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A B S T R A C T

Over the last decades, the growth in nanotechnology has provoked an increase in the number of its applications
and consumer products that incorporate nanomaterials in their formulation. Metal nanoparticles are released to
the marine environment and they can interact with cells by colloids forces establish a nano-bio interface. This
interface can be compatible or generate bioadverse effects to cells. The daily use of CeO2 nanoparticles (CeO2

NPs) in industrial catalysis, sunscreen, fuel cells, fuel additives and biomedicine and their potential release into
aquatic environments has turned them into a new emerging pollutant of concern. It is necessary to assess of
effects of CeO2 NPs in aquatic organisms and understand the potential mechanisms of action of CeO2 NP toxicity
to improve our knowledge about the intrinsic and extrinsic characteristic of CeO2 NPs and the interaction of
CeO2 NPs with biomolecules in different environment and biological fluids. The conserved innate immune
system of bivalves represents a useful tool for studying immunoregulatory responses when cells are exposed to
NPs. In this context, the effects of two different CeO2 NPs with different physico-chemical characteristics (size,
shape, zeta potential and Ce+3/Ce+4 ratio) and different behavior with biomolecules in plasma fluid were
studied in a series of in vitro assays using primary hemocytes from Mytilus galloprovincialis. Different cellular
responses such as lysosome membrane stability, phagocytosis capacity and extracellular reactive oxygen species
(ROS) production were evaluated. Our results indicate that the agglomeration state of CeO2 NPs in the exposure
media did not appear to have a substantial role in particle effects, while differences in shape, zeta potential and
biocorona formation in NPs appear to be important in provoking negative impacts on hemocytes.

The negative charge and the rounded shape of CeO2 NPs, which formed Cu, Zn-SOD biocorona in hemolymph
serum (HS), triggered higher changes in the biomarker of stress (LMS) and immunological parameters (ROS and
phagocytosis capacity). On the other hand, the almost neutral surface charge and well-faceted shape of CeO2 NPs
did not show either biocorona formation in HS under tested conditions or significant responses. According to the
results, the most relevant conclusion of this work is that not only the physicochemical characterization of CeO2

NPs plays an important role in NPs toxicity but also the study of the interaction of NPs with biological fluids is
essential to know it behavior and toxicity at cellular level.

1. Introduction

In the era of nanotechnology, engineers nanoparticles (ENPs) is
becoming a potential source of emerging pollutants in natural aquatic
systems, with negative effects on aquatic organisms (Baker et al., 2014;
Moore, 2006). CeO2 NPs are known for their catalytic and redox
properties (Celardo et al., 2011), these NPs are widely used in many
applications such as: coatings, glass polishing agents, oxygen gas sen-
sors, fuel cells, fuel additives, and pharmacological uses (Celardo et al.,

2011; Izu et al., 2004; Murray et al., 1999; Nguyen Quang et al., 2011;
Selvan et al., 2009). Environmental concentrations of CeO2 NPs have so
far only been predicted by models, due to limitations in analytical
methods. According to Gottschalk et al. (2015), the principal source of
CeO2 NPs was fly ash and the predicted concentration in surface water
is in the range between 0.6-100 ng·L−1; however, the highest con-
centrations are found in sludge treated soils in a range of concentration
between 94 and 5100 ng·kg−1 (Gottschalk et al., 2015).

Due to the physicochemical properties of CeO2 NPs such as their
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small size, high specific surface area and low dissolution rate, they have
the potential to be easily dispersed and can establish nano-bio inter-
faces with proteins, lipids, sugars, membranes, cells, DNA and orga-
nelles (Teske and Detweiler, 2015). The formation of this interface
depends on colloidal forces and dynamic bio-physicochemical interac-
tions which can lead to the formation of biocorona NPs, particle
wrapping and intracellular uptake which may be compatible with, or
generate, bioadverse processes in cells (Lynch and Dawson, 2008; Nel
et al., 2009). The surface bio-transformation of metallic NPs in different
natural environments and biological fluids leads to the formation of ex
vivo and in vivo biocorona respectively. The biocorona can modulate
the kinetic uptake of NPs into cells and cytotoxic effects in an un-
predictable manner (Hadjidemetriou and Kostarelos, 2017). Further-
more, the biocorona may induce alterations in the nature of the ex-
tracellular matrix (Neagu et al., 2017). Remarkably, the constituents of
the extracellular matrix interact with cell surface receptors leading to
numerous signaling cascades which are closely related to healthy cell
behavior (Afratis et al., 2012; Bouris et al., 2015; Gialeli et al., 2011).

In aquatic organisms, the incorporation paths of NPs can be i) di-
rect; through the pores of the cell wall of bacteria and algae, through
gills and ingestion of NP aggregates/agglomerates with organic com-
ponents through the digestive system; and ii) indirect; through the
physical damage of NPs in the cell wall and cell membrane. At the
cellular level, NPs can be internalized by: passive diffusion, through ion
channels, carrier-mediated transport, phagocytosis, micropinocytosis
and through caveolar/endocytic routes. Once inside the cell, NPs can be
incorporated within the functional machinery of the cells (Moore,
2006) and cause unwanted effects in aquatic organisms (Baker et al.,
2014), such as: bacteria, algae (Rodea-Palomares et al., 2011; Sendra
et al., 2017b), rotifers (Clément et al., 2013), crustaceans (Thit et al.,
2017), gasteropod mollusks (Oliveira-Filho et al., 2016; Zhu et al.,
2011), annelida (Buffet et al., 2011) and bivalves (Canesi et al., 2016a;
Canesi et al., 2015; Sendra et al., 2017a); some of the effects including a
reduction in swimming performance (Asghari et al., 2012), reduction in
growth, reproduction (Zhao and Wang, 2011) and feeding (Croteau
et al., 2011a; Croteau et al., 2011b) and dysregulation of antioxidant
enzymes (García-Negrete et al., 2013; Gomes et al., 2011).

Bivalves are considered the main target group to study the effects of
NPs (Canesi et al., 2012) and in vitro assays with mussel hemocytes
represent a powerful tool to assess the immunomodulatory effect of
NPs. There are some advantages: bivalves have an open circulation,
with blood (hemolymph), containing circulating hemocytes, in direct
contact with tissues can be easily obtained by non-invasive methods
and immunotoxicity tests allow a rapid and sensitive evaluation of the
effects of NPs on hemocytes (Canesi et al., 2015; Canesi et al., 2014;
Canesi and Prochàzovà, 2013; Katsumiti et al., 2016; Katsumiti et al.,
2015; Shi et al., 2017; Wang et al., 2014). The innate immune system of
bivalves comprises cellular and humoral components that are re-
markably efficient against the entry of NPs (Canesi et al., 2016a; Canesi
et al., 2012). The cellular immune system is composed by granulocytes
and hyalinocytes which participate in various functions such as pha-
gocytosis, oxyradical production, nodule formation, encapsulation,
pearl formation, cytotoxicity and the synthesis and the release of mi-
crobicidal agents (Canesi et al., 2016a). The humoral components of
bivalve immunity comprise soluble lectins, hydrolytic enzymes and
antimicrobial peptides (Canesi et al., 2002a; Pruzzo et al., 2005). Some
of the effects of nanomaterials on bivalve hemocytes are: decreased
lysosomal membrane stability, lysozyme release, stimulation of an
oxidative burst and NO production, induction of pre-apoptotic pro-
cesses, frustrated phagocytosis, activation of P38 MAPK signaling, lipid
peroxidation and DNA damage (Canesi et al., 2016a; Canesi et al., 2003;
Canesi et al., 2016b; Canesi et al., 2007; Gagné et al., 2008; Gomes
et al., 2013).

In a previous work performed by this research group, some CeO2

NPs were characterized, two of them (identified as CNP1 and CNP2)
showed intrinsic and extrinsic characteristics useful to assess the

functional parameters of immune cells. CNP1 and CNP2 were well
studied and reported: i) the primary physico-chemical characteristics of
CeO2 NPs such as primary size, specific surface area, Ce+3/Ce+4 ratio
and shape (Sendra et al., 2017c), ii) behavior of CeO2 NPs in different
culture media to evaluate agglomeration size over time, zeta potential
and scavenging of H2O2 (Canesi et al., 2017; Sendra et al., 2017c) and
iii) interaction of NPs with biomolecules of hemolymph leading to the
formation of protein biocorona (Canesi et al., 2017).

In order to improve knowledge about the mechanisms that underlies
the effects of CeO2 NPs with different physicochemical properties on
marine invertebrates. The novelty of this work is to assess the effects of
two distinct CeO2 NPs, with different intrinsic and extrinsic properties
(from zeta potential, shape and biocorona formation), on primary he-
mocytes of Mytilus galloprovincialis. The hypothesis of this work was
that size, surface charge, shape have a relation with interaction with
biological fluids and therefore with biocorona formation of CeO2 NPs.
From these new acquired CeO2 NPs characteristics have a direct rela-
tion with the biomarkers of stress and immunomodulatory effects of
CeO2 NPs in Mytilus galloprovincialis immune cells.

2. Materials and methods

2.1. Reagents

CeO2 NPs (CAS# 643009, with 10% H2O by wt.) were obtained
from Sigma Aldrich (hereafter CNP1) and CeO2 NPs (CAS# US7110,
with 20% H2O by wt.) were obtained from US Research Nanomaterials,
Inc. (hereafter CNP2).

2.2. Suspensions of NPs

Stock suspensions of CNP1 and CNP2 were prepared in ultrapure
water immediately prior to the experiments. Suspensions were tip so-
nicated (UP 200S Dr. Hielscher GmbH, Teltow, Germany) in an ice bath
for 10min at 100W, and frequency of 50%. Following sonication,
particle suspensions were diluted to appropriate concentrations in ei-
ther ultrapure water, artificial marine water (AMW) (ASTM, 1975) or
filtered (0.22 μm) hemolymph serum (HS). Control hemocytes received
equal volumes of AMW or HS.

2.3. Primary characterization, behavior and interaction with biomolecules
of CNP1 and CNP2

Details on particle size, shape, SBET and ratio Ce+3/Ce+4 ratio and
H2O2 scavenging activity are reported in Sendra et al. (2017a,b,c) and
(Canesi et al., 2017), and the results are summarized in the results
section and supplementary information. Size and zeta potential were
studied in ultrapure water, AMW and HS, using Dynamic Light Scat-
tering (Zetasizer Nano ZS90, Malvern Instruments, equipped with
software version 7.10) at 1mg L−1. The agglomeration state of CeO2

NPs was evaluated over time (0, 3, 6, 9, 10, 60 and 180min) in ultra-
pure water and over 12min AMW (ASTM, 1975) and HS. Zeta potential
was measured in ultrapure water, AMW and HS by DLS at time zero.
Polidispersity Index (PDI) was analyzed and was lower than 0.7 in all
samples.

Respect to characterization of protein corona, this was performed in
a previous work (Canesi et al., 2017). Briefly samples were added with
SDS-sample buffer and boiled for 5min. Proteins (10 μg) were separated
by 10% SDS/PAGE for direct visualization and comparison of stained
protein patterns. Bands of interests in the corona sample were cut from
the gel and destained, reduced, alkylated and trypsin digested. Tryp-
sinized peptides were analyzed by nano-HPLC–MS/MS. In parallel,
samples of the pellet obtained by the centrifugation procedure con-
taining PS-NH2–protein corona complexes, were observed by field
emission scanning electron microscopy (FESEM); (Canesi et al., 2017)
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2.4. Animals, hemolymph collection and hemocyte treatments

Mussels (Mytilus galloprovincialis Lam.) 3.5–4 cm long, were pur-
chased from an aquaculture farm (Arborea-OR, Italy) and kept for
1–3 days in static tanks containing artificial sea water (ASW) (1 L
oxygenated ASW per mussel) at 16 °C. Sea water was changed daily.
The hemolymph was extracted from the posterior adductor muscle of
8–20 mussels using a sterile 1mL syringe with a 18 G1/2” needle. With
the needle removed, the hemolymph was filtered through a sterile
gauze and pooled in 50mL Falcon tubes at 4° C. Hemocyte monolayers
were prepared as previously described (Canesi et al., 2008). The he-
mocytes were incubated at 16 °C with different concentrations of CNP1
and CNP2, depending on the endpoint measured. Short-term exposure
conditions (from 30min to 4 h) were chosen to evaluate the acute in
vitro responses to CeO2 NPs in analogy with previous studies with other
types of NPs in mussel hemocytes (Canesi et al., 2008; Canesi et al.,
2010b; Ciacci et al., 2012). Untreated (control in ASW) hemocyte
samples were run in parallel (Canesi et al., 2015).

2.5. In vitro assays

Hemocyte functional parameters, such as lysosomal membrane
stability (LMS), phagocytosis and extracellular oxyradical production,
were studied as previously described by other authors (Canesi et al.,
2008; Canesi et al., 2010a; Ciacci et al., 2012). LMSL in controls and
hemocytes, pre-incubated with different concentrations of CNP1 and
CNP2 (1, 10 and 50mg L−1) for 30min, was evaluated by the Neutral
Red Retention time assay (NRRT). Hemocyte monolayers on glass slides
were incubated with 30mL of 40mgmL−1 in DMSO of Neutral Red
solution; after 15min the excess dye was washed out, 30mL of ASW,
and slides were sealed with a coverslip. Control hemocytes were run in
parallel. The slides were examined under an optical microscope every
15min and the percentage of cells showing loss of the dye from lyso-
somes was calculated. The endpoint of the assay was defined as the time
at which 50% of cells showed signs of the lysosomal membrane
breaking down (the cytosol is dyed with a red color). The treatments
and control were developed by quintuplicates at least. This first re-
sponse was used to set the concentrations for the other tests.

The phagocytic ability of the hemocytes was assessed by phagocy-
tosis of the neutral red-stained zymosan by hemocyte monolayers.
Neutral red-stained zymosan in 0.05M Tris-HCl buffer (TBS), pH 7.8,
containing 2% NaCl was added to each monolayer at a concentration of
about 1:30 hemocytes:zymosan in the presence or absence of CNP1 and
CNP2 (10 and 50mgmL−1), and allowed to incubate for 60min.
Monolayers were then washed three times with TBS, fixed with Baker's
formol calcium (4%, v/v, formaldehyde, 2% NaCl, 1% calcium acetate)
for 30min and mounted in Kaiser's medium for microscopic examina-
tion with a Vanox optical microscope. For each slide, the percentage of
phagocytic hemocytes was calculated from a minimum of 200 cells.
(Canesi et al., 2015; Canesi et al., 2010b). The treatments and controls
were developed by eight replicates.

Extracellular generation of superoxide by mussel hemocytes was
measured by the reduction of cytochrome c. Hemolymph was extracted
into an equal volume of TBS (0.05M Tris-HCl buffer, pH 7.6, containing
2% NaCl). Aliquots (500 μL) of hemocyte suspension were incubated
with 500mL of cytochrome c solution (75mM ferricytochrome c in
TBS), with or without CNP1 or CNP2 (final concentration 1 and
50mgmL−1). Cytochrome c in TBS was used as a blank. Samples were
read at 550 nm at different times (from 0 to 30min) and the results
expressed as changes in OD per mg protein (Canesi et al., 2015). This
assay was developed in triplicate.

2.6. Statistical analysis

Data on biological measurements are given as mean ± standard
deviation (± SD). Statistical analysis was performed using R versionTa
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3.2.2 (Team, 2016). The response variables were lysosomal membrane
stability, phagocytosis capacity and ROS production. Generalized linear
mixed model GLMM with the observation-level random intercept ap-
plied (Zuur et al., 2013) was analyzed using the lme4 package (Bates
et al., 2014) in R 3.2.2. Data from phagocytosis capacity and ROS ex-
pressed as percentage were transformed by logit transformation prior to
analysis. The model included the fixed factors of treatments and con-
centrations. Data did not violate necessary normality assumptions as
tested by visual inspection (quantile–quantile plots) and the Shapiro-
Wilk test (p > 0.1). Data were graphed using the ggplot2 package
(Wickham, 2016).

3. Results

3.1. Physicochemical characterization and behavior of CeO2 NPs in
different culture media

The primary size and shape of CNP1 and CNP2 samples were stu-
died by TEM. The average sizes were 26 ± 16 and 9 ± 4 nm for CNP1
and CNP2 respectively (Table 1). CNP1 showed a 43% of particles
smaller than 20 nm while CNP2 a 97%. TEM images showed a well-
defined shape for CNP1 with respect to CNP2, characterized by their
rounded shapes (Table 1). In relation to BET specific surface area, CNP1
had a larger surface-to-volume-ratio with a 43m2 g−1 than CNP2 with a
value 18m2 g−1 (Table 1).

The hydrodynamic radius of CeO2 NPs or size of agglomerate was
studied by DLS over 180min in ultrapure water and 12min in AMW
and HS from M. galloprovincialis (Table 1 and Fig. 1). In ultrapure water
the average hydrodynamic radii were 105.8 nm with a PDI: 0.14 and
196.4 nm with a PDI: 0.07 for CNP1 and CNP2 respectively, while in HS
the value obtained was 167.8 nm with a PDI: 0.09 and 253.6 nm with a
PDI: 0.09 for CNP1 and CNP2, respectively (Table 1). The zeta potential
was positive for CNP1 (23.6 ± 0mV) and negative for CNP2
(−84.3 ± 4.31mV) in ultrapure water. The zeta potential changed
substantially in ASW and HS, where in ASW, CNP2 showed a sub-
stantially negative charge (−10 ± 1.8mV) and CNP1 a positive
charge (3.2 ± 0.3mV). In the case of HS, CNP2 showed a substantially
greater negative charge (−10.2 ± 0.01mV) than CNP1
(−2.6 ± 0.08mV). CNP1 and CNP2 over 180min for ultrapure water

and 12min for HS did not show differences in its hydrodynamic radius
when both NPs were suspended in these fluids. However, after 12 min
both NPs increased the hydrodynamic radius when they were sus-
pended in artificial marine water showing agglomeration of CeO2 NPs
(Fig. 1).

The Ce+3/Ce+4 ratio measured in ASW Canesi et al. (2017), was
higher for CNP2 (0.92) than CNP1 (0.76). These ratios were in line with
the results of the higher scavenging activity towards H2O2 in AMW for
CNP2 (94.31 ± 3.87%) than CNP1 (76.48 ± 8.11%) Sendra et al.
(2017a,b,c); see Table 1.

Another difference between the NPs studied was the formation of
biocoronas with the surrounding components of HS after 24 h of in-
cubation (Canesi et al., 2017). Only for CNP2 was the formation of a
protein corona observed and whose unique component was represented
by Cu, Zn-SOD (18 peptides related to Cu, Zn-SOD (K4GX76_MYTGA)
sequence coverage of 84% and high sequest score of 225.82). In con-
trast, no protein corona was identified for CNP1.

3.2. Effects of CNP1 and CNP2 on the functional parameters of M.
galloprovicialis hemocytes

3.2.1. Effects on lysosomal membrane stability
LMS showed a dose-response relation from 10mg L−1 to 50mg L−1

(see Fig. 2(A)). At 50mg L−1 statistically relevant biological differences
were found in the decrease in LMS; a decrease of 39.02% (p< 0.01) in
LMS was found in cells exposed to CNP1 with respect to the controls
and 49.87% (p < 0.01) for cells exposed to CNP2. Furthermore, sig-
nificant differences were found between CNP1 and CNP2 (p < 0.01),
where cells exposed to CNP2 decreased the LMS in a 50.9% respect to
CNP1 (p < 0.01).

3.2.2. Phagocytic activity
Exposure to both CNP1 and CNP2 induced a small but dose-de-

pendent decrease in phagocytic activity of mussel hemocytes. However,
at 50mg L−1, decreases in phagocytosis were observed for both CNP1
and CNP2 (−21 and −27% respectively; p < 0.01). Although there
are significant differences between the controls and CNP1, it is biolo-
gically meaningless (percentage of phagocytosis activity decreasing less
than 20% is irrelevant in this endpoint). However, this response was

Fig. 1. Size of CNP1 and CNP2 agglomerates in ultrapure water, artificial marine water (ASTM) and hemolymph culture media (filtered by 0.22 μm) over time.
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biologically significant in the case of CNP2 with respect to the control
and CNP1 (p < 0.01); Fig. 2(B).

3.2.3. Effects on reactive oxygen species
Extracellular ROS production is shown in Fig. 2(C). Hemocytes ex-

posed to 1mg L−1 did not show differences among the controls and
CNP1 and CNP2. However, a significant decrease was observed at
10mg L−1. CNP2 decreased extracellular ROS by 77.14% with respect
to the controls (p < 0.01), whereas CPN1 had an ineffective con-
sequence regarding scavenging ROS.

4. Discussion

The CeO2 NPs tested in this study were shown to be more stable
over time in filtered HS than in AMW. Both media showed a large
amount of salts; however, some compounds of hemolymph which
joined in humoral defense, such as lectins, hydrolytic enzymes and anti-
microbial peptides could create a natural soft and/or hard biocoronas
(Milani et al., 2012), and therefore stabilize NPs in suspension (Canesi
et al., 2002b). After the stabilization of NPs with the surrounding fluid,
two hypotheses are reached by different authors (Canesi et al., 2017;
Canesi et al., 2016a; Hayashi et al., 2016; Hayashi et al., 2013). The
first one is that proteins present in the biological serum protect against
non-specific adsorption due to lowered membrane adhesion (Lesniak
et al., 2013). On the other hand, the second hypothesis is that the
biocorona of NPs may have some affinity and activate some membrane
receptors and signaling pathways that trigger unwanted responses in
bivalves (Canesi et al., 2016b; Garaud et al., 2016; Jimeno-Romero
et al., 2016; Katsumiti et al., 2016; Turabekova et al., 2014). The ad-
sorption of protein on the surface of the NPs and therefore biocorona
formation depends on: i) physicochemical properties of NPs such as
their composition, size (Lundqvist et al., 2008), shape (Deng et al.,
2009) and surface charge (Capriotti et al., 2012; Lundqvist et al., 2008;
Pozzi et al., 2015; Qiu et al., 2010) and ii) biological environment such
as type of plasma, incubation time, temperature, pH and the physio-
logical state of the plasma (Hajipour et al., 2014; Mahmoudi et al.,
2013; Pozzi et al., 2015; Tenzer et al., 2013). The surface curvature has
an important role in protein adsorption and corona composition
(Lundqvist et al., 2008). Mathematical models and experimental studies
have revealed that adsorbed proteins on the curved surface of NPs
undergo less conformational changes than proteins adsorbed on flat
surfaces of the same material (Mahmoudi et al., 2011; Rahman et al.,
2013). Moreover, the selective adsorption and binding of proteins on
NPs with different shapes was demonstrated in a study with TiO2 NPs,

spherical TiO2 NPs were unique in displaying apolipoprotein D and
clustering, whereas no such proteins were identified on rod- or tube-
shaped TiO2NPs (Deng et al., 2009). This is in agreement with the CeO2

NPs employed in this study where the only NPs with rounded shape
(CNP2) formed Cu, Zn-SOD protein corona (Canesi et al., 2017).

Protein adsorption to the NPs’ surface may mediate the uptake via
receptor-mediated endocytosis (Alkilany and Murphy, 2010; Conner
and Schmid, 2003). The uptake of nanoparticles by cells can be viewed
as a two-step process: first a binding step on the cell membrane and
second the internalization step (Wilhelm et al., 2003). Some factors
might be important in the uptake NPs into cells; one of the uptake
factors is the cell surface coating and charge of nanoparticles. Positive
or negative zeta potential has been shown to be dependent on the
synthesis process of CeO2 NPs. According to Patil et al. (2007) the CeO2

NPs synthetized in pH 1 buffer showed positive zeta potential, while pH
13 buffer produced particles with negative zeta potential independently
of the synthesis methods used for their fabrication (Patil et al., 2007).
These results are in line with the present work. CNP1 at 5mg L−1 in
ultrapure water had a pH of 4.3 and a zeta potential of 23.6 ± 8.3mV,
while the pH of CNP2 was 8.5 with a zeta potential of −84 ± 4.3mV
(Sendra et al., 2017c). These findings consequently support the premise
that the pH of the buffer for the NPs during manufacture is a key factor
governing the particle’s zeta potential. The zeta potential of NPs plays
an important role in biocorona formation in HS of bivalves (Canesi
et al., 2017; Canesi et al., 2016a). The recent finding of Canesi et al.
(2017) showed that two types of metallic oxide NPs such as TiO2 NPs
and CeO2 NPs (CNP2) with negative zeta potential in HS were able to
form the same hard protein corona of Cu, Zn-SOD. However, CNP1
(CeO2 NPs) with minimal values of zeta potential did not show any
peptides when it was analyzed.

Our results further showed higher changes in the biomarkers of
stress (LMS) and immunological parameters (phagocytosis capacity and
extracellular ROS generation) of hemocyte cells when the CNP2 treat-
ment was tested (with negative zeta potential, rounded shape and
protein corona formation) compared to hemocytes exposed to CNP1
(almost neutral zeta potential, well-faceted shape and no protein corona
detected). The most of study relate the toxicity with positive zeta po-
tential (Pang et al., 2016). In this study, the authors found that AgNPs
with positive values of zeta potential; +46.5 mV, induced the highest
cytotoxicity and DNA fragmentation in Hepa1c1c7. In addition, these
authors showed the highest damage to the nucleus of liver cells. Cho
et al. (2009) found that Au NPs with a positive charge were the most
internalized NPs followed by negative nanoparticles and in the last
place neutral nanoparticles in breast cancer cells (Cho et al., 2009).

Fig. 2. Toxicological responses measured in hemocyte cells from M. galloprovincialis. (A) Lysosomal membrane stability (n=5–7), (B) phagocytic capacity (n= 8)
and extracellular ROS (n=3–4). Data represent average± SD, a and b letters represent differences with respect to the controls and between CNP1 and CNP2
treatments respectively.
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There has been evidence of the uptake of negatively charged particles
despite the unfavorable interaction between the particles and the ne-
gatively charged cell membrane. These authors examined the role of
surface charge in the internalization of Au NPs, and the negatively
charged nanoparticles were internalized through nonspecific binding
and clustering of the particles on cationic sites on the plasma membrane
(that are relatively scarcer than negatively charged domains). Later, the
mechanism which has the greatest efficiency in cell-membrane pene-
tration and cellular internalization is the endocytosis positively charged
particles. They form the primary platform as synthetic carriers for drug
and gene delivery (Cho et al., 2009). However, a study has reported
that there are some positively charged regions on the cell surface such
as cationized hemeundecapeptide (cHUP) and cationized ferritin on cell
surface. This could facilitate the uptake of negatively charged nano-
particles (Ghinea and Simionescu, 1985).

Other properties of NPs that can influence the health status of the
cell are the size and shape of NPs in the aqueous media without taking
into account the biocorona formation of CNP2. In this work we found
that rounded NPs with negative zeta potential (CNP2) provoked greater
changes in the biomarkers of stress and immunological parameters than
the well-faceted surface NPs with almost neutral zeta potential (CNP1)
(see TEM image, Fig. 2). These findings are in accordance with previous
work which demonstrated that rounded NPs could be internalized
500% more than rod-shape NPs due to the greater membrane wrapping
time required for the elongated particles (Chithrani and Chan, 2007;
Chithrani et al., 2006). Nanoparticles between 2 and 100 nm size range
were found to alter signaling processes including the signaling path-
ways of death receptors (Jiang et al., 2008). In many studies, results
showed the greatest effects on biological functions and the bioaccu-
mulation of small size metallic NPs rather than larger agglomerates
(Coradeghini et al., 2013; García-Negrete et al., 2013; Katsumiti et al.,
2016; Liu et al., 2014; Tedesco et al., 2010; Tedesco et al., 2008). In this
study, no relation between stress and effect on immunological para-
meters and smaller NPs agglomerates in HS (CNP1) were found,
therefore we can conclude that under these test conditions the main
factors of CeO2 NPs which disturb the health cell status were the ne-
gative zeta potential, Cu, Zn-SOD biocorona and a rounded shape for
the different mechanisms of NPs adsorption onto cells and uptake
previously described.

Once NPs are internalized by cells, they are expected to be re-
cognized as foreign agents and stored in the lysosomes for digestion
(Allen and Moore, 2004; Moore et al., 2006). Lack of LMS was reported
for the CeO2 NPs tested. This lack of LMS has been noted for other
nanoparticles of different composition such as C60 fullerene, TiO2, SiO2

and nano-carbon black when exposed to bivalve hemocytes (Betti et al.,
2006; Canesi et al., 2008; Canesi and Corsi, 2016). The lack of LMS may
be related, as showed by other authors, with lysozyme release (Canesi
et al., 2008; Canesi et al., 2016b; Canesi et al., 2010b). This finding
should be examined more closely using biomarkers of inflammation
such as cyclooxygenase activity, cytokine release or the production of
nitrous oxide (Gagné et al., 2006).

Down-regulation in cell signaling is related to a decrease in pha-
gocytosis capacity as a defense mechanism, which was observed in the
hemocyte cells treated with CNP2. Phagocytosis is the main defense
mechanism for the bivalves, therefore reduced phagocytosis may be a
detrimental effect producing an alteration in food ingestion, energy
assimilation processes, ability to remove foreign bodies, and overall
viability of cells (Abbott Chalew et al., 2012; Cheng, 1996). The pro-
cesses of phagocytosis are regulated by activation of MAPK pathways
(Aam and Fonnum, 2007; Chin et al., 1998). Some studies indicate that
a decrease in the phosphorylation stage of all MAPK members (ERK,
p38, JNKs) and PKC can provoke a down- regulation in cell signaling,
and therefore an immunodepression of hemocyte cells (Betti et al.,
2006; Canesi et al., 2006). An alteration in the phagocytosis capacity of
bivalve hemocytes when they are exposed to NPs has been demon-
strated by many authors over the last years (Abbott Chalew et al., 2012;

Marisa et al., 2015). So any change in MAPK may affect not only
phagocytosis capacity, but apoptosis, transcription, translation and
nucleic acids and cytoskeleton functions (Boya and Kroemer, 2008;
Cheng and Sullivan, 1984; Fries and Tripp, 1980; Grundy et al., 1996;
Yang et al., 2003).

ROS production controls phagocytosis capacity and it regulates the
presence of foreign bodies inside the cells (Canesi et al., 2005; Canesi
et al., 2012). Therefore, a deregulation of ROS can affect the innate
immune system. Another cause of ROS decrease in this research might
be due to the mimetic activity of CeO2 NPs with antioxidant enzymes
(ratio Ce+3/Ce+4 on NPs surface), therefore it may reduce the per-
centage of ROS levels in treatments with CeO2 NPs.

5. Conclusions

In conclusion, CeO2 NPs at tested concentrations provoked changes
in a battery of functional parameters (LMS, ROS and phagocytosis ca-
pacity) in hemocytes of Mytillus galloprovincialis and led to a down-
regulation of immune systems as evidenced by the loss of LMS and a
decrease in the phagocytosis capacity of the cells. The overall responses
studied in these in vitro experiments carried out in HS showed a dose-
response trend. Smaller agglomerates of NPs were not related to higher
shifts in the biomarkers of stress and immunological parameters, but
negative zeta potential, the rounded shape of CNP2 and protein corona
formation with respect to almost neutral zeta potential, well-faceted
surface and no biocorona formation of CNP1 showed the importance of
intrinsic characteristics of NPs and extrinsic properties of the culture
media in the negative effects of CeO2 NPs to marine mussel hemocytes.
This information will allow improving the risk assessment of CeO2 NPs
in hemocytes of mussels. Therefore, the study of primary, secondary
NPs characteristics and interaction between NPs with biological fluids
is necessary to understand its bioavailability, behavior and toxicity at
cellular level. Furthermore, the authors suggest a deeply study about
colloidal forces between NPs and cells, membrane, DNA and proteins to
understand the interaction and interface between NPs-cells.
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