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plastics – current state of
knowledge with the focus on oral uptake and
toxicity
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The production and use of plastics has constantly increased over the last 30 years. Over one third of the

plastics is used in disposables, which are discarded within three years of their production. Despite efforts

towards recycling, a substantial volume of debris has accumulated in the environment and is slowly

degraded to micro- and nanoplastics by weathering and aging. It has recently been discovered that

these small particles can enter the food chain, as for example demonstrated by the detection of

microplastic particles in honey, beer, salt, sea food and recently in mineral water. Human exposure has

further been documented by the detection of plastic microparticles in human feces. Potential toxic

consequences of oral exposure to small plastic particles are discussed. Due to lacking data concerning

exposure, biodistribution and related effects, the risk assessment of micro- and nanoplastics is still not

possible. This review focuses on the oral uptake of plastic and polymer micro- and nanoparticles. Oral

exposure, particle fate, changes of particle properties during ingestion and gastrointestinal digestion, and

uptake and transport at the intestinal epithelium are reviewed in detail. Moreover, the interaction with

intestinal and liver cells and possibly resulting toxicity are highlighted.
Introduction

The production of plastics has constantly increased over the last
30 years. In 2018, over 360 million tons of plastic materials were
produced, 62 million tons in Europe. Plastic polymers are used
for a wide variety of applications and have become an essential
material in our daily life. The most demanded polymers in
Europe are (in decreasing order) polypropylene (PP), poly-
ethylene (PE), polyvinyl chloride (PVC), polyurethane (PU),
polyethylene terephthalate (PET) and polystyrene (PS).1 Over
one-third of the plastics in Europe as well as in the United States
is used in disposables which are discarded within three years of
their production.2 Despite efforts towards recycling, a substan-
tial volume of debris has accumulated in the environment,
especially in the oceans with multiple routes of entry. The
Worldwatch Institute estimated that 10 to 20 million tons of
plastic end up in the oceans each year.3 This global problem
affects probably all ecosystems and therefore the complete food
chain. Besides, also contamination during food production
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should be considered. The most studies are done for the marine
ecosystem. Plastic polymers in the ocean are susceptible to
degradation via biotic and/or abiotic processes.2,4 Most plastics
start to degrade at their accessible polymer surface. The
degradation process yields smaller fragments, which in turn
have a higher fragmentation rate due to their increasingly
higher surface-to-volume ratio.2 Such small fragments, so-called
microplastic particles, have gained public attention in the last
years. There is no officially published denition of micro-
plastics, but in general they are considered to vary in size
ranging from 0.1–5000 mm.5 The smaller group of nanoplastics
can be specied based on current denitions for nano-
materials6 as particles that range from 1–100 nm in size.
Microplastics are divided into primary and secondary particles:
primary microplastics are industrially produced as such,
whereas secondary microplastics result from plastic waste via
degradation processes such as UV light and physical abrasion.5

Micro- and nanoplastics may enter the food chain by different
paths, resulting in exposure of consumers via the diet. Micro-
plastics have been detected in some food products such as
honey, table salt, milk, mineral water and seafood, giving at
least some impression of human exposure via the food
chain.7–10 Although evidence on the presence of plastic particles
in food is increasing, quantitative human exposure data via the
diet are not yet available, although rst estimations have been
made (Toussaint et al. 2019155). Indeed, there is still no legis-
lation for micro- and nanoscaled plastics in foodstuff. Similar to
This journal is © The Royal Society of Chemistry 2020
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nanoparticles, where toxicological concerns were based e.g. on
the higher surface-to-volume ratio and surface reactivity as
compared to larger particles, nanoplastics might be more prone
to pose health risks to humans. In addition, the possibility of
toxic effects due to additives and adsorbed contaminants is
discussed. Moreover, inuences and changes that occur to the
particles during digestion just came into focus. Risk assessment
for micro- and especially nanoplastics is challenging, amongst
others because of the diversity of polymer particles as well as
a lack of reference materials and validated detection methods,
particularly in complex biological matrices. Therefore, the aim
of this review is to give an overview of the current knowledge on
human oral uptake, with a special focus on digestion and
possible effects of micro- and nanoplastics in the digestive
system.
Definition, detection methods and
available research materials

Before talking about plastic particles of any size, terminology
should be explained. In principle, general denitions of nano-
materials can be adapted to plastic particles in the respective
size range. Several relevant denitions are available that apply
to different regulations and scope of applications. The most
important denitions can be found in the norm ISO/TS 80004-
1:2015, the regulation (EC) no 1223/2009 on cosmetic products,
the regulation (EU) 2015/2283 on novel foods, and the regula-
tion (EU) no 1169/2011 on the provision of food information to
consumers. They have in common that the term “nano” refers
to structures that possess at least one dimension in a size range
between 1 and 100 nm. Applying these denitions for polymer-
based particles, it can be used as denition for nanoplastics.6

In contrast to nanoparticles, no consensual scientic or
regulatory denition is available for microplastics. Most work
uses the term microplastics for small solid particles made of
a synthetic polymer. In some denitions of microplastics,
biodegradable plastics are excluded.11 In 2019, the European
Chemicals Agency (ECHA) proposed a regulatory denition for
microplastics under the REACH (Registration, Evaluation and
Authorisation and Restriction of CHemicals) legislation. It
describes microplastics as (i) solid polymer-containing particles
where all dimensions are between 1 nm and 5mm and (ii) bers
with a length of 3 nm to 15mm (length-to-diameter ratio greater
than 3). This denition would also include nanoplastics. A
group of chief scientic advisors of the EU also dened an
upper size limit of 5 mm.12 Sometimes also the term sub-
microplastics can be found, which aims to describe particles
smaller than 1 mm but bigger than the upper size limit of the
denition of nanoparticles of 100 nm.

The following paragraph aims to give an overview on current
analytical detection methods and available materials that can
be used for research purposes. Micro- and nanoplastic analytics
have already been reviewed in detail, for example in “Methods
for the analysis of submicrometer- and nanoplastic particles in
the environment”,13,14 “Finding Microplastics in Soils: A Review
of Analytical Methods”15 or “Separation and Analysis of
This journal is © The Royal Society of Chemistry 2020
Microplastics and Nanoplastics in Complex Environmental
Samples”.16 Even if detailed methodological considerations of
micro- and nanoplastic analytics do not fall within the scope of
this work, a number of critical points are worth being
mentioned (Fig. 1). As required to fulll the denition, analyt-
ical detection of plastic particles require to obtain information
on both the chemical composition and the morphological
structure of the particles. Even though a number of techniques
are available for particle separation and size determination, the
methods available for material characterization are rather
limited and it is therefore challenging to nd suitable combi-
nations. So far, micro-Raman spectroscopy and micro-FTIR
spectroscopy are the most frequently used methods for identi-
cation of the chemical composition of plastic particles.
Particle size, however, limits their applicability. Micro-Raman
spectroscopy enables analyses of particles down to a size of
about 1 mm.17 The size limitation has lately been pushed down
to 200 nm by optical tweezers.18 For micro-FTIR spectroscopy
the actual size limit is 20 mm.14 It is obvious that the applica-
bility of these methods do not comprise the size range of
nanoparticles according to the current legal denitions. Apart
from these examples, there are a few more methods with
different limitations. For more details refer to other reviews on
this topic like “Identication methods in microplastic analysis:
a review”,19 “Microplastics in the environment: Challenges in
analytical chemistry – A review”20 or others.

In addition to the analysis step itself, preceding sample
preparation is a critical step. Firstly, unintended sample
contamination with plastic material during procession and
analytics is hard to avoid due to its ubiquitous presence.
Secondly, analytical investigation of plastic particles is chal-
lenging for complex matrices. Recent approaches try to
circumvent this problem e.g. by using near-infrared (NIR)
process-spectroscopic methods to enable a high-throughput
analysis with minimal sample preparation, as shown for soil
samples.21 Nevertheless, most analytical approaches for
complex matrices like food still comprise several steps:
destruction of the matrix, ltration or separation of the parti-
cles, enrichment and the analysis of size and material. Since
micro- and nanoplastics are very complex mixtures of materials
and established analytical methods are not sufficiently adapted
and validated, harmonized structured methodological recom-
mendations are still missing. Although, the analytic of plastic
particles is already reviewed in detail.22 The term “plastics”
summarizes a variety of materials with different properties. This
implies that a certain detection method or the result of a toxi-
cological test cannot be easily transferred to other particles.23

Available analytical methods have oen been demonstrated
using one specic material, particularly polystyrene (PS). This
polymer has mostly been used for toxicological studies as well,
because this polymer has a density which allows easy suspen-
sion in aqueous media, which makes it easy to use in in vitro
assays but limits their relevance as a model for “environmental”
microplastics. PS particles are frequently used because of the
ease to generate particles with a precise size distribution and
because of the ease to attach other molecules, for example
uorescent dyes to facilitate detection. However, a possible
Nanoscale Adv., 2020, 2, 4350–4367 | 4351
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Fig. 1 Challenges and pitfalls in the field of micro- and nanoplastics research.

Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
sz

ep
te

m
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 2
02

4.
 0

7.
 1

5.
 1

9:
23

:5
9.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
leakage of the uorescent marker cannot be ruled out during
toxicological studies, which may lead to false results. Necessary
controls for uorescent dye leachate and cellular auto-
uorescence are oen missing.24 A biased material selection
impedes the transfer of scientic ndings to other polymers,
because particles do not only differ in their chemical structure,
but also in properties such as size, surface, density, and other
parameters. Methods to produce non-PS particles are just
emerging.25–27 Moreover, the materials produced for testing do
not necessarily reect the properties of real-life particles, for
example aged materials from the environment.28
Changes of plastics in the environment
and the food chain

Micro- and nanoplastics contaminating food and drinking
water undergo various steps prior to their ingestion by humans.
During their life cycle, plastic materials and particles can
change due to different environmental conditions. Still, most
research on the uptake and effects of microplastics and nano-
plastics has been done with pristine, intentionally manufac-
tured particles. Therefore, the various aspects that can change
the properties of plastic particles during their life cycle from
production to food must be taken into account. These aspects
comprise aging and degradation, formation of a protein corona
and biolms, leaching of additives, and sorption of
compounds.
Aging of plastics in the environment

Plastics are mainly categorized into two groups, namely non-
biodegradable and biodegradable plastic types.29 Non-
biodegradable plastic polymers mostly have a very stable
structure with long saturated organic chains. Those chains
contain balanced charges along their length, making the
4352 | Nanoscale Adv., 2020, 2, 4350–4367
molecule chemically inert.30 Plastic materials, which are circu-
lating in ows of goods or are released into the environment
undergo either aging or weathering during their life cycle. This
can generate micro- and nally nanoplastics. Aging is a term
used when the properties of the polymer change over a period of
time.31 These changes can affect polymer composition, physical
integrity of the particle, and its surface properties. In a natural
environment, this process is termed weathering. In general,
weathering and aging lead to polymer transformation and
degradation through a number of complex processes: photo-
oxidation, hydrolysis, mechanical abrasion, swelling, release
of additives, biodegradation, organic matter coating of the
surface including protein corona formation, pollutant adsorp-
tion, and colonization by microorganisms. Surface coverage by
a complex mixture of organic and inorganic molecules is
termed eco-corona formation. Weathering in the marine envi-
ronment has been studied most extensively.32 Both abiotic
degradation and biodegradation of plastics is considered a very
slow process in the marine environment, leading to plastic
fragmentation on a time scale spanning decades.2,33 In the
marine environment, abiotic degradation through sunlight,
oxidants and physical stress34 is generally recognized as a start-
ing point of plastic degradation, breaking down the plastic
structures and allowing a progressive decomposition prior to
the occurrence of biotic effects.35 The smaller polymer frag-
ments formed can be biodegraded by the action of microbes
present in the marine environment.2,30 Despite a sometimes
unclear ecological relevance, most studies have been carried out
under laboratory-controlled settings, with a special emphasis
on the effects of UV light exposure or shearing forces, and do
not consider all details of real-life conditions, such as water
salinity, mixed microbiological populations and natural cycles
of temperature and light.4 Brandon et al. investigated the
inuence of water type and light on the degradation of plastics
to predict the age of environmental samples. They found that
This journal is © The Royal Society of Chemistry 2020
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aging or weathering induce a very complex physicochemical
change of polymeric materials, depending on the type of poly-
mer and environmental conditions.36 In fact, even very robust
and inert polymers like PE can be severely damaged during
weathering in the open ocean, with a shortening of the polymer
chains.37 For more details on plastic aging in the marine envi-
ronment, please refer to one of the reviews available on that
topic, for example “The chemical behaviors of microplastics in
marine environment: A review”38 or “Interactions of micro-
plastic debris throughout the marine ecosystem”.39

Besides environmental factors such as light, water and
mechanical stress, the formation of a protein corona and bio-
lms also accounts to the aging of plastic materials. Molecules
from biological samples, especially proteins, can associate with
biopolymers, forming a so-called “protein corona” that is
associated with the particle and continuously exchanging with
proteins from the surrounding environment. Hence, it gives
a new biological identity of the particles and may affect their
biological responses.40 The binding forces that are responsible
for the interactions between proteins and particle surface
include van-der-Waals interactions, hydrogen bonds, hydro-
phobic interactions, as well as electrostatic forces.40 This has
been extensively studied for diverse nanoparticles,41 with some
noteworthy studies focusing on plastic and polymer particles.
Oen in older protein corona studies, plastic materials are
imprecisely referred to as “latex”,42 “resin”43 or “polymer”
particles or beads. These expressions include materials like
PS,44 polylactic acid,45 polyacrylonitrile46 or metacrylate.47

Binding studies have been performed for investigating these
interactions, with single proteins such as BSA48 but also with
more complex systems, for example with blood, serum and
plasma from humans or other mammalian species, or with cell
culture media.49–55 An inter-species comparison was performed
by Muller et al. using functionalized polystyrene particles with
human, rat, sheep and rabbit blood plasma. They showed that
the composition of protein corona depends on the plasma
source.56 Walczak et al. determined the composition of protein
coronae in articial chyme to simulate the digestion process.57

Food components can also affect the interaction between
particles and intestinal cells. Sinnecker et al. reported for PS
nanoparticles treated with casein, BSA or meat extract (a
mixture of peptides and amino acids representative for an
alimentary peptide source) that the meat extract appeared to
have only a minor effect on the adsorption of plastic particles on
the cells. Moreover, individual peptides and amino acids of the
meat extract did not modify the surface of the nanoparticles, as
seen with BSA.58 The resulting protein coronae are different
depending on particle sizes, surface charges,59 surface func-
tionalization60,61 or variations in exposure time.45 In many
studies, the protein compositions are identied by electropho-
resis and mass spectrometric analysis techniques aer an in
vitro isolation of the corona proteins.49

When the environment of the particles also contains
microorganisms, the formation of biolms is likely62 and
should also be considered. Although, this topic is not in focus of
this review and can be found in detail elsewhere.63
This journal is © The Royal Society of Chemistry 2020
Plastic additives and contaminants

Plastics can contain additives to enhance their physical prop-
erties. They are intentionally added during production as so-
eners, ame retardants, UV-stabilizers and production agents.
ECHA lists about 400 additives.64 Plastics additives of concern to
human health are for example phthalates, bisphenols, bromi-
nated ame retardants, triclosan, and organotins.65 These
chemicals can leach from the polymer surface to the
surroundings. Some basic principles about parameters that
affect the migration potential of an additive from plastic parti-
cles are described below. Polymers have a three-dimensional
porous structure in which the additives are distributed. The
pore diameter and the size of the additive correlate in a way that
smaller (lower molecular weight) additives move more easily
through a polymer with a bigger pore size. Temperature and the
physico–chemical properties of the additive and the environ-
ment also constitute important parameters. In contrast to non-
covalently bound additives, the release of a reactively bonded
compound from a polymer requires cleavage of the covalent
bond(s) before migration can take place. The loss of polymer
constituents from a polymer is thus probably due to the release
of unreacted (non-bonded) constituents le over from polymer
synthesis.66 Some studies have described the leaching of addi-
tives (bisphenol A and nonylphenol) from plastics in the
intestinal tracts of worms and sh.67 Leaching as well as
degradation of plasticizers and polymers are complex
phenomena dependent on the environmental conditions and
the chemical properties of each additive. The extent and rate of
chemical (de)sorption are inuenced by factors including the
sorbent (plastic polymer) properties, sorbate (additive) proper-
ties, dissolved organic compounds in the aqueous phase, pH
and temperature.66 Temperature and UV-light, e.g. plastics
exposed to sunlight for longer periods, can affect the polymer
structure and make additive migration more likely. This would,
on the one hand, allow additives to leach into the environment,
and, on the other hand, allow chemicals to adsorb to the
surface. This is dependent on the types of plastics and their
individual transition temperatures, i.e. the temperatures that
change the structure of the plastics such as melting transition
or glass transition. EFSA, however, estimates the contribution of
microplastic-bound additives as minor to the overall exposure.5

Similar to the situation with inorganic nanoparticles poten-
tially acting as Trojan horses for intracellularly released metal
ions,68 it was hypothesized that plastic particles might function
as Trojan horses for contaminants, due to their hydrophobicity
and large surface. Many persistent organic pollutants can bind
to organic materials due to their hydrophobic surface. The
hydrophobicity of polymers, in combination with the high
surface area, causes micrometer- and nanometer-sized plastic
particles to be efficient sorbents for e.g. hydrophobic organic
chemicals such as polychlorinated biphenyls (PCBs) or poly-
cyclic aromatic hydrocarbons (PAHs), leading to high plastic–
water distribution coefficients.69 Dependent on the chemical
properties of these substances, a release into biological
compartments appears possible. Binding of chemicals to plastic
surfaces has been widely studied, even though oen without
Nanoscale Adv., 2020, 2, 4350–4367 | 4353
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specic regard to the material size. However, for the basic
chemical processes, it does not generally matter if macroscopic
material or microparticles are regarded.70 The binding process
can be distinguished into adsorption and absorption.71

Adsorption is a fast and strong binding to a surface, which
occurs mainly with robust vitreous materials such as PS or PVC
and strongly hydrophobic substances without a deeper pene-
tration into the materials. In contrast, absorption is character-
ized by a certain penetration of chemicals into the outer layers
of a porous material like rubber, or into exible thermoplasts
such as PE or PP, which allows certain diffusion into and out of
the material, triggered by weaker forces such as van-der-Waals
interactions. For example, HDPE, LDPE and PP consistently
sorb higher amounts of PAHs and PCBs than PET and PVC.
Rubbery polymers such as HDPE, LDPE and PP are expected to
demonstrate larger diffusion than the glassy polymers PET and
PVC, which may explain these trends.72 The ad- and absorption
of hydrophobic chemicals to plastics polymers has been previ-
ously studied for PAHs to plastic pellets,72–74 and for PCBs to
micro- and nanoplastics.75 Further studies have analyzed the
adsorption of the heavy metals like copper, cadmium and zinc
to different kinds of microplastics.76–78 The physicochemical
interrelations underlying these processes have been extensively
described,79 for example on surfaces or packaging.

For orally ingested plastic particles present in foodstuff, it
remains to be elucidated whether the increased surface area
and a possibly enhanced cellular uptake of small particles
might inuence the release of ad- or absorbed chemicals.
Available studies with aquatic organisms demonstrate that
microplastic particles can act as carriers for contaminants, for
example PCBs, leading to an increased body burden of the
contaminant.80 This does, however, not automatically lead to
a higher exposure of cells to the unbound chemicals and thus to
enhanced biological effects, because particles can function as
sink. Likewise, no direct conclusions can be drawn about the
situation in higher mammals. In contrast to the above scenario,
plastic particles may also act as a sink for some contaminants:
the binding of the chemical to the particles can lead to smaller
bioavailable amounts and then lower biological effects, for
example in the case of PAHs,81 even though there is a carrier
effect.82 Particles may thus act as carriers of pollutants in a way
that they either increase or reduce their availability as a free
compound in the body, depending on their material and
particle size. It is conceivable that a very strong binding of
pollutants to plastic materials could allow only a minor release,
which in turn leads to a negligible exposure to the unbound
contaminants.70 A calculation by EFSA determined the contri-
bution of plastic-bound pollutants to the overall exposure as
very low.5 Additionally, the sorption of contaminants on aged
particles appears to be lower, as compared to the pristine
particles mainly used for toxicological research. This was shown
by Hüffer et al. who performed UV-aging of PS particles. It had
little effect on the surface area, whereas it signicantly
increased surface functionalities such as carbonyl and hydroxyl
groups on the sorbent. The surface oxidation and localized
micro-crack formation led to a decrease in the sorption coeffi-
cients of organic compounds by PS microplastics, which turned
4354 | Nanoscale Adv., 2020, 2, 4350–4367
out to be up to one order of magnitude lower than for the
pristine particles.83 Nevertheless, also other factors relevant for
pollutant release, such as local or chronic effects, could be
relevant in the discussion about health risks of micro- and
nanoplastics.84

Human oral exposure

Micro- and nanoplastics can reach the human body amongst
others via the oral route. Oral ingestion is followed by a number
of steps that inuence the particles and therefore their inter-
actions, like the contact with digestive uids, the contact to
intestinal cells, uptake and transport in the intestine and liver,
and excretion. This is illustrated in Fig. 2.

Due to the already discussed difficulties to nd suitable
analytical methods for detecting microplastics and especially
nanoplastics in complex matrices, the number of studies per-
formed and data published on the amount of plastic particles in
food is still limited. Nevertheless, data on plastic particle
contents of some types of foodstuff are available and the
number of publications is constantly increasing with the
evolution of analytical methods and the growing public interest.
Studies are available from environmental research that inves-
tigate microplastic particles in aquatic organisms. With respect
to the organs and tissues analyzed and the knowledge of the
parts of the animals we consume as food, some results can be
used for exposure assessment.85 Generally, shes accumulate
microplastics in their gills, liver and gut, which may not be
relevant to human consumption since these tissues are not
usually consumed.86 Some studies proposed an annual intake
from shellsh consumption for a European top consumer as
high as 11 000 microplastic particles.87 There are also studies
dealing with the microplastic content of food products other
than seafood. Namely, honey and beer have been some of the
rst food products where microplastics contamination was
investigated.88,89 In these initial studies, the measurements were
performed in a qualitative way by microscopy without using
additional analytical techniques. Other studies investigated the
occurrence of microplastics in table salt.90–92 The rst contam-
ination of drinking water was reported in 2017 (ref. 93) with
data provided from 14 countries on the presence of plastic
particles in tap water. The highest mean concentrations of
particles ranging from 0.1-5 mm occurred in the US (9.24� 11.8
particles per L) and the lowest in Germany (0.91� 1.29 particles
per L). About 98% of the particles were bers. Furthermore,
some studies have been conducted up to now to collect data
from bottledmineral waters.94–96 Different size limitations (from
1 mm to 500 mm) were used to detect microplastics. PET was the
main polymer detected from the plastic bottles probably due to
degradation of packaging, but microplastic particles were
detected also in mineral waters from glass bottles. Recently
human exposure through water has been pointed out both from
bottled water and from ground waters,93,97 even though the
latter contains only very low amounts of microplastics. In
a recent study 57 beverages such as so drinks, energy drinks,
cold tea and beer were analyzed for the presence of micro-
plastics. The most common polymers identied were PA and
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Human exposure and the path of micro- and nanoplastic particles in the human body.
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polyesteracetal (PEA), while PET and acrylonitrile butadiene
styrene (ABS) were present only in small amounts in beer and
so drinks. Beer contained the highest total amount of micro-
plastics (152 � 50.97 particles per L), followed by energy drinks
(14 � 5.79 particles per L), so drinks (40 � 24.53 particles per
L) and cold tea (11 � 5.26 particles per L). Here the possible
routes of microplastic contamination may be the water source
used during the production processes, and/or the process of
beverage packaging.98 Another study suggests contamination of
dairy milk products by the addition of water during production
and processing. In this study, 23 milk samples (8 different
brands from Mexico) were analyzed. Results showed poly-
ethersulfone (PES) as the most common type of plastic particles
found in the samples. Particles had different sizes (0.1 to 5mm),
shape (bers and fragments) and colors (blue, brown, red and
pink). The most common microplastic shape was ber (97.5%),
while the most predominant color was blue (72%). The levels of
microparticle concentrations varied between 3 � 2 to 11 � 3.54
particles per L with an overall average of 6.5 � 2.3 particles
per L.10 Kedzierski et al. analyzed the surface of packaged meat
products (white chicken breast and turkey escalope) and found
PS microplastics ranging from 4.0 to 18.7 particles per kg of
packaged meat and size between 130 to 450 mm. These micro-
plastics were found to stick to the meat surface, before and aer
washing, hence increasing the possibility of human consump-
tion. The authors suggested that the contamination with plastic
particles was due to polystyrene dust suspended in the air of the
production facility.99 Another study was done on fruits and
vegetables. Therein, different sizes (1.51 to 2.52 mm) of micro-
plastics were detected in carrots, lettuces, broccoli, potatoes,
apples, and pears. Fruits, in particular apples, contained higher
This journal is © The Royal Society of Chemistry 2020
level of microplastics (223 000 p per g; range 52 600 to 307 750)
than vegetables like carrots 97 800 particles per g (72 175 to
130500), while lettuce samples contained the lowest 52 050 p
per g (26 375 to 75 425).100

Complementing these data of plastic particles in the human
diet, analyses of human stool samples display another proof for
human exposure to microplastics through the food chain.101

There are also rst attempts to use the scarce data to estimate
human exposure. Therefore, Cox et al. grouped the available
literature data on microplastic occurrence into categories and
used dietary recommended intake data of each food group to
calculate an average intake. Extrapolations of the overall expo-
sure range between 39 000 and 52 000microplastic particles per
year. A worst case scenario was not calculated.9 This estimation
does not provide information about the particle size, does not
include nanoplastic particles, and concedes a severe variation
due to people's consumer behavior. As microplastics are found
nearly everywhere, the problem of assay contamination can be
crucial and blank samples are required to obtain relevant data.97

Therefore, exposure estimations based on data from studies not
using blank samples could constitute an overestimation of real
exposure. The size range of the plastic particles detected in
experimental studies, methodically limited to around 20 mm,
likely underestimates the real contamination. Human exposure
is still not well elucidated.102
Ingestion and digestion

This paragraph will focus on the behavior of micro- and nano-
plastics during the digestion process. Before reaching the
intestinal epithelium, particles have to pass through different
Nanoscale Adv., 2020, 2, 4350–4367 | 4355
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compartments of the gastrointestinal tract that may affect their
physicochemical properties and surface parameters. While
most publications focused on the environmental degradation of
plastic particles,2,4 the knowledge on their fate along the
mammalian gastrointestinal tract is rather sparse. Most of the
non-plastic biodegradable substances contain some mixture of
carbon and heteroatoms like oxygen, nitrogen, sulfur, and
phosphorus, which create charge imbalances that digestion
enzymes can exploit. By contrast, the stability of the plastic
materials diminishes the possibilities of enzymatic or chemical
degradation. The harshest chemical condition, i.e. the low
gastric pH, will be in contact with the ingested particles for
about two hours, and specialized enzymes for plastic degrada-
tion are lacking in the mammalian intestine. This suggests that
most likely no major degradation of plastic particles will occur
during digestion. Some bacteria have been shown to break
down plastics through enzymes called oxygenases, which can
add oxygen to long carbon chains. Such a modication desta-
bilizes the local electric charge, and provokes plastic break-
down. However, these oxygenase enzymes are not widely
distributed, because they may also destroy molecules in the
bacteria that carry them.103 Using neutral, carboxylated and
aminated PS particles of 20 and 200 nm,104 showed that parti-
cles formed aggregates when in contact with human saliva.
Mucins (MUC7 and MUC5B) from saliva can bind to the surface
of PS particles (more to the 200 nm than to the 20 nm particles).
Diffusion in the saliva was higher for aminated or carboxylated
20 nm PS, as compared to larger 200 nm particles, whereas no
size-dependent difference was observed with neutral PS.104

Stock et al. showed a strong attachment of gastro-intestinal
biological compounds, which however did not affect particle
structure and size.105 Probably the most important parameter
that digestion could affect is the formation of the protein
corona: Walczak et al. found that in vitro digestion affected the
composition of protein corona and induced a shi towards
proteins with lower molecular weight.106 This may substantially
affect biological interactions and intestinal uptake of particles.
In vitro analyses not considering digestion may therefore over-
or underestimate particle uptake under real-life conditions.

Beside their participation in the formation of a protein
corona on the surface of the particles, the intestinal mucins also
form the rst barrier on the top of the epithelial cells of the
gastrointestinal tract. The pore size of mucus gels is around 100
to 200 nm.107 Lai et al. showed that 500 and 200 nm PS particles
coated with polyethylene glycol, diffused through physiological,
even though not gastrointestinal, human mucus.108 The impact
of the mucin layer along the gastrointestinal tract has been
evaluated by Norris and Sinko. They concluded that larger PS
microspheres (>0.5 mm) have a limited ability to diffuse through
the mucin layer and that surface ionization and hydrophobicity
are important for microsphere translocation through a mucin
layer. However, due to differences of viscosity between young
and adult organisms (piglets compared to pigs), it was shown
that negatively charged, carboxy-functionalized, PS model
particles diffused more into the intestinal mucus of piglets than
of pigs.109 According to the results of Ensign et al. the mucus
from the mouse small intestine is permeable to larger
4356 | Nanoscale Adv., 2020, 2, 4350–4367
nanoparticles than mucus from the colon (100 nm compared to
200 nm).110 Additionally, also the surface properties of the
polymer particles determine the interaction with the mucus as
well as the underlying cells.111
Uptake and transport at the
gastrointestinal epithelium

This section reviews the available information about the uptake
of plastic particles into gastrointestinal epithelial cells, trans-
port via the intestinal barrier, and bioavailability. Although
most studies ignore the aspect of protein corona formation, it
could be assumed that orally ingested particles have a corona
consisting of proteins and other surrounding molecules that
attached to the surface during their path though the environ-
ment and rst contact with digestive uids. For particles used in
in vitro models this corona probably consists of proteins from
the cell culture media and therefore may be different from
environmental samples.

Prior to reaching the epithelium of the intestine, which is
considered the main region of nutrition absorption, orally
ingested plastic particles pass the epithelium of the stomach.
For this type of cells there is at least one in vitro study available
showing a size-dependent uptake of PS particles into gastric
adenocarcinoma cells.112

The intestinal tissue functions as a biological barrier in order
to prevent systemic distribution of harmful substances. In
general, the crossing of the intestinal barrier by plastic or other
particles occurs in a size-dependent manner. For the fate of
plastic particles entering the intestine, different scenarios can
be proposed:

(1) The particles stay in the lumen. In this case, a possible
health impact of such particles can thus still occur by
mechanically disrupting the cellular layer, by local irritation of
the intestinal tissue, or by acting as a local depot to release toxic
pollutants.

(2) The particles cross the epithelium through the para-
cellular route (through the tight junctions or via persorption,
which is the passage of the intestinal epithelial by using gaps
between the intestinal epithelial cells).

(3) The particles are taken up into the enterocytes of the
intestinal epithelium and potentially cross the intestinal barrier
by leaving the cells on the basolateral side.

(4) The particles can be taken up by cell types of the intestinal
epithelium other than enterocytes and thereby reach the baso-
lateral side.

(5) It can be also expected that some particles will not cross
into the bloodstream but stay inside the intestinal cells. Such
particles are likely to be released into the gut lumen at the end
of the life cycle of the intestinal cell (around 72 h).

In principle, the uptake and transport of particles up to a size
of maximum 5 to 10 mm into intestinal cells appears possible.
Keeping in mind that previous contact with intestinal uids can
cause agglomeration of particles, like discussed in the previous
section, this may inuence the uptake compared to the pristine
single particles. An intracellular uptake of larger particles would
This journal is © The Royal Society of Chemistry 2020
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be incompatible with the size of intestinal epithelial cells of
about 10 mm. EFSA is considering that microplastics have a very
limited bioavailability of less than 0.3%, and only plastic
particles smaller than 150 mm in size might in principle cross
the intestinal epithelium. They are occasionally found in tissue
but are likely unreactive and get deposited without being
systemically bioavailable. Only much smaller particles up to 1.5
mm could be distributed systemically. Studies with differently
sized PS particles show systemic bioavailability in rats with
a presence in liver and spleen, with an inverse correlation
between uptake and particle size.113 The smallest particles in the
submicron range showed the highest uptake and transport,
while particles with a size of 3 mm were present in the liver but
not in the spleen or the bloodstream. A systemic distribution of
nano-scaled plastic particles is likely.113–115 Cellular uptake of
particles with the size of 10 mm or more could occur in
specialized cells, such as macrophages.116,117 Notably the uptake
of particles into cells of the intestinal tissue without subsequent
transport into the bloodstream does not lead to systemic
distribution. Nevertheless, a paracellular transport of particles
can be imagined. The gut can exhibit leakages in the intestinal
cell monolayer, mainly at the villi tips, and by using these gaps
in the epithelium a transport of bigger particles to the portal
blood vessels is possible. This process is called persorption118

and can lead to a crossing of the barrier by particles that are
much bigger than the uptake limits of the cells. Several studies
indicate a transport of bigger particles, as documented by the
occurrence of bigger plastic particles in the liver and further
remote organs like lymph nodes and spleen.113,117 Avio et al.
found plastic particles with sizes between 200 and 600 mm in the
gut and, to a lower extent, in the liver of shes.85 Collard and
colleagues detected micron-sized particles up to 438 mm in the
livers of anchovies.119 By contrast, many other studies detected
plastic particles only in the stomach and intestinal tissue of wild
shes.120–122

So far, there are a few studies published using in vitro
systems to investigate the uptake of plastic particles. Most
experiments have been performed with PS and on the cell line
Caco-2 and thereof-derived co-cultures. Caco-2 is a well-
established model for human enterocytes, which was devel-
oped in the 1970s.123 These cells spontaneously differentiate
and form a monolayer suitable for transport studies when
cultured on permeable membranes.124–126 Kulkarni & Feng
showed a clear cellular uptake of uorescent PS of different
sizes (from 25 to 500 nm) by Caco-2 cells, except for 500 nm
where only few particles were detected. The highest uptake
efficiency was observed for 100 nm PS particles. Moreover, TPGS
(D-a-tocopheryl polyethylene glycol 1000 succinate, emulsier
frommedical use) coating increased the uptake efficiency for all
sizes. Longer incubation time also led to higher cellular uptake
efficiency.127 Abdelkhaliq et al. exposed Caco-2 cells for 24 h to
negatively charged PS particles (50 and 200 nm), functionalized
with sulfone or carboxyl groups at concentrations up to 250 mg
mL�1. The nanoparticles were partially internalized into the
lysosomes of Caco-2 cells. The largest extent of transport
occurred with the 50 nm and sulfonated particles (13.9%), while
it was low with the 50 nm and carboxylated particles (2.82%),
This journal is © The Royal Society of Chemistry 2020
and nearly undetectable (<1%) with the other particles.128 Magri
et al. also investigated the cellular uptake of nanoparticles in
Caco-2 cells, but used PET particles that where approximately
100 nm in size produced by laser ablation. Monitoring of the
particle uptake into Caco-2 cells with 30 mg mL�1 PET for up to
24 h revealed a linear increase of cellular uptake. Additionally,
a small amount of the particles was transported through the
Caco-2 monolayer aer 24 h of incubation, and the transported
amount increased during nine days of exposure. In summary,
the results indicate a small translocation of PET nanoparticles
through the intestinal barrier.129 The uptake of carboxylated PS
particles of different sizes (20, 100 and 200 nm) in Caco-2 cell
monolayers was decreased when particles were incubated in the
presence of bovine serum albumin (BSA) and casein, irre-
spective of the nanoparticle size. It was suggested that the
contact of the nanoparticles with the cell surface was dimin-
ished due to the enhanced stability of the nanoparticle colloidal
solution. With meat extract, the uptake was slightly increased
only for 20 nm nanoparticles. Additionally, the smaller (20 and
100 nm) nanoparticles incubated with intestinal uid showed
a more pronounced attachment to the cells, while the 200 nm
particles exhibited a slightly reduced binding.58 Aer contact
with saliva, differently coated PS particles were not equally
internalized by non-keratinized buccal cells: the uptake of
20 nm PS and carboxy- or amino-functionalized 200 nm PS was
low (less than 1% aer 1 h), while the non-functionalized
200 nm PS were more effectively taken up (around 3% aer 1
h).104 Irrespective of the charge of the particle coating, the
translocation of 50 and 100 nm PS particles was increased aer
contact of particles with an in vitro digestion system.106

Comparing Caco-2, Caco-2/HT29-MTX (mucus-producing) and
Caco-2/HT29-MTX/Raji B cultures (mucus-producing and M-
cell-building), Walczak et al. (2015) highlighted that the trans-
location of neutral, positively and negatively-charged 50 and
100 nm PS particles differs depending on the model, but did
never exceed 10%. The translocation was lower with bigger
particles (100 nm) irrespective of the coating of PS and the cell
model. In both Caco-2 monocultures and Caco-2/HT29-MTX/
Raji B triple-cultures, neutral 50 nm PS nanoparticles were
translocated to a higher extent than negatively charged amine-
PS and negatively charged carboxylated PS. No or very low
translocation with another negatively charged carboxylated PS
was observed.130 A similar co-culture was used by Domenech
et al. for pristine PS particles in the range of 0.05 to 0.1 mm in
size. They found a translocation as well as an uptake into the
cells as well as into the nucleus.131 Similarly, Stock et al. inves-
tigated the uptake of uorescent PS microparticles in Caco-2
alone or in co-culture with HT29-MTX or Raji B incubated for
24 h with either 1 mm, 4 mmparticles (each 1� 108 mL) or 10 mm
particles (3 � 106 mL). The highest uptake into Caco-2 cells was
seen for 4 mmparticles. Small differences in intracellular uptake
between the co-culture models were observed within the
smallest particle size. Uptake was, surprisingly, signicantly
higher in the mucus model.132 Hesler et al. reported the trans-
location of 50 nm and 500 nm carboxylated PS particles in
a mucus-producing model (Caco-2 and HT29-MTX co-culture),
but found no signicant transport of nanoparticles through
Nanoscale Adv., 2020, 2, 4350–4367 | 4357
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the intestinal barrier. Using this in vitro model, the cells were
exposed to 10 and 100 mg mL�1 of PS particles for 24 h. No
transport was detected, but internalization of some particles
was visible using confocal microscopy.133

Several years before the issue of microplastics reached the
public focus, in vivo uptake studies with PS particles ranging
from 50 nm to 3 mm showed systemic bioavailability of these
particles, especially in the submicron diameter range.113 More
recently, the bioaccumulation of PS microparticles in different
organs of mice exposed during 4 weeks lead to a very different
conclusion. Results of a study by Deng et al. published in 2017,
where mice were fed with 5 mm and 20 mm diameter PS particles
at daily concentrations of 0.01, 0.1 and 0.5 mg per day for up to
28 days proclaimed high uptake and systemic distribution.
Deng and colleagues detected both particle types in the liver,
gut and kidney, which reached a steady-state aer 14 days of
oral treatment.134 However, these results are scientically
disputed, as they imply an oral bioavailability of 100% of the
cumulative applied dose.135,136 In contrast, Stock et al. con-
ducted a 28 day mice feeding study with oral gavage of micro-
plastics three times per week, consisting of a mixture of 1 mm
(4.55 � 107 particles), 4 mm (4.55 � 107 particles) and 10 mm
(1.49 � 106 particles) carboxylated polystyrene particles.
Different organs were examined three days aer the last dosage.
Only a very small amount of plastic particles was detected in the
jejunum and duodenum, but not in other organs such as
kidney, spleen or liver. Further in vitro experiments conrmed
the plausibility of these ndings.132 Studies with animals
suggest a low oral bioavailability of microplastic particles, thus
implying substantial fecal excretion. In fact, excretion of
ingested micro- and nanoplastics was estimated to more than
90% through feces, depending on some physicochemical
characteristics including size, shape, and chemical composi-
tion,5,137 comparable to what is known from non-soluble nano-
particles of non-plastic origin.138 Recently, the detection of
microplastics in human feces (on average 2 microplastic parti-
cles per g feces) has been reported.139 Up to nine different types
of plastics, sized between 50 and 500 mm, were found in human
feces, with PP and PET being most common. It needs to be
noted that the detection of particles in feces just indicates the
oral uptake of plastic particles but does not justify conclusions
about the ingested dose or the oral bioavailability.
Effect of diseases on the intestinal absorption of microplastics

Diseases can alter the intestinal barrier and thereby affect the
crossing of particles, their systemic bioavailability and potential
toxicity. Using mutant Caenorhabditis elegans, Qu et al. have
shown that PS nanoparticles (around 100 nm) can be trans-
located to systemic organs. In wild-type nematodes, the parti-
cles did not affect the functional state of intestinal barrier.140

Induction of diabetes in rats did not affect the uptake of 2 mm
microplastic particles in epithelial cells, but clearly reduced
their transepithelial passage across the GI tract and the trans-
location to secondary organs.141 On the contrary,142 did not
detect differences of 2 mm size PS particle uptake between
normal and immunodecient mice with disorganized mucosa-
4358 | Nanoscale Adv., 2020, 2, 4350–4367
associated lymphoid tissue (MALT). This is plausible, as the
passage of the particles occurred through the villous epithelium
not affected in the mouse model used. Other ndings highlight
that nano- and microparticles can have a different behavior at
the inamed intestinal mucosa (e.g. in Crohn's disease and
ulcerative colitis): Poly(L-lactide-co-glycolide) (PLGA) micropar-
ticles, which are biodegradable polymers used to produce
pharmaceuticals with depot function, distinctively accumulated
in ulcerous lesions, while nanoparticles were only present in
traces.143,144 However, contrary to microparticles, the trans-
location of nanoparticles to the serosal compartment was
signicantly increased in ulcerative colitis mucosae.143 There-
fore, the behavior of nano- and microplastics in connection
with specic diseases deserves further attention.
Toxicity of micro- and nanoplastics in
the intestine

Usually plastic polymers are considered to be inert and there-
fore of possess only low chemical reactivity. Toxicological
studies oen relate to the toxicity of additives or remnant
monomers.145 conducted a comprehensive hazard ranking of
plastic polymers based on their chemical composition. They
studied 55 of the most widely used polymer types with global
production volumes > 10 000 tons per year. A model for ranking
the hazard of each polymer was developed according to the
monomer chemicals that form the polymer. The polymers
classied as most hazardous were those produced from
monomers classied as carcinogenic, mutagenic or both.
Hazard classication data was mainly obtained from Annex VI
of the EU classication, labelling and packaging (CLP) regula-
tion which is based on the UN Globally Harmonized System
(GHS). This approach led to a high ranking for polyurethanes,
polyvinylchloride, epoxy resins and styrene polymers. However,
the lack of safety data for many of the listed substances was
pointed out by the authors. In particular, no hazard classica-
tion was available for chemicals suspected of being endocrine
disruptors, including bisphenol A, phthalates, and epichloro-
hydrin. This toxicity endpoint was therefore not included in the
hazard assessment.65,145 The toxic effects of microplastics have
been investigated in numerous aquatic species and inamma-
tion, genotoxicity and oxidative stress responses have been
pointed out.146 However, data on effects in mammalian systems
are limited.5

Except from work with PS particles, only few in vitro toxicity
studies with micro- or nanoplastics have been conducted so far
and are summarized in Table 1. In 2018, Abdelkhaliq et al. re-
ported effects of PS particles varying in size (50 nm and 200 nm)
and in surface (carboxylated or sulfonated) on Caco-2 cells. No
cytotoxicity (WST-1 assay, 24 h treatment) of PS particles was
observed at a concentration of 250 mg mL�1.128 Similarly, no
impact on Caco-2 cell viability was measured with 1 to 30 mg
mL�1 laser-ablated approximately 100 nm PET particles.129

Moreover, the authors did not show indication of inammation
up to 24 h of incubation. In accordance with the ndings above,
Hesler et al. (2019) did also report the absence of toxicity at
This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of the reviewed literature using in vitro models to study the effect of micro- and nanoplastics

Reference Cell model & particles used Results

Toxic effects
Wu et al., 2019 (ref. 148) - Caco-2 cell model - No cytotoxicity

- PS: 100 & 500 nm - Weak toxic effects on oxidative stress and
membrane integrity

- 1–200 mg mL�1 - Disruption of mitochondrial membrane potential,
especially with 500 nm PS
- Inhibition of plasma membrane-located ABC
transporter in 100 nm PS

No toxic effects
Magri et al., 2018 (ref. 129) - Caco-2 cell model - No cytotoxicity, no LDH release

- PET: 100 nm, laser ablated,
different characteristics

- Cellular uptake near lysosomes

- 1-30 mg mL�1 - Aer 24 h transport across Caco-2 layer was
visible, 3% transported
- No toxic effects aer 24 h

Stock et al., 2019 (ref. 132) - Caco-2 monoculture - Toxicity only in unphysiological concentrations
with 1 mm PS(�)- Caco-2/Raji B M-cell model

- Caco-2/HT29-MTX mucus model - Minimal uptake, highest with 4 mm (max. 3%), small
differences between models- PS: 1 mm, carboxylated

- PS: 4 & 10 mm, sulfonated - Macrophage polarization / no impacts on polarization
or differentiation- 1 � 103 to 1 � 1010 mm2 surface particles per mL

Hesler et al., 2019 (ref. 133) - Caco-2/HT29-MTX mucus model - No cytotoxicity
- PS: 50 & 500 nm - No signicant transport across barrier
- Carboxylated - Intercellular distribution of particles
- 0.01-100 mg mL�1 - Cellular uptake: Internalized cells were visible with

electron microscopy

Abdelkhaliq et al., 2018
(ref. 128)

- Caco-2 cell model - No cytotoxicity
- PS: 50 nm & 200 nm - Minimal transport, ranging from 2.82% (50 nm

(carboxylated)) to 13.9% (50 nm (sulfonated))
- Carboxylated or sulfonated - Composition of protein corona & surface of PS

inuence cellular uptake and transport- 15–250 mg mL�1

Stock et al., 2020 (ref. 147) - Inversed cell culture model for low-density
particles with HepG2

- Cytotoxicity only in overload situations

- PE: polydisperse
- 25-100 mg mL�1

Lehner et al., 2020 (ref. 149) - Caco-2/HT29-MTX co-culture with human blood
monocyte-derived macrophages and dendritic cells

- No cytotoxicity

- PP, PU, PA, tire rubber polydisperse - No release of inammatory cytokines
- No changes in barrier integrity
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concentrations below 100 mg mL�1 PS particles aer 24 h of
incubation.133 When treating Caco-2 cells and Caco-2-based co-
cultures with 1, 4 and 10 mm PS particles, functionalized with
carboxy- or sulfone-groups, a signicant decrease of Caco-2 cell
viability was only measured at very high concentrations of 1 mm
PS particles (1 � 108 particles per mL) in a combined CTB/MTT-
assay aer 48 h of incubation. Furthermore, the macrophage
cell-line THP-1 was used to investigate macrophage polarization
aer particle exposure. No impact on cell polarization or
differentiation into macrophages was observed.132 Another
study with an inverted cell culture system showed cytotoxicity of
low-density PE microparticles on HepG2 cells only in overload
situations above 25 mg mL�1.147 Aer 12 h of incubation with
This journal is © The Royal Society of Chemistry 2020
0.1 and 5 mmPS particles up to 200 mgmL�1, no impact on Caco-
2 cell viability and only weak toxic effects with respect to
oxidative stress and membrane integrity were observed.
Disruption of the mitochondrial membrane potential (stronger
with 5 mm particles) and inhibition of plasma membrane-
located ATP binding cassette (ABC) transporter activity
(stronger with 0.1 mm particles) were reported.148 The most
complex coculture model was used by Lehner et al., combining
Caco-2/HT29-MTX cells with human blood monocyte-derived
macrophages and dendritic cells. This model was used to
investigate different polymers like PP, tire rubber, polyamide
(PA) and PU by incubation via dry powder insufflator system to
aerosolize the particles directly on the intestinal model's
Nanoscale Adv., 2020, 2, 4350–4367 | 4359
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Table 2 Summary of the reviewed literature using in vivo models to study the effect of micro- and nanoplastics

Reference Study & particles used Main ndings Comments

Toxic effects
Deng et al., 2018
(ref. 134)

- 28 days mice study - Tissue accumulation in liver, kidney,
gut

- For critical comments refer to
135 and 136

- PS 5 & 20 mm - Inammation and lipid
accumulation in liver- 0.01, 0.1, 0.5 mg per day

- Daily oral gavage - Oxidative stress in liver

Lu et al., 2018
(ref. 150)

- 5 week mice study - Hepatic metabolism & gut
microbiota disorder

- PS: 0.5 & 50 mm - Decrease of colonic mucus secretion
& serum triglycerides

- Partly from the same authors like
Luo et al., 2019- 100 & 1000 mg L�1 (about 1.456 � 1010

particles per L for 0.5 mm and 1.456� 104

particles per L for 50 mm)
- Direct drinking with continuous
exposure for 5 weeks
- Particles were used as received - Water input not detected,

unknown amount of PS intake- Basic diet

Jin et al., 2019
(ref. 151)

- 6 week mice study - Increase of bile acids and their
metabolites in liver

- PS: 5 mm - Decrease of mucus secretion in
colon- 100 mg L�1 (approximately 1.456 � 106

particles per L) 1000 mg L�1

(approximately 1.456 � 107 particles per
L)

- Control group received water

- Direct drinking with continuous
exposure for 6 weeks
- Particles were used as received, stock
solutions were treated with ultrasound
for 30 min
- Basic diet

Luo et al., 2019
(ref. 152)

- Mice study with maternal & offspring
(F1, F2) mice

- Changes in serum and hepatic
markers

- Partly from the same authors like
Lu et al., 2018 and Jin et al., 2019

- PS: 0.5 & 5 mm - Fatty acid and metabolic disorders
in F1 offsprings

- Water input not detected,
unknown amount of PS intake

- 100 & 1000 mg L�1 - Gut microbiota dysbiosis and barrier
dysfunction- Maternal exposure during gestation

(from GD 0 to production day) through
drinking water, F1 & F2: No gavage

- Unknown feed supply

- Particles were used as received, stock
solutions were treated with ultrasound
for 30 min

Luo et al., 2019
(ref. 153)

- PS: 5 mm - Maternal metabolic disorder
associated with gut microbiota
dysbiosis and gut barrier dysfunction

- Control group received water
- 100 & 1000 mg L�1

- Maternal exposure during pregnancy
and lactation (�6 weeks) through
drinking water, F1 & F2: No gavage
- Particles were used as received, stock
solutions were treated with ultrasound
for 30 min

- Long-term metabolic consequences
in the F1 and F2 generations

No toxic effects
Stock et al., 2019
(ref. 132)

- 28 days HOTT mice study - Minor uptake in intestinal cells - Different type of particle
administration

- PS mixture: 1, 4 & 10 mm - Mice had altered genetic
background- 4.55 � 107 & 1.49 � 106 particles, 10 mL

per kg per bw
- No bioaccumulation in different
tissues

- Oral gavage 3� per week - No inammation, oxidative stress or
toxic effects

4360 | Nanoscale Adv., 2020, 2, 4350–4367 This journal is © The Royal Society of Chemistry 2020
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surface. They did not nd any cytotoxicity, release of inam-
matory cytokines or changes of the barrier integrity.149

The in vivo data are also limited with some scientically
disputed results. To get an overview, in vivo studies are depicted
in Table 2. In a 28 day study, mice were fed134 with 5 and 20 mm
polystyrene particles at daily doses of 0.01, 0.1 and 0.5 mg. The
mice showed a decrease of relative liver weight with liver
inammation and accumulation of lipid droplets. Dose-
dependent effects (from 0.01 to 0.5 mg per day) were noticed
on several markers related to energy metabolism, lipid metab-
olism and oxidative stress although not much difference
between the effects of the different particle sizes were detected.
Decreasing ATP levels and a rising release of LDH were
measured as parameters indicating liver toxicity. Alterations in
metabolic proles were also reported. The authors suggested
that ingestedmicroplastics could affect food absorption, inhibit
food digestion and may affect neurotransmission. However, the
implausibility of plastic particle uptake data in this study
strongly questions the validity of the results.135 In the study by
Stock et al., heme oxygenase-1 triple transgenic (HOTT) reporter
mice were treated orally three times per week for a total period
of 4 weeks with a mixture of 1, 4 and 10 mm PS particles. These
mice express the LacZ gene that is under control of the Hmox1
(heme oxygenase 1) promoter thereby providing a reporter
system potentially detecting oxidative stress and inammation.
The intestine (duodenum, jejunum, ileum, colon), kidney,
spleen, liver, testes, lung and heart were examined, but no
positive responses were observed.132 In contrast, Lu et al. re-
ported effects on hepatic lipid metabolism in mice aer expo-
sure to 0.5 and 50 mm PS microplastics through drinking water
for 5 weeks at concentrations of 100 and 1000 mg L�1. They
observed a decrease of body weight, liver weight, serum
triglycerides and total cholesterol as well as expression of key
genes involved in triglyceride synthesis. Furthermore, in intes-
tine, mucus secretion was decreased and gut microbiota
composition was impaired (at the phylum and genus levels).
Similar results were published by the same group (Jin et al. in
2019) with mice exposed to 1000 mg L�1 5 mm PS microplastics
for 6 weeks via drinking water. Accumulation of particles in the
gut, decrease of mucus secretion, dysfunction of the intestinal
barrier, gut microbiota dysbiosis and impairment of bile acid
metabolism were reported. Unfortunately, in these two studies,
the individual exposure could not be established as the volume
of water intake was not documented or controlled.150,151 The
effects of PS particles were also investigated in pregnant mice.152

The animals were exposed via drinking water to 100 and 1000 mg
L�1 PS particles with 0.5 and 5 mm in size during gestation and
serum and liver samples were analyzed in F1 offspring. Changes
in serum levels and hepatic markers (serum and total choles-
terol, serum and total triglycerides, HDL and LDL levels) as well
as fatty acid and amino acid metabolism changes were
observed. The bigger particles caused stronger effects. Average
body weights of the animals were not altered.152 In a second
study performed by the same group, the dams as well as the F1
and F2 offspring were analyzed aer maternal exposure of mice
to 5 mm PS particles during gestation and lactation. Again,
changes in liver metabolism, gut microbiota composition and
This journal is © The Royal Society of Chemistry 2020
gut barrier function were observed. Further analyses in the
offspring also showed metabolic disorders in the liver and
changes in serum biochemistry in the F1 generation as well as
long-term effects on the metabolism of lipids (aer 280 days).
They also found some effects in F2 offspring and concluded
long-lasting consequences of maternal PS exposure.153 In both
studies, the individual consumption of PS particles was not
reported or controlled. Other studies showing no effect should
not be misinterpreted, because the absence of evidence is not
evidence of absence, like emphasized by Leslie et al.154

Furthermore, dose–response relationships need to be taken
into account when trying to translate the ndings from high-
dose animal studies to humans which are likely to be exposed
to considerably lower levels of such particles. Moreover, more
detailed controls are necessary to exclude the possibility that
the effect could be based on substances from the solvent used
for the particle dispersions, monomers or contaminants.
Currently, most studies use particles as delivered or even treat
them with ultrasounds.

Conclusion

In summary, risk assessment of micro- and nanoplastics is still
not possible, due to various data gaps in terms of exposure,
biodistribution and related effects. Nevertheless, some
perspectives to target these open questions have been opened in
the recent years. For exposure assessment, existing analytical
methods, which are already used in nanotoxicological research,
need to be adapted and validated for micro- and especially
nanoplastics, particularly with respect to a quantication in
complex matrices such as food products. In principle, oral
exposure of consumers to microplastics is considered as
certain. A passage of a low percentage of ingested particles
through the gastrointestinal barrier appears possible, especially
for smaller and smallest particles. Cellular toxicity-related
effects have rarely been detected, mainly in overload situa-
tions and with rather unspecic endpoints. The overall number
of studies is still very limited. In vitro studies with model
particles oen used extremely high concentrations and in vivo
studies provided weak results, which do not allow an evaluation
that withstands critical considerations. Neither dose–response
relationships can be established, nor can molecular initiating
events be proclaimed which would allow generating adverse
outcome pathways as a helpful tool to integrate mechanistic
data into risk assessment. Long-term and chronic studies are
missing, too. Continuous efforts are required to obtain relevant
data to address gaps in the risk assessment of micro- and
nanoplastics found in human diets.
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49 L. Böhmert, L. Voß, V. Stock, A. Braeuning, A. Lampen and
H. Sieg, Isolation methods for particle protein corona
complexes from protein-rich matrices, Nanoscale
Advances, 2020, 2(2), 563–582.

50 C. L. Oliveira, F. Veiga, C. Varela, F. Roleira, E. Tavares,
I. Silveira, et al., Characterization of polymeric
nanoparticles for intravenous delivery: Focus on stability,
Colloids Surf B Biointerfaces, 2017, 150, 326–333.

51 S. Nagayama, K. Ogawara, Y. Fukuoka, K. Higaki and
T. Kimura, Time-dependent changes in opsonin amount
associated on nanoparticles alter their hepatic uptake
characteristics, Int J Pharm, 2007, 342(1–2), 215–221.

52 S. Stolnik, B. Daudali, A. Arien, J. Whetstone, C. R. Heald,
M. C. Garnett, et al., The effect of surface coverage and
conformation of poly(ethylene oxide) (PEO) chains of
poloxamer 407 on the biological fate of model colloidal
drug carriers, Biochimica et Biophysica Acta (BBA) -
Biomembranes, 2001, 1514(2), 261–279.

53 H. Zhang, K. E. Burnum, M. L. Luna, B. O. Petritis, J. S. Kim,
W. J. Qian, et al., Quantitative proteomics analysis of
adsorbed plasma proteins classies nanoparticles with
different surface properties and size, Proteomics, 2011,
11(23), 4569–4577.

54 H. Zhang, T. Wu, W. Yu, S. Ruan, Q. He and H. Gao, Ligand
Size and Conformation Affect the Behavior of Nanoparticles
Coated with in Vitro and in Vivo Protein Corona, ACS Appl
Mater Interfaces, 2018, 10(10), 9094–9103.

55 N. Bertrand, P. Grenier, M. Mahmoudi, E. M. Lima,
E. A. Appel, F. Dormont, et al., Mechanistic
understanding of in vivo protein corona formation on
polymeric nanoparticles and impact on pharmacokinetics,
Nat Commun, 2017, 8(1), 777.

56 L. K. Müller, J. Simon, C. Rosenauer, V. Mailänder,
S. Morsbach and K. Landfester, The Transferability from
Animal Models to Humans: Challenges Regarding
Aggregation and Protein Corona Formation of
Nanoparticles, Biomacromolecules, 2018, 19(2), 374–385.

57 A. P. Walczak, E. Kramer, P. J. Hendriksen, R. Helsdingen,
M. van der Zande, I. M. Rietjens, et al., In vitro
gastrointestinal digestion increases the translocation of
polystyrene nanoparticles in an in vitro intestinal co-
culture model, Nanotoxicology, 2015, 9(7), 886–894.

58 H. Sinnecker, K. Ramaker and A. Frey, Coating with luminal
gut-constituents alters adherence of nanoparticles to
intestinal epithelial cells, Beilstein journal of
nanotechnology, 2014, 5(1), 2308–2315.

59 M. Lück, B.-R. Paulke, W. Schröder, T. Blunk and
R. H. Müller, Analysis of plasma protein adsorption on
polymeric nanoparticles with different surface
characteristics, Journal of Biomedical Materials Research,
1998, 39(3), 478–485.

60 W. S. Cho, F. Thielbeer, R. Duffin, E. M. Johansson,
I. L. Megson, W. MacNee, et al., Surface functionalization
affects the zeta potential, coronal stability and
4364 | Nanoscale Adv., 2020, 2, 4350–4367
membranolytic activity of polymeric nanoparticles,
Nanotoxicology, 2014, 8(2), 202–211.

61 M. Lundqvist, J. Stigler, T. Cedervall, T. Berggård,
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