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ABSTRACT: Microplastic particles (MPPs; <5 mm) are found
in skin cleansing soaps and are released into the environment via
the sewage system. MPPs in the environment can sorb persistent
organic pollutants (POPs) that can potentially be assimilated by
organisms mistaking MPPs for food. Amphipods (Allorchestes
compressa) exposed to MPPs isolated from a commercial facial
cleansing soap ingested ≤45 particles per animal and evacuated
them within 36 h. Amphipods were exposed to polybrominated
diphenyl ether (PBDEs) congeners (BDE-28, -47, -99, -100, -153,
-154, and -183) in the presence or absence of MPPs. This study
has demonstrated that PBDEs derived from MPPs can be
assimilated into the tissue of a marine amphipod. MPPs reduced PBDE uptake compared to controls, but they caused greater
proportional uptake of higher-brominated congeners such as BDE-154 and -153 compared to BDE-28 and -47. While MPPs in
the environment may lower PBDE uptake compared to unabsorbed free chemicals, our study has demonstrated they can transfer
PBDEs into a marine organism. Therefore, MPPs pose a risk of contaminating aquatic food chains with the potential for
increasing public exposure through dietary sources. This study has demonstrated that MPPs can act as a vector for the
assimilation of POPs into marine organisms.

■ INTRODUCTION

Plastics have become ubiquitous pollutants found throughout
the world in oceans,1 coastlines,2 and wastewater.3 A growing
concern regarding plastics pollution are microplastic particles
(MPPs; <5 mm).2,4,5 Sources of MPPs include skin cleansing
soaps,6,7 plastic fibers from machine washing of clothing,4

fragmentation of larger plastics,8 and plastic beads used in
industry as abrasives for sandblasting.7,8 Most MPPs in soaps
are smaller than 500 μm,9 a range which could make them
easily ingestible by small marine organisms. These MPPs can
also enter the environment via the sewage system.4 Sewage
effluent along with industrial wastewater discharges are a large
source of MPPs entering the environment, e.g., up to 9 × 108

MPPs were estimated to be discharged annually into the sea
from a single sewage treatment plant, which had an average
annual discharge of 11 300 m3.3 Coastal sediment core samples
also show increasing amounts of MPPs have entered the marine
environment over the past two decades (up to 390 MPPs/kg
sediment).2

Ingestion of plastic debris by wildlife is a commonly noted
problem, and plastic pieces have been found in the gut of
seabirds,10 turtles,11 and whales.12 Plastic debris has also been
implicated in the deaths of marine organisms through ways
such as entanglement and blockage of the organism’s digestive
system.11,13,14 Ingestion of MPPs has also been documented in
deposit- and suspension-feeding sea cucumbers,15 deposit-
feeding lugworms,16,17 detritivorous amphipods,18 and even

zooplankton,19 showing that MPP ingestion can occur in
marine organisms with different feeding methods.
Plastics also contain chemical additives such as phthalates

used in softening plastics,20 and the flame retardant
“polybrominated diphenyl ethers (PBDEs)”, used in furniture
foam21 and electronics.22 Concerns have been raised about
PBDEs, as both a plastic additive, which can leach into the
environment, and as a persistent organic pollutant (POP) that
sorbs to plastics.23 Plastic debris in the marine environment
readily sorbs hydrophobic POPs, such as polychlorinated
biphenyls (PCBs), PBDEs, and dichlorodiphenyltrichloro-
ethanes (DDTs).1,24,25 For example, clean plastic pellets
experimentally deployed within an urban bay steadily
concentrated PCBs,25 DDE25 (a breakdown product of
DDTs), and PBDEs26 for up to a year. Ingestion of such
contaminated MPPs and bioaccumulation of sorbed chemicals
has been documented in fish26 and lugworms.16

PBDEs have very low solubility in water27 along with
negligible vapor pressures, and thus tend to stay within the
organic fraction of sediments.28 PBDEs are also highly
lipophilic and accumulate in the lipids of organisms.29 There
are three main commercial “technical” formulations of PBDEs,
namely “penta-BDEs”, “octa-BDEs”, and “deca-BDEs”. Each
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formulation is a mixture of congeners, and the technical name is
based upon the bromine content of the dominant PBDE
congeners.30 Deca-BDE, mainly composed of the congener
BDE-209, was the most used formulation in 2008. Due to
concerns about their environmental persistence and possible
health impacts, penta- and octa-BDE formulations were banned
in the European Union in 2004, with the producer in the U.S.A.
having voluntarily stopped production. Deca-BDE production
is also slated to be phased out by the two major producers in
the U.S.A. by 2013.31

The dominant PBDE congeners of penta- (BDEs-47, 99,
100, 153, 154) and octa-BDE (BDE-183) formulations,
however, continue to be found in the environment,1 marine
organisms,32 and human beings.33 MPPs collected from
beaches and the open ocean around Asia and America in
2011 contained up to 9900 ng PBDEs/g of MPPs.1 Recent
studies have found BDE-209 to be the most dominant
congener in marine plastic debris1 and sediment,34 which
may be due to continued usage and production of deca-BDE
technical formulations, composed mainly of the congener BDE-
209.35

PBDEs congeners can biomagnify up the food chain in
marine animals,36,37 with the dominant congeners detected in
aquatic organisms being BDEs-47, -99, -100, -153, -154, -183,
and -209.32 Consumption of seafood such as fish and shellfish
has been strongly linked to elevated levels of PBDEs in
humans,38 and similar PBDE congeners found in seafoods have
also been found in human beings.33 Overall, this highlights that
the PBDE congeners BDE-47, -99, -100, -153, -154, -183, and
-209 have a high propensity to bioaccumulate, and most of
these congeners are also the dominant congeners in penta-BDE
commercial formulations.34

PBDEs can persist for years in the human body39 and could
have several negative health impacts, including acting as
endocrine disrupting chemicals (EDCs),40,41 causing devel-
opmental neurotoxicity42 and having detrimental effects on
reproductive ability.43 Different PBDE congeners also differ in
their toxicity. For example, BDE-153 has antiestrogenic
effects44 and causes decreased sperm count in human
males,45 while prenatal exposure to BDEs-47, -99, and -100
has been associated with poorer mental and physical develop-
ment scores in children aged 12−48 months.46

It is therefore of interest to investigate the accumulation of
PBDEs via contaminated plastics as a result of environmental
exposure. Amphipods are the primary consumers in the marine
environment and may contribute to the bioaccumulation and
biomagnification of PBDEs via the ingestion of MPPs. Thus,
this project aimed to investigate whether PBDEs adsorbed to
MPPs can be assimilated by a marine amphipod after eating
these particles, and the differential uptake of PBDE congeners.

■ MATERIALS AND METHODS
Microplastics Ingestion and Gut Clearance. MPPs were

isolated from Nivea Exfoliating Face Scrub soap, (listed as
“polyethylene” in the ingredients). About 20 mL of the soap
was added to 80 mL deionized (DI) water at 60 °C, stirred
until the soaps and surfactants went into solution, and vacuum
filtered through a Whatman grade 1 filter paper (pore size 11
μm). MPPs were rinsed with 100 mL of 60 °C water three
times and dried overnight. MPPs extracted were 11−700 μm in
diameter and irregularly shaped.
MPPs were cleaned in an accelerated solvent extractor (ASE-

200, Dionex, California) in an 11 mL cell between Whatman

D28 filter papers, which was run 10 times (extraction solvent
100% isopropanol, 80 °C, 1500 psi, 10 min static time with two
cycles, flush volume 70%, purge time 120 s). The same
instrument conditions were also later used to extract PBDEs
from MPP samples.
The detritivorous marine amphipod, Allorchestes compressa,

was collected over 2012/13 prior to conducting this and
subsequent experiments from beaches at Queenscliff (Victoria,
Australia), habitats typical of those commonly polluted by
MPPs2 and PBDEs.1,34 Clumps of seagrass (Heterozostera
tasmanica) with amphipods were kept in aquaria at 15 °C with
aerated seawater on a 12 h light and 12 h dark cycle.
There were four treatment and one control group, all

conducted in triplicate. Five amphipods were placed in each of
15 replicate cylindrical glass vials (2.6 cm i.d., 5.6 cm in height)
containing 1 mL seawater (SW) in a temperature-controlled
room at 15 °C on a 12 h light and 12 h dark cycle. Treatment
replicates also had 0.1 g MPPs added, while control groups
contained no MPPs. After 72 h of exposure, amphipods and
vials were rinsed with fresh SW to end ingestion by removing
the MPPs. Gut clearance was then monitored by sacrificing
amphipods after a further 0 h, 12 h, 24 h, and 36 h (three
replicate vials per time point). Amphipods were placed in 2 mL
eppendorf tubes and stored at −20 °C until further analysis.
Control amphipods were all sacrificed at 36 h. Amphipods were
digested in 1 mL 4N KOH solution at 60 °C for 12 h to
remove soft tissue and aid in enumerating MPPs under a
dissecting microscope, pooling together all amphipods from
each time point.

Assimilation of PBDEs by Ingestion of Microplastics.
Experiment 1: Influence of Microplastics Presence on PBDE
Congener Uptake. All glassware, unless otherwise stated, was
washed with AR grade acetone and baked at 450 °C for ≥12 h.
All other solvents were HPLC grade (Burdick & Jackson,
Michigan, U.S.A.; Sigma-Aldrich, Missouri, U.S.A.). PBDE
congeners were BDEs-28, -47, -99, -100, -153, -154, and -183,
obtained as a standard mix (20 μg each congener/mL;
Accustandard, Connecticut, U.S.A.). Solutions and solvents
were transferred with a glass microliter syringe.
Amphipods were exposed to PBDEs in the absence or

presence of MPPs (0.1 g) in glass vials described above (five
amphipods per vial). In each case, two PBDE exposure levels
were used: an environmentally relevant level (5 ng PBDEs per
vial) or ten times that amount (50 ng PBDEs per vial). Thus,
the final concentration of PBDEs on MPPs were 50 and 500 ng
PBDEs/g of MPPs. 50 ng/g is similar to environmental levels
in MPPs and sediment.28,34,47,48 Overall, there were four
experimental treatment groups “SW + 5 ng PBDEs”, “SW + 50
ng PBDEs”, “MPPs + 5 ng PBDEs”, and “MPPs + 50 ng
PBDEs” with five replicate vials of each.
PBDEs in ethanol (“spiking solution”) were added to vials,

and the solvent was evaporated off. Vials containing both
PBDEs and MPPs had the spiking solution and MPPs added
together, so that after evaporation the PBDEs would adhere
largely onto the MPPs. There were three control groups (five
replicates each); one containing seawater only, one containing
unspiked MPPs (0.1 g) and one solvent control (0.1 g unspiked
MPPs with ethanol added then evaporated). 0.1 g of each batch
of MPPs (solvent control, 5 ng and 50 ng PBDE-spiked MPPs;
three replicates each) were analyzed for PBDE content.
Five amphipods were then placed in the vials with 1 mL of

SW. After 72 h exposure, amphipods were removed, rinsed,
placed in new vials with fresh SW for 48 h to clear their gut of
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ingested MPPs, and frozen at −20 °C. Later, they were oven-
dried at 60 °C for 12 h, weighed, crushed, and homogenized
with a glass rod and a small amount of acid-washed sand,
followed by PBDE extraction and analysis. All five amphipods
from each replicate were pooled together for PBDE extraction.
Experiment 2: Assimilation of Adsorbed PBDEs from

Microplastics. Experimental methods were the same as in the
previous experiment, except that batches of MPPs (1 g) were
spiked in separate glass vials with 50 or 500 ng PBDEs in
ethanol or with ethanol alone (control batch). The solvent was
evaporated and MPPs rinsed with 100 mL DI water through a
Whatman grade 1 filter paper to remove any unadsorbed
PBDEs. 0.1 g of each batch was then added to treatment glass
vials (five replicates for each batch), each containing five
amphipods and 1 mL SW. Overall, there were two treatment
groups “MPPs+ 5 ng PBDEs” and “MPPs+ 50 ng PBDEs” and
one control group “MPPs + SW (control)”. Prepared MPP
batches were also analyzed for PBDE content.
After 72 h of exposure, PBDE levels in the seawater of each

treatment vial were analyzed. 500 μL SW was removed using a
glass microlitre syringe, avoiding taking up MPPs on the SW
surface, stored in gas chromatography (GC) vials, and frozen at
−20 °C until PBDE liquid−liquid extraction. 500 μL of hexane
was added to the GC vials and shaken vigorously; the top
hexane layer was removed with a glass microlitre syringe and
placed in a clean GC vial; and the process was repeated two
more times. The extract was evaporated to dryness, 100 μL of
isooctane was added and analysis conducted using a gas
chromatograph-micro electron capture detector (GC-μECD).
PBDE Quantification and Data Analysis. PBDEs were

extracted from amphipods using an ASE-200 accelerated
solvent extractor in 11 mL ASE-200 extraction cells. ASE-200
instrument conditions for PBDE extraction from MPPs were
the same as those previously used for cleaning the MPPs, and
PBDEs from amphipods were extracted using the following
conditions: extraction solvent 100% dichloromethane, 100 °C,
1500 psi, 5 min static time with two static cycles, flush volume
60%, purge time 120 s. Extract solvents were exchanged to
hexane and cleaned using a florisil column (glass column 20
mm dia., 20 cm length, packed with 1 cm depth anhydrous
sodium, 10 cm depth activated florisil (60−100 μm mesh;
Sigma-Aldrich, Missouri, U.S.A.) topped with 1 cm depth
anhydrous sodium sulfate). Florisil was activated by baking at
450 °C for 12 h. Twenty mL of DCM/hexane mixture (1:1 v/
v) was added to the column, drained to 1 cm from the top
sodium sulfate layer, discarding the flow-through then adding
the sample extract solution. The extract solution container was
washed twice with 1 mL of the DCM/hexane mixture, and
added to the column. PBDEs were eluted with 20 mL of the
same DCM/hexane mixture, solvent exchanged to isooctane,
evaporated to 250 μL and transferred using glass pasteur
pipettes into 250 μL GC-vial inserts in GC vials (Agilent
Technologies, U.S.A.).
Extracts were analyzed using an Agilent 6890 GC-μECD with

autosampler (CTC CombiPAL), DB-5MS column (30 m in
length, 250 μm i.d., 0.25 μm film thickness) and single taper
splitless injection liner with no glass wool. The instrument
conditions were as follows: 320 °C injection temperature, 1 μL
injection volume, pulsed splitless injection mode (25 psi
injection pulse until 1.8 min, purge −50 mL/min for 2 min),
column temperature program of 90 °C initial temperature
(maintained for 1 min) increased at 20 °C/min until 350 °C,
hydrogen carrier gas (1.8 mL/min constant flow), μECD at 350

°C with nitrogen makeup flow (58.2 mL/min), and 20 Hz data
collection rate. PBDE peak response areas were calculated with
Agilent Chemstation Rev B.04.01 data analysis software
(Agilent Technologies, U.S.A.) and quantified by interpolating
from PBDE standard curves of 1−2500 ppb.
Two PBDE data sets were analyzed: PBDE concentration

(ng PBDEs/g amphipod; dry weight) and proportional uptake.
In Experiment 1, proportional uptake was calculated by dividing
the amount of assimilated PBDEs in amphipods by the amount
of PBDEs added to the treatment vial. In Experiment 2, it was
calculated by dividing the amount of assimilated PBDEs in
amphipods by the amount of PBDEs found in 0.1 g of prepared
MPPs. Proportional uptake data were arcsine square-root
transformed prior to statistical analysis.
Fixed factor repeated-measures ANOVA tested for differ-

ences in PBDE concentrations and proportional uptakes
between treatment groups exposed to PBDEs. The fixed factors
were “presence/absence of MPPs”, “amount of PBDE added to
treatment vials (5 vs 50 ng)” and “PBDE congeners”. A priori
one-way ANOVA was run separately for each treatment group
to test for differences in concentrations and proportional
uptake between PBDE congeners. Where one-way ANOVA p-
values were significant (<0.05), Bonferroni pairwise compar-
isons were conducted.

■ RESULTS AND DISCUSSION
Microplastics Ingestion Experiment. MPPs were found

in all 15 amphipods sacrificed immediately after removal from
exposure to MPPs (Figure 1a,b), while no MPPs or similar
particles were found in control group amphipods. Individuals
from group 0 h ingested varying amounts of MPPs (range 1−

Figure 1. (a) Photograph of digested amphipod showing ingested
microplastic particles. (b) Total number of ingested particles from 15
pooled amphipods sacrificed at each time point, and corresponding
number of amphipods containing ingested microplastics.
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45 particles, mean 18.8 ± 3.5 particles, n = 15). 87% of
amphipods cleared their gut of MPPs within 12 h, and by 36 h
an average of <0.5 particles remained per amphipod (Figure 1).
In the subsequent PBDE-exposure experiments, 48 h was
therefore allowed for gut clearance before sacrificing amphipods
to measure PBDE accumulation in tissue.
Digestive fluids can aid in removing sorbed POPs on

contaminated MPPs.49 Thus, the longer that ingested MPPs
stay in the gut of organisms, the more likely it will be that any
sorbed POPs will transfer and become incorporated into body
tissue.
Assimilation of PBDEs by Ingestion of Microplastics.

Analysis of Spiked Microplastics. PBDEs were detected on all
replicate MPPs that were spiked, while none were detected in
the control MPPs. PBDE percentage adsorption was greater for
Experiment 1 (unrinsed) MPPs (Figure 2a), compared with

rinsed MPPs from Experiment 2 (Figure 2b). The rinsing
treatment for Experiment 2 MPPs also removed a greater
percentage of lower-brominated PBDEs than higher-bromi-
nated PBDEs (Figure 2b). Although the exact mechanism is
unknown, PBDE recovery losses may have been due to their
adsorption onto the glass walls of the spiking vessels.50,51

Experiment 1: Influence of Microplastics Presence on
PBDE Congener Uptake. PBDEs were detected in amphipods
of all treatment groups exposed to PBDEs. Amphipods from all
three control groups had no detectable PBDEs, indicating that
there were no background levels of PBDEs, nor any
contamination from SW, MPPs or the spiking solution solvent.

The presence of MPPs significantly affected PBDE
concentrations in amphipod tissue (p < 0.001) and PBDE
proportional uptake (proportion of added PBDE incorporated
into amphipod tissue; p < 0.001). PBDE concentrations were
lower in treatment groups exposed to MPPs (Figure 3a),
compared to those without MPPs (Figure 3b). The same trend
was observed for proportional uptake (Figure 3c,d). The
presence of MPPs apparently inhibited the uptake of PBDEs
into amphipods, possibly because PBDEs adsorbed strongly
onto the MPPs, making them less bioavailable.
The amount of added PBDEs significantly affected PBDE

concentrations in amphipod tissue (p < 0.001) and propor-
tional uptake (p < 0.005). When greater amounts of PBDEs
were added to the treatment vial, the absolute amount of PBDE
taken up was higher (Figure 3a); however, the proportional
uptake was lower (Figure 3c).
The two-way interaction (MPPs presence) × (PBDE amount

added) was significant for both PBDE concentration in
amphipod tissue (p < 0.001) and proportional uptake (p <
0.005), indicating that when taking into account the presence/
absence of MPPs, and amount of PBDEs added to the
treatment vials (5 vs 50 ng PBDEs), the concentrations and
proportional uptakes significantly differed between all four
treatment groups.
The concentrations of individual PBDE congeners in

amphipod tissue were also significantly affected by MPPs
presence and PBDE amount added (p < 0.001). Within almost
every treatment group, the concentrations in tissue and the
proportional uptake were significantly different among
congeners (one-way ANOVA p ≤ 0.001), except for the SW
+ 5 ng PBDEs treatment group (p ≥ 0.999). In the SW + 50 ng
PBDEs treatment group, both BDE-47 and BDE-100
concentrations were significantly higher than BDE-183 (p ≤
0.001) and BDE-153 (p < 0.05), and BDE-47 proportional
uptake was significantly higher than BDE-183 (p < 0.001) in
pairwise comparisons. Within both treatment groups where
MPPs were present, BDE-28 concentration and proportional
uptake were significantly lower than BDE-153 (both p = 0.001)
and BDE-154 (both p < 0.005) in pairwise comparisons.
Thus, the presence of MPPs influenced which PBDE

congeners were incorporated at higher levels into the
amphipods. When MPPs were present, higher-brominated
PBDEs (e.g., BDEs-153, -154) were preferentially taken up and
bioaccumulated compared with lower-brominated PBDEs (e.g.,
BDEs-28 and -47) and vice versa when MPPs were absent.
Higher-brominated congeners, having much lower solubilities
in water compared with lower-brominated congeners27 and
increased octanol−water partition coefficient,52 may have
adsorbed more strongly onto the MPPs, resulting in their
being more concentrated on the MPPs, which then
bioaccumulated at greater rates upon ingestion.
While the exact mechanism is unknown, it is also possible

that when MPPs were absent, higher-brominated congeners
may have adsorbed more strongly onto the glass walls of the
treatment vials due to their lower water solubility, making them
less bioavailable than lower-brominated congeners. This may
explain the greater proportional uptake and concentration of
lower-brominated congeners in amphipods of the SW + 50 ng
PBDEs treatment group (Figure 3b,d).
While higher uptake of PBDEs occurred in treatment groups

without MPPs, this may not reflect what occurs in the natural
environment. PBDEs tend to stay within the organic fraction of
sediments28 or on the surfaces of MPP debris in seawater due

Figure 2. Percentage adsorption of PBDE congeners to microplastic
particles. (a) Experiment 1 microplastics, n = 3. (b) Experiment 2
microplastics (rinsed with DI water), n = 2. Columns respresent mean
concentration ±1 standard error (SE). Congeners in graphs are
arranged in order of their GC-ECD retention times.
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to their hydrophobicity. Also, analysis of the spiked MPPs
indicated that some of the spiked PBDEs did not adsorb
(Figure 2a). Thus, the relative importance of uptake via
ingestion of spiked MPPs versus direct uptake of unadsorbed
PBDEs was unknown. Therefore, Experiment 2 involved
spiking MPPs in a separate container before adding them to
the treatment vials.
Experiment 2: Assimilation of Adsorbed PBDEs from

Microplastics. The purpose of this experiment was to
investigate the assimilation of PBDEs solely from adsorbed
PBDEs on MPP particles. PBDEs were detected in amphipods
in both experimental treatment groups and the control (Figure
4) indicating that there were background levels of PBDEs in
amphipods for Experiment 2, unlike Experiment 1. As
amphipods were collected at different times of the year for
the two experiments, it is possible a seasonal spike in
environmental PBDE levels resulted in detection of PBDEs in
the control group amphipods of Experiment 2. BDE-183 was
detected in the control group but not in the PBDE-exposed
treatment groups; however, this was not a statistically
significant difference (p > 0.1). No PBDEs were detected in
the seawater of any treatment vials, providing strong evidence
that PBDE uptake was only from assimilation of PBDEs that
were adsorbed onto the ingested MPP particles.
PBDE concentrations were highest in the MPPs + 50 ng

PBDEs treatment (Figure 4), but this was lower than the same
treatment group in Experiment 1 (Figure 3a). As the MPPs
rinsing treatment in Experiment 2 had removed unadsorbed
PBDEs (Figure 2b) prior to exposing them to the amphipods,
the greater uptake of PBDEs in Experiment 1 was probably due
to the presence of unadsorbed PBDEs, which may have been
more bioavailable than adsorbed PBDEs on the MPPs.

The amount of PBDEs added to treatments significantly
affected PBDE concentrations in amphipod tissue (p < 0.001)
and proportional uptake (p < 0.005), and it also significantly
affected individual congener concentrations (p < 0.001) and
proportional uptake (p < 0.005).
In the MPPs + 50 ng treatment group, greater uptake of

higher-brominated PBDEs than lower-brominated PBDEs
occurred (Figure 4a), similar to the same group in Experiment
1 (Figure 3a). This also follows the adsorption trend of the
different congeners on the MPPs (Figure 2b). It is also
important to note that PBDE congeners could adsorb at
different proportions to different types of MPPs, and the results
presented here were specific to the polyethylene MPPs from
facial soap used in this study, which has a greater tendency to
sorb chemicals compared with other widely available polymers
such as polypropylene and polyvinyl chloride.53 It is also likely
that the bioavailability of PBDEs from aged plastics will
decrease, as has been observed in soil bioavailability experi-
ments,54 and it is recommended that this is investigated further.
The concentrations of individual congeners were significantly

different when compared between different treatment groups
(p < 0.05). In the MPPs + 50 ng PBDEs group, individual
PBDE congener concentrations except for BDE-183 were
significantly higher than the corresponding congeners of the
control and MPPs + 5 ng PBDEs treatment groups (p < 0.05;
Figure 4a). However, PBDE congener concentrations in the
MPPs + 5 ng PBDEs treatment group were not significantly
higher than the corresponding congeners of the control group
(p ≥ 0.05; Figure 4a), possibly because insufficient assimilation
of PBDEs from MPPs occurred within the time frame of the
experiment.

Figure 3. Experiment 1 results. PBDE concentration (ng/g; a,b) and proportion of PBDEs assimilated (c,d) in A. compressa. Columns represent
mean concentration or proportion of added PBDEs assimilated ±1 SE (n = 5, except n = 4 for SW + 5 ng PBDEs treatment group). Congeners are
arranged in order of their GC-ECD retention times.
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BDE-99 had the highest proportional uptake in both
treatment groups (Figure 4b). In the MPPs + 5 ng PBDEs
treatment group, proportional uptake of BDE-99 was
significantly higher than BDEs-154, -100, and -153 (p <
0.05). In the MPPs + 50 ng PBDEs treatment group,
proportional uptake of BDE-99 was significantly higher than
BDE-28 (p < 0.001). This may have been due to digestive fluids
in the gut preferentially removing a greater proportion of
adsorbed BDE-99 from the MPPs, or the amphipods may have
had a greater propensity for bioaccumulating BDE-99. BDE-99
is one of the most dominant congeners found in marine
organisms,32 after BDE-47 and BDE-209, as these are the
primary congeners in the commercial PBDE commercial
formulations. However, marine organisms may have a greater
propensity for assimilating adsorbed BDE-99 compared to
other PBDE congeners when ingesting contaminated MPPs.
Overall, this study serves as a warning against continued

usage of MPPs in skin cleansing soaps, which upon entering the
environment, could sorb and transfer common POPs such as
PBDEs into marine organisms when inadvertently ingested.
This supports previous studies that found elevated levels of
PBDEs may be a strong indicator of plastics ingestion.55−57 The
results also imply that in environments polluted by both MPPs
and PBDEs, MPPs may aid in transferring greater proportions
of higher-brominated PBDEs into the food chain, resulting in
higher-brominated PBDEs having greater public health impacts
than other congeners. This is one the first studies to

demonstrate the role that MPPs play in the assimilation of
POPs.
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Automated rotary valve injection for polybrominated diphenyl ethers
in gas chromatography. J. Sep. Sci. 2003, 26 (6−7), 594−600.
(52) Braekevelt, E.; Tittlemier, S. A.; Tomy, G. T. Direct
measurement of octanol-water partition coefficients of some environ-
mentally relevant brominated diphenyl ether congeners. Chemosphere
2003, 51 (7), 563−567.
(53) Rochman, C. M.; Hoh, E.; Hentschel, B. T.; Kaye, S. Long-term
field measurements of sorption of organic contaminants to five types
of plastic pellets: Implications for plastic marine debris. Environ. Sci.
Technol. 2013, 47 (3), 1646−1654.
(54) Morrison, D. E.; Robertson, B. K.; Alexander, M. Bioavailability
to earthworms of aged DDT, DDE, DDD, and dieldrin in soil. Environ.
Sci. Technol. 2000, 34 (4), 709−713.
(55) Verlis, K. M.; Campbell, M. L.; Wilson, S. P. Ingestion of marine
debris plastic by the wedge-tailed shearwater Ardenna pacifica in the
Great Barrier Reef, Australia. Mar. Pollut. Bull. 2013, 72 (1), 244−249.
(56) Rochman, C. M.; Lewison, R. L.; Eriksen, M.; Allen, H.; Cook,
A. M.; Teh, S. J. Polybrominated diphenyl ethers (PBDEs) in fish
tissue may be an indicator of plastic contamination in marine habitats.
Sci. Total Environ. 2014, 476−477, 622−633.
(57) Gassel, M.; Harwani, S.; Park, J. S.; Jahn, A. Detection of
nonylphenol and persistent organic pollutants in fish from the North
Pacific Central Gyre. Mar. Pollut. Bull. 2013, 73 (1), 231−242.

Environmental Science & Technology Article

dx.doi.org/10.1021/es405717z | Environ. Sci. Technol. 2014, 48, 8127−81348134


