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ABSTRACT: Microplastics released into freshwaters from anthro-
pogenic sources settle in the sediments, where they may pose an
environmental threat to benthic organisms. However, few studies have
considered the ecotoxicological hazard of microplastic particles for
nematodes, one of the most abundant taxa of the benthic meiofauna.
This study investigated the toxic effects of polystyrene (PS) beads
(0.1−10.0 μm) and the underlying mechanisms thereof on the
reproduction of the nematode Caenorhabditis elegans. The observed
effect of the PS beads on the nematodes correlated well with the total
surface area of the beads per volume, with a 50% inhibition of
reproduction at 55.4 ± 12.9 cm2/mL, independent of the bead size.
The adverse effects were not explained by styrene monomers leaching
from the beads because chemical activities of styrene in PS
suspensions were well below the toxic levels. However, the observed effects could be related to the bead material because the
same-sized silica (SiO2) beads had considerably less impact, probably due to their higher specific density. PS and SiO2 beads affected
the food availability of C. elegans, with greater effects by the PS beads. Our results demonstrate the importance of including indirect
food web effects in studies of the ecological risks posed by microplastics.

1. INTRODUCTION

Plastic pollution is currently a major environmental concern,1

especially in freshwater and marine systems, where large
accumulations have been detected.2,3 Generally, larger plastic
items degrade by chemical, biological, and physical processes
into smaller particles, yielding the so-called secondary
microplastics,4 defined as plastic particles <5 mm. Micro-
plastics made of polymers with a higher specific density than
water, such as polystyrene (PS; 1.05 g/cm3) are transported to
the sediment, whereas the settling is enhanced by biofouling
processes, increasing the specific density of microplastics.5−7

Therefore, PS is one of the most common polymer types for
microplastics detected in sediments, where they pose a
potential threat to benthic organisms.8

Nematodes, belonging to the microscopic fraction of benthic
fauna (meiobenthos; <1 mm), are dwelling in fine sediments
and account for up to 90% of the meiobenthic abundance.9−11

By connecting lower and higher trophic levels, nematodes
occupy a key position in the benthic food web.12−14 Moreover,
nematodes were shown to ingest considerable numbers of
microplastics, thus, being potential vectors for microplastic
transport in the benthic food web.15 Despite their ecological
importance, only few studies focused on the toxicological
effects of micro- and nanosized plastics on the nematode
Caenorhabditis elegans.16−18 The nematode species C. elegans is

a model organism used in laboratories worldwide.19 Although
C. elegans mainly occurs in microbe-rich decaying plant
material,20 it also can be found in freshwater sediments21

and is taxonomically closely related to sediment-dwelling
nematode species (e.g., species of Rhabditis). The availability
of standardized protocols for testing in water and sedi-
ments22,23 has resulted in the frequent use of C. elegans in
chemical risk assessments, including of nanoparticles.8,24,25

For C. elegans, the particle size of microplastics turned out to
be more important than the polymer type for explaining toxic
effects.17 Although it is generally assumed that due to a larger
surface area, smaller particles are more toxic than larger
ones,26,27 Lei et al.17 reported that an intermediate size of PS
beads (1.0 μm) was more toxic than smaller (0.1 μm) and
larger beads (5.0 μm) and caused the highest intestinal damage
in C. elegans. On the other hand, nanoplastics (0.1 μm PS
beads) might even be translocated to the nematode’s
reproductive organs, thus, causing transgenerational toxic
effects on C. elegans.16 Accordingly, it is not clear how effects
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of microplastics relate to their size and their ingestion in
nematodes and which are the prevailing underlying mecha-
nisms for their adverse effects.
Microplastics that were ingested by C. elegans caused

oxidative stress by inducing the formation of reactive oxygen
species (ROS) in the intestine of C. elegans, leading to
inhibitions of the survival rate, body length, and reproduc-
tion.16,17 However, it could not be excluded that also chemicals
leaching from PS nanobeads partly caused the observed effect
of the beads.16 Some of the effects of microplastics on benthic
invertebrates were shown to be associated with the toxic effects
of chemicals leaching from the plastics,16,28−31 which could be
chemical additives (e.g., UV stabilizers), plasticizers,32−34 or
leached monomers.35−37 Toxicity of dissolved leachates can
also occur if particles are not ingested by the organisms.
Previous studies of PS-polluted sediments have shown that
relatively high concentrations of styrene oligomers leached
from the particles.38 However, to the best of our knowledge,
there is no study, where freely dissolved styrene concentrations
(i.e., chemical activity) were measured in the PS bead
suspensions used for the toxicity tests, in order to investigate
the role of styrene leachates for adverse PS effects.
Another mechanism explaining adverse effects of micro-

plastics, apart from any direct toxic effect, might be an
interference of the plastic particles with the food of the
organism. PS nanoparticles have shown to interact with
bacteria by forming agglomerates, thus indirectly affecting C.
elegans by reducing food accessibility for the nematodes.18 It is
known that sediment particles in general reduce the availability
of food bacteria for C. elegans, which is in toxicity tests
compensated by providing higher food densities in sediment
compared to water exposure.22,23 However, it is not clear if
plastic particles behave differently than naturally occurring
particles, such as silica (SiO2) particles.
In the present study, we addressed the abovementioned

uncertainties regarding the mechanisms explaining adverse
effects of microplastics on nematodes by assessing effects of PS
beads with a wide range of diameters on the reproduction of C.
elegans using a standardized toxicity test (ISO 1087222). We
aimed to link the observed effects to (1) the ingestion into the
nematodes (presence/absence in the gut), (2) numbers, mass,
and surface of the beads, (3) the freely dissolved concen-
trations of styrene in the PS suspensions, (4) oxidative stress,
(5) the food accessibility, and (6) the material of the beads.
For this, we generated dose-response curves for the effects of
PS beads (0.1, 0.5, 1.0, 3.0, 6.0, and 10.0 μm) and SiO2 beads
(1.0 and 10.0 μm) on C. elegans and tested the beads at various
food densities. Moreover, the response of C. elegans’ wild-type
strain to PS beads was compared to that of a mutant strain that
is hypersensitive to oxidative stress. Finally, freely dissolved
styrene concentrations, measured in the PS suspension, were
compared to C. elegans toxicity thresholds for styrene, which
were determined by passive dosing toxicity testing.
We hypothesized that (1) only ingested PS beads can induce

adverse effects on C. elegans, (2) toxicity is caused by particle-
related mechanisms (physical effects) rather than by styrene
monomer leaching from the beads, and (3) PS beads act as a
nonnutritional surrogate of bacterial cells, thus decreasing food
availability by hindering food uptake.

2. MATERIALS AND METHODS
2.1. Cultivation of the Test Organism. Stock cultures of

C. elegans, wild-type (N2 strain) and the mutant strain sod-2

(genotype: sod-2(ok1030), strain: RB1072), were obtained
from the Caenorhabditis Genetics Center (University of
Minnesota, Minneapolis, MN, USA) and maintained following
Stiernagle.39 The sod-2 strain has an increased sensitivity to
oxidative stress because of a loss of superoxide dismutase
(SOD), a detoxifying enzyme that converts oxygen radicals to
hydrogen peroxide, which can subsequently be converted to
water. The sod-2 mutation results in the inability of this strain
to detoxify ROS.40 C. elegans was grown on a nematode growth
medium [17 g of agar/L, 2.5 g of peptone/L, 3 g of NaCl/L
supplemented with 1 mL of 1 M CaCl2, 1 mL of 1 M MgSO4,
25 mL of 1 M KH2PO4 buffer pH 6 (108.3 g of KH2PO4/L
and 35.6 g of K2HPO4/L) and 1 mL of cholesterol solution (5
mg/mL in ethanol), added after autoclaving.41 Agar plates
were seeded with OP50, a uracil-requiring mutant of
Escherichia coli that avoids overgrowth of the bacterial
lawn,41 following standard procedures.39 Stock culture plates
were stored at 20 °C in the dark.

2.2. Bacterial Diet. Bacterial suspensions served as the
nematode’s food source and were prepared according to the
ISO guideline 10872.22 An E. coli OP50 culture was grown
overnight in Luria−Bertani medium (1% peptone, 0.5% yeast
extract, and 1% NaCl) at 37 °C for 17 h under constant
mixing. The culture was then centrifuged for 20 min at 2000g
to harvest the bacterial cells, which were resuspended in M9-
medium (6 g of Na2HPO4, 3 g of KH2PO4, 5 g of NaCl, and
0.25 g of MgSO4·7H2O/L) and washed by a second
centrifugation. The bacterial pellet was again resuspended in
M9-medium, and the bacterial density was spectrophotometri-
cally determined (Varian Cary 50 Bio UV−visible) based on
the optical density (OD600) of three subsamples (1:20
dilution) and using a calibration curve42 to achieve a bacterial
density twice as high as the intended test concentration of 500
± 25 FAU (formazine absorption units; corresponding to 109

E. coli cells/mL). Cholesterol (5 mg/mL in ethanol) was added
to obtain a concentration of 2 μL/mL.

2.3. PS and SiO2 Beads. Four different stock suspensions
of fluorescent beads (diameter: 0.1−3.0 μm; excitation
maxima: 441 nm; and emission maxima: 485 nm) and six
stock suspensions of non-fluorescent PS beads (diameters of
0.1, 0.5, 1.0, 3.0, 6.0, and 10.0 μm) were purchased from
Polysciences Europe GmbH (Hirschberg, Germany): 0.1 μm
Fluoresbrite yellow-green microspheres (cat. #17150) and
Polybead microspheres (cat. #00876); 0.5 μm Fluoresbrite
yellow-green microspheres (cat. #17152) and Polybead
microspheres (cat. #07307); 1.0 μm Fluoresbrite yellow-
green microspheres (cat. #17154) and Polybead microspheres
(cat. #07310); 3.0 μm Fluoresbrite yellow-green microspheres
(cat. #17155) and Polybead microspheres (cat. #17134); and
6.0 μm Polybead microspheres (cat. #07312) and 10.0 μm
Polybead microspheres (cat. #17136). Stock suspensions of
silica (SiO2) beads in sizes of 1.0 (cat. #SiO2-F-1.0) and 10.0
μm (cat. #SiO2-F-10.0) were purchased from microParticles
GmbH (Berlin, Germany).
All applied PS beads consisted of PS, as confirmed by

Raman spectroscopy (Supporting Information S1, Figures S1−
S6), and were equally dispersed as uniform spherical-shaped
material in stock suspensions (exemplarily shown for 3.0, 6.0,
and 10.0 μm PS beads; Supporting Information S2.1, Figures
S7−S9). Bead densities of stock solutions (PS: 0.5−10.0 μm;
SiO2: 1.0, 10.0 μm) were verified by counting the beads in
defined dilutions of the stock suspensions using a hemocy-
tometer (Neubauer improved; 0.02 mm chamber depth;
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BRAND GMBH + CO KG, Wertheim, Germany) and
deviated by not more than 15% from the values reported by
the manufacturer (Supporting Information S2.2, Table S1).
Moreover, beads of 1.0−10.0 μm in size were checked
regarding their size distributions and corresponded well with
the manufacturer specifications (Supporting Information S2.2,
Table S1, and Figure S10). All beads had negatively charged
surfaces, with measured zeta potentials of <−40 mV
(Supporting Information S2.3, Table S2).
2.4. Toxicity Tests with PS and SiO2 Beads. Bioassays

with C. elegans were performed according to the standard
methods (ISO 10872) with a few modifications.22 Nematode
toxicity tests were carried out in glass vials to avoid plastic
release from the typically used microplates (10 mL headspace
vials with screw caps; Klaus Ziemer GmbH, Germany)
according to an experimental design that included three to
five replicates for each treatment (bead sizes and concen-
trations) and control. Age-synchronization of C. elegans was
carried out according to ISO 10872 by filtering mixed
populations through a gauze with a 5 μm mesh size. Five
first-stage (J1) juveniles of C. elegans (only living, mobile
nematodes) were transferred to replicate vials, each containing
0.25 mL of microplastic suspension (negative control: M9-
medium) and 0.25 mL of bacterial suspension. After 96 h of
exposure in the dark at 20 °C, the nematodes in each replicate
were stained (Rose bengal; 300 mg/mL) to facilitate counting,
and then heat-killed at 80 °C for 15 min and stored at 4 °C. To
quantify nematode reproduction, the number of offspring of
adult hermaphrodites in each replicate was determined under a
stereomicroscope at 40-fold magnification (Leica L2) and
divided by the number of introduced test organism
(reproduction = offspring/test organism). For each treatment,
% inhibition of reproduction (% IR) was calculated by using
the following equation: % IR = RX/RC × 100, where RX and RC
are the reproduction values for treatment X and the negative
control, respectively. The number of offspring per test sample
was plotted against the corresponding chemical concentration
from that sample (mg PS/SiO2 or styrene/mL).
Toxicity thresholds (EC50-values) were determined by

exposing C. elegans (N2 strain) to a concentration series of
PS beads prepared by diluting the stock suspensions with M9-
medium in glass vials (cat. #VT1800110F, A-Z Analytik-
Zubehör GmbH, Langen, Germany) to achieve concentrations
twice as high as the intended test concentrations: 0.1 μm (0.04,
0.08, 0.16, 0.32, 0.64, and 1.28 mg/mL), 0.5 μm (0.21, 0.43,
0.86, 1.72, 3.43, and 6.87 mg/mL), 1.0 μm (0.148, 0.445,
1.335, and 4.005 mg/mL), 3.0 μm (0.463, 1.389, 4.167, and
12.5 mg/mL), 6.0 μm (0.78, 3.1, 6.3, and 12.5 mg/mL), and
10.0 μm (0.78, 3.1, 6.3, and 12.5 mg/mL).
To test whether toxicity was caused by the physical effects of

the beads themselves, the nematodes were also exposed to 1.0
and 10.0 μm SiO2 beads prepared by diluting stock
suspensions with M9-medium in glass vials to achieve
concentrations twice as high as the intended test concen-
trations: 1.0 (0.62, 1.9, 5.6, 16.7, and 50 mg/mL) and 10.0 μm
(5.6, 16.7, and 50 mg/mL).
2.5. Oxidative Stress Testing. To determine whether PS

toxicity was induced by oxidative stress, in addition to wild-
type C. elegans (N2 strain), individuals of the mutant strain sod-
2 were exposed to PS beads of 0.1 μm (0.15 mg/L), 0.5 μm
(0.56 mg/mL), 1.0 μm (0.55 mg/mL), and 3.0 μm (2.3 mg/
mL) as described above (Section 2.4). As a positive control,
the two strains were also exposed to paraquat dichloride (PQ)

(14 mg/L; PESTANAL analytical standard; Fluka), known to
induce oxidative stress in C. elegans.43

2.6. Chemical Toxicity by Leachates and Styrene
Monomers. 2.6.1. Toxicity of Leachates. The toxicity by
substances leaching out from the PS beads was assessed by
producing leachates from suspensions of 1.0 and 6.0 μm PS
beads. Beads of both sizes (1.0 μm: 2.4 × 109 beads/mL; 6.0
μm: 6.8 × 107 beads/mL; densities correspond to a total
surface area of approximately 75 cm2/mL) were incubated for
96 h in M9-medium and then centrifuged for 15 min at 4500g
to remove the remaining beads from the supernatant. For the
1.0 μm PS beads, four centrifugation steps were needed until
the beads were no longer detected with fluorescence
microscopy (400× magnification; Zeiss Axio Scope.A1, Jena,
Germany) in the supernatant. The final supernatant was used
to resuspend an appropriate amount of bacteria to achieve a
bacterial density of 500 FAU, which was used in the toxicity
test with C. elegans as described for the tests of PS beads.

2.6.2. Toxicity Test of the Styrene Monomer Using
Headspace Passive Dosing. The toxicity of styrene was tested
using headspace passive dosing for maintaining a stable styrene
exposure throughout the test.44 Pure liquid styrene served as
the passive dosing donor for testing at the solubility limit, and
triglyceride oil containing 1, 3, 10, and 30% (w/w) styrene was
used to control lower exposure levels. More specifically, 0.2 mL
of styrene (≥99.5%; Carl Roth GmbH; Karlsruhe, Germany)
and mixtures of styrene with the triglyceride oil Miglyol 812
(Cremer Oleo GmbH & Co. KG; Hamburg, Germany) were
added to 0.3 mL glass inserts embedded with glass wool to
increase the surface area for passive dosing (Supporting
Information S5, Table S3). The inserts were placed into 20 mL
headspace glass vials (test vials) that were filled with 1 mL of
test medium (containing E. coli as food: 500 FAU) containing
five first-stage juveniles (J1) of C. elegans. After placing the
glass inserts into the test vials, the vials were tightly closed with
screw caps. The medium was then pre-equilibrated for 4 h
before incubating the nematodes for 96 h at 20 °C.

2.6.3. Chemical Activity of the Styrene Monomer in PS
Suspensions and Toxicity Tests. Styrene can partition from
the PS beads into the aqueous medium and from there to the
headspace of the vial. The PS beads in this manner can act as a
passive-dosing donor for the styrene monomer, with the
equilibrium styrene concentrations in the PS stock suspensions
expressing the maximum exposure to the styrene monomer
within the dose-response tests described in Section 2.4. Thus,
measuring styrene exposures in the suspensions and comparing
them with the EC50 value of styrene can help determine
whether the leached styrene monomer can exert toxicity to
nematodes. The styrene levels in the PS bead suspensions and
in the styrene toxicity tests were both measured by headspace
analysis, as described by Trac et al.44 Headspace samples above
PS bead suspensions (2 mL of 0.1, 1.0, and 10.0 μm PS beads)
and above passive dosing donor solutions were taken using a
CTC PAL RSI 85 autosampler (CTC Analytics, Zwingen,
Switzerland) and then injected on an Agilent Technologies
GC-MSD system (7890B/5877A GC/MSD) for analysis. The
GC−MS program and the determination of chemical activity
of styrene were followed as described by Trac et al.44

2.7. Food Availability. The dependence of toxicity on the
food density was evaluated by exposing C. elegans to PS beads
of all sizes (0.1−10.0 μm) at concentrations corresponding to
the respective EC50 values and to different food densities (125
FAU = 2.5 × 108 E. coli cells/mL, 250 FAU = 5 × 108 E. coli
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cells/mL, 500 FAU = 109 E. coli cells/mL, 1000 FAU = 2 × 109

E. coli cells/mL, and 2000 FAU = 4 × 109 E. coli cells/mL).
The toxicity of SiO2 beads as a function of food density was
also determined by exposing the nematodes to 1.0 and 10.0
μm SiO2 beads at their EC50 values and to the same food
densities as in the PS experiment. Both experiments were
conducted as described in Section 2.4.
2.8. Detection of PS Beads in C. elegans. For each PS

bead size and concentration, additional replicates were set up
to verify the uptake of beads into the intestine of C. elegans
after 96 h of exposure under the same condition as in the
toxicity tests. Larger (6.0 and 10.0 μm) PS beads could be
detected without labeling using light microscopy (400×
magnification), whereas smaller (0.1−3.0 μm) PS beads were
fluorescently labeled for detection by fluorescence microscopy
(400× magnification; Zeiss Axio Scope.A1, Jena, Germany).
For each treatment, 5−10 nematodes were mounted on a
microscopic slide and embedded in glycerol according to the
standard procedures.45,46

2.9. Data Analysis. Concentration-response curves were
fitted to the data using a logistic model (p < 0.05 indicated
significant regression of the sigmoidal logistic model;
SigmaPlot 11.0 Systat Software Inc.), from which median
effect concentrations ± standard deviations (EC50 ± SD)
were calculated. For the toxicity test of the styrene monomer,
EC50 values were first determined on a chemical activity basis
and then converted to freely dissolved concentrations (Cfree)
using a solubility of styrene of 300 mg/L (chemspider.com;
Cfree = chemical activity × water solubility).
A one-way ANOVA was used to analyze whether the

reproduction (number of offspring per organism) of C. elegans
exposed to the leachates of 1.0 and 6.0 μm PS beads differed
compared to the control. The data were checked for normality
(Shapiro−Wilk test) and for homoscedasticity (Levene’s test)
but were not transformed to improve normality. A significance
level of p < 0.05 was used for all comparisons.

3. RESULTS AND DISCUSSION
3.1. Size-Dependent Inhibitory Effects of PS Beads. C.

elegans ingested PS beads of 0.1, 0.5, 1.0, and 3.0 μm, all of
which were found throughout the nematode’s intestinal system
(from the buccal cavity to the pro- and metacorpus, isthmus,
terminal bulb, pre-intestine, intestine, post-intestine, and
rectum). No PS beads were detected in nematode tissues
(e.g., the gonads) or in the intestinal cells nor were 6.0 and
10.0 μm beads seen in the nematode’s body after 96 h of bead
exposure (Supporting Information S3, Figure S11). These
results can be explained by the size of the buccal cavity of C.
elegans, which during 96 h of development (from J1 to the
adult stage) increased in size from 1.3 ± 0.1 μm (mean ± SD;
n = 16) to 4.38 ± 0.49 μm (n = 17; Supporting Information
S4, Figure S12). Other studies have also reported that 4.5 μm
particles could not be ingested by C. elegans but these ingested
PS beads (≤3.0 μm) were transported from the pharynx
through the isthmus and terminal bulb into the intestine.47

Boyd and co-workers48 similarly showed that C. elegans is able
to ingest latex beads with diameters ≤3.4 μm but not larger
beads. Thus, the uptake of particles in C. elegans is strictly
governed by the maximal size of the buccal cavity, as also
demonstrated for other nematode species.15 The latter study
showed that the buccal cavity must be 1.3 times larger than the
PS beads before they can be ingested.15 Thus, as the buccal
cavity of the developing nematodes increased in size during the

96 h of the toxicity test, the internal exposure time (after
ingestion in the nematode’s intestinal system) depended on
the bead diameter. PS beads of 0.1 and 0.5 μm in size would
already have been ingested by J1 nematodes such that 96 h of
internal exposure can be assumed, whereas the ingestion of 1.0
and 3.0 μm beads would have started after approximately 24
and 60 h, respectively, with internal exposure then limited to
72 and 36 h, respectively. For 6.0 and 10.0 μm PS beads,
internal exposure was unlikely.
If internal exposure is required for toxicity (according to

hypothesis 1), then 6.0 and 10.0 μm PS beads should have had
no effects and 3.0 μm beads should have had only marginal
effects on C. elegans reproduction. However, beads of all tested
sizes (0.1−10.0 μm) showed clear, dose-dependent inhibitory
effects (Figure 1a), which suggested that, to some extent,

external exposure to the beads also resulted in inhibition.
Nevertheless, the toxicity of the PS beads to C. elegans was
clearly related to their size (Figure 1a, Table 1), with 0.1 μm
beads being the most toxic, followed by 0.5, 1.0, and 3.0 μm PS
beads and 6.0 and 10.0 μm PS beads being the least toxic. Size-
dependent effects of PS beads have also been reported in other
studies of C. elegans17 and studies of rotifers27 and marine
copepods.49 Generally, it is assumed that with particles of

Figure 1. Dose-response curves for PS beads of different sizes. Mean
inhibition (%; n = 4) of reproduction in C. elegans exposed for 96 h to
beads of different sizes (diameter: 0.1, 0.5, 1.0, 3.0, 6.0, and 10.0 μm)
as a function of (a) the PS concentration (mg/mL) and (b) the total
surface area of all beads in the system (cm2/mL). Negative values of
inhibition were set to “0”; curves were fitted using a sigmoidal logistic
model (Figure 1a: for p- and r2-values, see Table 1; Figure 1b: p <
0.0001, r2 = 0.794).

Table 1. Effect (EC50 Values) of PS Beads, Silica (SiO2)
Beads, and Styrene Monomers on the Reproduction of C.
elegans after 96 h of Exposurea

EC50 (±SD)

bead diameter
(μm) mg/mL ×109 beads/mL P r2

PS 0.1 0.077 ± 0.002 140 ± 2.8 <0.0001 0.998
PS 0.5 0.57 ± 0.006 8.3 ± 0.087 <0.0001 1.000
PS 1.0 0.57 ± 0.05 1.0 ± 0.098 0.0024 0.998
PS 3.0 2.3 ± 1.4 0.16 ± 0.098 0.0146 0.985
PS 6.0 12.9 ± 9.1 0.11 ± 0.076 0.0010 0.996
PS 10.0 6.3 ± 0.5 0.011 ± 0.0008 0.0042 0.999
SiO2 1.0 3.0 ± 0.13 3.4 ± 0.15 <0.0001 0.999
SiO2 10.0 >25 >0.026
styrene 0.024 ± 0.001 0.0015 0.999

aMedian effect concentrations (EC50 ± SD) for PS beads of different
sizes (diameter: 0.1, 0.5, 1.0, 3.0, 6.0, and 10.0 μm) and (SiO2) beads
(diameter: 1.0 and 10.0 μm) as a function of the bead concentration.
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decreasing size, their uptake and toxicity increase. This has
been demonstrated for nanosized particles, which are able to
cross biological membranes to cause intracellular damage.50,51

However, mechanical damage in the intestine, which would
not require cellular uptake, might also explain the toxic effects
of small particles.17 Our study further indicates that the
ingestion of PS beads enhances toxicity, given that smaller
beads (0.1−1.0 μm), ingested by C. elegans throughout the 96
h of toxicity testing, caused considerably higher toxicity than
did PS beads that were too large (3.0−10.0 μm) to enter the
nematode’s gut or entered for only a short period.
3.2. Total Surface Area Determined Inhibitory Effects

of PS Beads. As non-ingested PS beads also induced adverse
effects, other mechanisms, not requiring ingestion, have likely
been responsible for their toxicity. The size of a particle is
inherently coupled to its surface area, a relationship that is also
of toxicological relevance.26 The ratio of the surface area to the
size of the particle increases exponentially with the decreasing
particle size.50 An increased surface reactivity of small particles
might translate into a greater biological activity per unit
mass.50 Indeed, our results indicated that toxicity was
determined by the total surface area per volume (cm2/mL).
Figure 1b shows that the inhibition of reproduction after
exposure of the nematodes to PS beads of various sizes
followed a single dose-response curve when the effects were
plotted against the total surface area per volume. The EC50
value calculated from this curve (Figure 1b) was 55.4 (±12.9)
cm2/mL; thus, irrespective of the bead size, a 50% effect will
occur if the sum of the surfaces of all beads in the test system is
55 cm2/mL. Accordingly, for 0.1 μm PS beads, a 10,000-fold
higher density and a 100-fold lower concentration (1.8 × 1011

beads/mL; 0.1 mg/mL) were needed to induce effects
comparable to those of 10.0 μm beads (1.8 × 107 beads/
mL; 10 mg/mL), which agrees well with the EC50 values for
the bead density and PS concentration determined in our
study (Table 1).
3.3. Chemical Toxicity by Styrene and Leachates. The

leaching of chemicals from the beads and into the aqueous
medium is related to their surface area and may be an
additional cause of toxicity.29 The chemical most likely
released from commercial PS particles is the monomer styrene,
as shown for other PS-based products.52 Toxic effects of
styrene have been demonstrated in aquatic invertebrates, with
an EC50 value (48 h) of 4.7 mg/L for Daphnia magna and an
LC50 (the concentration inducing 50% lethality) value (96 h)
of 9.5 mg/L for Hyalella azteca.53 Styrene damaged DNA in
the hemolymph of the blue mussel Mytilus edulis L.,54 and very
low concentrations (0.04−1.7 μg/L) of styrene dimers and
trimers were shown to alter the fertility of daphnids.55

However, we could demonstrate that only low amounts of
styrene partitioned from the PS bead stock suspensions (25 mg
PS/mL) into the water. Headspace GC−MS revealed chemical
activities of 0.0015 (±0.0001), 0.0030 (±0001), and 0.0021
(±0.0002) in suspensions of 0.1, 1.0, and 10.0 μm PS beads,
respectively (Supporting Information S5, Table S4). These
correspond to freely dissolved concentrations (Cfree) between
0.45 and 0.90 mg/L at a water solubility of 300 mg/L, meaning
that 0.002−0.004% of the PS leached into the water as the
monomer styrene (Supporting Information S5, Table S4). The
concentration of the leached styrene showed no relation to the
total surface area of the PS beads present in the suspension,
which spanned a range of 143−14,300 cm2 for 25 mg/mL,
regarding 10.0−0.1 μm beads, but had comparable Cfree of

styrene. Chemical activities and freely dissolved concentrations
of styrene in dilutions of the PS bead suspensions will be lower
than those in the concentrated bead suspension, while being
higher than calculated via dilution factors due to the
repartitioning of styrene from the PS beads.56

In the styrene toxicity test, a 50% inhibition of C. elegans’
reproduction was obtained at a chemical activity of 0.080
(Supporting Information S5, Figure S14) corresponding to 24
mg styrene/L (Table 1), which exceeds freely dissolved
concentrations of styrene in the concentrated PS suspensions
by 1−2 orders of magnitude. We can thus exclude that the
leached styrene caused the observed toxicity in the diluted PS
suspensions.
To exclude potential toxic effects of leached chemicals other

than styrene monomers, the leachates produced from
suspensions of 1.0 and 6.0 μm PS beads (1.3 and 8.1 mg/
mL, respectively; corresponding to 75 cm2/mL) were tested
for their toxicity. C. elegans reproduction was not negatively
affected by the leachates of the 1.0 and 6.0 μm beads (one-way
ANOVA; p = 0.093), which instead slightly stimulated
reproduction (163.6 ± 19.24 and 184.18 ± 10.06 offspring
per test organism, respectively) compared to the control
(156.14 ± 11.67). By contrast, Zhao and co-workers16 showed
a significant decrease in the brood size and locomotion
behavior of C. elegans and the induction of intestinal ROS
production in this nematode in response to the leachates of 0.1
μm PS particles at concentrations of 0.010 mg/mL. However,
that study used carboxyl-coated PS beads and a longer leaching
period (1 week), which might explain the discrepancy between
its results and our own.

3.4. Oxidative Stress. Because ROS production can be
triggered by small particles, their chemical composition, and
their large reactive surface area,26 we were wondering whether
the PS beads would induce oxidative stress, which then could
be at least partly responsible for the observed toxicity. Indeed,
the induction of ROS generation and/or oxidative stress by
nanoplastics and microplastics have been observed in rotifers,27

copepods,57 fish,17,58 and in other studies of C. elegans.16,17

However, we found that PS beads (0.1−3.0 μm) did not
induce oxidative stress in C. elegans. Although the C. elegans
mutant strain, which is hypersensitive to oxidative stress (sod-
2), was considerably more sensitive to PQ compared to the
wild-type strain N2 (Table 2), no difference in sensitivity of
these two strains could be observed for the PS beads. However,
mild oxidative stress induced by the PS beads might have been
compensated by the upregulation of other sod genes.40,59

Accordingly, we cannot completely rule out that a weak

Table 2. Comparison of Effects Induced by Oxidative Stress
in Two Strains of C. elegansa

inhibition of reproduction
(%; mean ± SD)

PS bead
diameter

concentration
(mg/mL) N2 sod-2

0.1 μm 0.15 56.0 ± 34.3 66.0 ± 17.5
0.5 μm 0.56 27.6 ± 15.5 19.0 ± 17.3
1.0 μm 0.55 24.2 ± 36.0 34.1 ± 11.0
3.0 μm 2.3 64.5 ± 13.3 62.2 ± 2.9
PQ 0.014 −34.1 ± 6.1 60.3 ± 4.1

aInhibition of reproduction (%; mean ± SD) in C. elegans (N2; sod-2)
exposed for 96 h to PS beads of different diameters (0.1−3.0 μm) in
aqueous suspension and to PQ, an inducer of oxidative stress.
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oxidative stress contributed to the observed effects of the PS
beads to induce oxidative stress.
3.5. Food Availability. Mechanical damage of the

nematode gut, as proposed by Lei and co-workers,17 does
not fully explain the observed effects because beads that could
not be ingested by C. elegans also inhibited reproduction
(Figure 1, Table 1). However, the beads might have indirectly
affected the nematodes by reducing food availability both
inside and outside the nematode intestine, as already suggested
for copepods.60 Our experiments with a varying food supply
(bacterial densities) at constant bead densities showed that the
inhibitory effects of the beads increased with decreasing
bacterial densities (Supporting Information S6, Figure S15).
The inhibitory effects of PS and SiO2 beads could be nicely
fitted to the ratio of beads to bacteria, regardless if the bacterial
or the bead density had been manipulated (Figure 2A) and
thus be attributed in part to a reduction in food availability.
One mechanism could be that the PS beads bind bacteria and
thus limit the food availability to C. elegans. This might explain
the effect of the larger, non-ingested beads (6.0 and 10.0 μm).
It could be shown that positively charged nanoparticles (NH2-
coated PS and SiO2 particles) heteroagglomerate with bacterial
cells, resulting in decreased food availability by C. elegans as a
false positive toxic effect.18 However, the uncoated PS and
SiO2 beads used in the present study were negatively charged
(negative zeta potential; Supporting Information S2.3, Table
S2) and consequently showed no notable agglomeration with
the E. coli cells present in the test system (Supporting
Information S7, Figures S16 and S17), which agrees with
observations of Hanna and co-workers18 that negatively
charged particles are not agglomerating with E. coli. Thus, it
is more plausible that the PS beads diluted the bacteria and, as
non-nutritional surrogates, reduced the biomass of nutritional
particles randomly ingested by C. elegans. This was evidenced
by the 50% inhibition that occurred at a 1:1 dilution of bacteria
and the 1.0 μm beads (ratio beads/bacteria = 1.2), which are
roughly the same size as E. coli (Figure 2A).
However, the bacterial dilution at which 50% effects

occurred was strongly dependent on the bead size and
spanned a range of >4 orders of magnitude, from 0.006 to
143 beads/bacteria (Figure 2A). If the dilution of bacteria by
PS beads was based on the total surface area of bacteria and
beads, the single response curves virtually merged to one
common response curve (Figure 2B), suggesting that,
independent of size, a 50% effect on reproduction is induced
if the surface area of PS beads is as large as that of the food

bacteria (mean surface-based EC50bacterial_dilution: 1.0 ± 0.7
(0.3−2.1 bead/bacterial area)).

3.6. Plastic-Specific Effect. To determine whether the
observed particle-related effects were caused by plastic-specific
properties, non-plastic SiO2 beads (1.0 and 10.0 μm diameter)
were also tested for their effects on C. elegans reproduction.
The SiO2 beads were considerably less toxic than PS beads of
the same size class (Table 1; Supporting Information S8,
Figure S18). For 1.0 μm beads, their EC50 value was >3 times
higher if toxicity is based on bead density (3.4 × 109 vs 1.02 ×
109 beads/mL; Table 1), >5 times higher if toxicity is based on
bead mass fractions (3.0 vs 0.57 mg/mL; Table 1), and 2 times
higher if toxicity is based on the total surface (107 vs 55 cm2/
mL). For 10.0 μm SiO2 beads, no effects occurred except at the
highest tested concentrations (25 mg SiO2/mL; 2.6 × 107

beads/mL; 82 cm2/mL); thus, even for the larger beads, the
toxicity of the PS beads was considerably higher than that of
the SiO2 beads (Table 1). Moreover, also the interaction of the
beads seems to be dependent on their material, as SiO2 beads
induced toxic effects on C. elegans at considerably higher bead/
bacteria ratios than PS beads, if based on the total surface area
(Figure 2B). Although PS beads, independent on size, caused
50% inhibition of reproduction at a surface area ratio of 1
(beads/bacteria), for SiO2 beads, surface area ratios of 10 or
even 250 (beads/bacteria) were necessary to cause 50% effects
for 1.0 and 10.0 μm beads, respectively (Figure 2B).
The lower inhibitory effects of the SiO2 compared to PS

beads may have been due to the higher specific density of SiO2
(1.85 g/mL; manufacturer specifications) than of PS (1.05 g/
mL; manufacturer specifications). Particles with a specific
density close to that of water may be more easily ingested by
nematodes than denser and thus less buoyant particles. The
specific density of E. coli (1.07−1.11 g/mL;61) is similar to that
of PS beads (1.05 g/mL) such that for C. elegans, the latter may
be taken up more readily than denser SiO2 beads and therefore
have a greater impact on the dietary ingestion of bacteria
(Section 3.5). Thus, the material-specific properties of nano-
and microparticles, such as their specific density, may influence
not only the fate and transport of the particles62 but also their
ecotoxicological behavior. Pluskota and co-workers63 com-
pared the translocation of nanosized PS and SiO2 beads (50
nm diameter) in the organs of C. elegans and found that while
PS beads were able to enter C. elegans tissues (intestine and
proximal gonad), SiO2 beads were only able to enter the
nematode’s gut. The difference may have been due to
differences in the densities of the beads. The authors63 also
found significant inhibitory effects on progeny production

Figure 2. Dose-response curves based on the ratio of PS or silica (SiO2) beads to bacteria. Inhibition (%) of reproduction in C. elegans exposed for
96 h to PS and SiO2 beads of different sizes at various food densities plotted against the ratio of beads/bacteria, in terms of (A) total numbers and
(B) the total surface area of beads or bacterial cells, circles = experiment A: constant bacterial density at varying bead densities; triangles =
experiment B: constant density of beads at varying bacterial densities. The curves were fitted using a sigmoidal logistic model; for all curves: r2 ≥
0.8, p < 0.01 (exception: PS 10.0 μm, r2 = 0.62, p = 0.056).
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(approximately 20% inhibition) of 0.05 μm SiO2 beads at 2.5
mg/mL. Thus, the 0.05 μm SiO2 beads in that study were only
slightly less toxic than the 1.0 μm SiO2 beads in the present
study (50% inhibition at 3 mg/mL; Table 1) but far less toxic
than our 0.1 μm PS beads (50% inhibition at 0.08 mg/mL),
supporting the outcome of the present study.
3.7. Environmental Implications. Four major conclu-

sions can be drawn from the results of this study: (1) the total
surface area of microbeads determined their toxicity; (2) the
styrene monomer did not cause the observed toxicity of PS
beads; (3) the effects of microbeads were largely determined
by their material composition, with the specific density of the
material being a crucial characteristic; and (4) microbeads
indirectly affected nematodes by altering food availability. Our
results highlight that investigations of the ecological risk of
microplastic particles must also consider indirect food web
effects and the nutritional conditions within a specific habitat.
However, in extrapolating our findings to the ecological risk of
microplastics in the environment, the following must be kept in
mind: (1) only spherical beads were tested, although
microplastics with other shapes occur in aquatic systems and
their effects may differ.64 (2) Only commercially available
pristine beads were tested, whereas in natural systems,
biological processes and weathering will change the behavior
of particles.5,65 (3) The effects observed in the present study
occurred at relatively high PS bead concentrations (EC50
values of 0.08−13 mg/mL). However, because of analytical
limitations, for the size range of the tested beads, no reliable
data on microplastic concentrations in field samples are
available.66

Our data provide reliable toxicity thresholds that can be used
in more thorough risk assessments, as soon as field data
become available. In studies modeling concentrations on the
basis of mass-conserving fragmentation processes,67 our results
showed that the first effects on C. elegans occur at
concentrations approximately 50- to 4000-fold higher than
the highest expected microplastic concentration in the field,
which implies a low risk of microplastics for nematodes.
Nonetheless, in the mass-conserving fragmentation of micro-
plastics, the total surface area will probably increase such that
the risk for nematodes increases with progressive fragmenta-
tion. Moreover, the biofouling of plastic particles might
enhance their sedimentation, leading to higher exposure
concentrations in sediments and therefore increased risks for
benthic organisms, including nematodes.65
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Sebastian Höss − Bielefeld University, Bielefeld, Germany,
and Ecossa, Starnberg, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.9b06583

Author Contributions
M.-T.M., H.F., S.H., and W.T. designed the nematode toxicity
experiments testing different bead sizes on C. elegans’
reproduction. M.-T.M. and S.H. carried out the toxicity tests.
H.F. evaluated the Raman spectra data. L.N.T. and P.M.
contributed the passive dosing and chemical activity measure-
ments of the styrene monomer. M.-T.M. and H.F. wrote the
manuscript. W.T. and S.H. supervised the work. All authors
contributed to and approved the final version of the
manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful to Stefanie Gehner for technical assistance, to
Cihang Kong of the Biomolecular Photonics Group (Faculty of
Physics, Bielefeld University) for recording Raman spectra of
the used PS beads, and to Birgit Würz of the Department
Environmental Microbiology (Helmholtz-Centre for Environ-
mental Research, Leipzig) for zeta-potential measurements.
This research was supported by the German Federal Ministry
of Education and Research (BMBF) as part of the project
MikroPlaTaSMicroplastics in Dams and Reservoirs: Sed-
imentation, Spread, Effects (BMBF grant nos. 02WPL1448D
and 02WPL1448E). All C. elegans strains were provided by the
Caenorhabditis Genetic Center and by the Gene Knockout
Project at the Oklahoma Medical Research Foundation as a
part of the International C. elegans Gene Knockout
Consortium.

■ REFERENCES
(1) PlasticsEurope. PlasticsThe Facts 2017. An Analysis of European
Plastics Production, Demand and Waste Data: Brussels, Belgium, 2018.
(2) Wagner, M.; Scherer, C.; Alvarez-Muñoz, D.; Brennholt, N.;
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