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Abstract The presence of microplastics in aquatic eco-
systems is of increasing global concern. This study investi-
gated ingestion, egestion and acute effects of polyethylene
microplastics in Daphnia magna. Fate of regular shaped
microplastic beads (10-106 pm) were compared with irreg-
ular shaped microplastic fragments (10-75 um). Daphnia
magna ingested regular and irregular microplastic with
uptake between 0.7 and 50 plastic particles/animal/day when
exposed to microplastic concentrations of 0.0001-10 g/L.
Egestion of irregular fragments was slower than that of
microplastic beads. The EC50 for irregular microplastic was
0.065 g/L whereas microplastic beads were less inhibitory.
The potential of microplastic to act as vector for hydropho-
bic pollutants was examined using ['*C]phenanthrene as
tracer. Polyethylene microplastic sorbed less ['*C]phenan-
threne compared to natural plankton organisms (bacteria,
algae, yeast). As microplastics are much less abundant in
most aquatic ecosystems compared to plankton organisms
this suggests a limited role as vector for hydrophobic pollut-
ants under current environmental conditions.

Keywords Daphnia magna - Polyethylene microplastics -
Phenanthrene - Sorption - Acute toxicity

Pollution of aquatic ecosystems with plastic debris is of
increasing global concern. An important category of plas-
tic debris is microplastics (<5 mm) which has shown an
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increase in occurrence and abundance in most surface waters
(Browne et al. 2007; Eerkes-Medrano et al. 2015; Lassen
et al. 2015; Galloway and Lewis 2016; Duis and Coors
2016). Microplastic pollution include (i) primary microplas-
tic originating from pellets and resins used in the plastic
industry, and plastic exfoliators in face and body scrubs,
and (ii) secondary microplastic generated during fragmen-
tation and weathering of larger plastic pieces (Napper et al.
2015; Eerkes-Medrano et al. 2015; Ziccardi et al. 2016; Duis
and Coors 2016). Lightweight microplastic particles tend
to initially accumulate in the surface microlayer of aquatic
ecosystems due to the surface tension of the water and the
low density of some microplastics (Song et al. 2014). Micro-
plastics can interact with hydrophobic organic contaminants
(HOCs) in the surface microlayer or in the water column,
due to the hydrophobicity of both microplastic and HOCs
(Teuten et al. 2007; Cunliffe et al. 2013; Koelmans et al.
2016; Ziccardi et al. 2016). Microplastics have a large sur-
face area and can potentially accumulate high concentrations
of HOC:s. If microplastics are ingested by aquatic organisms
they may subsequently act as a source of toxic HOCs (vec-
tor) and contribute to HOCs’ bioaccumulation (Teuten et al.
2007; Engler 2012; Bakir et al. 2016; Koelmans et al. 2016;
Ziccardi et al. 2016).

Ingestion of microplastics has been observed in a range
of marine and freshwater zooplankton species thereby intro-
ducing microplastic into the aquatic food web (e.g., Cole
et al. 2013; Setila et al. 2014). Ingestion of microplastics,
however, depends on several factors including plastic type,
weight, concentration, and frequency at which microplas-
tic particles are within the range of ingestible particles
naturally consumed by the organism (Wright et al. 2013;
Galloway and Lewis 2016). A key zooplankton species
that may ingest microplastics in aquatic ecosystems is the
Cladoceran Daphnia magna, which is a filter feeder that
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forages nonselectively on particles with sizes from < 1 um to
approximately 70 um (Ebert 2005; Rosenkranz et al. 2009;
Rehse et al. 2016; Ngrgaard and Roslev 2016). However, lit-
tle is known about the uptake and adverse effects to daphnids
of different microplastic morphologies and whether micro-
plastics are important vectors for hydrophobic pollutants.

The purpose of this study was to investigate: (i) the
amount of regular and irregular shaped microplastic par-
ticles ingested and egested by D. magna during short term
exposure and gut clearance; (ii) the adverse effect of micro-
plastic with and without sorbed phenanthrene; (iii) the sig-
nificance of phenanthrene sorption by microplastic particles
compared to sorption by naturally occurring plankton (i.e.,
bacteria, algae and yeast). We hypothezise that (i) plas-
tic morphology will affect egestion and adverse effects of
ingested microplastic particles in D. magna, and (ii) poly-
ethylene microplastic will sorb phenanthrene at levels com-
parable to plankton organisms.

Materials and Methods

Two types of polyethylene microplastic particles were
included in this study: regular shaped round microplastic
consisting of pristine white polyethylene beads with sizes
of 10-106 um (Cospheric, USA), and irregular shaped recy-
cled microplastic particles consisting of black polyethylene
fragments with sizes between 10 and 75 um obtained from
a plastic recycling company (Aage Vestergaard Larsen A/S,
Denmark).

Unlabelled phenanthrene (CAS 85-01-8) and 14C-labelled
phenanthrene ([14C9]phenanthrene; 57 mCi/mmol) was
obtained from Sigma-Aldrich (Denmark) and American
Radiolabeled Chemicals (USA), respectively. Phenanthrene
was dissolved in DMSO before addition to aqueous sam-
ples with D. magna. ['*C]phenanthrene was used for sorp-
tion experiments with microplastic and plankton, and was
dissolved in hexane to facilitate evaporation of the solvent.
['*C]phenanthrene stocks had a specific radioactivity of
0.35 uCi/mL corresponding to 1.09 pg/mL.

The model organism D. magna originated from a labora-
tory clone cultivated from pure-culture ephippia (MicroBi-
oTlests Inc., Belgium). Female D. magna were grown and
maintained at 20+ 1°C in aquaria with light:dark cycles of
16:8 h. Aquaria water consisted of high-quality groundwa-
ter (16 °dH; pH 7.8; O,>8 mg/L). D. magna were fed a
1:1 mixture of dried organically grown Chlorella pyrenoi-
dosa (Naturland, Denmark) and dry yeast (Malteserkors,
Denmark) at levels corresponding to 0.1-0.2 mg C day ™!
daphnid™".

Daphnia magna was exposed to either regular shaped
microplastic beads or irregular shaped microplastic frag-
ments in parallel experiments. The same concentrations
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of the two microplastic types were used and all incubation
was carried out in sterile 20 mL glass vials containing auto-
claved filter sterilized (0.22 um) artificial freshwater medium
(ISO 6341 2012). Each exposure concentration consisted
of 5 vials with 4 D. magna in each (20 animals in total per
concentration). Vials with D. magna and microplastic beads
or microplastic fragments were incubated in the dark at
20+ 1°C on a plankton wheel at 5 rpm. No food was added
in experiments with microplastics.

Ingestion and egestion of microplastics was investigated
at six different initial concentrations between 0.0001 and
10 g/L. Tween 20 (CAS: 9005-64-5, Merck KGaA, Ger-
many) equal to 0.001 vol% was added to facilitate mixing
of microplastic and water. Ingestion of microplastics by D.
magna was determined for each animal after 24 h of incu-
bation. The animals were then transferred to fresh medium
without microplastics and the concentration of microplastic
particles in the organisms was determined again after 24 h
of gut clearance (egestion). Microplastic in animal biomass
was visualized by microscopy at X10 magnification using a
Carl Zeiss Axioskop 2 plus (Germany).

Toxicity of microplastics and phenanthrene to D. magna
was determined using immobility as response variable
(ISO 6341 2012). Tests were performed with the follow-
ing combinations: microplastic (0.01-5 g/L), phenanthrene
(0.008-5 mg/L), and microplastic-phenanthrene mixtures
with variable phenanthrene concentrations (0.008-5 mg/L)
combined with a fixed microplastic concentration of
0.05 g/L. In experiments with microplastic-phenanthrene
mixtures, vials were pre-incubated for 24 h without D.
magna to allow chemical sorption of phenanthrene before
the animals were added. This procedure resulted in co-
exposure to phenanthrene from microplastic and the aqueous
phase. Mobility-immobility of D. magna was determined
after 48 h of incubation (ISO 6341 2012).

Sorption of phenanthrene by microplastics and different
plankton organisms was compared for irregular microplastic
[10-75 um], natural plankton [0.2—-80 um] obtained from
an estuary (Limfjorden, Denmark), the bacterium Vibrio
fischeri [~ 1.2 pm] (DSMZ, Germany), and the yeast Sac-
charomyces cerevisiae [~ 3.6 um] (Malteserkors, Denmark).
The concentrations, diameters and volumes of microplastic
particles and different cell types were determined with a
Multisizer™ 4e Coulter Counter® equipped with 20 and
100 pm apertures (Beckman-Coulter, USA). Particle concen-
trations (numbers/mL) were used to calculate approximate
particle volumes and weight. Spherical particle geometry
and uniform density (1 g/cm®) was assumed to simplify
the calculations. Irregular microplastic at a concentration
of 0.05 g/L was used for the sorption experiments, and the
amount of natural plankton, V. fischeri and S. cerevisiae used
in the experiment was scaled according to the surface area
of the microplastics. All particle types were incubated in
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triplicates in 20 mL medium on a plankton wheel for 24 h
at 20+ 1°C (5 rpm). The initial ['*C]phenanthrene concen-
tration corresponded to 12 pg/L. After 24 h, particles were
filtered onto nitrate cellulose membrane filters, and washed
with distilled water. Sorption of ['*C]phenanthrene was
determined by dissolving the filter in Filter-Count scintilla-
tion cocktail (Perkin-Elmer, USA) followed by counting in
a Tri-Carb 1600 TR Liquid Scintillation Analyzer (Packard,
USA). The LOD and LOQ of the liquid scintillation analysis
corresponded to 0.003 and 0.06 ng of ['*C]phenanthrene,
respectively. Sorption of phenanthrene by microplastic and
plankton organisms was estimated relative to particle mass
(wet weight) to reflect that phenanthrene will likely be dis-
tributed on both the surface and inside particles due to intra-
particle diffusion (Ahn et al. 2005; Fries and Zarfl 2012). An
apparent distribution coefficient (Kp) was estimated as C/C,,
where C, and C,, is the concentration of ['*C]phenanthrene
in the sorbent and water, respectively (Fries and Zarfl 2012).

The Mann Whitney U test (Wilcoxon rank sum test) with
a significance level of p <0.05 was used for evaluating dif-
ferences in ingestion and egestion of different microplastic
types and different exposure concentrations. The statisti-
cal analyses were carried out using Microsoft Excel 2007
(USA). EC50 values for concentration—response curves were
calculated using KaleidaGraph 4.5.1 and a log-logistic equa-
tion as described previously (@rsted and Roslev 2015). The
95% confidence interval (CI) was calculated as described in
ISO 6341 (2012).

Results and Discussion

Microplastic particles in nature display a range of different
morphologies including regular shaped spheres and irregular
shaped fragments (Helm 2017). Microscopic images of the
regular and irregular shaped microplastics used in this study
are shown in Fig. 1a, b. Some of the irregular shaped micro-
plastic fragments contained noticeable appendages (Fig. 1b).

Microplastic particles collected in an estuary (Limfjorden,
Denmark) are shown for comparison (Fig. 1c). The two mor-
phological types of microplastics used in the present study
(Fig. la, b) show resemblance to environmental microplas-
tic types described as primary and secondary microplastics
(Eerkes-Medrano et al. 2015; Duis and Coors 2016; Helm
2017).

The model organism D. magna rapidly ingested both
regular and irregular shaped microplastic, but the concentra-
tion in the animals after 24 h was strongly dependent on the
initial microplastic concentration in the water (Fig. 2a, b).
At low initial microplastic concentrations (<0.001 g/L), the
ingestion was somewhat comparable for regular and irregu-
lar microplastic and corresponded to an average of 0.7-1.4
plastic particles/animal. Maximum biomass accumulation
occurred at high microplastic concentrations > 0.01 g/L, and
resulted in 33-50 plastic particles/animal. These results are
in accordance with previous studies suggesting ingestion of
microplastic by zooplankton organisms likely driven by the
fact that the size range of microplastics overlaps with that of
natural food items (Cole et al. 2013; Setili et al. 2014; Gal-
loway and Lewis 2016; Rehse et al. 2016). A significantly
lower ingestion of irregular microplastic fragments was
observed at 10 g/L. compared to 1.0 and 0.1 g/L (p <0.05;
Mann Whitney U test). This difference may in part be due
to considerable agglomeration of this microplastic type at
high concentrations (i.e., occurrence of large microplastic
aggregates).

Significant differences (p <0.05; Mann Whitney U test)
were observed in the ability of D. magna to egest regular and
irregular shaped microplastic (Fig. 2). After 24 h of micro-
plastic ingestion, each animal was followed for an addi-
tional 24 h to study egestion in microplastic free medium.
Forty-nine percent of test organisms fed with regular micro-
plastic completely emptied their gut within 24 h whereas
only < 1% of organisms fed with irregular microplastic were
able to clear their gut completely. In addition, the average
post depuration concentration of microplastic in biomass

Fig. 1 a regular shaped polyethylene microplatic (10-106 um); b irregular shaped polyethylene microplastic (10-75 um); ¢ mixed microplatic
collected in Limforden, Denmark. The microplastic shown in a and b were used in experiments in the present study
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Fig. 2 Ingestion and egestion of regular (a) and irregular (b) shaped
polyethylene microplastic by D. magna during 24 h uptake at differ-
ent initial microplastic concentrations followed by 24 h egestion in
microplastic free medium (depuration). An example of egestion of
regular and irregular shaped polyethylene microplastic during the ini-
tial 90 min of depuration is shown in ¢. Data represent means for 20
animals + standard error

was much higher for animals exposed to irregular shaped
microplastic. The effect of microplastic morphology was
also evident during the initial 90 min of depuration where
biomass concentrations remained 5—6 times higher in ani-
mals previously exposed to 0.05 g/L irregular compared to
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0.05 g/L regular shaped microplastic (Fig. 2c). Eighty-three
percent of D. magna fed with regular microplastic emptied
the gut during the initial depuration whereas none of the
organisms fed irregular microplastic where able to clear
their gut within 90 min. The rapid depuration of regular
shaped plastic particles is in accordance with other studies
suggesting limited bioaccumulation in animal GI tracts of
microbeads (Rosenkranz et al. 2009; Grigorakis et al. 2017).
In the preset study, all animals were alive and mobile dur-
ing the depuration experiment, and the significant differ-
ence (p=0.001) in egestion of regular shaped and irregu-
lar microplastic was likely due to the smoother surface of
the regular shaped spherical beads compared to the some-
what spiky structure of the irregular microplastic particles
(Fig. 1). Irregular microplastics are believed to be the most
abundant microplastic particles in aquatic ecosystems (Duis
and Coors 2016; Helm 2017). As irregular microplastics are
also for a longer period of time retained within the guts of
organisms, gut blockages with implications for the nutrition
of organisms is a potential scenario (Wright et al. 2013).
Hence, microplastic morphology is a factor that should be
considered when conducting experiments with microplastics
and filter feeding zooplankton.

Elevated microplastic concentrations affected the mobil-
ity of D. magna (Fig. 2). However, immobilization was
different for regular and irregular microplastic. The immo-
bility caused by regular shaped microplastic was very low,
and less than 50% inhibition was observed after 48 h of
exposure to concentrations as high as 5 g/L. In contrast, a
clear immobilization was observed in response to irregular
microplastic, and the 48 h EC50 was estimated to 0.065 g/L
(0.021-0.192 g/L. CI). This EC50 value for irregular poly-
ethylene microplastic is comparable to an EC50 value of
0.057 g/L reported for D. magna after exposure to small
polyethylene particles for 96 h (Rehse et al. 2016). Interest-
ingly, these authors found noticeable size dependent differ-
ences in inhibitory effects of polyethylene with no observ-
able effect of 100 um particles compared to 1-um particles
(Rehse et al. 2016). Related results have been observed for
polystyrene plastic where small particles (50 nm) were more
toxic to D. magna than larger particles (Ma et al. 2016). It
has been suggested that small microplastic particles may
decrease fitness of zooplankton such as D. magna by adher-
ing to inner and outer surfaces, impairing filtering activ-
ity, compromising the gut integrity, and entering tissue and
cells (Cole et al. 2013; Eerkes-Medrano et al. 2015; Rehse
et al. 2016; Ma et al. 2016). However, it should be noted that
acute microplastic EC50 concentrations in the mg/L range
are clearly above typical concentrations (ng/L to pug/L) most
often encountered in aquatic ecosystems (e.g., Lassen et al.
2015; Duis and Coors 2016; Fischer et al. 2016). Hence,
acute lethal effects of current microplastic concentrations
on zooplankton such as Daphnia are likely rare whereas
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the potential for sub-lethal effects after long-term exposure
needs further investigations.

It has been suggested that microplastics in aquatic eco-
systems may increase exposure of zooplankton to harmful
chemicals by serving as a vector for HOCs (Teuten et al.
2007; Engler 2012; Eerkes-Medrano et al. 2015; Koelmans
et al. 2016; Ziccardi et al. 2016). When zooplankton ingests
microplastics with sorbed HOCs, these chemicals may des-
orb in the gut and increase the risk of bioaccumulation and
toxic effects. In our study, irregular microplastic preincu-
bated with phenanthrene for 24 h to facilitate HOC sorption
was more toxic to D. magna than microplastic alone. How-
ever, the inhibitory effect of microplastic with phenanthrene
was not unambiguously more toxic than the same phenan-
threne concentration without microplastic. Exposure in the
absence of microplastic resulted in an EC50 of 0.47 mg/L
for phenanthrene (0.23-0.91 mg/L CI). In comparison,
incubation of D. magna with phenanthrene in the presence
of irregular microplastic (0.05 g/L) resulted in an EC50 of
0.14 mg/L for phenanthrene (0.01-0.34 mg/L CI).

The role of microplastics as a potential vector for HOCs
compared to the role of natural plankton organisms has been
the source of some debate (Teuten et al. 2007; Bakir et al.
2016; Koelmans et al. 2016; Ziccardi et al. 2016). In our
study, simple sorption experiments with ['*C]phenanthrene
showed that irregular polyethylene microplastic (10—75 pum)
was a good sorbent for phenanthrene (Fig. 4). The phenan-
threne sorption estimated for polyethylene microplastic is
in line with results from related studies (Karapanagioti and
Klontza 2008; Fries and Zarfl 2012; Napper et al. 2015).
Sorption by our irregular polyethylene fragments cor-
responded to an apparent distribution coefficient (Kp) of
6696 +946 L/kg (24 h). This is in the same range as Kp
values estimated in more comprehensive studies by Kara-
panagioti and Klontza (2008) and Fries and Zarfl (2012).

['*C]phenanthrene sorption by irregular polyethylene
microplastic estimated in the current study was 8-35 times
lower per mass (weight) compared to sorption by different
plankton organisms (Fig. 3). Mixed plankton (0.2—-80 um)
from an estuary showed the greatest sorption of [*C]phen-
anthrene (Fig. 3). These results confirmed that microplastics
are potential environmental sorbents of phenanthrene but the
sorption is not greater than that for different plankton organ-
isms when based on mass. Furthermore, the abundance of
microplastics compared to plankton organisms should also
be considered when evaluating their potential role as HOC
vectors (Koelmans et al. 2016; Ziccardi et al. 2016). Exam-
ples of the abundance of microplastics and different plank-
ton organisms in aquatic ecosystems are shown in Table 1.
Calculation of simple ratios between microplastics, phy-
toplankton and bacterioplankton abundances suggest that
current concentrations of microplastics in both freshwater
and marine ecosystems are much lower than that of natural
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Fig. 4 Sorption of ['*C]phenanthrene (24 h) by irregular shaped
microplastic particles, yeast (S. cerevisiae), a bacterium (V. fischeri),
and mixed plankton. ['*C]phenanthrene sorption is expressed relative
to the weight of the different particles + standard error

plankton organisms (by a factor of at least 10%). Further-
more, significant amounts of HOC may also be associated
with dead organic mater including dissolved and particulate
organic carbon. This suggests a more limited role of micro-
plastics as HOC vector compared to live and dead plankton
organisms given the current microplastic concentrations in
most aquatic ecosystems. This conclusion support previous
studies suggesting that microplastic ingestion is not likely
to significantly increase HOC exposure and risk compared
to other exposure pathways (Bakir et al. 2016; Koelmans
et al. 2016; Ziccardi et al. 2016). To examine these aspects
further, future studies may include sorption and desorp-
tion of HOCs from microplastics and different plankton
fractions by de facto measuring HOC bioavailability and
bioaccumulation.
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Table 1 Examples of

. . Aquatic environment Abundance in water column (numbers m™>) Ratio

abundances of microplastics,

phytoplankton and Microplastics (M) Phytoplankton (P) Bacterioplankton (B)  M:P:B

bacterioplankton in aquatic

ecosystems Rivers 0.9-17.9 0.8x10%-8x10"  4x10"-12x10" 1:10%:10"2
Lakes 0.82-65 6.4x10°-59x10°  9.5x10'"°-22x 10" 1:10%10°
Marine (coastal) 4.0x10°-2.6x10°  1x10°%-1x10° 5%10'"-2.5% 10" 1:10%10’
Marine (open waters)  0.004—4 6x10*-8x 108 49%10"-25%10"%  1:10%10"

The ratios between microplastics, phytoplankton and bacterioplankton were calculated from the average
abundance of plastic particles and plankton organisms in the water column. Data are based on Heinanen
(1992), de Ruyter van Steveninck et al. (1992), Bratbak et al. (2011), Lassen et al. (2015), Davidson et al.
(2013), Duis and Coors (2016), and Fischer et al. 2016

In summary, this study showed that D. magna rapidly
ingested regular and irregular shaped polyethylene micro-
plastic particles but egestion of regular microplastic was
faster than egestion of irregular microplastic. Gut clearance
and apparent gut residence time was longer for irregular
shaped microplastic, and acute inhibitory effects were more
pronounced for irregular microplastic compared to regular
shaped microplastic. Microplastic morphology is there-
fore a factor that should be considered in experiments with
microplastics and filter feeders because most microplastics
in the environment may be irregular in shape. The long-
term effects of different irregular microplastic morphologies
warrant further studies. Irregular polyethylene microplastic
sorbed less phenanthrene compared to different plankton
organisms, and the abundance of phytoplankton and bacte-
rioplankton is often much greater than the present number
of microplastic particles in aquatic ecosystems. Hence, live
and dead plankton organisms are likely more critical carriers
of HOCs than microplastics under current environmental
conditions.
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