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ABSTRACT: Soil is a primary sink for plastics, but the influence of
microplastics as carriers on terrestrial cycling of persistent
contaminants is poorly understood as compared to aquatic systems.
Studies to date have disregarded the potential fact that microplastics
are generally contaminated before their entry into soil. In this study,
earthworm Eisenia fetida was incubated for 28 d in a soil amended
with five common types of microplastics precontaminated with
polychlorinated biphenyls (PCBs) and polycyclic aromatic hydro-
carbons (PAHs) to elucidate contaminant transfer. Accumulation of
HOCs in E. fetida varied greatly among different plastic types and
HOCs. The freely dissolved concentration (Cfree) of HOCs showed
that desorption of HOCs from microplastics into soil was closely
related to plastic types and HOC hydrophobicity and was much slower for polystyrene or polypropylene than polyethylene.
Biodynamic model analysis suggested that ingestion of microplastics could act as a significant pathway for some microplastics, likely
due to HOCs on the plastics being in an “over-equilibrium” state. This was in contrast with mixing clean microplastics into HOC-
contaminated soil, where the microplastics decreased bioaccumulation. Therefore, whether microplastics serve as facilitators or
inhibitors of HOC bioaccumulation depends on the fugacity gradient of HOCs between microplastics and soil, which highlights the
importance of considering the sequence of contamination between the plastics and soil. These findings also question the validity of
short-term experiments because of the generally very slow partition kinetics of HOCs on plastics.

■ INTRODUCTION
The widespread contamination of microplastics (i.e., plastic
particles ranging from 0.1 μm to 5 mm) has raised significant
concerns due to their adverse ecological effects.1−6 Deleterious
physiological and biochemical effects from direct ingestion of
microplastics have been well documented for aquatic
organisms, including marine mammals,7 seabirds,8 fish,9,10

turtles,11 and aquatic invertebrate.12,13 Recent studies also
demonstrated that microplastic contamination may be harmful
to terrestrial faunas.14−17 Furthermore, due to their hydro-
phobicity and large specific surface areas, microplastic particles
have been shown to sorb various hydrophobic organic
contaminants (HOCs).18−20 Therefore, in addition to their
direct effects, microplastics may act as carriers for transferring
HOCs into organisms.21

A number of experimental and mathematical modeling
studies have considered the potential for microplastics acting
as HOC carriers in aquatic environments.22−26 Even though
terrestrial environments are the direct and primary sink of
plastics,27−29 our understanding of microplastics as a HOC
carrier for soil-dwelling organisms is relatively limited.
Microplastics may enter soil through a range of routes, i.e.,
application of sewage sludge, disposal of wastewater effluent,
and use and disposal of plastic mulch and greenhouses in
agricultural production.30,31 Because of the general affinity of

HOCs for plastics and the environmental stability of both
HOCs and plastics, previous studies have shown contami-
nation of various HOCs (e.g., PAHs, PCBs, PBDEs) on
microplastics collected from the environment.25,32 Hence, a
more realistic scenario is that these contaminants are already
present on microplastics before their entry into soil. This is in
contrast to studies to date (e.g., Besseling et al., 2013; 2017;
Wang et al., 2019) where the influence of microplastics on
HOCs bioaccumulation was evaluated by adding contaminant-
free plastics.23,33,34

When microplastics are present in a soil, they act as another
sorbent phase, in addition to soil, for HOCs. Therefore, in a
soil containing microplastics, HOCs are physically present in
three forms, i.e., sorbed to the soil solid phase, dissolved in soil
porewater, and sorbed to plastic particles. From voluminous
literature, HOC sorption to and desorption from plastics are
kinetically slow, ranging from weeks to even years under static
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conditions, especially for strongly hydrophobic HOCs.35,36

Such time scales are likely orders of magnitude longer than the
equilibria for the same HOCs between soil and water, or
between biological tissues and a gut fluid.37−39 Therefore,
central to the influence of microplastics on HOC bioaccumu-
lation is the slow sorption/desorption kinetics of HOCs on
plastic particles, which, as a rate limiting step, may be expected
to play a pivotal role in influencing bioaccumulation of HOCs
by soil-dwelling organisms. To date, only a few modeling
studies have addressed the role of the reversible sorption on
HOC accumulation in aquatic organisms.22,23,26 Knowledge
gaps still surround the extent to which microplastics affect
bioaccumulation of HOCs.
In this study, we characterized bioaccumulation of HOCs in

soil by the earthworm Eisenia fetida after introduction of
precontaminated microplastics and further compared the
results with that after the addition of clean microplastics to a
contaminated soil. We hypothesized that (i) HOCs sorbed to
microplastics can be assimilated by earthworm E. fetida, (ii) the
efficiency in transfer of HOCs differs between the two
scenarios due to constraints originated from the slow sorption
kinetics, and (iii) the difference further depends on the types
of plastics and HOCs.

■ METHODS AND MATERIALS
Materials. High-density polyethylene (HDPE), low-density

polyethylene (LDPE), polystyrene (PS), polypropylene (PP),
and polyvinyl chloride (PVC) particles were chosen as the
typical microplastics due to their frequent detection in the
environment.2,3 The particles were sieved to the size range of
250−300 μm to be representative of microplastics in soil.41

The particles were then cleaned with methanol to remove the
adsorbed chemicals, dried at 40 °C, and stored at 4 °C before
use. Standards of three PCB congeners, including PCB52,
PCB70, and PCB153 and three PAHs, including fluoranthene
(FLA), pyrene (PYR), and benzo[α]pyrene (BaP) were
chosen as the model HOCs. Thin polydimethylsiloxane fiber
(430 μm diameter, 35 μm thickness) was used for the solid
phase microextraction (SPME) to detect the freely dissolved
concentration (Cfree) of HOCs in the soil porewater. A sandy
loam soil was collected from the Agricultural Experiment
Station at University of California, Riverside. Adult E. fetida
with well-developed clitellum were purchased from Uncle Jim’s
Worm Farm (Spring Grove, PA). More details on these
materials are given in Supporting Information (SI).
Preloading of HOCs onto Microplastics. The micro-

plastics were preloaded with HOCs through sorption in
deionized water. Briefly, 10 g of each type of microplastic
particles and 200 mL of deionized water were added into a 500
mL glass jar. A stock solution in acetone (100 μL) containing
all six HOCs was added. The jars were sealed and horizontally
shaken at 120 rpm at room temperature for 30 d. The
microplastics particles were collected by filtering the solution
through a glass fiber filter paper, rinsed with deionized water,
air-dried, and stored at 4 °C before use. The initial chemical
concentrations on microplastic particles were determined by
GC/MS. The analytical details and the total concentrations on
microplastics are given in SI.
Bioaccumulation Experiments. A similar protocol to

Wang et al. (2019) was followed, with the exception that
HOCs were introduced into soil via the means of
precontamination of microplastics.34 Briefly, adult E. fetida
with similar sizes were removed from the culture, rinsed in

water, and kept on damp filter paper in the dark for 48 h to
void their gut content. The worms were then exposed in three
different treatments: noncontaminated soil only (unamended
control), noncontaminated soil amended with 0.1% (w/w)
HOC-contaminated spiked microplastics (0.1% MP), and
noncontaminated soil amended with 1% HOC-contaminated
microplastics (1% MP). These amendment rates of micro-
plastics were likely well above environmentally relevant levels
and were selected to facilitate quantitative evaluation of HOC
transfer processes.40 Five earthworms and 200 g of the treated
soil (dry weight) were introduced into glass beakers, and
deionized water was added to keep the soil moisture content
constant (20.0 ± 1.0%). Three replicates were employed for all
treatments. After exposure for 28 d, the worms were retrieved
and the tissue concentrations of PAHs and PCBs were
analyzed following a previously published method, and the
details are given in SI.33

Measurement of Cfree in Soil Porewater. A previously
established SPME method was used to measure the freely
dissolved concentration Cfree of HOCs in soil porewater to
understand the influence of treatments on contaminant
bioavailability.41 Briefly, a 1 cm PDMS fiber was placed into
5.0 g of the soil, followed by the addition of 200 mg/L sodium
azide solution. The sample vials were gently mixed on a
horizontal shaker at 120 rpm for 28 d at room temperature.
The fibers were retrieved and the HOC concentrations on the
fibers were analyzed by GC/MS. Details on extraction and
instrumental analysis are given in SI. The Cfree was derived by
dividing the concentration in the PDMS fiber (CPDMS) over the
PDMS-water partition coefficients KPDMS

41

=C
C
Kfree

PDMS

PDMS (1)

Biodynamic Modeling of HOC Accumulation in E.
fetida. To compare the relative contributions of the different
routes of exposure, i.e., microplastic ingestion, soil particle
ingestion and dermal uptake, to the HOC accumulation in E.
fetida, a modified biodynamic model based on steady-state
conditions was parametrized to describe the mass balance of
chemical uptake and loss processes23,26,34

= × + × × ×

+ × × − ×

C

t
k C IR S a C

IR S C k C

d

d
B,t

derm W soil soil soil

PL PLR,t loss B,t (2)

where dCB,t/dt (μg/(g × d)) is the total accumulation of
HOCs in the earthworm; kderm × Cfree is the uptake from
dermal sorption via porewater, which is the product of Cfree in
the porewater (μg/L) and the dermal uptake rate constant
kderm ((L × μg)/d); IR × Ssoil × asoil × Csoil represents the
accumulation through soil ingestion, with IR as the soil
ingestion rate (g/(g × d)), asoil the absorption efficiency from
the ingested soil, Ssoil the mass fraction of soil in the diet, and
Csoil the HOC concentration in the soil; and IR × SPL × CPLR,t
equals the accumulation through plastic particle ingestion, with
SPL as the mass fraction of plastics in the diet and CPLR,t (μg/g)
the net concentration transferred from plastic during gut
passage at time t. The sum of mass fractions of soil and plastic
particles in the diet is assumed to be 1, i.e., Ssoil + SPL = 1. The
overall loss through elimination and egestion is given by kloss ×
CB,t, where kloss (d

−1) is the first-order rate constant for the
loss. Additional details on the parameters and the model are
shown in the SI.
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Quality Control and Statistical Analysis. All measure-
ments were conducted in triplicates, and the results were
expressed as mean ± standard deviation. External surrogates
and internal standards were used in all samples to monitor the
extraction efficiency and calibrate for potential instrument drift.
A known amount of HOCs was spiked into clean plastics or
earthworms to measure the method recovery, which ranged
from 82.7 ± 4.5% to 112.5 ± 3.2%. The limits of instrumental
detection of the six HOCs were 0.05−0.1 ng/mL. An eight-
point calibration curve ranging from 1 to 500 ng/mL was used
for instrumental calibration, and the regression coefficient was
≥0.99. Statistical differences (one-way analysis of variance,
ANOVA) between different groups were performed with the
SPSS 19.0 software package. All of the plots were created using
Origin 2019b. Differences were considered statistically
significant at p < 0.05.

■ RESULTS AND DISCUSSION

Bioaccumulation of HOCs in Earthworm. The accumu-
lation of HOCs in E. fetida in soil amended with microplastic
particles precontaminated with HOCs was assessed by deriving

lipid normalized HOC concentrations in the earthworm. E.
fetida was found to accumulate HOCs in all treatments (Figure
1). For example, in the soil with 0.1% LDPE microplastic
amendment, the summed concentrations of the three PAHs
and three PCBs were 0.29−0.76 and 1.36−4.69 mg/kg,
respectively. Amendment of the contaminated microplastics
at the higher rate resulted in further increases in the tissue
concentration; the lipid content normalized tissue concen-
trations of three PAHs and three PCBs increased to 1.21−5.71
and 9.43−28.97 mg/kg, respectively, in the soil with 1% LDPE
microplastics. The concentrations of individual HOCs in the
earthworm further varied with the types of plastics. The tissue
HOC concentrations were consistently higher in the soil
amended with polyethylene microplastics than with the other
plastic types. For instance, in the soil amended with
microplastics at 1%, the mean PCB52 concentrations in the
earthworm were 18.12 and 16.20 mg/kg for LDPE and HDPE,
respectively, which were significantly higher (P < 0.05) than
those for PVC, PS, or PP (11.19, 3.87, and 2.49 mg/kg,
respectively). Similarly, the mean tissue concentrations of FLA
in the soil amended with LDPE and HDPE were 3.78 and 4.71
mg/kg, respectively, which were 2.2−5.9 folds that in the PVC,

Figure 1. Concentrations of HOCs in earthworm tissues after exposure to soil amended with 0.1% or 1% contaminated microplastics. HDPE =
high-density polyethylene; LDPE = low-density polyethylene; PS = polystyrene; PP = polypropylene; PVC = polyvinyl chloride. Data are described
as mean ± SD (n = 3).
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PS or PP amended soil. In the soil amended with microplastics
at 0.1%, a similar pattern was also observed for the three PCB
congeners, although statistically significant difference was not
always found in the tissue concentrations of the three PAHs
between the polyethylene plastics and the other types of
plastics, likely due to the lower amendment rate and
uncertainties in measurement.
To compare the efficiency in the transfer of HOCs between

microplastic and natural soil particles, the unamended (plastic-
free) soil was spiked with the six HOCs at concentrations
similar to those with 1% precontaminated LDPE. After
exposure for 28 d, the lipid normalized levels of HOCs in
earthworm in the unamended soil were significantly higher
than those in the soil amended with microplastics. For
example, the mean tissue concentrations of PCB70, PCB 153,
and BaP were 59.04, 29.46, and 16.25 mg/kg lipid,
respectively, which were 2.0−3.1 times higher than those in
the soil amended with 1% precontaminated LDPE (Figure S1).
This finding implied that under the experimental conditions,
microplastics not only acted as the source of HOCs but also
served as a stronger sorptive sink than soil organic matter,
leading to an overall reduced HOC bioavailability. In our
previous study (Wang et al., 2019) where clean microplastics
were added in HOC-spiked soil, the earthworm tissue
concentrations of HOCs in soil without microplastics were
1.9−2.6 fold higher than those in the soil amended with LDPE
at 1%.34 The likewise decreases in tissue concentrations caused
by microplastics in relation to plastic-free soil suggested that
plastic particles can simultaneously serve as both a source and
a sink for HOCs. The overall negative influence of micro-
plastics on HOC bioavailability in soil is likely driven by the
fact that sorption/desorption kinetics of HOCs for plastics is
considerably slower than that for soil or biological tissues. It
must be noted that in the real environment, the level of
microplastics in soils is likely much lower than those
considered in this study; therefore, the role of microplastics
acting as a competitive sink for contaminants may be
significantly smaller.
In Wang et al. (2019), the same soil as in the present study

was first treated with the same suite of HOCs, and
contaminant-free microplastics were then amended at 0.1%
or 1%, followed by a 28 d bioaccumulation assay using E.
fetida.34 Given that the two studies were conducted under
essentially the same conditions, with the exception that HOCs
entered the soil differently, i.e., via contaminated soil or
contaminated microplastics, biota-soil accumulation factor
(BSAF) was calculated for both studies using the total soil
concentration as the denominator (Figure 2). BSAFs for the
treatments with precontaminated microplastics in this study
were smaller than those in the previous study. For example,
BSAFs for PCB52, PCB153, and BaP were 223.3, 103.6, and
18.8, respectively, in this study, which were smaller than those
in the previous study (302.1, 154.3, and 108.9, respectively).
Even greater differences were observed for the treatments with
1% PS microplastics. The BSAFs of PCB52, PCB153, and BaP
in the precontaminated soil amended with clean PS were
364.8, 180.5, and 204.5, respectively, which were 6.81−32.6
times greater than those in the clean soil amended with 1%
precontaminated PS particles. The relative decreases in
bioaccumulation by the earthworm when contaminated
microplastics were introduced into a plastic-free soil suggested
that the bioavailability of HOCs under the simulated
conditions was inhibited, likely due to slow desorption of

HOCs from the microplastics into the soil, leading to lower
HOC levels in the soil porewater (Cfree) and on the soil
particles (Csoil), as compared to the contaminated soil
treatments. This effect was more pronounced for microplastics
such as PS, suggesting that desorption of HOCs from PS
particles was comparatively slower than that for PE particles.

Cfree of HOCs in Soil Porewater. When precontaminated
microplastics enter soil, HOCs are desorbed from micro-
plastics into soil porewater, and a fraction of the desorbed
HOC is subsequently adsorbed onto soil particles. Therefore,
HOCs may be assimilated by earthworm via two general
routes: dermal absorption via soil porewater and ingestion of
contaminated soil and plastic particles.42,43 To evaluate the
relative contribution of dermal uptake, Cfree in soil porewater
was measured by a previously reported passive sampling
method.40 The Cfree values of all HOCs were significantly
greater in the soils amended with 1% microplastics than those
with microplastics at 0.1% (Table S2). For instance, the Cfree
values of PCB52 in soils amended with 1% microplastics
ranged from 13.7−55.7 ng/L, which were significantly greater
than those in soil containing microplastics at 0.1% (3.4−7.7
ng/L). The Cfree values further varied among the different types
of plastic polymers as well as HOCs.
To better relate bioavailability of HOCs as a function of

plastic types, amendment rate, and HOCs, the free fraction
( f f) of HOCs was calculated by dividing the Cfree over the total
concentration (Ctotal) of HOCs in the soil44

Figure 2. Comparison of biota-soil accumulation factors (BSAFs) in
the current study with a previous study where clean plastics were
amended in HOC-contaminated soils (n = 6). HDPE = high-density
polyethylene; LDPE = low-density polyethylene; PS = polystyrene;
PP = polypropylene; PVC = polyvinyl chloride.
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= ×ff
C
C

Dfree

total (3)

where Ctotal was obtained by multiplying the initial HOC
concentration in microplastics (Cplastic) and the microplastic
mass fraction ( f plastic), and D (L/kg) was the ratio of the water
volume to the soil weight. In comparison with PE, the f f values
of PS treatments were consistently smaller for most HOCs at
the same amendment rate (Figure 3). For example, the mean f f

values of PCB52, PCB70, and PCB153 were 3.40 × 10−4, 8.83
× 10−5, and 2.18 × 10−5, respectively, in the soil amended with
PS, which were statistically smaller than those in the HDPE
amended soil (6.22 × 10−4, 1.88 × 10−4, and 5.42 × 10−5,
respectively). According to their glass transition temperatures,
polymers may be categorized into rubbery (e.g., HDPE, LDPE,
and PP) or glassy (e.g., PVC and PS) polymers.45−47 Due to
the cross-linking of chains, PS is known to have a dense glassy
structure and may form internal pores.48 Moreover, PS has
benzene molecules in the polymeric backbone, restricting the
segmental mobility of HOCs within the PS chains.49 These
properties of PS may have contributed to irreversible sorption
or very slow desorption, resulting in decreased HOC release
from PS into the soil in this study. Although PVC is also a type
of glassy amorphous polymer, the f f values were relatively high.
For instance, the f f values of PCB52 in the different
microplastic treatments followed the order of HDPE (6.22 ×
10−4) > PVC (5.52 × 10−4) > LDPE (5.02 × 10−4) > PS (3.40
× 10−4) ≈ PP (3.39 × 10−4), suggesting that other factors,

such as cohesive density of PVC, may also affect HOC
desorption from plastics. Previous studies suggested that the
cohesive density may create attractive forces between the
individual PVC chains and therefore reduce the free volume
when compared with other polymers.49 The lack of free
volume in PVC may have inhibited the diffusion of HOCs into
PVC, limiting sorption to mostly interfacial deposition on the
particle surfaces and allowing easier desorption of the sorbed
HOCs.
In addition, for the same plastic type, a decreasing trend

(Figure S2) in f f values was observed with increasing octanol−
water partition coefficients (Kow) and molecular weights
(MW) among the six HOCs (P < 0.05), indicating that
desorption of HOCs from the same microplastics decreased
with increasing hydrophobicity or MW.50 While there was no
significant difference between FLA and PYR, a pair of isomers,
in the derived f f values, BaP, with substantially greater
hydrophobicity, displayed f f values of only about 2% of
those for FLA or PYR.
The f f values calculated in the current study were

subsequently compared with those in Wang et al. (2019)
where a precontaminated soil was amended with clean
microplastic particles (Figure 3). The f f values were
consistently smaller in the same soil-plastic combinations in
this study, with exception of FLA and PYR. The lower f f values
for HOCs with greater hydrophobicity in this study may be
again attributed to the fact that HOCs were far from attaining
phase equilibrium between the plastic particles and soil under
the experimental conditions. From previous studies on the
partition of HOCs between plastic films and water, very long-
time intervals are needed to achieve phase equilibrium. For
example, for the strongly hydrophobic DDT compounds,
equilibrium was not achieved for a 51 μm PE film even after
one year under field conditions.36 Choi et al. (2016) reported
that only 20% of PCB192 preloaded onto a 17 μm PE film was
desorbed after 265 d in a sediment.51 Several studies further
showed slow mass transfer from microplastics to the
surrounding environments under static conditions. For
instance, Endo et al. (2013) evaluated desorption of PCBs
from field-collected PE pellets via long-term desorption and
diffusion modeling, and estimated that the time to reach
equilibrium spanned from 2.8 yr for PCB8 and up to 3500 yr
for PCB209 under near static conditions.52 Therefore, given
that the precontaminated microplastics were in contact with
the soil for only 28 d in this study, HOCs on the microplastics
may be assumed to be in the state of “over-equilibrium”, while
soil (and soil porewater) were in the state of “under-
equilibrium”. The deviations from equilibrium were greater
for PS than for PE for the same HOC and also greater for more
hydrophobic HOCs (Figure 3). Given that HOCs in soil and
soil porewater are more bioavailable to the earthworm than in
microplastics, lower f f values in this study likely contributed to
the lower earthworm bioaccumulation than in the previous
study.

Evaluation of Relative Importance of Uptake Path-
ways. Passive samplers have been used in previous studies to
predict bioavailability and further tissue concentrations of
HOCs in sediments or soils (e.g., Joyce et al., 2016; Wang et
al., 2018).39,53 The concentrations of HOCs in earthworms in
the current study were first predicted from Cfree and individual
bioconcentration factor (BCF) values

= ×C C BCFworm free (4)

Figure 3. Comparison of HOC free fractions in the current study and
a previous study where clean plastics were amended in HOC-
contaminated soils (n = 6). HDPE = high-density polyethylene;
LDPE = low-density polyethylene; PS = polystyrene; PP =
polypropylene; PVC = polyvinyl chloride.
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where the BCF values were calculated using the empirical
relationships in Connell and Markwell (1990).54 After log
transformation, the predicted HOC concentrations were
plotted against the measured earthworm tissue levels in this
study (Figure 4). A significant linear correlation was observed

with R2 > 0.68 (P < 0.05). However, the slope of this linear
relationship (0.74 ± 0.07) was statistically smaller than 1,
suggesting that on average, dermal absorption accounted for
about 74% of bioaccumulation. However, there was consid-
erable data scattering, implying that ingestion of microplastics
and/or soil particles was also a significant source for the
accumulation of HOCs in earthworms in some plastic-HOC
treatments under the experimental conditions.
The mass balance of chemical uptake and loss processes was

subsequently evaluated using the modified biodynamic model
in eq 2. The results indicated that the modeled tissue
concentrations on day 28 agreed well with the measured
Cworm values (Figure 5), with a highly significant linear
correlation (R2 = 0.97, P < 0.001). In particular, the slope of
the linear regression (0.98 ± 0.02) was statistically equal to 1
indicating that the biodynamic model was capable of
accounting for the different exposure pathways in predicting
HOC concentrations in earthworm in a soil with precontami-

nated microplastic particles. The tissue concentrations of
HOCs were further predicted using the biodynamic model
under complete phase equilibrium conditions and plotted
against the measured tissue concentrations (Figure 5). A highly
significant linear correlation (R2 = 0.88, P < 0.001) was also
observed; however, the slope (2.52 ± 0.12) was substantially
greater than 1, suggesting that the desorption of HOCs from
microplastics to soil, and/or during passage in the gut of
earthworm, was likely far from equilibrium under the
experimental conditions. This observation was consistent
with the above finding for Cfree that long-time intervals
would be needed for attaining phase equilibrium of HOCs
among microplastics, soil, and soil porewater. Previous studies
suggested that desorption of HOCs from the ingested
microplastics may be divided into two stages, i.e., a relatively
fast release from the outer reservoir of the plastic and a much
slower release governed by intrapolymer transport. Mohamed
Nor and Koelmans55 reported that more than 50 d was
required to achieve equilibrium for PCB desorption from PE
and PVC microplastics to artificial gut fluid at the slower stage.
Therefore, over the time scale of 28 d in this study, it was
unlikely for the redistribution of HOCs between microplastics
and soil particles to reach equilibrium, particularly for HOCs
with larger log Kow values and for some of the plastic types
such as PS. Given the short passage time in the earthworm gut
for ingested particles (about 6 h),43 desorption of HOCs from
microplastics into the gut fluid after uptake was likely even
further away from equilibrium.
The relative contributions via dermal uptake, soil ingestion,

and plastic ingestion were consequently estimated by dividing
each term in eq 2 over the total predicted tissue concentration
(Figure 6). The contribution of soil ingestion to the total
bioaccumulation was relatively small, with the exception of
PCB153 and BaP in the soil with the microplastics amended at
0.1%, indicating that bioaccumulation via soil ingestion was
closely linked to the hydrophobicity of HOCs. This may be
attributed to the fact that the strong hydrophobicity of
PCB153 and BaP led to significant sorption to soil particles
and hence a greater relative contribution. Interestingly, the
relative contribution of soil ingestion decreased when micro-
plastics were amended at 1%, likely due to the fact that
microplastics were a stronger competitive sorbent phase than
soil. Compared to Wang et al. (2019), the relative
contributions of soil ingestion were consistently smaller
under the current experimental conditions.34 For example, in
the soils amended with LDPE at 1%, the relative contributions
of soil ingestion for PCB52, PCB70, and BaP were 0.3, 0.8, and
3.11%, respectively, while in the previous case, the contribu-
tions were 15.9, 37.5, and 63.9%, respectively. Similar trends
were also observed for the soils amended with PS particles in
the two studies. This observation may be again attributed to
the lack of phase equilibrium of HOCs between microplastics
and soil. In the present study, the HOCs needed to desorb
from microplastics particles into soil porewater, and some of
the desorbed HOCs was then adsorbed by soil particles and
subsequently accumulated in earthworm via soil ingestion.
However, the slow mass transfer of HOCs from microplastics
likely led to relatively low HOC concentrations in soil
porewater and on the soil solids, thus decreasing the relative
contribution of soil ingestion to the bioaccumulation in the
earthworm.
It is evident that although the average contribution of dermal

uptake was about 74%, it varied greatly among the different

Figure 4. Relationship between Cfree predicted tissue concentrations
and experimentally measured tissue concentrations in E. fetida.

Figure 5. Relationship between biodynamic modeled tissue
concentrations and experimentally measured tissue concentration in
E. fetida.
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plastic and HOC types, ranging from 15.5 to 98.7% (Figure 6).
In general, dermal uptake contributed more predominantly for
PS, PP, and PVC than PE plastics and for the same types of
plastics, for lower molecular weight PAHs and PCBs. For
example, for PP or PS, dermal uptake contributed >97% to the
total bioaccumulation of FLA and PYR (Figure 6).
Concurrently, the relative contribution of plastic ingestion
also varied, and was greater for LDPE and HDPE than for the

other plastics, especially for the higher molecular weight PCBs
and PAHs. For example, the relative contribution of micro-
plastic ingestion for PCB153 accumulation in soil amended
with 1% LDPE was 78.9% but was negligible for FLA and PYR
in the soil amended with 1% PS or PP (Figure 6). Again, due
to the long time needed for the precontaminated HOCs to
reestablish phase equilibrium, HOCs on microplastics were
likely in an “over-equilibrium” state when the plastic particles

Figure 6. Relative contribution of the various uptake pathways for HOC bioaccumulation in E. fetida in different treatments. HDPE = high-density
polyethylene; LDPE = low-density polyethylene; PS = polystyrene; PP = polypropylene; PVC = polyvinyl chloride.
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were passing through the earthworm gut. This could have led
to the elevated contribution to the overall bioaccumulation
through ingestion of PE particles.56 However, sorption of
HOCs on PS or PP was likely irreversible, resulting in limited
contribution from ingestion of PS or PP microplastics.
Additionally, relatively small diffusion coefficients of HOCs
have been documented in PS or PP than PE,57 and the low
diffusivities may have also added to the limited contribution. In
contrast to the generally important contribution from plastic
ingestion in the current study, Wang et al. (2019) reported that
the contribution of plastic ingestion was very limited in the
scenario where clean microplastics were added at 0.1% and 1%
into a precontaminated soil.34 For example, in the contami-
nated soils amended with 1% LDPE particles, the relative
contribution of plastic ingestion for PCB153 accumulation was
only 1.03%, which was significantly smaller than the values in
the current study. When clean microplastics were added to a
HOC-contaminated soil, HOCs must desorb from soil
particles into porewater, and a fraction of the desorbed
HOCs is then sorbed onto the microplastics. However, as a
long time is needed for the HOCs to reach distribution
equilibrium, the microplastic particles in the latter case would
be in a state of “under-equilibrium”, and microplastics would
continually sorb HOCs from the system, e.g., during the
passage through the gut of earthworm, leading to a net
decrease in HOC bioaccumulation. Therefore, the relative
contribution of microplastic ingestion to the overall HOC
bioaccumulation by soil-dwelling organisms may differ greatly
depending on the fugacity gradients of the HOCs between the
earthworm and the ingested microplastics.
It must be emphasized that under field conditions, the

contact time of microplastics and soil could be substantially
longer, and thus the distribution of HOCs between micro-
plastics, soil, and soil porewater under field conditions may be
expected to be closer to phase equilibrium than the laboratory
exposure. Considering that the lifetime of earthworm can be up
to 4 years,58 the bioaccumulation of HOCs may be several
times greater than that derived via short-term (e.g., 28 d)
exposure tests. Thus, short-term laboratory experiments may
represent a significant underestimation of the actual bio-
accumulation of HOCs from contaminated plastics under field
conditions. Additionally, ideal geometries (i.e., spheres) were
assumed for the microplastics used in this study, while plastic
particles detected in the environment are usually irregular in
shape.59 These irregular microplastics have various cross-
sectional areas, which may further influence the diffusion and
sorption of HOCs in microplastics.60 Furthermore, previous
studies documented that weathering can affect the sorption
properties of microplastics by eroding the surface and
generating oxygen functional groups.61−63 For instance, Muller
et al.64 reported that weather aging induced the generation of
oxidized surface layer on PS microplastics and decreased the
sorption of fuel aromatics. Weathering may also change the
size, color, and surface biofilm of microplastics, which
potentially influence the ingestion of microplastics by
organisms.65 Therefore, how processes such as weathering
under environmentally relevant conditions affect the inter-
actions of microplastics and contaminant cycling merits further
investigation.
This study simulated a more probable exposure scenario for

microplastic-borne contaminants to soil-dwelling organisms.
The results showed that earthworm E. fetida was capable of
accumulating HOCs when a soil was amended with HOC-

contaminated microplastics. The tissue concentrations varied
greatly among different types of plastics and HOC compounds.
Analysis of freely dissolved fractions of HOCs in soil suggested
that desorption of HOCs from glassy polymers, such as PS,
PVC, and PP, was more limited than the rubbery polymer PE,
likely due to partially irreversible sorption. Evaluation of the
relative contributions of the different uptake routes using a
biodynamic model highlighted a predominant role of dermal
absorption for bioaccumulation of HOCs by E. fetida for most
plastic-HOC combinations, with an average contribution of
about 74%. However, the relative contribution of plastic
ingestion increased substantially for PE particles and became
predominant for PCBs. The enhanced contribution of PE
particles was attributable to “over-equilibrium” of HOCs on
the plastics due to slow desorption, while the limited
contribution of PS, PP, or PVC particles was likely caused
by irreversible sorption of HOCs on these plastics. Ingestion of
soil particles played a relatively small role. When clean
microplastics were amended to HOC-contaminated soil,
bioaccumulation of HOCs by E. fetida was generally greater
than that observed in this study. In addition, the relative
contributions of the different uptake routes to the overall
bioaccumulation differed significantly between the two
scenarios. Therefore, the influence of microplastics as a vector
on bioaccumulation of contaminants such as HOCs by soil
fauna depends closely on the sequence of contamination
between microplastics and soil. Although not considered in
this study, the slow sorption/desorption kinetics for many
hydrophobic contaminants on plastics may play a similarly
important role in bioaccumulation and toxicity in other
systems, such as water column and sediment. These findings
also imply that due to slow sorption kinetics of many
contaminants on plastics, short-term exposure experiments
produce incorrect predictions of bioaccumulation of persistent
contaminants and ecotoxicological effects in systems polluted
with microplastics.
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