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Abstract: Nanoparticles (NPs) show various properties depending on their composition, size, and
surface coating, which shape their interactions with biological systems. In particular, NPs have
been shown to interact with immune cells, that represent a sensitive surveillance system of external
and internal stimuli. In this light, in vitro models represent useful tools for investigating nano-bio-
interactions in immune cells of different organisms, including invertebrates. In this work, the effects
of selected types of NPs with different core composition, size and functionalization (custom-made
PVP-AuNP and commercial nanopolystyrenes PS-NH2 and PS-COOH) were investigated in the
hemocytes of the marine bivalve Mytilus galloprovincialis. The role of exposure medium was evaluated
using either artificial seawater (ASW) or hemolymph serum (HS). Hemocyte morphology was
investigated by scanning electron microscopy (SEM) and different functional parameters (lysosomal
membrane stability, phagocytosis, and lysozyme release) were evaluated. The results show distinct
morphological and functional changes induced in mussel hemocytes depending on the NP type
and exposure medium. Mussel hemocytes may represent a powerful alternative in vitro model for a
rapid pre-screening strategy for NPs, whose utilization will contribute to the understanding of the
possible impact of environmental exposure to NPs in marine invertebrates.

Keywords: hemocytes; Mytilus; in vitro; scanning electron microscopy; immune response

1. Introduction

Due to the rapid expansion of production and use of nanoparticles (NPs) and their
consequent release in different ecosystems, there is increasing concern on the utilization
of alternative, affordable biological animal models for investigating nanosafety in envi-
ronmental species. In vitro testing that focuses on specific cellular functions (i.e., immune
responses) may provide an ideal starting point for developing a rapid prescreening strategy
for NPs [1]. This would apply not only to vertebrate models, but also to invertebrates,
which account for over 95% of animal species.

In the aquatic environment, which represents the final sink for all anthropogenic
contaminants, including NPs, suspension-feeding invertebrates, due to their filtration
ability for nutrition and respiration needs, have been identified as an unique target group
for NP ecotoxicity [2–5]. In particular, in bivalve molluscs, abundant cell types involved
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in digestion or immune responses (digestive cells and hemocytes, respectively), have the
capacity to internalize particles from the nano- to the micro-size via endocytic/phagocytic
pathways [4–6].

The bivalve immune system relies solely on innate immunity, which mainly in-
volves circulating hemocytes acting in collaboration with other soluble factors present in
hemolymph serum [7,8]. This system responds very fast upon its encounter with foreign
particles, making it a suitable tool for studying the effects of NPs using in vitro meth-
ods [9–13]. In particular, in the hemocytes of the marine mussel Mytilus galloprovincialis, the
utilization of a battery of immune-related biomarkers has proven useful in the evaluation of
the effects of a number of NPs, that can modulate responses with consequent immunotoxic
effects or stimulation of immune parameters, leading to inflammation, depending on the
NP type and on the conditions of exposure [12,14]. These studies underlined how mussel
hemocytes represent a sensitive target for different NPs and their potential application as
a starting point to more accurately design further studies that are relevant at the whole
animal level.

The utilization of primary cells or cell lines is already established for vertebrates
but these existing protocols need to be adapted and/or improved for bivalve in vitro
assays [1,15,16]. Hemocytes freshly isolated from adult mussels (M. galloprovincialis)
can be maintained in different media (artificial seawater, salt-enriched culture medium
or hemolymph serum) for some hours, without impacting cell survival and biochemi-
cal/functional features [9,12,17,18]. All these media, characterized by a high ionic strength,
will however affect NP behavior in terms of agglomeration and surface charge [19] as
in the natural marine environment. Moreover, the behavior of NPs in mussel biological
fluids (i.e., hemolymph serum) has been shown to be distinct for different types of NPs and
important in determining interactions with hemocytes. In mussels, some types of NPs have
been shown to associate with serum soluble components, organized into a “hard protein
corona”, providing a specific biological identity for immune recognition and subsequent
cellular responses [20,21]. All these factors are important to consider in the evaluation of
the possible biological impact of NPs on the cells of marine invertebrates, to properly utilize
these cellular in vitro models as a suitable alternative strategy for testing the immunosafety
of NPs in environmental organisms.

In the present study, we investigated the in vitro responses of mussel hemocytes to
different types of NPs in different exposure media with the aim of:

(a) investigating the sensitivity of hemocytes to NPs with different surface characteristics
and which characteristic of NPs are most potent to provoke the hemocyte response in
physiological medium;

(b) defining optimal experimental conditions for a sensitive, alternative, and affordable
biological in vitro model for a rapid prescreening strategy for NPs.

Selected NPs were chosen on the basis of two criteria: first, the need to utilize a
reference NP that is generally considered biologically inert as in mammalian model systems
(i.e., AuNPs) [22,23]. To this aim, custom-made polyvinylpyrrolidone-PVP coated gold
NPs (PVP-AuNPs), were designed to be stable in seawater medium and provide baseline
information for further NPs testing. Second, the utilization of commercially available
surface-modified NPs that could be utilized as model NPs of environmental interests
(e.g., nanoplastics). Commercial surface modified polystyrene nanoplastics (amino- and
carboxy-modified nanopolystyrene, PS-NH2 and PS-COOH) were utilized to provide an
estimate of the role of different surface characteristics in hemocyte nano-bio-interactions.

The short-term in vitro effects of these selected NPs at different concentrations were
compared in freshly isolated hemocytes from M. galloprovincialis exposed in either artificial
seawater (ASW) or filtered hemolymph serum (HS). Upon exposure, the morphological
changes induced in different experimental conditions were investigated by scanning elec-
tron microscopy (SEM). Complementary experiments were performed to measure different
functional immune markers, from functional integrity of lysosomes (lysosomal membrane
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stability) and phagocytic ability to extracellular defense mechanisms (e.g., lysozyme release
and the production of ROS-reactive oxygen species).

2. Materials and Methods
2.1. Nanoparticle Synthesis and Characterization

Custom-made PVP-AuNPs were synthesized by the Catalan Institute of Nanoscience
and Nanotechnology (ICN2) (Barcelona, Spain), according to the previously reported
seeded-growth methods. Detailed synthetic procedure can be found in Bastús et al.
(2011) [24]. Tetrachloroauric (III) acid trihydrate (99.9% purity), sodium citrate triba-
sic dihydrate (≥99%), and polyvinylpyrrolidone (55 KDa) were purchased from Sigma-
Aldrich (Madrid, Spain). Artificial seawater (ASW) was prepared at 35 ppt salinity, pH
7.9–8.1 [25,26]. In brief, AuNPs were synthesized using a sodium citrate aqueous so-
lution, and different synthesis, postproduction, and characterization steps are reported
in more detail in Figure S1. The AuNP seeds (~10 nm) were grown to obtain the de-
sired size (~30 nm) and measured by scanning electron microscopy in transmission mode
(STEM) (FEI Magellan 400 XHR, Hillsboro, OR, USA) (Figure S1A,B). AuNPs were further
coated with PVP, followed by several washing steps. UV-vis analyses using a Carry 4000
spectrophotometer (Agilent, Santa Clara, CA, USA) were performed to verify the AuNP
aggregation state and sample concentration (Figure S1C). The final hydrodynamic diameter
(Figure S1D) and ζ-potential were determined by dynamic light scattering (DLS) and
laser Doppler velocimetry using a Zetasizer Nano ZS instrument (Malvern Panalytical,
Malvern, UK).

Commercial surface-modified nanopolystyrenes were from Bangs Laboratories, Inc.
(Fishers, IN, USA). Amino-modified nanopolystyrene (PS-NH2), nominal size 50 nm,
were previously characterized in different media (milliQ-MQ water, ASW, and HS) as
described in Canesi et al. (2015, 2016) [11,12]. Carboxylated nanopolystyrene (PS-COOH),
nominal size 60 nm, kindly provided by Ilaria Corsi’s lab (Univ. Siena, It), were from
the same batch previously characterized in MQ water by DLS analysis [27]. In addition,
in the present study, particle behavior was evaluated in suspensions of both ASW and
Mytilus hemolymph serum (HS). The results on particle characterization are summarized in
Table 1.

Table 1. Physicochemical characterization of NPs tested in vitro, PVP-AuNP, nanopolystyrenes
(PS-NH2 and PS-COOH) behavior in exposure medium.

NPs Medium Z-Average (nm) PDI ζ-Potential
(mV)

PVP-AuNP ASW 58.3 ± 0.16 0.12 ± 0.01 −4.1 ± 0.6
PS-NH2 MQ 1 57 ± 2 0.07 ± 0.02 +42.8 ± 1

ASW 1 200 ± 6 0.3 ± 0.02 +14.2 ± 2
HS 2 178 ± 2 0.34 ± 0.05 +14.2 ± 1

PS-COOH MQ 3 64.5 ± 0.6 0.06 ± 0.02 −59.7 ± 2.6
ASW 1822 ± 373.6 0.228 −26.9 ± 1.9
HS 189.1 ± 48.6 0.288 −11.6 ± 1.5

PDI = polydispersity index; ζ = zeta potential; MQ = MilliQ water; ASW= artificial seawater; HS = Mytilus
hemolymph serum; 1 from [11]; 2 from [12]; 3 from [27].

Possible contamination of NPs by lipopolysaccharides (LPS) was not of first concern,
as mussels have shown to be resistant to LPS effects, due to their filtering ability and vicinity
with human activities. In particular, mussel hemocytes in vitro show no sensitivity to LPS
up to 10 µg/mL [28]. These concentrations are much higher than those of NP-associated
LPS [29,30].
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2.2. Mussels, Hemolymph Collection, Preparation of Hemolymph Serum and Hemocyte
Monolayers and Exposure Conditions

Mussels (Mytilus galloprovincialis Lam.) were purchased from an aquaculture farm
(Chioggia, IT), transferred to the laboratory, and acclimatized in static tanks containing
aerated ASW (1 L/animal), 35 ppt, at 16 ± 1 ◦C for 24 h. For each sample, hemolymph
was extracted from the adductor muscle of 4–5 animals, using a syringe via a noninvasive
method, filtered with gauze, and pooled in Falcon tubes. To obtain hemolymph serum-HS
(i.e., hemolymph free of cells), whole hemolymph was centrifuged at 900× g for 10 min,
and the supernatant was passed through a 0.22 µm filter. All procedures were performed
as previously described [11,12].

Hemocytes were incubated at 16 ◦C with different concentrations of NPs in ASW or
HS, for 30 min to 1 h (depending on the functional parameter measured) as previously
described [9–11,13]. Untreated (control in ASW or HS) hemocyte samples were run in
parallel. The in vitro short-term exposure of mussel hemocytes has long been successfully
applied to screen the effects of different types of NPs on immune function (see [9–11,13]).
The underlying reason is that in these cells, induction of functional responses, as well as of
stress responses and apoptotic processes, are particularly rapid, occurring within 1 h of
exposure, in line with the physiological role of bivalve hemocytes as the first line of defense
against non-self-material (see also [4]).

2.3. Hemocyte Morphology Using Scanning Electron Microscopy (SEM)

Hemocyte monolayers prepared on membrane filters (hydrophilic mixed cellulose
esters membrane, Millipore©) of 3 µm pore size were incubated for 30 min with NP
suspensions in ASW or HS. Control cells were run in parallel in ASW or HS medium. Cells
were fixed for 2 h in 2.5% glutaraldehyde, 0.4% paraformaldehyde in modified PBS (100 mM
phosphate-buffered saline adjusted to 450 mM osmolarity by addition of NaCl). Fixed
cells were rinsed with the same buffer, postfixed in 1% osmium tetroxide in buffer for 1 h,
and then stained with TOTO (thiocarbohydrazide/osmiumtetroxide/thiocarbohydrazide/
osmiumtetroxide) conductive stain (adapted from [31,32]). Samples were then dehydrated
by graded ethanol solutions and dried with hexamethyldisilizane (HMDS).

The dried samples were mounted on aluminum holders and sputter-coated with
gold/palladium using precision etching coating system (Gatan 682, Pleasanton, CA, USA).
Hemocytes were then examined with a field emission scanning electron microscope (SEM)
(SEM, JEOL JSM-6500F, Tokyo, Japan) equipped with an energy dispersive X-ray spec-
troscopy (EDX) system. Samples exposed to AuNPs were sputter-coated with carbon in
order to detect Au by EDX.

2.4. Hemocyte Functional Assays

Hemocyte functional parameters (lysosomal membrane stability, phagocytosis, lyso-
somal enzyme release, and extracellular ROS production) were evaluated essentially as
previously described [9,11,13].

Lysosomal membrane stability (LMS) was evaluated by the NRR (neutral-red retention
time) assay. Hemocyte monolayers (in triplicates) on glass slides were incubated with
NP suspensions in filtered ASW or HS for 30 min and then incubated with a neutral-red
(NR) solution (final concentration 40 µg/mL). Controls (unexposed samples) were run in
parallel. The slides were examined under an optical microscope every 15 min until 50% of
the cells showed sign of lysosomal leaking and the results are reported as percentage of
control cells.

The percentage of phagocytic cell was evaluated by the uptake of neutral-red-stained
zymosan on hemocyte monolayers. After 30 min of NP exposure, the neutral-red-stained
zymosan in 0.05 M TrisHCl buffer (TBS) was added to the monolayers and left to incubate
for 60 min. Monolayers were then washed three times with ASW, fixed with Baker’s formol
calcium, and mounted in Kaiser’s glycerol gelatine medium for microscopical examination
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with an optical microscope. For each slide, the percentage of phagocytic hemocytes was
calculated from a minimum of 200 cells in triplicates.

Extracellular ROS production was measured by the reduction of cytochrome c. The
aliquots of hemolymph (in triplicates) were incubated with 500 µL of cytochrome c solution
(75 mM ferricytochrome c in TBS buffer) in presence or not of NPs. The samples were read
at 550 nm at different times (0, 30, and 60 min), and the results are expressed as changes in
OD per mg of protein.

Lysozyme activity in the extracellular medium was measured in aliquots of serum.
Whole hemolymph samples were incubated with or without NPs for 30 to 60 min. Lysozyme
activity was determined spectrophotometrically at 450 nm utilizing Micrococcus lysodeikticus
and was expressed as percentage of controls.

Total protein content was determined according to the Bradford method using bovine
serum albumin (BSA) as a standard.

2.5. Statistics

Data are the mean ± SD of four independent experiments (n = 4), with each assay
performed in triplicate. Data of functional parameters and hemocyte diameters were
analyzed by one-way ANOVA followed by Tukey’s test at 95% confidence intervals
(p ≤ 0.05). All statistical calculations were performed using the GraphPad Prism ver-
sion 7.03 for Windows, GraphPad Software, San Diego, CA, USA.

3. Results
3.1. NP Characterization

Data on NP characteristics and behavior in exposure media are reported in Table 1.
Custom-made PVP-coated gold nanoparticles (PVP-AuNPs) in ASW were character-

ized by STEM to measure the size of the gold core and by DLS to obtain the hydrodynamic
diameter. AuNPs had a gold core of 28.7 ± 3.2 nm (Figure S1B) and a PVP (55 KDa) coating
leading to a final hydrodynamic diameter of 58.3 ± 0.16 nm (Figure S1D). PVP-AuNPs
ζ-potential in ASW was −4.1 ± 0.6 mV.

For both nanopolystyrenes, in MQ the Z-average were in the same range as reported
by the manufacturer, 57 ± 2 and 64.5 ± 0.6 nm for PS-NH2 and PS-COOH, respectively.
The ζ-potential was positive (+42.8 ± 1 mV) for PS-NH2 and negative (−59.7 ± 2.6 mV)
for PS-COOH [11,27]. In both ASW and HS, PS-NH2 showed a similar behavior, with
formation of small agglomerates (~200 nm) and a lower ζ-potential (+14 mV) [11,12]. A
distinct behavior was observed for PS-COOH, that in ASW formed large agglomerates
(1822 ± 373.6 nm) and a less negative charge value (−26.9 mV). In HS, the size of the
agglomerates was greatly reduced (189.1 ± 48.6 nm), and the ζ-potential showed even
fewer negative values (−11.6 ± 1.5 mV).

For all NPs, PDI values were smaller in MQ that in ASW and HS, indicating a more
homogenous dispersion in the absence of salts.

3.2. Effects of NPs on Hemocyte Morphology: SEM

The effects of different NPs on hemocyte morphology were investigated by SEM. For
all NP types, the hemocytes were exposed for 30 min at a concentration of 10 µg/mL in
ASW or HS suspension. Control hemocytes (in absence of NPs) were run in parallel in
both media.

Control hemocytes in ASW showed a characteristic extremely flat shape, with cells
fully spread onto the filter support, with diameters ranging from 20 to 40 µm and showing
a rather smooth surface, several short cell-surface extensions and absence of filopodia
(Figure 1A,B). Due to the extreme flatness of the cells, fractures were often observed
between the periphery and the center of the cells, which was thicker and contained granular
structures presumably in the perinuclear region.
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Figure 1. Scanning electron microscopy (SEM) images of control hemocytes from M. galloprovincialis
in different media. (A,B) in artificial seawater (ASW); (C,D) in hemolymph serum (HS). Hemocytes
were attached to a paper filter support with pore size of 3 µm.

A different shape was observed in control hemocytes maintained in HS medium.
They were not fully spread on the support and therefore thicker with smaller diameters
(~20–28 µm). Their surface was irregular with several membrane ruffles and filopodia of
variable shapes (Figure 1C,D).

After the addition of PVP-AuNP in ASW, cell morphology was similar to that of
controls, even though some cells showed the presence of vesicles of micro-/submicro-
metric size (≤1 µm diameter) on the edge of the plasma membrane (Figure 2). When
the presence of Au was investigated by EDX, no gold was detected either inside the cells
or in the surrounding environment (Figure S2). Similar observations were made in HS
(not shown).

In contrast, PS-NH2 induced changes in hemocyte shape in both media (Figure 3).
In ASW, some cells were still spread on the substrate, but they were not fully attached
to the support, showing variable shapes (Figure 3A). Other hemocytes were smaller and
thicker, showing the typical morphology of activated cells (Figure 3B). Such changes
in shape were more evident in HS, where a large number of filopodia was observed
(Figure 3D,E). Moreover, in both conditions, the edge of the cells often showed a complex
lace-like pattern, due to a network of short filopodia (Figure 3C,F).

Exposure to PS-COOH in ASW did not affect gross morphology of cells with respect
to control hemocytes (Figure 4A). Large particle agglomerates were observed around
some cells (arrowheads), appearing very white in contrast with the rest of the biological
material (Figure 4B and Figure S3 for details of PS-COOH). Moreover, short membrane
protrusions could be observed along the border of some cells, as well small extracellular
vesicles (Figure 4C). The presence of small PS-COOH agglomerates on the cell surface was
observed near vesicles with apparent concave shapes (Figure 4D).

In hemocytes exposed to PS-COOH in HS, cell morphology was apparently sim-
ilar to those of control cells in HS; however, the formation of thin filopodia of about
3–8 µm in length was observed, apparently enabling communication between adjacent cells
(Figure 5A,B). Among these, some longer (>15 µm) filopodia were observed (Figure 5C,
arrow), sometimes apparently making contact with apoptotic cells/cell bodies. When
observed in more detail (Figure 5D), these filaments appeared thicker (300–400 nm) and
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containing vesicles (asterisk). Moreover, other shorter filopodia appeared to be formed by a
chain of vesicles connected by very thin necks, as in a necklace-like structure (arrowheads).
In HS, no particle agglomerates were observed.
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3.3. Hemocyte Functional Parameters
3.3.1. PVP-AuNP

PVP-AuNP exposure in ASW did not affect hemocyte LMS and phagocytosis (Figure
6A,B) at any concentration tested up to 100 µg/mL (Figure 6A,B). Moreover, PVP-AuNPs
did not affect extracellular ROS production up to 50 µg/mL (Figure 6C). Similarly, no
effects were observed using HS as suspension medium (data not shown).
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3.3.2. Amino-Modified Nanopolystyrene—PS-NH2

The effects of PS-NH2 on Mytilus hemocytes in different exposure media were previ-
ously reported in [11,12]. However, to mirror the effects observed for the changes in cell
morphology, in this work further experiments were performed at the same concentration,
10 µg/mL in both media, and the results are reported in Figure 7.
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Figure 7. Effects of PS-NH2 in different suspension media in ASW (white bars) or hemolymph
serum (HS) (grey bars) on mussel M. galloprovincialis hemocytes. (A) LMS; (B) phagocytosis; and
lysozyme activity at time 0, after 30 and 60 min in ASW (C) and HS (D). Data, representing the mean
± SD of four experiments in triplicate, were analyzed by ANOVA followed by Tukey’s post hoc test,
(p < 0.05): * = all treatments vs. controls; # = ASW vs. serum.
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A dose-dependent decrease in LMS was observed from 10 µg/mL in ASW, down
to −50% at 50 µg/mL; a significantly stronger effect was observed in HS, at both con-
centrations (Figure 7A). The phagocytic activity showed a similar decrease (about −40%
with respect to controls) at 10 and 50 µg/mL and in both media (Figure 7B). PS-NH2
also stimulated increase in lysozyme activity: the effect was transient in both media with
highest values recorded directly immediately after NP addition and after 30 min exposure
(Figure 7C,D).

3.3.3. Carboxy-Modified Nanopolystyrene—PS-COOH

The effects of PS-COOH are reported in Figure 8. In ASW suspensions, LMS was
decreased from −10 to −45% with respect to controls, at concentrations ranging from 10 to
100 µg/mL, whereas no effects were observed in HS (Figure 8A). Phagocytic activity was
unaffected in all experimental conditions (Figure 8B). Addition of PS-COOH immediately
triggered lysozyme release by hemocytes in both media although only at 50 µg/mL.
Interestingly, in ASW this rise in lysozyme activity was persistent up to 60 min exposure,
whereas in HS a rapid decrease over time was observed (Figure 8C,D).
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Figure 8. Effects of PS-COOH in different suspension media in ASW (white bars) or hemolymph
serum-HS (grey bars) on mussel M. galloprovincialis hemocytes. LMS (A), phagocytosis (B), and
lysozyme activity at time 0, after 30 and 60 min in ASW (C) and HS (D). Data representing the mean
± SD of four experiments in triplicate, were analyzed by ANOVA followed by Tukey’s post hoc test,
(p < 0.05); * = all treatments vs. controls; # = ASW vs. serum.

Because PS-COOH in HS showed distinct agglomeration and effects on hemocyte
morphology, lysosomal membrane stability and time course of lysozyme release, its possi-
ble interactions with soluble serum components (i.e., the formation of a protein corona)
were investigated. PS-COOH was incubated with hemocytes HS and isolation of the
corona proteins was performed by centrifugation and 1D-gel electrophoresis as previously
described for PS-NH2 and other NPs ([12,20] and Figure S4 for details). When samples
were analyzed by gel electrophoresis (Figure S5), no detectable protein bands specific of the
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corona sample obtained with PS-COOH were observed, indicating the absence of proteins
stably bound to the NPs (hard protein corona).

4. Discussion

In the present work, the in vitro interactions and effects of NPs in different media were
investigated in the hemocytes of the marine mussel M. galloprovincialis. Custom-made PVP-
AuNPs stable in ASW were first used as a reference material, and the results were compared
with those obtained with two types of nanopolystyrene bearing distinct surface properties
(PS-NH2 and PS-COOH). The results highlight distinct morphological and functional
responses of mussel hemocytes depending on the core composition and chemicophysical
properties of the NPs used and on exposure medium. To our knowledge, these are the first
data on the effects of different NPs on detailed cell morphology evaluated by SEM coupled
to evaluation of functional parameters in the immune cells of marine invertebrates.

Gold NPs represent a valuable tool for biomedical applications, i.e., diagnosis or
targeted drug delivery, due to the peculiar properties of this material [33,34]. AuNPs
appear generally inert toward biological systems, since they have been reported to poorly
affect natural cell functions [22]. In particular, in mammalian systems, AuNPs have been
shown to be relevant to meet the need for immunosafe particles for clinical purposes [23].
In this light, AuNPs can be utilized as a model to compare the interactions of NPs with
innate immunity across different species. However, for a proper comparison, the main
characteristics and behavior of NPs should be maintained in different experimental settings.
Various NPs have been shown to strongly agglomerate in ASW, due to the high salt
concentration which reduces the electrostatic repulsion of the particles [35]. To circumvent
this problem, custom-made AuNPs, coated with PVP to maintain their dispersion in ASW,
were successfully synthesized to allow for exposure of marine invertebrate cells in vitro.

Previous in vitro studies on M. galloprovincialis hemocytes exposed to citrate-coated
AuNPs of different sizes (5, 15, 40 nm) for 24 h reported a slight decrease in cell viability at
concentrations >50 µg/mL, with stronger effects caused by smaller-size AuNPs; however,
the citrate coating used appeared to play a major role in the toxicity observed [16]. In gill
explants of the clam Ruditapes philippinarum, the utilization of an optimized STEM-in-SEM
methodology allowed for detection of AuNPs (24 nm) inside the gill cells, attached to the
outer membrane of the mitochondria and to the nuclear envelope [36]. In the present work,
no internalization of AuNPs was observed by Mytilus hemocytes; however, differences in
phagocytic activity may be due to the cell type, the incubation time, or the AuNP character-
istics. Moreover, the results here obtained show that short-term exposure to PVP-AuNPs
did not affect the morphology or main functional parameters of mussel hemocytes. When
the presence of Au was investigated by EDX, no gold was detected either inside the cells or
in the surrounding environment. However, in some AuNP-exposed cells, small vesicles
on the edge of the plasma membrane were observed, resembling ectosomes. Ectosomes
are vesicles generated by the direct outward budding of the plasma membrane, which
produces microvesicles, microparticles, and large vesicles in the size range of ~50 nm to
1 mm in diameter [37]. Human polymorphonuclear neutrophils (PMNs) upon activation
release ectosomes which are characterized by the expression of phosphatidylserine and
show anti-inflammatory/immunosuppressive activities toward macrophages [38]. In mus-
sel hemocytes, the production of ectosomes and exchange of signaling molecules might
represent an additional component of intercellular communication among different cell
subpopulations, contributing to down-regulation of responses to AuNP exposure and
immunoregulation as in human PMNs. However, this possibility requires further investi-
gation.

Overall, these data indicate that AuNPs did not strongly interact with hemocytes
and/or were lost during the fixing procedure. The data obtained in the present work
confirm the suitability of the newly synthetized AuNP to be utilized as a negative control
for testing the effects of NP exposure on Mytilus hemocytes, as well as any other marine
invertebrate cell types. These data reinforce the concept of the importance of the choice
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of NPs and suitability of the protocols for handling marine invertebrate cells for in vitro
testing of NP safety. Many parameters can influence the biological activity of NPs, including
core composition, surface charge, and agglomeration state. To evaluate the effects of NP
functionalization on Mytilus hemocytes, polystyrene NPs (PSNPs) of similar size (50–60 nm)
but carrying different surface modifications (–NH2 and –COOH) were compared in vitro.
PS-NH2 showed little agglomeration (~200 nm) in ASW, and slightly smaller (~178 nm) in
HS medium, while retaining a similar positive surface charge (+14.2 mV) in both media [12].
PS-NH2 induced significant changes in functional parameters in both ASW and HS, with
stronger effects observed in HS as previously described [11,12]. These results are supported
by the present data here obtained by SEM on cell morphology in HS with respect to ASW.

The difference observed between the two media is in line with the reported formation
of a stable biomolecular corona recorded for PS-NH2 in HS [12], whose unique protein
component was identified as the extrapallial protein precursor (EPp) (also called MgC1q6).
EPp is the most abundant serum protein encountered in Mytilus HS, and it is known to play
a key role in the specific recognition of both selected bacterial strains and NP types [39,40].
The presence of a protein corona on PS-NH2 would likely increase the stability of NPs and
contribute to reducing agglomeration, as well as to regulate nano-bio-interactions with
hemocytes and the consequent outcome of the cellular response.

Distinct observations were made with PS-COOH, in terms of both particle behav-
ior in exposure media and morphological and functional responses of hemocytes. In
ASW, PS-COOH showed the formation of large agglomerates (>1500 nm) and retained
a negative surface charge (−26 mV). Such a high agglomeration in ASW is likely to oc-
cur due to the interactions between the negative surface charge (-COO−) retained at
pH ≥ 5 and high concentrations of divalent cations (e.g., Ca2+ and Mg2+) naturally present
in seawater [41,42]. The results of SEM analysis indicate the absence of gross morpho-
logical changes in hemocytes exposed to PS-COOH at 10 µg/mL in ASW; accordingly, in
these conditions, only a slight decrease in LMS was observed, whereas lysozyme release
and phagocytosis were unaffected. This confirms that large NP agglomerates show little
interactions with hemocytes.

When suspended in HS, PS-COOH formed smaller agglomerates (~180 nm) that were
not detectable around the cells by SEM; in addition, under these experimental conditions,
gross cell morphology and functional parameters were not significantly affected. However,
SEM allowed for the detection of some subtle morphological changes, like formation of
multiple filopodial extensions of variable length and shape that were not observed in all the
other experimental conditions tested. The roles of filopodia can be various, from sensing
or communication with the surrounding environment [43], to mobility, particle engulf-
ment, and the production and release of molecules [44]. In mussel hemocytes exposed
to PS-COOH in HS, we observed thicker filopodia containing vesicles, and/or shorter
and thinner filopodia apparently formed by a chain of spherical vesicles connected by
ultrathin necks. Some of them seemed to connect with the neighboring cell or with apop-
totic bodies/vesicles. Drab et al. (2019) recently reported several mechanisms that could
explain the presence and formation of these necklace-like structures, which can represent
an intermediary stage in the formation of structures known as tunneling nanotubes (TNTs).
TNTs are a new emerging cell-to-cell communication tool, that allows for the selective
transfer of cellular components, signaling molecules, and pathogens between cells [45].
The presence and roles of TNTs have been mainly described in mammalian cells, including
immune cells, where they play several roles in responding to stress, including the transport
of nanomaterials [46,47]. Interestingly, we have recently reported the presence of similar
structures exchanging lysosomal vesicles and mitochondria in live M. galloprovincialis hemo-
cytes [48]. The results here obtained suggest that, under certain experimental conditions,
NPs may induce TNT formation in invertebrate immune cells, thus probably allowing for
an intercellular communication system that may participate in the protection against NP
toxicity. Further work will be needed to confirm and define the presence of these peculiar
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structures in Mytilus hemocytes and appreciate their role in the effects that different NPs
have on their immune function.

The results obtained with PS-COOH are the first data on the effects of negatively
charged nanoplastics in the cells of marine bivalves. Data obtained in the presence of HS
suggest that the observed effects may be due to the formation of a NP-protein corona,
in analogy with previous data obtained with other NPs, including PS-NH2 and nano-
oxides [20]. However, we could not identify any protein stably bound to PS-COOH (hard
corona). These data do not exclude the possible interactions with other hemolymph proteins
loosely bound to PS-COOH (soft corona) that may participate in modulating the responses
of hemocytes and that cannot be detected with the method utilized. Grassi et al. (2019)
studied the corona formation and composition in sea urchin coelomic fluid for PS-NH2 and
PS-COOH and reported a similar hard-corona proteomic pattern for both PS-NP types [27].
The discrepancies with this work not only may be due to the profound differences in
protein composition between biological fluids of sea urchins and mussels but also to the
methodological approach using different protein separation (2D-electrophoresis). Finally,
in mussel hemocytes, in contrast with data obtained with PS-NH2, where the presence
of a stable protein corona elicited stronger effects/damages, the presence of proteins
more loosely interacting with PS-COOH (soft corona) would participate in protective
mechanisms, contributing to the biological response, as indicated by the results obtained
measuring functional parameters.

Overall, the results further underline the importance of the surface charge, rather than
the core material, in determining NP behaviour in exposure medium and consequent speci-
ficity of the nano-bio-interactions with mussel hemocytes leading to biological responses
in vitro.

The application of SEM revealed for the first time the detailed morphology of hemo-
cytes from M. galloprovincialis kept in different media and allowed for the evaluation of the
morphological changes induced by different NPs in different experimental conditions. The
results obtained on cell morphology are in line with those of determination of functional
parameters, because the experimental conditions that elicited more evident morphological
changes were always accompanied by the activation of stronger functional responses. The
morphological and functional approach thus provides a better understanding of the results
obtained when testing different types of NPs in vitro. This basal information will con-
tribute to developing more standardized protocols for the in vitro screening of nanosafety
in marine invertebrate cell models. This knowledge will also help better define protocols
for in vivo exposure to NPs at environmentally realistic exposure concentrations.

In conclusion, the experimental system used in our study represents a suitable ap-
proach for fast evaluation of the biological activity of engineered nanomaterials in mussel
immune cells. The most important characteristic of a prescreening tests is its capacity to
discriminate among particles with different characteristics and what responses are biologi-
cally relevant. Our results confirm the specificity of the responses of mussel hemocytes
(morphology and functional parameters) to different NPs.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/2/470/s1, Figure S1: Characterization of synthesis and postproduction steps of synthesized
PVP-AuNPs; Figure S2: Energy-dispersive X-ray (EDX) analysis of a SEM sample of a hemocyte
exposed to PVP-AuNPs in ASW; Figure S3: SEM images showing in more details PS-COOH sus-
pensions in ASW; Figure S4: Schematic overview of the protocol utilized to identify the mussel
PS-COOH corona (C) from Mytilus galloprovincialis hemolymph serum (HS); Figure S5: Separation
of PS-COOH protein complexes from HS of M. galloprovincialis proteins by SDS-PAGE and staining
with Coomassie Brilliant Blue.
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