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ABSTRACT: Human exposure to microplastic is recognized as a global
problem, but the uncertainty, variability, and lifetime accumulation are
unresolved. We provide a probabilistic lifetime exposure model for children
and adults, which accounts for intake via eight food types and inhalation,
intestinal absorption, biliary excretion, and plastic-associated chemical
exposure via a physiologically based pharmacokinetic submodel. The
model probabilistically simulates microplastic concentrations in the gut,
body tissue, and stool, the latter allowing validation against empirical data.
Rescaling methods were used to ensure comparability between microplastic
abundance data. Microplastic (1−5000 μm) median intake rates are 553
particles/capita/day (184 ng/capita/day) and 883 particles/capita/day (583
ng/capita/day) for children and adults, respectively. This intake can irreversibly accumulate to 8.32 × 103 (90% CI, 7.08 × 102−1.91
× 106) particles/capita or 6.4 (90% CI, 0.1−2.31 × 103) ng/capita for children until age 18, and up to 5.01 × 104 (90% CI, 5.25 ×
103−9.33 × 106) particles/capita or 40.7 (90% CI, 0.8−9.85 × 103) ng/capita for adults until age 70 in the body tissue for 1−10 μm
particles. Simulated microplastic concentrations in stool agree with empirical data. Chemical absorption from food and ingested
microplastic of the nine intake media based on biphasic, reversible, and size-specific sorption kinetics, reveals that the contribution of
microplastics to total chemical intake is small. The as-yet-unknown contributions of other food types are discussed in light of future
research needs.

■ INTRODUCTION

Humans are exposed to microplastics (MPs) everyday.1,2

These small particles (1−5000 μm) are omnipresent in our
food, including water and beverages, and air.3−7 The first
evidence of MP in human stools proves that these particles are
indeed ingested and can pass through the gastrointestinal (GI)
tract.8 This has raised concerns about the actual exposure and
impact on human health.6 While it is widely accepted that
humans are exposed to MPs, the magnitude, uncertainty, and
variability of MP exposure concentrations and intake rates
globally remain unknown. These uncertainties have resulted in
many controversies regarding the potential risks that MPs may
pose to human health.9,10

To date, only two studies have performed human exposure
assessments for MP by estimating total intake from different
intake media, deterministically.1,2 A major limitation in the
aforementioned studies is that there are discrepancies in the
databases used, due to the differences in MP definitions and
analytical techniques. Zhang et al.1 acknowledged these
discrepancies and thus made a conscientious effort to use
more comparable data. However, such methods would fail to
estimate MPs from other size ranges, inaccurately representing
the full MP continuum (1−5000 μm).11,12 Furthermore, single
exposure estimates based on average exposure rates may not
well represent the distribution of global MP intake rates.
Besides exposure, the fate and transport of ingested MPs in

the human body, which include intestinal absorption and

biliary excretion, have not been addressed in earlier studies and
remained largely unknown.9 Accumulation of MPs in the body
tissues could cause physical stress and damage, inflammation,
oxidative stress, and immune responses.13 To date, effect
studies examining MPs on human cells found little evidence of
impact on cell viability.14−17 However, it is uncertain if the
range of exposure concentrations used in such studies is truly
representative of the MP accumulated in body tissues.
Another speculated hazard from exposure to MPs is

chemical toxicity. Plastics contain a huge variety of added
and non-intentionally added chemicals.18 Furthermore, MPs
found in food types such as seafood and salt may have
adsorbed chemicals from the environment it originated from.19

The importance of MPs to influence chemical exposure in
humans has been highly debated.4,9 Past studies have only
considered 100% leaching of the chemicals from the
particles.3,6,20 Although legitimate as a worst case scenario,
this is not realistic since only a part of the chemicals in the
particles is bioavailable due to kinetic constraints and limited
gut residence time. The body also accumulates these chemical
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compounds through other routes of exposure, such as direct
ingestion of food and inhalation.21 Some of these compounds
would cause risk if total concentrations are higher than their
threshold effect concentrations, whereas carcinogenic com-
pounds do not have a dose threshold level.22 To evaluate the
actual risk and relative importance of MP as a chemical carrier,
the actual MP intake amount from known food types and
fraction of chemical leached as well as its associated

uncertainties need to be quantified for the full MP continuum
and chemicals residing in the particles.
The aims of the present study are to estimate the MP

exposure in children and adults via eight food types and
inhalation, and to assess the chemical contribution of MPs in
relation to total chemical intake. Furthermore, we aim to
compare the variability of MP abundance in the known eight
food types and air. To this end, a probabilistic lifetime MP

Figure 1. Schematic overview of the workflow for (A) the plastic model and (B) chemical model. (A) Green boxes and arrows indicate MP from
food; blue boxes and arrows indicate MP from air. Yellow boxes represent the parameter inputs. Grey boxes and arrows represent the outputs: the
MP amount accumulated in gut and tissue and amount egested. (B) Total MP intake calculated from the plastic model (shown at the inlet of the
stomach) was used to calculate total chemical leached from MP in the chemical model. Cm is the chemical concentration in gut fluid micelles, CW is
the chemical concentration in water in the gut, C1 and C2 are the chemical concentrations in the outer and inner phases of MP, respectively; k1 and
k2 are the sorption and desorption rate constants, respectively; k3 is the intrapolymer rate constant. Orange boxes represent the inputs for the
chemical model and orange-outlined ovals represent the models used to calculate the chemical distributions and leaching from MP. Histogram
symbols represent inputs with distributions. Green histogram: child (1−18 years); pink histogram: adults (19−70 years).
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exposure model for children and adults is developed that
accounts for the full variability of MP across different known
intake media and global intake rates. The accumulation of MP
in the body tissue and the amount egested in the stool are also
determined and quantified in terms of particle number and
mass distributions. To understand the potential risk of MP due
to plastic-associated chemicals, the transfer of a relevant suite
of chemicals from ingested MPs was simulated via kinetic
modeling under realistic conditions whereby a human is also
exposed to chemicals from dietary intake. Four representative
chemicals that are commonly detected in plastic23,24 were
investigated: (1) benzo(a)pyrene (BaP), (2) di(2-ethylhexyl)-
phthalate (DEHP), (3) 3,3′,4,4′,5-pentachlorobiphenyl
(PCB126), and (4) lead. These chemicals were selected as
they are widely known as main environmental pollutants due
to the high carcinogenic potencies of the organic com-
pounds,25−27 while lead toxicity can lead to blood disorders
and damage to the nervous system.28

■ MATERIALS AND METHODS
The probabilistic exposure assessment toolkit, Human
Exposure Assessment for Small mIcroplastics (HEASI),
comprises of two separate components (Figure 1): (A) The
“Plastic Model”, which calculates MP abundance in gut, tissue,
and stool with kinetic mass balance equations describing
transport processes in the GI tract; and (B) the “Chemical
Model” which uses the calculated MP intake from (A) to
quantify chemical transfer from MP to the human body under
realistic feeding conditions. Below, we provide the main
features and equations of the assessment. A full description and
list of fitted distribution parameters are provided in the
Supporting Information (SI). Compiled databases from
literature (Data S1−S6) are accessible in the following data
depository: https://github.com/nhazimah/heasi. Because mi-
croplastic is a diverse material and input data show
considerable uncertainty, the assessment was done probabilisti-
cally via Monte Carlo (MC) simulations, with n = 10,000
iterations for each of the calculation steps. Ranges presented
subsequently relate to the 90% confidence interval.
Plastic Model. The lifetime exposure to MPs for humans is

modeled as a mass balance of intake (i.e., dietary and
inhalation) and loss processes in the human body (via the
GI tract).29,30 The amount of MP in the GI tract per person,
CMP (particles/capita), per day is calculated as
MP in the GI tract (t) = (A) intake from food types + (B)

intake from air + (C) transfer of accumulated MP in the body
back to the GI tract − (D) loss from egestion.
In a mathematical form with terms A, B, C, and D in the

same order
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The amount of MPs accumulated in the whole body tissue
can then be calculated as
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For intake from food (eq 1, term A), index i refers to the n
food types assessed in the present study (here, n = 8, i.e., fish,

mollusc, crustacean, tap water, bottled water, salt, beer, and
milk), Ci is the MP concentration per media in terms of
number concentrations (particles/g) and Iri is the associated
daily ingestion rate (g/capita/day). We also accounted for
intestinal absorption ( fabs) as phagocytosis, endocytosis, and
persorption have been identified as mechanisms explaining
uptake of particles <10 μm.9,13,31−34 The fraction of particles
that is taken up by the human GI tract is relatively unexplored.
Most literature sources claim that intestinal absorption is low,
reaching up to 0.3% for particles with sizes up to ∼2 to 3 μm
based on rodent and ex vivo models.14,35−37 Here, we assumed
a fraction of particles, fabs of 0.3% of all 1−10 μm particles, is
absorbed in the intestines. This is a conservative average
estimate based on the range of absorbed fractions (0.2−0.45%)
measured in vitro using human colon tissue.38 The number of
particles in the 1−10 μm size range is based on the fraction,
fa,n, of the total number of ingested particles, complying to the
1−5000 μm power-law size distribution, which is explained in
the next section (eq 4). This bioavailable fraction of particles is
represented as an uptake process in the first term of eq 2.
MP intake from the air compartment (eq 1, term B) is

calculated with MP concentration (1−10 μm) in air, Ca
(particles/m3), and the inhalation rate, InR (m3/capita/day).
A fraction of inhaled particles is assumed to be deposited in the
nasopharyngeal cavity ( fdep) and then swallowed in the GI
tract. This fraction is assumed as a constant of 0.83.39

Swallowed particles from the air intake are also subjected to
intestinal absorption (second term in eq 2), and hence, fabs is
also included in this term.
Removal of MP from the tissue, Ctis (particles/capita), is

modeled as biliary excretion through the GI tract (term C in eq
1 and the third term in eq 2). Because the biliary excretion rate
constant, ktis (day−1), is unknown for humans and micro-
plastics, this was addressed using a scenario-based approach to
describe zero, minimum, median, and maximum biliary
excretion kinetic rate values based on three rat and mouse
studies on nanoparticles (<1 μm40) (Table S1).41−43 There-
fore, we assumed that the transfer rate of this pathway is
similar for both MPs and nanoparticles, which are able to
access organs and penetrate cell membranes.
Loss via egestion (eq 1, term D) is modeled with a loss rate

constant based on stool frequencies,44−49 kloss (day−1),
assuming that MP particles are not trapped in the GI tract.8

The amount of MP egested per stool mass per capita, Cstool
(particles/g stool/capita), can be further calculated based on
the gut steady state concentrations (CMP,SS) and stool mass
excreted per capita per day, Mstool (g stool) (eqs S1 and
S2).49−53

Plastic Model Inputs and Parameterization. A literature
review was performed to identify studies that reported plastic
concentrations in media relevant for human intake. Search
terms included: microplastic, plastic, fish, seafood, salt, human,
air, food. Searches were performed until March 2020 using
search engines Scopus and Google Scholar, and only studies
reporting original concentration data were reviewed. Targeted
searching was also conducted for databases or reviews
published by nongovernmental organizations and governmen-
tal agencies. A total of 134 studies was identified reporting MP
concentrations in nine media: (1) fish, (2) mollusc, (3)
crustacean, (4) tap water, (5) bottled water, (6) beer, (7) milk,
(8) salt, and (9) air (Data S1). For each source, a set of criteria
and assumptions was made to ensure the quality and utility of
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data for subsequent model analysis (see the Supporting
Information).
Food consumption data were collected from FOSCOL-

LAB,54 a database collated by the World Health Organization
(WHO) and Food and Agricultural Organization (FAO) on
chronic individual food consumption in different countries for
different age classes (https://apps.who.int/foscollab). The list
of search terms is provided in Table S2. Total mean ingestion
rates were used to represent the whole population (i.e.,
including nonconsumers of the food) and the data were
recategorized into two age groups: children (1−18 years) and
adult (19−70 years). Inhalation rates were based on two
studies55,56 and redefined according to the aforementioned age
groups (Table S3).
As most studies on MP occurrence in media associated with

human intake are still limited to pioneering research, some of
the methodologies that have been implemented thus far are
not yet fully adequate.57 To account for these inadequacies, we
have applied a series of calculations to allow for better
comparability among data with varying qualities, hence
improving data utility. The model parameterization comprises
the following three corrections (Figure 1A), which are
explained hereafter and in full detail in the Supporting
Information.
Correction 1: False Positives. Out of the 871 datasets

acquired for the exposure assessment, 203 datasets did not
conduct further spectroscopic identification to confirm if the
particles are indeed polymer-based.57,58 Among these 203
datasets, 35% of them reported that their size detection limit
was below 100 μm. As these studies may have overestimated
the MP concentrations, we applied a correction factor to
account for potential false positives. False positive rates for MP
visual identification have been reported by Lenz et al.,59 and
the success rates for <50 and 50−100 μm are 63 and 67%
respectively. Therefore, we assumed 65% (i.e., median success
rates of <50 and 50−100 μm) of the particles had been
correctly identified as MPs when the lower size limit detected
by the study was below 100 μm. For particles above 100 μm, it
is assumed that one can correctly identify MP through the
particle texture and shapes.
Correction 2: Realignment of the Size Range. To allow for

comparison of MP concentration data from studies targeting
different size ranges, we used the size realignment method of
Koelmans et al.12 supported by studies60,61 that have shown
that fragmented plastic particles in the environment generally
conform to a power-law size distribution. To realign the MP
concentrations from different size ranges, particle size
distributions (PSDs) for the different media in the present
study are required. We assumed the PSDs for food to be
different from that for air. The detailed approach for extracting
this information is explained in the Supporting Information.
We fitted the PSDs for 29 datasets from our literature review
with the power-law function (Figure S1 and Table S4),
according to Koelmans et al.12 (see the Supporting
Information).
Using the obtained power-law exponent, α, the MP

concentrations found within any size range can then be
translated into the expected MP concentrations for the default
size range by using a correction factor (CFscale), which scales
the integral of eq S3 for the measured (M) size range against
the default (D) range:12

=
∫

∫
=

−
−

α

α

α α

α α

−

−

− −

− −

Cx

Cx
x x
x x

CF
x

x

x
x

M M

D D
scale

1
1

0
1

1
1

0
1

M

M

D

D

0

1

0

1

(3)

For the food types, we adjusted the measured MP
concentrations to a default MP size range of 1−5000 μm.12

For air, the datasets were adjusted to a default range of 1−10
μm because it has been demonstrated that only particles in this
size range are filtered in the nose and may be swallowed via the
nasopharyngeal pathway.9,39 Based on the available PSDs from
the aforementioned 29 datasets, two power-law exponents
were defined, one for food (αfood) and one for air (αair). The
extrapolation of the MP concentrations to the default size
range was carried out using eq 3 with α values selected from
the probability density functions (PDFs) defined for αfood or
αair, via MC simulation in R.62 Convergence of the PDFs for
the realigned MP concentrations was obtained with 1000
iterations.
The parameter fa,n can be calculated following the same

principle as in eq 3, as a ratio of the integral between the
interval 1−10 μm to the integral between the interval 1−5000
μm:
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Correction 3: Translation of Gut to Muscle MP
Concentration in Fish. The MP concentrations in the GI
tract or stomach of fish, which were often reported in studies,
were used to estimate the MP concentrations in the edible
muscle tissue of the fish. Most studies investigating MP
occurrence in fish were conducted to understand if plastic was
ingested by the species. The direct application of these MP
concentrations is not useful for human dietary intake in our
exposure assessment as only a small fraction of the world
population eats the fish stomach. Therefore, to estimate the
MP concentration in the muscle tissue, we calculated the ratio
between the plastic concentrations in the muscle and gut of the
fish (CFmg) based on empirical data for seven fish species.63,64

The derivation of CFmg and its distribution is detailed in the
Supporting Information (Table S5).
Distributions were fitted to the MP concentrations in

different intake media and physiological data with packages
from R.65−68 Datasets with zero observations were omitted for
the distribution fitting; however, the probability of zero
observations was accounted for by assigning a fraction of the
generated random values from the MC simulations to zero
observation. Table S6 provides an overview of the inputs used
for the MP exposure model and the most appropriate
distribution functions selected based on goodness-of-fit
analyses (see the Supporting Information for details and
Data S2). Some distributions were represented as triangular
distributions when few data were available.

Plastic Model Simulations and Validation. The MP
amount per capita (CMP) was calculated numerically with the
deSolve package69 in R. We modeled two age group scenarios:
a child scenario where exposure starts at 1 year and continues
up to 18 years, and an adult scenario where exposure continues
from 18 years and goes on to the age of 70 years (UN average
global life expectancy in 2019).
Number concentrations and mass concentrations are both

relevant metrics for exposure and toxicological assessments.
The plastic model was first applied to number concentrations
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of MP particles. Then, particle numbers were converted to
mass concentrations based on size, shape, and density
distributions of the particles (see the Supporting Information).
These properties were defined from the literature survey in the
present study (Data S3 and S4). PDFs were fitted to the data
for each property, and the mass per particle was calculated for
food and air, respectively (Figure S2 and Table S7).
The amount of MP egested per stool mass was used as an

endpoint to validate against empirical data for the MP amount
in stool.8

Chemical Model. The chemical transfer from MP under
realistic feeding conditions is assessed via a two-step approach
using two submodels (Figure 1B). First, we used an established
physiologically-based pharmacokinetic (PBPK) model in
MERLIN Expo V3.0 (Man model),70 which predicts the
distribution of chemicals in the human body. A full description
of the chemical intake data and literature used to obtain PBPK
parameters are provided in the Supporting Information.
The second step consists of two separate approaches to

predict the amount of hydrophobic organic chemicals (HOCs)
and lead leached from MPs in the gut. For HOCs, the chemical
exchange is quantified based on kinetic parameters and the
concentration gradient between MPs and gut, using a
previously published biphasic kinetic model for organic
chemicals sorbed on MPs.71 The chemical exchange in the
fast and slow sorbing compartments is modeled as

=
· ·

· − + · +
C
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C k k C k C
d
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( )
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1 1
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where C1 and C2 are chemical concentrations in the fast and
slow reservoirs of the MP (μg/kg); k1 is the fast sorption rate
constant (d−1), k2 is the desorption rate constant (d−1), and k3
is the intrapolymer rate constant (d−1); and f1 is the fast
reservoir fraction (dimensionless). The rate constants for
desorption into gut fluids were quantified in earlier research71

and were rescaled to account for the diversity of particle sizes
based on Fick’s law of diffusion (see the Supporting
Information). Intake is the number of MP taken in per
media category per capita (particles/capita), Vgut is the volume
of the gut, which we assumed to be 0.6 L72 (note that this
choice is arbitrary because the total amount of chemical
leached (μg) is used in subsequent calculations), Cw is the
chemical concentration in the water of the gut calculated based
on the concentration in the gut lipids (Cgut) simulated from the
aforementioned PBPK model at a specific age assuming the
fraction of lipids in gut ( f lip.gut) is 0.05:

73

=C
C

f
K/w

gut

lip.gut
ow

(7)

with Log Kow = 6.13 (BaP), 7.6 (DEHP), and 6.89
(PCB126).74−76 At the time of intake (t = 0), the chemical
concentrations in the plastic compartments C1 and C2 are
assumed to be in equilibrium (C1 = C2), and the concentration
values are based on chemical concentrations in MPs found in
intake media, which is discussed in the next section.
As for lead, empirical data was used based on Godoy et al.77

(i.e., 23.2% leaching during the intestinal absorption phase) to

estimate the contribution of lead intake from MP to total
dietary lead exposure using the PBPK model.

Chemical Model Inputs. For the chemical model, four
representative chemicals were investigated: (1) BaP, (2)
DEHP, (3) PCB126, and (4) lead. Literature survey on
concentrations of these chemicals in organisms from the
pelagic or littoral zone and atmospheric particulate matter
chemical concentrations was performed (Data S5). These
concentrations were used as proxies for plastic found in
seafood and air, respectively. Additionally, the literature was
reviewed for chemical concentrations on plastic from food
packaging or manufacturing processes, which were used as
proxy for the beverages in the present study. Further
explanation for using these proxies is provided in the
Supporting Information.

Simulation of Chemical Distributions in the Human Body.
The distribution of chemicals in the tissues and organs of the
human body was simulated with the Man model in MERLIN-
Expo V3.0 from 0 to 70 years. Daily chemical intake of the four
representative chemicals was based on selected literature:
BaP,78,79 DEHP,80−82 PCB126,83 and lead84 (Data S6). For
PCB126 and lead, intake through inhalation was not
considered as atmospheric concentrations are negligible
compared to intake through food.85,86

Chemical Leaching from Plastic in Gut. We parameterized
the chemical exchange of HOCs in the present study for the
case of low density polyethylene (LDPE) as it is a common
polymer type57 and has the best available information thus
far.71 The amount of chemical leached from LDPE in the gut
was calculated using the MC approach and the aforementioned
biphasic reversible (de-) sorption model. First, we generated
10,000 particles (i) with different sizes for MP in food and air,
respectively, based on the aforementioned power-law ex-
ponents (i.e., αfood and αair). The mass per particle (mi) was
calculated for each ith particle using the density range of LDPE
(Data S4) and shape distributions (see the Supporting
Information).
The MP intake amount calculated with the plastic model for

the different media was redefined into four categories: (1)
pelagic zone (fish and salt), (2) littoral zone (mollusc and
crustacean), (3) packaging or manufacturing (tap water,
bottled water, beer, and milk), and (4) atmosphere. Finally,
the chemical concentrations on MP for each category were also
simulated probabilistically (Table S8).
The chemical concentrations in the fast (C1) and slow (C2)

reservoirs of the ith particle for each media category were then
solved numerically for a duration of 5 h per iteration (i.e., the
average transit time through the stomach and small
intestine87). Boundary conditions at gut transit time zero
were the initial chemical concentrations in MP and the
background chemical concentration in the gut from food only,
as obtained from the MERLIN-Expo Man model. Calculations
were performed in R using the deSolve package69 and iterated
10,000 times for each individual particle size. The amount of
chemicals (μg) released from MPs of each media category after
the gut transit time was then calculated based on the plastic
intake mass of that source (i.e., Intake × mi). The entire model
simulation was then repeated for selected timepoints (n = 20)
between 1 and 70 years of age having different chemical
concentrations in the gut, based on the man model simulation.
The 50th and 97.5th percentiles of the distributions of total
chemical leached from all MP intake media for these 20
timepoints were then interpolated with a cubic spline function
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to estimate the chemical intake from MPs in all years.
Subsequently, we resimulated the chemical biodistribution
using the Man model with the added intake of chemical
exposure via MPs and calculated the percentage change of
chemical concentrations in the adipose tissue (HOCs) and in
blood (lead). A positive change reflects an increased chemical
concentration in the tissue due to chemical desorption from
ingested MPs, whereas a negative change reflects a reduced
concentration due to absorption of chemical from the GI tract
by ingested MP.30,71,88,89

■ RESULTS AND DISCUSSION

Distributions of MP Occurrence in Food and Air. The
power-law exponent for food (αfood) was defined as a truncated
normal distribution with a mean of 1.60 ± 0.51 (n = 13)
(Table S1), and for air (αair), it was defined as a triangular
distribution with a minimum of 1.89, maximum of 2.24, and a
mode of 2.06 following two air studies.90,91 Based on the fitted
mean PSD for food, 75.3% of the full MP continuum (1−5000
μm) consists of small particles (1−10 μm), in terms of number
concentrations. For air, these particles account for 91.4% and
thus represent a significant proportion of the full MP size
range. However, only 22.7% of the datasets used in the present
study were able to account for these particles. Rescaling the
MP concentrations to the full MP size continuum was thus
necessary to not underestimate the concentrations.12 Fur-
thermore, in doing so, we accounted for the smallest particles
that are more relevant for accumulation in the body and
potential toxicity.9,13 The estimated power-law exponent for
food in the present study is in excellent agreement with the
exponents reported previously for PSDs of MPs in marine and
freshwater environments.61 Other studies have also reported
power-law exponents between 1.2 and 2.93 for plastic
fragmentation through impaction92 or natural processes in
the ocean.60 The variations in the exponents may be a result of
other processes at play, such as size selective emissions.
MP occurrence in eight food types and air were compiled as

data were available in sufficient detail and quality for these
intake media at the point of our analysis. The concentrations in
food were rescaled to the full MP continuum and corrected for
potential false positives accordingly (Figure 2A, Figure S3). We
found that among seafood, molluscs had the highest MP
concentration distribution with 50th and 95th percentiles of
8.07 particles/g TWW and 428.4 particles/g TWW,
respectively (Table S6). These percentiles are about four
times higher than the concentrations found for crustaceans and
up to 40 times higher than fish. Furthermore, fish had a higher
non-occurrence than the other seafood types. This may be
partly attributed to the feeding ecology of the organisms and
distribution of MPs in different environmental compartments.
Molluscs and crustaceans are mainly filter feeders and feed on
suspended materials, which may increase the likelihood of MP
ingestion.93 Moreover, molluscs are usually located at the
bottom of the water bodies within the sediments, where there
may be a high abundance of MPs deposited.94

Remarkably, the distributions of MP concentrations in the
liquids analyzed in the present study have a similar order of
magnitude, with 50th percentiles ranging from 125 to 337
particles/L (Table S6). Nevertheless, bottled water has 2.5
times higher median concentrations than the other packaged
beverages (i.e., beer and milk). This suggests that the MPs
mainly come from the polymer packaging material,95 since

beer and milk are packaged in glass, aluminium cans,96,97 or
tetrapak cartons.98

Salt has a wide distribution of MP concentrations based on
162 datasets from 65 locations, ranging across more than three
orders of magnitude. The 50th and 95th percentiles are 1.29 ×
103 and 1.19 × 105 particles/kg, respectively (Table S6).

Figure 2. MP concentrations and intake in each source. (A) Violin
plots of MP concentration in food (1−5000 μm) and air (1−10 μm).
Concentrations are presented as per gram of body wet weight (BWW)
for fish and crustacean, per gram of tissue wet weight (TWW) for
mollusc, per liter for all liquids, per gram for salt, and per cubic meter
for air. (B) Violin plots of MP number intakes (particles/capita/day)
and total MP number intake from food and air for an adult and child.
(C) Violin plots of MP mass intakes (mg/capita/day) and the total
MP mass intake from food and air for an adult and child. Black dashed
lines and the shaded gray region (14−714 mg/capita/day) indicates
the range of mass intake estimation by WWF,101 and the blue dashed
line (40 mg/capita/day) indicates the mass intake of inorganic
particles.102 The box plot is showing the median (middle line) and
interquartile range (box length). Note that data are only realistic
within the 95% confidence interval (horizontal line on the whiskers of
the box plot).
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Zhang et al.1 recently reviewed the MP abundances in table
salt globally and found that the abundances varied widely, with
the highest concentration at 2.0 × 104 particles/kg. However,
the authors acknowledged that the reviewed datasets could not
be compared with each other due to differences in analytical
methods used. Therefore, the present study has addressed this
non-alignment of datasets using a novel approach so that they
represent the full MP continuum and can be better compared.
The concentration of inhalable MPs (1−10 μm) in air is

36.3 particles/m3 and 19,000 particles/m3 at the 50th and 95th
percentiles, respectively. Standards for particulate matter
smaller than 10 μm (PM10) exist, and according to the
WHO, the annual mean of PM10 in ambient outdoor air should
be below 20 μg/m3.99 For comparison, we converted the MP
particle number concentrations to mass concentrations based
on the mass per particle PDF for air and found that the 95th
percentile of the distribution is about 0.011 μg/m3. Based on
the WHO’s air quality database from 2018, the average global
PM10 level is 72 μg/m3 and the lowest level by region is in the
high-income countries in Europe with a concentration of 22
μg/m3.100 Therefore, the MP concentration in the air has a
negligible contribution to the PM10 levels, even at the 95th
percentile.
Lifetime Exposure to Microplastic. Number of MP

Intake Per Capita. We estimated the global MP intake per
capita per day from each of the nine media probabilistically
(Figure 2B). The medians of the total MP number intake rates
found in this study are 553 (52.5−1.37 × 105) particles/
capita/day for children and 883 (86.4−1.68 × 105) particles/
capita/day for adults, and the distributions were highly right
skewed. Mean exposure amounts for the American population
estimated by Cox et al.2 fall in the lower 10th percentile of the
ranges estimated in the present study. This is because the
aforementioned study did not rescale particle number
concentrations to the full MP size continuum. This is
corroborated by our earlier finding that small particles (1−10
μm) make up about 75 to 90% of the overall particle
distribution and neglecting them results in a huge under-
estimation. Furthermore, single point estimates of consump-
tion rates for the American population may not be
representative of the global consumption rate distribution. In
a later review by Zhang et al.,1 MP intake ranges in salt,
drinking water, and inhalation were estimated. The median and
maximum values of the range reported for salt and air are close
to the upper 90th percentile range of MP intake in our study.
However, the range reported for drinking water was lower than
the 50th percentile of our distribution range for tap water.
Although previous studies have estimated MP intakes within
the 95% confidence interval of our distribution, their single
point estimates and ranges did not account for the full
variability of MP from different known intake media and the
global consumption rates, which is done here for the first time.
Mass of MP Intake Per Capita. Several past studies and

reviews have converted particle number concentrations using
conversion factors with a constant mass per particle
factor6,20,37,95 to evaluate the chemical risks of MP. Particle
mass was calculated simplistically assuming spherical particles
with a specific density and diameter. However, these
estimations do not account for the full MP continuum,
which comprises different particle sizes, shapes, and
densities.12,61 The single estimates used so far in simple risk
assessment calculations ranged from 0.007 to 4 μg/
particle.6,20,37 These estimates are above the 85th percentile

of the mass distributions reported in the present study (Figures
S2G,H). Our estimates show that the mean values are 5.65 ×
10−6 and 3.97 × 10−7 μg/particle for food and air, respectively.
This shows that previous studies have overestimated the MP
exposure and potential risks.
Among the nine media, the highest median contribution of

MP intake rate in terms of mass is from air, at 1.07 × 10−7 mg/
capita/day. Despite the smaller size (1−10 μm), the intake
rates and MP abundance in air are much higher than other
media (Figure 2C). At the 95th percentile, MP mass intake
distribution from bottled water is the highest among all media,
with intake rates of 1.96 × 10−2 mg/capita/day. Some
countries are still very reliant on bottled water as their main
source of drinking water since their piped water supplies may
be contaminated and unsafe for consumption. Therefore, this
source is an important route for MP exposure in these
countries. The lowest median intake rate is from fish (3.7 ×
10−10 mg/capita/day). As mentioned earlier, this can be
explained by the highest non-occurrence for fish and from the
fact that the median number concentration of MP in fish
muscle is only 0.18 particles/g BWW. This suggests that its
relevance for MP intake is low relative to other known media.
The total daily median MP mass intakes from the nine

media for children and adults are 1.84 × 10−4 (1.28 × 10−7−
7.5) and 5.83 × 10−4 (3.28 × 10−7−17) mg/capita/day,
respectively. A recent report by the World Wildlife Fund
(WWF) claimed that humans consume up to 5 g of plastic
(one credit card) every week (∼700 mg/capita/day) from a
subset of our intake media (Figure 2C).101 Their estimation is
above the 99th percentile of our distribution and hence, does
not represent the intake of an average person. Other types of
nano- and microparticles are also widely present in our diet,
such as titanium dioxide and silicates. It is estimated that the
dietary intake of these particles is about 40 mg/capita/day in
the U.K.102 Comparing our findings with the intake of other
particles, MP mass intake rates are insignificant, as they make
up for only 0.001% of these particles. However, this
comparison does not imply that the toxicological profiles of
these particles are similar.

Distribution of MP in Gut, Tissue, and Stool. MP
accumulation in the gut, tissue, and stool was simulated over
the average human lifetime (70 years) using the MP kinetic
model under four scenarios (Figure 3). Previous studies have
revealed that microsized particles between 1 and 20 μm can be
absorbed by the body through oral ingestion.9,13,14,31−34,103

Given this range of values, we assumed that MPs smaller than
10 μm (i.e., midpoint of the range) are absorbed and
distributed in the body then returned to the GI tract via
biliary excretion, parameterized with a biliary excretion rate
constant. Note that the cutoff at 10 μm to some extent is
arbitrary, as the model output obtained for a cutoff at 10 μm
can be easily converted to any other cutoff value using eq 4.
For the biliary excretion rate constant, four scenarios were
simulated: no biliary excretion (ktis = 0 day−1), minimum (ktis =
0.067 day−1), median (ktis = 0.61 d−1), and maximum (ktis =
8.30 d−1) (Table S1). We observe that the MP steady-state
abundance in the GI tract (i.e., at the end of the simulation for
each age group) is not sensitive to this parameter (p > 0.05;
Kruskal−Wallis), whereas the accumulation of MP (1−10 μm)
in the tissue is significantly affected (p < 0.05; Kruskal−Wallis)
(Figure 3A,B). This difference is due to the small contribution
of accumulated particles in the tissues ( fabs·fa,n and fabs·fdep ≈
20% of total ingested MPs), which are excreted via the biliary
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pathway, to the number of particles already in the gut. In the
worst case scenario where accumulated particles remain in the
body throughout the lifetime (i.e., zero biliary excretion), the
median concentration in the tissue is 5.01 × 104 (5.25 × 103−
9.33 × 106) particles/capita or 0.041 (8.15 × 10−4−9.85) μg/
capita at the end of 70 years (Tables S9 and S10). The
parameterization of this pathway is thus necessary to determine
the extent of the MP exposure in the tissues and could be

relevant for future effect studies. Note that biodistribution of
the MPs among different organs of the body was not explicitly
modeled, so this concentration relates to the whole body. In
reality, the particles will accumulate in certain tissues and
organs, potentially reaching much higher concentrations,
locally.103−105

The MP abundances in the gut and tissue compartments
were two to six times higher in adults than in children. Steady-
state abundance was reached after ∼40 days for each age group
since the minimum biliary excretion rate (which is the rate-
limiting process) is equivalent to a maximum half-life of 10
days. Therefore, even if a person lives beyond 70 years (i.e.,
past the model simulation time period), the abundance will not
increase in both compartments, unless particles trapped in the
body do not get eliminated as in the case for no biliary
excretion. The median steady-state MP abundances in the gut
are about 300 and 500 particles/capita for children and adults,
respectively, which translate to mass abundances ranging from
7.98×10−4 to 1.59×10−3 μg/capita (Tables S9 and S10). We
then estimated the MP abundance in stool based on gut
steady-state abundances (Figure 3C,D). This endpoint was
chosen as it is comparable to the only MP occurrence study in
humans to date.8 The median MP level (50−500 μm) found in
stools of adults aged between 33 and 65 years in the
aforementioned study is 2 particles/g stool.8 This lies within
the 80th percentile of our distribution for particles within the
same size range. Comparing the median levels, our model
estimates about 7% of the MP abundance found in the stool
samples. This suggests that MP intake exposure may be higher
than the intake amounts we estimate here based on known
media. This is reasonable since the food types considered in
the present study compose of 20% of the global average
diet.106

Weight of Evidence for the Role of MP as Chemical
Vectors. The chemical contribution from MP to total

Figure 3. Distribution of MP amounts in the gut and tissue
compartment at the end of the simulation for (A) a child (1−18
years) and (B) adult (1−70 years). Scenarios: no biliary excretion (ktis
= 0 d−1), minimum (ktis = 0.067 d−1), median (ktis = 0.61 d−1), and
maximum (ktis = 8.30 d−1). Distribution of the amount egested in
stools at the end of the simulation for (C) a child and (D) adult. Blue
violin plots represent the full MP continuum, and yellow violin plots
are scaled to the size range of 50−500 μm to compare with MP
concentrations in stool from the study by Schwabl et al.8 (black
dashed line). Note that data are only realistic within the 95%
confidence interval (horizontal line on the whiskers of box plot).

Figure 4. Percentage change of chemicals in adipose tissues as a result of additional chemical exposure via MPs (top panel) and the initial adipose
tissue concentrations from dietary intake of compounds (bottom panel). (A) BaP; (B) DEHP; (C) PCB126. The yellow highlighted parts show
how the percentage change varies depending on the change in adipose tissue concentrations. Inset in panel A shows the rate of change of chemical
leaching from MPs for ages between 43 and 52 years to demonstrate that the maxima adipose tissue concentrations coincide with the minima of the
leaching rate of chemicals from MPs.
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chemical intake was evaluated by probabilistically accounting
for the full variability of ingested MP and chemical
concentrations on the MP particles. Chemical leaching from
MP was modeled assuming biphasic reversibility, where the
direction of transfer is determined by the concentration
gradients between MP and gut tissue, with kinetics determined
by particle and chemical properties. In contrast, previous
reports by the European Food Safety Authority (EFSA)37 and
WHO6 were based on conservative calculations with highest
chemical concentration detected in beached pellets and single
MP intake measurements based on molluscs.107 The
estimation was based on an average particle diameter and
density and thus, not accounting for possibly slower kinetics
from much larger particles.
With our integrated and more realistic chemical modeling

approach, we demonstrate that at the 50th percentile of the
chemical concentrations leached, the change in the tissue
concentrations for the four chemicals is negligible (Figures 4
and S5). This also confirms our model assumption that
chemical leaching from MP would not substantially affect the
background chemical concentration in the gut originating from
food. In the more extreme cases (i.e., at the 97.5th percentile of
concentration leached from MPs), BaP showed the highest
percentage change in the adipose tissue concentrations with a
maximum of 17.4% increase (Figure 4A). PCB126 recorded
the highest contribution from MP exposure to dietary intake
(∼0.12% at the 97.5th percentile) among the analyzed
chemicals (Data S6). However, it only resulted in a small
change of 2% in the adipose tissues with additional exposure
via MP. These results illustrate that the proportion of chemical
exposure from MP intake to total dietary intake, which has
usually been used to evaluate the role of the vector effect,6,20,37

is insufficient to inform us about the eventual chemical change
in the body, due to the differences in biodistribution processes
for different chemicals.
The percentage change of tissue concentrations appears to

be erratic over the lifetime (Figure 4). Due to the processes
simulated in the Man model, the chemicals in the body do not
steadily increase over time (Figure 4). When there are higher
concentrations in the adipose tissue, the gradient for transfer
from the ingested MPs to the tissue is reduced and vice versa.
Therefore, maxima in the adipose concentrations caused by
dietary intake (lower panel A, yellow band), coincide with
minima of the leaching rate of chemical from MPs (see the
inset in Figure 4A). Interestingly, when the chemical leaching
rate from MPs is at a minimum turning point, the additional
chemical exposure via MPs results in a decrease in tissue
concentrations (i.e., negative percentage change) compared to
the zero plastic scenario (upper panel A, yellow band).
Conversely, the additional chemical exposure from MPs results
in an increase in tissue concentrations when the initial adipose
concentrations are at a minimum (Figure 4B).
We simulated the percentage change of lead in blood

assuming a constant percentage leaching from MPs over the
lifetime, as the aforementioned biphasic kinetic model is not
applicable for metals due to differences in chemical
behaviour.77 In addition, unlike the other compounds, lead is
usually measured in the blood for human exposure. The
percentage contribution of lead from MP exposure to dietary
intake is three to five orders of magnitude lower than the
aforementioned organic compounds, at the 97.5th percentile.
This resulted in a decreasing percentage change in the blood
over time due to the increased proportion of the chemical

body burden originating from dietary and inhalation intake
(Figure S5). Before the age of 10 years, the percentage increase
is greater than 5% and can reach up to almost 20%. Lead is
used widely in plastic as a stabilizer and also as a component of
paint.108 It has also been detected in plastic pellets and
fragments in the marine environment.109−112 Because the
contribution of MP in lead intake is not negligible, more
studies are warranted to understand the transfer kinetics of
lead in plastic under realistic gut conditions.

Outlook and General Implications. An MP human
exposure assessment toolkit (HEASI) is presented, which
applies innovative concepts and tools accounting for the
uncertainty and variability of MPs. Previous human exposure
assessments1,2 have neglected the complexity of MP mixtures
and did not take into account the discrepancies in the size
ranges and methodologies of the studies used in the
assessments. The HEASI toolkit also includes novel methods
of translating MP number concentrations to mass concen-
trations using probabilistic calculations for the full MP
continuum. We performed the assessment based on nine
intake media that were available during the predefined period
of our literature review. We found that the total MP intake
rates from these nine media are negligible when compared to
inorganic particles in terms of mass. Of the ingested MPs, the
smaller-sized fraction (1−10 μm) may be absorbed in the
intestinal region and become trapped in the human body
throughout the lifetime. In the case when there is limited
biliary excretion, the trapped particles would reach higher mass
concentrations in the whole body tissue than in the gut despite
the small particle sizes. Our methodology also allows us to
estimate the MP abundance in stools, an endpoint that can be
used for future calibration of the model.
Previous risk assessments that evaluate the role of MPs as

chemical vectors in humans have so far assumed worst case
scenarios in their calculations, with 100% instantaneous
leaching of chemicals.6,20,37 In the present study, we performed
a probabilistic assessment to evaluate the actual chemical
exposure via MPs in relation to dietary and inhalation intake of
compounds using the simulated MP intake rates and also
accounting for the full variability of the MP continuum. Our
methodology also includes quantifying the actual percentage
change in the body tissue concentrations with the added
chemicals from MP intake. We conclude that the contribution
of the MPs to chemical intake is small to negligible for the four
representative chemicals investigated in this study and yet still
not substantial for BaP (∼17%) and lead (∼20%) at the 97.5th
percentile of the amount of chemicals leached.
As the biodistribution of MPs is still unknown to date,

simulated concentrations of 1−10 μm MP in tissue relate to
the whole body. However, if these MPs do get trapped, they
may accumulate in specific tissues. In the research field of
engineered nanoparticles, studies have identified the liver and
spleen as main target organs for silver nanoparticles.113,114

Assuming that MPs behave similarly and accumulate mainly in
the liver, we estimate that local concentration could reach up
to ∼0.025 μg/L at the end of a human lifetime if there is no
biliary excretion. Since there is no data on MP occurrence in
human tissue specimens to date, our model can provide the
best estimate of local tissue concentrations, which can be
useful for future human effect studies.
At present, due to the paucity of data in other foods, our

estimates of the MP intake rates account for approximately
20% by mass of the total food consumed daily on average (i.e.,
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across different food cluster diets).106 As publications in the
field of MPs increase exponentially, a few new studies reported
MP occurrence in fruits and vegetables,115 and packaged
meat116 after our analysis date. However, these are only single
datasets for each food category and thus do not fulfill our
criteria for the present assessment. Between these food
categories, the estimated daily intakes of particles from fruits
and vegetables were higher, averaging at 1.50 × 107 particles/
capita/day (in adults with an average body weight of 70 kg)
with median sizes of about 2 μm.115 Based on our particle mass
distribution in food, the mass of these small-sized particles
would be less than 1 × 10−7 μg/particle. It is plausible that if
these food categories are considered, our model would predict
much higher MP mass concentrations accumulated in the body
than our earlier predictions. However, even if this would
increase up to seven orders of magnitude, this is still only
0.004% of the mass of inorganic particles ingested per day.102
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