sedimentation
under dynamic flow conditions.

Adherence of macromolecules. Particles suspended in biological media like cell culture me-
dium will acquire a biomolecular corona, i.e. proteins, lipids or carbohydrates, that adhere
to the particles’ surface (440). As the adherence of these macromolecules will change the
surface properties of the particles and therefore their interaction with biological systems
(441, 442), the possible role of the corona has to be considered during in vitro testing
(443). For example, Abdelkhalig, van der Zande (149) analyzed the protein corona on
different PS nanoplastics via LC-MS/MS and reported differences based on the surface
modification of the particles, which in turn impacted the uptake rates of the nanoplastics.

A physiologically relevant exposure should include the history of the particles, for ex-
ample a simulated gastrointestinal digestion, or incubation in lung fluids. During in vitro
experiments, nanoplastics are commonly applied in cell culture medium containing fetal
calf serum (FCS), leading to adherence of serum proteins to the nanoplastic surface (149).
Contrastingly, the corona of ingested nanoplastics will more likely consist of macromol-
ecules from the food matrix and digestive fluids, while inhaled nanoplastics will exhibit
a corona that may be acquired from exogenous environmental matrices (e.g. microbial
components, semivolatile organic compounds) and the obvious endogenous molecules
present in lung surfactant (444, 445).
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Interference with test assays and readouts. Besides changing and defining the surface
identity, the adsorption of macromolecules, in particular target proteins of interest,
to the surface of plastic particles, might distort the outcome of applied in vitro assays.
Binding of extracellular lactate dehydrogenase (LDH), a common marker of membrane
damage, might reduce the enzymes activity during the LDH assay, as it was reported for
silver nanoparticles (446, 447). Moreover, interference of amine-modified PS with the in-
terleukin (IL)-8 ELISA was observed in the form of exaggerated IL-8 concentrations (211).
Therefore, assessing potential interferences of the tested materials with the used assays is
necessary prior to toxicological investigations (448-450).

Use of fluorescently labeled nanoplastics. Often, it is important to know to what degree
particles are internalized by target cells. In contrast to metal-based nanoparticles, where
techniques like ICP-MS can be used to measure the cellular uptake of unlabeled particles
(451), no equivalent techniques are currently available for polymeric particles. Instead,
fluorescently labeled nanoplastics are commonly used to monitor the potency of cellular
uptake, which can be quantified using confocal microscopy or flow cytometry. The use of
fluorescent labels, while seemingly simple, require great care to avoid artifacts during the
measurements. For instance, it is reported that fluorophores may leach out of the plastic
particles, causing higher fluorescent signals in cells, or fluorescence in cell compartments
not commonly available to nanoplastics (452, 453). Additionally, fluorophores might be
pH-sensitive, leading to alterations in signal strength in subcellular compartments like
lysosomes (454), complicating interpretation of data. Another issue of using fluorescent
particles is the inability to distinguish between internalization and surface adhesion of
particles. Flow cytometry is commonly used to assess particle internalization, as it offers
higher throughput than confocal microscopy and is more easily quantifiable. However,
flow cytometry is unable to distinguish between fluorescence originating from within
cells or from cell surfaces, necessitating further experiments to confirm actual internaliza-
tion. This can be achieved by using dyes that are specifically quenched at the cell surface
(455, 456), by validating and correcting flow cytometry with confocal microscopy data
(457), or by using a modified setup such as imaging flow cytometry (458, 459). Issues sur-
rounding the use of fluorescence to determine nanoparticle internalization have received
increased scientific interest and have been discussed in great detail in a recent review
(460).

Size limitations depending on the exposed organ. Unlike engineered nanomaterials, envi-
ronmental plastic particles do not have a clear size cutoff, covering a whole size spectrum
from sub-nano size to several millimeters. In the case of ingested particles, size limita-
tions only play a minor role, as even centimeter-sized plastics can be swallowed and are
able to pass the human gastrointestinal tract. Therefore, the intestinal epithelium can, in
theory, be exposed to particles of enormous size, justifying the testing of larger particles.
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For example, Lehner, Wohlleben (322) applied microplastics up to 500 pum in an intestinal
in vitro model. In contrast, however, the size of inhaled particles is strictly limited in the
context of lung anatomy and physiology. Particles with an aerodynamic diameter of less
than 10 um are able to deposit in the tracheobronchial region, while only particles less
than approximately 2.5 um are small enough to reach the alveoli (461, 462). Therefore,
when testing plastic particles in an in vitro model of the human respiratory system, the
size of the test material has to be chosen accordingly.

Relevance of available model particles. When looking at available scientific literature re-
garding toxicological investigations of plastic particles, the majority of studies is carried
out using spherical PS particles of a defined size. However, there is a strong discrepancy
between available data and environmental occurrence: PS makes up only 6.1 % of glob-
ally produced polymers (www.plasticseurope.org) and shapes of micro- and nanoplastics
have been described to be primarily fibers, fragments, and sheets (463). Furthermore,
plastic particles in the environment cover a whole size spectrum that might exhibit syn-
ergistic effects during co-exposure of differently sized particles (464). While PS spheres
are widely commercially available, particles of other polymers or shapes are very limited.
Currently, research groups mostly rely on producing their own model plastics via meth-
ods like laser ablation, cryocutting or milling (40, 211, 465), which result in much more
relevant polymer types, shapes and size distributions, but might limit the comparability
between different studies. The urgent need for standardized, widely available reference
particles of relevant polymers, sizes and shapes has already been repeatedly expressed in
recent reviews (349, 466, 467).

Chemicals in nanoplastic samples. Commercial nanoplastic suspensions are often used
as model particles for the hazard assessment of plastic particles in toxicological studies.
These suspensions might contain additives like preservatives, antimicrobials or surfac-
tants, which may cause artifacts in toxicity tests. For example, the preservative sodium
azide that was present in a commercial PS suspension was found to be the cause of acute
toxicity towards Daphnia magna, instead of the PS particles themselves (468). Further-
more, nanoplastics produced from bulk plastic and/or plastic products might contain
additives and unpolymerized monomers, like bisphenol A, heavy metals or styrene (469-
471). These chemicals might be released from the nanoplastics during incubation in the
in vitro culture medium or in the cells that have taken up the plastic particles (281). To
prevent incorrect interpretation of nanoplastics in vitro data and to distinguish between
actual particle effects and effects stemming from associated chemicals, it is recom-
mended to include a filtrate control in experiments (472).
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2.7 Conclusions and future outlook

Currently developed (advanced) in vitro models, due to their increased physiological
relevance for human hazard assessment and suitability for in-depth MoA studies, are
well positioned for contributing to solve the complex issues surrounding nanotoxicity.
Different in vitro models are suited to tackle different challenges and depending on the
research question, stem cell-based models might be a suitable approach for the investi-
gation of nanoplastics uptake and effects in the primarily exposed organs intestine and
lung, as they offer specific advantages over traditional immortalized cell lines.

Common knowledge derived from in vitro models includes the prediction of absorption
rates, the derivation of MoAs and the estimation of potency by relating in vitro endpoints
to in vivo endpoints (473). The derivation of MoAs highly depends on the physiological
relevance of the model and partly on the cell types present. Conventional cell models
benefit from a high relative robustness compared to stem cell models and are compara-
tively easy to culture, which may lead to a higher interlaboratory comparability and more
accurate estimation of the benchmark dose (474) when comparing different nanopar-
ticles. This is especially true when comparing results found in different stem cell-based
models, where a lack of consistency could imaginably complicate risk assessment. How-
ever, in the case of cellular processes altered due to the disease status of cancer cell lines,
including genotoxicity, proliferation and cytokine production/response (475), iPSCs may
be more relevant to study the real world situation. Similarly, when considering omics-
based MoA screening approaches, the multitude of mutations commonly seen in cancer
cell lines (476) can alter RNA or protein expression and can mask the true effect of many
small molecule compounds (477) and potentially also nanoplastics. Especially when us-
ing approaches such as systems toxicology (478), small alterations in e.g. transcriptomics
might help identifying important early signaling events at low exposure concentrations
that might only lead to detectable toxicity at prolonged or repeated exposure. Further-
more, while the lack of robustness of stem cell-based models can be seen as a demerit,
these models do allow for the estimation of relative sensitivity of subpopulations of cells
or individuals with a particular genetic background. Such information can be especially
relevant for risk assessment as this reduces the need for potentially inaccurate scaling
factors. While in vivo studies are commonly used to derive the lower confidence limit
of the benchmark dose (BMDL) and organ concentrations, special care must be taken
when interpreting these results. The saying “mice are not men” (479) especially holds true
regarding nanoparticles where differences in physical barriers including the amount of
Peyers patches and M-cells, as well as the structure of the mucus layer in intestine and
lung can cause further discrepancies between the human and animal situation (480-482).
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While the methodologies to scale in vitro nanoparticle toxicokinetics to in vivo kinetics
are in the explorative phase, they are the only conceivable, consistent source of human
toxicokinetic data. When considering in vitro models for the possibility of extrapolation
from in vitro to in vivo (i.e. quantitative in vitro to in vivo extrapolations or QIVIVE), stem
cell-based models seem to be favored as these consist of non-diseased tissue made up of
the relevant cell types found in vivo. In view of replacing animal experiments, efforts have
already been made to apply physiologically based kinetic (PBK) models to nanomaterials
in order to extrapolate in vitro uptake data to the in vivo situation (483). Although the
acceptance of PBK model data in a regulatory context is still limited (484), using input
data from physiologically relevant stem cell-based in vitro models might facilitate the
development in this direction.

The identification of key events leading to adverse health outcomes and subsequent
implementation in an adverse-outcome-pathway (AOP) frame is currently explored for
nanomaterials. These AOPs, and associated key events, might aid in selecting relevant
in vitro assays. It is expected that commonly used in vitro assays can be used, however
some emphasis to typical “nano”-related endpoints are foreseen, such as cellular uptake,
membrane damage, ROS generation or release of pro-inflammatory cytokines (485).
However, the molecular initiating events (MIE) of nanoparticles leading to toxicity are
often unspecific, in direct contrast to the MIE of a chemical that binds to a receptor or
target molecule (486). Therefore, translation of in vitro effects to the in vivo situation in the
case of nanomaterials including nanoplastics still requires extensive development, but
will greatly benefit from in vitro models that closely mimic the in vivo situation, such as
the stem cell-based models discussed in this review.

Despite the unique features that qualify stem cell-based models as a promising approach
for future nanotoxicity studies, there are some limitations that can make the use of these
models challenging. The cultivation and differentiation of stem cells into a mature model
usually covers time spans of two weeks or more for a single experiment (372, 374), and is
quite expensive in terms of consumption of medium and the multitude of growth factors
required for differentiation. The handling of stem cells requires highly trained operators,
since wrong handling can easily lead to death or spontaneous differentiation of stem
cells, e.g. by suboptimal cell confluence or inappropriate passaging (487-489), which
drastically impairs the robustness of the model itself. This issue of robustness is further
supported by the lack of standardized protocols for stem cell-based models in the current
literature.

Another current limitation of both cell line and stem cell-based models is the lack of

immunocompetent cells, as immune cells like macrophages or neutrophils are derived
from hematopoietic stem cells in the bone marrow, instead of tissue-resident stem cells,

48



Investigating nanoplastics toxicity using advanced stem cell-based intestinal and lung in vitro models

and transported via the blood (490, 491). Organ models based on stem cells exclusively
consist of the cell types that stem from the respective tissue-resident stem cells. Yet,
pro-inflammatory effects appear to be one of the main mechanisms of nanoplastics
toxicity, as they have been described in several in vivo studies (265, 492-494). Similarly,
nanoplastics have been shown to interact with components of the nervous system (495),
which stem cell-based models of intestine and lung are currently lacking. However, the
generation of immune and neural cells from iPSCs has been reported (496-498) and the
co-culture of mature stem cell-based models with additional cells is possible, e.g. intesti-
nal organoids with an enteric nervous system (499-503). However this has, to the best of
our knowledge, not been applied in the field of particle toxicology yet.

The limitations of stem cell-based models, such as the reduced robustness and the lack
of standardized protocols might eventually be overcome, as the field develops rapidly
and new insights are gained frequently. Similarly, the implementation of other relevant
cell types into these models will be the next step towards highly versatile alternatives to
animal testing, as it will be possible to investigate immune- or nervous system-related
effects of nanoplastics in a physiologically relevant in vitro environment.

Lastly, recreating dynamic conditions as present in the intestine and lung by creating in
vitro models in microfluidic devices (i.e. organ-on-a-chip) might also help to tackle some
specific particle-related challenges such as the buoyancy issue. Initial work using a micro-
fluidic-chip model has been performed by exposing human bronchial BEAS-2B cells to PS
(404). By generating scaffold-like (504) or tubular structures (374) inside of microfluidic
devices that are exposed to a dynamic flow of particle suspension, the sedimentation be-
havior of buoyant particles will no longer be an obstacle when testing polymers like PP or
PE, allowing more accurate dosimetry estimates in intestinal or non-ALI lung models. The
adaption of protocols and settings of the microfluidic devices for the purpose of particle
testing will require extensive optimization, such as flow rates, exposure time and exact
dosimetry calculations. However, the successful integration of such advanced models
into the portfolio of validated methods of in vitro nanotoxicology will greatly enhance
the field.
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3.1 Abstract

The intestinal epithelium forms a selective barrier between the intestinal lumen
and the subepithelial layer. Intestinal epithelium plays a critical role in initiating
inflammatory tissue responses in vivo, which remains challenging to emulate in vitro.
Caco-2 cells are commonly used models of the intestinal epithelium, but lack crucial
receptors and pathways associated with pro-inflammatory reactions. Human induced
pluripotent stem cell (iPSC)-based in vitro models are assumed to provide a system that
better emulates in vivo responses. This study evaluated the inflammatory response of
iPSC-derived intestinal epithelial cells (IEC) and Caco-2-derived intestinal epithelial
cells to the microbial toxins lipopolysaccharide (LPS) and nigericin. Here, iPSCs were
differentiated towards enterocyte, goblet- and Paneth-like cells without using three-
dimensional culture techniques. The formed monolayer barriers were exposed to a
combination of 0-100 uM nigericin and 100 ng/mL LPS on either the apical or basolateral
side. The treatment-induced expression of cytokine genes and cytokine secretion were
compared between the iPSC-derived cell model and differentiated Caco-2 cell layers.
Nigericin exposure in combination with LPS significantly reduced transepithelial
electrical resistance in the iPSC-derived model, and resulted in a 10-fold increased
secretion of the pro-inflammatory cytokines interleukin (IL)-6, IL-8, and tumor necrosis
factor-alpha compared to the negative control. A similar increase was observed for the
mMRNA expression of these cytokines. No significant effect on TEER, cytokine secretion
or mRNA expression was observed in the Caco-2 model. Overall, this study shows that
iPSC-IECs are a more sensitive model compared to Caco-2 to emulate inflammatory
perturbations of the human intestinal epithelium.
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3.2 Introduction

The human intestinal epithelium consists of a single-cell layer that separates the lumen
containing the food-chyme and intestinal microbiome from the underlying submucosal
tissues. The intestinal barrier protects the host from potentially harmful microbial and
fungal species while being a selective barrier to nutrients and food-borne chemicals (505).
Importantly, the intestinal epithelium dynamically interacts with intestinal microbiome
metabolites and submucosal cells via paracrine signalling and selective paracellular, and/
or transcellular transport of the metabolites (506). Proper barrier integrity and a physi-
ological balance in epithelial cell pro-inflammatory and anti-inflammatory responses are
key to maintaining a healthy gut physiology (507, 508).

The intestinal epithelial cell (IEC) layer comprises various specialized cell types such as
enterocytes, goblet cells, Paneth cells, M cells and enteroendocrine cells. IECs are replen-
ished approximately every 3 to 5 days (509, 510) through the proliferation, migration and
differentiation of LGR5+ intestinal stem cells that reside in the intestinal crypt (511). Each
type of IEC has a specific function that is essential for maintaining intestinal homeosta-
sis. Enterocytes comprise 70 % of the epithelial lining and are primarily responsible for
absorbing nutrients and food-borne chemicals from digested foods (512). Enterocytes,
together with the other IEC types in the gut epithelium, are connected via a network of
epithelial tight junction proteins that coordinate the paracellular permeability between
IECs(513). Goblet cells are the second most abundant cell type and secrete mucin glyco-
proteins, such as Mucin 2 (MUC2), to form a highly viscous, yet porous, mucus layer on top
of the IEC layer (514). The mucus layer serves as a lubricant for the transport of chyme and
protects the epithelial layer from luminal contents (515). It has been shown that impaired
mucus secretion due to Muc2 deficiency results in elevated levels of pro-inflammatory cy-
tokines secreted by IECs, underpinning the importance of an appropriate mucus layer in
immunotolerance (515, 516). Paneth cells reside in the crypts of the epithelial lining and
secrete antimicrobial peptides in the mucus layer, which prevents the undesired infiltra-
tion of bacteria (323,517, 518). Paneth cells, along with goblet cells and enterocytes, form
a major component of the innate immune system of the small intestine and help regulate
intestinal inflammation (518). In addition, enteroendocrine cells detect the metabolites
of commensal bacteria and release peptide hormones and cytokines to recruit immune
cells and modulate their response (519). The so-called M-cells selectively endocytose
mainly particulates like bacteria to present them to macrophages and lymphocytes in
the lamina propria on the basolateral side of the IEC layers (520). When the intestine is in
homeostasis, host-borne microbial agents from the lumen of the gastrointestinal tract
induce an anti-inflammatory state, which promotes immune tolerance in the intestinal
tissue (521, 522).
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Imbalances in gut microbiota can alter the epithelial immune response towards an in-
flamed state (522). For example, luminal overgrowth of pathogenic bacteria can lead to
an increased presence of a variety of endotoxins, including bacterial lipopolysaccharides
(LPS), which can negatively affect the intestinal epithelial barrier (523). LPS interacts with
the toll-like receptor 4 (TLR4) on IECs (524), resulting in the secretion of pro-inflammatory
cytokines and increased susceptibility to inflammatory diseases(525). Pro-inflammatory
cytokines induce downregulation of tight junctions, most notably zonula occludens-1
(ZO-1), resulting in a subsequent decline in barrier integrity (526). Loss of intestinal barrier
integrity and long-term stimulation of pro-inflammatory pathways can result in chronic
inflammation, leading to the development of inflammatory bowel diseases (IBD), such
as Crohn’s disease (527, 528) and ulcerative colitis (507, 529). Emulating the response
of epithelial cells to intestinal pathogens and their metabolites aids our understanding
of intestinal homeostasis and disease development and progression (530). To study the
mechanisms of intestinal pathogens, it is essential to evaluate the inflammatory signal-
ling capacity of appropriate intestinal epithelial models in vitro.

Several in vitro models of the intestinal epithelium have been used to replicate the
complexity of intestinal inflammation to elucidate the pathogenesis of IBD (530). The im-
mortalized Caco-2 cell line is most often chosen as the preferred cell line due to its ability
to spontaneously differentiate to an enterocyte-like phenotype after reaching confluency
(531). Caco-2 cells are epithelial cells derived from colon tissue of a colorectal adenocar-
cinoma, and their differentiation is marked by the transition of colonocyte markers to
enterocyte markers between days 3-18 post-confluence (532), resembling the gene ex-
pression pattern of small intestinal enterocytes (533). However, differentiated Caco-2 cells
lack important receptors involved in crucial pro-inflammatory pathways, such as TLR4 and
IL1R (534), and the cellular diversity required to model the interaction with immune cells
in the intestinal epithelial layer in vivo. Several in vitro models are described to comple-
ment Caco-2 cells with additional immunocompetent cell lines, such as macrophage-like
THP-1 (343), dendritic cell-like MUTZ-3 (342) or primary monocyte-derived macrophages
and dendritic cells, to be able to detect inflammation-related responses (322). However,
the intestinal epithelium itself is a key player in pro-inflammatory responses and might
even have opposite roles of typical immune cells in pathways that are involved in intes-
tinal inflammation (211). To investigate the mechanisms underlying intestinal inflamma-
tion, such as that induced by pathogens, in vitro, it is essential to assess the inflammatory
signalling capacity of appropriate intestinal epithelial models.

Primary microtissues would provide a relevant cell model, but their applicability is limited
due to their restricted expansion, limited availability and low expression of transporters
compared to in vivo tissue (530, 535, 536). Adult stem cells, isolated from primary intesti-
nal material, can be grown for extended periods when cultured in an extracellular matrix
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to form self-organizing three-dimensional intestinal organoids (329). The cellular compo-
sition within these organoids is modulated by a combination of growth factors (537, 538).
However, intestinal organoids, derived from either adult stem cells or induced-pluripotent
stem cells (iPSCs), are spherical structures with an inwards-facing apical membrane and
therefore not ideally suited for exposure studies that require exposure on the apical side
in a barrier model configuration. Apical-out intestinal organoids can be achieved (539),
however, this would in turn complicate basolateral exposure and sampling. Moreover,
the disassembly of organoids into monolayers causes the loss of self-organized cell pat-
terns (540). Unlike the primary tissue and adult stem cells, iPSC lines are commercially
available and can be grown indefinitely. iPSC differentiation can be directed into two-
dimensional IEC monolayers (371), which were recently optimized to study the effects of
per- and polyfluoroalkyl substances (PFAS) and heat-killed bacteria (237, 541). The diverse
cell population and consistent barrier integrity of the two-dimensional iPSC-derived IECs
make it an interesting model to study inflammation-related perturbations of the human
intestinal epithelium.

In the present study, the inflammatory responsiveness of intestinal epithelial cell layers
of iPSC-derived IECs and differentiated Caco-2 cells in response to nigericin and LPS co-
exposure was evaluated and compared. Inflammatory responses were assessed by mea-
suring cytotoxicity, barrier integrity, mRNA expression and secretion of relevant cytokines
upon exposure.

3.3 Methods

3.3.1 Culture of hiPSC

Human iPSCs (CS83iCTR-33nxx) were obtained from Cedars-Sinai Medical Center’s David
and Janet Polak Foundation Stem Cell Core Laboratory (CA, United States) and cultured
in a standard gas atmosphere with 95 % humidity and 5 % CO, at 37 °C under feeder-free
conditions using Matrigel hESC-Qualified Matrix-coated 6 well plates (Corning, NY, USA).
The cells were routinely passaged using Gentle Cell Dissociation Reagent (GCDR; Stem
Cell Technologies, Saint-Egréve, France) for 6 minutes (min) at room temperature. mTeSR™
Plus medium (Stem Cell Technologies, Saint-Egréve, France) was changed every 2-3 days.

3.3.2 hiPSC differentiation into intestinal epithelial cells

Intestinal epithelial cell induction was adapted from Janssen et al. (237, 541). hiPSCs were
dissociated into single cells with Accutase (Fisher Scientific, Landsmeer, Netherlands)
for 6 min at 37 °C and 63,000 cells/cm? were seeded in Matrigel hESC-Qualified Matrix-
coated 24-well plates and subsequently incubated in mTeSR™ Plus medium with 10 uM
Y-27632 (Stem Cell Technologies, Saint-Egréve, France) for 24 hours. Definitive endoderm
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differentiation was subsequently induced using RPMI-1640 medium (Merck, Amsterdam,
Netherlands) supplemented with 1 % penicillin-streptomycin (10,000 U/mL) (Pen/
Strep), 2 mM L-glutamine (Fisher Scientific, Landsmeer, Netherlands), 1 % non-essential
amino acids (NEAA), 2 % B27 supplement minus vitamin A (Fisher Scientific, Landsmeer,
Netherlands), 100 ng/mL Activin A (Cell guidance systems, Cambridge, United Kingdom),
and 50 ng/mL bone morphogenetic protein 4 (BMP4, R&D Systems, Dublin, Ireland). On
the second day, BMP4 was removed, and the medium was changed every day for two
consecutive days. Intestinal stem cell induction was performed between days 3 to 7 in
Dubecco’'s modified Eagle’s medium (DMEM) / nutrient mixture F-12 (F-12) medium
(Fisher Scientific, Landsmeer, Netherlands) supplemented with 2 % defined fetal bovine
serum (dFBS; Cytiva, MA, United States), 1 % Glutamax (Fisher Scientific, Landsmeer,
Netherlands), and 250 ng/mL fibroblast growth factor 2 (FGF2, R&D Systems, Dublin,
Ireland). On day 7, the cells were dissociated using Accutase for 6 min at 37 °C. Millicell 24-
well inserts with pore size of 3.0 um were pre-coated with Matrigel Growth Factor Reduced
Basement Membrane Matrix (Corning, NY, United States) and 225,000 cells/cm* were
seeded on the apical side of the Matrigel-coated insert in intestinal cell differentiation
medium (Advanced DMEM (Fisher Scientific, Landsmeer, Netherlands) supplemented
with 2 % dFBS, 2 % B27 supplement minus vitamin A, 2 % HepExtend supplement, 1 % N2
supplement, 1T % NEAA, 1 % Pen/Strep, 2 mM L-glutamine, 20 ng/mL epidermal growth
factor (EGF; R&D Systems, Dublin, Ireland), and 3 pM Forskolin (Stem Cell Technologies,
Saint-Egréve, France). 10 uM Y-27632 was added during the first 3 days. The choice for
Millicell inserts was based on the distributor’s availability and its compatibility with
organ-on-chip devices. The plates were then shaken at 60 rpm on a SH-200D-O Mini
Orbit Shaker (Cole-Parmer, Wertheim, Germany) with medium changes every 2-3 days.
Intestinal cell differentiation medium was supplemented from day 14 onwards with the
small molecules 5 uM 5-aza-2’-deoxycitidine (Fisher Scientific, Landsmeer, Netherlands),
20 uM PD98059 (Stem Cell Technologies, Saint-Egréve, France) and 0.5 uM A-83-01 (Stem
Cell Technologies, Saint-Egreve, France) until 26-28 days of differentiation. Cell culture
was performed at 37 °C with 5 % CO,for all differentiation steps.

3.3.3 Gene expression analysis

Total RNA was extracted using the RNeasy Micro kit (Qiagen, Venlo, Netherlands),
according to the manufacturer’s instructions. RNA concentration was determined using
a NanoDrop OneC Microvolume UV-Vis Spectrophotometer (Fisher Scientific, Landsmeer,
Netherlands) and adjusted to 30 ng/pL in DEPC-treated ultrapure water. Reverse
transcription was performed using the Quantitect Reverse Transcriptase kit (Qiagen,
Venlo, Netherlands) and an iCycler (Bio-Rad, Veenendaal, Netherlands) according to the
manufacturer’s instructions. Real-time quantitative polymerase chain reaction (RT-qPCR)
experiments were carried out on a Rotor-Gene Q (Qiagen, Venlo, Netherlands) using the
Rotor-Gene SYBR green PCR kit (Qiagen, Venlo, Netherlands). CT values above 35 were
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excluded from the results. The primers used are listed in Table S2. The efficiency of the
primers was checked prior to sample measurement. Values were quantified using the
comparative threshold cycle method. Target gene mRNA expression was normalised to
the average of ACTIN and GAPDH expression per sample and the negative control per
exposure group. Fold changes were calculated based on day 0 for Fig. 1 and the negative
control for Fig. 3.

3.3.4 Immunocytochemistry

The cells were fixed with 3.7 % paraformaldehyde (Merck, Amsterdam, Netherlands)
in phosphate-buffered saline (PBS; Fisher Scientific, Landsmeer, Netherlands) at room
temperature for 15 min, washed twice, and stored in MilliQ water at 4 °C. Cells were per-
meabilizated with 0.3 % Triton® X-100 (Merck, Amsterdam, Netherlands) for 10 min and
blocked with 2 % fetal bovine serum (FBS), 2 % bovine serum albumin (BSA) and 0.1 %
Tween20 (Merck, Amsterdam, Netherlands) in PBS for 30 min. The membranes from the
Millicell inserts were subsequently removed with a scalpel and incubated with primary
antibodies for 2 h at RT. Thereafter, the cells were incubated with secondary antibodies
and Hoechst 33342 (Fisher Scientific, Landsmeer, Netherlands) for 30 min. The antibod-
ies, along with all other materials used, are listed in Table S1. The inserts were placed on
a microscopic slide with cells facing upwards and covered with a drop of Prolong Gold
antifade mountant (Fisher Scientific, Landsmeer, Netherlands) and a cover slip. Images
were captured with a re-scan confocal microscope (Confocal.nl, Amsterdam, Netherlands)
using a 60x magnification objective and Z-stack acquisition.

3.3.5 Culture of Caco-2

Caco-2 cells (HTB-37) were obtained from ATCC (VA, United States) and passage 15-30
were used. Caco-2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose, L-glutamine, and sodium pyruvate (Capricorn Scientific, Eborfergrund,
Germany), supplemented with 20 % FBS (Fisher Scientific, Landsmeer, Netherlands),
1 % NEAA (LifeTech, 11140050), 1 % Pen/Strep and 1 % GlutaMAX (Fisher Scientific,
Landsmeer, Netherlands). Caco-2 cells were trypsinized with 0.5 % trypsin-EDTA (Fisher
Scientific, Landsmeer, Netherlands) for 6 min and 200,000 cells/cm? were seeded on the
apical side of Millicell 24-well inserts (Merck Millipore, Darmstadt, Germany). The cells
were incubated for 21 days at 37 °C with 5 % CO, to differentiate into enterocyte-like
epithelial cells. The medium was changed every 2-3 days.

3.3.6 Exposure to microbial toxins

After cultivating the hiPSC cells for 26-28 days and the Caco-2 cells for 21 days, the apical
or basolateral medium was removed and replaced with fresh medium containing 100 ng/
ml LPS from Escherichia coli O111:B4 (Merck, Amsterdam, Netherlands) together with
0-100 uM of nigericin sodium salt (Merck, Amsterdam, Netherlands) on either the apical
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or basolateral side for 24 h. The supernatant was collected from the apical and basolateral
compartments and stored separately at -20 °C.

3.3.7 Trans-epithelial electrical resistance measurements

Transepithelial electrical resistance (TEER) was measured using the EVOM3 Manual
Epithelial Volt Ohm Meter (World Precision Instruments, Friedberg, Germany) and STX4
EVOM™ Electrode (World Precision Instruments, Friedberg, Germany). TEER was measured
according to the manufacturer’s instructions. The samples were measured before
medium changes (every 2-3 days) and kept on a heated flask during measurements. Cell-
free Matrigel-coated inserts were used as blank values. TEER values were normalized by
subtracting the blank and multiplying by the insert surface area of 0.6 cm’. Monolayers
of differentiated Caco-2 cells and iPSC-derived IECs were considered of acceptable
quality for the exposure experiments if the normalized TEER values were higher than
150 Q*cm2and 400 O*cm2, respectively.

3.3.8 Lactate dehydrogenase (LDH) assay

LDH reaction solution (homebrew) was prepared in advance by combining 50 pl lithium
L-lactate (204 mM), 46 pl nicotinamide adenine dinucleotide sodium salt (5 mM), 2 ul
iodonitrotetrazolium chloride (65 mM) and 2 ul phenazine methosulfate from Merck
(29 mM) (Amsterdam, Netherlands) with 50 pl Tris buffer (200 mM, pH 8) (Trizma
hydrochloride; Merck, Amsterdam, Netherlands, Trizma base; Merck, Amsterdam,
Netherlands). After 24 h of LPS and nigericin exposure, 50 ul of apical and basolateral
supernatant of each insert was transferred to a 96-well plate. 150 pl of LDH reaction
solution was added to the supernatants and incubated at 37 °Cand 5 % CO, for 5-15 min.
The reaction was stopped by adding 50 pl of 1 M H,SO, (Honeywell International Inc.,
Charlotte, NC, United States). Absorbance was measured using a SpectraMax iD3 plate
reader and SoftMax Pro 7.1 (Molecular Devices, SJ, United States) at 490 and 680 nm. Data
is presented as Asgnm-Assonm as fold change of the untreated control. Cells subjected to
0.5 % Triton for 15 min were used as a positive control for cell death.

3.3.9 Enzyme-linked immunosorbent assay (ELISA)

The release of pro-inflammatory cytokines in the apical medium following exposure to
bacterial toxins was analysed using ELISA kits (R&D Systems, Dublin, Ireland) for human
Interleukin (IL)-6, IL-8, and tumor necrosis factor-alpha (TNF-a) as described elsewhere
(212). The supernatants were diluted if necessary.

3.3.10 Alcian Blue/PAS staining

Cells on Millicell inserts were fixed as described in the Immunocytochemistry section.
Cells were pre-treated with 3 % acetic acid (Merck, Amsterdam, Netherlands) for 3 min,
followed by 1 % Alcian Blue (Merck, Amsterdam, Netherlands) in 3 % acetic acid for

60



Pro-inflammatory response of human iPSC-derived intestinal epithelial monolayers towards microbial toxins
LPS and nigericin

30 min. Cells were subsequently washed thrice with MilliQ water and pre-treated with
1 % periodic acid solution (Merck, Amsterdam, Netherlands) for 10 min. After washing
three times with MilliQ, Schiff’s reagent (Merck, Amsterdam, Netherlands) was added to
each sample for 15 min, followed by three times sulphite water for 2 min and two times
MilliQ wash. The insert was removed and mounted on a microscopic slide as described in
the Immunocytochemistry section.

3.3.11 Statistics and Data analysis

Data sets were analysed using GraphPad Prism software version 10 (GraphPad Software,
CA, USA). Unless stated otherwise, values are expressed as the mean * standard deviation
(SD) of four independent experiments (N = 4) and three technical replicates in each ex-
periment. Normal distribution in the data was tested with the Shapiro-Wilk test. Statistical
analysis was performed using the Kruskal-Wallis test with Dunn’s multiple comparison
test for the gene expression of differentiation makers in Fig. 1B and one-way analysis of
variance (ANOVA), followed by Dunnett’s multiple comparisons test for TEER, LDH and
gene expression data in Figures 2B-D and 3. Differences with p < 0.05 were considered
significant (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). In Fig. 3, differences
between the cytokine expression of the negative controls were tested with a unpaired
t-test and considered significant if p < 0.05 (# p < 0.05, ## p < 0.01, ### p < 0.001,
#Hi#H# p < 0.0001).

3.4 Results

3.4.1 Intestinal epithelial-like cell layer differentiation

iPSCs were differentiated into IECs using a three-step differentiation protocol (Fig. 1A).
In the current protocol, intestinal stem cells were replated onto Matrigel-coated Millicell
inserts to obtain a barrier model separating the apical and basolateral compartments. To
confirm the path of cell differentiation, expression of cell-specific genes was analysed at
critical time points during differentiation (Fig. 1B). In accordance with our expectations,
MRNA expression of the stem cell pluripotency marker POU5F1 significantly decreased (as
seen on days 14, 21 and 28) compared to expression levels detected in undifferentiated
iPSCs on day O (Fig. 1B). Exposure of iPSCs to Activin A and BMP4 from day 1 onwards
significantly increased the mRNA expression of SOX17 on day 3 and 7 (Fig. 1B), which
is a marker indicating differentiation towards an endodermal cell fate. Differentiation
towards intestinal stem cells was marked by its peak LGR5 expression on day 7 (Fig. 1B).
The increased mRNA expression of Villin 1 (VIL1) (Fig. 1B) between days 7 and 28 and
the resulting VILT protein expression at day 28 (Fig. 1C) suggests the differentiation
into enterocyte-like cells. The presence of MUC2-positive cells was confirmed by the
increasing MRNA expression of MUC2 and immunocytochemistry at the later time
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points (Fig. 1B, D). Histochemical analysis revealed an increasing intensity of blue and
magenta Alcian Blue/PAS-positive cell clusters on top of the IEC cell monolayers, further
indicating the presence of acidic and neutral mucus in the cell layers (Fig. S1). In addition,
increasing Lysozyme (LYZ) mRNA expression throughout differentiation was indicative of
the presence of Paneth cells (Fig. 1B), which was confirmed by immunocytochemistry
(Fig. 1E). No evidence was found of iPSC differentiation towards enteroendocrine cells, as
the immunostaining for the commonly used endocrine marker chromogranin A (CHGA)
did not show positive cells (data not shown), and gene expression for CHGA in IECs
significantly decreased relative to iPSCs at day 0 from day 14 onwards (Fig. 1B).
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Fig. 1 - Differentiation and characterisation of two-dimensional iPSC-derived IEC layers.

(A) Schematic outline of the differentiation process of iPSCs towards IEC layers via treatment with the
indicated compounds. (B) mRNA expression levels of POU5F1, SOX17, CDX2, LGR5, VIL1, MUC2, LYZ
and CHGA were assessed via RT-qPCR on days 3, 7, 14, 21 and 26/28 (one of the four replicates was
differentiated until day 26 instead of 28). Samples were normalised to ACTIN and GAPDH expression
and presented as a fold change of the expression on day 0. Expression levels are presented as the
mean * SD (N=4) and compared to day 0 using the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. Differences with p < 0.05 were considered significant (* = p < 0.05, ** = p < 0.01,
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**¥* = p < 0.001, **** = p < 0.0001). (C-E) Immunofluorescent staining of iPSC-derived IEC layers on
day 28 for the proteins Villin 1, Mucin 2 and Lysozyme. Nuclei were stained with Hoechst 33342, and
tight junction networks with anti-ZO-1 antibodies to visualise the overall morphology of the cell
layers. Images were taken at 60x magnification, scalebar represents 20 um.

3.4.2 Intestinal epithelial cell layer barrier integrity

The barrier integrity of iPSC-derived IEC layers and Caco-2 cell layers was assessed dur-
ing differentiation using intermittent TEER measurements every 2-3 days. TEER remained
within acceptable boundaries from day 4 for Caco-2 and day 14 for iPSC-derived IECs,
respectively, averaging ~300 Q*cm? and ~1000 Q*cm? (Fig. 2A). Although differences in
TEER values between the two models were observed, three technical replicates within
each independent experiment displayed comparable TEER values (Fig. 2A).

Before analysis of the inflammatory responsiveness of the two cell models, LPS and
nigericin were added to assess their potency to induce cytotoxicity and barrier disrup-
tion. Cytotoxicity was measured using the LDH assay on supernatants from both the
apical (Fig. 2B) and basolateral side (Fig. S2) after apical or basolateral exposure for 24
h. The highest concentration of nigericin (100 uM) in combination with 100 ng/ml LPS
induced significantly increased LDH release from iPSC-derived IEC layers into the apical
compartment, but not from differentiated Caco-2 cell layers, irrespective of apical or
basolateral exposure (Fig. 2B). The TEER values of iPSC-derived IEC layers decreased in a
concentration-dependent manner, which reached statistical significance upon exposure
to 10 uM nigericin in combination with 100 ng/ml LPS when exposed either to the apical
or basolateral side. No effects on TEER were observed in the cell layers of differentiated
Caco-2 cells (Fig. 2D). We noticed a slight decrease in baseline TEER post-exposure (~1000
Ohm*cm? to ~800 Ohm*cm? in iPSCs and ~300 Ohm*cm? to ~200 Ohm*cm? in Caco-2,
see Figure A, C and D), which is likely an effect of measuring TEER 24 hours after medium
change in the exposure experiment, as opposed to measuring 48 to 72 hours after me-
dium change during the differentiation period.
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Fig. 2 - Barrier integrity and cytotoxicity in two-dimensional iPSC-derived IEC- and Caco-2 cell
layers.

(A) TEER measurements in the cell layers of iPSC-derived IECs (black) and Caco-2 cells (grey). iPSC-
derived IECs were first differentiated in 24-well plates and subsequently reseeded on Matrigel-
coated Millicell inserts on day 7. Caco-2 cells were seeded directly onto inserts and differentiated
for 21 days. Each line represents a single independent experiment (N=4), with each data point on
the line representing the average of all technical replicates within the experiment. (B) LDH levels in
the apical supernatant of iPSC-derived intestinal cells (black bars) and Caco-2 cells (grey bars) after
24 h exposure to LPS plus 0-100 pM nigericin on the apical or basolateral side. Data are expressed
as the fold change compared to the negative control (medium only; dotted line) as the mean +
SD (N=4) and compared to the negative control using a one-way ANOVA followed by Dunnett’s
multiple comparisons test. (C-D) TEER after 24 h exposure to LPS plus 0-100 uM nigericin on the
apical or basolateral side. The dotted line indicates the average TEER value for the negative control
of both iPSC-derived IECs and Caco-2 cells, depicted as mean + SD (N=4). Differences with p < 0.05
were considered significant (** = p < 0.01, *** = p < 0.001, **** = p < 0.0001).
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3.4.3 LPS and nigericin-induced pro-inflammatory cytokine mRNA
expression and secretion

Upon 24 h of co-exposure to 100 ng/ml LPS with 0-100 uM nigericin, the secretion of
pro-inflammatory cytokines IL-6, IL-8, and TNF-a by iPSC-derived IECs and Caco-2 cells
was determined. Cell model-dependent differences were observed in the secretion of
pro-inflammatory cytokines. Exposure of iPSC-derived IEC monolayers to increasing
concentrations of nigericin in the presence of 100 ng/ml LPS showed a trend of increased
release of IL-6, IL-8, and TNF-a (Fig. 3A, C, E), whereas basolateral exposure to the high-
est concentration of nigericin caused a statistically significant effect. No significant dif-
ferences in the secretion of IL-6, IL-8, and TNF-a in the differentiated Caco-2 cells were
observed compared to the negative control (Fig. 3B, D, F). Of note, the basal secretion of
IL-6 and IL-8 was significantly higher in the iPSC-derived IECs compared to the secretion
by differentiated Caco-2 cells (Fig. 3A, C).

To determine whether transcription of IL-6, IL-8, and TNF-a genes in iPSC-derived IECs was
upregulated upon LPS and nigericin exposure, the mRNA expression was determined
using RT-gPCR. None of the cytokine mRNA expression levels were affected by LPS
exposure alone, while significantly increased IL-6, IL-8 and TNF-a mRNA expression was
observed when cells were co-exposed to LPS and nigericin at 10 uM apically or 100 uM
basolaterally (Fig. 3B, D, F).
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Fig. 3 - Pro-inflammatory response after exposure to LPS and nigericin in iPSC-derived IECs
and Caco-2 models.

(A, C, E) Apical secretion of IL-6, IL-8 and TNF-a from iPSC-derived intestinal cells (black bars) and
differentiated Caco-2 cells (gray bars) after 24h of exposure to 100 ng/ml LPS with 0-100 uM nigericin.
The dotted line indicates the average cytokine concentration in the negative control of both iPSC-
derived IECs and Caco-2 cells. (B, D, F) Relative mRNA expression levels of IL-6, IL-8 and TNF-a in
IPSC-derived IECs after 24h of exposure to 100 ng/ml LPS with 0-100 uM nigericin. Expression
levels were determined by RT-qPCR and normalised to GAPDH and ACTIN and expressed as fold
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change of the negative control (Neg.) per cytokine. Expression levels are presented as the mean
+ SD (N=4) and compared to the negative control using a one-way ANOVA followed by Dunnett’s
multiple comparisons test. Differences with p < 0.05 after multiple testing corrections were
considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Differences
between the cytokine concentration of the negative controls of Caco-2 and iPSC-derived IECs were
tested with a student’s t-test. Differences with p < 0.05 were considered statistically significant
(#p <0.05, ## p < 0.01).

3.5 Discussion

The current study compared the capacity of two different intestinal in vitro models to
emulate the human intestinal inflammatory responsiveness and subsequent effects on
barrier integrity. iPSC-derived IECs were found to be more responsive to LPS and nigericin
exposure than differentiated Caco-2 cells. This makes the iPSC-derived IECs a more suit-
able model to study inflammation-related perturbations of the human intestinal epithe-
lium in vitro than Caco-2 cells.

Previous studies have shown that iPSCs can differentiate into IECs (371, 541). The proto-
cols used in the aforementioned studies make use of forskolin for IEC differentiation. Yet
this might limit the applicability of the derived IECs, as forskolin has been shown to inhibit
the integral pathways in the inflammation pathway (542-544). Therefore, the forskolin
concentration used for IEC differentiation in the current study was reduced from 30 to 3
UM to have a negligible effect on inflammation pathways (544). In addition, iPSC-derived
cells typically have an immature or fetal-like phenotype (545), while cells exposed to con-
tinuous flow and shear stress were found to be more mature (546). Thus, orbital shaking
was used to induce shear stress on both the apical and basolateral sides to promote cel-
lular maturation. Indeed, subtle modifications in the cocktail of small molecules used dur-
ing differentiation can alter the ratios between intestinal epithelial cell type populations
in vitro (537, 547). The expression of hallmark differentiation markers was confirmed to
assess the progression of each differentiation stage during differentiation and expansion.
Furthermore, cell type-specific immunostaining markers indicated the presence of en-
terocytes, goblet cells and Paneth cells on day 28 of culture. A time-dependent decrease
of POU5F1 expression indicates loss of pluripotency (548), while LGR5 is still expressed at
the end of the differentiation procedure, confirming the presence of non-terminally dif-
ferentiated intestinal stem cells in the cell population (549). The upregulation of SOX77 on
day 3 and 7 indicates Activin A-mediated differentiation towards definitive endoderm as
an intermediate step, while endodermal identity is lost again at the end of differentiation
(day 28), as seen by a downregulation of SOX17 (550). Further, the presence of entero-
cytes, goblet cells and Paneth cells was confirmed using gene expression of VILT, MUC2
and LYZ, respectively, and immunostaining of the associated proteins. The expression of
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CHGA, a marker of enteroendocrine cells that are occasionally observed in iPSC-derived
intestinal models (236), was not observed. Overall, these gene expression patterns are in
line with previous characterization studies of iPSC-derived IECs (237, 541).

Exposure of iPSC-derived IECs to LPS in combination with nigericin significantly reduced
TEER upon increasing nigericin concentrations, irrespective of apical or basolateral expo-
sure to these compounds. An increase in the release of LDH by the iPSC-derived IECs was
also observed at the highest compound concentrations tested, indicating major necrotic
cell death through membrane damage. Nigericin is a natural antibiotic produced by
Streptomyces hygroscopicus, which has been used as a costimulatory inducer of intestinal
inflammation (551-553). Nigericin acts as an ionophore, allowing in- and efflux of several
types of ions, including H" and K7, leading to changes in pH gradients and mitochondrial
membrane potential (554). Furthermore, nigericin is a potent activator of inflammasomes,
which, once activated, lead to the release of pro-inflammatory cytokines and possibly
pyroptosis, an inflammatory form of lytic cell death. Cell death upon nigericin treatment
has been reported in several cell models (555-557). In Caco-2 cells, LPS and nigericin
only induced very minor, non-significant effects on TEER and LDH release, hinting either
towards higher robustness of these cells or the previously reported lack of crucial recep-
tors/pathways that are involved in the response towards nigericin (558).

Although LPS is commonly reported as a potent activator of multiple pro-inflammatory
pathways in other in vitro models (559), 100 ng/ml LPS alone did not induce any pro-
inflammatory effect in the iPSC-derived IECs. Interestingly, a combination with at least 10
MM nigericin seems to be sufficient to result in detectable changes in markers indicative
of intestinal inflammation, such as an impaired barrier, cell death, and release of the pro-
inflammatory cytokines IL-6, IL-8 and TNF-a. IL-6 has been described to be essential in
bacterial-epithelial cross-talk in the gastrointestinal tract (560). IL-8 is a chemoattractant
largely produced by intestinal epithelial cells to recruit immune cells in response to
bacterial invasion (561). The cytokine TNF-a has been described to have diverse IEC ef-
fects, such as modulation of mucus secretion, tight junction control and cell death (562).
Overall, the response of the iPSC-derived IECs is a plausible reaction towards the bacterial
toxins LPS and nigericin and resembles an in vivo reaction to bacterial invasion of the gut.

Furthermore, our study assessed whether the inflammatory reaction of iPSC-derived IECs
towards LPS and nigericin differs between apical and basolateral exposure. The presence
and location of specific TLRs on IECs can vary based on tissue region and disease state
(563), while TLRs are generally expressed on both apical and basolateral membranes of
IECs (564). Despite subtle differences in the cytokine expression and release after apical
and basolateral exposure, we cannot conclude any side to be more susceptible towards
bacterial toxins. Both scenarios are physiologically relevant, as (fragments of) bacteria

68



Pro-inflammatory response of human iPSC-derived intestinal epithelial monolayers towards microbial toxins
LPS and nigericin

might either breach the intestinal mucus layer and interact with the apical membrane
of the intestinal epithelium, or breach the intestinal epithelial layer itself and interact
with receptors on the basolateral side. In contrast, no effects on cytokine secretion were
observed in differentiated Caco-2 cells. It has been previously described that Caco-2 cells
show very limited responses towards inflammatory stimuli such as LPS (343), which in
part can be attributed to a lack of TLR4 expression (534). However, nigericin exposure did
not cause any effects in Caco-2 cells as well, suggesting a dysfunction of a nigericin-as-
sociated pathway. Overall, our results demonstrate immunocompetence of iPSC-derived
IECs towards the microbial toxins LPS and nigericin, even without a specificimmunocom-
petent cell type present. Notably, the basal mMRNA expression of IL-6, IL-8, and TNF-a, and
their respective secretion, was significantly elevated in the cell layers of iPSC-derived IECs
compared to that in Caco-2 cell layers, indicating a constant state of low-level inflamma-
tion in iPSC-derived IECs without additional stimuli. A possible explanation could be the
activation of transcription factor STAT3, which is involved in IL-6 production, but also in
the establishment of pluripotency in iPSCs (565). iPSC-derived cells often represent an
immature phenotype compared to cells directly collected from in vivo material, as iPSC-
IECs are not exposed to the physiologically-relevant tissue microenvironment that might
play a major role in fine-tuning gene expression patterns (566). The iPSC-IECs immature
and more proliferative state could explain its significantly higher cytokine expression
compared to Caco-2.

A true recapitulation of intestinal immune responses involves the interplay between epi-
thelial and immune cells and thus requires the incorporation of intestinal tissue-residing
immune cells in future research. Tissue-resident immune cells, most notably macrophages
and dendritic cells, underlie the intestinal epithelial cells and induce hyporesponsiveness
to bacteria (567, 568). If the intestinal barrier is breached, tissue-resident immune cells
release cytokines and chemokines to induce mucosal inflammation. Several groups have
reported this interplay between the epithelial lining and immune cells in the intestine,
often using the THP-1 cell line (343, 530). To fully recapitulate the intestinal inflammatory
response induced by luminal content, a co-culture of epithelial and tissue-resident im-
mune cells (e.g. macrophages (569)) must be further explored, potentially derived from
the same donor.

Moreover, initial results from multicenter studies, using complex iPSC models for drug
screening, showed acceptable variability, overcoming a main hurdle for the broader
acceptance of the outcome of iPSC-based studies (570). Recent examples show that
iPSC-based cell models have successfully studied the transport and effects of PFAS (541),
paving the way for other transport studies using iPSC-based models (571, 572). In addi-
tion, iPSC-derived models have the potential to study individual donor differences, which
are particularly important in the context of disease modelling, such as IBD. Alleles that
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increase disease susceptibility often show low penetrance in individuals carrying them,
indicating that IBD is primarily caused by the interplay between host factors and environ-
mental influences (573). To distinguish between genetic predisposition and overlapping
pathogenic exposure, cellular models should include donors with disease-susceptibility
alleles for disease modelling and risk analysis. Cells from patients with IBD could be col-
lected using non-invasive methods and transformed into iPSCs, which could then be dif-
ferentiated into iPSC-derived intestinal cells, similar to how it was demonstrated for iPSCs
derived from osteoarthritis patients (574). The iPSC differentiation protocol and readout
methods described in the present study could aid in the development of such personal-
ized models that emulate the inflammation-related perturbations and subsequent treat-
ment options.

3.6 Conclusions

Overall, our study showed that iPSC-derived IEC layers are a suitable immunocompetent
model of the intestinal epithelial cell layer, capable of emulating pro-inflammatory re-
sponses towards microbial toxins. This model could be further developed and used to
emulate inflammation-related perturbations of the human intestinal epithelium in vitro,
stemming from drugs, chemicals, particulate matter, dietary components or disease
susceptibility.
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3.9 Supplementary information

Table S1 - Key resources

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-Villin antibody for
Immunofluorescence (1:200)

Santa Cruz Biotechnology

Cat# sc-58897
RRID: AB_2304475

Anti-MUC2 for immunofluorescence
(1:100)

Santa Cruz Biotechnology

Cat# sc-7314
RRID: AB_627970

Anti-Lyzozyme for immunofluorescence
(1:100)
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Cat# A009902-2
RRID: AB_2341230

Anti-ZO-1 for immunofluorescence
(1:200) — used in combination with Anti-
Villin and Anti-MUC2.

Fisher Scientific

Cat# PA585256
RRID: AB_2792399

Z0-1 Monoclonal Antibody (ZO1-1A12),
Alexa Fluor™ 594 (1:200) - used in combi-
nation with Anti-Lyzozyme.

Fisher Scientific

Cat# 339194
RRID: AB_2532188

Goat anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa
Fluor™ Plus 488 (1:250)

Fisher Scientific

Cat# A32723
RRID: AB_2633275

Donkey anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 647 (1:250)

Fisher Scientific

Cat# A-31573
RRID: AB_2536183

Chemicals, Peptides, and Recombinant Proteins

Matrigel hESC-Qualified Matrix Corning 354277
Matrigel Growth Factor Reduced Corning 354230
mTeSR plus Stem cell technologies 662640
Gentle Cell Dissociation Reagent Stem cell technologies 100-0485
Y-27632 Stem cell technologies 72304
Recombinant Human Activin A Cell guidance systems GFH6-100

Recombinant Human BMP-4 Protein R&D systems 314-BP-010/CF
Recombinant Human FGF2 Protein R&D systems 233-FB-025/CF
Recombinant Human EGF Protein R&D systems 236-EG-200/CF
Forskolin Merck F3917
5-aza-2'-deoxycytidine (5mM) Merck A3656

A 83-01 Stem cell technologies 72022
PD98059 Stem cell technologies 72174
RPMI-1640 Medium Merck R8758
DMEM/F-12 with 15 mM HEPES Stem cell technologies 36254
Advanced DMEM/F-12 Fisher Scientific 12634010
GlutaMAX™ Supplement Fisher Scientific 35050038
B-27™ Supplement (50X), minus vitamin A Fisher Scientific 12587010

N-2 Supplement Fisher Scientific 17502048
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Table S1 - Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
HepExtend™ Supplement Fisher Scientific A2737501
Accutase™ Cell Dissociation Reagent Fisher Scientific A1110501
L-Glutamine (200 mM) Fisher Scientific 25030024
Penicillin and Streptomycin (5,000 U/mL)  Fisher Scientific 15070063
Triton X-100 Merck 18787
Tween20 Merck P9416
Bovine Serum Albumin Merck A2153
Lithium L-lactate Merck L2250
B-Nicotinamide adenine dinucleotide Merck N0632
sodium salt

lodonitrotetrazolium chloride Merck 18377
Phenazine methosulfate Merck P9625
Trizma hydrochloride Merck T3253
Trizma base Merck T4661
Sulfuric acid solution Honeywell International Inc. 84741
Lipopolysaccharides from Escherichia coli Merck L4391
0111:B4

Nigericin Merck N7143
Hoechst 33342 Fisher Scientific H3570
Defined Fetal Bovine Serum Hyclone SH30070.01
GAPDH primer Qiagen PPHO0150F-200
TNFa primer Qiagen PPH00341F-200
Acetic acid Merck 695092
Alcian Blue solution Merck B8438
Periodic acid Merck P7875
Schiff’s reagent Merck 1.09033.0500
Critical Commercial Assays

RLT buffer Qiagen 79216
RNeasy mini kit Qiagen 74106
QuantiTect Reverse Transcription Kit Qiagen 205311
Rotor-Gene® SYBR® Green PCR kit Qiagen 204174
ProLong™ Gold Antifade Mountant Fisher Scientific P36934
Human IL-6 DuoSet ELISA R&D systems DY206
Human IL-8/CXCL8 DuoSet ELISA R&D systems DY208
Human TNF-alpha DuoSet ELISA R&D systems DY210
Experimental Models: Cell Lines

Caco-2 cells ATCC HTB-37
hiPSC CS83iCTR-33nxx Cedars-Sinai Medical Center CS83iCTR-33nxx
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Table S1 - Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Equipment

Orbital Shaker Fisher Scientific 10309644

Nanodrop™ Fisher Scientific 13-400-525

Rotor-Gene Q°® Qiagen 9001862

EVOM3 Trans Epithelial Electrical WPI EVOM3

Resistance (TEER) meters o
Electrode blades for STX4 EVOM™ WPI STX4-BLADES ‘gf_
SpectraMax Molecular Devices iD3 5
Re-scan confocal microscope Confocal.nl RCM1

Inverted phase contrast microscope Olympus CKX53

Software and Algorithms

Fiji-lmage) Schindelin et al., 2012 PMID: https://imagej.net/Fiji/Downloads
22743772

GraphPad Prism 10.2.3 GraphPad N/A

Disposables

Millicell Cell Culture Insert, 12 mm, poly-  Millipore PITP01250

carbonate, 3.0 um

Microscope slide 26x76x1mm Fisher Scientific 15998086

Microscope cover glass, 170 um thick Fisher Scientific 10039670

QiaShredder Qiagen 79656

Nunc™ MaxiSorp™ ELISA Plates, Biolegend 423501

Uncoated
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Table S2 - Primers used for RT-qPCR

Gene GeneBank Primer sequence (5’-3’) PCR Regression Source
symbol  Accession No. efficiency coefficient
(%) (R2)
POUS5F1 NM_002701.6  F:TGGAGTTTGTGCCAGGGTTT 106 0.995 This
R: TCACCTTCCCTCCAACCAGT paper
SOX17 NM_022454.4  F: GCAAGATGCTGGGCAAGTC 92 0.990 This
R: CTTGTAGTTGGGGTGGTCCTG paper
CDX2 NM_001265.6  F: CCAGCGGCGGAACCTGTG 110 0.995 (236)
R: GTCTTTCGTCCTGGTTTTCAC
LGR5 NM_003667.4  F: GGAAATCATGCCTTACAGAGC 109 0.995 (236)
R: CACTCCAAATGCACAGCACTG
LYz NM_000239.3 F: CCCTGGTCAGCCTAGCACTC 97 0.998 (236)
R: CCTTGCCCTGGACCGTAACA
VIL1 NM_007127.3 F: CGGAAAGCACCCGTATGGAG 109 0.997 (236)
R: CGTCCACCACGCCTACATAG
MUC2 NMO002457.4 F: AGAAGGCACCGTATATGACGAC 107 0.999 (236)
R: CAGCGTTACAGACACACTGCTC
CHGA NM_0012754  F: TCCGACACACTTTCCAAGCC 99 0.997 (236)
R: TTCTGCTGATGTGCCCTCTC
IL6 NM_000600.3 F: AGCCACTCACCTCTTCAGAAC 105 0.992 (575)
R: GCCTCTTTGCTGCTTTCACAC
IL8 NM_000584.2 F: CTGATTTCTGCAGCTCTGTG 103 0.997 (576)
R: GGGTGGAAAGGTTTGGAGTATG
TNF-a NM_000594 PPH00341F-200 - - Qiagen
GAPDH NM_002046 PPHO0150F-200 - - Qiagen
ACTB NM_001101.5 QT00095431 - - Qiagen

iPSC-derived |IEC day 14

iPSC-derived IEC day 21

iPSC-derived IEC day 28

Fig. S1 - Histochemical staining with Alcian blue and Periodic acid-Schiff reaction was
performed on paraformaldehyde-fixed iPSC-derived intestinal-like epithelial cells for acidic
(blue) and neutral (magenta) mucus, respectively.

Images were acquired on an Olympus CKX53 inverted phase contrast microscope. Images were
taken at 20x magnification, scalebar represents 500 um.
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Toxicity of true-to-life microplastics
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4.1 Abstract

Humans are continually exposed to microplastics, now pervasive in the environment.
The intestinal epithelium, as a primary barrier tissue, frequently faces high microplastic
exposure, yet health implications remain elusive. Using an intestinal epithelial cell model
derived from human induced pluripotent stem cells, we show intestinal toxicity upon
exposure to true-to-life polyethylene terephthalate-TiO,, polypropylene-Talc, polyvinyl
chloride and polyamide microplastics. These materials compromised barrier integrity,
elevated intracellular reactive oxygen species and stimulated intestinal cytokine
secretion. Epithelial perturbations were not observed upon exposure to polystyrene
microplastics, which frequently serve as a proxy for product-derived microplastic
exposure. Proteomics analysis identified unique protein corona compositions for
each microplastic, which correlated with in vitro effects. For example, the abundance
of biocorona proteins involved in inflammation strongly correlated to the degree of
cytokine secretion. These findings underscore the need for routine availability of true-
to-life microplastics and protein corona analysis in hazard assessment to enable safe-
by-design plastic development.



Toxicity of true-to-life microplastics to human iPSC-derived intestinal epithelia correlates
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4.3 Introduction

The production of fossil-based plastics is estimated to increase from 460 million tons in
2019, to a stunning amount of 1.4 billion tons by 2060 (577, 578). Of all globally produced
plastics, only 9 % is recycled, 19 % is incinerated and the remaining 72 % eventually gets
deposited in the environment (4, 577, 578). Exposure of plastic debris to harsh environ-
mental conditions (i.e. UV light and physical stress through abrasion) causes the plastic
waste to degrade into micro (<5 mm) and nanosized (<0.1 mm) plastic particles, which
persist in the environment, can accumulate in the food chain (13, 579) and have been
found in human organs including blood placenta and brain (14, 16, 17). The variety of
sizes and shapes of microplastics and the highly diverse presence and composition of
additives and fillers (13) highlights the challenges of exhaustive toxicity testing and ne-
cessitated the use of in vitro screening approaches.

Ensuring the human relevance of in vitro methods and test materials is essential for

obtaining mechanistic insight into the potential human toxicity of environmentally ubig-
uitous microplastics (580, 581). Additionally, comprehensive understanding of the impact
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of (bio)physicochemical properties on health outcomes are required to allow read-across
approaches that reduce unnecessary animal testing and enable safe and sustainable
by design plastic development (582). While much remains to be studied regarding the
impact of microplastics on human health, their capacity to induce reactive oxygen spe-
cies and inflammatory responses in exposed tissues likely represent key events in the
(suspected) adverse health outcomes (583, 584).

Humans are exposed to microplastics daily through contaminated foodstuffs, swallow-
ing of microplastics that are cleared from the lungs via the mucociliary escalator and
microplastic that are released from food-contact materials(168). As a result the intestinal
epithelium as the primary barrier faces the highest microplastic exposure of all human
tissues (13). Microplastics are limited in their capacity to translocate across the intestinal
epithelium (<0.3 % of the applied dose) and microplastics larger than 1.5 um are not
systemically available (13, 580). Conversely, the luminal side of the intestinal epithelium
is exposed to all of the ingested microplastics, irrespective of their sizes, making it a
likely target organ for microplastic-induced toxicity. Intestinal toxicity of microplastics
is typically studied using immortalized intestinal cell lines like Caco-2, which have
well-recognized physiological and inflammatory shortcomings (231, 585) that limit the
translation of in vitro effects to in vivo effects (237, 585). Here we set out to use induced
pluripotent stem cell (iPSC) derived intestinal epithelial cells (IECs) grown as cell layers as
an advanced human-relevant intestinal epithelial cell model.

To address urgent risk assessment needs and eminent societal concerns, human relevant
true-to-life microplastics resulting from the degradation of plastic products or waste are
to be included in microplastic hazard studies (583, 584). Emerging evidence suggests that
relying only on studies with readily available polystyrene (PS) microplastics as the basis
for risk assessment of microplastics does not capture the diversity of cellular responses
to differing microplastic polymer types (263, 580, 586). True-to-life microplastics on the
other hand contain realistic amounts of additives and fillers and thus are representative
of real human microplastic exposure (587). In this study we therefore included six highly
relevant polymer types including their fillers, being polylactic-acid (PLA) derived from PLA
pellets, polyethylene terephthalate with titanium dioxide filler (PET-TiO,) derived from
opaque plastic bottles (587), polypropylene with talc filler (PP-Talc), polyvinyl chloride
(PVC) and polyamide (PA) derived from plastic pellets (588), and commercially available
Tum PS as reference particles. Together, this panel of microplastics represents the major
polymer types that contaminate our food and the environment (4).

Physiological relevance of the microplastic exposure was further increased by taking the

microplastic specific protein corona into account, which forms spontaneously on the
microplastic surface in biological environments and can either alleviate or exacerbate
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particle toxicity (151-153, 589). The protein corona shields the cell from the reactive par-
ticle surface, however the presence of misfolded orimmunogenic proteins at the particle
surface can trigger increased particle phagocytosis and cytokine secretion(151, 158).
Additionally, the protein binding capacity of microplastic surfaces can disrupt cellular
protein homeostasis, either by shuttling harmful proteins into the cell interior (i.e., Trojan
horse principle) (590) or by sequestering intracellular proteins, rendering them incapable
of performing their biological function (591).

Here, we used an iPSC-derived IEC model, comprised of multiple cell types, to study intes-
tinal interactions with a panel of well characterized true-to-life microplastics and a 1 um
PS reference particle. An extensive characterization of the formed protein corona in ex-
posure media was performed using semi-quantitative LC-MS-MS based proteomics. The
endpoints assessed were cytotoxicity, barrier disrupting capacity, the ability to generate
reactive oxygen species (ROS), and the induction of cytokine secretion, as these represent
key events in the adverse outcome upon microplastics exposure (592). Finally, correla-
tions between the composition of the biocorona and observed effects were studied.

4.4 Material and methods

4.4.1 Materials

Phosphate-buffered saline (PBS), paraformaldehyde (PFA), sodium bicarbonate, hydro-
chloric acid, RPMI-1640 medium, Triton” X-100, Tris-HCL, Tween-20, phenazine metho-
sulfate, and sulphuric acid were obtained from Merck (Amsterdam, The Netherlands).
Accutase Cell Detachment solution, penicillin/streptomycin, L-glutamine, non-essential
amino acids (NEAA), B27 supplement minus vitamin A, DMEM/F12 medium, glutamax,
advanced DMEM, hepExtend supplement, N2 supplement and 5-aza-2’-deoxycitidine
were obtained from Fisher Scientific (Landsmeer, The Netherlands). Defined fetal bovine
serum (dFBS) was obtained from Cytivia (Medemblik, The Netherlands). Millicell” 24-well
inserts with 3 um pore size were obtained from Millipore, Sigma (Darmstadt, Germany).
Whatman filters, trifluoroacetic acid, KCl, dithiothreitol and iodoacetamide were obtained
from Sigma Aldrich (Zwijndrecht, The Netherlands). Sequencing-grade trypsin was ob-
tained from Boehringer Mannheim (Mannheim, Germany). mTeSR™ Plus medium, Gentle
Cell Dissociation Reagent, Y-27632 Rock-inhibitor, Forskolin, PD98059 A-83-01 were ob-
tained from Stem Cell Technologies (Saint-Egreve, France). Matrigel hESC-Qualified Matrix
and Matrigel Growth Factor Reduced Basement Membrane Matrix were obtained from
Corning, (New York, USA). Epidermal growth factor, BMP4, FGF2 and the duoset ELISA kits
for IL-16, IL-6, IL-8, IL-18 and TNF-a were obtained from R&D Systems (Dublin, Ireland).
Activin A was obtained from Cell Guidance Systems (Cambridge, United Kingdom).
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4.4.2 Micro and nanoplastics

Non-fluorescent PS microspheres of 1 um were obtained from Polysciences (Hirschberg
an der Bergstral3e, Germany), polylactic acid (PLA) microplastics were provided by AIMP-
LAS (Valencia, Spain) and titantium dioxide-doped polyethylene terephthalate (PET-TiO,)
microplastics were generated from opaque plastic bottles as described previously (587)
and were generously provided by Universitat Autdnoma de Barcelona. Polypropylene-
Talc (PP-Talc), Polyvinyl-chloride (PVC) and polyamide 6.6 particles (PA) were generated
and provided by the Dutch organization for applied scientific research (TNO) as described
previously (588).

4.4.3 Characterization of particle suspensions

The particle size and zeta potential of microplastics were determined using a ZS-nano
Zetasizer (Malvern Panalytical, Malvern, Great Britain). Microplastic size was determined
in intestinal cell differentiation (ICD) medium prepared as described below in section
“Differentiation of iPSCs into intestinal epithelial cell layers” and Milli-Q water at a tem-
perature of 37 °C. Zeta-potential was measured at a temperature of 25 °C in a 10 mM
solution of KCl, filtered through a 0.2 pm nylon Whatman filter. Prior to suspension in ICD
medium or 10 mM KCl, microplastics were sonicated for 2 min at 70% amplitude using
a FB505 cuphorn sonicator (Fisher Scientific, Landsmeer, The Netherlands). Microplastics
were diluted to a concentration of 20 pg/ml for both zeta-potential and hydrodynamic
size determination. Prior to the measurement, suspensions were mixed using manual
pipetting and were transferred to a 1.5 mL PS cuvette. At least three measurements for
both size and zeta potential were obtained for each sample.

4.4.4 Prediction of degree of microplastic sedimentation using in silico
dosimetry

The degree of microplastic sedimentation was determined through in silico dosimetry
simulations using the distorted grid model (435). The dish depth was set to 6.6 mm as
this corresponds to the medium height in Millicell inserts and the particle size was set to
the intensity-weighted size average in IEC medium obtained through DLS. The following
densities were used for calculating the sedimentation; 1.09 g/ml for PS, 1.68 g/ml for PP-
Talc, 1.25 g/ml for PLA, 1.38 g/ml for PVC, 1.14 g/ml for PA and 1.454 g/ml for PET-TiO,.
No dissolution or agglomeration was considered and the remaining settings were left at
their default values.

4.4.5 Culture of human induced-pluripotent stem cell (iPSC)

The human induced pluripotent stem cell line CS83iCTR-33n1 was obtained from Cedars-
Sinai Medical Center (Los Angeles, CA, United States). Undifferentiated iPSCs were seeded
in hESC-Qualified Matrigel Matrix-coated 6-well plates under feeder-free conditions
and cultured in mTeSR™ Plus medium (Stem Cell Technologies, Saint-Egréve, France), at
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95 % humidity, 5% CO, and 37 °C. mTeSR™ Plus medium was replaced every 2-3 days and
routine passaging of cells was performed by detaching the iPSCs using Gentle Cell Dis-
sociation Reagent for 5 min at room temperature followed by transfer to a new matrigel
hESC-coated 6 well plate. Confocal fluorescence microscopy was used to confirm the
presence of VIL" enterocytes, MUC2* goblet cells and LYZ* Paneth cells in the iPSC-derived
IECs (Supplementary Fig. 3).

4.4.6 Differentiation of iPSCs into intestinal epithelial cell layers

Intestinal epithelial cell induction was performed as previously described (593). First,
iPSCs were dissociated as single cells with Accutase for 6 min at 37 °C and 140.000
cells were seeded into each well of a hESC Matrigel-coated 24-well plates. Cells were
incubated in 500 uL mTeSR™ Plus medium containing 10 pM Y-27632 Rock-inhibitor for
24 h. Endoderm differentiation was induced using RPMI-1640 medium supplemented
with 1% pen/strep (10,000 U/mL), 2 mM L-glutamine, 1 % NEAA, 2 % B27 supplement
minus vitamin A, 100 ng/mL Activin A, and 50 ng/mL BMP4. On the second day of
differentiation, the medium was changed to BMP-4 free medium and refreshed every
day for two consecutive days. Hindgut induction was performed between day 4-8 of
differentiation using DMEM/F12 medium supplemented with 2 % dFBS, 1 % glutamax
and 250 ng/mL FGF2. On day 8, the cells were dissociated using Accutase for 6 min.
Millicell 24-well inserts with 3 um pore size were coated with growth factor reduced
Matrigel basement membrane matrix and seeded on the apical side with 300000 cells/
well in Advanced DMEM supplemented with 2 % dFBS, 2 % B27 supplement minus
vitamin A, 2 % HepExtend supplement, 1 % N2 supplement, 1 % non-essential amino
acids (NEAA), 1 % penicillin-streptomycin, 2 mM L-glutamine and supplemented with
20 ng/mL epidermal growth factor and 3 uM Forskolin (ICD medium) with 10 uM Y-27632
for 3 days. Cells were placed on an SH-200D-O Mini Orbit Shaker (Antylia scientific, lllinois,
USA) set at 60 rpm in a humidified stove at 37 °C, and the medium was replaced with ICD
medium without Y-27632 every 2-3 days. ICD medium was supplemented from day 14
with the small molecules 5 uM 5-aza-2'-deoxycitidine, 20 uM PD98059 and 15 uM A-83-
01 until 26-28 days of differentiation. Cell culture was performed at 37 °C with 5 % CO,
for all differentiation steps. iPSCs derived from a single donor were differentiated three
times between passages 16-18. Each independent iPSC differentiation into IEC layers is
considered a biological replicate, denoted as n=3 in the figure legends.

4.4.7 Immunostaining

The differentiated IEC layers were fixed with 3.7 % paraformaldehyde in phosphate-
buffered saline (PBS) at room temperature for 15 min, washed twice with PBS, and stored
in Milli-Q water at 4 °C. The cells were permeabilizated just prior to staining with 0.3 %
Triton” X-100 for 10 minand non-specific binding sites were blocked with 2 % FBS, 2 %
bovine serum albumin (BSA) and 0.1 % Tween20 in PBS for 30 min. The membranes
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containing the fixed IEC layers were subsequently cut out of the Millicell inserts with
a scalpel and were incubated with primary antibodies Villin, Mucin 2 or Lysozyme and
Hoechst 33342 for 2 h at room temperature. Chromogranin A expression was also as-
sessed but is excluded from the results due to lack of expression. Thereafter, the IEC layers
were washed twice with PBS containing 4 % FBS and were incubated with secondary
antibodies for 30 min followed by two more washing steps. The antibodies used are listed
in Supplementary Table 2. The filters were placed on a microscopic slide with cells facing
up and covered with a drop of Prolong Gold antifade mounting agent and a cover slip.
Images were captured with a re-scan confocal microscope (confocal.nl, Amsterdam, The
Netherlands). The images were analysed using Fiji version 1.53t.

4.4.8 Trans-epithelial electrical resistance measurements

Transepithelial electrical resistance (TEER) was measured using the EVOM3 Manual Epi-
thelial Volt Ohm Meter and STX4 EVOM™ Electrode (World precision instruments, Florida,
USA). The TEER was measured according to the manufacturer’s instructions using a 10 pA
current. Matrigel coated, cell-free transwells were used to estimate the background TEER.
The 24 well plates were kept on water-filled T175 flasks pre-heated to 37 °C to prevent
temperature fluctuations during the measurement. TEER values of the IEC layers were
measured before and after exposure. No difference in TEER values of any of the condi-
tions was observed prior to exposure (Supplementary Fig. 5)

4.4.9 Microplastic exposure and sample harvesting

Microplastics were sonicated and were subsequently diluted to a final concentration
of 125 pg/ml in ICD medium supplemented with 5 pM 5-aza-2'-deoxycitidine, 20 uM
PD98059 and 15 uM A-83-01. During exposure, the cells were kept in a humidified incu-
bator at 37 °C for 24 h without orbital shaking. TEER was measured and all IEC layers were
apically exposed to 5 uM of cellrox green dye followed by 30-min incubation on a rotary
shaker at 37 °Ciin a humidified incubator. The apical and basolateral media were collected
and stored at -80 °C for LDH-based cytotoxicity assessment and measurement of cytokine
secretion using enzyme-linked immunosorbent assay (ELISA). The IEC layers were subse-
quently washed once with PBS and cells were detached from the transwell membrane
by addition of 500 pl Accutase followed by a 5-min incubation at 37 °C and scraping
using a cell scraper. The cell suspension was collected in 1.5 mL low-protein binding Ep-
pendorf tubes and was centrifugated at 300 RCF for 6 min followed by two PBS washes
and resuspension in PBS with 1 % BSA and 1.5 mM EDTA. The cells were measured using
an Attune flow-cytometer (ThermoFisher, Massachusetts, USA) directly after harvesting.
Microplastic exposures were repeated thrice with iPSC passages between 15-20.
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4.4.10 LDH cytotoxicity assay

Cytotoxicity was assessed using a lactate dehydrogenase assay (LDH assay) as was
described previously(212). Briefly, 50ul of apical supernatant was transferred to 96 well
plates and 150pl of LDH reaction solution consisting of 200 mM Tris buffer (pH 8), 50 mM
Li-lactate solution, 5 mM NAD+ solution, 65 mM INT solution, and 29 mM PMS solution
was added. The plates were incubated at room temperature for 10 min in the dark. The
reaction was stopped by adding 50 pl of 1 M H,SO,. Absorbance was measured with Spec-
traMax id3 and SoftMax Pro 7.1 using 490 nm as the detection wavelength and 680 nm
as the control wavelength. Positive controls for cytotoxicity were exposed to 0.1 % triton
for 30 min prior to the LDH assay. The final percentage of cytotoxicity was calculated by
subtracting measured A680 from the A490 and by subsequently interpolating between
the positive control (0.1 % triton X-100) and negative control (ICD medium).

4.4.11 Enzyme-linked immunosorbent assay (ELISA)

The secretion of proinflammatory cytokines by IEC layers upon microplastic exposure was
analysed using Duoset ELISA kits for human IL-1(3, IL-6, IL-8, IL-18 and TNF-a as described
elsewhere (34). The supernatants were diluted if necessary. To exclude any possibility of
particle interference we included particle only-controls which consisted of particles in
ICD medium without cells (Supplementary Fig. 6).

4.4.12 Flow cytometry-based ROS determination

The cell pellets were used to measure intracellular ROS using an attune flow cytometer.
In order to distinguish microplastics from cellular material, first 0.1Tmm, 0.2 mm, 0.5 mm
and 1.0 mm PS spheres (Polysciences, Hirschberg an der Bergstral3e, Germany) were
analysed using a flow cytometer to determine the forward scatter and side scatter values
of microplastics. Cells were distinguished from unbound microplastics by gating out the
events which overlapped with the microplastics using the FSC-H and SSC-H channels and
singlet cells were distinguished from doublet events based on their FSC-H and FSC-A
(Supplementary Fig. 7). The relative level of ROS was determined using cellrox green, a
dye that becomes fluorescent upon oxidation. The 525/40 channel was used to determine
the relative fluorescence of cellrox green. The obtained relative light units were expressed
as fold change increase compared to unexposed control cells to correct for differences in
fluorescence background between differentiations.

4.4.13 Microplastic imaging in IEC layers by confocal Raman microscopy

Confocal Raman microspectroscopy (CRM) analyses was performed using an Alpha300
R microscope (WITec GmbH, Germany) equipped with a piezo-scanner (P-500, Physik
Instrumente, Karlsruhe, Germany), 532 nm laser source, 63x water immersion objective
(Zeiss, W Plan- Apochromat, NA = 1.0), multi-mode fiber (50 um diameter) and a charge-
coupled device (CCD) cooled down to -61 °C. Raman spectra were collected pixel-wise
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using a 600 g mm' grating, a laser power set on ca. 35 mW with an integration time of
0.07 seconds. The cells were measured under wet conditions using sterile PBS. The ex-
tracted spectra from images were further analysed in the Project SIX PLUS software (WITec
GmbH, Ulm, Germany), where cosmic ray correction, background subtraction, decompo-
sition and de-mixture of recorded spectra were performed. The data set of the mapping
field was decomposed into images of different cell components or biomolecules by the
fitting procedure, component or cluster analysis as described elsewhere (594).

4.4.14 Proteomics of the protein corona on microplastic in ICD medium

To assess the protein corona formed on the microplastics, we performed LC-MS-MS
based proteomics as described previously (595). All microplastics were suspended in ICD
medium as described before. The particles were left shaking head over heels for2 hat 37 °C
to stimulate corona formation. Afterwards, the microplastic samples were pelleted using
a tabletop centrifuge set at 30000 RCF for 30 minutes. The microplastics were washed
twice with T M ammonium bicarbonate and once with 50 mM ammonium bicarbonate.
The pellet was suspended in 50 pl 50 mM ammonium bicarbonate and peptides were
generated using an on-bead protein digestion protocol as described before (596). Briefly,
5 pl of freshly prepared 150 mM dithiothreitol was added and samples were incubated
for 30 min at 45 °C while shaking at 500 RPM. Proteins were alkylated by addition of 5
pl of 200 mM iodoacetamide and incubation at 20 °C in the dark for 30 min. Alkylation
was terminated by addition of 6 pl of 200 mM of cysteine in ammonium bicarbonate
buffer and proteins were digested by addition of 500 ng of sequencing grade trypsin
and overnight incubation. The enzymatic digestion was stopped by the addition of
3 ul of 10 % trifluoro acetic acid. Microplastics were separated from tryptic peptides by
centrifugation at 30000 RCF for 30 minutes and the peptide samples were cleaned using
a C18 p-column method as previously described (596). Leftover solvent was removed
using a rotary evaporator, and the peptides were resuspended in 50 pl of 0.1 % formic
acid in demi water. A peptide sample originating from ICD medium without particles
was included to distinguish between unbound proteins and proteins part of the protein
corona of microplastics. The samples were measured using a nano LC—-MS-MS protocol
as previously described (596, 597). Briefly, 5 pl of tryptic peptide solution was injected
into a 0.10 X 250 mm ReproSil-Pur 120 C18-AQ 1.9 um beads analytical column (prepared
in-house) at 800 bar. A gradient from 9 to 34 % acetonitrile in water with 0.1 % formic
acid in 50 min was used. Full scan Fourier transformed mass spectrometry (FTMS) spectra
were obtained using an Orbitrap Exploris 480 Thermo electron in positive mode between
380 and 1400 m/z. The 25 most abundant positively charged peaks in the MS scan were
fragmented (HCD) with an isolation width of 1.2 m/z and 24 % normalized collision
energy. Samples were measured in triplicate. Proteins in each sample were identified by
comparing the identified peptides to the uniprot bovine database.
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4.4.15 Analysis of LC-MS-MS-based proteomics data

Protein identification and label-free quantification (LFQ) was obtained with MaxQuant
(598) (598) using a 2 step approach. In the first step data were analysed with default
proteomics settings with enzyme mode set to Trypsin using bovine and porcine data-
bases downloaded from Uniprot. The proteinGroups result obtained was used to create
sample specific peptidomics databases from all proteins (excluding contaminants and
reversed hits) found. These databases together with a contaminants database were used
for the second search that was done in the peptidomics “Unspecific” enzyme mode.
ProteinGroups from the second search and were subsequently analysed using an in
house developed R-script. First, unreliable proteins, i.e. non-bovine contaminant, proteins
identified in less than 2 samples or proteins only identified by modified peptides, were
removed from the dataset. The LFQ values were log2 transformed, and missing values
were imputed from a normal distribution using a downshift of 3.0 and default band nar-
rowing of 0.3 was used. The ICD-medium sample from the section above was considered
background (unbound protein-control) and only proteins which were significantly en-
riched on microplastics were kept. Differential enrichment analysis was performed using
an empirical Bayes procedure as available in the limma package (599) and no multiple
testing correction was applied to reduce false negatives. A Venn diagram was generated
using the online Venn tool (VIB/UGent Bioinformatics & Evolutionary Genomics group
https://bioinformatics.psb.ugent.be/webtools/Venn/) to visualize the overlap of proteins
identified on microplastics. The log2 transformed values were used to generate a PCA
plot using built-in-R functions, and a hierarchical clustering of the Pearson correlation
coefficient between plastics was generated using the DEP R package. We performed
differential protein enrichment comparing LFQ values of PS1000 to all true-to-life micro-
plastics using the DEP R package. Differentially enriched proteins were identified using
an empirical Bayes procedure as described above, but with Benjamini, Hochberg, Yukuelti
FDR based multiple testing correction. Proteins were considered enriched or depleted at
an adjusted p value smaller than 0.05 and an absolute log2-fold change larger than 2 and
were visualized using a volcano plot. For each protein gene ontology(GO) biological pro-
cess and molecular function(600), functions, were retrieved using UniProt batch search
(601). Functional overrepresentation of GO functions in differentially enriched proteins
was determined using a Fishers exact test. No multiple testing correction was applied
as the high redundancy in functional annotation can lead to a sharp increase in false
negatives (602). GO functions with a p-value equal or smaller than 0.05 were considered
significantly overrepresented. The Pearson correlation between the protein LFQ values
and the in vitro ROS generation, IL-8 secretion and barrier disruption was computed.
Finally, a Fisher's exact based functional overrepresentation analysis was performed on
the proteins found significantly correlated with ROS, TEER or IL-8 secretion as described
above. The results of the proteomics and all analyses are listed in Supplementary file 1.
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4.4.16 Statistics and data analysis

Data were analysed using R version 4.4.1 and GraphPad Prism software version 10 (Graph-
Pad Software, CA, USA). Due to a lack of homoscedasticity of the standard deviation of
the LDH, TEER, ELISA and ROS data, a non-parametric Kruskal Wallis with Multiple testing
correction was done using the FDR-correction method by Benjamini, Krieger and Yuku-
tieli was used for determining significance. The statistics for the proteomics were done
as described above. Unless stated otherwise, values are expressed as mean + standard
deviation (SD).

4.5 Results

4.5.1 Exposure of true-to-life microplastics to iPSC derived monolayers.

Before exploring the interactions of microplastics with the iPSC derived epithelia, the
physicochemical properties of the microplastic were comprehensively characterized
in exposure medium, the fraction of microplastics expressed as microplastic surface
deposited reaching the cells was predicted and cellular internalization was confirmed
(Experimental design is summarized in Fig. 1 a). True-to-life microplastics and the refer-
ence polystyrene microplastics were suspended in intestinal cell differentiation medium
(ICD medium) at a concentration of 125 ug/ml and the particle size was measured using
dynamic light scattering (DLS) (Supplementary Fig. 1 & Supplementary Table 1). The
hydrodynamic sizes of the microplastics ranged between 317 nm for PLA and 1152 nm
for PS1000 particles (Fig. 1 b). The particle size was used as an input for in silico dosimetry
modelling, predicting the effective amount of microplastics reaching cells within 24h
under the experimental conditions used (Supplementary Fig. 2 & Materials and methods).
The lowest sedimentation was observed for PA (1.07 microplastic cm?/ [EC surface cm?),
while the highest sedimentation was observed for PVC (3.4 cm?/cm?) (Fig. 1 c). The pres-
ence of enterocytes, goblet cells and Paneth cells, constituting the major types of IEC cell
types was confirmed in the iPSC derived IEC model (Supplementary Fig. 3). Internalization
of microplastics by the iPSC derived intestinal epithelia was confirmed by exposure to
125 pg/ml of microplastics for 24 h and visualization of the unlabelled microplastics us-
ing the specific Raman bands of the polymers and biomolecules (Supplementary Fig. 4).
All microplastic types were found within the cytoplasm in close proximity to the nucleus
(Fig. 1d)
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Fig. 1. Overview of method, materials and exposure characterization

(a) Graphical overview of methodology, briefly true-to-life or polystyrene microplastics were added
to ICD medium and iPSC-derived IECs were exposed for 24h. Afterwards the degree of cytotoxicity,
barrier disruption, intracellular ROS generation and IL-6/IL-8 cytokine secretion was assessed.
Proteomics on the protein corona formed in ICD medium was assessed semi-quantitatively using
LC-MS-MS and the microplastic protein corona composition was correlated to observed in vitro
effects. (b) Overview of the microplastics used in this study and their origin. * The size represents
the intensity-weighted size in ICD medium as measured by DLS + SD. (c) In silico sedimentation
prediction using the distorted grid model (435) of all microplastics shown as total microplastic
surface deposited (in cm2) per cm2 of IEC surface. The X-axis indicates the duration of exposure,
and the Y-axis indicates degree of deposition. The colour of each line indicates the respective
microplastic as shown in the legend. (d) Cellular internalization of all microplastics used in this study
was assessed employing confocal Raman microscopy. The blue colour indicates the distribution of
DNA (nuclei), the green colour indicates the distribution of proteins (cytoplasm) and the red colour
indicates the respective microplastic shown above each image. The scale bars of each respective
image represent 10 um for PS1000, PP-Talc, PLA and PA, 8um for PVC and 5 um for PET-TiO2. The
spectra used to discriminate each microplastic are shown in Supplementary Fig 4.

4.5.2 Effects of microplastic exposure on human iPSC-derived IEC layers

After 24 h of microplastic exposure to 125 pg/ml, the cytotoxicity, barrier integrity, intra-
cellular ROS generation and pro-inflammatory cytokine secretion by the iPSC-derived IEC
layers was determined (Fig. 2). Absence of cytotoxicity upon exposure to 125 pg/ml of
each microplastic for 24 h was shown by a lack of lactate dehydrogenase (LDH) leakage, a
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proxy for cytotoxicity (Fig. 2 a). Exposure to PP-Talc or PVC microparticles induced barrier
disruption as demonstrated by a significantly reduced the average TEER from 1058 Qcm?
to 272 Qcm? and 430 Qcm?, respectively (Fig. 2 b). Exposure to the other microplastics
did not affect the barrier integrity. Exposure of the iPSC-derived IECs to PP-Talc, PET-TiO,
or PA microplastics significantly increased the intracellular ROS levels by 1.9, 4.0 and
2.4-fold compared to medium control, respectively (Fig. 2 c). Exposure to PS1000, PLA or
PVC microplastics did not induce cellular ROS generation. A significant increase in api-
cal secretion of IL-6 from 57 pg/ml to 253 pg/ml was observed after exposure to PP-Talc
microplastics, while no differences in basolateral IL-6 secretion were observed (Fig. 2 d-e).
PP-Talc and PVC microplastics exposure significantly increased apical IL-8 secretion from
183 pg/ml to 1008 pg/ml and 559 pg/ml respectively (Fig. 2 f). PP-Talc, PVC and PA micro-
plastic exposure induced a significant increase in basolateral IL-8 secretion from 311 pg/
ml to 746, 529 and 522 pg/ml respectively (Fig. 2 g). No IL-1(3, IL-18 or TNF-a was detected
in the cell culture media of either exposed or unexposed iPSC-derived IECs (data not
shown).
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Fig. 2. Response of human iPSC-derived IEC layers to microplastic exposure.

(a) cytotoxicity determined by LDH leakage, (b) Barrierintegrity assessed by measuring Transepithelial
Electrical Resistance(TEER), (c) Intracellular ROS formation assessed by flow cytometry(n=6) (d) apical
IL-6 secretion, (e) basolateral IL-6 secretion, (f) apical IL-8 secretion, (g) basolateral IL-8 secretion.
*p < 0.05. Unless indicated otherwise data shows mean * SD of n=3.
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4.5.3 Proteomics of the protein corona on microplastics in ICD medium

A semiquantitative proteomics assessment of the microplastic-associated protein corona
was performed using LC-MS-MS. PLA microplastics were excluded from the proteomics
dataset and all subsequent analyses due to the low presence of proteins on the mi-
croplastic surface (see Supplementary Table 3). Only high confidence proteins, i.e. non
contaminant, not identified by single peptide, present in at least two technical replicates
and significantly different from medium control were considered (596). First, the global
proteome of the protein corona on the microplastics was compared using a Venn dia-
gram, hierarchical clustering and principal component analysis, followed by an analysis of
differentially enriched proteins on true-to-life microplastics compared to PS1000 (Fig. 3).

In total, 461 high confidence proteins were identified of which 277 on PS1000, 322 on
PP-Talc, 226 on PVC, 345 on PET-TiO, and 414 on PA microplastics. The protein corona
of PA, PP-Talc, PET-TiO, and PVC microplastics contained 49, 7, 11 and 5 unique proteins
respectively, while 166 proteins were shared between all microplastic coronas (Fig. 3
a). A Pearson correlation was performed to indicate similarities observed between the
protein LFQ values (Fig. 3 b). The highest correlation was observed between PP-Talc
and PET-TiO, (0.77) followed by PP-talc and PA (0.75), while the lowest correlation was
observed between PA and PVC (0.58). A high consistency in protein LFQ values was ob-
served between replicates (Fig. 3 ¢). High similarity in LFQ values was observed between
the protein coronas on PET-TiO, and PP-Talc, as well as PS1000 and PVC while the least
similarity was observed between PA and PVC (Fig. 3 b-c). The top 10 corona proteins with
the highest influence on the variance explained by Principal component 1 (i.e., 43.8 %)
contained 4 proteins involved in chemokine binding and immune response while the
variance explained by Principal component 2 (i.e.,, 16 %) was dominated by proteins
involved in immune reaction (3/10) and heme biosynthesis and coagulation (2/10)
(Supplementary file 1). The differential enrichment analysis comparing the LFQ values of
true-to-life microplastics to PS1000 revealed that most enriched proteins were found in
the corona on PA>PET-TiO,>PP-Talc>PVC with 88, 57, 52 and 17 differentially enriched
proteins respectively (Fig. 3 d-g). The list of all differentially enriched proteins and their
functional annotations are provided in Supplementary file 1.
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Fig. 3. Global overview of protein corona composition on the microplastics.

(a) Venn diagram showing the number of proteins identified in the microplastic protein coronas.
Each microplastic is represented by an ellipsoid and overlap between the ellipsoids represents
the number of shared proteins. (b) Hierarchical clustering of label-free-quantification (LFQ) values
of proteins. The scale indicates the r-value of the Pearson correlation. PP is shorthand for PP-Talc
(c) Principal component analysis the LFQ values of identified proteins. The legend to the right
indicates the sample and microplastic polymer type. (D-G) Number of significantly depleted or
enriched proteins in corona’s on (d) PP-Talc, (e) PVC, (f) PET-TiO2 and (g) PA compared to PS1000
microplastics. On the Y-axis the —log transformed p-value is depicted plotted against the Log2 fold
change compared to PS1000 microplastics on the X-axis. Black dots indicate significantly enriched
or depleted proteins compared to PS1000 microplastics, while the grey dots are not significantly
different compared to PS1000 microplastics. A protein was considered significantly enriched or
depleted if the holm-corrected p-value < 0.05. The number of enriched or depleted proteins in the
coronas is shown on the bottom of each panel. PLA is not shown in this figure as it was excluded
from the proteomics assessment due to lack of protein binding. (n=3).

A Fisher’s exact test was performed on all proteins enriched on the true-to-life
microplastics to determine whether there was an overrepresentation of protein functions
that match the effects observed upon exposure of the iPSC-derived IECs (Fig. 4). The
abundance of overrepresented protein functions followed a similar pattern as previously
seen with the differential expression analysis; namely PA> >PP-Talc>PET-TiO,>PVC with
15 overrepresented functions for PA, 5 for PP-Talc, 4 for PET-TiO, and 2 for PVC (Fig. 4
a-d). The corona on PP-talc and PVC microplastics contained an overrepresentation of
functions in inflammatory and innate immune response respectively, while enriched
proteins on PA showed overrepresentation of numerous protein functions related to
innate immunity and complement cascade activation. Enriched proteins on PET-TiO,
showed an overrepresentation of cellular oxidant detoxification functions and hydrogen
peroxide detoxification.
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4.5.4 Correlation of corona protein composition and effects to iPSC-
derived IECs

To assess whether the proteins identified on the protein corona on the respective
microplastics may be predictive of the effects observed in iPSC-derived IEC, a Pearson
correlation between the protein abundance and all in vitro effects to iPSC-derived IECs
was determined (Fig. 5).

In total, 41 proteins were positively correlated to ROS, 4 proteins were correlated to
reduced TEER values, 22 proteins to total IL.-6 secretion and 15 proteins to total IL-8
secretion (Fig. 5). All significant correlations showed a strength of correlation between
0.88 and 0.99 with the effects observed in iPSC-derived IECs. Numerous key proteins
involved in ROS detoxification (i.e., catalase, glutathione peroxidase A) and inflammation
(i.e., kinogens, complement proteins), were amongst the proteins most correlated to
ROS (Fig. 5 a) and cytokine secretion respectively (Fig. 5 c-d). To determine whether any
specific protein functions were overrepresented amongst correlated proteins, a Fisher’s
exact test was performed (Table 1).
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Fig. 5. Corona proteins significantly correlated with in vitro effects.

Proteins whose presence was significantly correlated with (a) cellular ROS, (b) TEER, (c) IL-6 secretion,
and (d) IL-8 secretion. The Y-axis indicates the protein and the X-axis indicates the p-value of the
correlation. The strength of the correlation, the Pearson correlation coefficient “r” is shown to
the right of the respective protein name. only positive correlations are shown. A correlation was
considered significant if the p-value < 0.05 (n=3).
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Table 1. Functional enrichment of proteins correlated to iPSC-derived IEC effects

Protein function Over enrichedin ~ p-value
Hydrogen peroxide catabolic process ROS generation 0.006
Cellular detoxification of aldehyde ROS generation 0.008
L-ascorbic acid biosynthetic process ROS generation 0.008
Proteolysis involved in protein catabolic process ROS generation 0.041
Fatty acid metabolic process TEER decrease 0.001
Positive regulation of cytosolic calcium ion concentration IL-6 secretion 0.003
Vasodilation IL-6 secretion 0.003
Negative regulation of blood coagulation IL-6 secretion 0.008
Inflammatory response IL-6 secretion 0.016
Positive regulation of cytosolic calcium ion concentration IL-8 secretion 0.001
Vasodilation IL-8 secretion 0.001
Negative regulation of blood coagulation IL-8 secretion 0.004
Inflammatory response IL-8 secretion 0.006

For proteins correlated with ROS generation, four protein functions were significantly
overrepresented of which two could be clearly linked to ROS; cellular detoxification of al-
dehyde and hydrogen peroxide catabolic process. The only protein function overrepre-
sented in TEER correlated proteins was fatty acid metabolic process. Protein functions
correlated to IL-6 and IL-8 secretion were identical; potentially indicating a shared mecha-
nism of action. Finally, to visualize that proteins correlated to in vitro endpoints showed
upregulation in the true-to-life microplastic protein coronas compared to the PS corona,
we plotted their protein abundances (Fig. 6). Proteins correlated with ROS generation
showed the highest fold change in PET-TiO,, followed by PA and PP-Talc (Fig. 6 a), proteins
correlated with a TEER decrease were most abundant for PP-talc followed by PVC (Fig. 6 b)
and proteins correlated with either IL-6-secretion (Fig. 6 c) or IL-8 (Fig. 6 d) secretion were
most abundant in PP-Talc followed by PET-TiO, and PA.
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Fig. 6. Abundance of proteins correlated with iPSC-derived IEC endpoints in microplastic
protein coronas

Abundance of proteins significantly correlated with (a) cellular ROS generation, (b) TEER decrease,
(c) IL-6 secretion and (d) IL-8 secretion. The Y-axis indicates the respective protein and the order of
proteins is from strongest correlation to weakest correlation. The X-axis indicates the fold change in
LFQ value compared to PS microplastics. The colour of the dots indicates the respective particle as
indicated in the legend at the top left of the figure (n=3).

4.6 Discussion

Here we report (polymer-specific) true-to-life microplastics toxicity to human iPSC-
derived IEC layers and correlate observed toxic effects to the protein corona composition.
Specifically, we found that PP-Talc and PVC microplastics reduced the barrier integrity of
IEC layers apparent by the reduced TEER, PET-TiO,, PP-Talc and PA microplastics increased
cellular ROS generation, PP-Talc induced the secretion of the pro-inflammatory cytokine
IL-6, and that PP-Talc, PVC and PA microplastics increased the secretion of the pro-
inflammatory cytokine IL-8. These effects were not induced upon exposure to PS micro-
plastics. The semiquantitative proteomics analysis of the microplastic coronas revealed
the polymer-specific enrichment of proteins. Lastly, significant correlation between the
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abundance of specific proteins and the observed in vitro effects on the iPSC-derived IEC
layers were established. Overall, the outcome of this study shows the need to incorporate
true-to-life microplastics in future hazard studies and to include the contribution of the
protein corona on these outcomes.

Based on lessons learned from studies with engineered nanomaterials, we first com-
prehensively characterised the microplastic suspension in the cell culture medium
and predicted the fraction of the microplastics deposited on the iPSC-derived IEC cell
layers using the distorted grid sedimentation model (435). The hydrodynamic diameter
in the cell culture medium was different for each microplastic and ranged between 0.3
pm for PLA to 1.15 pm for PS1000 (Fig. 1 b & Supplementary table 1). As biochemical
reactions take place at surfaces of materials (170), we consider the predicted deposited
microplastic surface/cm? as the most relevant metric to express the effective microplastic
concentration deposited. The largest difference in sedimented particle surface was a
3.2-fold lower microplastic surface/cm?® between PA and PP-talc microplastics (Fig. 2 b).
The calculated deposition in terms of microplastic surface area could be used to correct
the microplastics concentrations for future toxic potency ranking of the microplastics. In
addition, we confirmed cellular internalisation of all used microplastic polymer types by
using confocal Raman microscopy, which currently is the only visualisation methodology
for true-to-life microplastics in cells (603, 604). Based on the polymer type specific Raman
spectra we showed the presence of microplastics in the cytoplasm, confirming that all
microplastics used in this study were internalized by iPSC-derived IECs.

Next, we confirmed absence of cytotoxicity due to microplastic exposure of the iPSC-
derived IEC layers by measuring LDH leakage (Fig. 2 a). None of the microplastics induced
significant cytotoxicity upon 125 pg/ml microplastic exposure for 24h. Previously, a
significant increase in apoptosis after exposure to 10 ug/ml of 50 nm PS nanoplastics for
14 days in iPSC-based organoid-derived intestinal monolayers was observed (605), which
emphasises that microplastic toxicity is size specific. No other studies could be identi-
fied that have used iPSC-derived intestinal models to examine the cytotoxic effects of
microplastics. A general lack of intestinal cytotoxicity after true-to-life or PS microplastic
exposure was previously demonstrated, using 100-400 pg/ml of 0.1-0.25 mm PLA (39,
606), 30 ug/ml of 0.8 mm PET (607), 110 pug/ml of 1.2 mm PVC (212) or 50-1000 pg/ml of
PS microplastics of various sizes ranging between 0.025 mm and 10 mm (206, 212, 321,
608, 609) using co-cultures of Caco-2 and HT29-MTX. As no general cytotoxicity upon
microplastic exposure was observed, we further explored barrier disruption, cellular ROS
formation and cytokine secretion, which are regarded as key events in putative adverse
outcome pathways for nano- and microplastics (135, 592).
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A polymer-specific reduction in barrier integrity, increased cellular ROS generation and
increased secretion of the pro-inflammatory cytokines IL-6 and IL-8 upon exposure to 125
mg/ml true-to-life microplastics for 24 hours was observed in iPSC-derived IECs. PP-Talc
and PVC microplastics reduced the TEER of the iPSC-derived IEC layer by 74 % and 59
% respectively, while the other microplastics did not affect the TEER (Fig. 2 b). Previous
studies describing the exposure of intestinal Caco-2/HT29-MTX cell cultures showed no
effect on barrier integrity after 24h exposure to PS microplastics 0.05-1um, 50 ug/cm?
(~110 pg/ml) of 1.2 um PVC or 0.35-1.1 um polyethylene (PE) microplastics or 50 pg/ml of
PLA microplastics (39, 212, 263, 610, 611), indicating that microplastics generally do not
compromise barrier properties. Effects of PA, PP and PET-TiO, microplastic exposure on
intestinal barrier properties have not been reported before. The intestinal barrier disrup-
tion by PP and PVC has not previously been reported in vitro, but is in line with what
has been reported in mice (612, 613). The discrepancy in the barrier disruption by PVC
reported here and previously reported lack of barrier disruption in Caco-2 and HT29-MTX
co-cultures (212) indicates an increased sensitivity of the iPSC-derived IEC layer towards
barrier disruption. Studies making a direct comparison between iPSC derived epithelia
and Caco-2 models are required to confirm the relative sensitivity of the models. The
strong reduction in barrier capacity by PP-Talc and PVC reported here raises concerns,
as both PVC and PP microplastics with talc fillers are frequently used for food-contact
materials (614, 615). The strong reduction in barrier capacity by PP-Talc and PVC reported
here raises concerns, as both PVC and PP microplastics with talc fillers are frequently used
for food-contact materials (614, 615).

PP-Talc microplastic exposure increased both IL-6 and IL-8 secretion while exposure to
PA and PVC microplastic exposure only increased IL-8 secretion (Fig. 2 d-g). Increased IL-6
levels can disrupt the function of tight junctions on intestinal cells leading to increased
barrier permeability, while upregulation of IL-8 is frequently associated with increased
barrier permeability through an, as of yet, unelucidated mechanism (216, 217). The ob-
served decrease in TEER after exposure to PVC or PP-talc may therefore in part be due
to the increased IL-6 and IL-8 secretion. No effects on IL-1, IL-6, IL-8 cytokine secretion
was observed upon exposure of Caco-2 cells to 282 um PP and 72 um PA microplastics
at concentrations approximately 10-fold higher than those used here (322). However,
as the particles used in those studies are larger than the upper limit of endocytosis (i.e.
larger than 10 mm, (616)), it is difficult to generalise these findings to smaller particles.
Exposure of an intestinal triple cell culture model consisting of Caco-2, HT29-MTX and
THP-1-derived macrophages for 24h to 50 ug/cm?of 0.05 mm PS or 1 um PVC microplas-
tics did not affect IL-6, IL-8, IL-1f or TNF-a secretion (212). Exposure of Caco-2 to polydis-
perse true-to-life PP microplastics derived from heat-treated baby-bottles increased gene
expression of IL-6, IL-1 and TNF-a (617). Overall, this suggest that PP-Talc, PVC and PA
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microplastics, which are polymer types that are abundantly used by consumers (580) ,
specifically induce cytokine secretion.

We found that PET-TiO,, PP-Talc and PA microplastic exposure increases intracellular ROS
by 4.0, 1.9 and 2.4-fold respectively (Fig. 2 c). The strong ROS generation upon PET-TiO,
and PP-Talc microplastics exposure raises the question whether the ROS is generated
by the polymer itself or by the TiO, or Talc fillers present in the microplastics. Previously,
polydisperse PP was shown to induce ROS in Caco-2 cells, however, due to poor mate-
rial characterisation the presence of fillers or other contaminants could not be excluded
(617). Likewise, talc has been suggested to be carcinogenic through a ROS mediated
mechanism, however this remains a matter of controversy (618). Exposure of mouse mac-
rophages, human lung epithelial cells, primary human mononuclear cells, monocytes
or lymphocytes to true-to-life PET microplastics derived from food-contact materials
resulted in a significant increase in ROS, underpinning the results found here (619-621).
Food-grade TiO, particles have been reported to induce ROS in the intestine, though only
at concentrations >50 pg/ml (135, 622), thus making it unlikely that the TiO, present in
the PET-TIO, (4 % of total plastic weight (587)), generates ROS in this study. The data pre-
sented here show that PET-TiO, microplastics derived from food-contact materials, as well
as PP-Talc and PA derived from plastic pellets increase ROS on iPSC-derived IECs which
might point at a hazard for consumers.

While it is well established that the protein corona contributes significantly to the bio-
logical effect of microplastics(151-153, 589), there is little information on the composition
of non-polystyrene microplastic protein coronas or how the composition of the protein
corona is affecting in vitro outcomes. First, we compared the abundance of proteins
found on true-to-life microplastics to those on PS1000 (Fig 3. d-e). We found enrichment
of proteins with inflammatory or immune functions on PVC, PP-Talc and PA microplastics
(Fig. 4 a,c-d), while proteins on PET-TiO2 were enriched for cellular oxidant detoxifica-
tion and hydrogen peroxide catabolism functions (Fig. 4 b). Significant enrichment of
immunomodulatory proteins and proteins that regulate oxidative stress, was previously
found on the protein corona of poly-vinyl-acetate and SiO, nanoparticles after incubation
in respiratory tract lining fluid (623), supporting the results found here. To identify the
proteins which most likely contribute to the in vitro effects we calculated the Pearson
correlation between protein abundance and degree of ROS formation, barrier disruption,
II-6 secretion and IL-8 secretion (Fig. 5 & Table 1).

ROS generation correlated with the abundance of proteins involved in hydrogen perox-
ide catabolism including catalase, numerous aldehyde dehydrogenases, which mitigate
tissue damage due to ROS (624) and proteins that biosynthesise L-ascorbic acid, a ROS
scavenging metabolite which can mitigate nanoparticle-induced tissue damage (625)
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(Fig. 5 a). The correlation between protein abundance and ROS reported here is stronger
than previously reported for metallic nanoparticles (626), which may be due to the large
number of proteins identified here or the lower inherent ROS generation by microplastics
compared to metallic nanoparticles due to the lack of Fenton reactions at the surface
(627). The protein functions that correlated well with ROS matched the protein functions
found overrepresented in the protein corona of PET-TiO, microplastics, the strongest ROS
inducer within our panel of microplastics. Proteins that were correlated to increased ROS
generation are known to be involved in ROS mitigation or the mitigation of downstream
effects of ROS. Increased activity of these proteins would be expected to reduce ROS gen-
eration, yet their presence on the protein corona correlated positively with ROS genera-
tion. This leads us to postulate that the binding of intracellular ROS mitigating proteins
to microplastics like PET-TiO, renders them inactive, effectively leading to the increasing
ROS generation observed here.

Similarly, we assessed the correlation between cytokine secretion and protein abundance
(Fig. 5 c-d). Proteins correlated to either IL-6 or IL-8 secretion exhibited overrepresenta-
tion of pro-inflammatory proteins like kininogens 1&2 (628), complement C3, a strong
activator of phagocytosis and local inflammation (629) and lumican, which is an extracel-
lular matrix protein that regulates inflammation in response to TLR-4 ligands (630). Ki-
ninogen 1&2, fibrinogen and complement C3, are opsonins which were shown before to
be abundant in nanoparticle protein coronas and lead to increased phagocytotic particle
uptake(153, 596, 631). The Fisher’s exact test showed that the proteins correlated to either
IL-6 or IL-8 secretion showed overrepresentation of proteins involved in the inflammatory
response, which matches protein functions overrepresented in the protein corona of PP-
Talc and is related to protein functions enriched on PVC and PA microplastics. In addition,
enrichment of positive regulators of cellular calcium, vasodilating proteins, and proteins
reducing blood coagulation was observed. While it is well known that increased cellular
calcium plays a role in many biological processes including inflammation (632), the role
of proteins related to vasodilation in cellular IL-6 or IL-8 secretion is less apparent. While
in vivo vasodilation is commonly observed in acute inflammation and may be involved
in vascular stiffening upon chronic inflammation (633, 634), the relevance to in vitro is
unclear.

The majority of proteins which correlated to cytokine secretion are either involved in the
onset of immune reactions or are opsonins involved in recognition and phagocytosis
of particles and as such increased presence of these proteins is expected to increase
cytokine secretion, as observed here. We therefore postulate that protein corona induced
cytokine secretion is due to a direct interaction of proteins on the surface of microplastics
with iPSC-derived IEC surface receptors resulting in the observed increased cytokine
secretion. In Addition, an increased uptake of microplastics due to the enriched presence
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of opsonins might shuttle pro-inflammatory proteins into the cell via a presumed “Trojan
horse principle’, further increasing the cellular inflammatory response. The potential role
of the protein coronain driving in vitro effects is supported by previous studies that report
that the protein corona of diesel exhaust, SiO, and TiO, particles may enhance IL-6 and
IL-8 secretion in macrophages (635, 636) and that heat shock proteins and complement
and coagulation factors on TiO, and SiO, protein coronas correlated with IL-8 secretion,
ROS induction and IL-1f secretion (626). Lastly, we found that proteins correlated with
reduced TEER value showed a functional enrichment for fatty acid metabolic process, but
no clear relation with barrier integrity could be established based on existing literature.

While this study highlights the differences in toxicity between PS and true-to-life micro-
plastics, there are still important limitations which should be addressed in future studies.
In the intestine, microplastics will be exposed to the harsh and complex digestive envi-
ronment and will interact with the intestinal microbiota. Recently, we showed that the
protein corona formed during in vitro gastrointestinal digestion is retained in cell culture
medium and can significantly increase the uptake of microplastics (596). iPSC-derived
IEC models thus far have not been exposed to in vitro intestinal digesta which are toxic
to intestinal cells in vitro(637) and require extensive optimization which was outside of
the scope of this study. Additionally, the assessment of lipid components of the bioco-
rona in future studies would be of interest, as it was shown that microplastics can have
a strong affinity for lipids, thus forming distinct lipid coronas (121) with, as of yet, un-
known biological effects. While we have shown strong correlations between the protein
composition and in vitro effects, further studies are required to prove causation. Previous
studies confirmed the importance of albumin and apolipoprotein for particle uptake by
artificially coating the microplastics in absence of other proteins (638, 639). While confir-
mation of causation lies outside the scope of this study, a similar approach could be used
to assess if microplastics interfere with ROS scavenging capacity or if specific proteins
trigger cytokine secretion. An inherent limitation of assessing true-to-life microplastic
toxicity is the heterogeneity of particle sizes and polydispersity of the material. While the
inclusion of in silico dosimetry as implemented in the current study can help to offset
particle differences by calculating the deposited dose, differences in cellular uptake due
to size-specific pathways cannot be excluded.

4.7 Conclusion

Here we show clear differences in toxicity induced by microplastic-biocorona complexes
of true-to-life microplastics compared with the most frequently studied PS microplastics.
The marked difference in toxicity observed between PS and true-to-life microplastics cau-
tions us to critically interpret previous findings that predict microplastic toxicity solely
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using PS particles. We show that true-to-life microplastics have a unique and distinct pro-
tein corona composition that correlates well with observed in vitro effects. Previously, we
showed that intestinal digestive proteins were retained in the microplastic corona upon
in vitro gastrointestinal digestion of PS microplastics increased the cellular uptake, under-
pinning the importance of the protein corona for cellular interactions (596). The results
presented here emphasize the need for a polymer type specific hazard assessments and
open possibilities for defining criteria for future safe by design plastics.
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Supplementary Fig. 1. intensity weighted size distribution DLS of microplastics

Intensity based size distribution in H20 of (a) PS1000, (b) PP-Talc, (c) PLA, (d) PVC, (e) PET-TiO2 and
(f) PA and intensity-weighted size distribution in ICD medium of (g) PS1000, (h)PP-Talc, (i) PLA, (j)
PVC, (k) PET-TiO2 and (l) PA. The X-axis indicates the diameter in nm while the y-axis indicates the
probability density in percentage. N=3

Supplementary Table 1. Physicochemical characterization of used microplastics

Particle Suspended in dH20 Suspended in ICD medium Suspended in 10 mM
name KCl
Hydrodynamic PDI Hydrodynamic size* PDI Zeta potential (mV)
size* (nm) (nm)
PS1000 985 + 58 0.42 1152+ 120 0.36 -49.8 £ 4.31
PP-Talc 515+£50 0.80 717 £292 0.68 -353+20
PLA 259+ 14 0.17 317+ 27 1.0 -1.0+04
PVC 1578 + 859 0.51 976 + 13 0.66 -364 %25
PET-TiO, 300+ 115 0.91 418 +£37 0.39 -22.7+4.8
PA 907 + 391 0.78 477 £ 34 0.45 -279%+14

* All sizes listed represent the average of the intensity-weighted size distribution as obtained by
DLS. n=3. PDI=polydispersity index, dH20 is demi water.

In ICD medium, suspensions of all microplastics except PLA showed moderate
polydispersity, while PLA suspensions were highly polydisperse (PDI = 0.7). For all
microplastics, the hydrodynamic sizes in ICD medium remained below 1.5 pm, the
commonly set upper size limit for cellular uptake (13). The zeta-potential of PLA
microplastics was neutral while the remaining microplastics displayed a zeta potential
between -20 and -50 mV. The hydrodynamic sizes in ICD medium were used as input for
in silico dosimetry (Supplementary Fig. 2) using the distorted grid model (435).

Within 24 h after microplastic addition, maximal sedimentation was reached only by PP-
talc and PVC. PVC and PP-Talc showed 90 % of total mass deposited, PS1000 showed 78 %
of mass deposition, PET-TiO, showed 41 % mass deposition while PLA and PA showed
12 % of mass deposition within 24 h. Despite large differences in the fraction deposited
(Supplementary Fig. 2 a) and particle sizes (Supplementary Table 1), the deposited surface
area, were within a 3.2 fold difference for all particles(Supplementary Fig. 2 b-c).
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Supplementary Fig. 2. Predicted microplastic deposition on iPSC-derived IEC layers during
exposure

In silico sedimentation prediction using the distorted grid model (435) of all microplastics shown as
(a) fraction of mass deposited, (b) total microplastic surface deposited per cm2 of transwell surface
and (c) number of particles deposited per cm2 of transwell surface. The X-axis indicates the duration
of exposure, and the Y-axis indicates degree of deposition. The colour of each line indicates the
respective microplastic as shown in the legend.

Supplementary Table 2 - Immunostaining antibodies

Antibodies Supplier Reference number
Anti-Villin antibody for Immunofluorescence (1:200)  Santa Cruz Biotechnology Cat# sc-58897
Anti-MUC2 for immunofluorescence (1:100) Santa Cruz Biotechnology Cat#sc-7314
Anti-Chromogranin A for immunofluorescence Immunostar Cat# 20085

(1:200)

Anti-Lysozyme for immunofluorescence (1:100) DAKO Cat# A009902-2

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Fisher Scientific, Landsmeer, Cat# A32723
Secondary Antibody, Alexa Fluor™ Plus 488 (1:250) Netherlands

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed  Fisher Scientific, Landsmeer, Cat# A-31573
Secondary Antibody, Alexa Fluor™ 647 (1:250) Netherlands

10 pm 10 m

Supplementary Fig. 3. Cellular diversity in iPSC-derived IEC layers
(a-c) Representative images of confocal fluorescence microscopy showing expression of (a) VIL+

enterocytes, (b) MUC2+ goblet cells and (c) LYZ+ Paneth cells. The blue colour indicates the nuclei
and the yellow colour indicates respective marker expression. n=3.
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Supplementary Fig. 4. Molecular spectra used to distinguish microplastic polymers.

The microplastic specific Raman bands used for visualizing unlabeled microplastics. The Raman
bands of the polymers as reported previously (640-645).
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The TEER values of the IEC layers just prior to microplastic addition. No significant differences were
found. N=3
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Supplementary Fig. 6. Particle interference with ELISA.

(a) Particle interference with IL-6 ELISA 125 pug/ml of IL-6 was diluted in ICD medium with or without
125 pg/ml of MNPs. no significant effects were found (b) Particle interference with IL-8 ELISA. 500 pg/
ml of IL-8 was diluted in ICD medium with or without 125 pg/ml of microplastics, no significant
effects were found. N=3

109



Chapter 4

a Lo

800K =

00K =

S5C-A L S5C-A

400K =

b R

800k |

600K =

SSC-A: SSC-A

T T T T
600K BOOK 1M

T T
4K 600K

FSC-A 1 FSC-A

T
800K

T
1.0M

1.0M =

e

800K =

00K =

SSC-A: SSC-A

400K =

200K = 4

400K
FSC-A : FSC-A
800K
b
@ eook
@
i
o
@ ok
200K .
]
T T T T
400K BODK  BOOK  1,0M o
FSC-A L FSC-A

T
200K

T T
400K 800K BOOK

FSC-A 2 FSC-A

T
1.0M

1,0M =

¢~

800k |

600K =

SSC-A: SSC-A

400K =

2001 |

1.0M =

200K =

B00K =

FSC-A 1 FSC-A

400K =

200K =

T T T
40K B0DK  B0DK

FSC-A FSC-A

1,00

ey

200K =

SSC-A 1 SSC-A

T
200K

T T
400K 600K

FSC-H: FSC-H

T
00K

T
1.0M

1.0 =

800K =]

800K =

FSC-A: FSC-A

a0k

LT

400K 600K

800K

1,00

FSC-A  FSC-A

T
200K

T T
400K 600K

FSC-H:: FSC-H

Supplementary Fig. 7. Particle sorting strategy FACS
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(a-d) Determination of the particle discrimination gate based on the sizes of (a) PS100, (b) PS200,
(c) PS500 and (d) PS1000. The debris gate drawn was chosen as it eliminated over 90% of large
particles. (e) Sorting strategy for ROS determination; First particles were distinguished from cells
by taking the debris gate set in A-D and discarding all events within this gate. Then the non-debris
fraction was used for singlet discrimination using FSH-H and FSC-A. Finally the ROS was determined
using the BL-1H channel. (f) representative result for microplastic exposed samples.
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Supplementary Table 3 - protein numbers identified in each of the protein corona’s

Particle Number of proteins Number of proteins different from
identified* unbound protein control**

PS1000 310 277

PP-Talc 397 322

PLA 101 25

PvC 253 226

PET-TIO, 413 345

PA 488 414

Carryover-control 121 0

Total 588 461

* The total number of unique proteins identified on each microplastic using LC-MS-MS after cor-
rection for unreliable protein idenfication i.e. contaminant proteins, proteins only identified site or
proteins present in less than 2 replicates in any of the microplastics. ** The total number of proteins
identified after an additional correction for non-particle bound proteins. An ICD sample without
microplastics was included in all sample preparation steps and all unbound proteins were identified.
Proteins on microplastics which were not significantly different from the ICD sample as assessed by
an empirical bayes classifier were not considered part of the protein corona and were removed from
further analysis. N=3

Supplementary Fig. 8. Electron microscopy images of micro and nanoplastics

(a-e) Representative electron microscopy images of (a) PA, (b) PVC, (c) PP-Talc, (d) PET-TiO2 and
(e) PLA. The plastic material is shown in white, black dots are pores of the filter used for imaging.
The relative size of the microplastics is indicated by the scale bar at the bottom of each figure.
Figure 8 a-c was adapted from the momentum particle passports (646) and Figure 8 d was adapted
from Villacorta et. al. (587).
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associated protein corona of
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increases their uptake by human THP-
1-derived macrophages.
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The in vitro gastrointestinal digestion-associated protein corona of polystyrene nano- and microplastics
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5.1 Abstract

Background: Micro- and nanoplastics (MNPs) represent one of the most widespread
environmental pollutants of the 21* century to which all humans are orally exposed.
Upon ingestion, MNPs pass harsh biochemical conditions within the gastrointestinal
tract, causing a unique protein corona on the MNP surface. Little is known about the
digestion-associated protein corona and its impact on the cellular uptake of MNPs.
Here, we systematically studied the influence of gastrointestinal digestion on the cellu-
lar uptake of neutral and charged polystyrene MNPs using THP-1-derived macrophages.
Results: The protein corona composition was quantified using LC—MS-MS-based pro-
teomics, and the cellular uptake of MNPs was determined using flow cytometry and
confocal microscopy. Gastrointestinal digestion resulted in a distinct protein corona on
MNPs that was retained in serum-containing cell culture medium. Digestion increased
the uptake of uncharged MNPs below 500 nm by 4.0- to 6.1-fold but did not affect
the uptake of larger sized or charged MNPs. Forty proteins showed a good correlation
between protein abundance and MNP uptake, including coagulation factors, apolipo-
proteins and vitronectin.

Conclusion: This study provides quantitative data on the presence of gastrointestinal
proteins on MNPs and relates this to cellular uptake, underpinning the need to include
the protein corona in hazard assessment of MNPs.



The in vitro gastrointestinal digestion-associated protein corona of polystyrene nano- and microplastics
increases their uptake by human THP-1-derived macrophages.
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5.3 Background

Micro- and nanoplastics (MNPs) are one of the most widespread pollutants in the
environment and are considered one of the five most concerning contaminants in
food (13). MNPs are mostly generated from plastic waste spilled into the environment
where its continuous exposure to chemical and physical stress, such as abrasion or UV
light, causes the plastic waste to fragment into smaller particles (13). A second source
of environmental MNPs arises from MNPs that are intentionally added to industrial and
consumer products and spill into the environment during the product life cycle (647,
648). Plastic particles with a size <5 mm are defined as microplastics, while particles with
a size <100 nm are defined as nanoplastics (13, 649). Currently, MNPs have been detected
in virtually all environmental compartments (106), including inside and outside air (85), in
household dust (650), and in food commodities, including meat (13, 106), honey (108), salt
(109), shellfish (110), fish (111), beer (112) and drinking water (113). Human exposure to
MNPs by ingestion or inhalation is thus unavoidable, and reports indicating the presence
of MNPs in human blood and placenta highlight the ubiquity of human exposure and the
systemic availability of MNPs (14, 651).
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MNP exposure via ingestion (including swallowing of respirable MNPs trapped in mucus
cleared from the lungs) is the dominant route of exposure for humans (652). Before
MNPs reach the intestinal epithelial barrier, they pass through the stomach and intesti-
nal luminal content, which is dynamic in pH and ionic strength and contains complex
digestive fluids and food-derived molecules. This exposure results in spontaneous
coverage of the MNP surface by a complex cocktail of intestinal proteins and peptides,
which is collectively referred to as the protein corona (152, 153). The protein corona has
been shown to affect the interaction of MNPs with cells either by shielding the reactive
surface of the MNPs or by facilitating uptake through membrane receptor interactions
(156-158). Importantly, the presence of a protein corona and its composition have been
shown to be more predictive of cellular effects than nanoparticle properties themselves
(152, 160). Despite recognition of the importance of the protein corona for the hazards
of engineered (metal) nanomaterials (149-152), little is known about the influence of
gastrointestinal digestion on the protein corona on MNPs or on the resulting biological
impact. Previously, we showed that the cellular association of 50 nm polystyrene (PS)
MNPs (149, 377) and 50 nm silver nanoparticles (149) with Caco-2 cells was increased
after in vitro gastrointestinal digestion. However, the implications for larger-sized MNPs
are unknown. Given the great diversity of MNPs that consumers can be exposed to, we
studied the relationship between in vitro gastrointestinal digestion of well-characterized
PS MNPs of different sizes and surface charge and their cellular uptake. By doing so, we
address the need for systematic data required to implement read-across methodologies
based on the particle size and surface properties and relate this to the cellular uptake
needed to advance MNP hazard assessment (161-164).

A realistic intestinal protein corona can be created on MNPs using well-established
in vitro gastrointestinal digestion approaches. In this study, we used the validated and
standardized INFOGEST-2 protocol as the basis for the in vitro digestion protocol (653).
Several cell-based in vitro models can be used to assess the impact of the protein corona
on cellular uptake. In vivo, the intestinal uptake of most MNPs is thought to be facilitated
by M-cells, which have a high phagocytotic capacity (654). Yet current cell culture pro-
tocols cannot produce M-cells in the absence of other cell types, and no protocols are
available that generate M-cells that show surface marker expression similar to that of in
vivo M-cells (164, 655, 656). For this reason, we decided to use a THP-1-derived macro-
phage model emulating tissue-resident macrophages that are located downstream of
M-cells and thus represent a highly exposed cell population. Furthermore, macrophages
are capable of accumulating nanoplastics (657, 658) and are the main cell type involved
in systemic transport and blood clearance of MNPs (659-667). Therefore, uptake kinetics
obtained using THP-1-derived macrophages can be used to estimate endocytosis uptake
by cells present in highly exposed tissues in vivo.
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The aim of the current study was to assess the impact of in vitro gastrointestinal digestion
on the MNP protein corona composition and its consequences on uptake by THP-1-de-
rived macrophages. To study this, we used seven representative PS MNPs with different
sizes and surface charges. PS MNPs were digested in vitro using a modified INFOGEST-2
protocol (653), and the resulting protein corona was analyzed using SDS-PAGE and
LC-MS-MS. THP-1 derived macrophages were subsequently exposed to noncytotoxic PS
MNP concentrations, and flow cytometry combined with confocal microscopy was used
to determine PS MNP uptake. Finally, the protein abundance in the corona was correlated
with particle uptake to investigate which proteins play a role in PS MNP internalization.

5.4 Materials and Methods

5.4.1 Materials

Phosphate-buffered saline (PBS), paraformaldehyde, potassium chloride, sodium
bicarbonate, sodium chloride, monopotassium phosphate, magnesium dichloride
hexahydrate, ammonium carbonate, calcium chloride dihydrate, hydrochloric acid, bo-
vine bile, porcine pepsin, porcine pancreatin and p-toluene-sulfonyl-L-arginine methyl
ester (TAME) were obtained from Merck (Amsterdam, Netherlands). Laemmli sample
buffer (2x) was obtained from Bio-Rad (Lunteren, The Netherlands). Non-heat inactivated
non-irradiated fetal bovine calf serum(FBS) with product number FBS-12a was obtained
from Capricorn Scientific (Ebsdorfergrund, Germany). Trifluoroacetic acid, dithiothreitol
and iodoacetamide were obtained from Sigma Aldrich (Zwijndrecht, The Netherlands),
and sequencing grade trypsin was obtained from Boehringer Mannheim (Mannheim,
Germany). Precast SurePAGE MOPS-Tris PAGE gels were obtained from Genscript (Rijswijk,
The Netherlands). Alexa-fluor 594-conjugated wheat germ agglutinin was obtained from
Thermo Fisher (Bremen, Germany).

5.4.2 Particles

Green fluorescent (Ex 441, Em 485) and nonfluorescent polystyrene (PS) MNPs (50 nm,
100 nm, 200 nm, 500 nm, 1000 nm) were obtained from Polysciences (Hirschberg an der
Bergstrae, Germany). Green fluorescent and nonfluorescent carboxyl- and amine-modi-
fied PS MNPs (100 nm) were obtained from Magsphere (Pasadena, USA). Throughout the
rest of the manuscript, the particles will be referred to as shown in Table 1.
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Table 1: MNPs used in this study with the respective abbreviations

Particle Abbreviation
Polystyrene, 50 nm PS50
Polystyrene, 100 nm PS100
Amine-modified polystyrene, positive charge, 100 nm PS100 (+)
Carboxyl-modified polystyrene, negative charge, 100 nm PS100 (-)
Polystyrene, 200 nm PS200
Polystyrene, 500 nm PS500
Polystyrene, 1000 nm PS1000

5.4.3 In vitro gastrointestinal digestion of MNPs

For the in vitro gastrointestinal digestion, the INFOGEST-2 protocol (653) was used with
minor modifications. Briefly, the digestion protocol consists of 3 steps, namely, the
sequential addition of simulated salivary fluid (SSF), simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF) to the sample of interest, representing the oral, gastric and
intestinal digestive phases, respectively (table 2).

Table 2: Composition of digestive fluids

Component Simulated salivary fluid Simulated gastric fluid  Simulated intestinal fluid
(SSF) (pH=7.0) (SGF) (pH =3.0) (SIF) (pH =7.0)

KCl 30.2mM 6.9 mM 6.8 mM

NaHCO; 27.2mM 25.0mM 85.0mM

NacCl - 47.2mM 384mM

KH,PO, 7.4 mM 0.9 mM 0.8 mM

MgCl,. (H,0)s 0.3 mM 0.1 mM 0.3mM

(NH,),COs 0.1 mM 0.5 mM -

CaCl,(H,0), 1.5 mM 0.15 mM 0.6 mM

Pepsin - 0.8 mg/ml -

Bovine Bile - - 4.0 mg/ml

Porcine Pancreatin - - 14.0 mg/ml

After dissolution of all the salts, the pH of the SSF, SGF and SIF was adjusted to 7.0 + 0.5,
3.0+ 0.5, and 7.0 + 0.5 for each fluid, respectively, using 1 mM HCI, and subsequently, all
fluids were autoclaved. Prior to in vitro gastrointestinal digestion, 1000 U/ml pepsin was
added to SGF, while 4 mg/ml bile and 100 U/ml pancreatin were added to SIF. Bile and
pancreatin were dissolved by incubation at room temperature (RT) while rotating head-
over-heels for 1 h (at 25 RPM), and pepsin was dissolved by head-over-heels rotation for
5 min at RT. After addition of the proteins, the SIF was centrifuged at 3000 g for 5 min to
remove undissolved pancreatin fibers and bile. No loss in enzyme activity was observed
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upon centrifugation using a trypsin activity assay as described in the INFOGEST2 protocol
(653) (data not shown). Just prior to the in vitro gastrointestinal digestion, a 0.3 M CaCl,
solution was added to simulated salivary, gastric and intestinal fluid in 1:200", 1:2000"
and 1:500" part respectively.

At the start of the digestion, 125 pl of a 2.5% MNP suspension (i.e., 3.125 mg total MNP
mass) was sonicated in an ultrasonic bath (VWR, Amsterdam, Netherlands) to ensure a
homogeneous suspension and was added to a 2 mL Eppendorf vial. First, 125 pl of 2X
concentrated SSF was added to the MNPs in each sample, followed by manual mixing
through inversion and a 5 min incubation at RT. Then, 250 pl of SGF was added to each
sample, and the pH was adjusted to pH 3.0 £ 0.5 using T mM HCl. The samples were
incubated at 37°C for 2 h while rotating head-over-heels at 25 RPM. Finally, 500 pl of SIF
was added to each sample and the pH was adjusted to 7.0 + 0.5 using 1 mM HCl, and the
samples were incubated for 2 h at 37°C while rotating head-over-heels. For each experi-
ment, a digestion blank including demi-water instead of MNP suspension was included.
The digestion matrix needed to be diluted 25X in complete cell culture medium (CCM)
before cell exposure to prevent matrix cytotoxicity (Supplementary Fig. S1).

To assess the protein corona formed upon in vitro gastrointestinal digestion or upon
incubation (of nondigested) PS MNPs in CCM, PS MNPs were also incubated in CCM for 2
h while rotating head-over-heels at 37°C. We will refer to PS MNPs that were suspended in
serum-free medium as pristine MNPs and those that were subjected to in vitro gastroin-
testinal digestion as digested MNPs. PS MNPs that were incubated in FCS-containing CCM
will be referred to as serum-coated MNPs, and PS MNPs that underwent digestion and
subsequent incubation in CCM will be referred to as digested+serum-coated MNPs (see
Table 3). After digestion or incubation with serum, the samples were used immediately
for MNP characterization or cell exposure.

Table 3: Nomenclature of MNPs according to their pretreatment and incubation in medium

Without in vitro intestinal digestion Upon in vitro intestinal digestion

Medium without serum Pristine MNPs Digested MNPs

Medium with serum Serum-coated MNPs Digested+serum-coated MNPs
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5.4.4 Characterization of particle suspensions

The hydrodynamic sizes of the PS MNPs before and after in vitro gastrointestinal digestion
were determined by dynamic light scattering (DLS) using a ZS-nano zetasizer (Malvern
Panalytical, Malvern, Great Britain). Cell culture medium without serum was filtered
through a 0.2 pm nylon Whatman filter to remove background particulate matter.
Pristine MNPs, digested+serum-coated MNPs and serum-coated MNPs were diluted to
a concentration of 125 pg/ml in serum-free cell culture medium. The suspensions were
sonicated for 1 min using a sonication bath and were subsequently loaded into a 1.5 mL
polystyrene cuvette. The particle sizes were determined under a scattering angle of 173°
and at a temperature of 25°C. At least 5 autocorrelation curves were obtained for each
sample, and all particles were measured in triplicate. The remaining zeta-sizer settings
were left at their default value. For each set of measurements, a medium blank was
included to determine background particulate matter. Data were analyzed using two-
way ANOVA with Bonferroni post-hoc correction using graphpad prism 9.

To determine potential fluorophore leaching from the MNPs upon in vitro gastrointestinal
digestion, MNPs were removed from the gastrointestinal digestion supernatant using
centrifugation at 30,000 g for 30 min, and the fluorescence intensity of the supernatant
was measured using a Spectramax iD3 Multi-Mode Microplate Reader (Molecular Devices,
Birkshire, United Kingdom). Leaching of fluorophores from the MNPs was not detected
(Supplementary Fig. S2).

5.4.5 Assessing particle dosimetry

We assessed the fraction of MNPs deposited on the cells using the in vitro sedimentation,
diffusion and dosimetry (ISDD) model (432). The ISDD model was run assuming a particle
density of 1.05 g/ml, and assuming no agglomerate formation, the effect of protein bind-
ing was not considered for predicting particle sedimentation. The column height was
set to 2.631 mm (corresponding to a 48-well plate format), and the medium volume was
set to 0.5 ml. The grid was set to consist of 300 compartments, and sedimentation up to
24 h after cell exposure was simulated. The remaining settings were left at their default
conditions. The predicted deposited dose is shown in the Supplementary materials
(Supplementary Fig. S3).

5.4.6 Cell culture

THP-1 cells were obtained from ATCC (Manassas, USA) and were grown in RPMI 1640
medium (A10491, Thermo Fisher, Waltham, USA) supplemented with 10% fetal calf serum
and 1% penicillin/streptomycin. The cells were cultured in a humidified incubator at 37°C
at 5% CO,. Cells were maintained at a cell density between 2*10° and 8*10° cells/ml in
an upright T75 grainer culture flask and were passaged twice a week. THP-1 cells were
seeded at 5*10° cells/ml in all experiments. For cell viability experiments, 100 ul THP-1

120



The in vitro gastrointestinal digestion-associated protein corona of polystyrene nano- and microplastics
increases their uptake by human THP-1-derived macrophages.

cells were seeded in 96-well plates and subsequently differentiated to MO macrophages
by the addition of 20 ng/ml phorbol 12-myristate 13-acetate (PMA) and were incubated
for 48 h in a humidified incubator (668). After that, the PMA-containing medium was
replaced with PMA-free complete cell culture medium, and the cells were allowed to rest
for 24 h. On the subsequent day, the cells were exposed to MNPs or blanks for up to 24 h.

5.4.7 Cell viability assessment

To derive noncytotoxic concentrations of the gastrointestinal digestion matrix and MNPs
to THP-1-derived macrophages, a water-soluble tetrazolium dye 1 (WST-1) assay was
performed. Briefly, THP-1 cells were seeded and differentiated to macrophages in 96-well
plates as described above (see section 2.6). Only nonfluorescent MNPs were used for the
cell viability assay to prevent potential interference of the fluorescent label with the WST-
1 viability assay. Based on the cytotoxicity of the digestion matrix (Supplementary Fig.
S1), the digested MNPs and serum-coated MNPs were diluted 1:25 with complete culture
medium to a concentration of 125 ug/ml. THP-1-derived macrophages were exposed
to digested+serum-coated-MNPs or serum-coated-MNPs at concentrations of 7.8, 15.6,
31.3,62.5, and 125 pg/ml for 24 h. Next, the medium was aspirated, and the cells were
washed with PBS to remove MNPs that were not associated with the cells. Then, 100 pl
of culture medium containing 5% WST-1 reagent was added to each well, and the plates
were incubated for 1 h at 37°C while shaking at 300 RPM. After 1 h, the absorbance at
440 nm was measured using a Spectramax iD3 Multi-Mode Microplate Reader. The MNPs
showed no signal in a cell-free WST-1 assay (data not shown), excluding potential particle
interference.

For each experiment, a positive control containing 0.5% Triton X-100 and a negative con-
trol consisting of complete culture medium were included. The viability was calculated
by comparing the absorbance at 440 nm to the negative control and expressing the
resulting absorbance as a percentage of the negative control. The data were analyzed
using GraphPad Prism 9.3.1 (GraphPad Software, LLC, San Diego, CA, USA), and a two-way
ANOVA using Bonferroni post hoc correction was performed to assess significant differ-
ences from the medium control. Experiments were performed in triplicate.

5.4.8 Quantitative measurements of cell association

MNP cell association was measured using flow cytometry. Briefly, THP-1 cells were seeded
in a 48-well Nunclon plate (Thermo Fisher) and were differentiated to macrophages as
described above (see section 2.6). The THP-1-derived macrophages were exposed to
digested+serum-coated or serum-coated MNPs for up to 24 h. The cells were subse-
quently fixed using 4% paraformaldehyde in PBS for 15 minutes at room temperature and
washed twice using PBS. After fixation, the cells were stored at 4°C until measurement
using flow cytometry for at most 24 h. Prior to flow cytometry, 1T mM EDTA was added
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to the cell suspension, and the cells were detached from the bottom of the well using
a curved Pasteur pipette and transferred to a 96-well Nunclon plate. Cell fluorescence
was measured in triplicate, each consisting of 3 technical replicates, using a Cytoflex LX
flow cytometer in plate mode (Beckman Coulter NL, Woerden, Netherlands). MNP cell
association was assessed based on the fluorescein isothiocyanate (FITC) channel (525
nm:20), which corresponds to the green fluorescence emitted by the MNPs. Cells were
distinguished from cell debris based on their forward and side scatter, singlet cells were
distinguished based on their forward scatter height and width and at least 5000 cells were
analyzed for each of the samples. Cells that had a FITC signal higher than 99% of the cells
in the negative control were considered FITC positive. The cell association of MNPs over
time of two different concentrations of MNPs (i.e., 15.6 and 62.5 ug/ml) was analyzed to
determine the optimal measurement time (Supplementary Fig. 54 & S5). Next, the cell as-
sociation upon 24 h incubation with 7.8, 15.6, 31.3, 62.5 or 125 ug MNPs/ml was assessed
(n=3). To correct for differences in fluorescence intensity between the different MNPs, the
obtained relative light unit (RLU) values were divided by the relative fluorescence inten-
sity of each of the MNPs at 525 nm as determined using a luminometer (Supplementary
Fig. S6). Then, the corrected fluorescence was expressed as the fold change compared to
the average fluorescence intensity of unexposed cells. The flow cytometry sorting panel
is shown in Supplementary Figure S8.

5.4.9 Determination of cellular internalization

Internalization of fluorescent MNPs into THP-1-derived macrophages was assessed using
a Rescan fluorescence confocal microscope (Amsterdam, The Netherlands). First, THP-1
cells were seeded and differentiated into macrophages as described above (section 2.6)
in 8-well u-slides with a tissue culture-treated glass bottom designed for confocal imag-
ing (Ibidi GmbH, Gréfelfing, Germany). The cells were subsequently exposed to 125 ug/
ml of serum-coated or digested+serum-coated MNPs. A digestion blank and negative
control containing only culture medium and cells were also included. After 1 h of MNP
exposure, the cells were washed once with 300 pl of PBS, and the cell surface was stained
with 10 ng/ml wheat-germ agglutinin in blocking buffer (2% FBS in PBS) for 1 h. The cells
were fixed and washed as described in section 2.8.

5.4.10 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

The composition of the protein corona was qualitatively assessed using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—-PAGE), based on the protocol published
by Walczak et al. 2015 (150). Digested, digested+serum-coated and serum-coated MNPs
were separated from the unbound proteins by centrifugation at 30,000 g for 30 min
using a tabletop centrifuge. The supernatant was discarded, and the pellet was washed
with 1 mL of PBS followed by manual resuspension through pipetting and 10 seconds
of vortexing followed by another centrifugation. The washing step and subsequent
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centrifugation were repeated twice. Next, the pellet was resuspended in 100 pl of 1X
Laemmli sample buffer using a sonication bath followed by vortexing for 10 seconds, and
the samples were subsequently boiled at 95 °C for 5 min. To reduce the amount of MNPs
loaded into the SDS—PAGE gel, MNPs were separated from the protein fraction dissolved
in Laemmli buffer by centrifugation at 30,000 g for 5 min. An equal volume of protein
of each MNP sample was loaded into a SurePAGE MOPS-Tris 10-well PAGE gel (Genscript
EU, Netherlands), and the gel was run at 120 V. Afterwards, the gels were washed twice
with demi-water for 10 min to remove excess SDS. The gels were submerged into fixation
solution (10% glacial acetic acid, 40% methanol, 50% demi-water) for 20 min followed by
a washing step with demi-water for 10 min. The gels were stained using Biosafe G-250
Coomassie for 2 h and were destained with water overnight. An Odyssey gel-imaging
system (Li-COR, Homburg vor der Hohe, Germany) was used to capture the fluorescence
at 700 nm originating from Coomassie blue, and subsequent images were analyzed using
Fiji 2.9.0 as previously published (669).

5.4.11 Semiquantitative protein corona determination by proteomics

The composition of the protein corona was quantified after in vitro gastrointestinal
digestion, serum incubation or the combination using an on-bead protein digestion
protocol based on the protocol described by Wendrich et al. (2017) (595). After in vitro
gastrointestinal digestion or incubation in culture medium, the MNPs were centrifuged
at 30,000 g for 30 min. The supernatant was discarded, and the pellet was washed with
1 mL of T M ammonium bicarbonate buffer followed by 5 seconds of sonication and
10 seconds of vortexing. The washing step was repeated once with 1 M ammonium
bicarbonate buffer, and afterwards, the pellet was washed with 50 mM of ammonium
bicarbonate buffer. The supernatant was removed, and the MNPs were resuspended
in 50 pl of 50 MM ammonium bicarbonate buffer. The protein sample was chemically
reduced by adding 5 pl of freshly prepared 150 mM dithiothreitol and was incubated for
30 min at 45°C while shaking at 500 RPM. Five microliters of 200 mM iodoacetamide was
added, and the sample was incubated at 20°C in the dark for 30 min. Six microliters of
200 mM of cysteine in ammonium bicarbonate buffer was added to stop the alkylation
by iodoacetamide, followed by the addition of 500 ng of sequencing grade trypsin for an
overnight digestion at 25°C while shaking at 350 RPM. The following day, the enzymatic
digestion was stopped by the addition of 3 pl of 10% tri-fluoro acetic acid to the samples.
The peptide samples were cleaned using the p-column method as previously described
(670). The solvent remaining after p-column sample clean-up was removed using a rotary
evaporator, and the peptide samples were redissolved in 50 pl of 1% formic acid in demi
water. The samples were subsequently measured using a nano LC-MS-MS protocol
as previously described (149). Briefly, 5 pl of tryptic peptide solution was injected into
a 0.10 x 250 mm ReproSil-Pur 120 C18-AQ 1.9 um beads analytical column (prepared
in-house) at 800 bar. A gradient from 9 to 34% acetonitrile in water with 0.1% formic
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acid in 50 min (Thermo Vanquish Neo) was used. Full scan FTMS spectra were obtained
using an Orbitrap Exploris 480 Thermo electron (San Jose, CA, USA) in positive mode
between 380 and 1400 m/z. The 25 most abundant positively charged peaks in the MS
scan were fragmented (HCD) with an isolation width of 1.2 m/z and 24% normalized
collision energy. Samples were measured in triplicate. Since the in vitro digestion protocol
contains proteases in addition to trypsin, nonspecific digestion was assumed. To account
for peptides originating from digestion by non-trypsin proteases, an in-house database
of nonspecific porcine and bovine peptides was generated by heat inactivation of mixed
bovine serum, bile and porcine pancreatin followed by tryptic digestion. The found
tryptic peptides were mapped against the bovine and porcine Uniprot database to
obtain a minimal library of potential proteins which could be encountered in the sample.
Proteins in each sample were identified by comparing the identified peptides to the in-
house bovine and porcine databases.

5.4.12 Analysis of LC-MS-MS-based proteomics data

The label-free quantification (LFQ) values were obtained from MaxQuant (598) and were
analyzed using Perseus (671). First non-bovine or porcine contaminant proteins, proteins
that did not have at least 2 valid values in any condition and proteins only identified by
modified peptides (only identified by site) were removed from the dataset. Then, protein
annotations, including GO biological process, molecular function, protein family and
KEGG function, were retrieved using the Bos Taurus and Sus Scrofa UniProt databases
(601).To visualize proteins present on the PS MNPs upon different treatment conditions, a
Venn diagram and upset plot were generated in R using the R Graph gallery VennDiagram
(672) and the UpSetR (673) packages. The raw LFQ values were log2 transformed, and
missing values were imputed from a normal distribution using a downshift of 3.0 and
default band narrowing. The log2 transformed values were used to generate a PCA plot,
a heatmap of the Pearson correlation coefficient and a hierarchical clustering of the
protein abundance. Differentially abundant proteins were identified using a two-tailed T
test with permutation-based false discovery rate (FDR) correction using 250 simulations.
Proteins were considered differentially abundant if they had a p value smaller than 0.05
and an absolute log2-fold change larger than 2. The results were plotted as volcano plots
using the volcano plot function of Perseus. The correlation between particle uptake and
protein abundance was computed in GraphPad 9 by taking the luminescence values
obtained from flow cytometry for cells treated with the highest concentration of MNPs
and by subsequently using the GraphPad 9 correlation function to correlate this to the
averaged protein LFQ value obtained for each of the treatment-particle combinations.
Proteins that showed a Pearson correlation coefficient larger than 0.5 were considered
correlated, and the resulting correlated proteins were manually compared to previous
publications (639, 674) and the annotations obtained from the UniProt database (601). To
assess enrichment of protein functions in differentially abundant proteins and proteins
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correlated with uptake, a Fischers exact test with Benjamini-Hochberg-based FDR
correction was performed to determine if there was a significant association between the
proteins of interest and specific GO terms. KEGG and GO functions with an FDR smaller
than 0.05 were considered significantly enriched.

5.5 Results

5.5.1 In vitro gastrointestinal digestion does not significantly affect
particle size

To characterize the hydrodynamic sizes of the MNPs upon in vitro gastrointestinal
digestion, we used DLS. The hydrodynamic size of pristine, digested+serum-coated and
serum-coated MNPs was measured in serum-free culture medium (Table 4).

Table 4: Hydrodynamic size distribution of pristine, serum-coated, and digested+serum-
coated MNPs

w
B
[
=
=
]

=

<

Pristine MNPs Serum-coated MNPs Digested+serum-coated MNPs
MNP z-avg = SD PDI +SD z-avg +SD PDI +SD z-avg = SD PDI +SD
[nm] [nm] [nm]

PS50 84+13 0.08 £ 0.05 117+£9 0.17 £0.01 285+ 55 0.52+0.11*
PS100 109 +1 0.02 +£0.01 142+ 4 0.08 £0.01* 165 + 32 0.17 £0.08
PS100 (-) 106 £1 0.04 £0.01 160+ 8 0.16 £ 0.03 255+27 0.26 £0.10
PS100 (+) 1494 +214  0.24+0.04 608 + 6* 0.73+£0.29 1630 + 304 0.63 £0.35
PS200 191 £1 0.02 £0.01 2212 0.03 £ 0.01 234+2 0.09+0.01*
PS500 561+ 51 0.07 £0.04 544+ 2 0.17 £0.02 53111 0.17 £0.02
PS1000 1160 + 143 0.10 £ 0.04 1038 + 61 0.27 £0.10 1009 + 41 0.28£0.13

The sizes are the z-average hydrodynamic size of each of the MNPs and the polydispersity index
(PDI). The particle size of pristine MNPs was measured in serum-free RPMI 1640 culture medium.The
sizes and PDIs shown are the average of 3 replicates, each consisting of 5 measurements. A two-way
ANOVA with Bonferroni post hoc correction was performed to assess significant differences from
the pristine particles. Mean + SD, n=3, * indicates P<0.05.

While an increase in the average sizes of MNPs was observed upon digestion, these
increases were not statistically significant. The hydrodynamic size of the PS100 (+) MNPs
was larger than the ‘nominal’ sizes (i.e,, 100 nm) in all incubation conditions. The only
significant incubation-related difference in average hydrodynamic MNP size was found
for serum-coated PS100 (+), potentially due to the stabilization of MNPs by surrounding
proteins.
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5.5.2 Viability of THP-1-derived macrophages was unaffected by serum-
coated or digested+serum-coated MNPs

A WST-1 assay was performed to assess the viability of THP-1-derived macrophages upon
exposure to differently treated MNP (Fig. 1).

A B
i 150 * * % mm PS50
mm PS100
E?mo— E?mo- - PS100(+)
% 5 g5 B PS100(-)
= o = Q
=% =5 mm PS200
8 59 8 507
2 < mm PS500
= PS1000
0- 0-
7.8 15.7 313 62.5 125 7.8 15.7 313 62.5 125
Concentration (ug/ml) Concentration (ug/ml)

Fig. 1. Effect of digested+serum-coated or serum-coated MNPs on THP-1 cell viability.

(A) Cell viability after 24 h of exposure to serum-coated MNPs. (B) Cell viability after 24 h of exposure to
digested+serum-coated-MNPs. Viability is expressed as the relative absorption at 440 nm compared
to the negative control. A two-way ANOVA with Bonferroni post hoc correction was performed to
assess significant differences from the medium control. Mean + SD, n=3, * indicates P<0.05.

Exposure of THP-1-derived macrophages to serum-coated MNPs did not significantly
affect the viability of the cells (Fig. 1A) at any of the tested concentrations. Incubation of
the THP-1-derived macrophages for 24 h with digested+serum-coated MNPs also did not
reduce the cell viability for any of the MNPs (Fig. 1B), although an increase in mitochondrial
activity was observed after exposure to digested+serum-coated PS100, PS100 (-) PS100
(+) MNPs at 62.5 and 125 pg/ml. Based on these results, for the MNP cell association and
uptake studies, a maximal MNP concentration of 125 pg/ml was used. Predictions
obtained using the ISDD model indicated that the fractions deposited after 24 h of
incubation for the PS50 MNPs were 77.6% and 58.1% for PS100, 45% for PS200, 63% for
PS500 and 100% for PS1000 (Supplementary Fig. S6). The influence of the charge of the
PS100 (-) and PS100 (+) MNP on sedimentation was not considered in the ISDD model.

5.5.3 In vitro gastrointestinal digestion increases the cell association of
small but not of large or charged MNPs

The cell association and uptake of PS MNPs by THP-1-derived macrophages exposed to
serum-coated and digested+serum-coated PS MNPs were assessed by flow cytometry
(Fig. 2). For PS50, PS100 and PS200, the cell association was significantly higher at all
concentrations for the digested+serum-coated MNPs compared to the serum-coated
MNPs, being 6.1, 6.0 and 4.0 times higher for the highest concentration of PS50, PS100
and PS200, respectively. For PS500, a similar trend was observed, but significance was
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only reached at the lowest concentration used. No significant differences between
serum-coated and digested+serum-coated MNP cell associations were observed for the
PS1000, PS100 (-) and PS100 (+) MNPs.
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Fig. 2. Concentration-dependent THP-1-derived macrophage association of MNPs.

MNP cell association after 24 h of exposure to 7.8, 15.6, 31.3, 62.5 or 125 pg/ml of serum-coated or
digested+serum-coated MNPs. The graphs show the cell association of serum-coated (white bars)
or digested+serum-coated (black bars) (A) PS50, (B) PS100, (C) PS100 (+), (D) PS100 (-), (E) PS200, (F)
PS500 and (g) PS1000 MNPs. The y-axis shows the fold change increase in fluorescence compared
to untreated cells that has been corrected to reflect the difference in fluorescence per ug of MNPs
as determined by fluorimetry (Supplementary Fig. S5). A two-way ANOVA with Bonferroni post hoc
correction was performed to assess significant differences from the medium control. Mean + SD of
n=3, * indicates P<0.05.
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5.5.4 Both digested+serum-coated and serum-coated PS MNPs are
rapidly internalized by THP-1-derived macrophages.

To differentiate between cell association and cellular uptake, THP-1-derived macrophages
were exposed to serum-coated MNPs (Fig. 3) or digested+serum-coated MNPs (Fig. 4).
Cell membranes were stained with wheat germ agglutinin, and the MNP-exposed cells
were analyzed using confocal microscopy.

For all types of PS MNPs, we observed cell internalization within 1 h of exposure to
digested+serum-coated MNPs or serum-coated MNPs. Some cell surface-bound MNPs
can be observed for the digested+serum-coated PS100 (+) and PS1000 MNPs, but overall,
the majority of the MNPs are localized intracellularly. The washing steps removed nearly
all of the unbound MNPs, allowing us to conclude that the flow cytometry results can be
interpreted as MNP cellular uptake rather than (only) membrane association.
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Fig. 3. Internalization of serum-coated MNPs by THP-1-derived macrophages after 1 h of
exposure.

Cells were exposed to 125 pug/ml of serum-coated MNPs (A) PS50, (B) PS100, (C) PS100 (+), (D)
PS100 (-), (E) PS200, (F) PS500 and (g) PS1000. At the side of each image, the orthogonal Y-Z and at
the bottom, the orthogonal X-Z views are shown, which represent slices through the Y-Z and X-Z
planes.The yellow cross in the X-Y image indicates the origin of the orthogonal images. The red stain
corresponds to the wheat germ agglutinin cell surface coating, and the green stain corresponds to
the fluorescent PS MNPs.
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Fig. 4. Internalization of digested+serum-coated MNPs by THP-1-derived macrophages after

1 h of exposure.

Cells were exposed to 125 pg/ml of digested+serum-coated or MNPs (A) serum-coated PS50,
(B) PS100, (C) PS100 (+), (D) PS100 (-), (E) PS200, (F) PS500 and (g) PS1000. At the side of each image,
the orthogonal Y-Z and at the bottom, the orthogonal X-Z views are shown, which represent slices
through the Y-Z and X-Z planes.The yellow cross the X-Y image indicates the origin of the orthogonal
images. The red stain corresponds to the wheat germ agglutinin cell surface coating, and the green

stain corresponds to the fluorescent PS MNPs.
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The in vitro gastrointestinal digestion-associated protein corona of polystyrene nano- and microplastics
increases their uptake by human THP-1-derived macrophages.

5.5.5 The digestion corona is retained upon serum incubation and
affects the subsequent binding of serum proteins.

For the assessment of the biomolecular corona on the MNPs, the protein composition
was first assessed using SDS-PAGE (Fig. 5A-C). Upon incubation of the MNPs in serum
containing medium (Fig. 5A), a high intensity and broad band between 50 and 60 kDa
was observed for most MNPs except for the PS500 and PS1000 MNPs, which showed low
overall protein content of their corona.

Upon in vitro gastrointestinal digestion (Fig. 5B), the different MNPs showed little varia-
tion in the protein bands observed on the gel, which largely corresponded to proteins
and peptides smaller than 30 kDa. The only exception is for PS100 (+), which shows a
smear of proteins and peptides ranging between 15 and 60 kDa and a much more pro-
nounced band at 20 kDa.

Lastly, MNPs were transferred from the in vitro gastrointestinal digestion matrix into
complete cell culture medium, which represents the exposure conditions used in the
viability and uptake studies (Fig. 5C). The resulting digested+serum-coated MNP corona
was loaded on the gel. Most of the bands observed for the MNPs are similar to the pat-
terns observed in the digestion corona, indicating that the digestion-associated corona is
retained in high serum conditions. PS50 and the PS100 (+) MNPs show faint retention of
serum protein. When comparing Fig. 5B to Fig. 5C, it can be seen that the serum protein
pattern was greatly reduced by the presence of the digestion-associated corona.
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Fig. 5. Protein corona composition of MNPs with different incubation histories.

(A) SDS—PAGE of proteins isolated from serum-coated MNPs. (B) SDS—PAGE of proteins isolated from
in vitro intestinal digested MNPs. (C) SDS—-PAGE of proteins isolated from digested+serum-coated
MNPs. The protein sizes in kDa are shown to the left of each image. The samples corresponding to
each lane are shown at the bottom of each image. Blank = H20 addition instead of MNP addition.
Representative image of n=3.

5.5.6 Proteomic analysis of the serum and digested+serum-coated
protein corona on PS MNPs.

LC—MS-MS-based proteomics was performed to investigate potential treatment-related
alterations in the protein corona on a subset of PS MNPs. From the MNPs for which
in vitro digestion significantly affected uptake, we selected the PS100 MNPs. To study
the influence of the charge of MNPs, we included PS100 (+) and PS100 (-) MNPs. Lastly,
the PS1000 MNPs were included in the corona proteomics analysis to represent larger PS
MNPs.

132



The in vitro gastrointestinal digestion-associated protein corona of polystyrene nano- and microplastics
increases their uptake by human THP-1-derived macrophages.

First, the global protein similarity between samples was assessed. Then, all proteins that
showed a significant increase in abundance between treatment types were identified. Fi-
nally, the Pearson correlation coefficient between protein abundance and particle uptake
at 125 ug/ml (based on flow cytometry) was calculated.

5.5.7 Global overview of the PS MNP protein corona.

In total, 280 proteins were identified in the corona of the PS MNPs, of which 219 pro-
teins were found on serum-coated PS MNPs and 173 proteins were found on the
digested+serum-coated PS MNPs (Table 5).

Table 5. Number of proteins identified during semiquantitative LC-MS-MS proteomics

Particle Proteins on serum-coated MNPs Proteins on digested+serum-coated MNPs
Total 219 173
PS100 169 105
PS100 (+) 192 157
PS100 (-) 167 113
PS1000 191 125

Similarity between samples was assessed by computing the Pearson correlation coeffi-
cient between inter-sample protein abundances (Fig. 6A) and by performing a principal
component analysis (Fig. 6B). Then, proteins unique to any of the particle-treatment
combinations were identified and visualized using a Venn diagram (Fig. 7A) and UpSet
plot (Fig. 7B).
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Fig. 6. Similarity between the protein coronas identified on MNPs.

(A) Heatmap indicating the Pearson correlation coefficient between the median amount of all
identified proteins identified on each PS MNP type. The dendrogram shown to the left of the
heatmap indicates hierarchical clustering of the different MNPs, and the X- and Y-axes indicate
the treatment-particle combination. The bar to the right of the heatmap indicates the Pearson
correlation coefficient corresponding to each color. In the legend on the X- and Y-axes, Ser refers
to serum-coated particles, while DIG+Ser refers to digested+serum-coated particles. (B) Principal
component analysis of proteomics samples. Filled squares represent serum-coated MNPs, and filled
circles represent digested+serum-coated MNPs. Each symbol represents an LC—-MS-MS sample. The
color of each symbol indicates the MNP type, with black corresponding to PS100, red corresponding
to PS100 (+), green corresponding to PS100 (-) and blue corresponding to PS1000 MNPs. (n=3)
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increases their uptake by human THP-1-derived macrophages.

As shown in Fig. 6A, the serum-coated and digested+serum-coated PS MNPs showed a
high correlation within but a low correlation between treatment groups. Of the
digested+serum-coated MNPs, the PS100 MNPs were most different from the serum-
coated MNPs (average correlation -0.06), while the PS100 (-) MNPs showed the highest
average correlation of 0.19. The PS100 (+) MNPs showed the highest correlation with the
digested+serum-coated MNPs (0.09). Interestingly, the serum-coated PS100 MNPs
showed the lowest correlation with the digested+serum-coated MNPs (-0.18), indicating
a larger impact of digestion compared to the other MNPs.

The principal component analysis revealed that 53.0% of all variation in protein
abundances could be explained by the treatment. The second largest source of variation
comprising 15.1% was linked to the presence or absence of a positive charge.

We next assessed which proteins were unique to the serum corona or digested+serum
corona (Fig. 7).
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Fig. 7. Number of identified proteins present in the protein corona on PS MNPs.

(A) Venn diagram illustrating overlap between proteins identified on serum-coated and
digested+serum-coated PS MNPs. The numbers in each circle indicate the number of unique
proteins identified. The area where both circles overlap indicates proteins identified in both serum-
coated and digested+serum-coated PS MNPs. (B) An upset plot indicating the number of proteins
found on all types of PS MNPs and the number of proteins found only in one of the treated MNPs.
The dots indicate the combinations of MNPs, while the bar chart on top shows the number of
proteins identified in this respective group. Serum-coated PS100 (-) and digested+serum-coated
PS1000 MNPs had no unique proteins and are not shown as individual columns in the upset plot.
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Of the 280 proteins that we identified in the MNP corona, 108 were found only in the
corona of serum-coated MNPs, 62 were found only in the digested+serum corona, and
111 proteins were shared among the two types of MNP coronas (Fig. 7A). Looking in more
detail, 48 proteins were found to be present on all MNPs (Fig. 7B). The PS100 (+) MNPs
contained the highest number of unique proteins, 21 in the serum-coated and 19 unique
proteins on the digested+serum-coated PS100 (+) MNPs. The proteins that were unique
to any of the particle treatment combinations are listed in Supplementary Table 1.

5.5.8 Identifying differentially abundant proteins in the corona on PS
MNPs.

To assess which proteins were differentially abundant on the different MNPs, a differential
expression analysis of the samples was performed using a two-tailed T test with
permutation-based FDR correction (Fig. 8 and Supplementary file 1).

The differential expression analysis showed 166, 174, 134 and 163 differentially abundant
proteins on PS100, PS100 (+), PS100 (-) and PS1000 MNPs, respectively. Of these, 48,
62, 42 and 51 proteins were significantly more abundant in the digested+serum-
coated PS MNPs, while 118, 112, 92 and 112 proteins were significantly more abundant
in the serum corona on PS100, PS100 (+), PS100 (-) and PS1000 MNPs, respectively
(Fig. 8, and Supplementary file S1). A protein set enrichment analysis showed that the
overrepresented proteins in the serum-coated PS100 corona were significantly enriched
for proteins involved in the complement and coagulation cascades, while the remaining
serum-coated particles had no significant enrichment of KEGG or GO functions. Proteins
overrepresented in the digested+serum corona of PS MNP had no specific functional
protein set enrichment (supplementary file 1). Proteins that were differentially abundant
in one of the particle treatment combinations are shown in Supplementary Table S1. For
PS100, PS100 (+), PS100 (-) and PS1000, 15, 29, one and nine proteins were found to be
uniquely more abundant in serum-coated conditions, and five, 21, three and one proteins
were uniquely more abundant in the digested+serum-coated conditions (Fig. 8 & Table 6).
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Fig. 8. Differential abundance of proteins between serum-coated and digested+serum-coated
MNPs.

Differential abundance of proteins in serum-coated vs. digested+serum-coated PS MNPs (A) PS100,
(B) PS100 (+), (C) PS100 (-), (D) PS1000 MNPs. Every dot represents a unique protein identified. The
X-axis represents the log2 (fold change) between the serum-coated and digested+serum-coated
MNPs. The y-axis indicates the -log of the P value. The black lines indicate the P value threshold and
fold-change threshold used to consider a protein as differentially abundant. Colored dots are dif-
ferentially abundant, while dots in gray are considered equal between treatments. A negative log2-
fold change (red dots) represents proteins that are more abundant in the digested+serum-coated
protein corona, while a positive log2-fold change (blue dots) represents proteins more abundant in
the serum-coated protein corona. Differential expression testing was done by multiple T-tests with
permutation based FDR correction at FDR=0.05. Proteins with an absolute log2fold difference larger
than 2 and a P-value below 0.05 were considered significantly differentially abundant.
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5.5.9 Correlation of corona proteins with cellular uptake of PS MNPs

To verify whether the proteins identified in the differential expression analysis contrib-
ute to differences in the observed uptake by THP-1-derived macrophages, the Pearson
correlation coefficient was calculated for the relation between the protein abundances
identified through LC-MS-MS and the uptake in relative light units identified through
flow cytometry. Figure 9 and Table 7 show the Pearson correlation coefficient of the 40
proteins most correlated with the uptake of PS MNPs. In total, 40 proteins were identified
that had a correlation larger than 0.5 with uptake; for 12 proteins, this correlation was
statistically significant (Fig. 9 and Table 7). A graphical representation of the protein cor-
relation is also shown in the supplementary figure (Fig S. 7).
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Fig. 9. Overview of proteins present in a PS MNP corona that correlated with particle uptake.

Pearson correlation coefficient of the protein abundance with MNP uptake of the 40 most correlated
proteins. Correlated proteins were defined as having an absolute correlation if the coefficient
>0.5. MNP uptake was determined using flow cytometry and was defined as the average relative
light unit per treatment condition. Protein abundance in the MNP corona was obtained using LC—
MS-MS and was defined as the average LFQ of the triplicate samples. The numbers shown on the
x-axis refer to the proteins listed in Table 7. The y-axis shows the Pearson correlation coefficient. A
positive coefficient indicates that the protein is correlated with uptake, while a negative correlation
coefficient indicates that the protein is inversely correlated with uptake. The color (black or white)
indicates whether the protein is correlated or inversely correlated (p<0.05, see Table 7).
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To visualize the abundance distribution of the correlated proteins, a hierarchical cluster-
ing of the samples based on the protein abundance of the 40 correlated proteins is shown
in Fig. 10. Most of the correlated proteins were enriched in the serum-coated conditions,
specifically the serum-coated PS100 or PS1000 MNPs. Four major protein clusters can be
identified, of which the orange cluster is most abundant in serum-coated PS100, the blue
cluster is most abundant in digested+serum-coated PS100, the yellow cluster is highly
abundant in serum-coated PS100 (+) and low abundance in serum-coated PS1000 and
finally a pink cluster which is the most abundant in PS1000. Both proteins in the blue
cluster are inversely correlated with uptake. Based on the clustering distances between
serum-coated and digested+serum-coated MNPs, the charged PS MNPs show the most
similarity in abundance patterns of proteins correlated with uptake between treatments,
while the PS1000 MNPs and the PS100 MNPs show the most differences.
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Fig. 10. LFQ profiles of the 40 most correlated proteins in the protein corona.

Heatmap indicating the normalized log LFQ value of all the proteins correlated with uptake. The
dendrogram to the top of the heatmap shows hierarchical clustering of each sample based on
the Euclidian distance between protein abundance. The dendrogram to the left of the heatmap
indicates hierarchical clustering of the 40 identified proteins correlated with uptake. The bar to the
right of the histogram indicates the normalized log LFQ value that corresponds to each color in the
heatmap. Missing values were imputed from a normal distribution.
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Of the correlated proteins, 30 proteins were differentially abundant in at least one par-
ticle (Table 7 & Fig. 10). Proteins enriched in digested+serum-coated PS100 included
apolipoprotein A-ll, vitamin D-binding protein, elongation factor 1-alpha 2, apolipopro-
tein A-l and Ig-like domain-containing protein, while serum-coated PS100 was enriched
in fetuin-b, neural cell adhesion molecule 1, von Willebrand factor and collagen type V
alpha chain. These proteins showed good correlation with the different uptake patterns
observed for serum-coated and digested+serum-coated PS100 MNPs. The remaining
significantly correlated proteins had a similar protein abundance between serum-coated
and digested+serum-coated PS100 MNPs or did not fit well with the observed differences
between the uptake of digested+serum-coated and serum-coated MNPs.

5.6 Discussion

The aim of this paper was to identify whether in vitro gastrointestinal digestion of MNPs
affects their uptake into THP-1-derived macrophages and whether uptake differences
could be explained by the protein corona composition. Here, we found that in vitro gas-
trointestinal digestion led to an increased uptake of PS50, PS100 and PS200, while in vitro
gastrointestinal digestion had little effect on the uptake of PS500 and PS1000 MNPs and
did not affect the uptake of PS100 (+) and PS100 (-) MNPs. LC-MS-MS-based proteomics
showed that complement and coagulation proteins and transporter proteins such as
apolipoproteins, hemoglobin, fetuin and ITIH2 proteins were differentially abundant
on PS MNPs that were either digested in vitro by gastrointestinal digestion or only incu-
bated in serum. A Pearson correlation coefficient analysis confirmed that the presence
of 40 proteins correlated with cellular uptake, including the proteins mentioned above.
The data presented here represent the first report that the digestion-associated protein
corona is retained on PS MNPs of different sizes and charges and consequently affects the
incorporation of serum proteins in the PS MNP corona, modifying PS MNP cellular uptake
in a particle size- and charge-dependent manner.

First, we determined the hydrodynamic sizes of the PS MNPs in the different treatment
conditions. While the z-average hydrodynamic sizes of the pristine and digested PS MNPs
suspended in serum-containing medium were seemingly larger, these differences were
not significant, with the exception of the reduced hydrodynamic sizes of the PS100 (+)
MNPs suspended in serum-containing medium. We also confirmed that no fluorescence
was leaking from the PS MNPs during any of the treatments, which allows interpretation
of fluorescence signals obtained from the flow cytometry and confocal microscopy
experiments as coming from the PS MNPs. The cellular association of MNPs cannot
easily be separated from cellular uptake using flow cytometry (457); thus, confocal
microscopy analysis was used to confirm the cellular uptake of PS MNPs by THP-1-derived
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macrophages. All particles except serum-coated and digested+serum-coated PS100+
MNPs showed a high degree of internalization after one hour, allowing interpretation of
an increased cellular fluorescence as increased PS MNP uptake.

The uptake of uncharged MNPs with sizes <500 nm was significantly increased upon in
vitro gastrointestinal digestion compared to only serum incubation. This corroborates
earlier studies that showed that in vitro digestion increases the uptake of 50-100 nm
polystyrene particles into various blood cells, including THP-1 monocytes; however,
larger particles or particles with surface modifications were not considered in that study
(119). The in vitro digestion-associated increased cellular uptake was most apparent
for the PS50, PS100 and PS200 MNPs, while for the PS500 MNPs, this treatment-related
difference was only significant for the lowest concentration used. The cellular uptake of
both charged (PS100 (+) and PS100 (-)) MNPs was unaltered upon in vitro gastrointestinal
digestion compared to serum incubation alone. For PS100 (+) confocal images suggest
a preference for membrane association, while upon in vitro digestion more MNPs are
seemingly internalized in the THP-1 derived macrophages. The increased propensity for
membrane association of aminated positively charged MNPs can be ascribed to their
higher affinity for the negatively charged cell membrane (675). We hypothesize that
the size- and charge-dependent effects of in vitro digestion found here can largely be
explained by differences in the protein corona.

To verify whether the protein corona might be linked to alterations in uptake, the constit-
uent proteins were first assessed at the global level. We first observed that the digestion-
associated protein corona was sparser (i.e., fewer and more faint bands on the SDS page),
more homogenous in protein composition and of lower molecular weight compared to
the serum-coated corona. PS500 and PS1000 had a sparser protein corona compared
to the PS50-PS200 MNPs upon incubation in serum, while for digested+serum-coated
MNPs, there was no clear relation between protein abundance in the corona and size.
The charge of the MNPs had a strong effect on the protein corona composition, where an
increased presence of proteins in both the serum-coated, digested and digested+serum-
coated PS100 (+) coronas was found, confirming previous studies reporting that in-
creased surface charge leads to increased protein binding (676) and that surface charge
is a major determinant of protein corona composition (589). The impact of size on protein
corona composition in the 100 nm-1 um range is poorly understood, but particle size was
reported to affect both the total amount and composition of serum proteins of 50-100
nm PS particles (589). The low variety in protein sizes in digestion coronas compared
to the serum corona has previously been reported for 50 nm neutral, carboxylated and
aminated polystyrene nanoplastics (150).
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The reduced presence of serum proteins in the corona of digested+serum-coated MNPs
indicates that the prior presence of digestion proteins impaired subsequent incorpora-
tion of serum proteins into the corona of all tested MNPs. Such a shielding effect of a
preexisting protein corona has previously been applied to reduce blood clearance of tar-
geted mesoporous silica by phagocytes (677). The presence of a protein corona is known
to reduce nonspecific interactions with the cellular membrane, which in turn reduces
nonreceptor-mediated uptake (678), and studies have reported an inverse correlation
between the amount of MNP-bound protein and cellular uptake (678, 679). The reduced
amount of protein bound to the digested+serum-coated PS MNPs may therefore contrib-
ute to their higher internalization compared to serum-coated PS MNPs. The larger MNPs
showed a less pronounced difference in protein abundance in their corona between
serum-coated and digested+serum-coated conditions, which may explain the similar
cellular uptake between the different treatments of PS500 and PS1000 MNPs. Previously
it has been shown that particle surface curvature can induce protein denaturation which
stimulates uptake through misfolded protein receptor mediated endocytosis(158, 680,
681). The surface curvature is inversely proportional to the squared radius of a sphere
and thus larger protein denaturation is expected for small MNPs compared to large
MNPs. Additionally it was shown that increased misfolding of coronated proteins was
related to increased cytotoxicity in isolated blood cells, highlighting the importance of
this effect(682). Future studies assessing protein denaturation on in vitro digested MNPs
and whether this causes increased recognition by misfolded protein receptors may help
elucidate this effect.

To investigate whether specific proteins may drive the effect of in vitro digestion on
cellular uptake, the protein corona composition was characterized in detail using
LC—MS-MS-based proteomics. The PS100, PS1000, PS100 (+) and PS100 (-) MNP subset
was chosen to elucidate the influence of size and charge on the treatment-related protein
corona composition. We identified 280 proteins, of which 173 proteins were found in the
digested+serum-coated MNP corona, and 219 proteins were present in the serum-coated
MNP corona. Based on the Pearson correlation between the protein abundance of differ-
ent samples, PCA and hierarchical clustering of global protein abundance, PS100 MNPs
showed the largest difference between only serum-coated and digested+serum-coated
conditions. Corona on the PS100 (+) MNPs were most different in protein composition
compared to all other tested MNPs, confirming the SDS-PAGE results.

We performed differential expression analysis to identify proteins that were signifi-
cantly differentially abundant between serum-coated and digested+serum-coated PS
MNPs. PS100, PS100 (+), PS100 (-) and PS1000 MNPs showed 166, 174, 134 and 163 dif-
ferentially abundant proteins, respectively. The majority of the differentially abundant
proteins showed a higher abundance in the serum-coated MNP corona than in the
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digested+serum-coated MNP corona. Using a Fischers exact test, we found that the
serum-coated PS100 particles were functionally enriched for proteins involved in the co-
agulation and complement cascade, while no other particle had a functional enrichment
in the differentially abundant proteins. The coagulation and complement cascade has
been intensively studied in the context of nanomedicine, and the presence of these pro-
teins was found to increase particle phagocytosis of liposomes and PMMA nanoplastics
(683, 684). The complement proteins found on serum-coated PS100 included proteins
with a known role in phagocytosis or that have previously been related to nanoparticle
uptake, such as plasminogen (685, 686), complement factor C3 (684), complement factor
H (683), coagulation factor XIIl A (687), prothrombin (688), alpha-1-antitrypsin (688) and
von Willebrand factor (689).

Next, we investigated proteins that were only differentially abundant on one particle,
focusing on proteins with a known role in particle uptake. In total, we found 20, 51, 4
and 10 proteins that were only differentially present for PS100, PS100 (+), PS100 (-) and
PS1000, respectively. Digested+serum-coated PS100 MNPs contained an increased
amount of apolipoproteins A-l, B and D, while the serum-coated PS100 had an increased
amount of the aforementioned complement proteins as well as ITIH-1 and 2, clusterin
and collagen type V alpha chain. For PS100 (+), we found an increased abundance of
ITIH3, ITIH4, Serpin-A3-8 and Pantetheinase in serum-coated conditions and proaposin in
digested+serum-coated conditions. PS100 (-) had no unique proteins that have a known
role in phagocytosis, and PS1000 had an increased abundance of mimecan and coagula-
tion factor V in serum-coated conditions. Among the identified proteins, apolipoproteins
and complement proteins have most firmly been implicated in nanoparticle uptake.
Apolipoproteins have previously been shown to be involved in nanoparticle uptake
(690, 691) by neutrophils and macrophages (resulting in blood clearance of MNPs) and
were shown to correlate well with nanoparticle uptake in numerous studies (639, 674).
The specific differential presence of these proteins on digested+serum-coated PS100
was unexpected, as apolipoproteins originate from the serum component. The increased
abundance of ITIH proteins on serum-coated PS100 and PS100 (+) is also of interest, as
ITIH hyaluronan transporter proteins have previously been postulated to facilitate the
binding of liposomes to the cell surface (674, 692) and were shown to correlate well with
PS MNP uptake in the current study.

The proteomics dataset in our study uniquely allowed a calculation of Pearson correla-
tion coefficients between identified corona proteins and MNP uptake by THP-1-derived
macrophages to determine whether the identified proteins are related to particle uptake
patterns. For 40 proteins, we found correlation coefficients > 0.5 with uptake, of which 30
were differentially abundant on at least one particle, with 14 being differentially abundant
on exactly 1 particle. The most positively correlated proteins included apolipoprotein A-lI,
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C-ll and E and hemoglobin subunits a and b, while the corona proteins that inversely
correlated with uptake were fetuin-b, vitronectin, neural cell adhesion molecule 1 and
collagen type V alpha chain. Additionally, apolipoprotein-A1 and B, complement and co-
agulation factors C8, C3,V, Xlll-a, fibrinogen, von Willebrand factor and prothrombin were
correlated with uptake. Overall, the Pearson correlation, differential expression analysis
and Fischer’s exact test support the notion that uptake differences observed between
serum-coated particles and digested+serum-coated particles are driven by members
of the coagulation and complement cascade and apolipoproteins such as opsonins.
The proteins identified here show good concordance with previous studies and known
roles in endocytotic processes (639, 674, 683-688). Thus, they represent a likely cause for
the difference in particle uptake between digested+serum-coated and serum-coated
PS MNPs. The proteins identified in the protein coronas of our studied MNPs that had a
well-established relationship with phagocytosis were differentially abundant on PS100
but also on the larger PS1000 MNPs. We, however, did not observe striking treatment-
related PS1000 MNP uptake differences. Potentially, the relative importance of the pro-
tein corona for PS1000 for uptake is less pronounced than that for PS100, which was also
indicated by the reduced number of proteins in the larger PS MNPs. This is supported by
previous studies that reported that increasing particle size reduces the effect of surface
functionalization on particle clearance by macrophages (693, 694).

The current study shows that the in vitro gastrointestinal digestion-associated protein
corona increases the uptake of PS MNPs in THP-1-derived macrophages in an MNP size-
and charge-dependent manner. It was shown that in vitro intestinal digestion alters the
binding of serum proteins on these MNPs, but the mechanism behind this is still unclear.
It might be possible that the presence of digestion proteins in the corona causes steric
hindrance for serum proteins or competition for binding of serum proteins in terms of
affinity. Alternatively, digestion-related proteases present on the surface of MNPs are par-
tially shielded from serum-borne protease inhibitors such as serpins and might actively
degrade serum proteins bound to the surface. Based on the retention of digestive pro-
teins on MNPs, it can be predicted that proteins from food components might also be re-
tained on MNPs; however, this has not been studied thus far. The retention of food-bound
components on MNPs may hold relevance to food immunity and warrants further studies.
In addition, humans are exposed through their diet to MNPs with different polymer types,
such as PET, PE and PP, as well as MNPs weathered by the environment. Little is known
on the physicochemical characteristics of environmental MNPs, however larger plastic
fragments are known to undergo photodegradation, biodegradation and mechanical
abrasion ultimately resulting in MNPs (695-697). Artificial weathering of MNPs resulted in
an increased hydrophilicity of such MNPs compared to pristine MNP, which may alter the
protein corona formation and thus the cellular uptake of environmental MNPs (698, 699).
Furthermore environmental components comprising the so-called eco corona may also
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increase cellular uptake(700). Further studies investigating the role of MNP polymer type,
environmental weathering and food components present during (in vitro) gastrointesti-
nal digestion on nanoparticle uptake can help elucidate these questions (701, 702).

Based on the LC-MS-MS-based proteomics results, we postulate that altered binding
of complement and coagulation cascade proteins to nanoplastics caused the increased
uptake of nanoplastics after in vitro digestion. The alteration in complement and coagula-
tion components was less pronounced in charged PS MNPs or in MNPs of 1000 nm, re-
sulting in a minimal effect of digestion on their uptake. The increased uptake of digested
MNPs may lead to increased mitochondrial membrane potential, of macrophages as an
increased internal dose (of 40-90 nm nm 0.7-0.9 um and polystyrene MNPs) has been
associated with perturbed mitochondrial potential, ROS production and alterations in
surface marker expression of J774A.1 mouse macrophages (703), although other stud-
ies revealed no obvious increase in toxicity after THP-1 monocyte exposure to in vitro
digested 50-100 nm PS MNPs (119).

5.7 Conclusions

We have shown that in vitro digestion significantly alters the uptake of 50 and 100 nm
uncharged PS MNPs by THP-1-derived macrophages but not charged 100 nm MNPs or
MNPs larger than 500 nm. We found that the presence of digestion proteins in the protein
corona alters the subsequent binding of serum components to MNPs. Forty proteins were
correlated with uptake. The proteins identified here have known roles in phagocytosis,
and apolipoproteins such as A-1, A-ll, and C-Il and complement and coagulation cascade
proteins such as von Willebrand factor, complement C3 and fibrinogen may cause differ-
ences in uptake. This is the first study that quantitatively measured the effect of in vitro
digestion on micro- and nanoplastic uptake in THP-1-derived macrophages, linking this
to alterations to the protein corona. Our results indicate that digestion should be taken
into account when estimating cellular uptake, and using serum-coated MNPs can lead to
a significant underestimation of MNP internalization by cells.
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5.9 Supplementary information

Cytotoxicity of digestion matrix
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Fig. S1: digestion matrix toxicity.

The y-axis shows relative viability of THP-1 derived macrophages after exposure to 1-10 % of digestion
matrix diluted in serum-containing medium as measured using WST-1. Viability is expressed in the
relative absorption at 440nm compared to the medium control. The error bars show the standard
deviation of the measurement. A two tailed ANOVA using Dunnett’s post-hoc correction was
performed to assess significant differences from the medium control, n=3. Significance is indicated:
* (P<0.05) **(P<0.01), ***(P<0.001).
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Fig. S2: Fluorophore leaching after digestion and subsequent washes

The y-axis shows the relative fluorescence measured after 30 minutes of centrifugation at 30,000 RCF
in (A) the supernatant of the digestion, (B) the supernatant after the 1st PBS wash, (C) the supernatant
after the 2nd PBS wash and (D) the supernatant after the 3rd PBS wash. The excitation was set at
485nm while the emission was measured at 525 nm using a Promega spectramax iD3 luminometer.
the Y-axis shows the fold change of each sample compared to the digestion blank in graph A.
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Fig. S3: Particle dosimetry for cell exposure to micro/nanoplastics

The predicted particle sedimentation during the WST-1 assay and Flow-cytometry based particle

adhesion tests. The Y-axis shows the fraction of total particles that are deposited and the X-axis
shows the time in hours.
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increases their uptake by human THP-1-derived macrophages.

Fig. S4: Percentage of THP-1 derived macrophages associated with MNPs in time.

MNP cell association after 0.5,1,3,5,8 or 24 h exposure to digested+serum-coated or serum-coated
MNPs at a concentration of 15.7 or 62.5 pg/ml. The graphs indicate association of (A) PS 50, (B) PS
100, (C) aminated PS 100, (D) carboxylated PS 100, (E) PS 200, (F) PS 500, (G) PS 1000. The y-axis
indicate the percentage of cells associated with at least 1 fluorescent particle, defined as having a
fluorescence intensity higher than 99% of the unexposed cells. n=1
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Fig. S5: Amount of MNPs associated with THP-1 derived macrophages in time.

MNP cell association after 0.5,1,3,5,8 or 24 hour exposure to digested or serum-coated MNPs. The
bar graphs show the average relative fluorescence originating from MNPs per cell after 0.5,1,3,5,8 or
24 hour exposure to digested or serum-coated MNPs. The graphs indicate association of (A) PS 50,
(B) PS 100, (C) aminated PS 100, (D) carboxylated PS 100, (E) PS 200, (F) PS 500, (G) PS 1000. The
relative fluorescent intensity is the fold change in the 525:20 channel compared to the unexposed
cells. The cells were exposed to either 15.6 pg/ml or 62.5 pg/ml of MNPs. The legend on the left
indicates the concentration and particle treatment. n=1
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The in vitro gastrointestinal digestion-associated protein corona of polystyrene nano- and microplastics
increases their uptake by human THP-1-derived macrophages.

Fig. S6: Relative luminescence of pristine, serum coated and digested particles

This figure shows the relative fluorescence of pristine, serum-coated and serum-coated-+digested
particles. The excitation was at 485nm while the emission was measured at 525 nm. The figures show
the fluorescence of (A) 50nm PS, (B) 100nm PS, (C) 100nm aminated PS, (D) 100nm carboxylated PS,

(E) 200nm PS, (F) 500nm PS, (H) 1000nm PS. Fluorescence was measured using a spectramax iD3
luminometer
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Supplementary table S1: Proteins uniquely enriched in any of the conditions

Unique to Protein name Abbreviation Literature
Serum-coated PS100 Coactosin-like protein Q2HJ57 (704)
Serum-coated PS100 Collagen type V alpha 1 chain G3MzI7 (705)
Serum-coated PS100 von Willebrand factor P80012 (677)
Serum-coated PS100 (+) Leucine rich alpha-2-glycoprotein 1 F6RMV5 -
Serum-coated PS100 (+) Serpin domain-containing protein AOAOAOMPAO -
Serum-coated PS100 (+) 60S acidic ribosomal protein PO AOA287AY54 -
Serum-coated PS100 (+) Inositol-3-phosphate synthase 1 AOA287BDF8 -
Serum-coated PS100 (+) SERPINA11 protein A5PK77 -
Serum-coated PS100 (+) SHBG protein A5PKC2 -
Serum-coated PS100 (+) Serpin A3-8 A6QPQ2 (677)
Serum-coated PS100 (+) Gamma-glutamyl hydrolase A7YWG4 -
Serum-coated PS100 (+) Corticosteroid-binding globulin E1BF81 (677)
Serum-coated PS100 (+) Peptidoglycan recognition protein 2 E1BH94 -
Serum-coated PS100 (+) Alpha-amylase, 3.2.1.1 F1MJQ3 (704)
Serum-coated PS100 (+) Mannose receptor C type 2 F1MPD1 -
Serum-coated PS100 (+) CD109 molecule F1MPE1 -
Serum-coated PS100 (+) Actinin alpha 3 F1RU49 -
Serum-coated PS100 (+) Ig-like domain-containing protein G5E5T5 (706)
(674)
Serum-coated PS100 (+) MBL associated serine protease 2 12E4T6 -
Serum-coated PS100 (+) Osteomodulin 077742 (677)
Serum-coated PS100 (+) Fibromodulin P13605 (704)
Serum-coated PS100 (+) Insulin-like growth factor binding QO9TE3 (707)
protein 2
Serum-coated PS100 (+) Pantetheinase Q58CQ9 (677,707)
Serum-coated PS100 (+) Acidic mammalian chitinase Q95M17 (677,707,708)
Serum-coated PS1000 pyruvate kinase M1/2 F1SHMO -
Serum-coated PS1000 Protein-lysine 6-oxidase P33072 (704)
Serum-coated PS1000 Protein HP-20 homolog Q2KITO (677)
Serum-coated PS1000 Parkinson disease protein 7 homolog  Q5E946 -
Digested+serum-coated PS100 Ig-like domain-containing protein AOA3QIM1Z4 -
Digested+serum-coated PS100 (+)  Peptidyl-prolyl cis-trans isomerase AOA286ZKG9 -
Digested+serum-coated PS100 (+) 60S ribosomal protein L14 AOA286ZW72 -
Digested+serum-coated PS100 (+) 40S ribosomal protein S15a AOA287A014 -
Digested+serum-coated PS100 (+) Nucleoside diphosphate kinase AOA5G2Q9S0 -
Digested+serum-coated PS100 (+) Ribosomal protein S3 AOA5G2QSB4 -
Digested+serum-coated PS100 (+)  KDEL endoplasmic reticulum protein ~~ AOA5G2R5F8 -

retention receptor 2
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The in vitro gastrointestinal digestion-associated protein corona of polystyrene nano- and microplastics
increases their uptake by human THP-1-derived macrophages.

Supplementary table S1: Continued

Unique to Protein name Abbreviation Literature
Digested+serum-coated PS100 (+)  Hydroxysteroid 17-beta F1RW28 -
dehydrogenase 13
Digested+serum-coated PS100 (+)  Staphylococcal nuclease domain- F1SML4 -
containing protein
Digested+serum-coated PS100 (+)  Phosphate carrier protein, F15QT3 -
mitochondrial
Digested+serum-coated PS100 (+)  Endoplasmic reticulum protein 27 F1SQW6 -
Digested+serum-coated PS100 (+)  40S ribosomal protein S11 F274Y8 -
Digested+serum-coated PS100 (+) Peroxiredoxin 4 K7GLN4 -
Digested+serum-coated PS100 (+)  60S ribosomal protein L8 K7GNY4 -
Digested+serum-coated PS100 (+) Ig lambda chain C region P01846 (589)
Digested+serum-coated PS100 (+)  Prosaposin P26779 (709)
Digested+serum-coated PS100 (+) Cytosol aminopeptidase P28839 -
Digested+serum-coated PS100 (+)  ATP synthase subunit alpha P80021 -
Digested+serum-coated PS100 (+)  Dolichyl-diphosphooligosaccharide- Q29036 -
-protein glycosyltransferase
Digested+serum-coated PS100 (+) Large ribosomal subunit protein eL8 Q29375 -
Digested+serum-coated PS100 (-) Palmitoyl-protein thioesterase 1 AOA287AYH9 -
Digested+serum-coated PS100 (-) Ig-like domain-containing protein F1MZ96 -
Serum-coated PS1000 pyruvate kinase M1/2 F1SHMO -
Serum-coated PS1000 Protein-lysine 6-oxidase P33072 (704)
Serum-coated PS1000 Protein HP-20 homolog Q2KITO (677)
Serum-coated PS1000 Parkinson disease protein 7 homolog  Q5E946 -

Proteins uniquely identified on one of the MNP protein coronas using LC-MS-MS. The Literature
column indicates sources which have previously implied the protein as being assosciated with
altered uptake of nanomaterials or altered phagocytosis.
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Fig. S7: Overview of correlation patterns of poorly, moderately and well correlated proteins

This figure shows the correlation of the protein abundance in LFQ with the fold change in MNP
uptake for (A) Lumican, (B) Coagulation factor V, (C) Hemoglobin subunit a and (D) Apolipoprotein
A-2.The R-value at the title of each graphindicates how high the pearson correlation between protein
abundance and uptake was with R=1 being perfectly correlated and R=0 having no correlation.

162



The in vitro gastrointestinal digestion-associated protein corona of polystyrene nano- and microplastics
increases their uptake by human THP-1-derived macrophages.
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Fig. S8: Flow cytometry sorting strategy and alterations in forward side scatter after treatment

This figure shows the sorting strategy to determine the mean fluorescence intensity of cells exposed
to A) cell culture medium, B) cell culture medium and 31.3 pg/ml of digested+serum coated PS50
and C) 31.3 ug/ml digested+serum-coated PS1000. The first column of figures show the gating to
separate cells from debris, the y-axis shows the side-scatter area and the X-axis shows the forward
scatter area. The second column of figures shows the isolation of singlet cells, the y-axis shows the
forward scatter height and the X-axis shows the forward scatter area. The third column of figures
shows a histogram of the particle fluorescence in single cells, the y-axis shows the count and the
X-axis shows the area of the fluorescence at 525/20 nm.
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6.1 Abstract

Background: Micro- and nanoplastic (MNP) contaminants are abundant in our diet,
resulting in continuous consumer exposure. Accumulating evidence indicates that
MNPs reach the human body, yet there are no controlled human exposure studies relat-
ing external MNP exposure with internal organ concentrations. Physiologically based
kinetic (PBK) models are increasingly being developed to predict the biodistribution of
MNPs. However, most existing colloid-PBK models are fitted on datasets obtained from
animal studies. Such empirically fitted models have limited applicability for read across
to other data-poor MNPs and other exposure scenarios, and are therefore of little use in
arisk assessment framework for MNPs.

Methods: Here, we implement a mechanistic colloid-PBK model for size-agnostic
modelling of MNP biokinetics. We benchmarked the mechanistic model to convention-
ally fitted empirical models and evaluated if the mechanistic model accurately predicts
organ concentrations of MNPs after oral exposure in mice or humans. The ability to
predict organ biodistribution after oral MNP ingestion was validated using eight mouse
datasets. Additionally, the mechanistic human PBK model was used to simulate a real-
istic scenario of oral MNP exposure, and results were compared with observed tissue
concentrations in human blood, kidney, brain and liver.

Results: The mechanistic mouse model accurately predicted observed tissue concentra-
tions within a 10-fold difference for blood (94%), lung (88%), kidney (75%), heart (75%)
and gut (75%) when used to predict tissue concentrations after single oral administra-
tion of radiolabelled PS. When both the mechanistic and empirical models were validat-
ed with eight mouse studies spanning acute and chronic exposure scenarios, we found
that the mechanistic model was able to predict murine blood concentrations after oral
exposure to MNPs in 52% of cases and showed a mean fold change of 1.5 compared to
the observed concentration. This in part reflects the variability in the reported murine in
vivo data. Contrastingly, the empirically fitted model showed worse prediction of valida-
tion data for all organs except spleen. Both mechanistic and empirical models predicted
low overall tissue internalization of MNPs, regardless of size. Simulation of lifelong hu-
man exposure to 5 pg of MNPs per week resulted in predicted tissue concentrations of
5-9400 pg/g, 0.23-460 pg/g, 2-3500 pg/g and 5.3-11000 pg/g for blood, brain, kidney
and liver, respectively (depending on the size of the MNP exposure).

Conclusion: Overall, the mechanistic model was broadly applicable to spherical MNPs
between 20-6000 nm and was used to generate a preliminary prediction of human
tissue concentrations after lifetime exposure to MNPs. Simulation of human MNP
exposure indicates that MNP tissue concentrations are lower than previously reported
and that the blood concentration may serve as a biomarker for tissue concentrations
of MNPs. The improved predictability of the mechanistic colloid-PBK model compared
to fitted models is promising for read-across needed for future incorporation into a risk
assessment framework for MNP.
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6.3 Introduction

Micro- and nanoplastics (MNPs), resulting from fragmentation
become an omnipresent contaminant in all environments found on earth (8-11). Humans
are continually exposed to MNPs through ingestion of contaminated foodstuffs and
drinking water (13, 109, 113, 710, 711). Recent reports showing the presence of MNPs
in human blood (712), placenta (17) and brain (16) are concerning and raise questions
on the potential health impact of MNP exposure. Yet, no controlled exposure studies in
humans are available relating external exposure to internal exposure.

of plastic waste, have

Physiologically based kinetic (PBK) models are in silico representations of the human body
that can be used to predict the biokinetics of compounds, thus connecting the external
exposure and internal organ concentrations. PBK models represent organs as compart-
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ments and describe the uptake, distribution, metabolism and excretion of chemicals
between organs through differential equations. The solution of these differential equa-
tions requires a set of species-specific physiological parameters and compound specific
physicochemical parameters and compound specific biokinetic parameters (241). For
small-molecule chemicals, biokinetic parameters can be accurately predicted based on
their chemical structure using quantitative structure activity relationships (QSARs) (241).
However, QSARs for colloids (particles <10 pm) are still in their infancy and derivation of
biokinetic properties is not yet possible. Instead, colloid-PBK models typically derive bio-
kinetic parameters by fitting the model to best match empirically observed animal organ
concentrations (i.e. the training dataset) (244-246). Empirical fitting limits the applicabil-
ity domain of developed colloid-PBK models, as such a model is only valid for particles
with physicochemical characteristics and exposure scenarios that are highly similar to
those in the training dataset used for fitting (713). The strict reliance on empirical (animal
derived) data of current colloid-PBK models hinders the prediction of data-poor materials
such as environmental MNPs and precludes interspecies extrapolation, for instance from
laboratory animals to humans, where data scarcity is a given.

Recently, mechanistic colloid-PBK modelling approaches have been introduced to re-
duce the reliance on animal data. These mechanistic colloid-PBK models derive particle
toxicokinetic rates using hydrodynamic and thermodynamic functions derived from fluid
dynamics (714-716). Mechanistic colloid-PBK models typically regard MNP transport as
a predominantly passive process dominated by the passage through capillary fenestra-
tions and the uptake by phagocytes (715, 716). The hydro- and thermodynamic functions
are size-dependent, broadening the applicability domain of mechanistic colloid-PBK
models. Through incorporation of species-specific physiological parameters, mechanistic
models can be extrapolated from one species to another (i.e. from mice to humans) (716).
Furthermore, the use of mechanistic models allows the prediction of particle biokinet-
ics in a data-independent manner, bypassing the need for animal experiments. Lastly,
mechanistic models are fully defined which allow future improvements like inclusion of
in vitro-derived phagocytic uptake rates of tissue-residing macrophages (716), which is
not possible with black-box models such as empirical PBK models. So far, mechanistic
colloid-PBK models have only been developed for intravenous administration of nano-
sized particles up to 160 nm (715).

Here, we aimed to develop a mechanistic colloid-PBK model to predict the internal fate of
MNPs in a size range of 20 nm to 6000 nm upon oral exposure for mice and humans. We
benchmarked the prediction of our mechanistic model towards empirically fitted colloid-
PBK models. The mechanistic model was validated using eight oral mouse biokinetic
studies and two human studies.
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6.4 Materials and methods

6.4.1 Data sources

A literature search was performed to identify biodistribution datasets which could serve
for empirical model training or model validation. First, biodistribution studies were iden-
tified using the following search condition using scopus; “(microplastic OR nanoplastic
OR polystyrene) AND (kinetic OR biodistribution OR distribution OR accumulat* OR pbpk
OR pbtk OR pbk OR pbbk) AND mouse” In total 704 studies were identified which were
manually curated based on the following selection criteria: the underlying dataset is
publicly available or can be visually estimated from the graphs; the study showed an oral
bioavailability between 0.0001%-20%, which was deemed biologically plausible based
on expert judgement; the dosing scheme was clearly described; organ concentrations
were quantitatively reported in mass-based units; the study includes particles with a
size below 6000 nm, and the study includes some form of particle characterization. After
applying these selection criteria, nine studies remained including one intravenous ad-
ministration study and 8 oral gavage studies which are summarized in Table 1. The organ
concentrations from all datasets are included in Supplementary File 1.

Where available, tabulated MNP organ concentrations were directly taken from the origi-
nal publication, otherwise organ concentration data was estimated from graphs using
the online webplot digitizer tool (723). Radiolabelled data was first converted from the
percentage of administered dose (%ID)/g to mg/g. When multiple sub-compartments of
the gastrointestinal tract (such as stomach or small intestine) were reported separately,
the total gastrointestinal tissue concentration was determined by scaling the concen-
trations with the relative gastrointestinal tract weights (724). The dataset of Keinanen
et. al. was used as training dataset, as it comprised the largest range of MNP sizes and
timepoints and as it used radiotracers which are less prone to false positive detection by
fluorophore leaching (144).

6.4.2 PBK model structure

The PBK model used here was based on previously published mechanistic nanopar-
ticle PBK models (715). The PBK model used here consists of 11 organ compartments:
blood, lymph, lung, brain, heart, spleen, liver, kidney, muscle, gastrointestinal tract and
a grouped compartment for other organs. The rate of MNPs internalization into organs
is considered small compared to the blood flow and thus a permeability-limited model
is assumed. Each organ compartment is comprised of a separate exterior blood com-
partment and interior tissue compartment (Figure 1). The blood compartments of all
organs are connected to a central blood compartment and the tissue compartments are
connected to a central lymph compartment which subsequently flows into the central
blood compartment. A phagocytic sub-compartment is included in the lung and organs

169

o
ol
Q
S
=3
«
=
55}




Chapter 6

belonging to the reticuloendothelial system (RES) i.e. the liver and spleen. Particles can
enter the PBK model either from the blood compartment (for i.v. administration) or in
a separate lumen compartment in the gastrointestinal tract (oral administration). MNP
elimination can either occur through urinary excretion from the kidney interior into the
urine or through biliary excretion from the liver interior into the gastrointestinal lumen.
It is assumed that MNPs are not metabolized within the body. An overview of the model
structure is shown in Figure 1.

Table 1: Biokinetic studies with datasets compatible with mechanistic PBK model.

Particle Route Polymer Dose # of Sampling Detection Tissues analysed Ref
size (nm) type (mg/kg) doses times*
20,1000 iv. PS-NH,* 1.75 1 1,6,24, #Zr PET Blood, Brain, Heart,  (145)
168 h Lung, Liver, Spleen,
Kidney, Muscle, Gut
20,220, Oral PS-NH," 5 1 6,12,24,  ¥ZrPET Blood, Heart, Lung,  (144)**
1000, 48 h Liver, Spleen,
6000 Kidney, Muscle, Gut
220 Oral PS-NH," 3 1 1,6,12,24, %CuPET Blood, Brain, Lung,  (717)
48 h Liver, Spleen,
Kidney, Gut
500 Oral PS 5,25,50 14 14d Fluorescence Liver, Kidney, Gut (718)
50,500,  Oral PS 250 1 24h Fluorescence Blood, Brain, Lung,  (719)
5000 Liver, Spleen,
Kidney, Muscle, Gut
800 Oral PS 30 35 35d Fluorescence Blood, Brain, Lung,  (720)
Liver, Spleen,
Kidney, Gut
25,50, Oral PS 50 7 7d Fluorescence Blood, Brain, Heart,  (721)
100 Lung, Liver, Spleen,
Kidney, Gut
500,5000 Oral PS 25 56 56d Fluorescence Heart, Lung, Liver, ~ (183)
Spleen, Kidney
2500 Oral PLA 25 28 28d Fluorescence Blood, Brain, Heart,  (722)

Lung, Liver, Spleen,
Kidney, Muscle

* Time after initial administration, # amine group used for conjugation of radiotracer. ** Dataset
used as training dataset for oral empirical model
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Fig 1. Topology of PBK model structure

Overview of the PBK model structure. Each organ is divided into a blood compartment comprising
the capillaries and an interior tissue compartment. The liver, spleen and lung tissues contain an
additional phagocytic cell (PC) compartment. Blue arrows indicate uptake processes, black arrows
indicate biodistribution processes, orange arrows indicate elimination processes (i.e. clearance).

6.4.3 PBK model equations

The distribution of MNPs between organs is governed by four processes: 1) Convection
of MNPs with the blood flow to the organ capillaries; 2) Binding of MNPs to the capillary
wall (margination); 3) Passage of MNPs through capillary pores (extravasation) and
4) Phagocytosis by macrophages. Convection of MNPs is a result of the relative blood
flow rate to each organ and the time-dependent blood concentration of each organ.

The binding of plastics to the capillary wall is governed by the rate of particle binding
to the wall (K,,) and the release rate (Ks) as previously described by Dogra et. al. (715).
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Briefly, K., was considered to be equal to the sedimentation rate of particles in still liquids
according to the Stokes-Einstein equation, corrected for the Peclet number describing
the diffusivity of particles due to blood flow (Equation 1). As K,, relies on the blood flow
speed, it was considered to be both size- and organ- specific. K, was considered to be
equal to the rate required for particles to move away from the capillary cell wall (i.e. the
glycocalyx) assuming unimpeded passive diffusion and was set equal to the particle
diffusivity obtained from the Stokes-Einstein-Sutherland equation, divided by the square
of the typical length of diffusion, i.e. the capillary glycocalyx thickness (assumed at
20 nm) (Equation 2). K.« has no organ-specific parameters and is thus only particle size-
dependent.

For the mechanistic model, the following equations were used for parameter derivation:

Equation 1: Ko, = %(#) 9;;?’ ; from literature(715)

Equation 2: Kof; = f;g; /12 ; from literature(715)
Where:

gis the gravitational acceleration constant

v is the terminal sedimentation velocity

r is the MNP radius

Ap s the difference in density between medium and the MNP
km is the dynamic viscosity of medium

1is the length of a capillary

1,is the thickness of the glycocalyx i.e. the diffusion distance
Ris the radius of a capillary

K is the boltzman coefficient

T is the remperature

7is the sheer rate

To model MNP capillary extravasation, the reflection coefficient due to drag and frictional
forces by the capillary wall is considered to be a function of the particle size relative to
the capillary pore size. Briefly, transport through a pore was considered to be similar to
particles moving through a hollow tube, where the passage of particles is impeded by
drag due to the fluid moving within the tube and sheer stress from the walls of the tube
(715) (Equation 3).
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Equation 3: a = =, maxa = 1;from (715)

Where
ris the radius of the MNP
7y, is the radius of the pore

The reflection coefficient was calculated as the sum of the steric hindrance as described
by the empirical formula F(a) from the Faxen correction (Equation 4), and the frictional
hindrance due to drag which is described by the empirical formula G(a) as described by
the Curry equation (Equation 5) (725-727).

Equation 4: F(a) = 1 — 2.10444a + 2.08877a® — 0.94813a® — 1.372a% + 3.87a® — 4.194° ; from (725)
1-0.75851a®

Equation 5: G(a) = Ly oammed ; from (728)

Where
a is the ratio of nanoparticle to pore radius (obtained from Equation 3)
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Passage through capillary pores represents the transport of capillary-bound particles
into the organ interior and is represented by an organ-specific reflection coefficient (o)
(Bean equation (727)) which functions similar to a plasma:tissue partition coefficient
(Equation 6).

Equation 6:0 = 1 — [2(1 —a)? - (1- a)“] Gla) + (1 - a)2F(a> :from (715)

Where

o is the reflection coefficient

a is the ratio of nanoparticle to pore radius (obtained from Equation 3)
F(a) is the empirical Faxen correction (obtained from Equation 4)

G(a) is the empirical Curry equation (obtained from Equation 5)

Finally, the macrophage uptake rate and release rate were calculated as described before
by Lunov et. al. (657). Briefly, macrophage uptake is considered as a passive process where
the minimal energy required for membrane deformation leading to particle internaliza-
tion is compensated by the typical force applied by cytoskeletal motor proteins resulting
in a phagocytosis rate constant (Kp;) (Equation 7).
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Equation 7: kp; = 2

Where

Epi is the phagocytosis rate constant

D is the motor protein power

r is the MNP radius

T is the surface tension of a macrophage

In addition to phagocytosis,, macrophages can also actively exocytose particles and will
lose particles due to cellular turnover. In the original publications on the nanoparticle PBK
model (715, 716), the exocytosis rate was set to 0.01 to account for both radioactive decay
and particle degradation in the body. Here, we have assumed that particle degradation
by the body is negligible and that the release of particles from macrophages is solely due
to cell turnover and degradation. A modest exocytosis rate of 10° was assumed.

Urinary excretion is assumed to occur unimpeded from MNPs internalized into the kid-
neys. As such, the urinary excretion is limited by the kidney-specific reflection coefficient
ar which converges to 1 as MNP size approaches the fenestration size (70 nm). The most
relevant excretion pathway for microplastics is biliary excretion, yet little is known about
the rate and upper size limit. Particles up to 3 um have been reported in bile, however,
the canalicular ducts that transport bile have a diameter of approximately 1 um (729).
Therefore, we have included an additional reflection coefficient o, which is based on a
pore radius of 1.5 um in the bile duct.

For the empirical PBK model, K., Ko, 0, Ky and K,, were considered to be constants
with an initial value equal to the values obtained by the mechanistic model and were
subsequently optimized to fit the in vivo data in the training dataset in Table 1.

The PBK models were written and implemented in R version 4.5.1 using the mrgSolve
package (730).

6.4.4 Physiological parameters used for modelling biodistribution in
mice

Physiological parameters, including organ blood flow fractions, organ volume and weight
fractions, urinary flow rate and bile flow rate for mice, were obtained from (724, 731) and
scaled to body weight and are shown in Supplementary Table 1. The gastric emptying
rate was based on the typical residence times in the mouse gastrointestinal tract and
was set to 6 h according to (732). The pore sizes used for the mechanistic model were
based on (142, 733). Organs were divided into continuous capillaries with pores of 5 nm
(heart, brain, lung, muscles and other slowly perfused organs), discontinuous capillaries
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with pores of 12 nm (gastrointestinal tract) and fenestrated organs with pores of 280 nm
for liver, 70 nm for kidney. As the blood flow ends in the spleen, a pore size equal to the
average diameter of a capillary was chosen and set to 5 um.

6.4.5 Generation and validation of human model

A human PBK model was generated by replacing the murine physiological parameters
with human data and by replacing the rodent fenestration sizes with sizes reported in hu-
mans according to literature(142, 734). The physiological parameters used for the human
model are shown in Supplementary table 2. The humanized PBK model was validated
using the most plausible current scenario of human exposure, predicting 5 pg/week per
person (80). Thus, to simulate tissue concentrations, a daily exposure of 714 ng/day (5 pug/
week) was simulated for 75 years. Tissue concentrations were validated using the only
current mass-based estimates of tissue exposure in blood, brain, kidney and liver as taken
from (14, 16).

6.4.6 Sensitivity analysis

To assess the importance of the parameters on the model output, a local sensitivity
analysis was performed on the empirical mouse model. Briefly, the local sensitivity to all
parameters was performed by modifying the parameters up or down by 10% in a one-
at-a-time approach and assessing the impact on the maximal tissue concentration (Cy,,)-
The sensitivity coefficient was calculated by comparing the change in input variables to
the resulting change in the C,,, of each organ using the following formula:

: . _ AC; %P
Equation 8: SC; = %# *Fi .
Where

SC= sensitivity coefficient organ i; P= parameter; C;=maximal concentration organ i.

The total sensitivity coefficient was set to the average of the sensitivity coefficients for
each organ.

The sensitivity analysis was performed separately for all particle sizes used in the oral
exposure study in mice (144) i.e. 20 nm, 220 nm ,1000 nm and 6000 nm at a dose of
0.1 mg/mouse (5 mg/kg bw/day).

The differential equations determining the amount of MNPs moving into and out of each
organ compartment and sub-compartment are shown in the Supplementary information.
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6.4.7 Parameter fitting of the empirical PBK model

For model calibration of the empirical PBK model, all parameters having at least a
normalized sensitivity of 0.01 for any particle sizes either after i.v. administration or
oral exposure were considered for optimization. For parameter fitting, the following
parameters were considered; a;, K,n;, Ko, fraction absorbed (f,s), macrophage fraction
liver (Mf,;), macrophage fraction spleen (Mfs) Kp;, Kp,, biliary flow rate (B) and urinary
flow rate (U). Fitting was separately performed against the biodistribution data of four
particle sizes (20 nm, 220 nm, 1000 nm and 6000 nm) from (144). First, a cost function
was created that takes the sum of squared residuals to penalize the model for having
large differences with the observed data. The cost function was constructed using the
modCost function of the FME package (735). The data from studies listed in Table 1 did
not in all cases clearly separate the luminal gastrointestinal contents of the gut from the
absorbed fraction (i.e. gastrointestinal tissue fraction), and therefore, the gut was not
included in the cost function. Additionally, the urinary compartment was excluded from
the cost function as it represents an external compartment and thus holds less relevance
for organ concentrations.

To optimize the parameters, first the initial value was set to be equal to the values
obtained with the mechanistic model, and upper and lower bounds were defined to
limit how much each parameter can be altered. The bounds of physiological parameters
such as biliary flow, urinary flow and macrophage fractions were set relatively narrow,
as these parameters are relatively well defined. The bounds for reflection coefficients,
phagocytosis rates, K,,and K, were set at a wider range as these are particle specific and
poorly defined. The upper and lower bounds of all parameters is shown in Supplementary
Table 3. The parameters were optimized by first performing parameter initialization using
a pseudo-random optimization algorithm (736) to obtain an optimal set of randomized
parameters followed by the Nelder-Mead optimization method (737) to perform local
optimization. Both the Pseudorandom optimization and Nelder-Mead algorithms were
implemented through the modFit function of the FME package (735). The fitting results
are shown in Supplementary Table 3.

6.4.8 Model performance evaluation

To determine model performance, the error of the model predictions was compared to
the observed datasets listed in Table 1. The model performance was expressed as the
root mean squared error (RMSE) calculated as mean(Observed— Predicted)®. A common
suitability criterion for PBK models is the percentage of predictions that fall within 2, 3 or
5-fold of the observation. While the criteria is very well defined for PBK models specific
to one chemical (<2-fold according to WHO), these criteria are poorly defined for generic
PBK models and a 5-10 fold factor is more frequently deemed acceptable (738-740). Here,
the percentage of observations lying within a 10-fold difference from the predictions
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was calculated and reported as suitability criteria for generic PBK models. The mean fold
change was used to determine whether the models on average show an overprediction
or underprediction compared to the data.

6.5 Results

6.5.1 Scaling to mouse and prediction of intravenous administration

First, the original rat mechanistic colloid-PBK model (715) was scaled to mice because of
the availability of higher quality oral mice MNP biokinetic studies (Table 1). To ensure that
the model showed high accuracy after interspecies scaling (i.e. from the original rat model
to the mouse model) when applied to MNPs, we first predicted organ concentrations
(Figure 2 and 3) after intravenous administration of 20 nm and 1000 nm to mice (145).

The simulation by the mechanistic model showed a good prediction of the organ
concentrations for 20 nm particles with all maximal observed organ concentrations (i.e.
Crmax) being within 2 orders of magnitude from the observed data. The excretion of 20 nm
MNPs was overestimated in the mechanistic model, evident by the underprediction of all
organs at the 168 h timepoint. For the 1000 nm MNPs, the mechanistic model predicted
liver and spleen concentrations within a 2-fold difference, but underpredicted the
remaining organs.

As the model could accurately predict organ concentrations upon the i.v. administration

of 20 nm particles, and model accuracy was similar to those reported for the original
model (715), we conclude that the model works adequately after interspecies scaling.
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Fig 2. Mechanistic prediction of organ distribution of 20 nm polystyrene particles after intra-
venous administration to mice

The Y-axis indicates the concentration in each organ (mg/g), urine (mg/ml) and feces (mg). The
X-axis indicates the time. The black lines indicate model predictions The black dots and error bars
indicate the observed concentrations and standard deviation as retrieved from the literature (145).
Note that no data from the in vivo study were reported for feces or other (carcass).
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Fig 3. Mechanistic prediction of organ distribution of 1000 nm polystyrene particles after
intravenous administration to mice

The Y-axis indicates the concentration in each organ (mg/g), urine (mg/ml) and feces (mg). The X-
axis indicates the time. The black lines indicate model predictions. The black dots and error bars
indicate the observed concentrations and standard deviation as retrieved from the literature (145).
Note that no data from the in vivo study were reported for feces or other (carcass).

6.5.2 Local sensitivity analysis of the model

To determine the parameters which are most influential and should be fitted in the oral
empirical model, a local sensitivity analysis was performed. The normalized sensitivity
coefficient for each parameter is shown in Figure 4.

179

o
ol
Q
S
=3
«
=
55}




Chapter 6

Sensitivity 20nm oral Sensitivity 220nm oral
L e R i
2 o
S 057 3 05
£ £
(0] Q
: m B
i =~ 'j NEm EET
© ©
£ £
o -05- O -0.5-
P4 2
B e et e R R
fai:)s KolnLi M.fL\ K<.;ﬂ.i SIB kIP SIH é SI‘.u CJ SIK falbs SIB M%L\ KolﬁLi KolfLi KIP SIH Sll.u kfl“o
parameter parameter
Sensitivity 1000nm oral Sensitivity 6000nm oral
N T R R
2 2
s 0.5- s 0.5-
= =
(= c
s | 3
_ - i | N
g 0o . .- g 0o - - - . —
N N
T T
E E
O -05- O -0.5-
zZ b
R e B
fabs SK SH SB MILi KonLiKofli kP Slu Kofc fabs KofH KofB KonB KonHKofLuKonLuKofK KonK KofC
parameter parameter

Fig 4. Parameter sensitivity for all primary parameters

The plots show the sensitivity of the organ C,,, to all parameters for 20 nm, 220 nm, 1000 nm and
6000 nm as indicated above each plot. The Y-axis indicates the normalized sensitivity coefficient
averaged over all organs and the X-axis indicates the respective parameter. U and B indicate uri-
nary and biliary flow rates, S; indicates reflection coefficient of organ i, Kp; is the phagocytic uptake
coefficient and kP, is the phagocytic release coefficient, K,,;indicates the Kon of organ i, fabs is the
fraction absorbed, Mf;; and Mfs are the macrophage fraction of liver and spleen respectively and K;
is Koff in the organ i. H=heart, K=kidney, B=brain, Li=liver, S=spleen, Lu=lung, C= other (carcass).

Regardless of particle size, the f,,s showed a significant influence on total organ
concentrations with a normalized sensitivity index above 0.5. For particles <1000 nm, a
significant influence of the reflection coefficients for the brain, heart, lung and kidney, the
fraction of macrophages in the liver and K, and K of the liver was observed. Parameters
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related to phagocytosis including K, and K, showed a significant influence on organ
concentrations for particles below 1000 nm, but were not among the most sensitive
parameters for the 6000 nm model. The 6000 nm particles showed a large influence of
Kon and Ky in the kidney, brain, heart and lung. Based on these results, K, Ko, reflection
coefficients, macrophage fractions of liver and spleen, phagocytic uptake and excretion
and the fraction absorbed were used for the calibration of the empirical model (detailed
in Supplementary information Table 3).

6.5.3 Benchmarking mechanistic and empirical model accuracy

Both the mechanistic and empirical PBK model were used to predict the organ concen-
trations after a single oral administration of 5 mg/kg bw of 20 nm PS, 220 nm PS, 1000
nm PS or 6000 nm PS. Predicted concentrations were compared against the in vivo data
of Keinanen et. Al. (144). Figures 5 and 6 show the organ concentrations for 20 nm and
6000 nm PS MNPs while the comparisons for 220 nm and 1000 nm PS MNPs are shown
in Supplementary Figures 1 and 2. The fold change between the predicted concentration
and observed concentration are shown in Table 3.

Overall, the mechanistic PBK model showed a good prediction of early organ distribution
for both 20 nm and 6000 nm MNPs for all organs. At later timepoints, the 20 nm model
overpredicts liver, spleen and kidney concentrations and slightly underpredicts heart and
muscle concentrations. The 6000 nm model showed the same overprediction of liver and
spleen concentrations but shows a better prediction of heart, muscle and kidney concen-
trations. Like the intravenous model, microplastics of >250 nm were solely found in the
organ capillaries with the exception of spleen and liver (Supplementary Figure 3 and 4).

Considering all sizes of MNPs, the mechanistic model accurately predicted observations
within a 10-fold difference compared to the observed concentrations for blood (94%),
lung (88%), kidney (75%), heart (75%) and gut (75%), but showed worse prediction of
liver (13%), muscle (44%) and spleen (31%) concentrations. Additionally, when particles
become larger than kidney fenestrations, they can no longer be excreted through urine.
The empirically fitted model showed an equal quality of prediction of blood (94%) and
muscle (44%), improved prediction of liver (88%), spleen (63%) and kidney (82%) concen-
trations, but reduced quality of the prediction of lung (69%), heart (63%) and gut (50%)
concentrations.

Both models predict little accumulation of ingested MNPs in mouse organs, which is in
line with the data. The 20 nm model predicts concentrations in spleen, liver and kidney
within one order of magnitude, reaching 192, 91 and 31 ng/g of tissue, respectively (see
Figure 5). This corresponds to 0.1%, 0.013% and 0.01% of the total oral dose. The 6000 nm
model predicts a higher accumulation in the liver and spleen at 420 ng/g and 250 ng/g
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of tissue, however the maximal in vivo observed concentrations lie at 1.5 ng/g tissue and
33.5 ng/g tissue respectively (see Figure 6), both corresponding to less than 0.01% of the
oral dose.

prediction 20nm oral
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Fig 5. Prediction of organ distribution in mice upon oral exposure to 20 nm MNPs

The Y-axis indicates the concentration of each organ in mg/g and in mg/ml for urine and mg for
feces and the X-axis indicates the time. The black lines indicate mechanistic model predictions while
the red lines indicate the empirical model predictions. For feces the black and red lines overlap and
no urinary excretion is seen with 20nm MNPs for the empirical model. The black dots and error bars
indicate the observed concentrations as retrieved from the literature (144) Note that no data from
the in vivo study were reported for brain, feces and other (carcass).
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Fig 6. Prediction of organ distribution in mice upon oral exposure to 6000 nm MNPs

The Y-axis indicates the concentration of each organ in mg/g and in mg/ml for urine and mg for
feces and the X-axis indicates the time. The black lines indicate mechanistic model predictions while
the red lines indicate the empirical model predictions. For feces the black and red lines overlap and
no urinary excretion is seen with 6000nm MNPs for the mechanistic model. The black dots and error
bars indicate the observed concentrations as retrieved from the literature (144). Note that no data
from the in vivo study were reported for brain, feces and other (carcass).
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Table 3: Training data observations versus empirical and mechanistic oral MNP predictions
(average fold changes)

20 nm 220 nm 1000 nm 6000 nm

Mechanistic Empirical Mechanistic Empirical Mechanistic Empirical Mechanistic Empirical
Blood 7.7 0.8 1.2 0.3 1.1 0.7 0.7 0.5
Lung 3.7 3.9 0.4 0.5 0.2 0.2
Spleen 80 | 89 95 56
Gut 44 0.2 1.7 0.4 0.5 0.2 37 0.5

Muscle 0.3 0.2

0.6
Urine 6.2

Heart

The values shown in green are within a 10 fold difference with observations, the values shown
in red overpredicted observed tissue concentrations more than 10-folds and the values in blue
underpredicted observed tissue concentrations more than 10-folds

On average, the mechanistic model was capable of predicting the blood and gut
concentrations of MNPs within a 10-fold difference of the observed value regardless of
size (Table 3). The lung concentration was predicted within a 4-fold difference of the
observations, but the model overpredicted the lung concentrations of 6000 nm PS
particles. The concentration in the heart and muscle was adequately predicted within a
10-fold difference for both the 20 nm and 6000 nm particles, but slightly underpredicted
the heart concentrations for 220 nm and 1000 nm particles and significantly
underpredicted muscle accumulation of 220 nm and 1000 nm PS. Kidney concentrations
were well predicted for larger particles but were overpredicted for 20 nm PS particles.
Spleen concentrations were overpredicted up to 37-fold by the empirical colloid-PBK
model, while concentrations predicted by the mechanistic model were within 11-fold. For
the liver, concentrations of the four sizes of MNPs predicted by the empirical colloid-PBK
model were within 2-fold difference regardless of size, representing a significant
improvement over the mechanistic model (154-to-610-fold difference depending on the
MNP size). The remaining organ concentrations were predicted with a similar accuracy by
the mechanistic and empirical model (Table 3).

To assess the improvement of the empirically fitted model compared to the mechanistic
model, the error in the oral prediction of the dataset of Keinanen et. Al (144). was ex-
pressed as root mean squared error (RMSE), an indication of model accuracy (Table 4).
For particles of 20 nm, the empirical model showed a 2-fold reduction in total RMSE while
larger particles showed a 4-fold reduction in RMSE compared to the mechanistic model,
which was driven mainly by the improvement in liver and spleen prediction.
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Table 4: Performance of empirical colloid-PBK model compared to mechanistic model

Organ RMSE 20 nm RMSE 220 nm RMSE 1000 nm RMSE 6000 nm
Mech Emp Mech Emp Mech Emp Mech Emp
Blood 544 2.04 1.47 1.93 0.33 0.48 1.07 1.02
Lung 2.60 3.69 1.79 2393 0.86 1.14 28.16 3.29
Spleen 110.27 60.43 185.07 69.77 161.68 81.56 122.95 70.77
Muscle 3.56 3.38 5.90 5.22 4.89 4.73 6.18 7.55
Liver 65.25 0.74 215.66 0.52 263.06 1.89 238.71 0.66
Kidney 21.19 1.74 2.03 2.1 3.01 2.38 10.12 4.53
Heart 2.58 25.26 5.07 34.41 3.29 22.84 5.05 21.28
Total 210.90 97.29 417.00 137.88 437.14 115.05 412.24 109.12

All numbers are shown in pg/kg RMSE= root mean squared error

6.5.4 Validation of mechanistic and empirical model predictions against
independent datasets

Next, to assess whether the empirical and mechanistic model can predict the organ
distribution of novel data, seven independent validation datasets (see Table 1) were mod-
elled and compared. To benchmark both models, the observations were plotted against
the predicted values of the mechanistic and empirical models (Figures 7 and 8) and the
root mean squared error, fold change and percentage of observations predicted within
a 10-fold difference and the validation data were calculated (Table 5). As the dataset of
Keinanen et. al. (144) was used for training the empirical model, this dataset was not
independent and was thus excluded from the validation of the empirical model.

The datasets used for validation were taken from in vivo studies with very different study
designs, as summarized in Table 1 and Supplementary file 1. The average total bioavail-
ability predicted vs. observed across all experiments was 0.176% (ranging between
<0.001-10%) and did not show a correlation with size of the MNP (R=-0.16). The observed
organ accumulation was highest in the liver (0.14 %ID/qg), followed by the lung (0.05
%ID/qg), kidney (0.05 %ID/qg), spleen (0.04 %ID/g) and heart (0.03 %ID/g). The remaining
organs showed concentrations around 0.01 %ID/g. To identify whether experimental
design impacted in vivo bioavailability, we calculated the Pearson correlation between
size and dose and observed bioavailability. No correlation between the observed bio-
availability and size was observed (R=-0.17), and a weak inverse correlation between
administered dose and bioavailability was observed (R=-0.48).
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Fig. 7: Observed versus predicted organ concentrations by the mechanistic PBK model for
orally ingested MNPs

The Y-axis indicates the observed concentration of each organ and the X-axis shows the predicted
concentration in mg/g and mg for feces. Each dot indicates an observation-prediction pair and the
colour of each dot indicates the respective dataset as shown in the legend. The black lines indicate
unity between predictions and observations, the dashed black lines indicate a 2-fold and 0.5-fold
difference from the observations and the dotted black line indicates a 10-fold and 0.1-fold difference
from the observations. The datasets included are Keinanen (144), Im (717), Choi (718), Liang (719),
Liu (720), Ma (721), Zhang (183) and Liang (2024) (722).
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Fig. 8: Observed versus predicted organ concentrations by the empirical PBK model for orally
ingested MNPs

The Y-axis indicates the observed concentration of each organ and the X-axis shows the predicted
concentration in mg/g and mg for feces. Each dot indicates an observation-prediction pair and
the colour of each dot indicates the respective dataset as shown in the legend. The black lines
indicate unity between predictions and observations, the dashed black lines indicate a 2-fold and
0.5-fold difference from the observations and the dotted black line indicates a 10-fold and 0.1-fold
difference from the observations. The datapoints from Keinanen et. al. are not included as these

were not independent datapoints. The datasets included are Im (717), Choi (718), Liang (719), Liu
(720), Ma (721), Zhang (183) and Liang (2024) (722).

187



Chapter 6

Table 5. Performance of empirical model compared to mechanistic model for validation data

Mechanistic model Empirical model** Observed
Organ RMSE Predictions mean RMSE Predictions meanfold mean conc.
(mg/kg) <10 fold of fold (mg/kg) <10foldof change (%ID/g)’
Observation change Observation
(%) (%)
Blood 50.0 52% 1.5 74.67 0% 0.004 0.013
Brain 110.8 7.7% 0.095 107.1 43.75% 4.2 0.014
Lung 163.8 46.7% 35 239.7 14.28% 0.04 0.05
Spleen 137.7 50% 13 206.0 57.14% 0.63 0.037
Gut - 77.4% 1.6 - 16.7% 0.27 -
Muscle 33 36.8% 0.17 8.3 0% 0.006 0.004
Liver 129.1 30.3% 153 205.5 0% 0.00041 0.14
Kidney 155.0 36.4% 26 215.8 0% 0.0074 0.049
Heart 108.05 34.5% 0.78 160.2 38.5% 0.77 0.03
Total 857.6 - 1217

* percentage of administered dose per gram of tissue. ** datapoints from Keinanen et. al. are not
considered for the empirical model as these datapoints are not independent

A lower RMSE was observed for the mechanistic model compared to the empirical model
for all organs except brain, indicating improved predictions of organ concentrations by
the mechanistic model. The mechanistic model adequately predicted the observed con-
centrations in blood, lung, spleen, muscle, liver, kidney and heart in 30-50% of cases. For
the Gl tract 77.4% of predictions were within 10-folds of observations while for brain only
7.7% of predictions were within 10-folds of observations. The empirically fitted model did
not have any datapoints within a 10-fold prediction of the blood, liver or kidney compart-
ments, but predicted the brain and spleen concentrations better than the mechanistic
model.

The average fold change (predicted vs. observed) showed that the mechanistic model
overpredicted the spleen and liver concentrations, while the empirical model shows bet-
ter predictions of spleen, but strongly underpredicts liver concentrations.

Overall, the mechanistic model was adequate at predicting organ concentrations of
blood, lung, gut, muscle and heart concentrations after oral exposure, showed improved
predictions compared to the empirical model, but showed large differences between
predicted and observed liver, spleen and brain concentrations.
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6.5.5 Prediction of human tissue concentrations after oral exposure

While little human data is available, we have scaled the PBK model to humans to provide
an initial estimation of organ concentrations which could be expected given current
estimates of human oral exposure. Only two datasets report human tissue concentrations

in terms of mass per gram of organ (14, 16).

blood brain
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()] (=]
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[ =
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0 20 40 60 0 20 40 80
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Fig. 9: Prediction of human tissue concentrations after oral MNP exposure

Predicted human tissue concentrations in blood, brain, liver and kidney after 75 years of exposure
to 5 pg/week (80). The colour of the line indicates the modelled particle size with the purple
line representing 50 nm particles, the blue line representing 150 nm particles, the green line
representing 500 nm particles and the red line representing 1000 nm particles. The area highlighted
in darker grey represents the measured mean concentration in human tissues + the standard
deviation. Values were taken from (14) and (16). The horizontal black line represents the average
concentration of all individuals tested and the dashed black line represent the mean concentration
+ the standard deviation. For blood, the mean-standard deviation crosses 0, but was fixed at 10-12

to allow visualization in log scale.
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Depending on the MNP size, three different tissue concentration profiles were observed.
Particles which were smaller than the fenestration size of the kidney (i.e. <70 nm) under-
went rapid urinary excretion and quickly reached a steady state concentration without
further bioaccumulation. Particles with sizes above the kidney fenestration size, but
below the liver fenestration size (i.e. < 180 nm) underwent rapid biliary clearance and
likewise rapidly reached a steady state. Particles above the fenestration size of the kidney
showed a slow bioaccumulation over time due to the slow rate of excretion. For particles
above the fenestration size of the liver, the duration before steady state occurred was
dependent on the particle size and overall had a higher accumulation in all organs. The
predicted tissue concentrations are shown in Table 6.

The model predictions for 50 nm, 150 nm, 500 nm and 1000 nm particles were signifi-
cantly lower than the reported average blood concentration but were within the range of
observed blood concentrations (please note the high standard deviation of the observed
blood concentration). We predict that brain shows the lowest accumulation followed
by kidney. There was a similar predicted MNP concentration in blood, liver, lung, spleen,
while the highest concentration was predicted in heart. The predicted tissue concentra-
tions ranged between 0.23 pg/g and 15 ng/qg.

Table 6. Predicted tissue concentrations after lifelong exposure to MNPs

Predicted tissue concentration (pg/g)

Organ 50 nm 150 nm 500 nm 1000 nm
Blood 5 110 1300 9400
Brain 0.2 54 64 460
Heart 7.5 170 2000 15000
Kidney 2 40 490 3500
Liver 53 59 780 11000
Lung 5.4 120 1500 10000
Spleen 4.8 110 1400 13000

The tissue concentrations reported assume 75 years of daily exposure to 714 ng/d of
MNPs with 50 nm, 150 nm, 500 nm or 1000 nm diameter.

6.6 Discussion

Here, we showed that mechanistic colloid-PBK models can be used to predict organ
concentrations after oral exposure to MNPs. By using size dependent hydro- and ther-
modynamic functions, the resulting PBK model can be used for a broad range of MNP
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sizes (here between 20-6000 nm). The mechanistic model predicted tissue concentra-
tions within 10-fold differences of observed values in blood (94%), lung (88%), kidney
(75%), heart (75%) and gut (75%) when simulating single oral administration of radio-
labelled PS to mice. When the model was compared to datasets comprising both acute
and sub-chronic exposure scenarios in mice, approximately 50% of tissue concentration
predictions were within 10-folds of observations. Finally, we predict an initial estimate of
human tissue concentrations after lifelong MNP exposure, while recognizing the uncer-
tainty in human exposure scenarios and validation data. We predict that regardless of the
tissue, MNP concentrations are below 15 ng/g, indicating low tissue burden in humans.
Uncertainties in literature-reported validation data preclude conclusive determination of
model accuracy, however, the model accuracy for mice is deemed acceptable for an initial
generic colloid-PBK model. While there still are kinetic processes that can be improved,
the flexibility of the mechanistic modelling approach is very promising for future quanti-
tative in vitro to in vivo extrapolation of MNP risk assessment frameworks.

The mechanistic PBK model describes particle biokinetics through hydro- and thermo-
dynamic functions capturing margination towards, and extravasation through the capil-
lary walls followed by cellular phagocytosis in RES organs. Mathematical description of
particle margination is rarely included in PBK models, but several margination models
have been developed for red blood cells and injected particles (741). The capillary wall
binding and release was described as a function of particle sedimentation, Brownian
diffusion, shear induced diffusion and sedimentation, as published before (715). More de-
tailed models of margination incorporate electrostatic interactions, van der Waals forces
and shape effects (742, 743), which could extend the application domain of the current
model to differently shaped and charged MNPs. The description of particle extravasation
through pores based on hydrodynamic particle mechanics was first derived by Bean and
Curry (725, 727, 744) and initially applied to mathematical models of solutes extravasa-
tion in the heart (726). More recently, it was used to describe the fate of MRI contrast
agents (745-747). As the majority of colloid clearance from blood is due to interaction
with macrophages (748), phagocytosis is frequently included in conventional colloid-
PBK models where it is individually fitted to each particle size and organ (243, 749, 750).
Instead, we modelled phagocytosis as a passive process, where a size specific energy
barrier is described by the deformation energy of the phagocyte membrane required for
particle internalization, which is provided by a size agnostic force applied by cytoskeletal
proteins. From the obtained predictions it was shown that the mechanistic model was
not able to accurately predict phagocytosis, and empirical fitting was required to ac-
curately predict the spleen and liver concentrations. Alternative mechanistic models can
be applied to more accurately describe the size-dependency of phagocytosis. Recently,
a non-linear model was published that relates the fitted intestinal absorption coefficient
and particle size (245), which could also be explored to predict phagocytosis coefficients.
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Additionally, the phagocytosis parameters can be obtained by calibration with in vitro
uptake data of differently sized PS and subsequently scaling the phagocytosis coefficient
to the whole organ (716). The use of in vitro fitted phagocytosis parameters in future
mechanistic PBK models is promising, as it can improve the prediction of phagocytosis
when scaling to human, can capture the preferential uptake of MNPs in the low pm range
and can be used to derive organ-specific phagocytosis rates.

To evaluate the model predictions, high quality biokinetic data from in vivo studies is
needed. The in vivo datasets used here for model validation were obtained from studies
with a great variety of study designs. The respective publications described a total oral
dose range from 3 mg/kg to 1400 mg/kg, spanning both single dose acute studies and
sub-chronic multiple dosing studies up to 112 days (144, 183, 717-722). The total bioavail-
ability reported in these studies ranged from <0.001% to 2.1%. One potential confounder
is that MNPs are not commonly directly detected in tissues and instead make use of
covalent or non-covalent labelling to detect MNPs by proxy. It is well known that non-
covalently attached labels can leach from nanoparticles, effectively causing false posi-
tives in tissue detection. While leaching of the fluorescent label is typically assumed to be
negligible (~1% (719)), the tissue accumulation of MNPs reported in the validation stud-
ies are even lower, often below <0.001% of the injected dose. This gives cause for concern
as it is no longer discernible if the tissue fluorescence is due to the presence of MNPs, or
from detached fluorescent labels. When assessing the datasets used in this study, the bio-
availability of both radiolabelled and fluorescently labelled datasets was similar (0.35%
+ 0.6% and 0.27% + 0.03% respectively), indicating that, for these studies, fluorophore
leaching has little impact on bioavailability. The fluorescently labelled MNPs did show a
significantly higher tissue accumulation in terms of %ID in the brain (p=0.0007), muscle
(p=0.046) and liver (p=0.0036), but not in the remaining organs, indicating a plausible
organ-specific fluorophore leaching. To compensate for potential fluorescent leakage,
a sub-model for leached fluorophores could be added to the mechanistic generic PBK
model, as has previously been demonstrated for hydrophobic organic chemicals leaching
from plastics (80), which could improve overall specific MNP predictions.

The original mechanistic model was developed for the prediction of intravenous meso-
porous silica particles (<160 nm) in tumour bearing rats (751). We extrapolated the model
to mice and therefore we first assessed if the interspecies extrapolation affected model
accuracy. To this end, the mechanistic model was used to predict tissue concentrations
after i.v. injection of 20 or 1000 nm PS beads in mice, and predictions were compared to
literature results (145). The model showed a good prediction of organ concentrations of
20 nm particles, however the concentrations of larger particles were underpredicted. In
the original publication, 20 nm to 160 nm MNPs showed comparable predictive accuracy
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as reported here (751). Therefore, the impact of interspecies extrapolation on model ac-
curacy was deemed minimal.

As the majority of human exposure to MNPs occurs through our diet (168), the mecha-
nistic model was extended to predict oral absorption in mice. First, the most extensively
characterized dataset (144) was used to train an empirical model for comparison of the
model performance with that of the data-independent mechanistic model. Both the
mechanistic and empirical models showed predictions within a 10-fold difference form
the observed value in 93.75% of blood plasma concentrations and 68.5-87.5% of lung,
gut, muscle and heart concentrations. Overall, the concentrations predicted in organs
downstream of intestinal absorption showed concentrations below 0.1% of the adminis-
tered dose, being approximately 100 ng/g when5 mg/kg was administered to mice. Un-
like the predictions of the intravenous model, no clear reduction in organ concentrations
were observed upon oral exposure with increasing time.

Because of the lack of mathematical theory to predict the size dependence of intestinal
absorption, the oral absorption in mice was modelled using a single size-independent
absorption coefficient (set at 0.5%, based on in vivo studies (13)). Even though the total
bioavailability in the tested datasets ranged from 0.001% to 2.1%, the assumption of one
common oral bioavailability predicted 77.4% of all gut concentrations within a 10-fold
error and performed better than the empirical model, which had a size specific param-
eter for intestinal absorption. In the mechanistic model, particle transport is assumed
to mostly take place through passive processes, which interestingly yielded remarkably
accurate tissue accumulation for the liver and spleen after intravenous injection, whereas
the model overpredicted liver and spleen concentrations upon oral exposure to MNPs. A
potential explanation for these differences might be the formation of a protein corona on
the surface of MNPs as digestive proteins can strongly increase particle uptake by phago-
cytotic cells, as shown by in vitro studies (596). Despite the well-established role of the
protein corona on in vivo biodistribution (752), no PBK models to date have managed to
capture protein corona effects due to lack of in silico models for protein corona formation.

The oral predictions show that the mechanistic model can be used to predict oral bio-
availability and tissue distribution of polystyrene MNPs up to 6000 nm. The good predic-
tion of the tissue concentration of particles up to 6000 nm in organs with pores smaller
than the particle diameter (muscle, kidney and heart) was surprising. While our model
predicts accumulation in the capillary compartments of these organs, no actual internal-
ization into the cellular compartment is predicted (Supplementary Figure 3 and 4). This
raises the question whether the measured organ concentrations in vivo are a result of
actual tissue accumulation or merely due to the presence of MNPs in the tissue capillaries.
It is possible to alter in vivo studies to distinguish both effects by flushing the organs with
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saline solution prior to organ measurement, however this is infrequently performed and,
to the best of our knowledge, comparison of flushed and unflushed tissue concentrations
have never been assessed for MNPs. The datasets used for validation were comprised of
both studies which have flushed organs prior to MNP measurements (183, 719, 722) and
studies which measured MNPs in organs with capillary blood (717, 718, 720, 721, 753).
There was an observed (but insignificant) difference between the average bioavailability
of studies which have perfused the animals with saline prior to measurement (0.04% =+
0.02%) compared to the studies without (0.29% + 0.54%), indicating that blood-borne
MNPs can contribute to total tissue MNP concentrations.

As a demonstration of the potential of mechanistic PBK models, we simulated human
tissue concentrations after lifelong exposure to a realistic estimate of human MNP intake
(80). MNPs below the fenestration size of the liver (<180 nm) show low tissue accumula-
tion due to rapid urinary and biliary excretion, while MNPs >180 nm show a size depen-
dent tissue accumulation. Rapid blood clearance of nanoparticles is typically only seen
with nanoparticles between 6 nm and 8 nm (146), however polymeric nanoparticles up
to 133 nm may also exhibit rapid renal clearance when presenting viral glycans on their
surface (754). It is known that viral particles can be excreted even when they are much
larger than glomerular pores (755, 756). As MNPs rapidly bind to biological components
like saccharides and proteins, the presentation of viral corona components is a likely
mechanism for urinary excretion of MNPs. Here, the biliary excretion was assumed to be
passive with the main barrier being passage through the canaliculi. Likely, the cells lining
the liver canaliculi will present an additional barrier, however it is also possible that MNPs
get actively transported into the canaliculi, as bile salts can bind to the nanoparticle co-
rona and stimulate active transport into bile as observed with chylomicron microparticles
(729, 757, 758). As such, the actual biliary transport could either be higher or lower than
what we predict here. Regardless of exposure scenario and particle size, we show similar
concentrations in blood, heart, lung, spleen and liver, and lower concentrations in brain
and kidney. If this observation is true, it would be possible to use blood MNP concentra-
tions as a biomarker for tissue concentrations of MNPs, however due to the lack of in vivo
data, this finding cannot be validated at this time.

We predicted tissue accumulation ranging from 0.23 pg/g in brain to 15 ng/g in heart,
depending on the particle size. The predicted tissue concentrations are much lower than
reported by human in vivo observations. However, it is unclear whether this is due to
model inaccuracy or inaccuracies in reported tissue concentrations. One study report-
ing MNP concentration in blood indicated an average concentration of 1.6 pg/g with
a standard deviation of 2.1 ug/g and most of the tested individuals had average blood
concentrations below the LOQ (0.4 - 2.3 ug/ml, depending on the polymer tested) (14).
Currently, it is therefore not possible to accurately derive the actual concentration of
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MNPs in blood. Based on our model estimates, the LOQ of the analytical methods need to
be lowered dramatically. The other human study reports tissue accumulation of 3.2 £ 2.2
mg/gin brain, 536 =412 pg/gin liver and 140+102 pg/g in kidney, but the authors did not
specify the LOQ of the analytical workflow used (16). This study used historical samples
which were never intended for MNP analysis and the use of polyethylene cutting boards,
plastic buckets and plastic gloves represent realistic sources of contamination. Previous
studies have shown that plastic cutting boards may release up to 4.73 mg of MNPs during
regular use (759) while lab gloves release up to 0.32 mg (760) during contact with liquids.
As the concentrations measured in brain, liver and kidney samples were approximately
3 mg/g, 500 pg/g and 150 pg/g in a total sample weight of 3 - 5 g, it is plausible that
plastic contamination causes much of the measured tissue concentration. Additionally,
measurement of polyethylene in fatty-matrices using pyrolysis GC-MS-MS can leads to
errors in the measured concentration and can artificially increase the detected amount
of polyethylene (761). Unfortunately, no blank samples were included to assess the
magnitude of background plastic contamination and as such, the reported values may be
subject to significant measurement error.

6.7 Conclusion

We have shown that the generic mechanistic colloid-PBK model for oral absorption of
MNPs performs better at predicting organ concentrations than empirically fitted models.
The model adequately predicts blood, lung, gut, muscle, heart concentrations, but to a
lesser extent liver, spleen and brain concentrations. The model outcomes consistently
show tissue accumulations less than 0.1% of the administered dose, raising questions on
the relevance of the toxicity found in vitro at high doses of MNPs. Simulation of human
MNP exposure indicates that MNP tissue concentrations likely are lower than previously
reported and that the blood concentration may serve as a biomarker for tissue concen-
trations of MNPs. While the model did not yet perform to the same level of generic PBK
models for small molecules, it represents a first step in the application of PBK modelling
for read across between MNPs.
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6.9 Supplementary information

Supplementary Table 1. Physiological parameters for mouse

Parameter** G* B* Br* GI* H* S* Lu* Li* L* K* M*
BW 20g
PID le-1g/

cm’
RBC 2.9um
HMT 0.45
CF 0.55
B 0.0833

mi/h
U 0.0416

ml/h
Kpf le-17

w
gamma 6e-5

N/m
Mf - 0.1 0.5
vl Tmm
vr 5um
wf 0.049 0.017 0.042 0.005 0.004 0.007 0.055 0.02 0.017 0.38
Vifc - 0.03 0.03 0.12 0.177 0.5 0.31 - 0.24 0.04
Qf - 0.033 0.141 0066 0011 1 0.161 - 0.091  0.159
Lf - 1/500 1/500 1/500 1/500 1/500 1/500 - 1/500  1/500
r - 0.5nm 6nm 2.5nm  2.5um  2.5nm  140nm - 35nm  2.5nm
GFR 0.28

ml/h

*G=generic, B=blood, Br=brain, Gl=gastrointestinal tract, H=heart, S=spleen, Lu=lung, Li=liver,
L=lymph, K=kidney, M=muscle ** BW=body weight, PID=plasma density, RBCis red blood cell radius,
HMT=hematocrit fraction, CF=capillary fraction used to derived capillary speed, B=bile flow rate,
U=urinary flow rate, Kpf=protein force for phagocytosis, gamma=phagocyte membrane rigidity,
Mf=macrophage fraction, vi=typical length of capillary, vr=typical radius of capillary, Wf=weight
fraction, vfc=volume fraction of blood, Qf=fraction of blood flow, Lf=ratio lymph flow to blood flow,
r=capillary pore radius, GFR=glomerular filtration rate.
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Supplementary Table 2. Physiological parameters for human

Parameter** G B* Br* GI* H* S* Lu* Li* L* K* M*
BW 70kg
PID le-1g/
cm’
RBC 3.6um
HMT 0.45
CF 0.55
B 29.16
ml/h
U 66.6
ml/h
Kpf le-17
w
gamma 6e-5
N/m
Mf - 0.1 0.5
vl 1Tmm
vr 7.5um
wf 0.080 0.02 0.017 0.005 0.003 0.008 0.026 0.02 0.004 0.4
Vfc - 0.012  0.07 0.09 0.14 0.105 0.1 - 0.02
Qf - 0.12 0.15 0.04 0.03 1 0.255 - 0.19 0.17
Lf - 1/500 1/500 1/500 1/500 1/500 1/500 - 1/500  1/500
r - 0.5nm 2.5nm 2.5nm 5um 25nm  90nm - 35nm  2.5nm
GFR 60
mi/h

*G=generic, B=blood, Br=brain, Gl=gastrointestinal tract, H=heart, S=spleen, Lu=lung, Li=liver,
L=lymph, K=kidney, M=muscle ** BW= body weight, PID=plasma density, RBC is red blood cell
radius, HMT=hematocrit fraction, CF=capillary fraction used to derived capillary speed, B=bile
flow rate, U=urinary flow rate, Kpf=protein force for phagocytosis, gamma=phagocyte membrane
rigidity, Mf=macrophage fraction, vl=typical length of capillary, vr=typical radius of capillary,
Wf=weight fraction, vfc=volume fraction of blood, Qf= fraction of blood flow, Lf=ratio lymph flow
to blood flow, r=capillary pore size, GFR=glomerular filtration rate.

Calibration of empirical model to datasets

An empirical model was generated to predict the oral bioavailability and organ
distribution of 20nm, 220nm, 1000nm and 6000nm PS particles. Initial parameters and
the four optimized parameter for 20nm, 220nm, 1000nm and 6000nm PS are shown in
supplementary Table 3, below. Additionally, to identify whether there were size-related
patterns in the parameter values, the Spearmen correlation between particle sizes and
each fitted parameter was computed.
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Supplementary Table 3. Calibrated parameters of empirical model

Parameter Initial value  20nm 220nm 1000nm 6000nm
(20nm)

Intestinal absorp-  0.005 0.00041 0.0016 0.001 0.002

tion

oBrain 1 1 0.01 1.00e-05 0.19

olLung 1 1 1 1 0.26

oHeart 1 1 1 0.56 0.10

aSpleen 0.0001023 1 0.0001 1.00e-05 1

oliver 0.0289 1 0.059 1 1

oGit 1 1 1 1 0.59

oKidney 0.6477 1 0.19 1.00e-05 1.02e-05

oMuscle 1 0.00030 1.00e-05 8.19e-05 0.17

oBile 0.000633 0.0025 1 1 0.008

Kon Brain 7.29 158.85 5.00e+06 4934674.93 3365.65

Kon Lung 6.94 171044.72 1107.20 0.09 0.14

Kon Heart 7.1 4624256.41 7374.85 268393.80 3720595.78

Kon Spleen 8.4 39.74 5000000 5000000 46507.29

Kon Liver 10.04 0.01 0.01 0.23 0.01

Kon Git 7.10 0.01 0.10 5.34 5.00e+06

Kon Kidney 8.17 1.33 199.18 0.01 0.01

Kon Muscle 9.76 154742.22 401.02 7886.75 159574.96

Kot 2042594 14859.17 10.06 706.13 15365.38

Mg Liver 0.5 0.20 0.20 0.32 0.30

M;Spleen 0.1 0.07 0.80 0.02 0.02

Phagocytic uptake 477464 32102.59 0.14 2.54 193.54

Phagocytic release 4.7764 0.00014 0.37 19.15 50

Biliary excretion 0.0833 0.09 0.08 0.08 0.07

Urinary excretion  0.041667 0.044 0.04 0.05 0.04

The symbols for each parameters are as described in the materials and methods, briefly
o are reflection coefficients, Kon are capillary association constants, Koff is the capillary
dissociation constant and Mf is the macrophage fraction

The fitted fraction absorbed was between 0.05% and 0.2% indicating a low overall oral
bioavailability of materials. In contrast to the mechanistic model, the fitted reflection
coefficients were the highest for 20nm particles and decreased as particles grow bigger,
with except for muscle and bile. Both the macrophage fractions and phagocytic uptake
rates were lower in the fitted model than the initial parameters used. The fitted K, for
brain, heart were consistently higher than the initial parameters, while liver was con-
sistently lower. To identify factors influencing the model parameters which show a size

198



Mechanistic PBK Modelling for Biodistribution Prediction of Ingested Micro- and Nanoplastics

dependence we determined the Spearman correlation coefficients. Spearman correlation
revealed inverse correlation between the ranks of size and gHeart(-0.95), oKidney(-0.8),
Kon LuNg(-0.8), mfS(-0.8) and Biliary excretion(-0.8) and positive correlations between
fabs(0.8), K,,Git(1), and phagocytic release(1).

Supplementary Table 3. Upper and lower bounds for empirical fitting

Parameter Upper bound Lower bound

Fabs 0.2 le-5

CF 0.6 0.4

B 0.09 0.07

u 0.05 0.04

oBr 1 le-5

oGl 1 le-5

oH 1 le-5

oS 1 le-5

olLu 1 le-5

oli 1 le-5 @
oK 1 le-5 Ei
oM 1 le-5 é
oBile 1 le-5

GFR 0.3 0.2

Kp 5e5 Te-1

Kpo 50 le-5

KonBr 5e6 Te-2

KonGl 5e6 le-2

KonH 5e6 le-2

KonS 5e6 le-2

KonLUu 5e6 Te-2

KonLi 5e6 Te-2

KonK 5e6 le-2

KonM 5e6 Te-2

Kot 5e6 le-2

MfLi 0.8 0.2

MfS 0.8 0.01

*fabs=oral absorption, CF= capillary fraction, B=biliary formation rate, U=urinary formation
rate, oi=reflection coefficient of organ i, GFR= glomerular filtration rate, kP= phagocytic uptake
coefficient, KpO = phagocytic excretion coefficient, K,,i= capillary binding coefficient of organ I,
Koff= capillary release coefficient, Mfi = macrophage fraction of organ i.
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Supplementary Fig. 1. PBK predictions of organ concentration of oral exposure of 220nm
nanoplastics

The Y-axis indicates the concentration of each organ in mg/g and in mg/ml for urine and mg for
Feces and the X-axis indicates the time. The black lines indicate mechanistic model predictions
while the red lines indicate the empirical model predictions. The black dots indicate the observed
concentrations as retrieved from Keinanen et. al.(144) The error bars indicate the standard deviations
of each dataset as retrieved from the supplementary information by Keinanen et. al.
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Supplementary Fig. 2. PBK predictions of organ concentration of oral exposure of 1000nm

nanoplastics

The Y-axis indicates the concentration of each organ in mg/g and in mg/ml for urine and mg for
feces and the X-axis indicates the time. The black lines indicate mechanistic model predictions while
the red lines indicate the empirical model predictions. The black dots and error bars indicate the
observed concentrations as retrieved from the literature (144) Note that no data from the in vivo
study were reported in brain, feces and other (carcass).
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internal v.s. external 20nm

brain lung
1 0-06 -3 A 1o0s JINEEEE SRS
(@] 07 - ()]
B e S 16-06 -
1S IS
1e-08 - 1607+
I._I_I_I_I_I l._l_l_l_l_l ] ] 1 1 ]
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
time(h) time(h) time(h)
liver spleen muscle
1e0d- i
1e-05 -
g 1e-06 - 1e-06 -
g 1e-07-
1e-08 - 1e-08 -
18-09'. 1 1 1 1 1 1 1 1 [ 1 f._|_|ﬁﬁ_l
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

time(h) time(h) time(h)

Supplementary Fig. 3. Internal versus external localization of 20nm MNPs

The Y-axis indicates the concentration of each organ in mg/g and in mg/ml for urine and mg for
feces and the X-axis indicates the time. The solid black lines indicate mechanistic model predictions
within the interior tissue compartment (including macrophages) while the dotted lines indicates
the concentration in the external capillary compartment lines. Note that heart, blood and lymph are
not included as these have no clear separation between tissue interior and exterior.

202



Mechanistic PBK Modelling for Biodistribution Prediction of Ingested Micro- and Nanoplastics

internal v.s. external >250nm

brain lung kidney
3e-07- T TUTTtreeeaill it 38-06' .............
3e-06 -
07 - 1e-06 -
1e07 o 16-06 - o,
o 3e-08 - S 3e-07 -
16-08 - E 307+ E 1e-07-
3e-09 - 1e-071 - 3e-08 -
[ e e 36'08';—!—!—!%—: '-_lﬁ_l_l_l
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
time(h) time(h) time(h)
liver spleen muscle
1e-04 - 1e-04 - 3e-07- o Tt
O 1e-05- o 1e-05- o 1607~ .
£ 1e-06 - 2 16-06- 2 3e-08- ;
1e-07 - 1e-07 - le-08- .
1e-08 - 1 ' 1 1 ' Te-08- ' ' 1 1 ' 3e-09- R e e
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
time(h) time(h) time(h)

o
ol
Q
S
=3
«

=

55}

Supplementary Fig. 4. Internal versus external localization of 250nm MNPs

The Y-axis indicates the concentration of each organ in mg/g and in mg/ml for urine and mg for
feces and the X-axis indicates the time. The solid black lines indicate mechanistic model predictions
within the interior tissue compartment (including macrophages) while the dotted lines indicates
the concentration in the external capillary compartment lines. Note that heart, blood and lymph are
not included as these have no clear separation between tissue interior and exterior.
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Model equations:
Blood:
Ve = —Cy*(Qpr + Quu+ Qu + Qui+ Qs + Qe + Qk + Qi + Q0) + Xy O *(Qa — L) + X4y Cr*La
Lymph:
VLG = Yen O *Le — Ypen Cr "L
Equations for RES organs:
Spleen

vascular free

vf

vascular bound
VY RIGE — (CF VY *Kons) — (CF ¥V *Kogy) — hp*Mf5*CYf
extravascular
VERLE (Cgf *Ls*(1— as)) — C§"*Li + kpo*M fg*A§
Phagocytes
Liver
vascular free

vf
VL 0 Qui— (0 L1 = 01) — (O (Qui— 1) ) = (OF Vo) + (0 Vi Ko

vascular bound

o ; W
ViR = (szf VK, %Li) — (CR AV *Kopp) — kp*M f1 *CP)
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extravascular

dcyy v v
Vi = (Cz{ *Lpi*(1- ULi)) — CL*Lyi + kpo*M f 1 *A7; — CF; *B*(l - sz'le)

Phagocytes

dAT;
gt = kp*Mf1;*CP) — kpo*Mf 1 *AT,;

Equations for kidney

vascular free

of
VYL — oy* Qi - (o};f *GFR*(1 - aK)) - (C’”Kf*(QK - GFR)) - (c};f VY *KM,K) + (c;(b VY *Koff>

vascular bound
VV*ﬁ — Cvf*vV*K _ (va*VV*K )
K “a K YK Bonk Kk Vi osf
o
£
extravascular &
VELE = (Y *GFR*(1 - o)) - O *Li — Cg*U
Equations for gut:
Lumen

lum
L = o1 - o) — (Al (1 (e4)))

(1 — (e’%)) = exponential decay function based on gastrointestinal transit time : T and time after dose : t

vascular free

vf
VY58 = Cp*Qe - (€ *Le*(1 - 0x)) - (CYf *(Qa - La>) - (Cgf vy KG) + (cgb vy *Koff)
vascular bound

dcy
VI = (CH VY *Kong) — (CE VY *Kos)
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extravascular

VGE * dgté” = (Cgf *LG *(1 - G'G)) + fabs *(Alétm *(1 - (eié)))
Equations for remaining organs (placeholder x used to indicate organ)

vascular free

/A4 *% = Cp*Q, — (C;Jf [, *(1— Ua:)) _ (C’;f *(Q:c _ Lz)) _ (C;ff Al *Kon,a:) + (dC;’b AL *Koff)

vascular bound

VrV *% — (C;)f *VIV *sz,z) _ (C;Jb *VIV *Koff)

extravascular

VEE*% _ (C:f*L:z: (1 — a'z)) - C&*L,
(o0 )

H= the set of organ tissues i.e. Brain, Lung, Heart, Liver, Spleen, Gut, Kidney, Muscle and Other
x= indicator of organ, refers to all organs that are part of H.
Ve=volume of blood

Vi=volume of lymph

V.Y =the vascular volume of organ x

V.= the extravascular volume of organ x

A7 = amount captured by phagocytic cells in organ x

AE™ = the amount in the gut lumen

Cs= concentration in blood

Cr=concentration in lymph

¢+ =concentration in the free vascular compartment of organ x
C2=concentration in the bound vascular compartment of organ x
C:¥= concentration in the extravascular compartment of organ x
o.= capillary reflection coefficient of organ x

avie= reflection coefficient for biliary excretion

Konz= the K,, coefficient of blood vessel binding for organ x
Kofi=the organ independent K, coefficient for blood vessel release
kp=organ independent phagocytic capture coefficient

kpo= organ independent phagocytic release coefficient
M{fs=macrophage fraction of spleen
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M= macrophage fraction of liver

B=bile flow rate

> wca ¥z = The sum of organ dependent values y for all organs x within H
t=time in hours

Q= blood flow to organ x

Ly= lymph flow from organ x

GFR=glomerular filtration rate

e=euler’s number

t=time after last dose

r= gastrointestinal transit time
Specific organs are indicated with a subscript B for blood, L for lymph, S for spleen, Li for liver,

K for kidney and G for gastrointestinal tract.
Model code

The model code was too voluminous to be included in the thesis, but will be made

available on reasonable request.
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General discussion

7.1 Summary of main findings

Plastic products in the form of furniture, clothing, containers and tools have become an
integral part of our lifestyle. However, environmental degradation of these plastic prod-
ucts has led to widespread micro- and nanoplastic (MNP) contamination. The small size
of MNPs enables their ingestion and recent detection of MNPs in human tissues (14-16)
has raised concerns with regulators, the general population and experts alike. It is now
certain that we are exposed to MNPs and will be for the foreseeable future, yet the effects
of MNPs on human health remain poorly understood. As a barrier organ, the intestine is
exposed to some of the highest MNP concentrations of all human tissues. This makes the
intestine a likely target organ for MNP toxicity.

The toxicity of nanomaterials is largely determined by their physicochemical properties
and the same holds true for MNPs. MNPs of different sizes, shapes and polymer composi-
tions will therefore likely elicit different toxicity within the intestine. There is a near limit-
less combination of possible MNP properties, all of which have to be assessed for human
safety. It is impossible to exhaustively test this multitude of MNPs using conventional ani-
mal experiments and instead, cheap and high throughput methods need to be utilized.

In vitro and in silico methods are collectively referred to as New Approach Methodologies
(NAMs) and have a lower associated cost and duration than animal experiments. NAMs
are therefore well positioned to tackle safety testing of the great diversity of possible
MNPs. The study of MNPs is relatively new and research thus far has prioritized method-
ological simplicity. As such, the vast majority of existing MNP literature assessed toxicity
using primary MNPs and simple cell lines. Primary MNPs lack the complexity of secondary
MNPs to which humans are exposed and conventional intestinal cell lines lack cellular
pathways which may be relevant to MNP toxicity. This creates a dichotomy between the
toxicity measured in laboratory settings and the actual toxicity of MNPs to humans.
Furthermore, the protein corona is known to be one of the main determinants of nano-
material toxicity (151, 154), yet its composition on MNPs and its role in the intestine is
poorly understood. Together, these factors resulted in a noticeable scarcity of data on the
toxicity of secondary MNPs, the impact of the biological matrix on MNP toxicity and the
suitability of NAMs for MNP toxicity testing. As the field of MNP toxicology matures, it is
becoming clearer that these data-gaps necessitate the embrace of increased complexity
of NAMs and testing materials.

To address these issues, The aim of this thesis was to improve in vitro and in silico NAMs
for MNP toxicity assessment and to improve understanding of the formation and effects
of the protein corona on MNPs. To accomplish this, the studies presented here were
designed to answer four research questions.
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1. To assess the suitability of iPSC-derived intestinal models for in vitro MNP toxicity
testing.

2. To delineate the role of the protein corona on MNPs to their cellular interaction.

3. To determine whether primary MNPs are representative of MNP toxicity as a whole.

4. To develop a mechanistic PBK model for predicting bioaccumulation after oral MNP
exposure.

Societal pressure to warrant animal welfare and high costs associated with animal ex-
periments, stimulates scientific and regulatory interest in the use of in vitro models for
toxicity testing. In general, in vitro models need to be complex enough to capture key
biological processes underlying toxicity, yet simple enough to allow large scale imple-
mentation. Chapter 2 presents a review of the current use of in vitro NAMs for intestinal
MNP toxicity testing and the potential upsides and downsides of stem cell-derived in-
testinal models. At present, immortalized Caco-2 enterocyte cell lines remain the most
utilized intestinal model for MNP toxicity research, due to their robustness and ease of
use. Additional physiological functionality is often included by co-culturing Caco-2 with
HT29-MTX goblet cells to include a mucous layer, THP-1 derived macrophages to emulate
inflamed intestinal models or Raji-B B lymphocytes to stimulate differentiation to M-cells.
Despite their widespread use, the cancer-like origin of these cell lines is associated with
genetic aberrations that impacts biological processes like cytokine secretion, DNA repair,
proliferation and oxidative damage (227-232). Recently, stem cell-derived models have
garnered scientific interest due to improved physiological relevance over cancer-derived
cell lines and improved availability over primary tissue. In Chapter 2, it is described that
stem cell-derived intestinal models show improvements in terms of the variety of cell-
types present in the model, physiological relevance and sensitivity at the cost of a higher
variability in results (762). Overall, the chapter concludes that induced pluripotent stem
cell (iPSC)-derived intestinal models show promise for the study of MNP toxicity.

As highlighted by chapter 2, iPSC-derived intestinal models have potential for assess-
ment of MNPs, however there is a lack of two-dimensional models (371, 763) which al-
low apical MNP dosing with predictable dosimetry. Therefore, chapter 3 implements a
two-dimensional iPSC-derived intestinal epithelial model and benchmarked this model
against a Caco-2-derived enterocyte model. First, the physiological and morphological
properties of the iPSC-derived intestinal epithelia were determined. Using gene expres-
sion and immunofluorescence it was demonstrated that the iPSC derived epithelia con-
sisted in majority of enterocytes with minor amounts of goblet cells and Paneth cells, and
secretion of both acidic and neutral mucus indicated a greater variety in secretory goblet
cells (764). Next, both the iPSC-derived intestinal epithelia and differentiated Caco-2 cells
were exposed to LPS and nigericin, which act as stimulatory agents for TLR-4 induced
inflammation. Co-treatment of LPS and nigericin resulted in significant cytotoxicity
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and barrier disruption for the iPSC-derived epithelium. Furthermore, the co-treatment
increased the gene-expression and secretion of the pro-inflammatory cytokines IL-6, IL-8
and TNF-a. On the contrary, LPS and nigericin co-treatment caused no significant toxic
effects in the Caco-2 model. It was concluded that the iPSC-derived intestinal epithelia
shows improved sensitivity over Caco-2 models for barrier disruption, cytotoxicity and
cytokine secretion.

A longstanding problem in MNP research is the lack of knowledge on effects of second-
ary MNPs and the impact of their protein corona on cells. Therefore, in chapter 4, the
cytotoxicity, cytokine secretion, barrier disruption and ROS generation resulting from
both primary and secondary MNP exposure were assessed and related to the MNP
protein corona composition. Chapter 3 demonstrated increased sensitivity of the iPSC-
derived model, thus the same model was utilized here. Confocal Raman spectroscopy
confirmed the presence of the MNPs in cells and indicated close proximity of MNPs to
the nucleus. None of the tested MNPs showed acute cytotoxicity, which is in line with the
general biocompatibility of plastics. Exposure to PP-Talc, PVC, PET-TiO, or PA resulted in
significant barrier disruption, pro-inflammatory cytokine secretion and intracellular ROS,
while PS and PLA showed no significant toxicity. LC-MS-MS based proteomics assessment
of the protein corona showed differential binding of proinflammatory opsonins and ROS-
scavenging proteins on secondary MNPs and primary PS MNPs. The pattern of protein
enrichment matched observed induction of cytokine secretion and ROS, indicating a po-
tential role for the protein corona in ROS and inflammation induced toxicity. Overall, we
conclude that safety of primary PS MNPs cannot be extrapolated to secondary MNPs and
that the protein corona plausibly contributes to cellular toxicity by presenting deleterious
proteins and sequestering beneficial proteins.

In chapter 4, it was demonstrated that the protein corona in medium substantially
impacts cellular toxicity, yet the composition of the digestion-associated protein corona
and its effects on cells remains unknown. Thus, in chapter 5, we set out to determine how
MNP charge and size impact the digestion-associated protein corona and whether the
corona composition affects MNP uptake in a THP-1-derived model of intestinal phago-
cytes. Ideally, secondary MNPs would be included to assess differences in biokinetics be-
tween digested primary and secondary MNPs. However, currently there are no methods
to fine tune secondary MNP properties and accurate label-free quantification of cellular
internalization is not yet feasible. Instead, a panel of primary PS MNPs of various sizes and
surface charges was subjected to in vitro digestion and the effect on cellular uptake was
determined using flow cytometry. In vitro digestion significantly increased MNP internal-
ization for 50 nm,100 nm and 200 nm MNPs when compared to serum-treated MNPs, but
did not affect uptake of charged MNPs or MNPs of 500 - 1000 nm. These findings sug-
gest that the protein corona becomes less important as particle size increases, or when
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there is a strong charge on the MNP. Using SDS-PAGE, it was shown that in vitro digestion
resulted in a sparse protein corona which is retained when exposed to serum and affects
serum-protein binding. This finding implies that the history of the protein composition
can impact subsequent protein binding, potentially leading to divergent protein coronas
depending on the route of exposure, even if the final matrix is identical. Using LC-MS-MS
proteomics, it was shown that in vitro digestion significantly affected subsequent binding
of serum-borne apolipoproteins, complement and coagulation proteins to MNPs, both
of which are implied in particle recognition by phagocytes (683-689). We conclude that
digestion increases cellular uptake of uncharged nanoplastics and small microplastics.
Therefore, in vitro digestion should be included in oral hazard assessment of MNPs <500
nm to prevent underestimation of uptake.

In chapters 4 and 5, it was shown that primary and secondary MNPs have the potential of
cellular internalization and in vitro toxicity. To relate these in vitro findings to human risks,
it is necessary to know at what oral human exposure these effects occur. Typically, the
extrapolation of in vitro to in vivo concentrations (QIVIVE) is done using PBK models (241,
242). However, current PBK models for MNPs rely on mouse data for empirical fitting (243,
765) which does not lend itself well to interspecies scaling or QIVIVE. Therefore, chapter 6
implemented a data-independent mechanistic PBK model, to predict tissue concentra-
tions in mouse and humans after oral exposure to MNPs. The mechanistic mouse model
accurately predicted observed tissue concentrations within a 10-fold difference for blood
(94%), lung (88%), kidney (75%), heart (75%) and gut (75%) when used to predict tissue
concentrations after single oral administration of radiolabelled PS. When considering
both acute and chronic exposure, the mechanistic PBK model predicted mouse tissue
concentrations within 10-folds in approximately 50% for blood and around 30-40% for re-
maining tissues. When compared to an empirically fit model, the mechanistic PBK model
showed improved prediction of mouse validation data. To predict tissue concentrations
in humans, lifelong (75 years) oral exposure to 5 pg/week (80) of MNPs was simulated.
The model indicated three separate biokinetic patterns of MNPs. MNPs <50 nm were pre-
dicted to be rapidly excreted by urine, MNPs <150 nm were rapidly excreted through bile
and MNPs >150 nm showed increased tissue accumulation which increased with increas-
ing size. This suggests that nanoplastics may not be able to accumulate in the body and
a tempered risk perception of nanoplastics may be warranted. Regardless of particle size,
a steady-state concentration was predicted within 20 years and a similar concentration
between blood and organs was observed. This indicates that the blood concentration
may serve as a proxy for MNP tissue concentrations. The predicted MNP concentrations
in internal tissues ranged from 0.23 pg/g to 15 ng/g, which was consistent with observed
concentrations in blood, but over a 1000-fold lower than previously reported kidney,
brain and liver concentrations (14, 16). Uncertainties in the mice data available for vali-
dation made it impossible to determine whether the difference between observed and
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predicted concentrations are due to inaccuracies in the model or the measured tissue
concentrations. While the lack of high-quality human validation data prevents estimation
of human model accuracy, the predictions indicate considerably lower tissue concentra-
tions than previously thought.

When taken together, chapter 2, 3 and 4 provide evidence that stem cell-derived intes-
tinal models are suitable for MNP testing and can have distinct advantages over cell lines
in terms of sensitivity. In chapter 4 and 5 we show that the protein corona depends both
on the polymer backbone as well as size and charge of MNPs. The results show that the
protein corona likely contributes to in vitro toxicity and transport, and improper consider-
ation of the protein corona may lead to artificial results. From chapter 5 we could clearly
demonstrate differences in toxicity between primary PS MNPs and secondary MNPs
supporting the need to routinely include secondary MNPs when assessing risk. Finally, in
chapter 6 we have, for the first time, demonstrated the applicability of mechanistic PBK
models to oral uptake of MNPs. While more human data is needed to conclusively assess
model quality, model estimates show that life-long oral exposure to MNPs may not lead
to tissue concentrations at which toxicity occurs in vitro. Overall, chapters 3-6 contrib-
uted considerably to our understanding of protein corona composition and implications
for toxicity, demonstrate limitations of current in vitro NAMs and give clear recommenda-
tions how to improve future MNP risk assessment.

7.2 General discussion and future perspectives

The results described in chapters 2-6 of this thesis show the applicability of advanced
NAMs for MNP toxicity assessment. Furthermore, the role of the protein corona on the
toxicity of primary and secondary MNPs was elucidated in terms of impact on cytokine
secretion, ROS generation, barrier disruption and phagocytosis. From the conclusions of
this thesis, several recommendations for the future directions of MNP toxicity testing can
be derived. Specifically, the following future directions are expected to impact the field
substantially and are discussed in detail in the sections below.

Use of advanced in vitro models for MNP testing

Accelerating MNP research with reference materials

Envisioned improvements to MNP associated protein corona research
Assessing low dose (sub)-chronic toxicity

Improving trust in reported in vivo MNP concentrations

Envisioned improvements to colloid PBK and dosimetry models
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7.3 Use of advanced in vitro models for MNP testing

Chapter 2, 3 and 4 have shown the suitability of iPSC-derived intestinal models for as-
sessing MNP hazards. While stem cell-derived models have recently gained large scientific
interest, these models still see little regulatory acceptance for toxicity testing. One of the
key questions to discuss is whether these models consistently offer an advantage over
cell line models or whether their application domain is more limited.

The main advantages of stem cell-derived models over cell lines are the ability to differ-
entiate into multiple cell types, which have a phenotype closer to primary cells (240, 766,
767). The ability to differentiate into rare cell types allows the assessment of differential
toxicity to specific cellular subsets of the tissue. For example, chapter 3 and chapter 4
highlight the ability of iPSCs to differentiate into Paneth cells and a gradient of acidic and
basic goblet cells, neither of which can be captured in conventional cell line models. Of
these cells, especially Paneth cells are relevant to MNP toxicity as they are responsible
for secreting anti-bacterial peptides that can also stimulate cytokine secretion of the
intestinal epithelium (768). While not performed in this thesis, in vitro stem cells can also
be differentiated into tuft cells and enteroendocrine cells which likewise have no avail-
able cell lines (769-771). Toxicity to any of these rare intestinal cell types is likely to result
in overt pathological consequences even when the remaining cell types are unaffected.
Future studies should therefore assess differential toxicity to these cell types using tran-
scriptomics endpoints like single-cell sequencing or by isolation of these cell types using
fluorescence-assisted cell sorting (FACS).

In chapter 3, it was shown that iPSC-derived intestinal epithelia are more sensitive
towards inflammation and barrier disruption than cell lines. The detection of toxicity
of secondary PVC MNPs in chapter 4, which was not previously observed using Caco-2
co-cultures (212), provides further proof for increased sensitivity of iPSC-derived intes-
tinal models. One question which springs forth from these observations is whether this
increased sensitivity is artificial or physiologically relevant. For small chemicals, stem cell-
derived models show increased correlation with intestinal permeability of primary tissues
(240, 766, 767), but due to the lack of studies on nanomaterials, this conclusion cannot be
extended to MNPs. Nevertheless, the barrier disruption of PVC and PP observed in chap-
ter 4 is in line with effects observed in mice (612, 613). While it cannot yet be established
if the increased sensitivity of iPSC-derived models is artificial or not, the precautionary
principle advocates for selection of the most sensitive model in the absence of strong
scientific counterevidence (772).

Chapter 3 and 4 indicate potential benefits of iPSC-derived intestinal epithelia in terms of
hazard assessment, but the suitability of iPSC-derived models for assessing MNP transport
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was not investigated. iPSC-derived models strictly require the inclusion of extracellular
matrices like Matrigel or collagen to provide the cellular cues required for proper cellular
differentiation (773-776). These extracellular matrices may impede MNP transport in a
size-specific manner (775, 777) and act as a sink for MNPs. For two-dimensional models,
like the one used during this thesis, the extracellular matrix is located on the basolateral
side. Basolateral inclusion of an extracellular matrix is physiologically relevant as it mimics
the basement membrane, but the choice of the type and amount of matrix is largely
arbitrary. This raises the question whether the inclusion of the extracellular matrix causes
an artificially tight barrier or improves physiological relevance. Typically, Caco-2-derived
nanomaterial translocation ranges between 0.1-10%, while murine bioavailability
typically ranges between 0.1-2% (13). This indicates that the in vitro bioavailability is
typically overpredicted, implying that inclusion of an extracellular matrix would improve
correlation with in vivo results. Further research comparing the bioavailability of MNPs
in iPSC-derived models will be required to definitively conclude whether iPSC-derived
models are suitable for MNP translocation assessment.

Advanced in vitro models offer several potential improvements over conventional cell
models, however there are currently concrete practical considerations hindering regu-
latory implementation. The first is the lack of standardization of cellular differentiation
protocols. At the moment of writing, there are over a dozen of different iPSC differen-
tiation protocols resulting in different intestinal phenotypes and cell compositions (237,
240, 371, 767, 778). This variety in models is a double-edged sword, on the one end it
allows one to tune their model to the specific research question at hand, but on the other
hand it creates ambiguity in the model selection. In addition to variety introduced by the
choice of differentiation protocol, the donor used to derive iPSC models also impacts the
final phenotype of the model. When considered optimistically, the donor dependance
can be used to capture population-wide variance in toxic response, but when regarded
pessimistically, it makes model outcomes inconsistent and donor selection for risk as-
sessment would be non-trivial. While an increasing number of iPSC studies characterize
their model using iPSCs derived from multiple donors, the issue of donor selection from
a regulatory perspective is largely ignored. Considering these issues, it is still too soon to
consider the regulatory implementation of advanced in vitro models for MNP testing, but
these obstacles are of transient nature and will be resolved as the field matures.

7.4 Accelerating MNP research with reference materials

Chapter 4 demonstrates toxicity of secondary PET-TiO,, PVC, PP-Talc and PA MNPs, and
absence of toxicity of primary PS MNPs. These findings emphasize the need to gener-
ate more data on secondary MNP toxicity. There is currently a lack of standardization in
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secondary MNPs used for laboratory studies. Because of this, extensive particle character-
ization is needed before any interlaboratory comparison of results can be made. The gen-
eration of such data is cumbersome and in practice, MNP characterization data is often
limited or absent in toxicity studies. Improved interlaboratory comparison of results can
be attained by circumventing the need for repeated particle characterization through the
generation and distribution of secondary MNP “reference materials”

The generation of reference materials for nanoparticles is not a new concept, as metallic
reference particles and microplastics of PP, PET , LD-PE and HD-PE were previously dis-
tributed by the European Union’s Joint Research Centre (JRC) (779, 780). The size of these
initial MNP reference materials surpasses the limit of human bioavailability (~10 um) and
thus a set of smaller MNP reference materials is required to be relevant to human toxicity.
Such a “reference material” should be designed to address data-gaps that cannot be an-
swered using primary MNPs. Current research with primary PS MNPs often includes a vari-
ety of sizes and differing surface charge, and there is a relative abundance of data relating
these properties to toxicity. Instead, the largest data-gaps are the unknown effects of the
polymer composition and MNP shape. To delineate the effect of polymer composition,
the most relevant polymer types to include would be those with the highest production
volume, and those that are expected to show a rapid increase in production. Specifically
inclusion of LD-PE, HD-PE, PP, PVC, PUR, PS, PET and biodegradable polymers like PLA
(4, 46-53) would be recommended. Additionally, chapter 4 has shown that PP-Talc and
PET-TiO, showed the highest magnitude of effects, indicating that inclusion of mineral or
metallic fillers may aggravate toxicity. The use of filler materials in plastic products is very
common and may comprise over 50% of material weight (781), yet it is rarely considered
for MNP toxicity research. To fill this data gap, it is vital to generate MNPs containing
the most common filler types such as talc, calcium carbonate, silicates, barium sulfate,
sodium sulfate, carbon black (782) and upcoming biodegradable fillers like lignocellulose
and bamboo fibers (77).

In addition to polymer composition, the generation of MNPs of various shapes will help
delineate the shape effect of toxicity. In the environment, fibre-like MNPs are the most
abundant followed by sheets and fragments (55). Fragments of various aspect ratios
are obtained naturally during standard production methods like cryo-milling or laser-
ablation (40, 783, 784), thus inclusion required no additional effort. At the time of writing,
it is not possible to produce nanosized secondary MNPs like fibres or sheets, but ground-
up synthesis of fibres and sheets may be possible. Recently, electrospinning was utilized
to develop a polyurethane and polyester fibres and subsequent cutting of these fibres
by cryotome or a santoku kitchen knife was shown to be able to generate microfibres
between 100 - 2000 um in length (785, 786). The length of fibres produced this way is
similar to the length of polyester fibres derived from fabrics (787), and the diameter of
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fibres obtained from these methods is approximately 15 um, which is similar to textile
derived polyethylene fibres. While standardization and validation of these methods may
be required, they are currently the most promising for generation of relevant MNP fibres.
Currently, there are no published methods to generate MNP sheets, which thus cannot
be included as reference material until protocols become available.

7.5 Envisioned improvements to protein corona research

Chapters 4 and 5 have demonstrated the potential impact of the protein corona on pro-
inflammatory cytokine secretion, ROS generation and MNP uptake. While these studies
contributed to our overall understanding of protein-corona functioning, several exten-
sions of this methodology may allow the study of currently underexplored aspects of the
protein corona.

The protein corona is composed of a tightly bound hard corona and weakly bound soft
corona of which the hard protein corona was the focus of chapters 4 and 5. The soft pro-
tein corona spatially covers the hard protein corona (152-154) and may sterically provide
a cover preventing cellular interaction with the hard corona. It is therefore likely that the
soft protein corona has a relevant biological impact on MNP interaction. The study of the
protein corona requires separation of MNPs from the surrounding matrix to prevent carry-
over due to unbound proteins (150, 152, 589, 788). Currently, centrifugal methods are the
most common MNP separation method, however, subjection to high G-forces causes loss
of loosely bound proteins comprising the soft protein corona. Recently, improvements
to sample preparation have enabled the retention of the soft protein corona. Separation
methods such as field-flow fractionation or size-exclusion chromatographic methods
do not subject the MNP to strong forces and have been used to isolate MNPs without
removal of the soft protein corona (789-791). Alternatively, the modification of proteins
through click chemistry, photo-activated crosslinkers or traditional formaldehyde fixation
can covalently crosslink the soft and hard protein corona (791-793). Of these methods,
the use of fixation techniques appears most readily applicable as it does not require large
material investments and therefore warrants further investigation.

When studying the interaction of MNPs with the intestine, ideally the protein corona
will mimic digested MNPs as close as possible. Chapter 5 shows that inclusion of in vitro
digestion alters the protein corona and affects particle uptake in a size and charge de-
pendent manner. One of the limitations in the study of in vitro digested MNPs is the poor
tolerance of various digestive components by cell lines. Bile salts, pancreatin and trypsin
are cytotoxic to intestinal cell lines if not inactivated with small molecule inhibitors or
proteinaceous trypsin inhibitors, which can induce toxicity or alter the protein corona
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(637). In vivo, the intestine is protected from digestive components through the presence
of a thick mucous layer and the secretion of pancreatic and intestinal trypsin inhibitors
(794-797). These components are currently not included in existing in vitro digestion
protocols, but future inclusion may hold several potential advantages. First, inclusion of
mucous and human trypsin inhibitors in the simulated intestinal fluid circumvents toxic-
ity of the in vitro digesta in a physiologically relevant way. Additionally, it is likely that in
vivo, mucous proteins will at least in part displace the digestive protein corona, which
is not captured in current in vitro studies. Besides the inclusion of mucous, inclusion of
food-matrices can simultaneously increase relevance of the digestive corona and reduce
the toxicity of the digesta. In recent years, the first studies investigating the protein
corona resulting from co-digestion of nanoparticles and various food matrices including
bread (701), milk casein (798, 799) and a cream-based proxy for a high-fat diet (121) have
appeared. These studies confirmed the binding of food-molecules various colloids and
reported subsequent modulation of cellular toxicity. We argue that inclusion of mucous
and food matrix in in vitro digestion will allow for more accurate estimation of MNP ef-
fects to the intestinal epithelium and in future models of the microbiota.

In addition to the protein component of the corona, MNPs can bind numerous other
metabolites including lipids and saccharides (121, 800). In 2018, the first studies show-
ing the formation of lipid and saccharide components of the corona (801) appeared in
literature. Lipids like phospholipids, fatty acids and saccharides like glucose and LPS are
abundant in the intestine and have known roles in inflammation and phagocytosis (802,
803). As such, it is reasonable to assume that these alternative metabolites may be a ma-
jor component of the bio-corona and may affect biological identity. Indeed, early studies
investigating the bio-corona of metal nanoparticles and primary PS have revealed a high
abundance of lipids and saccharides and indicate that these components have a high
particle specificity and can in return affect protein corona composition (804-808). It is
therefore recommended that future studies assess the metabolite corona after in vitro
digestion or serum-incubation.

MNPs are carriers of a multitude of associated chemicals, either as additives or by associa-
tion with environmental contaminants forming an eco-corona. Among these associated
chemicals are bisphenols, poly-aromatic hydrocarbons, organic pesticides, heavy metals,
a multitude of antimicrobial compounds, harmful pathogenic bacteria and other contam-
inants of emerging concern (280, 809-813). Many of these compounds have confirmed
endocrine or neuronal effects and may be transported into the body using microplastics
as carriers (25, 66-74). This is called the “trojan-horse effect” and is considered one of the
main potential toxicity mechanisms of MNPs (814). While the associated chemicals of
MNPs have a well-established role in toxicity, they are also highly abundant in nature and
humans are exposed to a relatively high background burden of these chemicals through
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our daily lives (815-817). Therefore, the question becomes whether or not exposure to
MNPs is able to substantially increase to the point of actual health risks for humans.
Recently, the first in silico assessment of chemical leaching from MNPs suggested that
chemical leaching is low compared to background exposure (80). However, this study
only covered a small part of known contaminants and we recommend that future studies
apply a similar approach to assess the contribution of MNPs to the total body burden of
novel contaminants of emerging concern like PFAS.

7.6 Assessing low dose (sub)-chronic toxicity

Chapters 3, 4 and 5 aimed to assess toxicity and transport mechanics as occurring in
the intestine. While barrier organs like the intestine are exposed to high concentrations
of MNPs, the modelling results of chapter 6 indicate much lower MNP concentrations in
non-barrier organs. This finding holds implications for current MNP testing strategies as
both in vitro and in vivo studies have focussed on high, acute MNP toxicity.

Oral rodent studies typically use a daily exposure from 5 mg/kg to 50 mg/kg per day, and
most studies use doses >= 25 mg/kg/d (144, 718-720, 722). When no human exposure
estimates were available, these concentrations were acceptable, however, recent esti-
mates of human exposure call for a change in experimental design. Currently, There are
some mass-based estimates of human oral MNP exposure of which the lowest is around
~5 pg/week (80) and the highest at 100-5000 mg/week (117). Assuming 5000 mg/week,
the daily dose to a 70 kg human, would be 10 mg/kg, similar to current in vivo dosing
conventions. However the estimate of 100-5000 mg/week has been discredited due to
mathematical errors (818) and the exposure estimate of ~5 pg/week is more consistent
with number based exposure estimates (115, 116). Assuming a 5 pg/week exposure, the
daily dose to humans is approximately 0.01 pg/kg/d, i.e., over a million-fold lower than
current dosing conventions. All substances become toxic at sufficiently high concentra-
tion and any toxicity measured at these concentrations holds no relevance to realistic
MNP toxicity. Additionally, the use of such high doses increases the risk of false positives
due to the cellular toxicity of common MNP additives like sodium-azide or fluorophores
(819, 820). Thus, current design of animal studies only has a limited capacity to contribute
useful data for hazard assessment and leads to unnecessary costs and animal distress. It
is therefore urgently recommended to critically consider the relevance of available in vivo
data and to design in vivo studies to include more relevant exposures between 0.01 pg/kg
to 100 pg/kg.

In vitro studies on MNPs have also informally adopted a set of conventional concentra-
tions which range between 5 - 250 pg/ml (~5 - 250 pg/g). Chapter 6 predicts that tissue
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concentrations in the liver, kidney, blood, spleen, brain and lung are below 15 ng/g, about
a thousand-fold lower than current dosing standards. Typically, toxic effects of MNPs oc-
cur between 20 pg and 250 pg/ml, and no studies observing toxic effects below 5 pug/ml
could be identified. The toxicity observed at 20 - 250 pg/ml is frequently used as basis
to claim various kinds of MNP toxicity in reviews and policy briefs. However, given the
tissue concentrations predicted in chapter 6, these findings should rather be interpreted
as an indication of MNP safety at physiologically relevant concentrations. While the PBK
model used here is far from validated, chapter 6 urges critical examination of available in
vitro results, more nuanced communication to policy makers and inclusion of MNP doses
<1 pg/ml for toxicity studies in non-barrier tissues.

7.7 Improving trust in in vivo tissue concentrations

An increasing number of studies report the presence of MNPs >500 nm in tissues of both
human and rat. Contrastingly, chapter 6 predicted much lower tissue concentrations
than observed in vivo and indicated that MNPs larger >500 nm may remain trapped in
the organ capillaries. This raises the question whether these discrepancies are due to
inaccuracies in the PBK model or due to inaccuracies in measured tissue concentrations.
Specifically, leaching of label molecules, unknown localization within tissues and meth-
odological challenges are realistic confounders in current biokinetic studies.

The detection of MNPs in rodent studies is usually reliant on fluorescence labelling of
molecules like Nile red or proprietary fluorophores. Fluorophore leaching is a well-known
issue for nanoparticles and may cause false positive particle detection (821). The control
for fluorescence leaching is increasingly included in studies, but this data is often not
shown in the respective publication or is not critically assessed. For example, it was shown
that 0.1 - 1% of total fluorophore can leach from MNPs after in vitro digestion (719). In the
respective study this was considered negligible, however, when considering that typical
MNP bioavailability is much lower than 1% (13), fluorophore leaching can significantly
skew measured tissue concentrations. A solution to this problem would be covalent
attachment of fluorophores to the MNP surface or correction for fluorophore tissue
concentrations by extending the PBK model from chapter 6 with a leached fluorophore
sub-model.

The second major confounder of measured MNPs in tissues is the unknown localization
of MNPs within an organ. In chapter 6, it was predicted that the vast majority of MNPs
remain located within the tissue capillaries once the size exceeds 50 nm. MNP quantifi-
cation in vivo is commonly determined in unflushed tissue homogenates (718-720, 722,
822), which destroys tissue architecture without removal of capillary blood. It is therefore
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possible that all MNPs measured in tissue homogenates are due to MNPs in the capil-
lary blood rather than the tissue itself. Furthermore, homogenization techniques such as
bead-based homogenization and blending very likely generates large quantities of MNPs
due to the impact of metal beads/fins and the plastic container, which has thus far not
been studied. To distinguish capillary-borne and tissue-borne MNPs, it is possible to flush
the animal with saline solution prior to tissue isolation, but it is likely that MNPs remain
attached to the sticky glycocalyx of capillaries even after washing. The tissue localization
of MNPs has large implications on the critical effects of MNPs as capillary borne MNPs are
unlikely to cause toxicity in the tissue itself. Here it is recommended that future research
assesses whether saline perfusion prior to tissue homogenization removes glycocalyx-
bound MNPs and to assess the background MNPs generated using tissue homogeniza-
tion techniques.

Recent years have seen a boom in studies investigating human tissue concentrations,
however the novelty of these studies bring associated methodological challenges.
To date, only two studies have quantified tissue concentrations in terms of mass. A
groundbreaking study showing the application of pyrolysis GC-MS for MNP quantifica-
tion in the blood of volunteers set the stage for much of the regulatory interest in MNP
toxicology (14). However, there was a large inconsistency between measured MNP con-
centrations in participants. In duplicate blood samples of 18 volunteers, there were only
3 individuals showing the presence of MNPs in both samples and all individuals taken
together, the measured plastic concentration was not significantly different from the
limit of detection (14). While this study demonstrates the applicability of pyrolysis GC-
MS for measuring MNPs in blood, we argue that the findings are not sufficient to make
quantitative claims on MNP blood concentrations. The other study that reports mass
based tissue concentrations measured MNP concentrations in samples of brain, liver and
kidney (16). Here, the samples used were historic and the experimental design was not
specific to the study of MNPs. As such, potential sources of MNP contamination were not
taken into consideration, and polyethylene cutting boards and plastic buckets were used
during tissue isolation. When using plastic cutting boards as intended, up to 4.73 mg of
MNPs are generated which represents a non-negligible source of MNP contamination
(759). Furthermore, it was recently described that the use of nitrile gloves can result in
significant MNP generation which represents an omni-present source of contamination
in both medical and laboratory studies (760). In addition to these “real” contaminations of
MNPs, the use of pyrolysis GC-MS in high-fat matrices has also been reported to lead to
an artificial increase in plastic signal, leading to false-positive detection of plastics (761).
Until these issues are addressed, the detection of MNPs in human tissues is dubious and
should not be unquestionably accepted.
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7.8 Envisioned improvements to PBK and dosimetry models

In chapter 6, the application of mechanistic PBK models to MNP biodistribution was
shown. PBK models are promising tools for read across of biodistribution between MNP
types, however the accuracy of our mechanistic model is still too low for regulatory
consideration. The largest factors currently limiting the application of mechanistic PBK
models is the limited understanding of biokinetic processes of MNPs and the lack of high-
quality animal or human validation data.

There are currently major knowledge gaps on MNP biokinetic processes in humans. First,
there is a discrepancy between historical reports of particulate contamination during
intravenous infusion and currently reported MNP sizes in tissues. Prior to the 80s, there
was no routine filtration of liquids for intravenous infusion and particulate contamina-
tion was not uncommon (823, 824). In such cases, rapid sequestration of microparticles
in the lung capillary beds was observed and lung embolisms or granulomas quickly
ensued (823, 825, 826). Similarly, when a beagle dog was injected with large quantities
of 3-12 um MNPs, quick sequestration of 12 um particles in the lung capillary beds were
observed while only MNPs below 5 um accumulated in RES organs like liver and spleen
(827). Despite these historic precedents, recent studies have shown the presence of MNPs
>15 um in liver, lung, testis, semen, placenta, urine and bile and have found MNPs >1 mm
in blood (147, 765). Physiologically speaking there are no know processes which allow
the escape of particles >5 um from the bloodstream, and MNPs should not be able to
pass the lung capillary bed which have an average diameter of 6 um (828). Likely, once
the recommendations from section 7.7 are implemented and limits of quantification of
MNPs in biological tissues are reduced, the source of these discrepancies will come to
light.

As increasing amounts of high quality biokinetic data becomes available, it is expected
that mechanistic PBK models will overtake empirical PBK models. As more biodistribu-
tion data becomes available, it may also be possible to develop Quantitative Structure
Activity Relationships (QSARs) which can predict ADME properties based on physico-
chemical properties. For small molecules, QSARs are frequently used to derive tissue
partition coefficients and bioavailability, both of which are currently challenging to be
derived mechanistically for MNPs (242). Recent QSARs for metallic nanoparticles and
carbon nanoparticles have shown to accurately predict cellular uptake, mitochondrial
membrane potential disruption, cytotoxicity and genotoxicity in a variety of cell types in-
cluding prokaryotes, unicellular eukaryotes and human cells (829-833), highlighting the
potential applicability of these models. Additionally, the recent advancement of artificial
intelligence may be promising for deriving mechanistic PBK models. The first Al-fitted
PBK models have appeared for data-rich nanoparticles (834, 835). If data is abundant,
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these models are much better at identifying underlying relations in data than traditional
machine learning models, enabling more rapid establishment of biokinetic dependencies
on material properties. As established in section 7.7, there are currently large issues with
the experimental design of animal studies and reported tissue concentrations in humans
and animals. Overall, the detected sizes and concentrations of MNPs in tissues contradicts
our theoretical knowledge of colloid biokinetics. There is a common saying in modelling;
“Garbage in, garbage out” and while the issues surrounding detection of MNPs in tissues
persists, the resulting data will be unsuitable for PBK validation or training.

Dosimetry models represent another class of in silico models frequently used for MNPs.
These models can determine how much of the added in vitro dose (nominal dose) reaches
the target cells (delivered dose) based on the density and size of MNPs. At the moment,
the three most commonly applied dosimetry models are ISDD, I1SD3 and distorted grid
(DG), which allow the estimation of MNP sedimentation in 2-dimensional cell culture (432,
434, 435). Through the use of these models, it is possible to determine large differences
in delivered dose, which can help to align toxicity results. While the reported dose metric
in MNP studies is typically still the nominal dose, inclusion of the delivered dose can help
posterior alignment of in vitro results by regulators. Current dosimetry models allow for
prediction of the delivered dose in a remarkable variety of in vitro setups, however several
improvements can be envisioned. Current in silico dosimetry models are not capable of
predicting the transport of MNPs through semi-permeable inserts or extracellular ma-
trices which hinder toxicokinetic studies. The use of semi-permeable membranes like
transwells is very common for determining translocation of chemicals and nanoparticles.
In these studies, cells are grown on a porous membrane that separates a basolateral and
apical compartment and the transport of chemicals through the pores is determined. For
small molecules, the barrier posed by the permeable membrane is negligible, but this
is not true for nanoparticles given that the standard pore size is 400 nm - 3 ym, and the
fact that less than 1% of the total surface consists of pores. Thus, the total rate of MNP
transport is a function of both the barrier posed by the cells and the barrier posed by the
semipermeable insert, both of which require quantification. Potentially, the extravasation
model from chapter 6 can predict the transport of MNPs based on the ratio of MNP to
pore size, however this needs to be validated in cell free conditions. When using advanced
NAM:s like stem cell-derived intestinal epithelia, organ-on-chip devices or organoids, an
additional barrier is posed by the extracellular matrix. Current dosimetry models do not
consider the extracellular matrix, however the interaction of nanoparticles and the ex-
tracellular matrix has been studied extensively from a tumor nanomedicine perspective.
Existing mathematical models predicting MNP transport through the tumour or brain
extracellular matrix may serve as a basis for dosimetric models (775, 836, 837). The utility
of predicting MNP transport through porous matrices also extends beyond dosimetry,
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as it will also aid mechanistic prediction of bioavailability by simulating the transport of
MNPs through the mucous layer lining the intestine.

Extending beyond the models utilized in this thesis, numerous molecular dynamics mod-
els used to predict protein-drug interactions, are promising for MNPs. Using knowledge
on the electric interaction between proteins, it is possible to predict protein-protein inter-
actions in silico. As established throughout this thesis, protein corona formation is reliant
on particle properties, the surrounding matrix and the history of the MNP. The prediction
of protein interactions is of great value to nanotoxicology as it could allow estimation
of the formation dynamics of the protein corona and can subsequently predict affin-
ity for receptors. Molecular dynamics simulations for metallic nanoparticles and carbon-
nanoparticles are already available in literature (838) and could potentially be used to
tackle the complexity of protein corona formation on MNPs (160). While these methods
are currently not yet able to comprehensively predict protein corona interactions, they
are promising tools for future to enable future regulatory consideration of the protein
corona of MNPs.

Recently, the nanoinformatics roadmap 2030 was jointly published by the European
Union and American FDA (839). This roadmap describes that currently the largest ob-
stacles to widescale implementation of nanoinformatics methods are the lack of data, the
lack of access to data and regulatory requirements for validation of nanoinformatics mod-
els. These are actively being solved through the evolution of data generation through in
vitro NAMS, the establishment of harmonized and interconnected digital data reposito-
ries like enanomapper, and efforts to generate human relevant toxicity data. Overall, na-
noinformatics has seen remarkable growth in the recent years, spurred forwards by both
governmental incentives and financial incentives of the nanotechnology industry. The
methods described are well positioned to tackle the multiplicity of nanoparticle materials
and enable understanding and prediction of complex phenomena like protein corona
formation and eco-corona composition, which would not be possible using solely in vitro
methods. As such, we recommend more frequent implementation of nanoinformatics
tools and stimulation by universities and governments to train nanotoxicologists in the
use of these models.

7.9 Conclusions

In conclusion, this thesis shows the applicability of new approach methodologies for
MNP toxicity assessment. We present one of the earliest reports that iPSC-derived intes-
tinal epithelia are applicable to MNP toxicity testing and show increased sensitivity of
in vitro models compared to traditional cell lines. We confirm that secondary micro and
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nanoplastics show increased toxicity compared to primary PS MNPs and indicate that
especially MNPs with metallic fillers may show increased toxicity. The results suggest a
role of the protein corona in determining MNP uptake, ROS generation, inflammation
and barrier disruption as correlation between protein corona composition and effects
was confirmed. We further provide proof that the digestion-associated protein corona
affects subsequent corona formation, highlighting that the history of the protein corona
can affect it's composition. Finally, we demonstrated that mechanistic PBK models can
predict MNP tissue concentrations and show better predictivity than empirical models.
The computed tissue concentrations indicate that lifelong accumulation of MNPs is below
typically used in vivo and in vitro concentrations. This indicates a necessity to alter current
in vitro and in vivo dosing standards. Overall, this thesis contributed substantially to the
understanding of the protein corona in context of secondary MNP toxicity and provides
concrete recommendations for future MNP risk assessment and QIVIVE strategies.
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Summary

Summary

The invention of plastic has revolutionized our world by providing a readily available,
moldable material which is light, strong and durable. However, excessive use of plas-
tics has led to universal pollution of our planet. Over time plastic waste and products
can degrade, leading to release of microscopic particles called microplastics and
nanoplastics(MNPs). MNPs are abundant in our food, the water we drink and the air we
breathe and in turn human exposure is unavoidable. Oral ingestion is the biggest source
of MNP exposure for humans and amidst all human organs the intestine faces the largest
MNP exposure which potentially affects intestinal health. In animals, MNP exposure can
cause inflammatory effects and barrier disruption in the intestine, however it is unknown
if these effects occur in humans. Given the diversity of MNPs found in nature, exhaus-
tive safety testing through animal studies is undesirable and instead In vitro and in silico
methods (collectively called New Approach Methodologies (NAMs)) can aid MNP toxicity
assessment. Current MNP research with NAMs has limited ability to predict toxicity in hu-
mans due to lack of assessment of true-to-life secondary MNPs, aberrant phenotype of in
vitro cell lines and a lack of understanding of mechanisms like protein-corona formation
and biokinetic processes.

The aim of this thesis was to improve in vitro and in silico NAMs for MNP toxicity assess-
ment and to improve understanding of the formation and effects of the protein corona
on MNPs.

Chapter 1 introduces the aim of the thesis and outlined key aspects of MNPs including
their formation, properties, human exposure, biokinetics and potential toxicity.

Chapter 2 provides a review on current use of in vitro NAMs for intestinal toxicity, consid-
erations when assessing MNPs with in vitro models and the potential of stem-cell derived
models for MNP toxicity testing. The chapter describes that cancer-cell lines like Caco-2
and Caco-2 coculture with other cells are the most frequently used models for MNP test-
ing, however phenotypic alterations due to the cancerous origin of Caco-2 may affect the
observed toxicity. Instead, stem-cell derived models have fewer phenotypic alteration
compared to cell lines and can give rise to a diversity of relevant cell types. In this chapter
it was concluded that while the use of stem-cell derived models is still infrequent, their
advantages over cell lines makes them well-suited for MNP toxicity testing.

In Chapter 3 a two-dimensional induced pluripotent stem-cell (iPSC) derived intestinal
model was characterized and compared to Caco-2 cells in their responsiveness to inflam-
matory stimulants. The iPSC derived intestinal epithelial model was differentiated on an
insert separating the apical and basolateral compartments, allowing the assessment of
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barrier disruption permeability using TEER. The iPSC derived model showed the presence
of enterocytes, goblet cells and Paneth cells as indicated by expression of Villin, Mucin-2
and Chromogranin-A. Next, both the iPSC-derived intestinal epithelia and differentiated
Caco-2 cells were exposed to LPS and nigericin, which act as stimulatory agents for TLR-4
induced inflammation. Co-treatment of LPS and nigericin resulted in significant cytotoxic-
ity and barrier disruption for the iPSC-derived epithelium. Furthermore, the co-treatment
increased the gene-expression and secretion of the pro-inflammatory cytokines IL-6, IL-8
and TNF-a. On the contrary, LPS and nigericin co-treatment caused no significant toxic
effects in the Caco-2 model. It was concluded that the iPSC-derived intestinal epithelia
shows improved sensitivity over Caco-2 models for barrier disruption, cytotoxicity and
cytokine secretion.

Until now, MNP research was mostly conducted with primary polystyrene (PS) MNPs
which only reflect a small part of human exposure. Therefore in Chapter 4 we utilized
the iPSC derived intestinal model from Chapter 3 to assess and compare the toxicity of
primary PS MNPs and secondary polylactic acid (PLA), polypropylene-Talc (PP-Talc), Poly-
ethylene terephthalate-TiO, (PET-TiO,), polyvinyl chloride (PVC) and polyamide (PA) MNPs.
iPSC exposure to PET-TiO, and PVC caused a significant drop in TEER, indicating potential
effects on barrier integrity. Exposure to PET-TiO,, PP-Talc or PA caused accumulation of
intracellular reactive oxygen species (ROS), while exposure to PP-Talc, PVC or PA could
induce pro-inflammatory cytokine secretion. In contrast no effects were observed with
PS or PLA particles highlighting MNP specific toxicity. To investigate whether the protein
corona influenced cellular toxicity the protein corona of all MNPs was isolated and mea-
sured using LC-MS-MS. The secondary MNPs inducing ROS showed a significant increase
in binding of ROS scavenging proteins compared to PS while secondary NPs inducing
cytokine secretion showed a significant increase in pro-inflammatory opsonin binding
compared to PS. Based on this observation we concluded that sequestering of proteins
protective against ROS and presentation of pro-inflammatory on the MNP surface are
plausible mechanisms of protein-corona induced toxicity. After confirming significant
correlation between the protein corona composition and effects it was concluded that
the protein corona plausibly affects in vitro toxicity outcomes.

In chapter 5 the role of in vitro digestion on the protein corona of MNPs was investigated
and linked to MNP properties using a panel of PS MNPs of varied size and charge. First,
the dynamic change of the protein corona was assessed by performing in vitro diges-
tion with MNPs and assessing whether the protein corona changes after exposure to cell
culture medium with fetal bovine serum (representative of blood proteins). The digestion
associated protein corona was sparse compared to previous observations in blood and
could be retained and affect subsequent corona formation when exposed to cell-culture
medium. This indicates that the history of the matrices in which the MNP resided can
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affect protein corona and that the protein corona in blood may be different for inhaled
and ingested MNPs. Afterwards, the effect of the digestion associated protein corona
on phagocytosis by THP-1 derived macrophages was assessed and compared to MNPs
which were not in vitro digested. In vitro digestion significantly affected the uptake of
uncharged MNPs <200nm but had no significant effect on MNPs > 500nm or charged
MNPs. After confirming that the protein corona composition was correlated to the altered
uptake of MNPs it was concluded that digestion should be considered when assessing
uncharged MNPs < 200nm but is less relevant for larger or strongly charged MNPs.

At the moment there is a lack of PBK models which allow translation of in vitro results
to in vivo exposure (QIVIVE) for MNPs. In chapter 6 we implement and adapt a mecha-
nistic colloid-PBK model for the prediction of MNP tissue distribution in humans and
mice after oral exposure. The PBK model used hydrodynamic formulas to predict MNP
transport through capillary vessels and predicted oral absorption of MNPs based on the
bioavailability reported in rodents. The mechanistic mouse model accurately predicted
observed tissue concentrations within a 10-fold difference for blood (94%), lung (88%),
kidney (75%), heart (75%) and gut (75%) when used to predict tissue concentrations after
single oral administration of radiolabelled PS. When considering both acute and chronic
exposure, the mechanistic PBK model predicted mouse tissue concentrations within
10-folds in approximately 50% for blood and around 30-40% for remaining tissues. When
compared to an empirically fit model, the mechanistic PBK model showed improved pre-
diction of mouse validation data. To predict tissue concentrations in humans, lifelong (75
years) oral exposure to 5 ug/week (80) of MNPs was simulated. The model indicated three
separate biokinetic patterns of MNPs and suggests that nanoplastics may not be able to
accumulate efficiently in the body and that a tempered risk perception of nanoplastics
may be warranted. Regardless of particle size, a similar concentration between blood
and organs was observed which indicates that the blood concentration may potentially
be used as a proxy for MNP tissue concentrations. The predicted MNP concentrations in
human internal tissues ranged from 0.23 pg/g to 15 ng/g. While the lack of high-quality
validation data prevents estimation of model accuracy, the predicted tissue concentra-
tions in humans are considerably lower tissue concentrations than previously thought.

Finally Chapter 7 presents the general discussion, the main conclusions of the thesis
and future perspectives on the use of NAMs for MNP toxicity testing. The main conclu-
sions highlighted are: 1. That stem-cell derived models are suitable for MNP testing and
show improved sensitivity over cell-line models 2. That the protein corona affects both
transport and toxicity of MNPs and that in vitro digestion should be included when as-
sessing uncharged MNPs < 200nm 3. That the toxicity of secondary MNPs is different from
primary PS MNPs, warranting their inclusion in MNP safety assessment 4. That the MNP
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concentrations in human non-barrier organs is unlikely to elicit toxic effects given the
current estimates of MNP exposure.

Overall the studies described in this thesis indicate that the gut is one of the target organs
of environmental microplastics which may be harmful to the human intestine, and that a
realistic protein corona composition needs to be considered for both toxicokinetic and
toxicodynamic assessment of microplastics.
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