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ABSTRACT: Microplastics have been detected in various food types,
suggesting inevitable human exposure. A major fraction may originate from
aerial deposition and could be contaminated by ubiquitous pollutants such as
polycyclic aromatic hydrocarbons (PAHs). While data on the sorption of
pollutants to microplastics are abundant, the subsequent desorption in the
gastrointestinal tract (GIT) is less understood. This prompted us to
systematically investigate the release of microplastics-sorbed PAHs at realistic
loadings (44−95 ng/mg) utilizing a physiology-based in vitro model comprising
digestion in simulated saliva, gastric, and small and large intestinal fluids. Using
benzo[a]pyrene as a representative PAH, desorption from different micro-
plastics based on low density polyethylene (LDPE), thermoplastic polyur-
ethanes (TPUs), and polyamides (PAs) was investigated consecutively in all
four GIT fluid simulants. The cumulative relative desorption (CRD) of
benzo[a]pyrene was negligible in saliva simulant but increased from gastric (4
± 1% − 15 ± 4%) to large intestinal fluid simulant (21 ± 1% − 29 ± 6%), depending on the polymer type. CRDs were comparable
for ten different microplastics in the small intestinal fluid simulant, except for a polydisperse PA-6 variant (1−10 μm), which showed
an exceptionally high release (51 ± 8%). Nevertheless, the estimated contribution of microplastics-sorbed PAHs to total human
PAH dietary intake was very low (≤0.1%). Our study provides a systematic data set on the desorption of PAHs from microplastics in
GIT fluid simulants.

1. INTRODUCTION
As a result of the continuous increase in plastic production,
mismanaged plastic waste has commensurably increased to
emerge as a global health concern.1,2 At the present growth
rate in production, plastic waste is projected to triple from the
current estimate of 99 metric tonnes per year within the next
40 years.3 In the environment, larger plastic debris degrades
and fragments into smaller particles including micro- and
nanoplastics (MNPs), which are already ubiquitous.2,4

MNPs also have been frequently detected in several
beverages and food products such as tap and bottled water,5

fruits and vegetables,6 milk,7 beer and soft drinks,8,9 salt,10 and
different kinds of fish and fishmeal.11 These widespread
occurrences of MNPs in our ecosystem have made human
exposure inevitable. Evidence of MNPs in feces12,13 confirms
human consumption and subsequent passage through the
gastrointestinal tract (GIT). In addition, high concentrations
of different MNP particles have been reported in certain
indoor and outdoor air settings.14,15 In particular, the detection
of MNPs in human lung tissues confirms human inhalation
exposure.16 Notably, the majority of directly inhaled MNPs
may subsequently be swallowed into the GIT following

mucociliary clearance from the respiratory tract.17−19 Addi-
tionally, a significant fraction of the MNPs present in food is
estimated to be deposited from indoor air.20,21 However, while
these reports have generated concerns about the effects of
MNPs on human health,19 a direct adverse health effect
remains subject to controversy and uncertainty.22,23

It has been speculated that MNP particles might act as
carriers for environmental contaminants such as persistent
organic pollutants (POPs). Similar to MNPs, many POPs are
ubiquitous.24 For example, sorption of polycyclic aromatic
hydrocarbons (PAHs) to MNPs collected from the environ-
ment has been demonstrated.25−27 Therefore, it is conceivable
that MNPs entering the GIT via food, water and dust could
potentially contain sorbed environmental pollutants.28 Some of
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these microplastic-sorbed pollutants are highly toxic and are
known for their carcinogenic,29 mutagenic,29 immunotoxic,30

inflammatory, or endocrine-disruptive effects.31 In the GIT,
desorption of POPs, including PAHs, from ingested MNPs
could contribute to aggregate human exposure to chemicals.
Several studies have investigated the release of microplastic-

sorbed organic pollutants in marine organisms and birds using
artificial gut fluids or model simulations.32−35 Here, we focus
on the potential release of MNP-sorbed PAHs in the human
GIT as a continuation of our previous work,36 where we
systematically investigated the sorption of PAHs to MNPs.
Among the studied particles were intentionally produced
MNPs used in additive manufacturing applications. These
include variants of polyamide (PA-6) and thermoplastic
polyurethane (TPU), as well as cross-linked PU and PA-12,
which feature growing utilization in commercial 3D-printing.
For comparison, MNPs derived from polymers commonly
used for packaging and production materials such as low-
density polyethylene (LDPE), poly(methyl methacrylate)
(PMMA), as well as cryomilled end-of-life truck tire tread
were also investigated.
To provide realistic insight into the fate of MNP-sorbed

PAHs in the human GIT, a physiology-based in vitro digestion
model anchored on the DIN 19738 standard was modified to
sequentially simulate the release of PAHs from MNPs in the
saliva, gastric, small, and large intestine fluids. Therefore, 11
different MNPs and five photoaged MNP variants were loaded
with benzo[a]pyrene (B[a]P). As PAHs often occur as variable
mixtures, B[a]P is sometimes considered representative for
other PAHs owing to its ubiquity and well-characterized
toxicity.29 For comparison, anthracene (Anth) and dibenzo-
[a,l]pyrene (DB[a,l]P) were also investigated for selected
MNPs. Notably, unlike most studies on the desorption
behavior of microplastics,35,38,39 our work focuses on
polydisperse MNPs with environmentally relevant size
distributions, that have been produced from larger particles
through cryomilling deploying different sieve sizes. The
resulting particles feature polymer compositions, morpholo-
gies, and size ranges considered to be realistic for secondary
MNPs.
Moreover, efforts were made to estimate the extent to which

MNPs contribute to the overall intake of PAHs in the human
diet. While it has been suggested that the contribution via
marine organisms is negligible,34,37 the contribution of MNPs
to PAH intake in humans has been either estimated through
probabilistic modeling or remains undisclosed in the limited
studies that have examined PAH desorption from MNPs.38,39

Concerned by this paucity of data, the Food and Agriculture
Organization of the United Nations (FAO) and the World
Health Organization (WHO) recently estimated the signifi-
cance of microplastics to human PAH exposure using
contaminated fish and drinking water as models, albeit
assuming complete desorption of PAHs in the GIT.23,40

To the best of our knowledge, this is the first systematic
study on the in vitro release of MNP-sorbed PAHs in all four
human gastrointestinal compartments, which also provides an
estimate on the exposure to bioaccessible PAHs via MNP
intakes based on measured release rates.

2. MATERIALS AND METHODS
2.1. Materials and Chemicals. The MNPs from different

suppliers (see Table S1 for details) were cryomilled as
described in our previous study,41 and therefore varied in

size and shape as confirmed by scanning electron microscopy
(SEM) imaging (see the Supporting Information (SI), Figure
S1). In total, 11 MNP variants from six polymer classes were
investigated. Among them are additive manufacturing-relevant
polymers such as polyamides (PA-12_44, PA-6_42, PA-6_7),
polyurethane (PU_1C_arom), and thermoplastic polyur-
ethanes (TPUs). The TPUs42 consist of soft and hard
segments. The soft segments comprise polyester or polyether
polyols (termed ’ester’ or ’ether’), while the hard segments are
built from aromatic or aliphatic diisocyanates (termed ’arom’
or ’alip’). For comparison, low-density polyethylene (LDPE),
poly(methyl methacrylate) (PMMA), and Tire Rubber
particles were also studied.
The size distributions of the investigated MNPs are reported

in the SI (Section S1). Other physicochemical properties of the
MNP materials have been described in our previous study.36

To investigate the effect of photoaging on the desorption
behavior of the additive manufacturing-relevant MNPs,
selected MNP variants (PA-6_42, TPU_ester_arom and
TPU_ether_arom) were artificially aged via exposure to
ultraviolet (UV) light for 1000 and 2000 h following a
procedure described previously.43

Anth, B[a]P, DB[a,l]P (Table S2), anthracene-d10 (Anth-
d10), benzo[a]pyrene-d12 (B[a]P-d12), and dibenzo[a,i]pyrene
(DB[a,i]P) were purchased as analytical standards in
acetonitrile (purity ≥98.5%) from Neochema (Bodenheim,
Germany). Hexane (≥99% pure), hydrochloric acid (30% w/
v), and sodium hydroxide pellets (reagent grade) were
purchased from Merck (Darmstadt, Germany). Anhydrous
magnesium sulfate (99.5%), xylenes (99.0%) and formic acid
(≥88% w/v) were purchased from Sigma-Aldrich (Steinheim,
Germany). All components of the gastrointestinal fluid
simulants were purchased from Sigma-Aldrich (Steinheim,
Germany) in the highest available purity. Ultrapure water was
obtained from a Millipore Q-POD dispenser connected to a
Millipore milli-Q system (Darmstadt, Germany). All filtrations
were performed using 0.7 μm Whatman GF/F Glass
Microfiber filters.

2.2. Loading of PAHs onto MNPs. Before in vitro
digestion experiments, the MNPs were loaded with Anth, B[a]
P or DB[a,l]P using a batch-equilibrium method similar to that
described in our previous work.36 Briefly, 25 mg MNPs were
introduced into a Duran glass vial of 1 L approximate volume
(Mainz, Germany). Thereafter, 1.1 L water were introduced
into the vial using a Duran glass measuring cylinder (Mainz,
Germany) followed by the addition of either 2 μg Anth, B[a]P
or DB[a,l]P from the stock solutions. To achieve a high
loading of DB[a,l]P on PA-6_42 particles, 25 mg of the
polymer was weighted into a glass vial containing 50 mL water
and 10 μg DB[a,l]P. The mixtures were then incubated on a
magnetic stirring plate operated at 600 rotations per minute
(rpm) for 6 days at room temperature. After incubation, the
PAH-loaded MNPs were separated by filtration and dried
overnight inside a gas chromatography oven (Agilent,
Waldbronn, Germany) operated at 40 °C. The amount of
PAH loaded onto the MNPs, nMNP, was determined indirectly
from the amount in the aqueous phase, nw, by assuming mass
balance of the system (eq 1) according to

n n n(ng) (ng) (ng)MNP tot w= (1)

where ntot is the initial total amount of PAH spiked into the
vial. nw was determined by solvent extraction of the filtrate with
2 × 100 mL hexane (see Section S2), and subsequent analysis
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of the resulting extract by gas chromatography coupled to mass
spectrometry (GC-MS, see Section S4).
For verification, the equilibrium distribution coefficients

KMNP/w (eq 2) obtained from previously measured sorption
isotherms for PAHs and MNPs36 were utilized to calculate the
expected value for nMNP:

K
n M

n V
(L/kg)

( g)/ (kg)
( g)/ (L)MNP w

MNP MNP

w w
/ =

(2)

where MMNP and Vw are the mass of MNPs and volume of
water, respectively. As shown in Table 1, both methods yield
comparable values for nMNP.
Unlike for Anth and B[a]P, which partition mainly between

the water and MNP phases upon equilibration, for super-
hydrophobic compounds such as DB[a,l]P, sorption to the
glass vessels can be significant, whereby eq 1 would have
resulted in erroneous nMNP values. To circumvent this, the
amount of DB[a,l]P on LDPE_84 and PA-6_42 was
determined by dissolving the loaded MNPs in hot xylenes
(70 °C) and formic acid, respectively, followed by
quantification of the released DB[a,l]P by GC-MS (see
Section S2 for details). The results are presented in Table 1.
The B[a]P loadings of selected polymers determined with this
method confirm the values obtained with the other two
approaches.

2.3. Sequential Digestion of PAH-Sorbed MNPs in GI
Fluid Simulants. The in vitro digestion procedure in saliva,
gastric, small and large intestine fluid simulants was based on
the Deutsches Institut fur Normung (DIN) 19738 standard45

and a previous publication,46 but modified for the digestion of
PAH-loaded MNPs rather than soil or nanoparticles.
Importantly, the incubation times in different fluid simulants
(5 min in artificial saliva, 2 h in gastric, 4 h in small intestinal
and 18 h in large intestinal fluid simulants) represent average
digestion times in the human GIT, and therefore are
considered to reflect realistic desorption conditions, as
opposed to equilibration conditions relevant for characterizing

desorption in different environmental compartments. Of note,
the volumes of the fluid simulants applied for artificial
digestion (i.e., 40 mL for the gastric phase, 40 mL for the
small intestinal phase) are comparable to the average GI liquid
volumes of fasted humans.76 Increased volumes as a result of
food and beverage intake as well as lower particle
concentrations may shift relative desorption rates to higher
values.
100 mL Duran glass vials and PAH-loaded MNPs in the

mass range of 25−75 mg were used in the in vitro digestion
experiments as specified below. The fluid simulant (Section S3,
Table S3) for each GI phase was freshly prepared for every
experiment, and the pH was adjusted with 1 M HCl or NaOH
to the values shown in Figure 1, using a Knick 765 Calimatic
pH meter (Berlin, Germany). In vitro digestions were
performed by incubating samples in a Burgwedel shaker

Table 1. PAH Loads of MNPs Investigated in This Study (n = 2, Mean ± 2 SD)a

PAH concentrations on MNPs (ng/mg)

PAHs MNPs by mass balance (extraction of the aqueous phase) calculated from KMNP/w by MNP dissolution and solvent-extraction

B[a]P PA-6_7 79.1 ± 1.4 79.8 ± 0.2 82.8 ± 3.4
PA-6_42 79.5 ± 1.0 79.5 ± 0.2 81.2 ± 0.2
PA-12_44 79.4 ± 0.2 79.4 ± 0.2 _
LDPE_84 79.1 ± 0.4 79.1 ± 0.2 75.8 ± 44.4
Tire Rubber 78.8 ± 0.4 78.2 ± 0.4 _
PMMA_6 61.3 ± 0.6 63.8 ± 6.8 _
PU_1C_arom 70.3 ± 0.6 71.4 ± 4.8 _
TPU_est arom 79.0 ± 0.2 75.8 ± 0.6 75.4 ± 8.0
TPU_est alip 79.3 ± 0.2 77.2 ± 0.6 75.4 ± 8.2
TPU_eth arom 79.3 ± 0.2 76.7 ± 0.8 84.2 ± 22.4
TPU_eth alip 79.3 ± 0.4 77.4 ± 1.0 77.3 ± 2.0

Anth LDPE_84 46.0 ± 16.4 50.2 ± 13.0 _
PA-6_42 43.5 ± 2.6 55.7 ± 10.2 _

DB[a,l]P LDPE_84 _ _ 52.4 ± 13.8
PA-6_42 _ _ 95.1 ± 7.2

aAnth and B[a]P concentrations on MNPs were calculated by mass balance using the measured aqueous concentrations after loading. DB[a,l]P
loads were determined by direct extraction of the loaded MNPs. The loadings are comparable to values determined via pre-determined partition
coefficients KMNP/w

36 as well as direct extraction of selected MNPs. PAH loads on MNPs are within the range of total PAH concentrations in the
environment.44.

Figure 1. Workflow for the in vitro digestion of PAH-sorbed MNPs.
Each digestive phase was either analyzed for the amount of desorbed
PAH (↓) or transferred to the next stage (→) for sequential digestion.
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(Gesellschaft für Labortechnik GmbH, Germany) operated at
250 rpm and positioned inside an incubation chamber (Binder
GmbH, Tuttlingen, Germany) operated at 37 °C. All digested
samples were centrifuged using a 1S-R centrifuge (Thermo-
Fisher Scientific, Germany) and filtered using 0.7 μm
Whatman GF/F glass microfiber filters.
In vitro digestion in artificial saliva was performed by

transferring 15 mL of saliva fluid simulant to the digestion vial
and adjusting the pH to 6.5 ± 0.1. To start the digestion
procedure, a specific amount (25−75 mg) of PAH-loaded
MNPs was added to the vial, followed by 5 min incubation. For
gastric phase digestion, 40 mL gastric fluid simulant was
subsequently added to the mixture, and the pH was adjusted to
1.75 ± 0.1, followed by 2 h incubation. For small intestine
phase digestion, 40 mL small intestine fluid simulant were
subsequently added to the mixture, the pH was adjusted to 6.5
± 0.1 and samples were incubated for 4 h. Finally, digestion in
the large intestine phase was assessed by adding 15 mL large
intestine fluid simulant to the resulting mixture, the pH was
adjusted to 8.3 ± 0.1, followed by 18 h incubation. Likewise,
the untreated MNPs (without prior loading with PAHs) also
underwent sequential digestion as described above and the
resulting fluid simulants were analyzed for their PAH contents
as negative controls.
For each digestive phase, the desorbed PAHs were analyzed

by subjecting the samples to 15 min of centrifugation, followed
by filtration and the addition of internal standard to the
filtrates. 1000 ng of B[a]P-d12 and DB[a,i]P were used as
internal standards for B[a]P and DB[a,l]P, respectively, while
500 ng of Anth-d10 were used for experiments involving Anth.
To extract the desorbed PAHs, the filtrates were transferred
into a 250 mL separatory funnel and extracted with 2 × 5 and
2 × 25 mL hexane for saliva and gastric fluid simulant filtrates,
respectively. Small and large intestinal phase filtrates were
extracted using 2 × 30 mL hexane. For calibration, different
concentrations of the target PAHs were spiked into control
samples consisting of GI fluid simulants without PAH-loaded
MNPs. The calibration mixtures and samples were incubated
and processed identically. The resulting matrix- and method-
matched calibrations (Figure S3, Table S4) were performed
sequentially for each GI phase. The hexane extracts were
concentrated to <1 mL in a Buchi R-215 Rotavapor system
(Flawil, Switzerland) and analyzed by GC-MS. The cumulative
relative desorption (CRD) of the PAHs in each GI phase was
calculated according to eq 3, where ndes is the amount of PAH
desorbed in the fluid simulant.

CRD
n

n
(%)

(ng)
(ng)

100(%)des

MNP
= ×

(3)

2.4. Data Analysis. GC-MS data were processed with
MassHunter software (Agilent, versions B.06.00 and B.05.00).
Microsoft Excel 2016 was used for additional data processing.
Two-tailed t test analysis of the data was performed with
GraphPad Prism 9 (GraphPad Software, USA).

3. RESULTS AND DISCUSSION
We aimed to investigate the desorption of PAHs from 11
different MNPs (Table S1, Figures S1/S2). Initially, the MNPs
were loaded with PAHs to yield environmentally relevant
sorbate concentrations44 (Table 1, ∼44−95 ng/mg). The
PAH-loaded MNPs were then sequentially digested in different
GI fluid simulants as schematically depicted in Figure 1.

Thereafter, the digested mixtures were separated from MNPs
by centrifugation and filtration, and the resulting filtrates
containing the released PAHs were quantified via online-
coupled GC-MS using matrix and method-matched calibra-
tions (Figure S3, Table S4). From the obtained data we finally
assessed the potential human exposure to PAHs through the
ingestion of contaminated MNPs.

3.1. Desorption of Benzo[a]pyrene from MNPs
during Sequential Digestion in Gastrointestinal Fluid
Simulants. We initially determined to which extent
desorption of PAHs from MNPs would occur in the different
compartments of the GIT. To this end, we utilized B[a]P as a
representative PAH and examined the desorption from three
different MNPs (PA-6_42, TPU_est_arom and LDPE_84) in
specific GI fluid simulants (see Table S3 for compositions)
applying incubation times that correspond to typical retention
times during digestion.
The desorbed amount of B[a]P in the saliva simulant after 5

min of incubation was below the limit of detection (LOD, see
Table S4) and was therefore considered negligible for the three
studied MNPs. An increase in the cumulative relative
desorption (CRD, the sum of the released amount of PAH
during sequential digestion relative to the sorbed amount on
the MNPs) along the gastric and both intestinal fluid simulants
was observed in the order of LDPE_84 < TPU_est_arom <
PA-6_42 (Figure 2a).
Specifically, the CRD for B[a]P ranged from 4.0 ± 1.1% to

15.0 ± 3.5% for the three MNPs after 2 h incubation in the
gastric fluid simulant. A further 2.6 ± 1.7% to 9.8% ± 1.7% of
B[a]P desorbed upon transfer of the gastric chyme into the
small intestine fluid simulant and incubating the mixture for 4
h, resulting in CRDs of 13.8 ± 2.8% to 19.0 ± 1.8%. Lastly,
when the mixture was transferred to the large intestine fluid
simulant and digested for 18 h, an additional 4.9 ± 0.6% to
10.3 ± 4.1% of B[a]P desorbed from the MNPs. This resulted
in CRD values of 20.9% ± 1.3% to 29.3 ± 5.9% along the four
tested fluids simulating the passage through the whole digestive
tract (Figure 2a).
It has been suggested that proteins and enzymes present in

the gastric fluid simulant enhance the solubility of hydrophobic
compounds.47−50 As depicted in Figure 2b, mucin, bovine
serum albumin (BSA) and pepsin indeed facilitated the release
of hydrophobic B[a]P from PA-6_42 MNPs in this medium.
Specifically, a release of 8 ± 1% of the loaded B[a]P was
observed in the gastric fluid simulant in the absence of pepsin,
which increased to 17 ± 1% and 20 ± 5% when a
physiologically relevant pepsin concentration of 1.4 mg/mL
or a 3-fold higher concentration (4.2 mg/mL) was applied
(Figure S4). In addition, amphipathic bile acids in the small
intestine fluid simulants have been reported to promote the
solubilization of hydrophobic organic compounds, including
B[a]P,47,51,52 which may explain the observed relatively high
CRDs for this compartment. These results suggest that the
desorption of organic compounds from MNPs is dependent on
the GI fluid composition and the concentrations of individual
constituents. This underscores the need for a standardized
method to investigate the in vitro digestion of MNPs in order
to ensure data comparability.
Absorption of nutrients occurs mainly in the small intestine,

while in the large intestine, indigestible food components are
further processed by bacteria of the microbiome.53 Across the
three MNPs, approximately 5 to 10% of the total amount of
desorbed B[a]P were released into the large intestine fluid
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simulant (Figure 2a). Thus, the contribution to the overall
CRD is comparable to that observed in the previous two fluids
despite the much longer in vitro digestion time (18 h) in
relation to gastric (2 h) and small intestine (4 h) fluid
simulants. The rate of desorption is presumably slowed down
in the large intestinal fluid simulant after an initial rather rapid
desorption in the gastric/small intestine fluid simulants.54,55 In
total, the CRD for B[a]P did not exceed ∼30% across the
three investigated MNPs.

3.2. Comparison of the Cumulative Relative Desorp-
tion of B[a]P from Eleven Different MNPs in the Small
Intestine Fluid Simulant. Digestion and absorption of
ingested food and nutrients predominantly occurs in the
stomach and small intestine.53 We therefore decided to
compare 11 selected MNP variants for their cumulative
desorption of B[a]P during sequential digestion up to the
small intestine fluid simulant (Figure 3).
The CRD values for most of the MNPs were rather

moderate, typically ranging from 4% (PU_arom_1C) to 19%
(PA-6_42). Only PA-6_7 showed an exceptionally high CRD

(51%). This could be related to reversible water absorption by
PA-6 materials.56−58 Hydration may result in increased chain
segment mobility, thus significantly lowering the glass
transition temperature and stiffness of this polymer.59,60 This
could facilitate diffusion-driven transport of dissolved B[a]P
from the bulk matrix of the polymer to the aqueous medium.
Bulk sorption of estradiol sorbates to PA-6 powders was
indeed recently demonstrated by Hummel et al.61

The overall comparable CRD values can be explained by the
non-equilibrium conditions during in vitro digestion. The
cumulative release of B[a]P from MNPs in the small intestine
fluid simulant was determined after a total incubation time of
ca. 6 h. Previous studies demonstrated that equilibrium times
for the desorption of POPs from microplastics in GI fluid
simulants are in the order of weeks to years.54,55 Therefore,
unlike for sorption under quasi-equilibrium conditions, where
B[a]P distribution coefficients for the same MNPs differed by
over 100-fold,36 the desorption of B[a]P within typical time
frames for digestion in humans differed only by 10-fold.
The sorption mechanism presumably also has an influence

on the desorption rate. Apart from PMMA_6 and PU_ar-
om_1C, all other MNPs are derived from rubbery polymers,
where partitioning of B[a]P molecules into the bulk of the
particles, in addition to surface adsorption, is considered to
significantly contribute to the overall B[a]P load.36 Indeed, the
cross-linked PU_1C_arom MNPs desorbed the least B[a]P
(Figure 3), possibly due to restricted B[a]P diffusion through
the bulk polymer network.54

Particle size and surface area seem to have an influence on
the CRD, but other factors such as the chemical nature of the
polymers might be more important. Specifically, PA-6_7 and
PMMA_6 have similar size distributions (Section S1, Figure
S2) but the CRD of B[a]P from PA-6_7 was 3.5-fold higher
than from PMMA_6. When comparing the same polymer type
in two different size ranges, we found that the B[a]P release
was enhanced by 2.7-fold for the smaller-sized PA-6_7
particles compared to PA-6_42. However, this can be only
partially explained by the larger surface area to volume

Figure 2. (a): Cumulative relative desorption (CRD) of micro-
plastics-sorbed B[a]P during sequential in vitro digestion in different
human GI fluid simulants (n = 3, mean ± SD). (b): Effect of gastric
fluid simulant components on the CRD of B[a]P from PA-6_42
MNPs (n = 2, mean ± SD, * significantly different (p < 0.05), n.s. =
not significant at *).

Figure 3. Comparison of the cumulative relative desorption (CRD) of
microplastics-sorbed B[a]P during sequential digestion up to the
small intestine fluid simulant (containing the preceding saliva and
gastric fluid simulants). Each experiment was performed at least in
triplicate (n = 3, mean ± SD). The CRD values of PA-6_42,
LDPE_84, and TPU_est_alip are replotted from Figure 2a.
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ratio.25,62,63 The specific surface area, determined by the
Brunauer−Emmett−Teller (BET) method, is 6-fold higher for
PA-6_7 (2.16 m2/g) compared to PA-6_42 (0.37 m2/g).
These examples point to diffusion from the bulk of the MNP
particles also playing a role in the desorption process.
To investigate the influence of polymer aging on desorption,

PA-6 and TPU MNPs were photoaged via UV-light exposure
for 1000 or 2000 h, respectively, and subsequently loaded with
B[a]P. In contrast to sorption which was studied under quasi-
equilibrium conditions in water,36 photoaging had a negligible
effect on the CRD of B[a]P in the small intestine fluid
simulant (Figure S5). Interestingly, Fourier-transform infrared
(FTIR) spectroscopy of the aged and nonaged MNPs
indicated an increase in the carbonyl, hydroxyl and amine
functional group content on the MNP surfaces (Section S5,
Figure S6). This implies that increased surface functionaliza-
tion of the aged rubbery MNPs had no significant effect on
desorption, further suggesting that diffusion from the bulk of
these polymers is rate-limiting for desorption.
Considering the various influences of polymer type as well as

morphology, including pore volumes,38 and of the composi-
tions of the different GI fluid simulants on the desorption
process, it can be inferred that the release of PAHs from MNPs
in the GIT is a complex phenomenon. Further research is
needed to fully elucidate how individual factors specifically
modulate desorption of different POPs from MNPs.

3.3. Comparison of the Desorption of Different PAHs
from MNPs. To ascertain the cumulative relative desorption
of PAHs other than B[a]P from MNPs in the small intestine
fluid simulant, PA and LDPE particles were chosen as
examples, as these polymer classes showed the highest
sorption36 and desorption of B[a]P (Figure 3). PA-6_42 and
LDPE_84 MNPs were loaded individually with Anth and
DB[a,l]P. The PAHs differ in their physicochemical properties
(Table S2) and sorption behaviors.36 As shown in Figure 4a,

the CRD of PAHs sorbed to LDPE_84 differed by over an
order of magnitude and increased according to Anth (6 ± 1%)
< B[a]P (16 ± 1%) < DB[a,l]P (61 ± 13%), while for PA-
6_42, CRDs of 36 ± 2% (Anth), 19 ± 2% (B[a]P), and 46 ±
2% (DB[a,l]P) were quantified (Figure 4b).
Sorption of organic pollutants, including PAHs, to sorbents

such as LDPE and PA-6 can principally occur via both surface
adsorption64,65 and absorption into the bulk.61,66 Depending
on the specific contribution of each sorption mode, the relative

concentrations of the PAHs at the surface versus the bulk will
differ. In the case of DB[a,l]P in this study, surface adsorption
rather than bulk absorption may have dominated the sorption
process given its larger molar volume and very low water
solubility compared to Anth and B[a]P (Table S2). This
would explain the observed rapid and comparable desorption
of DB[a,l]P from the surfaces of LDPE_84 and PA-6_42
MNPs, which also have similar surface areas of 0.33 m2/g and
0.37 m2/g, respectively.36

For LDPE, B[a]P and particularly Anth are increasingly
distributed to the bulk due to their decreasing molar volumes
and thus enhanced diffusion during loading of the MNPs.
Within the limited time frame of the desorption experiment,
the release of Anth is therefore slowest since diffusion to the
particle/water interface is restricted.
Surprisingly, in the case of PA-6, a higher degree of

desorption was observed for Anth compared to B[a]P. This
behavior can be explained by the dynamics of (de)sorption in
PA-6 materials compared to LDPE. PA-6 is a polymer well-
known for its high-water absorption capacity.56−58 We
hypothesize that due to the higher water solubility of Anth,
this PAH is better solubilized from the bulk of the PA-6 MNPs
during swelling with the GI fluid simulants, thereby facilitating
its transport into the bulk of the liquid phase.
Analysis of both the small and large intestine fluid simulants

following sequential digestion of six selected pristine MNP
variants (without prior loading with PAHs) indicated that
none of the three investigated PAHs were released (Section S6
and Figure S7). However, for Tire Rubber particles, pyrene
was detected in both fluid simulants. It is noteworthy that Tire
Rubber is the only polymer investigated in this study that has
been exposed to the environment for extended periods. All
other MNPs are therefore unlikely to have accumulated POPs
including PAHs.27,67

4. ASSESSMENT OF THE CONTRIBUTION OF
MICROPLASTICS TO TOTAL HUMAN DIETARY PAH
EXPOSURE

Understanding the contribution of MNPs as carriers of POPs
such as PAHs is vital to assessing the potential health risk
posed by human exposure to MNPs. Released PAHs could
become translocated across the GI barriers via the gut
epithelial cells, among other pathways,23,68 and might become
distributed across the body or accumulate in specific tissues.19

To provide some insights into the contribution of microplastics
to the overall human PAH intake, we estimated the maximum
daily intake MDI of PAHs from MNPs with eq 4.23,69

MDI
C M Bioac

BW

( g/kg bw)
( g/g) (g) (%)

(kg bw)
PA H ingest SI=

× ×
(4)

Regarding the concentration of PAHs sorbed to MNPs, CPAH,
the values shown in Table 1 were utilized, which represent the
equilibrium sorption achieved in our previous study with
realistic aqueous PAH concentrations in the ng/L range.36

Notably, the resulting PAH loads (44−95 μg/g) are within the
range of total PAH concentrations (3.4−120 μg/g) quantified
from MNPs collected from the environment.44 For the mass of
ingested MNPs, Mingest, a real-life scenario estimate of 4.1 ×
10−6 g/capita/day70 was used. This was calculated as the
97.5th percentile of MNP intake from air, eight widely

Figure 4. Cumulative relative desorption of PAHs from (a):
LDPE_84, (b): PA-6_42 during sequential digestion up to the
small intestine fluid simulant (containing the preceding saliva and
gastric fluid simulants). Each experiment was performed at least in
duplicate (n ≥ 2, mean ± SD).
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consumed food types, two widely consumed fruits and four
popular vegetables70 (see Section S7 for a detailed analysis).
BioacSI is the bioaccessible fraction of PAHs released from
MNPs into the small intestine, where absorption of nutrients
but also of contaminants predominantly takes place. This
corresponds to the experimentally determined cumulative PAH
release in the small intestine fluid simulant (also containing the
preceding saliva and gastric fluid simulants, see Figure 3 for
B[a]P and Figure 4 for Anth and DB[a,l]P). Previous
assessments of the contribution of MNPs to human chemical
exposure either assumed 100% bioaccessibility of sorbed
chemicals23,40 or utilized probabilistically modeled values.70

We applied an average body weight BW of 70 kg in our
exposure assessment.
As depicted in Table 2, the estimated MDI values of the

three PAHs from the different MNP variants investigated in

this study range from 0.2−2.4 pg/kg bw/day. These results
allowed to estimate the individual contributions to the total
human dietary PAH intake TIcont (%) according to eq 5,

TI
MDI
TI

BW(%)
(pg/kg bw/day)

(pg/capita/day)
(kg bw)

100(%)

cont = ×

× (5)

where TI is the median dietary intake of PAHs by European
adults.71 TI values of 0.34, 0.17, and 0.63 μg/capita/day71 were
utilized for Anth, B[a]P, and DB[a,l]P, respectively (see
Section S7 for details).
As shown in Table 2, the estimated relative contribution of

MNPs as PAH carriers to the total dietary PAH exposure
under realistic scenarios is very small, with the highest
contribution estimated at 0.1% for PA-6_7. However,
uncertainties remain especially related to the magnitude of

MNP exposure, which could become significant at local
hotspots.72,73 Here, environmental MNP concentrations can
be several orders of magnitude higher than the general
estimate.74 Although it is unclear to what extent this elevates
the MNP uptake via food consumption and inhalation, the
contribution of MNPs as carriers of ubiquitous PAHs could be
significantly augmented if the exposure scenario involves a
local source of PAH pollution. Depending on the assumed
MNP uptake75 and PAH loadings, the calculated contribution
of MNPs as carriers of PAHs can increase to values far
exceeding the estimated human PAH uptake. Nevertheless,
based on the currently available knowledge on microplastic
ingestion, our study suggests that this contribution is very small
(∼0.1%).

5. CONCLUSIONS
In this study, the desorption of PAHs from a variety of
polydisperse MNP variants, including photoaged materials, was
investigated via a physiology-based sequential in vitro digestion
model based on the DIN 19738 standard. Using environ-
mentally relevant loadings of B[a]P as a representative PAH, a
cumulative release in the range of 21−29% was observed for
three different MNPs (PA-6_42, TPU_est_arom and
LDPE_84) after sequential passage through all four inves-
tigated fluid simulants. This emphasizes that the release of
these toxicologically relevant POPs from microplastic particles
upon ingestion can indeed occur to a significant extent.
When comparing the desorption of B[a]P from 11 different

microplastic materials up to the small intestinal phase, ten of
them showed moderate CRDs in the range of 4−19%, with
PA-6_7 being an exception (CRD: 51%). Presumably, the
high-water absorption capacity of this polymer facilitated
enhanced transport of bulk-bound B[a]P to the particle
surface. Photoaging of MNPs composed of TPU or PA-6 had
no significant effect on desorption, despite chemical alteration
of the polymer surfaces being observed via FTIR-spectroscopy.
This further highlights the predominant contribution of bulk
desorption of B[a]P for these particles.
In addition to B[a]P, the sequential desorption of Anth and

DB[a,l]P into the small intestinal fluid simulant was studied for
PA-6 and LDPE MNPs. The degree of desorption varied based
on both the type of PAH and the MNP material employed.
DB[a,l]P, for example, exhibited the strongest desorption from
both MNPs, presumably resulting from its predominant
adsorption to the particle surfaces. B[a]P and Anth showed
less but varying desorption, possibly due to different modes of
transport from the bulk to the particle surface for the two
polymers.
Finally, we estimated the contribution of MNPs as PAH

carriers to the total human dietary PAH exposure to be very
small (≤0.1%). Future studies will therefore investigate the
leaching of chemical additives and non-intentionally added
substances from real-life MNPs in human gastrointestinal fluid
simulants.
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Table 2. Estimated Maximum Daily Human Intake (MDI)
of PAHs from Ingested PAH-Contaminated MNPs and
Contributions to the Total Daily Dietary PAH Exposure
(TIcont)

PAH MNPs

estimated maximum
daily human PAH
intake (MDI) from

ingested MNPs (pg/kg
bw/day)

contribution of
MNP intake to total
daily human dietary

PAH exposure
(TIcont)

B[a]P PA-6_7 2.36 0.10%
PA-6_42 0.87 0.04%
PA-12 0.57 0.02%
LDPE_84 0.74 0.03%
PMMA_7 0.51 0.02%
TPU est_alip 0.63 0.03%
TPU est
arom

0.53 0.02%

TPU
eth_arom

0.46 0.02%

TPU eth_alip 0.40 0.02%
Tire Rubber 0.37 0.02%
PU_binder
1C

0.17 0.01%

DB[a,l]P PA-6_42 1.40 0.02%
LDPE_84 1.85 0.02%

Anth PA-6_42 0.92 0.02%
LDPE_84 0.17 <0.01%
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