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ABSTRACT: Microplastics (MPs) in soils may be ingested by
terrestrial animals. While the application of bioplastics is increasing,
the ingestion and excretion characteristics of bio-MPs by terrestrial
animals are poorly understood as compared to fossil-MPs. Here,
the approach−avoidance behavior of adult earthworms Eisenia
fetida to MP-contaminated soil was assessed. Fossil-based poly-
(ethylene terephthalate) (PET) and bio-based poly(lactic acid)
(PLA) MPs were found to be preferred by the earthworms, which
might be due to the odor of polymer monomers. MPs in
earthworm casts were analyzed by microscopy counting and liquid
chromatography−tandem mass spectrometry. The amount of
microscopically recognizable excreted PET and PLA was 553 and
261 items/g, respectively, while a higher proportion of smaller PLA
particles also presented. Bio-based PLA is much easy to break down by earthworms than fossil-based PET. Submicron and nanocron
PLA accounted for 57 and 13% of the excreted PLA on the 10th day of excretion. MP excretion was well described with the first-
order kinetic model, and the elimination half-life was 9.3 (for PET) and 45 h (for PLA). A longer excretion period of PLA may be
related to its potential to break down in the earthworms’ digestive tract. This not only promotes the environmental degradation of
PLA but also suggests the ecological risk caused by nanoparticles.
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■ INTRODUCTION

Microplastics (MPs) are plastic particles, fibers, or debris with
a diameter of <5 mm.1 MP pollution has become a major
global environmental issue due to their environmental
persistence and potential biological toxicity.2,3 Sewage sludge
applications, fragmentation of farmland plastic mulch films,
and refuse composting and aerial depositions lead to MP
pollution of soil.4 For instance, 1000 to more than 4000
particles of MPs per kg of dry mass sludge were found in
agricultural sites and landfills in Europe, where the first 10 cm
of soil could contain 670 plastic fibers per kg soil.5 In soils of
the Yellow River delta wetland in China, the abundance of
MPs ranged from 136 to 2060 items/kg, while the
concentration of poly(ethylene terephthalate) (PET) polymers
was 536−660 μg/kg.6

Soil fauna are critical to soil health.7 Earthworms are one of
the most important soil animals and are considered key
ecosystem engineers8 and bioindicators of environmental
quality.9 Through their feeding, burrowing, and casting
behavior, earthworms break down organic matter and aid in
the structural development of soil aggregates.10 During this
process, particulate matter are also ingested by earthworms.
For example, silver nanoparticles in soils can be ingested by

earthworms but can only be retained in trace amounts in the
tissues after two days of depuration.11 MPs of polyethylene
(PE) in soils can also be ingested by the earthworms and lead
to a significant difference in particle size distribution between
MPs in soils and those in worm casts.12 A recent study
reported the ingestion of PE and polystyrene (PS) MPs by
Eisenia fetida,13 which even led to the transfer of MPs in the
terrestrial food chain from the soil to earthworms and
chicken.14

Previous studies of ingestion of MPs by earthworms have
only been concerned with fossil-based MPs, most of which are
nondegradable plastic polymers. As a growing problem of
plastic waste, biodegradable plastics are considered as potential
substitutes for traditional plastics and are being gradually
applied in daily life.15 The production of degradable plastics,
especially the degradable bioplastics, is rapidly increasing.15
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Poly(lactic acid) (PLA) is the most important degradable
bioplastic, with an annual production of 300 000 tons, which
accounts for 47% of all degradable plastics.16 Biodegradable
microplastics (BMPs) share some common features with MPs.
Similar to conventional MPs, toxic effects of BMPs on animals
and plants, such as leading to increases in intracellular reactive
oxygen species (ROS) levels and impairment of membrane
integrity, were also recorded.17,18 Exposure of PLA MPs
resulted in elevated respiratory rates in the oyster Ostrea edulis
and the lugworm Arenicola marina.19 The starch-based BMPs
presented a greater negative impact on wheat height and
biomass compared to nondegradable fossil-based MPs.20

However, due to the lack of comparative research, it is
uncertain whether earthworms have a preference for the
ingestion of bio-based MPs. In addition, the existing
characterization of bio-MPs excreted by earthworms is
insufficient to quantitatively describe their in vivo decom-
position efficiency and excretion kinetics.
In this study, the approach and avoidance behaviors of

earthworms (E. fetida) toward a series of bio-based and fossil-
based MP polymers were compared. Furthermore, earthworms
were exposed to MPs of a typical fossil-based polymer (PET)
and a typical bioplastic polymer (PLA), and the quantity and
quality of MPs in earthworm casts were measured by
stereomicroscopy and mass spectrometry. The abilities of
earthworms to decompose PLA and PET MPs in vivo were
compared, and the excretion characteristics of different MPs in
earthworms were described.

■ MATERIALS AND METHODS
Chemicals and Earthworms. p-Phthalic acid (PTA) was

purchased from Toronto Research Chemicals, Inc. (North
York, ON, Canada). Lactic acid (LA) was purchased from
Sigma-Aldrich (St. Louis, MO). D4-PTA (99%) and 13C12-
sodium lactate (99%) were purchased from Cambridge Isotope
Laboratories (Andover, MA). HPLC grade methanol, acetoni-
trile (ANPEL Laboratory Technologies Inc., Shanghai, China),
and 1-pentanol (Meryer Chemical Technology Co., Ltd.,
Shanghai, China), as well as analytical grade H2O2 (30%),
ZnCl2, and KOH, were used in this study. Solid-phase
extraction (SPE) cartridges (MAX, 6 mL/500 mg; HLB, 6
mL/200 mg) were purchased from ANPEL Laboratory
Technologies Inc. (Shanghai, China).
Adult earthworms (E. fetida) were purchased from the

Wangjun Earthworm Farm Company (Jiangsu, China). All
earthworms were cultured in the test soil under laboratory
conditions for two weeks before the exposure experiments.
Preparation of Soil and MPs. Agricultural soil collected

in Tianjin, China, was air-dried and sieved through a 2 mm
stainless steel mesh. The physicochemical characteristics of the
soil are listed in Table S1. PET, polycarbonate (PC), PLA, and
polyhydroxyalkanoate (PHA) particles with the same diameter
of 50−125 μm were purchased from Sigma-Aldrich Corp.
(Shanghai, China). Carboxymethylcellulose sodium (CMC)
and hydroxypropyl methyl cellulose (HPMC) particles of 50−
125 μm were purchased from Macklin Inc. (Shanghai, China).
Earthworm Avoidance Test. The earthworm approach

and avoidance tests were conducted in a four-compartment
test chamber according to the ISO method21 under the
starvation and satiety states. MPs were weighed and spiked
into sieved soil (<2 mm) to obtain a level of 1.0% (w/w). The
humidity of the soil was raised to 25%. The test chamber (25
cm × 25 cm ×15 cm) was divided into four zones by glass

panels (Figure S1), including zone A (blank control), zone B
(spiked with the fossil-based MPs, PET, or PC), zone C
(spiked with fully degradable bio-based MPs, PLA, or PHA),
and zone D (spiked with semisynthetic MPs, CMC, or
HPMC). The separating lines refer to the lines that divide the
test chamber into four zones, which are shown in Figure S1.
Soils (870 g) were added to each zone of the chamber. Then,
the panels in the middle of the chamber were removed, and 20
earthworms (in the satiety or starvation states) were placed in
the middle of the chamber on the surface of soil.
The chambers were then closed with transparent perforated

lids. The tests were conducted in the dark in incubators at 20
± 1 °C for 48 h. The earthworms were not fed during the test.
At the end of the 48 h test period, the sections of the control
and contaminated soil were carefully separated by inserting
panels, and the number of earthworms in each section was
counted. The worms found on the separating line were
counted by locating the direction of the head. All experiments
were conducted in three replicates.
The approach−avoidance behavior of earthworms was

judged by the approach index (R) according to the following
equation

=
−

R
T T

T
i C

C (1)

where TC is the number of earthworms in the control section
and Ti is the number of earthworms in sections spiked with
different MPs.
As supplementary experiments, a two-compartment test

(Figure S1) was also conducted to further identify the
approach−avoidance behavior of earthworms toward PET
and PLA monomers (PTA and LA) as well as toward
semisynthetic plastics (CMC and HPMC). The earthworms
were also directly exposed to soils spiked with CMC and
HPMC to prove their adhesion to the earthworm skin. Details
of these supplementary experiments are described in Text S1 in
the Supporting Information.

Ingestion and Excretion of MPs by Earthworms. Four
earthworms were placed into a 2 L glass beaker with 500 g of
artificial soil (dry weight) containing 5 g of PET or PLA MPs.
Before spiking, the MP particles were washed three times with
methanol under 1 h ultrasonication and filtered by a PP
membrane (50 μm) to remove the soluble chemicals and
smaller particles in polymers. The beakers wrapped with gauze
were then incubated at 20 ± 1 °C and 25% humidity for 2
days. A treatment without MPs was set as the blank control.
Then, the earthworms were placed individually on filter papers
(Whatman No. 540) moistened with ultrapure deionized water
in 9 cm diameter Petri dishes. The moisturized filter paper was
changed every 5 h to reduce the earthworm repeatedly
ingesting casts. Three replicates were set up for each
experiment. Earthworm casts were sampled on the 1st, 2nd,
4th, 6th, 8th, and 10th days.

Sample Pretreatment. Extraction of MPs in Earthworm
Casts. A frequently used digestion-flotation method22 was
applied to separate MPs from earthworm casts collected on the
1st, 2nd, 4th, 6th, 8th, and 10th days of excretion. To obtain
micron (>1 μm), submicron (0.1−1 μm), and nanocron (<0.1
μm) plastics, three membranes, i.e., 0.8 μm, 0.1 μm, and 20
nm, were selected to isolate the plastics from the earthworm
casts. Details of the process are described in the Supporting
Information (Text S2).
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Depolymerization of PET and PLA Polymers in the
Samples. Membranes containing PET or PLA particles of
three sizes (>0.8 μm, 0.1−0.8 μm, and 20−100 nm) were
depolymerized to the corresponding monomers, i.e., PTA and
LA, in a heated alkaline 1-pentanol system, according to the
method developed in a previous study with minor
modifications.23−26 The depolymerization process and effi-
ciency of PLA are provided in Text S3, Figure S2, and Table
S2. Before depolymerization, the backgrounds of the free-form
PTA and LA in solids were extracted from the sample by a
methanol/water mixture solution (5:3, v/v). The extraction
ability of the methanol−water mixture for LA is shown in Text
S4. The membrane with MPs was digested by heating in a
stirring heating mantle for 30 min. The newly formed PTA and
LA in the depolymerization system were extracted by HLB and
MAX SPE cartridges, respectively, with the detailed process
described in Text S5. Then, the monomers PTA and LA were
extracted for liquid chromatography−tandem mass spectrom-
etry (LC-MS/MS) analysis, as described in our previous
study.23 Theoretically, oligomers will depolymerize to produce
the same monomers (e.g., PTA and LA in this study), resulting
in overestimation of polymer quantification. We did not
distinguish them from the polymers because not all oligomer
standards are available for their MS analysis. Besides, the
amount of oligomers is usually negligible compared with
polymers.27 Therefore, the occurrence of insoluble oligomers
can be considered together with polymers when conducting
MP pollution investigation.
MP Analysis. Microscopy Observation. The separated

particles on the glass fiber filter (>0.8 μm) were observed and
counted using a continuous zoom stereomicroscope (SZN71,
Sunny Optical Technology Co., Ltd, China) with an
instrumental resolution of 0.5 μm. The number of MPs in
two size ranges (0.8−50 μm and >50 μm) was recorded.
SEM Analysis. To directly observe the MPs of various

particle sizes in casts, the cast samples were dispersed in 2 mL
of methanol after digestion and flotation and then drawn up
and dried in a critical point dryer (Tousimis Samdri-795).
Subsequently, samples were sputter-coated with 5 nm platinum
and visualized on a Merlin Compact field emission scanning
electron microscope (Carl Zeiss AG, Oberkochen, Germany)
operating at an accelerating voltage of 15 kV. It was found that
digestion by H2O2 did not change the size of fresh MP
particles (Figure S3).
Liquid Chromatography−Tandem Mass Spectrometry

(LC-MS/MS) Analysis. PTA and LA were analyzed by a triple
quadrupole mass spectrometer G6460C coupled with an
Agilent 1260 system for chromatographic separation (Agilent
Technologies, Inc., Santa Clara, CA). An Ultra AQ C18 column
(100 mm × 2.1 mm, 3.0 μm, Restek Corporation, Bellefonte,
PA) and an Ultimate HILIC silica column (150 mm × 4.6 mm,
3 μm, Welch Materials, Shanghai, China) were used for
chromatographic separation of PTA and LA, respectively.25,28

More detailed information regarding chromatographic separa-
tion and the tandem mass system is provided in Tables S3 and
S4. The concentrations of PTA and LA were calibrated with
the corresponding internal standards of D4-PTA and 13C12-
sodium lactate. The concentrations of PET and PLA polymers
in earthworm casts were calculated according to eqs 2 and 3

=
× −

−f
PET

PTA MW /MW
amount

depolym PTA H O PTA

(PTA H O )

2 2

2 2 (2)

= × | |PLA LA
MW
MWamount depolym

PLA

LA (3)

where PTAdeploym and LAdeploym are the masses of the newly
formed PTA and LA from the depolymerization of PET or
PLA polymers (μg/kg), MW is the molecular weight, MWPTA

(166 g/mol) and MWPTA‑H2O2
(132 g/mol) represent the

molecular weights of PTA and [−C(O)−C6H4−C(O)−], f ( f
= 77.4%) is the mass percentage of PTA−H2O2 in the
polymer, and MW|PLA| and MWLA of 72 and 90 g/mol
represent the molecular weights of [−O−CH(CH3)−CO−]
and LA, respectively.

Model Fitting of Elimination Kinetics. Excretion of PET
and PLA MPs in earthworms was described by detecting the
mass concentrations of PET and PLA in casts and fitting with a
one-compartmental first-order model (eq 4),29

= −C C ktln lnt 0 (4)

where C0 and Ct are the mass concentrations (μg/g) of PET or
PLA polymers in casts at the initial stage of excretion and at
time t (h), respectively, and k (h−1) is the kinetic rate constant.
Besides, the half-life time of elimination (t1/2, time required for
MP concentrations in casts to decrease to 50% of C0) was
calculated as t1/2 = ln(2)/k.30

Quality Assurance and Quality Control (QA/QC). Any
plastic containers were avoided in the experiments, except PP
tubes. All experimental vessels were rinsed twice with Milli-Q
water and HPLC grade methanol, dried in a fume hood, and
then wrapped with aluminum foil before use. ZnCl2 solution
was filtered through a 0.45 μm polytetrafluoroethylene (PTFE)
filter membrane before the flotation process. The round-
bottom flasks were heated at 500 °C for 2 h in a muffle furnace
to remove the possible MP background. The depolymerization
process was performed in a fume hood to avoid external
pollution of indoor dust.
The isotope dilution method was used to calibrate the PTA

and LA concentrations, and the recoveries in spiked earthworm
casts were 83.4−96.9 and 89.3−94.0%, respectively (Table
S5).
Standard curves ranged from 0.2 to 200 ng/mL for PTA and

LA, and the regression coefficients of the calibration curves (r)
were >0.99. For samples with concentrations above the
calibration range, extracts were diluted and reanalyzed. A
calibration standard sample was injected after every 20 samples
to check the instrument drift sensitivity, and a pure solvent was
injected into the LC-MS/MS as a check for carryover of target
chemicals from sample to sample. The blank of each batch of
15 samples was carried through the whole analysis procedure
(including the alkaline depolymerization step). After applying a
10:1 signal-to-noise ratio (SNR), the limits of quantitation
(LOQs) for PET and PLA were 180 and 148 ng/g,
respectively.

Statistical Analysis. MP counting was conducted using
Capture 2.0 software (Sunny Optical Technology Co., Ltd.,
Zhejiang, China). Statistical analyses were performed using
SPSS 25 statistics software (IBM, NY). The differences among
samples were tested by one-way analysis of variance
(ANOVA). A nonparametric Kolmogorov−Smirnov test was
used to check whether the data were normally distributed.
Linear regression and Pearson correlation analysis were
performed using OriginPro 2018 software (OriginLab
Corporation, MA). A p value of <0.05 was regarded as
statistically significant.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c08066
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08066/suppl_file/es1c08066_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c08066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 1. Approach−avoidance behavior of earthworms to different MP polymers in the four-compartment experiment, under the state of
starvation (A1, A2) and satiety (B1, B2). The approach index was estimated as R = (Ti − Tc)/TC, while the values of >0 indicated an approach
behavior. “*” indicates there is a significant difference compared with the control group at α < 0.05.

Figure 2. SEM images of the fresh PET (A1) and PLA (B1) MPs, as well as PET (A2) and PLA (B2) MPs in earthworm casts.
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■ RESULTS AND DISCUSSION

Approach−Avoidance Behavior of Earthworms to
Different MP Polymers. After 2 days of experiment, the
earthworms showed a significant approach−avoidance behav-
ior in the four-compartment experiment. The earthworms in a
starvation state showed an obvious approach to PET and PLA
MPs, which accounted for an approach index of 1.97 (PET)
and 0.59 (PLA) (Figure 1). More earthworms moved to areas
spiked with PET or PLA MPs, especially in the starvation state.
This may be due to their preference for free monomers in PET
and PLA, i.e., PTA and LA, as they have a sour odor.31,32

Odors are potential cues for earthworms to detect food.33,34

The two-compartment approach−avoidance experiment was
conducted to identify the preference of earthworms to PTA
and LA. It was found that earthworms also had an approach
behavior to the areas spiked with PTA or LA (Figure S4). The
earthworms seem to prefer PET to PLA. However, earthworms
have no significant difference in their preference for monomer
compounds. The ingestion behavior of earthworms is
influenced by many factors. We speculate that this may be
due to the taste difference caused by the different mechanical
strength and flexibility of the particles, or that the harder PET
particles can help earthworms grind food in the gizzard. This is
not discussed in the text because we did not find evidence to
support it. Besides, PLA MPs may be decomposed by gut
microorganisms. This may lead to the digestion and absorption
of part of the ingested PLA particles.
In comparison, earthworms showed a significant avoidance

behavior to CMC and HPMC in both the starvation and
satiated states, with the approach indexes of −0.741 and
−0.768 for CMC and −0.904 and −1.02 for HPMC,
respectively (Figure 1). This was further confirmed in the
two-compartment experiment, while 70 and 75% of the
earthworms moved to the control area rather than the
CMC- or HPMC-contaminated area (Figure S4). CMC and
HPMC are hygroscopic and used as adhesion materials.35,36 It
was found that CMC and HPMC were easy to adhere to the
surface of earthworms when the earthworms were exposed to
soils spiked with CMC and HPMC (Figure S5). This is
suspected to cause discomfort to earthworms and leads to the
avoidance behavior. In comparison, the earthworms did not
show an approach or avoidance behavior to PC and PHA MPs
in both the starvation and satiated states. Compared with the
satiated state, the approach behavior of earthworms to MPs
(PET and PLA) is more obvious, and the avoidance behavior
of earthworms to MPs (CMC and HPMC) is weakened in the
starvation state.
Evidence of MP Ingestion and Breakage by Earth-

worms. As earthworms tended to approach PET and PLA,
SEM was used to observe the MP fragments in earthworm
casts to prove their ingestion by earthworms exposed to PET
or PLA MPs. Occurrence of PET and PLA MPs can be found
in the digested earthworm casts, proving the ingestion behavior
to these MPs by earthworms. Although only particles >50 μm
were exposed to the earthworms (Figure 2A1,B1), some
smaller MPs were observed in the casts (Figure 2A2,B2). This
may be attributed to the grinding action of the earthworm
gizzard and gut system, which plays an important role in
particle breakage.37 When the initially coarser mineral grains
pass through the earthworm gut, muscle action obviously
comminute the particles.38

In addition, submicron and nanocron PLA particles of 300−
500 nm were observed from casts (Figure S6). This suggests
that smaller PLA particles can be generated from larger PLA
MPs. Compared with PET, the proportion of small particles of
PLA in earthworm casts seems to be higher (Figure 2A2,B2),
indicating that this degradable bioplastic is much easier to
break in the gastrointestinal tract of earthworms. The following
count results after grading filtration and MS data also reflect
the same conclusions.

Quantity and Mass Abundance of Micron MPs in the
Earthworm Casts. As MPs >0.8 μm in earthworm casts can
be separated and observed under a stereomicroscope, the
excreted micron PET and PLA MPs, which were divided into
two particle sizes, i.e., the original size (50−125 μm) and the
smaller size (0.8−50 μm), were counted, respectively (Figure
3). In the casts collected on the 1st day after exposure, a great
number of PET particles, i.e., 368 items/g of 50−125 μm
particles and 55 items/g of 0.8−50 μm particles, were

Figure 3. Particle number of microscopically recognizable PET (A)
and PLA (B) (>0.8 μm) in the casts of the excretion experiment of
earthworms exposed to soils containing PET or PLA plastics (1% w/
w).
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observed. After that, the number of 50−125 μm PET particles
in the casts generally decreased from 41 items/g on the 2nd
day to 13 items/g on the 10th day, while the number of 0.8−
50 μm particles decreased from 15 to 5 items/g (Figure 3A).
The number of PLA particles (>0.8 μm) in the casts was

significantly lower. Although 110 items/g of 50−125 μm PLA
particles and 91 items/g of 0.8−50 μm particles were observed
in earthworm casts on the 1st day of excretion, the number of
original-size particles (50−125 μm) decreased from 6 items/g
(on the 2nd day) to 1 item/g (on the 10th day), and the
number of smaller-size particles (0.8−50 μm) decreased from
13 to 2 items/g during the same period (Figure 3B).
During the 10th day of excretion, the proportion of smaller

PET particles in PET MPs (0.8−50 μm) separated from the
cast increased from 14% on the 1st day to 30% on the 10th day
(Figure S7A). Differently, the smaller PLA particles (0.8−50
μm) in the casts of the 1st day accounted for 45% of the PLA
MPs (0.8−125 μm), and the proportion further increased to
69% on the 10th day (Figure S7B). The digestive tract of the
earthworms seems to be more effective in breaking PLA
polymers. This might be related to the physical properties of
the polymers, as the hardness of PLA is much lower than that
of PET.39 Similarly, the higher ability of earthworms to break
down low-density polyethylene (LDPE) than PE plastics was
reported.12,40 In addition, the ingested MPs may also undergo
biochemical transformation mediated by enzymes in the
digestive tract of earthworms.41 Biodegradable PLA plastics
can be decomposed by gastrointestinal microorganisms and
enzymes, e.g., carboxylesterase, in earthworms.42,43 This may
also contribute to fragmentation of the ingested PLA MPs in
earthworms.44

To further describe the excretion of MPs by earthworms, the
mass concentrations of PET and PLA polymers in earthworm
casts were measured by quantifying the monomers of PET and
PLA produced by depolymerization (Figure S8). A significant
positive correlation was obtained between the results of
stereomicroscope counting and LC-MS/MS analysis for both
PET and PLA polymers (>0.8 μm) (Figure 4). Consistent with
the results obtained by stereomicroscopy, the mass concen-
tration of PET polymers with particles (>0.8 μm) in the casts
collected on the 1st day of excretion (1225 μg/g) was much
higher than that of PLA (699 μg/g) (Figure 5). This difference
in quality is roughly equivalent to that in quantity, that is, 423
items of PET and 201 items of PLA MPs (>0.8 μm) were
counted on the 1st day. The concentrations of PET and PLA
(>0.8 μm) in earthworm casts gradually decreased in the
following days. On the 10th day, micron-sized PET and PLA
could still be detected by LC-MS/MS in the casts (Figure
5A,B).
Mass Concentrations of Submicron PET and PLA

Polymers in the Earthworm Casts. Although submicron
(0.1−0.8 μm) and nanocron (20−100 nm) particles were hard
to identify by microscopy, their occurrence could be measured
by LC-MS/MS. In comparison to the mean concentration of
microscopically recognizable (>0.8 μm) PET in the casts
during the 10-day excretion (260 μg/g), the amounts of the
submicron (mean: 3.71 μg/g) and nanocron PET (mean: 5.78
μg/g) polymers were much lower (Figure 5A). Differently, the
mean concentration of submicron PLA (192 μg/g) was even
higher than that of the microscopically recognizable PLA (139
μg/g) (Figure 5B). This verified that PLA in earthworms is
more likely to break down than PET, and a large number of
smaller PLA particles might be formed and released by

earthworms. Although the mean concentration of microscopi-
cally recognizable PLA in earthworm casts was much lower
than that of PET (Figure 5), the concentrations of submicron
and nanocron PLA particles detected in the earthworm casts
were even one order of magnitude higher than that of PET
(Figure 5).
Earthworm digestion changed the particle size distribution

of MPs, especially for PLA. In the cast of earthworms, the mass
proportion of submicron and nanocron PET plastics increased
from 1% on the 1st day to 26% on the 8th day (Figure S9A).
In contrast, submicron and nanocron PLA plastics accounted
for 30% of total PLA on the 1st day, which further increased to
92% on the 4th day (Figure S9B).

Elimination Kinetics of the Ingested MPs in Earth-
worms. Without considering the particle size distribution,
excretion of PET and PLA in earthworms could be well-
described by first-order kinetics according to the total mass of
polymers in the earthworm casts (Figure 6). The elimination
rate constants for PET and PLA in earthworms were 0.0746
and 0.0156 h−1, with the calculated elimination half-life of PET
and PLA of 9.3 and 45 h, respectively, indicating that PET
MPs were eliminated more quickly than PLA. Accordingly, the

Figure 4. Linear correlation between the natural logarithm of the
concentration (μg/g) and abundance (items/g) of the PET (A) and
PLA (B) MPs with a size of >0.8 μm.
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calculated elimination half-life of PLA, i.e., 45 h, was longer
than that of PET (9.3 h, see Table S6). This timescale of
elimination (1−2 days) has also been observed for small PS
MPs (<10 μm) in fish and mussels previously.45,46 Similar to
our results, the half-life of nanocron PS particles in earthworms
was estimated to be 1.6 days.47 The longer excretion cycle of
PLA may be because they are easier to decompose into small
particles in earthworms. The small particles can become
trapped in the invaginations of the alimentary canal, which
extend the egestion time of these small particles.48,49 Similar to
our finding, smaller PS microspheres (0.1 μm) have a longer
gut retention time than larger ones (10 μm) in mussels
(Mytilus edulis) and oysters (C. virginica).50

Implications. Earthworms E. fetida showed active ingestion
of some MP polymers, e.g., PET and PLA, which may be due
to the odor of the polymer monomers. Biodegradable PLA was
much easier to break down than PET MPs by earthworms,
which results in the emission of submicron and nanocron PLA
particles into soils.

The application of the biodegradable plastics increases
rapidly,15 which will lead to increased distribution of
biodegradable MPs in the environment.51 If biodegradable
MPs such as PLA can be digested by earthworms, it may
promote biodegradable MP decomposition in the terrestrial
environment. However, the potential physiological impacts of
PLA ingestion as food on earthworms are still unknown. In
addition to the environmental emission of nanoplastics, due to
the long residence time in earthworms, the nanoparticles
formed by PLA decomposition in vivo and the carried
pollutants are more likely to be absorbed.52−54 Therefore,
the ecological impacts of PLA MPs deserve further attention.
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Figure 5. Concentration of PET (A) and PLA (B) MPs (μg/g) with
different particle sizes in the earthworm casts during the elimination
period (1, 2, 4, 6, 8, and 10 days).

Figure 6. Fitting curves of the first-order kinetic model for the
elimination of PET and PLA by earthworms.
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different excretion periods (Figures S7 and S9); and
chromatograms of PET (A) and PLA (B) particles of
different sizes in casts excreted by earthworms on the 1st
day (Figure S8) (PDF)
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