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A B S T R A C T

Plastic debris accumulates in the marine environment, fragmenting into microplastics (MP), causing concern
about their potential toxic effects when ingested by marine organisms. The aim of this study was to verify
whether 0.1 µm polystyrene beads are likely to trigger lethal and sub-lethal responses in marine planktonic
crustaceans. MP build-up, mortality, swimming speed alteration and enzyme activity (cholinesterases, catalase)
were investigated in the larval stages of Amphibalanus amphitrite barnacle and of Artemia franciscana brine shrimp
exposed to a wide range of MP concentrations (from 0.001 to 10 mg L-1) for 24 and 48 h. The results show that
MP were accumulated in crustaceans, without affecting mortality. Swimming activity was significantly altered in
crustaceans exposed to high MP concentrations (> 1 mg L-1) after 48 h. Enzyme activities were significantly
affected in all organisms exposed to all the above MP concentrations, indicating that neurotoxic effects and
oxidative stress were induced after MP treatment. These findings provide new insight into sub-lethal MP effects
on marine crustaceans.

1. Introduction

Global plastic production has consistently increased over the last
few years and currently stands at about 300 million tons (Plastics
Europe, 2015). Due to its production and high durability, plastic rapidly
accumulates in the environment, being the most common type of
marine litter worldwide (Bhattacharya et al., 2010). Since plastic debris
tends to end up in waterways, aquatic habitats are mostly concerned,
where several degradation processes break up plastic litter into a wide
array of particle size fractions (Gewert et al., 2015), ranging from
macroscopic (> 5 mm) to microscopic (< 1 µm). Microplastics (MP)
include particles less than 5 mm in diameter, which can be readily in-
gested by biota, thus accumulating across the marine food chain (Setälä
et al., 2014). Their presence is considered as an emerging threat for the
marine ecosystem, more than larger plastic items (i.e. entanglement,
GESAMP, 2015). In this regard, and in the light of the Marine Strategy
Framework Directive, MP distribution, and impact should be further
monitored in order to achieve good environmental status by 2020
(MSFD 2008/56/EC).

MP ingestion has been documented for several marine species (Avio
et al., 2015; Hall et al., 2015; Jeong et al., 2016; Oliveira et al., 2013;
Sun et al., 2017; Van Cauwenberghe et al., 2015). In marine in-
vertebrates, most research refers to controlled laboratory experiments

(Ivar do Sul and Costa, 2014), where plastic microspheres (Ø<5 mm)
are commonly used in laboratory-based feeding experiments, since they
have a similar size to algal prey, the likelihood of MP ingestion is em-
phasized (Wright et al., 2013). Therefore, MP can be prey analogues for
planktonic organisms, being handled and ingested in a similar manner
(Brillant and MacDonald, 2000), as demonstrated for crustaceans,
polychaetes, echinoderms (Batel et al., 2016; Della Torre et al., 2014;
Nobre et al., 2015; Setälä et al., 2014). These studies have been con-
ducted by exposing planktonic organisms to polyethylene and poly-
styrene MP. These polymers are the most persistent and commonly used
plastics worldwide and are buoyant in water. Unlike polystyrene MP,
polyethylene MP do not seem to significantly affect marine planktonic
invertebrates (Kaposi et al., 2013; Nobre et al., 2015). However, poly-
styrene MP may pose a hazard to marine organisms, for styrene
monomers are known to be carcinogenic and endocrine disruptors
(Lithner et al., 2011). Data regarding the effects and toxicity of> 1 µm
polystyrene microbeads in marine planktonic invertebrates are still
scarce and limited to few species. For instance, micro-sized polystyrene
particles have been shown to negatively affect microalgal growth
(Sjollema et al., 2016), sea urchin development and gene expression
(Della Torre et al., 2014), crustacean survival, reproduction and feeding
(Bergami et al., 2016; Cole et al., 2015; Lee et al., 2013). Crustaceans
are primary consumers and the most abundant metazoans in the marine
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ecosystem. Therefore, they are widely used as bioindicators in de-
termining ecosystem quality with respect to environmental con-
taminants (Yarsan and Yipel, 2013). Most studies on polystyrene mi-
crobeads in crustaceans have been focused on different species of
copepods, demonstrating that their survival is affected by MP (Cole
et al., 2015; Lee et al., 2013). Recently, Bergami et al. (2016) reported
that polystyrene MP might pose a risk to other planktonic crustaceans,
such as larvae of Artemia franciscana brine shrimp, by impairing
feeding, motility, and physiology, but not survival. Thus, only in some
crustaceans does survival seem to be affected by> 1 µm polystyrene
plastics, while all authors reported sub-lethal effects (i.e. feeding, be-
havior, physiology) induced by such particles in all investigated marine
crustaceans.

The aim of this study was to expand knowledge on lethal and sub-
lethal effects caused by micro-sized plastics at environmental and high
concentrations in two marine crustaceans. To achieve this goal, we
assessed ingestion effects of 0.1 µm commercially available polystyrene
beads in the planktonic stages of Amphibalanus amphitrite cyrriped and
of A. franciscana brine shrimp. We further assessed mortality, beha-
vioral (swimming speed alteration) and biochemical responses (i.e.
cholinesterase and catalase activities) at concentrations below the
highest MP concentration estimated for marine water (< 0.5 mg L-1,
Koelmans et al., 2015) and at high concentrations (up to 10 mg L-1).
Mortality was evaluated in order to see whether such MP rates may
have toxic effects on the selected crustacean species. In addition,
swimming activity, known to be a more sensitive end-point than mor-
tality, was measured with an automated recording system. MP effects
were investigated on cholinesterase and catalase which are biochemical
biomarkers of damage and defence. In particular, acetylcholinesterase
(AChE, E.C. 3.1.1.7) and propionylcholinesterase (PChE, E.C. 3.1.1.8)
were selected since they catalyze acetylcholine hydrolysis (ACh) in the
cholinergic system of both crustaceans (Braun and Mulloney, 1994).
Catalase was monitored as an oxidative stress indicator in barnacle
nauplii and brine shrimp larvae (Desai and Prakash, 2009; Gambardella
et al., 2014).

A. amphitrite nauplii and A. franciscana Instar I larvae were selected
since they are an established model species in ecotoxicological studies
(Costa et al., 2016; Huang et al., 2016; Libralato, 2014; Manfra et al.,
2015). Moreover, A. amphitrite was chosen due to the little information
about the effects of MP on this species (Li et al., 2016).

2. Materials and methods

2.1. Polystyrene microbeads

Visiblex blue-dyed and fluorescent polystyrene particles (0.1 µm
nominal diameter) were purchased from Phosphorex (cat. ns. 1100B,
2002), supplied as a 10 mg mL-1 in deionised water suspension. Visible
blue-dyed MP were used for chemical characterization and toxicity
bioassays, while fluorescently labelled (345 nm excitation/435 nm
emission) particles were employed for uptake evaluation in planktonic
invertebrates.

Both MP were sonicated for 1 min using Branson 2510 bath soni-
cator (Branson Ultrasonic, Danbury, CT, USA) and then suspended in
0.22 µm filtered natural seawater (FSW, supplied from the Aquarium of
Genova, Italy; salinity 37%) up to 100 mg L-1 concentration. This stock
concentration was used to bring MP to the various concentrations used
in the tests (0.001–0.01–0.1–1–10 mg L-1). The tests were performed
immediately after MP suspension preparation.

2.2. Chemical characterization

Visiblex blue-dyed MP were characterized by size and effective
surface charge (ζ-potential). Prior to each measurement, MP were re-
suspended in ultrafiltered (0.22 µm Teflon filter) seawater (37% sali-
nity) for size characterization and in distilled water for measuring the

effective surface charge at all tested concentrations. They were then
sonicated for 1 min using Branson 2510 bath sonicator (Branson
Ultrasonic, Danbury, CT, USA). The size of MP dispersed in natural FSW
was determined for each concentration by Dynamic Light Scattering
(DLS) using a Malvern Zetasizer nano ZS (Malvern Instruments Ltd.,
Worcestershire, UK). Measurements were conducted at 25 °C by trans-
ferring 1 mL of stock solution to a square cuvette for DLS analysis. A
50 mW laser with 638.2 nm wavelength was used as light source. For
each concentration, measurements were recorded at 173° (backscatter)
detection angle and performed in triplicate, each containing 11 runs.
The same measurements were also repeated after 24 and 48 h, in order
to detect any agglomerates in FSW over time.

MP ζ-potential was measured using a Malvern Zetasizer nano ZS
(Malvern Instruments Ltd., Worcestershire, UK). Measurements were
conducted at 25 °C by transferring 1 mL of stock solution to a square
cuvette for ζ-potential measurements.

2.3. Organisms

II stage nauplii of the barnacle Amphibalanus amphitrite and Instar I
larvae of the brine shrimp Artemia franciscana were exposed to MP.
During the bioassays organisms were not fed.

2.3.1. A. amphitrite
Nauplii of A. amphitrite were obtained from laboratory cultures of

adult brood stock at CNR ISMAR (Genoa, Italy) according to the method
described by Piazza et al. (2016). Twenty to thirty adult barnacles were
reared in 700 mL beakers containing aerated 0.45 µm FSW at 20± 1 °C,
with a 16:8 h light:dark cycle. They were fed every other day with
50–100 mL of Artemia salina at a density of 20 larvae mL-1, and
200–400 mL of Tetraselmis suecica at a concentration of 2 ×
106 cells mL-1. Seawater was changed three times a week, and barnacles
were periodically rinsed with clean water to remove epibionts or debris.
Nauplii were collected and maintained in 500 mL gently aerated bea-
kers with 0.22 µm FSW in a final concentration of 10–15 larvae mL-1,
until they were used for toxicity tests.

2.3.2. A. franciscana
Certified dehydrated cysts of A. franciscana were purchased from the

company MicroBioTests Inc. (Belgium) and used for the experiments
(Batch n. AF/F2015). Instar I stage larvae were obtained as described
by Garaventa et al. (2010), by incubating 500 mg of cysts for 24 h at
28 °C under light source (3000–4000 lx) and continuous aeration of the
cyst suspension in seawater (37% salinity). The newly hatched larvae
were separated from non hatched cysts based on their phototaxis and
then transferred with a Pasteur pipette into a beaker containing
0.22 µm FSW in a final concentration of 15–20 larvae mL-1.

2.4. Acute toxicity test

Organisms were transferred from the beakers into each well of 24
multi-well plates containing 1 mL of different MP concentrations using
a small 80 µm mesh filter. They were incubated in the dark, for 24 and
48 h, at 20 °C for A. amphitrite nauplii and at 25 °C for A. franciscana
larvae according to Gambardella et al. (2015a). After exposure, mor-
tality analysis was performed under a stereomicroscope: completely
motionless larvae were counted as dead organisms, and the percentage
of mortality was compared to the controls. Organisms that do not
change their own barycentre position and do not move their appen-
dages in 5 s are referred to as ‘motionless’ (Garaventa et al., 2010).

In addition, bioassays were performed with reference toxicants.
Cadmium nitrate and potassium dichromate were selected as reference
toxicants for barnacle nauplii and brine shrimp larvae, according to
Piazza et al. (2016) and APAT IRSA CNR (, 8070, 2003) protocol. All
tests were performed in quadruplicates.
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2.5. Swimming Speed Alteration (SSA) test

Swimming Speed Alteration (SSA) – a sub-lethal behavioral end-
point – was also evaluated. The Swimming Behavioral Recorder System
(e-magine IT, Genoa, Italy) was used to track swimming paths as de-
scribed in detail in Faimali et al. (2006). Briefly, swimming behavior
was monitored in dark conditions, under infrared light, for three sec-
onds. The resulting digital images were analyzed using an advanced
image processing software to reconstruct individual swimming paths
and measure the average swimming speed (mm/s) for each test popu-
lation organism (10–20 organisms). Data were expressed as percentages
of swimming speed alteration (SSA) normalized to controls’ swimming
speed (S), as follows:

SSA (%) = [(S Treated Control/S Control) × 100].

2.6. MP accumulation

Fluorescently labelled particles were employed for evaluating MP
accumulation in planktonic invertebrates. Tests were performed as
described in the paragraph 2.4. Following exposure, the organisms were
removed and washed with fresh FSW three times to remove MP bound
to the exoskeleton: in this way, according to Nasser and Lynch (2015),
only ingested particles would be assessed. Organisms were fixed in 4%
paraformaldhehyde solution in phosphate-buffered saline (PBS, pH 7.4)
and observed under a Leica DMRB light and epi-fluorescence micro-
scope. Images were acquired using a DFC420C Leica CCD camera and
Leica software (Leica Application Suite V3). The resulting images were
stored and displayed with Leica software program, using TIFF image
format.

2.7. Enzyme activity

Visiblex blue-dyed MP were employed for quantifying AChE, PChE
and catalase activity in marine crustaceans. The activity of these en-
zymes is a good biomarker for A. amphitrite and Artemia sp. exposure to
pesticides and nanomaterials (Faimali et al., 2003; Gambardella et al.,
2014; Mesarič et al., 2015). Tests were performed as described for acute
toxicity test. Enzyme activity was measured in controls and in organ-
isms exposed to MP for 48 h.

2.7.1. Cholinesterase activity analyses
AChE and PChE activities were measured according to the Ellman's

(1961) method, which was modified ad hoc for Shimadzu (UV-160)
spectrophotometer. After 48 h MP exposure, the organisms were rinsed
in PBS (pH 7.4), maintained for 2 weeks at − 20 °C and then homo-
genized and sonicated for 25 min in a bath sonicator (FALC, mod. LBS1,
Italy). The organisms were passed through a syringe needle (Ultrafin
29G, 12.7 mm length) in the presence of 1% triton × 100, and cen-
trifuged for 30 s at 18,363×g. The kinetics of AChE and PChE activities
were quantified by measuring the absorbance at 412 nm wavelength.
Substrate cleavage speed was measured for 3 min and compared with
the linear equation of a standard curve previously obtained by sup-
plying known amounts of ChEs. Protein content in controls and in ex-
posed organisms was measured according to the Bradford method,
using Biorad reagent, and referred to a standard curve obtained using
BSA (Sigma). Cholinesterase activities were expressed in nmoles of
hydrolyzed acetylthiocholine or propyonilthiocoline chloride/min/mg
protein (extinction coefficient, ε405 = 13,600 M−1 cm−1).

2.7.2. Catalase activity analyses
Catalase activity was determined according to Aebi (1984) and

Jemec et al. (2008). Here, 50 μL protein supernatant was combined
with 950 μL hydrogen peroxide solution (10.8 mM) prepared in 50 mM
potassium phosphate buffer (pH 7.0). The final hydrogen peroxide
concentration was 10 mM. The reaction was followed spectro-
photometrically for 2 min at 25 °C and 240 nm using a Shimadzu UV-

160 spectrophotometer. Catalase activity is expressed as μmoles of
degraded hydrogen peroxide/min/mg protein (extinction coefficient,
ε240 = 43.6 M−1 cm−1). The concentrations of the substrates used for
all tested enzymes were saturated and it ensured a linear trend in the
absorbance according to time and concentration of protein.

2.8. Statistical analyses

All data are expressed as means± standard error of the 4 replicates.
Lethal concentration (LC50; MP concentration and reference toxicants
resulting in 50% deaths of exposed organisms after 24 h and 48 h),
effective SSA concentration (EC50; MP concentration and reference
toxicants resulting in 50% SSA effect in the exposed organisms after
24 h and 48 h) and related 95% confidence limits were calculated using
Trimmed Spearman Karber analysis (Finney, 1978). Significant differ-
ences between controls and treated samples were determined using
one-way analysis of variance (ANOVA) followed by Tukey test. When
data failed to meet the assumption of normality, non parametric
Kruskal Wallis test and Mann Whitney test were used to compare in-
dividual treatments. For SSA test, statistical analysis has been per-
formed using swimming speed data. Data were considered significantly
different when p<0.05. SPSS statistical software (Statistical Package
for the Social Sciences, Version 20) was used for data analysis.

3. Results

3.1. MP behavior in Sea Water

DLS analysis confirmed 0.1 µm nominal size of MP in distilled water
(Table 1 and Supplementary Fig. a). Results showed that MP size in-
creased in FSW as soon as they are dispersed in this medium (Fig. 1a)
and at each exposure time (Table 1 and Supplementary Fig. b). DLS
analysis show multiple peaks, where a shift in apparent particle size
after 24 and 48 h was observing, suggesting an increase in agglom-
eration, compared to the 0 h exposure. Further, it can be noted that the
attenuator factor increased in the most diluted samples. These values
reached 10 and 11, respectively, at 0.1 and 0.01 mg L-1 MP, revealing
scarce measurement reliability at these concentrations. Polystyrene MP
showed a high negative ζ-potential (− 53.1±11.5).

3.2. Mortality and swimming speed alteration

It was not possible to calculate LC50 and EC50 for crustaceans ex-
posed to MP, since nauplii and larvae never show any>50% effect for
any end-point and exposure time. Regarding reference toxicants, lethal
concentration for barnacle nauplii exposed to cadmium nitrate for 24
and 48 h were 0.98 (confidence limits, C.L. 0.92–1.06) mg L-1 and 0.50
(C.L. 0.47–0.54) mg L-1, respectively. Lethal concentration for brine
shrimp larvae exposed to potassium dichromate was 34.78 (C.L.
30.36–39.84) mg L-1 and 6.01 (C.L. 5.08–7.11) mg L-1.

3.2.1. AmphiBalanus amphitrite
Toxicity tests results with nauplii exposed to different MP con-

centrations are reported in Fig. 1. No significant effect in mortality was
observed in nauplii exposed to all concentrations at both exposure times
(p> 0.05). Only swimming speed, recorded at 48 h, resulted to be
significantly inhibited (p<0.05) at 1 and 10 mg L-1, while no effects
were observed after short exposure time (24 h).

3.2.2. Artemia franciscana
Polystyrene MP did not affect brine shrimp larval survival.

However, it significantly inhibited swimming speed after 24 h exposure
at 10 mg L-1 (Fig. 2, p< 0.05). Prolonged exposure time to MP sig-
nificantly accelerated swimming speed at 1 and 10 mg L-1 (p< 0.05).
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3.3. Accumulation

Microscopy observations showed that polystyrene microbeads were
ingested and in organisms within 24 and 48 h, and were accumulated in
the gut of both crustaceans. In particular, A. amphitrite nauplii ingested
MP only at very high concentrations (from 1 mg L-1, Fig. 3), whereas
brine shrimp larvae tend to accumulate MP at any concentration. Dif-
ferently from barnacle nauplii that did not excrete MPs, brine shrimps
constantly ingested and excreted microbeads. A small percentage
(< 20%) of crustacean planktonic stages showed an empty gut. As in-
dicated in Fig. 4, the organisms did not ingest MP in a dose-dependent
manner. However, at the highest tested concentration (10 mg L-1), MP

build-up was observed in crustacean gut.

3.4. Enzyme activity

Cholinesterase and catalase activity was measurable in all samples
belonging to both crustaceans after 48 h exposure (Fig. 4).

3.4.1. Amphibalanus amphitrite
Cholinesterase (AChE) and pseudocholinesterase (PChE) activity in

nauplii exposed to MP show a similar trend (Fig. 4), characterized by an

Table 1
Physicochemical characterization of 0.1 µm polystyrene particles. Microplastic (MP) size calculated for each concentration (mg L−1) is referred to FSW and distilled water (H2O) after 0,
24 and 48 h at 25 °C. Due to the high poly-dispersity index (PDI), the values and percentage of peak 1, peak 2 and peak 3 are reported. DLS are the average of a minimum of three separate
runs; errors represent the standard deviation over measurements and are intended solely as an indication of the reproducibility of the measurement.

Sample
(mg L-1)

Solution Diametera

(nm)
PDIb Peak 1 Peak 2 Peak 3

0.01–0 h FSW 1720 0.488 2579±567.4 (33.9%) 364.1±26.58 (33%) 995.4± 184.9 (33%)
0.01–24 h FSW 3312 0.151 2299±492.7 (51.8%) 4188±822.3 (48.2%) –
0.01–48 h FSW 1799 0.396 859.5± 106.7 (59.6%) 617.3±72.60 (40.4%) –
0.1–0 h FSW 1492 0.885 332.6± 36.56 (66.7%) 917±135.7 (33.3%) –
0.1–24 h FSW 2471 0.582 2013±476.9 (53.3%) 1214±203.7 (45%) 145.3± 15.05 (1.7%)
0.1–48 h FSW 1719 0.609 849.9± 203.2 (100%) – –
1.0–0 h FSW 757.1 0.62 493.7± 119.0 (68.6%) 240.4±29.86 (31.4%) –
1.0–24 h FSW 1640 0.595 743.2± 93.13 (34.9%) 1243±156.3 (32.6%) 354.9± 23.02 (32.6%)
1.0–48 h FSW 2100 0.685 946.0± 108.3 (100%) – –
10.0–0 h FSW 1498 0.502 782.1± 117.6 (38.2%) 1112±122.4 (31.5%) 371.1± 35.54 (30.3%)
10.0–24 h FSW 4156 0.972 679.6± 45.95 (33.3%) 295.3±0.0 (33.3%) 184.4± 10.74 (33.3%)
10.0–48 h FSW 2791 0.806 443.2± 27.00 (33.3%) 1380±188.1 (33.3%) 221.7± 7.097 (33.3%)
10.0–0 h H2O 91.98 0.033 96.8±23.03 (100%) – –

a z-average hydrodynamic diameter extracted by cumulant analysis of the data.
b Polydispersity index from cumulant fitting of the data.

Fig. 1. Percentage of mortality (filled bars) and swimming speed alteration (open bars) of
A. amphitrite nauplii after 24 and 48 h of exposure to increasing concentrations of poly-
styrene microplastics (MPs, Mean± SE, n = 4). Asterisks indicate significant differences
between each MP concentration and the control (*p< 0.05).

Fig. 2. Percentage of mortality (filled bars) and swimming speed alteration (open bars) of
A. franciscana larvae after 24 and 48 h of exposure to increasing concentrations of
polystyrene microplastics (MPs, Mean± SE, n = 4). Asterisks indicate significant dif-
ferences between each MP concentration and the control (*p< 0.05).
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increase at low concentrations followed by a decrease at 1 mg L-1. A
significant increase was observed in both AChE and PChE activity, from
0.001 to 0.1 mg L-1 as compared to controls (p< 0.05), while the
highest MP concentration significantly affected only PChE activity.
Catalase was inhibited at 0.001 mg L-1 and it significantly increased
from 0.1 mg L-1 upwards (p< 0.05).

3.4.2. Artemia franciscana
AChE and PChE were affected by polystyrene MP in A. franciscana.

AChE was impaired only by 0.001 and 0.01 mg L-1 concentration of MP,
where a significant difference was observed between exposed larvae
and controls (p< 0.05). No significant difference was found at the
other concentrations. PChE significantly increased at 0.01 and 0.1 mg L-
1 (p<0.05), while no differences were observed between controls and
larvae exposed to other concentrations. At all tested MP concentrations,
a significant catalase activity increase was induced compared to con-
trols (p< 0.05), which however was not consistent with concentra-
tions.

4. Discussion

We reported the effects of polystyrene beads (Ø 0.1 µm) on MP
accumulation, mortality, swimming behavior, and enzymatic activity in
barnacle nauplii and brine shrimp larvae at environmental and high
concentrations. Both planktonic larvae were able to ingest MP: this
accumulation did not affect survival, but caused sub-lethal effects.
Marine crustaceans have been found to ingest different MP particles
(Batel et al., 2016; Cole et al., 2013; Powell et al., 1990; Setälä et al.,
2014). The uptake of different size, less than 1 µm, polystyrene mi-
crobeads has been documented in the gut of copepod nauplii and adults
(Lee et al., 2013) and brine shrimp larvae (Bergami et al., 2016). Our
results confirm these findings, since brine shrimp larvae ingested
0.1 µm polystyrene beads after 24 h and 48 h, which were localized in
the gut.

Microbeads were constantly ingested and excreted in brine shrimp
larvae exposed to all concentrations. However, this phenomenon could
not be observed in barnacle nauplii, which would only accumulate
polystyrene particles from 1 mg L-1 MP upwards. Nauplii have a

Fig. 3. Representative microscopy images of A. amphitrite nauplii and A. franciscana larvae revealing polystyrene microplastics (MPs) inside the invertebrates after 48 h of the control and
with exposure to 0.001, 0.1, 1 and 10 mg L-1 (as indicated). Note that nauplii did not accumulate MPs up to 1 mg L-1 (arrows). Bar = 100 µm.

Fig. 4. Effect of 48 h exposure to microplastics (MPs) on ChE activities (acetylcholinesterase, AChE, propionylcholinesterase, PChE; catalase, CAT) of A. amphitrite nauplii and A.
franciscana larvae (Mean±SE, n = 4). Asterisks indicate measurements that were significantly different from controls (*p< 0.05).
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peritrophic membrane (Rainbow and Walker, 1977) just like brine
shrimp larvae (Abatzopoulos et al., 2002). Therefore, MP excretion –
although not directly observed under the microscope – is likely to occur
also in these organisms. Barnacle ingestion was only observed at high
MP concentrations, while sub-lethal effects (AchE, PChE and catalase
activity impairment) occurred at all concentrations (Figs. 3 and 4).
However, nauplii might have ingested MP even at lower concentrations
(0.001 mg L-1), since they usually feed on microalgae of the same order
of magnitude (i.e. Tetraselmis suecica; Piazza et al., 2014).

Survival of these crustaceans was not affected by polystyrene MP at
any concentration, in accordance with previous studies on other crus-
taceans, including brine shrimps exposed to other> 1 µm plastic beads
(Bergami et al., 2016; Lee et al., 2013). Recent research indicates that
zooplankton survival may be significantly affected when exposed to
polystyrene MP for long exposure periods (Cole et al., 2015). In this
case, mortality increased in a time-dependent manner in copepods fed
daily on MP for up to 4 days. Despite high MP concentrations used in
this study (> 1 mg L-1), no mortality was observed in barnacles and
brine shrimps after 2 days. These findings suggest that experimental set-
up and exposure time are two parameters that should be further taken
into account for MP toxicity assessment. In this regard, chronic tests
could be performed in order to verify whether survival can be affected
by these MPs.

When suspended in seawater, microbeads formed agglomerates
(resulting in high hydrodynamic values) ranging from ≈ 700 nm up to
several µm in diameter. It is worth noting that aggregation took place as
soon as microbeads came in contact with seawater, with peaks ranging
from 757 up to 1720 nm at 0 h. MP may end up in significant ag-
gregations in seawater due to the counterbalance of several parameters,
such as the presence of salts, natural organic matter and colloids, with
size and surface chemistry (Bergami et al., 2016; Corsi et al., 2014).
Indeed, when two different phases are in contact, if either phase is a
charged particle and the other one is an electrolyte solution, the ions
dissolved in the medium with charge opposite to the particle surface
tend to surround the particle, in order to keep the solution neutral. The
arrangement of charges located in one phase and those fixed in the
particle surface form what is called ‘electric double layer’ (Ortega-
Vinuesa and Bastos-Gonzalez, 2001). The stability of materials stabi-
lized with ionic surfactants is disrupted by high ionic strength media.
This is the case, for example, of seawater. At high salt concentrations,
the accumulation of counterions near the interface screens particle
charge, decreasing nanodispersion stability, because of decreased re-
pulsion between particles and due to agglomerate forming particles
(Lopez-Leon et al., 2005). The presence of salts has indeed been re-
ported to screen particle surface charges, leading to the observed ag-
gregation (Wegner et al., 2012). According to previous studies on the
same polymer particles of different size (Della Torre et al., 2014; Lee
et al., 2013), polystyrene MP showed high negative ζ-potential. The
negative charge and seawater aggregation is likely to protect marine
organisms from MP toxicity, as previously reported for other nanoma-
terials (Canesi et al., 2012). Therefore, 0.1 µm polystyrene bead size
and surface chemistry in FWS could imply a low interaction with
planktonic crustaceans, as demonstrated from the absence of mortality
in both crustaceans.

Interestingly, the only significant effects were constituted by sub-
lethal responses, thus observed for swimming behavior and enzymatic
activity in barnacle nauplii and brine shrimp larvae. Behavioral re-
sponses, such as swimming behavior, have been proved to be more
sensitive than mortality in different marine invertebrates, including
crustaceans (Gambardella et al., 2014, 2015a; Huang et al., 2016;
Morgana et al., 2016; Oliveira et al., 2012). According to these findings,
we observed a significant effect on crustacean swimming activity at
high MP concentrations (1 and 10 mg L-1), while no lethal effects were
observed. High concentrations of nanomaterials dispersed in seawater
affect the swimming of crustacean larvae (Mesarič et al., 2015). Like-
wise, the high amount of MP aggregates observed at the highest

concentrations may alter swimming activity of larval stages, resulting in
mechanical disturbance.

To our knowledge, this is the first report on swimming behavior
alteration in planktonic marine invertebrates and crustaceans exposed
to MP. Recently, Sussarellu et al. (2016) have reported some sperm
velocity inhibition (− 23%) in adult oysters exposed to polystyrene
microspheres for two months. Swimming speed is an ecologically re-
levant parameter to assess the effect of contaminants even at con-
centrations that do not cause mortality (Faimali et al., 2016). On this
basis, swimming behavior may be a suitable sub-lethal end-point to
assess the effect of high concentration MP. Since about 20–30% of
significant alteration in naupliar and larval swimming was observed at
concentrations that did not induce mortality, we propose that swim-
ming activity should be further considered in the assessment of high MP
pollution. Interestingly, the significant behavioral sub-lethal effects
found at organism level corresponded to enzymatic activity impair-
ment. However, those changes resulted to be significant even when
swimming activity was not affected (Fig. 1, Fig. 2 and Fig. 4), thus
suggesting that molecular impairments are more sensitive than beha-
vioral ones. Indeed, biochemical responses, in terms of either reduced
or increased activity, occur at any concentration. In this study, we
analyzed cholinesterases and catalase, since they are considered to be
damage and defence biomarkers. Cholinesterases are indicative for
neurotoxicity, while catalase is an oxidative stress indicator in marine
invertebrates, involved in hydrogen peroxide detoxification (Jemec
et al., 2008). All these enzymes have been found in barnacles and brine
shrimps and were proved to be reliable biomarkers (Baek et al., 2015;
Desai and Prakash, 2009; Faimali et al., 2003; Falugi, 1988;
Gambardella et al., 2014; Varò et al., 2002; Venkteswara Rao et al.,
2007). When stress occurs, it is generally followed by cholinesterase
increase (Gambardella et al., 2013; Massoulié et al., 1993). In parti-
cular, inflamed cells and tissues have been related to a greater amount
of Ach compared to healthy ones (de Oliveira et al., 2012). AChE and
PChE expression increase corresponding to a hormetic effect in barnacle
nauplii could be a response to stress caused by polystyrene MP, which
seem to primarily affect organisms at the lowest tested concentration
(0.001 mg L-1), at which the highest cholinesterase activity was ob-
tained. This assumption is also supported by significantly inhibited
catalase activity: due to hydroxyl radical production leading to hy-
drogen peroxide production, in turn responsible for catalase inactiva-
tion, decreased catalase activity is a defense response (Halliwell and
Gutteridge, 1999). Therefore, observed inhibition may be correlated to
hydroxyl radical production, although further investigations are re-
quired to support this assumption.

AChE inhibition observed in brine shrimp larvae exposed to low MP
concentrations (0.001–0.01 mg L-1) may be responsible for a high
number of uncleaved Ach, resulting in a toxic effect, as demonstrated
for marine invertebrates exposed to nanomaterials (Gambardella et al.,
2015b). Similar results have been recently reported for the marine fish
Pomatoschistus microps exposed to polyethylene MP, where AChE ac-
tivity was inhibited causing oxidative damage (Oliveira et al., 2013;
Ferreira et al., 2016). In our study, significant inhibition (by an average
of 44% and 23% for 0.001 and 0.01 mg L-1 of MPs, respectively) was
reported, considered high enough to affect nervous functions (Ludke
et al., 1975). Noteworthy, this toxic effect does not persist at con-
centrations from 0.1 mg L-1 upwards, with only a significant in-
flammation process in PChE expression, suggesting some still ongoing
stress. Furthermore, in brine shrimps, catalase activity was significantly
enhanced following MP exposure compared to controls, indicating that
MP stimulate oxidative burst, as previously reported for mussels ex-
posed to nanomaterials (Canesi et al., 2010).

5. Conclusions

We demonstrated that polystyrene microbeads which accumulate in
barnacle and brine shrimp planktonic stages, only affect sub-lethal
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responses at environmental and high MP concentrations. We propose
that, in the future, swimming activity should be considered as a suitable
tool for detecting high MP contamination level, while cholinesterases
and catalase may be good biomarkers for assessing polystyrene mi-
crobead pollution in marine crustaceans.
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