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ABSTRACT

The aim of this study is to contribute to the understanding of the mechanisms underlying nanoparticle
(NP)-induced embryotoxicity in aquatic organisms. We previously demonstrated that exposure of male
gametes to NPs causes non-dose-dependent skeletal damage in sea urchin (Paracentrotus lividus) larvae.
In the present study, the molecular mechanisms responsible for these anomalies in sea urchin devel-
opment from male gametes exposed to cobalt (Co), titanium dioxide (TiO,) and silver (Ag) NPs were
investigated by histochemical, immunohistochemical and Western blot analyses. P. lividus sperm were
exposed to different NP concentrations (from 0.0001 to 1 mg/L). The distribution of molecules related
to skeletogenic cell identification, including ID5 immunoreactivity (IR), wheat germ agglutinin (WGA)
affinity and fibronectin (FN) IR, were investigated by confocal laser scanning microscopy at the gastrula
(24 h) and pluteus (72 h) stages.

Our results identified a spatial correspondence among PMCs, ID5 IR and WGA affinity sites. The altered
FN pattern suggests that it is responsible for the altered skeletogenic cell migration, while the Golgi
apparatus of the skeletogenic cells, denoted by their WGA affinity, shows different aspects according to
the degree of anomalies caused by NP concentrations. The ID5 IR, a specific marker of skeletogenic cells in
sea urchin embryos (in particular of the msp130 protein responsible for Ca?* and Mg2* mineralization),
localized in the cellular strands prefiguring the skeletal rods in the gastrula stage and, in the pluteus
stage, was visible according to the degree of mineralization of the skeleton. In conclusion, the present
study suggests that the investigated NPs suspended in seawater interfere with the bio-mineralization
processes in marine organisms, and the results of this study offer a new series of specific endpoints for
the mechanistic understanding of NP toxicity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Prunell, 2006; Siller et al., 2013; Gambardella et al., 2014). Cur-
rently, they are successfully used by international agencies for

Sea urchins are model organisms for the assessment of
seawater quality, developmental biology, embryology and bio-
mineralization processes (Kobayashi, 1991; Wilt, 2005; Jasny and
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the bio-monitoring and health status assessment of sea coastal
environments (USEPA, 2002; ASTM, 2004; Pinsino et al., 2008).
Paracentrotus lividus is emerging as a valid tool for studies in
marine ecotoxicology (Matranga and Corsi, 2012). Because both
the gametes and embryos of P. lividus are affected by chemi-
cals and xenobiotics dispersed in seawater, several laboratories
are currently proposing this alternative and ethical model for
the standardization of ecotoxicity tests to identify the noxious
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effects of environmentally relevant contaminants (Buznikov et al.,
2001; Qiao et al., 2003; Aluigi et al., 2008; Faimali et al., 2012;
Privitera et al., 2012; Siller et al., 2013). In addition, this species
has been recently proposed as a model for investigating the effects
of nanoparticles (NPs) in seawater (Falugi et al., 2012; Manno et al.,
2012; Gambardella et al., 2013; Manzo et al., 2013; Siller et al.,
2013). Knowledge of the effects of NPs on marine organisms is
scarce. To date, studies on the impact of NPs at the level of the
organism primarily use bivalves (Mytilus galloprovincialis, Canesi
etal.,2010a,b; Zuykov etal.,2011; Barmo et al.,2013; D’Agata et al.,
2014), but interest in sea urchins as a model is growing.

Engineered NPs are increasingly produced and employed in
many commonly used commercial products, but their possible
toxic effects are not fully understood. Recent studies report that
they can impair numerous important biological processes, includ-
ing development and skeletogenesis (Gambardella et al., 2013;
Siller et al., 2013). The latter process is critical, especially dur-
ing its early stages, when skeleton development is genetically
programmed. Skeletal formation is a central event in sea urchin
morphogenesis because it is essential for larval survival and, there-
fore, the continuation of the sea urchin population (Decker and
Lennarz, 1988). The skeleton of sea urchin embryos is formed by
migration of primary mesenchyme cells (PMCs), after which the lar-
vae start feeding and additional arms develop (Yajima and Kijimoto,
2006).

PMC ingression is the earliest recognizable morphogenetic
event of gastrulation in sea urchin embryos (Fink and McClay,
1985). The chemistry of the PMCs changes as they move from the
wall of the blastula into the blastocoel, following a distinct pattern
prior to and during spicule formation (Okazaki, 1975). In this pro-
cess, PMCs release a glycoprotein from the Golgi apparatus which
functions as a center of crystallization of CaCO3 and, in small part, of
Mg2*, giving rise to the skeletal rods (Ettensohn and McClay, 1986;
Wilt, 1999). A complex series of inputs and genetic responses driv-
ing these processes has been identified (McClay et al., 2000). In this
interaction between signaling molecules and genetic responses,
signals coming from the contaminated environment may interfere
with the signal transduction chain (Pesando et al.,2003; Aluigi et al.,
2005). For example, disruption of early skeletal pattern formation
canbe induced either by NPs ingested with food (Gambardellaetal.,
2014)or as asecondary effect after sperm exposure to different con-
centrations of cobalt (Co), titanium dioxide (TiO,) and silver (Ag)
NPs (Gambardella et al., 2013).

In the present work, P. lividus sperm was exposed to the same
NPs at the same concentrations (0, 0.0001, 0.001, 0.01, 0.1 and
1 mg/L) as previously described (Gambardella et al.,2013) and used
to fertilize eggs maintained in standard seawater. Histochemical
and immunohistochemical analyses of molecules involved in the
deposition of skeletal matrix and PMC migration were used to elu-
cidate the mechanisms by which NPs interfere with the correct
deposition of the organic matrix, as well as of the molecules respon-
sible for the uptake/deposition of inorganic calcium compounds.
We also investigated the fibronectin (FN)-like pattern by using
immunohistochemistry and Western blot analysis, along which
migrating cells move via interactions with integrins located in the
glycocalix. In addition, we investigated the affinity sites of the
lectin wheat germ agglutinin (WGA, with known affinity to the
N-acetyl glucosamine and sialic acid oligosaccharide terminals).
WGA is a recognized bi-univocal marker of PMCs, as demonstrated
by Ettensohn and McClay (1987). We also identified the PMCs by
their immunoreactivity (IR) and Western blot analysis to the ID5
antibody specificity (Miller et al., 1995). ID5 is the antibody that
recognizes a cell surface antigen, msp130, which is specific for PMCs
in the early developmental stages of the sea urchin P. lividus and
Strongylocentrotus purpuratus (McClay et al., 1983; Anstrom et al.,
1987; Leaf et al., 1987; Mann et al., 2010; Ettensohn, 2014). The

msp130 is a sulfated cell-surface glycoprotein that has been impli-
cated in calcium uptake or deposition in sea urchin skeletogenesis
(Carson et al., 1985; Guss and Ettensohn, 1997). In this paper, ID5
antibody was used to identify the skeletogenic cells (PMCs), which
express msp130 protein. The features and the morphology of the
affinity sites for the lectin and the IR against the proteins were
investigated by analyzing their relationships with PMC patterns
by confocal laser scanning microscopy (CLSM). Possible alterations
of the key molecules responsible for PMC function during skele-
togenesis were investigated to establish new, rapid markers of
nanotoxicity in the marine environment.

2. Materials and methods
2.1. Nanoparticles characterization

TiO, and Co NPs were provided in powder form by NanoAmor
(US)with at least 98% purity. Nominal particle sizes were 10-30 nm
and 28 nm for TiO; and Co, respectively. Ag NPs were obtained from
Polytech (WM 1000-c, Germany) and supplied as a suspension at
1000 ppm in deionized water of metallic Ag with a declared NP
size between 1 and 10 nm. All NPs were characterized for size and
effective surface charge (¢-potential). Prior to each measurement,
TiO,, Co and Ag NPs were resuspended in ultrafiltered (0.22 wm
Teflon filter) seawater (FSW, 37%. salinity) for size characterization
and in distilled water for measuring the effective surface charge ata
concentration of 100 mg/L, and sonicated for 15 min using Branson
2510 bath sonicator (Branson Ultrasonic, Danbury, CT, USA).

Size characterization of the NPs dispersed in FSW was deter-
mined by Dynamic Light Scattering (DLS) using a Malvern Zetasizer
nano ZS (Malvern Instruments Ltd., Worcester- shire, UK). The mea-
surements were conducted at 25 °Cby transferring 1 mL of the stock
solution to a square cuvette for DLS analysis. A 50 mW laser with a
wavelength of 638.2 nm was used as the light source and the mea-
surements were recorded at a detection angle of 173° (backscatter).
The same measurements were also repeated after 1h, in order to
detect the presence of agglomerates in FSW.

The ¢{-potential of the NPs was measured using a Malvern Zeta-
sizer nano ZS (Malvern Instruments Ltd., Worcestershire, UK). The
measurements were conducted at 25 °C by transferring 1 mL of the
stock solution to a square cuvette for -potential measurements.

2.2. Samples and sperm exposure

Mature specimens of P. lividus were obtained from the hatchery
of Camogli (CNR, Genova, Italy), where they were maintained in
FSW and were brought to the laboratory according to Amemiya
(1996). The spawning of gametes was obtained as previously
described (Gambardella et al., 2013) using oral administration of
1:1000 acetylcholine in FSW. The eggs were collected in standard
FSW, while the sperm were collected “dry” directly from the genital
pores and maintained in aliquots of 200 L at T=4°C. Sperm from 3
different specimens were mixed. The experiments were repeated 4
times during the breeding season and were carried out in triplicate.

For the assay, 10 wL of “dry” sperm were exposed to the NP
suspensions at serial concentrations (0.0001, 0.001, 0.01, 0.1 and
1mg/L) per 1h by adding 1 mL of the NP suspensions to the
Eppendorf vials. Negative controls were performed by adding 1 mL
of standard FSW. After 1h, 10 nL of the sperm from each vial
were added to multiwell capsules containing approximately 300
eggs/mL in 10 mL standard FSW (pH 8.1). Egg activation occurs
within 60 s of the addition of sperm. As little or no effect was found
on sperm fertilizing ability, the fertilized eggs were allowed to
develop at 18 °Cin a thermostatic room and were sampled at 24 and
72 h, corresponding to gastrula and pluteus stages, respectively.
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For brevity, we use the term “exposed samples” for the lar-
vae obtained from eggs fertilized by sperm exposed to the NPs
and indicate the exposure of sperm with the term “treatment” or
“exposure”. Thus, the term “exposed gastrulae/plutei” means “gas-
trulae/plutei obtained from eggs fertilized by exposed sperm”.

2.3. Fixation

Gastrula and pluteus stage embryos were fixed with 2%
paraformaldehyde in FSW for 10 min at room temperature and
prepared for microscopic analyses. The embryos and larvae were
rinsed in 0.1 M PBS (pH 7.4), permeabilized by cold methanol and
20% polyethylene glycol (Sigma, Italy) and subsequently rehydrated
for histochemical and immunohistochemical reactions.

2.4. Stainings

2.4.1. WGA-affinity sites

WAGA is a conventional trans-Golgi marker. In sea urchins, such
as Strongylocentrotus purpuratus and P. lividus, WGA is a recognized
bi-univocal marker of PMCs, as demonstrated by Ettensohn and
McClay (1987). In addition, it is currently used in a number of mod-
els, from protists (Ramoino, 1997) to vertebrates (Karlsson, 1999)
to identify the oligosaccharide terminals of glycoproteins contained
in the trans-Golgi vesicles. After fixation and rinsing/rehydration in
the physiological solution (Tyr, Tyrode, 1910), control and exposed
gastrulae and plutei were incubated in the dark for 50 min at room
temperature in 0.1 mg/mL WGA directly conjugated to the green
fluorochrome Alexa 488 (Molecular Probes, Invitrogen Corpora-
tion, USA) diluted 1:800 in PBS. Specificity control was obtained
by pre-incubating the samples with 1:1000 neuraminidase (Sigma,
Italy).

2.4.2. Fibronectin-like immunoreactivity

Control and NP-exposed samples were incubated overnight in
a moist chamber at 4°C with the primary rabbit polyclonal anti-
serum to FN (Dako, Denmark). The antiserum was diluted 1:200
in PBS (pH 7.4) with 0.1% bovine serum albumin (BSA). The neg-
ative control was performed by omitting the primary antiserum.
After incubation, samples were rinsed in PBS and incubated for
2h at room temperature in the secondary anti-rabbit Alexa 488
(1:800 in PBS, Molecular Probes, Invitrogen Corporation, USA). All
samples were thoroughly washed in PBS, counterstained with pro-
pidium iodide (PI) as previously described and mounted on slides
with the antifading agent Gelvatol (Lennett, 1978) for microscopic
observations.

2.4.3. ID5 immunoreactivity

For ID5 immunofluorescence, embryos were fixed for 20 min
in methanol at —20°C. They were incubated with the monoclonal
antibody as described by Miller et al. (1995). This was followed by
incubation in the secondary goat anti-mouse IgG, diluted 1:100 in
PBS and conjugated with Alexa 488.

These antibodies have been obtained from David McClay (anti-S.
purpuratus) and from Jenifer Croce (anti-P. lividus msp130 PMC sur-
face antigen). In this work, both antibodies were used with similar
results.

2.4.4. Nuclear counterstaining

All the stained samples were rinsed in the physiological solu-
tion (Tyr for WGA; PBS for immunoreactions), DNA was stained for
15 min at room temperature in 4% PI (Life Technologies, USA) in Tyr.
Pre-incubation in 10-3 M RNAse A (Sigma, USA) was performed for
20 min at room temperature to avoid RNA staining.

2.5. Microscopy and imaging

Some embryos and larvae were embedded in paraffin and cut in
5 pm thick sections according to the current methods before being
stained and mounted in Gelvatol. Most embryos were pre-stained
and mounted in toto for the 3D confocal laser scanning microscopy
(3D CLSM). Images (1024 x 1024 x 8 bit) were acquired on a Leica
TCS SP5 AOBS CLSM (Leica Microsystems Mannheim, Germany),
using a one Airy disk unit pinhole diameter and an HCX PL APO 40
x/1.25 oil immersion objective. Magnifications were obtained by
scan field selection. Alexa Fluor 488 was excited with the 488 nm
line of an Ar laser, and the resulting fluorescence was collected in a
spectral window of 500-530 nm. PI was excited with the 543 line
of the He-Ne laser, and the fluorescence of this dye was collected
in a spectral window of 600-640 nm. Laser scanning transmitted
light images were obtained using the 488 nm laser line. The Leica
Confocal Software program was used for image acquisition, storage
and analysis.

2.6. Western blot analysis

Controls were frozen at —80°C and used for Western blot anal-
ysis. Denaturing electrophoresis (SDS-PAGE) was performed using
Laemmli protocol on gradient 10-15% acrylamide gels (Laemmli,
1970). Sea urchins larvae were homogenated in PBS and sonicated
for 10's twice times, at 4 °C. For each sample, 30 j.g of total protein
were loaded. The run was performed at 4°C and at 70 mA. After
blot, nitrocellulose membrane were labeled with the following pri-
mary antibodies diluted in PBS: mouse Ab against ID 5, diluted
1:200 in PBS with 0.05% Tween 20 (PBSt) 0,15%, and rabbit anti-
FN, diluted 1:600 in PBSt 0.15%. Secondary HPR-conjugated Abs
were diluted 1:10,000 in PBSt 0.15%. Bands were visualized by
chemiluminescence with Immuno-Star WesternC kit (BioRad Lab,
Hercules, CA) and images were acquired with the molecular imager
ChemiDoc XRS+ System (Bio-Rad). The molecular weight of the sig-
nals was calculated using the ChemiDoc XRS+ System software.
Protein concentration of the samples was determined by Bradford
method, using BSA as a standard protein (Bradford, 1976).

2.7. Statistics

Currently, it is impossible to know how many NPs may contact
the organisms without penetration for each known concentration
of NPs in seawater. Although NPs are applied in suspension, it is
difficult to predict their behavior due to their tendency to clump
together in the aquatic medium. Therefore, the statistical analy-
sis of data was made using an “odds ratio” and “relative risk” (RR)
calculation that is used for epidemiological studies where the envi-
ronmental conditions are not fully established.

3. Results
3.1. Characterization of NPs

The results of NP characterization are summarized in Table 1
and Supplementary Table 1, reporting size and ¢-potential of each
NP. The characterization, especially under the conditions in which
the NPs will be presented to the sperm (in FSW, 37%. salinity for
1h),is essential in order to understand the dose of NPs that is being
presented to the sperm, as significant agglomeration of the NPs in
the FSW would reduce the available NP dose. The data in Table 1
and Supplementary Table 1 highlight a key limitation of the DLS
technique, that it gives a mean value, which is physically quite
meaningless in the presence of multiple peaks such as are observed
here. However, for the purpose of our study, the understanding of
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Table 1

Physicochemical characterization of the NPs used in the study. NP size and {-potential analysis are referred to FSW and distilled water, respectively. Due to high poly-dispersity
index (PDI), the values and percentage of peak 1 and peak 2 are reported. DLS and {-potential results 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 T(°C) Diameter? (nm) PDIP Peak 1 Peak 2 ¢-Potential (mV)
TiO, NPs 25 652 0.38 563 + 180 (97%) 5264 + 451 (3%) -12+4

Co NPs 25 918 0.54 556 + 111 (100%) - -17 £12

Ag NPs 25 990 0.80 324 + 53 (68%) 151 £ 11(32%) -342

3 z-Average hydrodynamic diameter extracted by cumulant analysis of the data.
b polydispersity index from cumulant fitting of the data.

the NP solutions in FSW over time was necessary and the DLS anal-
ysis showed a shift in apparent particle size after 1 h, suggesting an
increase of agglomeration (Supplementary Fig. 1).The ¢-potential
of both TiO, and Co NPs was negative, while the ¢-potential of Ag
NPs tended to neutrality.

3.2. Morphology

The morphological results confirmed the skeletal anomalies and
their rates, which were previously reported by Gambardella et al.
(2013). The exposed samples differed from the controls, particu-
larly in the alteration of the skeletogenic pattern and cell death.
The latter was not followed by embryonic and larval death, but left
naked skeletal structures at the tip of the arms and the distal tip of
the hood. The percentage of anomalies varied among the NPs and
their concentrations but not in a dose-dependent way, as demon-
strated by the low R? value in Fig. 1, except for Ag NPs (R%=0.98).
The highest risk of skeletogenic anomalies was displayed by sam-
ples exposed to TiO, NPs and to Ag NPs. Exposure to Co NPs resulted
in a lower frequency of larvae with anomalous arrangement of the
spicules (Fig. 1), at every concentration. At the highest concentra-
tions of each NP, other severe anomalies were preeminent, so that
therate of skeletal defects appeared lower (e.g., exposure to 1 mg/L).

3.3. Gastrula stage

3.3.1. WGA affinity

Control gastrulae PMCs exhibited positive WGA staining at the
cell surface and in the matrix deposited at their bases (Fig. 2a and
b). The identified cells formed a ring around the blastopore, the site
of their ingression. Two strands of cells from this ring projected
toward the top of the blastocoel, and at their intersection with the
basal ring the first tridimensional axes of the skeletal rods were
formed and mineralized (Fig. 2c and d).

In controls, the ectoderm displayed a continuous epithelial
structure formed by tight cells. WGA affinity sites were present in
inner cells, identified as PMCs by the green WGA staining of fluores-
cein isothiocyanate conjugated with the lectin (Fig. 2a and b) and
by the presence of ID5 immunoreactivity (Fig. 3a-d). Fluorescence
in WGA-labeled cells was located inside the cytoplasm and at the
surface of the control gastrulae. The stained structures appeared
as a ribbon joining the adjacent cells, with small positive vesicles
entering the common cytoplasmic structures (Fig. 2d: the vesicles
are indicated by arrows). In contrast, the gastrulae exposed to TiO,
NPs exhibited a loose arrangement of the ectodermal cells and a
different architecture of the PMC cytoplasm: these cells did not
show a continuous cytoplasm schema, but the deposited mate-
rials were present in the form of granules (Fig. 2e and f). The
gastrulae exposed to different doses of Ag NPs also differed from
controls, but in a similar manner among the different concentra-
tions (Fig. 2g). The gastrula stage appeared almost normal, but the
WGA-labeled cytoplasmic vesicles were retained inside the cyto-
plasm, appearing round with no stained extensions (Fig. 2g and
h). The gastrulae exposed to the lower concentrations of Co NPs
(0.001 and 0.0001 mg/L) were similar to controls (not shown), but

presented skeletal anomalies at the later stages (Fig. 5). The gastru-
lae exposed to the higher concentrations of Co NPs (0.01-1 mg/L)
exhibited a disaggregation of all the body cells and irregular distri-
bution of WGA affinity sites, which formed tiny dots inside all or
part of the cytoplasm (Fig. 2i).

3.3.2. ID5 immunoreactivity

In control gastrulae, the ID5 antibody reacted with the PMCs and
labeled the surface of PMCs and the matrix at their bases. The pat-
tern of the skeletogenic cells was the same as that revealed by WGA
(Fig. 3a-i). The gastrulae obtained from exposure to 0.01 mg/L Ag
NPs did not differ greatly from the controls (Fig. 3a, b, d and e), while
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Fig. 1. Probability of skeletal anomalies in larvae obtained from sperm exposed to
the different NPs (risk ratio).



C. Gambardella et al. / Aquatic Toxicology 158 (2015) 181-191 185

Fig. 2. CLSM images of WGA affinity sites (green fluorescence). (a-d) Control gastrula. (a) Gastrula view from the blastopore side; (b and c) gastrula view from lateral side.
The arrows indicate the first skeletal rods. (d) High magnification of a gastrula stage, showing the continuity of cytoplasm and the Golgi vesicles (arrows). (e and f) Gastrulae
from sperm exposed to TiO, NPs (0.01 mg/L). (g and h) Gastrula obtained from sperm exposed to Ag NPs (0.01 mg/L). (i) 5 wm paraffin section of a gastrula from sperm
exposed to Co NPs (0.01 mg/L). (d-i) Nuclei were counterstained by PI (red fluorescence). (a-c, f, g and i) Bars=50 wm; (d, e and h) bars=10 pwm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the gastrulae exposed to higher concentrations showed ID5 pattern
anomalies, as did those exposed to TiO, NPs. An example of a gas-
trula exposed to 0.01 mg/L TiO, NPs is shown (Fig. 3¢, f and g). The
most severe anomalies resulted from exposure to 1 and 0.1 mg/L
NPs. The ID5 IR image shown is from exposure to Co NPs (Fig. 3h
and i), taken from a section contiguous to the one represented in
Fig. 2i.

3.3.3. FN-like immunoreactivity

The deposition of FN-like molecules exhibited the same pattern
in controls (Fig. 4a) and in embryos exposed to the lower NP
concentrations (Fig. 4b), while it was perturbed and irregular in
the gastrulae obtained from exposure to the high concentration.
The example in Fig. 4c refers to 0.01 mg/L TiO, NPs. Histological

sections of controls revealed the distribution of FN-like IR over the
blastocoel walls and at the surface of the migrating cells (Fig. 4d).

3.4. Pluteus stage

Here, we show the morphological and immunohistochemical
features of the larvae that survived to the 72 h pluteus stage.

Among all the samples exposed to the different NPs, the skele-
tal anomalies were neither homogeneous nor dose-dependent (as
previously described by Gambardella et al., 2013, 2014) but gener-
ally were represented by joined, asymmetrical or missing perioral
arms (caused by all the NPs, Scheme 1, Fig. 5j, 1, i and m) and by
crossed skeletal rods at the end of body (primarily from Ag and Ti
exposures, Fig. 5e, j and k). In addition, exposure to TiO, NPs at
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Fig. 3. CLSM images of ID5 IR. (a and d) Control gastrula. ID5 IR is present at the cell surface and over the skeletal structures. (b and e) IR in gastrulae obtained from sperm
exposed to 0.01 mg/L Ag NPs. (¢, fand g) IR in gastrulae obtained from sperm exposed to 0.01 TiO, NPs. (h and i) IR from exposure to 0.01 mg/L Co NPs (histological sections).
(a, cand i) Bar=50 um; (d-f) bar=10 wm; (g and h) bar=30 um.

Fig. 4. CLSM images of FN IR. (a) IR in control gastrula; (b) FN IR in gastrula exposed to 0.01 mg/L Ag NPs; (c) FN IR in gastrula exposed to 0.01 mg/L TiO, NPs. (d) FN IR in
histological sections of a control early gastrula, 5 wm paraffin section. Bar =50 pm.
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Cc

Scheme 1. Main skeletal anomalies found in treated plutei compared to control. (a) Control pluteus, (b) pluteus with joined anterior perioral arms and crossed distal skeletal
rods, typical of samples exposed to Co NPs; (c) pluteus with crossed distal skeletal rods, primarily found in samples exposed to TiO, NPs.

every concentration caused a percentage of larvae to demineralize,
identified by the presence of tiny rods and fragility, i.e. being easily
broken by gentle handling (Fig. 5g and m).

3.4.1. WGA affinity

The control larvae exhibited organized skeletal matrix, sur-
rounded by adherent cells. As previously described in PMCs, the
substance released by the Golgi vesicles formed a subtle layer at the
surface of the skeletal rods (Fig. 5a, b and e). The exposure to TiO,
affected plutei, as the trans-Golgi vesicles did not appear sharply
defined. In some cases, the positive cells appeared far from the
skeletal spicules, losing connection with them (Fig. 5¢ and d). The
skeletal rods appeared discontinuously coated with the fluorescent
matrix.

In the samples exposed to the other NPs and exhibiting skeletal
anomalies, the WGA IR material was closely packed in the trans-
Golgi vesicles (Fig. 5g—j, 1 and m: related to the exposure to Ag NPs)
except in the samples with demineralized and fragile skeletal rods
(Fig. 5f, Ag 0.001 mg/L). Here, the trans-Golgi vesicles were strongly
WGA-positive, whereas in the controls, no IR was observed on the
skeletal rods, and the trans-Golgi vesicles were retained inside the
cytoplasm (Fig. 5e). The cytoplasm of these cells closely contacted
the damaged rods, and the Golgi vesicles appeared oriented toward
the skeletal rods.

In plutei exposed to Co 0.01 mg/L, the WGA-positive cells resem-
bled cells in plutei exposed to TiO,: the Golgi vesicles were
transparent, and the WGA-positive matrix formed a thin layer over
the spicule (Fig. 5n). Exposure to 0.1 mg/L Co (Fig. 5k) caused more
severe anomalies, and in this case the Golgi vesicles were arranged
similarly to the one shown in Fig. 5f.

3.4.2. ID5 immunoreactivity

ID5 IR in plutei followed the distribution pattern of the WGA-
positive cells, but not as closely as in the gastrula stage (Fig. 6
refers to 72 h plutei). Additionally, the presence of staining over
the spicules was discontinuous, except for the subtle skeletal rods
of the larvae obtained from exposure to 0.01 mg/L TiO, NPs (e.g.,
Fig. 5d, arrow).

3.4.3. FN-like immunoreactivity

Fibronectin-like immunofluorescence (Fig. 7) followed a similar
pattern as PMC distribution as revealed by WGA staining and ID5
IR.

3.5. Western blot

Western blot analysis, based on control larvae homogenate, are
consistent with the immunohistochemical results, showing signal
bands with molecular weight around 262 kDa for FN and 52 kDa and
130kDa for ID5 (Fig. 8). In this case the two bands corresponded
to the msp130 proteins while the second one could correspond to
another protein recognized by the ID5 antibody.

4. Discussion
4.1. Possible interactions of NPs in sea urchin gametes

In all cases, responses to NP exposure were present, and dam-
age to the embryos and larvae was exhibited. The sharp difference
between control and exposed samples indicates that the observed
damage resulted from the presence of NPs. The fact that the exposed
samples did not differ in a dose-dependent manner suggests that
different parameters, such as NP size or shape, are involved that
are more important than NP concentration. Here, we demonstrated
that the size of all the used NPs in seawater is higher than the nom-
inal one provided by the commercial companies and that the size
increases along the short exposure time (1 h). The effective size of
NPs is an important parameter to consider in the pathway selection
of NPs entry into cells. The huge aggregates found in all NP sus-
pensions may prevent the internalization of NPs through the cell
membrane and it is understandable that the small particles may be
beneficial to enter the cells rapidly (Huang et al., 2002). Therefore,
the effect exerted by the most diluted NPs may actually be more
specific because the rare particles have a low chance of interac-
ting one with each other and forming clusters, as we demonstrated
by the physicochemical characterization. In this way, they remain
small in size, allowing them to enter the cells. The effect of the most
concentrated NPs may be due to their crowding on the cells surface
and forming structures.

In addition, effective surface charge results highlight the neg-
ative ¢-potential of TiO, and Co NPs, whereas Ag NPs tended to
neutrality. For this reason, TiO, and Co NPs may need a carrier
in order to be transferred inside the cells through, for exam-
ple, endocytic processes. Although endocytotic vesicles, such as
clathrin-coated vesicles, have a physiological diameter of ~100 nm,
they have been demonstrated to contain NPs of a size ranged from
10nm to 500 nm and limited to 5 pm (Kou et al., 2013). The neu-
tral Ag NP effective surface charge may instead allow a different
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Fig. 5. CLSM images of WGA affinity sites (green fluorescence). (a, b and e) Control plutei; (c, d and f) plutei exposed to TiO, NPs; (g-j, | and m) plutei exposed to Ag NPs; (k
and n) plutei exposed to Co NPs. (c, d and f) Plutei exposed to 0.01 mg/L TiO, NPs; (g) pluteus exposed to Ag NPs 0.1 mg/L. (h) Higher magnification of (g). (i, j and m) Ag NPs
0.001; (k) 0.1 mg/L Co NPs. (1) Ag NPs 0.01 mg/L. (n) 0.01 mg/L Co NPs. (a, ¢, g k and n) Bar=50 wm. (b, d, e, f, h, i, j, | and m) Bar=25 pm.

NP uptake mechanism, such as passive passage through the apolar
lipids of the cell membranes.

The size and effective surface charge are in agreement with the
histochemical and immunohistochemical results and can explain
the toxicological mechanisms underlying the bio-mineralization
process alteration in sea urchin early developmental stages.

4.2. Morphology and formation of skeletal rods

Many proteins that form the organic matrix of the skeletal rods
are expressed by the PMCs. The latter may be identified by their
affinity to WGA that marks the Golgi apparatus of these cells. NP
exposure specifically affects the WGA-positive Golgi apparatus.

These results indicate that exposure of sperm to different NPs
affects the patterning of skeletal structures by interfering with the
expression of molecules responsible for PMC migration, the per-
formance of the PMC Golgi apparatus in organic matrix deposition
and the expression of the msp130 surface protein.

These anomalies have previously been classified and their fre-
quency has been reported in samples exposed to the same NPs at
the same concentrations used here (Gambardella et al., 2013) and
have been proposed as specific biomarkers of stress for P. lividus
model (Carballeira et al., 2012).

The presence and takeover of WGA-positive molecule deposi-
tion shows that the constructive phase of the skeletal matrix is a
continuous process during development of the plutei. This is also
shown by the presence of ID5 IR, which recognizes the msp130
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Fig. 6. P. lividus 48 h plutei. Immunoreactivity to ID5 (green fluorescence): (a) exposure to Ag NPs 0.001 mg/L; (b) exposure to Ag NPs 0.01 mg/L; (c) exposure to Ag NPs
0.1 mg/L; (d) exposure to 0.01 mg/L TiO, NPs. Bars =50 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Fig. 7. Images of P. lividus 48 h larvae. FN-like IR: (a) exposure to 0.001 mg/L Ag NPs; (b and c) exposure to 0.01 mg/L Ag NPs; (d) exposure to 0.01 mg/L TiO, NPs. Bar =50 pm.

surface antigen, which performs calcium uptake and deposition.
According to the literature (McClay et al., 1983; Leaf et al., 1987),
the ID5 IR gradually disappears after the gastrula stage. However,
after exposure to NPs, we found that the IR persisted in damaged
skeletal rods. This may contribute to healing of the anomalous dem-
ineralized skeleton, with a continuous action ensuring echinoderm
larval plasticity (Fenaux et al., 1994).

The first step of the constructive process is represented by PMC
migration. This process may be driven by deposition of molecules
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immunologically related to FN (Falugi et al., 2008), which occurs
in organisms where the cell migration driving gastrulation is due
to poly ingression, such as primary and secondary mesenchyme of
echinoderms. No FN deposition occurs in organisms where gastru-
lation movements occur by embolism. Thus, very few reports are
available in the literature.

The control gastrulae showed the same FN-like IR distribution
pattern as described by Spiegel et al. (1980) on the outer cell sur-
faces and between cells of the sea urchin embryos during early
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Fig. 8. Western blot detection of FN and ID5 in the control larvae. Panel (A) shows the WB analysis using an antibody against FN, where it is visible a band approximately at
262 kDa. Panel (B) reports the WB analysis using an antibody against ID 5. In this case, two bands are visible, one at ~52 kDa and one at ~130kDa corresponding to msp130

proteins and to another protein recognized by the ID5 antibody.
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development. Functions previously ascribed to FN in vertebrates,
such as cell recognition, cell adhesion, cell motility and the medi-
ation of cell-to-cell interactions may now be predicted for this
FN-like protein. In vertebrates, FN molecules are strongly linked
to cell migration both in vivo and in vitro. The process is due to the
interaction between the glycocalix integrins and the gradient of FN
distribution (Johansson et al., 1997). This has also been demon-
strated for sea urchin (Katow and Hayashi, 1985; Katow et al.,
1990; Susan et al., 2000). During gastrulation, PMCs undergo poly
ingression following FN pathways and form the matrix on which
calcium carbonate crystallizes to form the skeletal rods (Ettensohn
and McClay, 1986; Wilt, 1999). This migration is impaired by expo-
sure to contaminants that generate stress (Pesando et al., 2003).
Thus, the localization of FN-like molecules in the skeletogenic pat-
tern of anomalous embryos suggests that interference by NPs in
the deposition of extracellular matrices such as FN is a primary
cause of erroneous migration. These results are in agreement with
findings in other species, including vertebrates, where NPs have
been shown to disturb the FN-mediated adhesion and spreading of
pre-osteoblastic cells in vitro by Bernier et al. (2012).

The described results show an effect of sperm exposure on the
early development of sea urchin P. lividus. The question of how
sperm exposure to NPs affects embryonic development remains
open. Based on our results, we can speculate that either the NPs
penetrate inside sperm, reaching the nucleus and causing spe-
cific mutations, or the NPs absorbed on sperm surface are inserted
into the egg. Unlike other organisms, sea urchin sperm cytoplasm,
including centrioles, mitochondria and organelles, is injected in its
entirety into the egg (Epel, 1978). The sperm membrane is embed-
ded in the egg membrane, as a mosaic tessera. Thus, the absorbed
NPs may enter the egg or remain adsorbed on the egg membrane.
The sperm is very small compared to the egg surface. However, the
NPs may not only be carried by the one fertilizing sperm but also by
the others that remain in contact with the egg surface and jelly coat
during the early phases of development. The NPs might be released
from the sperm to jelly coat and egg membrane due to different
adhesive properties and from there penetrate into or be adsorbed
onto the egg. This hypothesis might also explain the lack of dose-
dependence of the effects, because during fertilization the number
of sperm approaching the eggs is not uniform in each bowl.

4.3. Larval plasticity of the sea urchin

Skeleton formation is a central event in sea urchin morphogene-
sis (Decker and Lennarz, 1988). It is essential for larval survival and,
consequently, for the continuity of sea urchin population. In this
process, the plasticity of the larvae allows them to build, destroy
and rebuild the larval structures according to the environmental
conditions. This process has been correlated by several authors
(Fenaux et al., 1994) to the availability of food and its energetic con-
tent. However, some researchers also showed that it may also be
correlated to the effects of contaminants, including environmen-
tal changes, acidification (Martin et al., 2011) or, as in this case,
exposure to NPs. A continuous process of re-mineralization may
be carried out by the persistence of WGA-positive cells, bringing
the trans-Golgi vesicles into contact with the skeletal spicules. At
the same time, the msp130 surface molecule (demonstrated by the
ID5 IR) continues the uptake/deposition of minerals on the matrix
surrounding the spicules. This is suggested by the sharp staining of
ID5 in the larvae affected by TiO, NPs (Fig. 6d).

5. Conclusions

In conclusion, sea urchin larval development is a sensitive model
for NP effects, but attention must be paid to the possible masking

effects of sea urchin larval plasticity, which may lead researchers
to underestimate the effects of exposures as well as the character-
ization and possible behavior of NPs in seawater.

Our results confirm that simple histochemical and immunohis-
tochemical reactions may constitute easy and fast biomarkers in
early embryos or larvae of sea urchins (small, transparent, and easy
to handle and to stain in toto) in keeping with the recent EU ini-
tiative for Reduction, Refinement and Replacement (3Rs) of high
vertebrates in toxicological experiments.
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