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Summary 

 

In this PhD thesis, the effects and interactions of nanoparticles-NPs with the marine mussel 

Mytilus galloprovincialis were investigated through several exposure pathways, implying the use of 

distinct methods, in vitro and in vivo. 

 In a first part, in vitro model served to determine the functional immune responses upon 

short term exposure of Mytilus hemocytes using microscopy and spectrophotometric methods. In 

this line, several NPs were tested in suspensions in ASW-artificial seawater and hemolymph serum-

HS and showed a general activation of the immune response of Mytilus hemocytes and hemolymph 

components (Chapter 1 and 2). The results obtained contribute to understand the mechanisms of 

actions of NPs due to their nature, size and coating and also underline the importance to consider 

the exposure medium in the characterization and exposure experiment. Complementary experiments 

were carried on the change in morphology after interactions with NPs, attesting for peculiar 

activation of the hemocytes according to the NPs types.  

In a second part, the effects of NPs were also investigated at different scale of the organism 

(from cell to tissues) using in vivo experiments, in which mussels were exposed for several days to 

selected NPs, before determining immune parameters and related parameters.  

Mussels exposed in vivo to nanoceria-nCeO2 (Chapter 3), showed specific 

immunomodulatory and antioxidant effects at different levels of biological organization in the 

absence of Cerium tissue accumulation.  

In addition, the microbiota present in hemolymph of mussels has shown to be affected upon 

nanotitanium dioxide-nTiO2 exposure (Chapter 4). The results attested for complex interactions 

between immune cells, the hemocytes, activated in presence of nTiO2, and created an unfriendly 

medium in hemolymph, that likely lead to affect the most sensible commensal bacterial 

communities present.  

Finally, newly design experiments were performed to investigate innate immune 

memory/training in Mytilus (Chapter 5). Growing proofs have shown that even relying on innate 

response, molluscs could present a certain type of memory and recall a response upon a second 

encounter, also called innate immune memory. Results showed that mussels can mount a more 

effective response upon re-exposure to a stimulus, PS-NH2 in the present case, to avoid to trigger 

further stress/damages repeatedly.  
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INTRODUCTION 

 

1. Nanoparticles 

1.1 Characteristics and definition 

The last decades witnessed an important growth in the research, development and 

production of engineered nanoparticles (ENs). By definition, nanoparticles (NPs) are particles with 

lengths comprised between 1 nm and 100 nm in two or three dimensions (ASTM standard E2456–

06). High quantities of ENs are annually produced since NPs offer multiple applications in different 

sectors. Indeed, physical and chemical properties are modified when materials are down-sized to the 

nanoscale. They can be used in the industry (for catalysis reaction, product preparation), enter in the 

composition of consumer products (for their design or antibacterial, anti-fungicide and conservative 

properties), food packaging or care products, and finally valuable application is expected for many 

diagnostic and therapeutic action in the medical field (Vance et al., 2015).  

NPs can be classified as organic or inorganic. Fullerenes, carbon nanotubes (CNT) and nanoplastics 

(e.g. polystyrene) are all carbon-based NPs, considered organic, while metals (e.g. gold, silver) and 

metals oxides NPs (e.g. titanium dioxide-nTiO2, cerium dioxide-nCeO2, silica dioxide nSiO2), are 

defined as inorganic (Khan et al., 2017).  

Several parameters can affect the properties and help to design NPs for specific applications. NPs 

can be designed in different shape, size, core composition, bare or supplemented by coatings, all 

characteristics that confer the nanomaterial special properties. Nanosized particles are dominated by 

their high mass-specific surface area; therefore, the reactivity of a material will be strongly 

dependent on size. Other parameters control the properties of NPs, such as surface chemistry 

(including surface functionalization and surface charge), agglomeration state, shape and fractal 

dimension, chemical composition and crystal structure and their solubility/colloidal behavior (Fig. 

1) (Delay and Frimmel 2012 and refs quoted). 
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Fig. 1. Summary of the principal properties and characteristics of nanoparticles (modified from Chou et al., 2011).  

Recently, new types of NPs have been produced and released in the environment, especially in 

aquatic systems. These NPs can derive from the fragmentation of microplastics and larger plastic 

debris (Lambert et al., 2016; Ter Halle et al., 2016, Gigault et al., 2018). As research in this field is 

in its infancy, and for more simplicity and protocol standardization, commercial nanopopolymers, 

in particular nanopolystyrenes, can therefore be utilized as a model nanoplastics for studying the 

effects and interactions with aquatic organisms under laboratory conditions (Canesi et al., 2015, 

2016; Al sid Cheick et al., 2018; Bergami et al., 2019).  

The characterization and determination of behavior of the NPs, alone or in different 

exposure media is necessary; particle size, surface chemistry and charge, crystallinity, phase purity, 

solubility, shape, that are essential parameters to understand and explain the stability, reactivity, 

bioavailability and interactions of NPs with cells or biological models (Kahru and Dubourguier, 

2010). To do so, a combination of analytical methods can be used. 

Dynamic Light Scattering (DLS) is commonly used for determination of size, and also 

provide the size of aggregation/agglomeration of the NPs in different media. 

 Alternatively, Transmission Electron Microscopy (TEM) can represent a good approach for 

primary NPs size measurement, and aggregates are also measurable.  

UV–vis spectroscopy can be used to characterize the absorption, transmission, and 

reflectivity of NPs in suspension in medium, and detect the presence of a particular form of NPs. 

Metallic NPs possess different excitation spectra based on interaction of the light and the surface 

(surface plasmon resonances), providing an absorbance spectra originate from their characteristics 

color. 
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The determination of the NPs surface charge, expressed as zeta-potential (ζ-potential), 

reflect the electrophoretic mobility of NPs suspended in a medium and can be evaluated by 

Electrophoretic light scattering (ELS). In general, values of ζ-potential more distant to the neutrality 

showed higher stability due to the stronger electrostatic repulsion. The ζ-potential is affected by 

ionic strength and pH, well observed in seawater that the high salt content largely favored 

aggregation and agglomeration of the NPs (Khan et al., 2017 and refs quoted).  

Such special properties and behaviors of NPs can be exploited for biomedical applications. 

However, in the other side, NPs could exert a threat to the untargeted fauna in the environment 

(Moore, 2006; Blasco and Corsi, 2019).  

 

1.2. Nanoparticles in the aquatic environment 

In the aquatic system, there are several sources of NPs that can be produced under natural 

abiotic and biotic processes, originated from natural events (e.g. ashes from volcano eruption) or in 

consequence to human activity (e.g. mining), and they can be released accidentally or intentionally 

(e.g. environmental remediation) (Wigginton et al., 2007; Delay and Frimmel 2012). Coastal areas 

are at the interface with human activities and are known to be regularly the source of higher 

pollution. In particular, NPs can enter the marine compartment through waste water discharge, 

direct disposal of human products, leaching from paintings (boats or sea structures). Environmental 

concentrations of NPs have been predicted and modelled and can vary from a site or a compartment 

to another, but usually remain in the order of ng to µg per litter in surface waters (Gottschalk et al., 

2009). However, it is expected that the amount of NPs released into environmental systems will 

increase. Therefore, this potential increase has led to question about their effects, interactions and 

accumulation in aquatic fauna (for their health but also for human). Effects, interactions and toxicity 

on the organisms triggered by NPs have been reported and reviewed many times in the literature 

(non-exhaustive list; Matranga et al., 2012; Baker et al., 2014; Rocha et al., 2015; Canesi and Corsi 

2016; Canesi et al., 2019). Several species have been studied (such as fishes, molluscs, or 

echinoderms), investigating various apparatus or systems at different scale of the organisms. Most 

studies agreed on the fact that the biological impact depends on the NP type, the mode of exposure 

and concentrations, species and target tissue/cells.  

 

1.3 Nanoparticles and protein corona  

The possible interactions of NPs with biomolecules in the external environment, including 

proteins secreted by invertebrates, can lead to the formation of a ‘eco-coronas’ (Canesi et al., 2017; 
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Nasser et al., 2019; Saavedra et al., 2019). The surface properties of the NPs, including surface 

functionalization and charge, can affect their behaviors and interactions with the surrounding media. 

Moreover, additional physico-chemical parameters (such as pH, ionic strength, temperature) can 

also influence their dispersion, aggregation, and agglomeration. NPs have shown to be rapidly 

coated by different components of the natural organic matter (NOM) which composition varied 

according to the habitats (Nasser et al., 2019). The presence and composition of eco‐corona on NPs 

have been shown to alter the interactions of NPs with organisms and can be further modified when 

the complex NPs-corona enter in the organisms (Nasser et al, 2019; Saavedra et al., 2019).  

Once within the organism, NPs in a biological fluid (plasma, or otherwise) associate with a 

range of macromolecules, especially proteins, organized into the ‘‘protein corona’’ that is 

associated with the nanoparticle and continuously exchanging with the proteins in the environment 

(Lundqvist et al., 2008). Several critical factors determine the formation and nature (composition, 

thickness, and conformation) of a protein corona; the surface chemistry, the size and charge of the 

NPs are the main existing ones (Treuel et al., 2015). Moreover, the composition of the corona is 

dynamic and can evolve over time and with changing medium. The ligand on the top can be 

exchanged and replaced, which is a characteristic used to synthesized NPs, in alternating different 

medium solution to provide desired properties to the NPs (e.g. solubility, dispersion) (Treuel et al., 

2015).  

The Vroman effect explains the time dependent evolution of this protein corona. This 

process is affected by molecule abundance, rate of diffusion and affinity for the NPs surface. 

Initially, the soft corona is formed, mainly dominated by the highly abundant proteins after short 

exposure time with weakly bond and low affinity, replaced with time by less abundant but tightly 

bound proteins having higher affinity to form the hard corona (Fig.2) (Fleisher and Payne 2014). 

 

 

Fig. 2. Schematic of protein corona formation on a NP surface with protein from the hemolymph serum of mussel 

Mytilus. 
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The curvature of the NPs is an important factor affecting the surface energy of the bare particle: 

highly curved surface of NPs (equivalent of very small NP) are known to cause local stress on the 

surface (Monopoli et al., 2012), can decrease protein-protein interaction, and the proteins adsorbed 

tend to undergo less changes in conformation compared to protein on less curved NP (Rahman et 

al., 2013). However, modified NPs will carry diverse charge according to the coating selected, thus 

altering the natural protein corona of the bare NPs. If the surface charge increases, the protein 

adsorption also increased. Positively charge NPs prefer to adsorb protein with isoelectric point (pI) 

inferior at 5.5, while negatively charge NPs adsorbed preferentially protein >5.5 pI (Rahman et al., 

2013). Moreover, the surface charge can also denature the adsorbed proteins, which can trigger 

further processes.  

The protein corona is the biological identity of the NPs and represents what cells see and 

with which they interact. By consequence, the recognition by the immune cells can be different and 

specific from one type of NPs to another, and will interact with the protein on the surface rather 

than the NP material itself. This results in triggering peculiar defense mechanisms, different from 

those observed in medium free of proteins. This does not apply only to mammalian plasma, but it 

has been demonstrated in the biological fluids of different terrestrial and marine invertebrates, from 

earthworms to bivalve molluscs and sea urchins (Hayashi et al., 2013; Marques Santos et al., 2014; 

Canesi et al., 2016, 2017; Grassi et al., 2019). In particular, in hemolymph serum of the mussel 

Mytilus, the formation of a hard protein corona was investigated with several NPs types (e.g. cerium 

oxides, nanopolystyrene, titanium dioxide), and the composition and effects on immune parameters 

appeared different for each NPs type (Canesi et al., 2017).  

Dynamic and characteristics of corona formation under controlled laboratory experiments 

using different media of exposure are important to consider (e.g. in the present study mussels 

hemolymph serum). This can contribute, later on, to understand the observed immune response but 

also to help to develop in the future NPs that displayed a minimized toxicity.  

 

2. Model organism: the marine mussel Mytilus galloprovincialis 

2.1. Mussels (Mytilus spp) as model organisms 

The marine mussel of the genus Mytilus (Phylum Mollusca, Class Bivalvia) for multiple 

reasons is a key model in research in marine science. Mussels are cultured and harvested for human 

food; they can be intermediate hosts of pathogens that can provoke diseases for humans; they can be 

used as indicators for monitoring environmental fluctuation. They are considered good sentinel 

organisms for the assessment of environmental pollution as they are encountered in the entire 



Introduction 

 

8 
 

world, in marine but also brackish waters, allowing geographical comparison, and are able to 

provide very localized information, as they are sessile organisms. Mussels can also accumulate 

contaminants above levels in the environment and show well known responses to a number of 

pollutants (Cajaraville et al., 2000; Rocha et al., 2016; Beyer et al., 2017; Fernandez-Robledo et al., 

2019). They are easy to pick up in the field and require few laboratory conditions. Hemolymph and 

tissues are easy to collect in rather enough quantity for experimental measurements (Burgo-Aceves 

and Faggio 2017). Finally, mussels are important organisms for the environment but also for 

human, as they are effective filters of the water (up to 7 L per hour in optimal conditions), 

contributing in cleaning all excess of organic matter in suspension, that make the water more 

transparent and attractable for human leisure coastal activities.  

All the above reasons justified the selection and use of this organism for laboratory 

experiment in scientific research.  

The species utilized in the present study, is the Mediterranean mussel Mytilus 

galloprovincialis (Fig.3). The animal body is protected by a shell, which can also be considered as 

skeleton to attach muscles. As a bivalve they possess 2 valves whose opening is modulated by the 

relaxation and contraction of the adductor muscles. The internal part of the body is firstly composed 

by the mantle, divided into 2 lobes of tissues disposed from each side of the valve. During the 

reproductive period, the mantle also contains the gonads (Gosling, 2015).  

 

Fig.3.Mytilus galloprovincialis (Lamarck, 1819) 

The gills are inserted at the dorsal margin of the mantle, and have a dual role, for respiratory 

and for feeding. Each gill is composed by numerous filaments in W shaped, divided into “V” called 

demi-branch and each arm is called lamella (inner descending and outer ascending). The filaments 

are recovered by cilia that allowed conveying the filtered particles toward the mouth (or to exhalant 

siphon for the particles that do not represent a feeding interest, that will be excreted directly as 

pseudofaeces). The filaments are tubes where hemolymph circulate inside, allowing the oxygen 

transport from the thin filament wall to the organs. Gills can be the first targeted by contaminants, 

as in reason of their direct contact with water several sort or particles or molecule can directly 

interact with gill cells.  
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The digestive gland is formed by tubules that are composed of two cell types, the digestive 

cells and the basophilic cells. As indicated by its name the intracellular digestion occurs within the 

digestive cells, they uptake the material from the lumen by pinocytosis. Lysosomes are cytoplasmic 

organelles containing acid hydrolases that are capable of degrading several products; but they can 

also be the place for accumulation of wide range of contaminants, that in turn can provoke 

significant alterations in the cell function (Cajaraville et al., 1995). After digestion, the good 

products can be transferred to the hemolymph. In the other hand, the waste or non-digestible 

material are retained and stocked to form residual bodies, released in the lumen. These residual 

bodies will be in turn directed to the intestine and form faecal pellet in order to be expelled from the 

animal. The same applies to the contaminant or non-self material which mobilization will depend 

on their type and characteristics, could be rapidly expelled from the animal, or transferred to the 

circulating system.  

Mussels possess a simple nervous system, composed by 3 pairs of ganglia and several pairs 

of nerves; the cerebral ganglia (innervating the palp, anterior adductor muscle and part of the 

mantle), the pedal ganglia (foot) and the visceral ganglia (gills, heart, kidney, gonads, posterior 

adductor muscle and part of the mantle). The ganglia have a neurosecretory role (mostly located in 

the cerebral ganglia); it can produce neuropeptides released into the circulatory system (Gosling, 

2015). 

The circulatory system is open, and relies on the circulation of hemolymph, which osmotic 

concentration is equal or very similar to the surrounding seawater. They are found inside sinuses 

that allow bathing all tissues with lacunas, which one is encountered in the adductor muscle, 

providing fast access to hemolymph direct during hemolymph sampling. The roles of the 

hemolymph are very diversified; gas exchange, osmoregulation, nutrient distribution, waste 

alimentation and internal defense. It represents 40 to 60% of the fresh tissue weight and gives 

rigidity to organs as a fluid skeleton. The hemolymph is transparent as circulatory respiratory 

pigments are lacking, and the oxygen transport is made through diffusion (Gosling, 2015).  

All the previous described systems can be affected by several type of contaminants or 

particles including NPs. Exposure to NPs have shown to disrupt natural physiology that could cause 

further damage to the organisms in case of maintained perturbation. However, in bivalves, another 

important system is known to directly interact with foreign particles, including NPs, the immune 

system (Canesi et al., 2016).  
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2.2. Immune system of Mytilus 

As all invertebrates, Mytilus lack an adaptive immune system and their defense against 

foreign attack solely rely on innate immunity, representing the first line of defense against microbial 

infection or non self material. The major players involved in the innate immune response of Mytilus 

are contained in the hemolymph. The hemolymph is composed by circulating free hemocytes and 

by the serum, which contains several humoral defense factors (e.g. lectins, hydrolytic enzymes or 

antimicrobial peptides). 

 

2.2.1. Immune cells: hemocytes 

In Mytilus, the immune cells, called hemocytes (see Fig: 4), are pluripotent and can exert 

several role in immunity but also in wound healing, food digestion, transport of nutrient 

reproduction, excretion shell formation or production-secretion of humoral factors (Allam et al., 

2015).  

 

 

Fig. 4: Hemocytes of Mytilus galloprovincialis. Scan electron microscopy-SEM (left) and light 

microscopy stained with Giemsa (right).  

 

Hemocytes are composed by different subpopulations; up to four morphologically distinct 

subpopulations can be identified, designated as large granular (R1), large semigranular (R2), small 

semigranular (R3), and small hyaline (R4) hemocytes. While large granular (R1), large 

semigranular (R2), and small semigranular (R3) cells were phagocytic, and capable of activating the 

respiratory burst, small hyaline (R4) cells lacked these two capabilities (Ottaviani et al., 1998; 

Garcia-Garcia et al., 2008). All hemocyte subpopulations have shown to be capable of NO 

production (Garcia-Garcia et al., 2008). 

The hemocytes are capable to perform chemotaxis toward microbial products and this movement 

represents the first step of the phagocytosis process. Once the hemocyte has adhered to nonself 
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molecule, a series of processes is initiated with cytoskeleton rearrangement, internalization and final 

destruction of the particle engulfed within phagosome. The phagosome will fuse with lysosome and 

the particle will be destroyed by several agents (hydrolytic enzymes e.g. lysozyme, or ROS, NO, 

antimicrobial peptides) (Song et al., 2010). Moreover, hemocytes can also be recruited to infection 

sites (the focal inflammation); therefore, if hemocyte infiltration in tissues increases, it will in turn 

affect total hemocyte counts (THC) of circulating hemocytes in the hemolymph. THC can be a 

valuable parameter to predict inflammation or immune response in Mytilus upon exposure to 

pathogen or foreign particles (Allam et al., 2015). Further mechanism will be activated in order to 

re-establish the number of hemocyte in hemolymph, even though haematopoiesis is poorly 

understood in bivalve and a variety of tissues have been proposed as hematopoietic tissues (e.g. 

mantle, gill epithelia…) (Pila et al., 2016).  

 

2.2.2 Humoral factors 

First step of immune response is to discriminate between self and nonself, so called immune 

recognition. This process involved specialized soluble or cell bound Pattern Recognition Receptors 

(PRRs), which are able to recognize and attach to targets called Pathogen associated molecular 

patterns (PAMPs). PAMPs can be of different nature, such as lipopolysaccharides, lipoproteins, 

peptidoglycans, viral dsRNA, unmethylated bacterial DNA, zymosans, and heat shock proteins. 

Their recognition will further lead to activation of cell-mediated response (Ellis et al., 2011; Gerdol 

et al., 2018). 

In bivalves, several groups of distinct PRR families have been described. Peptidoglycan 

recognition protein (PGRPs) can be membrane and secreted bound and can specifically bind to 

peptidoglycan motif, a component of the bacterial cell wall. There are also the molecules from the 

Lectin family (C, R, F, H-type and galectins), all presenting a specific and unique structure domain 

that allows to recognize and to bind to wide range of motifs. Each lectin type will have a special 

role, such as C-type lectin, which have agglutination and opsonic role in the phagocytosis, or other 

effector role in encapsulation and clearance (reviewed in Gerdol et al., 2018). Fibrinogen related 

domain-containing proteins (FReD) are another group of PRRs involved in immune recognition. 

Moreover, due to the immunoglobulin-lie domain contained in these proteins, they have been 

suggested to play a role in immune innate memory in invertebrates (Gourbal et al., 2018). 

Finally, Toll like receptors, are found on plasma membrane or in the endosomal 

compartment and can recognize non-self motif thanks to the extracellular Leucine Rich Repeats 
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(LRRs) domain and transduce the immune signal to an intracellular domain (TIR-Toll-interleukin 

receptor) (Gerdol et al., 2018 and refs. therein).  

Specifically in Mytilus, the major hemolymph serum protein is the extrapallial-EP protein 

(Oliveri et al., 2014; Campos et al., 2015). Several isoforms have been identified, all possessing a 

sequence homology to the putative C1d domain containing protein, which is considered to be a 

PRRs. The EP protein precursor-EPp is a pro-peptide that can be in turn activated by 

posttranslational modification. However, a diverse proteome can be encountered across different 

bivalve species and the role of EPp in immunity could be solely specific to Mytilus.  

In addition, hemolymph serum contains a wide range of different secreted components that 

participate in agglutination, opsonization, degradation, encapsulation of pathogens or non-self 

material, as well as in clotting and wound healing. Indeed, the hemolymph serum was shown to 

contain a large range of defence factors and proteins, that contribute to the immune response and to 

the elimination of pathogenic microorganisms. The antimicrobial peptides-AMPs have a direct toxic 

activity and the ability to permeabilize the microbial membrane. They are divided into distinct 

groups: Mytilin (antibacterial and parasite, 4 classes A,B,C,D), Myticin (against fungus and 

bacteria, 3 classes A,B,C), Mytimicin (antifungal role). The production of different isoforms will 

preferentially target one type of bacteria rather than another, depending on the peptide part which 

contained the variable structure involved in recognition (reviewed in Gerdol et al., 2018). Among 

hydrolytic enzymes, Lysozyme catalyzes the hydrolysis of β-1,4-glycosidic linkage between N-

aceylmuramic acid and N-acetylglucosamine of the peptidoglycan that cause the bacterial cell lysis 

(can also serve as digestive enzyme in the digestive gland).  

 

2.2.3 Other factors involved in defense mechanisms  

Overproduction of ROS can cause to large extent to oxidative stress that in turn could 

produce deleterious effects and damages in the organism. In order to maintain a low level of ROS, 

several defence mechanisms such as antioxidant enzymes can be activated; Catalase-CAT, a 

ubiquitous enzyme that catalyses the decomposition of hydrogen peroxide to gaseous oxygen and 

water molecule. Glutathione-S-transferase–GST catalyse the conjugation of glutathione to a wide 

variety of hydrophobic compounds through the formation of thioester bonds. They are major phase 

II detoxification enzyme mainly found in cytosol and function as a substrate of antioxidant enzyme 

to eliminate ROS induced by xenobiotic compound (Song et al., 2010). 

Acute phase proteins (APPs) have nonspecific target and their level in hemolymph is 

modulated in response to inflammation. They can have a role to prevent infection, clear potential 
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pathogen, initiate inflammatory process or contribute to resolution of the healing process. Among 

them, the heat shock protein (HSP), ubiquitous and highly conserved protein, plays a role in 

preventing cell toxicity and cell death to protect cell and tissues against damages (Song et al., 

2010). Another APP appertains to the superfamily of metallothioneins (MTs), which are cysteine 

rich (sulfhydryl rich) proteins involved in multiple functions, such as homeostasis of essential 

metals, detoxification of toxic metals or scavenging from free radicals. In Mytilus was reported 2 

isoforms, MT20 is preferentially induced in presence of toxic metals and oxidative stress 

conditions, while MT10 represents the constitutive form engaged in cellular homeostasis of 

essential metals (Bebianno and Langston, 1992; Dondero et al., 2006; Vergani et al., 2007). 
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AIM & OBJECTIVES 

 

1. The PANDORA project 

 

The PANDORA (Probing sAfety 

of Nano-objects by Defining immune 

respOnses of enviRonmental orgAnisms) 

project was design with the mind of rethinking and 

reshaping research in science (www.pandora-h2020.eu). This European 

project aimed to consider both new research discovery (as the gold age of 

scientific research once upon a time in the history), and science for society and science with society, 

that is to say, research projects with outcomes that aimed to serve the society and help solving 

problem presently encountered or in the future. In this line, NPs, one of the last to date (potential) 

threats known (human made innovation), needed to be investigated. The research on NPs can be 

considered through two different visions; the first due to their interesting properties for medical 

applications, the study on human cells is required; secondly, NPs can reach the environment and 

affect non targeted organisms. For that, 13 partners were involved from academic and industrial 

sectors across Europe, and aim to assess the impact of engineered nano-objects (nanoparticles-NPs) 

on the immune and defensive responses of organisms in the environment. In particular, three main 

objectives were defined:  

1. To identify immunological mechanisms triggered by nano-objects, and predictive markers 

of risk vs. safety; 

 2. To do so by a collaborative cross-species comparison, from plants to human, of innate 

immune defence capacity, using selected, industrially-relevant NPs;  

3. To design predictive in vitro assays to measure the immuno-risk of NPs to the 

environment and human health, as new approaches to industrial and environmental nanosafety 

testing. 

 

In this thesis, research was focused on the marine model, the mussel Mytilus 

galloprovincialis. Different in vitro and in vivo approaches and several methodologies were utilized.  
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2. In vitro tests 

In view of reduction of animals’ number in experimental science, following the 3Rs 

principals, in vitro experiments using hemocytes may provide an ideal starting point for developing 

a rapid prescreening strategy for NPs. In this line a bunch of NPs were tested in vitro upon short 

challenge (30 min to 1h) on freshly extracted immune cells from adult mussels. Upon exposure, 

several immune parameters were measured in the hemocytes, from functional immune assays; 

lysosomal compartment, phagocytosis, extracellular release of defense molecules (lysozyme and 

ROS), but also effect on cytoskeleton or mitochondria, pump efflux. Finally, developing new 

protocol for cell fixation, cell morphology was also reported using SEM microscopy. 

The results obtained are presented in Chapter 1 (reporting the effects of silver NPs) and in 

Chapter 2 (summarizing the effects of several NPs: zero valent gold NP, silica nano-oxide and 

different types of nanopolystyrene). 

According to the results obtained after in vitro test, selected NPs were also studied for further 

effect and interactions at the whole organism scale using in vivo experiments. 

 

3. In vivo experiments 

The second part of the thesis aimed to study the in vivo effects and mechanisms of action of 

different types of NPs (nCeO2, nTiO2 and PS-NH2) in mussels at different levels of biological 

organization (molecular, cellular, tissue level). In vivo experiments were carried out at different 

times of exposure (from 24 to 96h) with NPs added into seawater.  

Chapter 3 summarizes the immunomodulatory and antioxidant properties of a nano-cerium 

oxide (nCeO2) (100 µg/L; 4 days). 

Chapter 4 reports the effects of exposure to nano-titanium oxide (nTiO2) (100 µg/L; 4 days) 

on the hemolymph microbiota and the related immune response.  

Chapter 5 reports data on the effects on the immune response of repeated exposure to amino 

modified nanopolystyrene (PS-NH2) (Expo1: 10 µg/L; 24h); resting: 72h; Expo2: 10 µg/L; 24h). 
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Chapter 1 

 

Effects of nanosilver on Mytilus galloprovincialis 

hemocytes and early embryo development 

 

The results of this work have been published in Aquatic toxicology 103 (2018) 107-116. 

 

Silver nanoparticles (AgNPs) are more and more used in consumer products partly due to its 

biocidal action and as coastal sessile organisms, mussels are likely to be more impacted by NPs in 

reason of their filter feeding ability. In this work, the effects of uncoated AgNPs (47 nm) on the 

marine mussel Mytilus galloprovincialis were evaluated at the cellular level utilizing immune cells 

(hemocytes). The effects were compared with those of ionic silver (AgNO3). Hemocytes were 

exposed in vitro for 30 min to AgNP suspensions in ASW at several concentrations (1 - 100 µg/ml). 

Several functional parameters were evaluated (lysosomal membrane stability-LMS, extracellular 

ROS production, phagocytosis). The effects of AgNPs on the actin cytoskeletal structures and 

mitochondrial membrane potential were also investigated using fluorescent dyes by confocal 

fluorescence microscopy. The results showed that AgNP mainly targeted lysosomes, cytoskeleton 

and mitochondria of the hemocyte. Toxicity of AgNPs was much lower than that of Ag+, as 

indicated by the EC50 values obtained for LMS (273.1 and 1.23 µg/mL, respectively). Despite the 

formation of agglomerates in exposure medium, AgNPs were able to negatively interact with 

hemocytes. 
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Chapter 2 
 

In vitro responses to different types of NPs on 

mussel M. galloprovincialis hemocytes: effects of 

exposure medium 

In the present chapter, data are presented on the in vitro effects of several NPs of 

different size, material and surface modifications (metal based zero valent, nano-oxide, 

nanopolystyrenes), on hemocytes of the marine mussel Mytilus galloprovincialis. In vitro 

experiments are promising for future alternative testing strategy in reducing the number of 

animals used. In this line, the hemocytes were freshly extracted via a non-invasive method 

from adult mussels and were subsequently exposed for short time (30 min to 1h) to NPs. To 

evaluate the role and interactions of NPs with proteins from the biological media, experiments 

were performed using NP suspensions in either artificial seawater (ASW) or hemolymph 

serum (HS). Upon exposure, several hemocyte functional assays (lysosomal membrane 

stability, phagocytosis, lysozyme and ROS release) were evaluated. Moreover, protocols were 

optimised for Mytilus hemocytes fixation for scanning electronic microscopy (SEM). The 

results obtained underline the importance of exposure media in the experimental design and 

the role of size and functionalization, in addition of the core material composition. The 

images obtained at the SEM contributed to understand the original hemocyte morphology in 

different media and their potential morphological changes upon NPs exposure showing 

peculiar cell activations.  
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1. Introduction 

Suspension-feeding invertebrates, such as bivalve molluscs may represent a unique target 

group for nanoparticle (NP) ecotoxicity, due to their filtration ability for nutrition and respiration 

needs. Moreover, at the cellular level, they have highly developed processes for the internalisation 

of nano- and microscale particles (endocytosis and phagocytosis), which are integral to key 

physiological functions such as intracellular digestion and immunity (Canesi et al., 2012; Rocha et 

al., 2015; Canesi and Corsi 2016). Bivalve immune system relies only on innate immunity, which 

mainly involves circulating hemocytes acting in collaboration with other soluble factors present in 

hemolymph serum (Allam et al., 2015; Gerdol et al., 2018). This system responds very fast upon 

encounter with foreign particles, which makes it a suitable tool for studying the effects of NPs on 

using in vitro methods.  

In vitro testing that focuses on sub-individual responses (e.g. immune cells) may provide an 

ideal starting point for developing a rapid pre-screening strategy for NPs (Barrick et al., 2019). 

Indeed, due to the rapid expansion and production of NPs, there is increasing concern of alternative, 

affordable animal models in experimental science; in this light, in vitro testing can represent a 

valuable tool in screening the toxicity of NPs in invertebrates. In particular, hemocytes have been 

shown to represent a sensitive target for a number of environmental contaminants, that can trigger 

immune responses with consequent immunotoxic effects or stimulation of immune parameters, 

leading to inflammation, depending on the compound and on the conditions of exposure (Katsumiti 

et al., 2015; Canesi et al., 2016).The utilization of a battery of immune related biomarkers, will help 

defining the cell component that may represent the preferential target of different types of NPs and 

enable to more accurately design further studies that are relevant at the whole animal body level. 

As already established in vertebrates, in vitro experiment using primary cells or cell lines, 

existing protocols need to be adapted and/or improved for bivalve in vitro assays (Canesi et al., 

2012; Katsumiti et al., 2015; Barrick et al., 2019). Hemocytes freshly isolated from adult mussels 

(Mytilus galloprovincialis) can be maintained in artificial seawater medium or hemolymph serum 

for some hours without impacting cell survival and biochemical/functional features (Ciacci et al., 

2012; Canesi et al., 2014). Moreover, the behaviour of NPs in different suspension medium has 

shown to be distinct for different types of NPs and important in determining biological interactions 

with hemocytes. Several types of NPs associate with serum soluble components, organized into a 

“protein corona”, providing a specific biological identity that could further interfere with immune 

recognition by hemocytes (Canesi et al., 2016; Barbero et al., 2017). All these factors are important 

to consider, and evaluation of the possible biological impact of NPs requires additional 
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understanding, if in a near future the use of in vitro models would be considered a suitable 

alternative strategy for testing immunosafety of NPs. 

In the following section, selected NPs, with different core composition, chemico-physical 

characteristics and surface functionalization, from metal based zero valent (AuNP), to nano-oxides 

(silica oxide nSiO2) and carbon based NPs such as nanopolystyrene (PS-NH2 and PS-COOH) were 

used to study their interactions with Mytilus hemocytes in vitro. Freshly extracted hemocytes from 

mussels were used for the experiments and exposed for short term to NPs (from 30 min to 1h) using 

artificial seawater (ASW) or filtered hemolymph serum (HS) as exposure media. Upon exposure, 

several immune markers were investigated, from lysosomes functional integrity to phagocytosis 

ability and defence mechanisms as extracellular reactive oxygen species (ROS) and lysozyme 

release. NP interactions with cells in the presence of biological fluids were studied for PS-COOH, 

with protein corona formation. Finally, the morphology of hemocytes after in vitro exposure was 

observed under by Scanning Electron Microscopy-SEM. 

 

2. Materials and methods 

2.1 Nanoparticle characterization 

Nanoparticles were characterized by a combination of analytical techniques. 

Custom made PVP (polyvinylpyrrolidone) coated gold NPs-AuNPs in artificial sea water-ASW 

were synthesized by the Institut Catala de Nanociencia (ICN2). The mean average size of primary 

particles was determined by Transmission Electron Microscopy (TEM) analysis and the 

Hydrodynamic diameter was determined by Dynamic Light Scattering (DLS).  

Unlabelled 60 nm nano-polystyrene, carboxylated - PS-COOH (Bangs Laboratories Inc. (Fishers, 

IN, U.S.)), was characterized in different media (MilliQ water and ASW) by dynamic light 

scattering-DLS analysis (Grassi et al., 2019). 

Amino modified polystyrene NP - PS-NH2 (100nm) and nSiO2 (92 nm), kindly provided by Prof. 

Ilaria Corsi, from the Marine Ecotoxicology group of the University of Siena, were characterized by 

dynamic light scattering-DLS analysis. Finally, Amino modified polystyrene NP - PS-NH2 of 

smaller diameter (50nm) (Bangs Laboratories Inc. (Fishers, IN, U.S.)), were also tested and were 

previously characterised (in different media; MilliQ water, ASW and Mytilus hemolymph serum-

HS) in Canesi et al., 2015, 2016. All the results are summarized in Table 1. 

 

2.2 Mussels, hemolymph collection, preparation of hemocyte monolayers and hemocyte 

treatment 
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Mussels (Mytilus galloprovincialis Lam.) were purchased from an aquaculture farm in the Ligurian 

Sea (La Spezia, Italy), transferred to the laboratory and acclimatized in static tanks containing 

aerated artificial sea water-ASW, pH 7.9-8.1, 35 ppt salinity (1 L/animal), at 16 ± 1 °C for 24h prior 

experiment. Hemolymph was extracted from the adductor muscle of 4-5 animals, using a syringe 

via non-invasive method, filtered with gauze, and pooled.  

Hemocyte monolayers were prepared as previously described (Canesi et al., 2012). Hemocytes were 

incubated at 16 °C with different concentrations of NPs in ASW or HS, for 30 min. Short-term 

exposure conditions were chosen to evaluate the rapid in vitro responses to NPs at different 

concentrations. Untreated (control in ASW or HS) hemocyte samples were run in parallel. To obtain 

hemolymph serum (i.e., hemolymph free of cells), whole hemolymph was centrifuged at 200 ×g for 

10 min, and the supernatant was passed through a 0.22 μm filter. 

 

2.3 Hemocyte functional assays 

Hemocyte functional parameters (lysosomal membrane stability, lysosomal enzyme release, 

phagocytosis, extracellular oxyradical production) were evaluated essentially as previously 

described (Canesi et al., 2008; Ciacci et al., 2012). 

Lysosomal membrane stability (LMS)was evaluated by the NRR (Neutral Red Retention 

time) assay. Hemocyte monolayers on glass slides were incubated with NP suspensions in filtered 

ASW or HS for 30 min (unless otherwise indicated, for different periods). After the incubation time 

the medium was removed and the cells were incubated with a neutral red (NR) solution (final 

concentration 40 mg/ml); after 15 min excess dye was washed out, 20 μl of ASW was added. Every 

15 min, slides were examined under an optical microscope and the percentage of cells showing loss 

of the dye from lysosomes in each field was evaluated. The end point of the assay was defined as 

the time at which 50% of the cells showed sign of lysosomal leaking (the cytosol becoming red and 

the cells rounded). All incubations were carried out at 16 °C. 

Extracellular production of Reactive Oxygen Species (ROS) was measured by the reduction 

of cytochrome c. Hemolymph was extracted and aliquots of hemocyte suspension in triplicate were 

incubated with 500 µl of cytochrome c solution (75 mMferricytochrome c in TBS buffer), with or 

without NPs. Samples were read at 550 nm at different times (from 0, 30 min to 60 min) and the 

results expressed as changes in OD per mg protein. 

Phagocytosis of neutral red-stained zymosan by hemocyte monolayers was used to assess 

the phagocytic ability of hemocytes. Neutral red-stained zymosan in 0.05 M TrisHCl buffer (TBS), 

was added to each in the presence or absence of NPs, and allowed to incubate for 30 min. 

Monolayers were then washed three times with TBS, fixed with Baker's formol calcium for 30 min 
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and mounted in Kaiser's glycerol gelatine medium for microscopical examination with an optical 

microscope. For each slide, the percentage of phagocytic hemocytes was calculated from a 

minimum of 200 cells. 

Lysosomal enzyme release was evaluated by measuring lysozyme activity in the 

extracellular medium. Lysozyme activity in aliquots of serum of hemocytes incubated with or 

without NPs for different periods of time (from 30 to 60 min) was determined 

spectrophotometrically at 450 nm utilizing Micrococcus lysodeikticus. Hen eggwhite (HEW) 

lysozyme was used as a concentration reference and lysozyme activity was expressed as HEW 

lysozyme equivalents (U/mL/mg protein). Protein content was determined according to the 

bicinchoninic acid (BCA) method using bovine serum albumin (BSA) as a standard. 

 

2.4 Cell morphology using scanning electron microscopy (SEM) 

The next experiments were performed at the laboratory of Bionanoteam at the University of 

Ljubljana (UNILJ) Slovenia under the supervision of Prof. Damjana Drobne.  

Hemocyte monolayers prepared on membrane filter 3µm pore size (Millipore©) were incubated 

with NPs for 30min in artificial seawater (ASW) or hemolymph serum (HS) suspensions. Control 

cells were run in parallel in ASW or HS medium. Cells were fixed for 2 h in 2.5% glutaraldehyde, 

0.4%Paraformaldehydein modified PBS (100mM phosphate buffer saline adjusted to 450mM 

osmolarity by addition of NaCl). Fixed cells were rinsed with the same buffer, post-fixed in 1% 

osmium tetroxide in buffer for 1 h, and then stained with TOTO (thiocarbohydrazide/ 

osmiumtetroxide/thiocarbohydrazide/osmiumtetroxide) conductive stain, (method adapted from 

Millaku et al., 2013 and Drobne, 2013). Samples were then dehydrated by graded ethanol solutions 

and dried with hexamethyldisilizane (HMDS). The dried samples were mounted on aluminium 

holders and coated with a 5-10nm layer of gold/palladium alloy. The coating of samples was 

accomplished with a precision etching coating system (Gatan Model 682). Hemocytes were then 

examined with a SEM JSM-6500F Scanning Electron Microscope with a field emission electron 

source.  

 

2.5 Statistics 

Data, representing the mean ± SD of 4 experiments, were analysed by ANOVA followed by 

Tukey's post-test (p≤ 0.05) (PRISM 7 GraphPad software). 

 

3. Results  

3.1 NP characteristics 
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NPs characteristics and behaviour in exposure media are reported in Table 1.  

Custom made PVP coated AuNPs in ASW, were synthesized ICN2 (Institut Catala de 

Nanociencia). AuNP has a gold core of 28.7 ± 3.2 nm and a PVP (55KDa) coating leading to final 

Hydrodynamic diameter of 40.8 ± 11.8 nm. AuNPs ζ-potential in ASW was -4.1 ± 0.6mV. 

PS-NH2 (PS50) has a similar behaviour in both media ASW and HS, formed small agglomerates 

(~200nm) and has a positive ζ-potential (+14mV).  

PS-NH2 (PS100) of 100 nm showed hydrodynamic diameter of 111nm in MQ, similar as declared by 

the manufacturer. In Filtered Sea Water-FSW, they showed to form very large agglomerates (1916 

± 335 nm). The ζ-potential is similar as for the smaller diameter PS-NH2 in ASW (+9.7mV). 

In ASW, PS-COOH formed agglomerates (~1000nm) and retain a slightly negative charge value (-

7mV). nSiO2 hydrodynamic diameter in MilliQ water was slightly higher than declared values 

(114nm) and with a ζ-potential of -8.4mV. In FSW suspension, small agglomerates (~500nm) were 

formed, and the ζ-potential was more neutral (-2mV). 

 

Table 1. Physico-chemical characterization of NPs tested in vitro, PVP AuNP, nanopolystyrenes 

(PS-NH2 (50 and 100 nm) and PS-COOH) and nSiO2 behaviour in exposure medium obtained by 

DLS analysis. 

NPs 
Nominal particle 

size 
Medium 

Z-average 

(nm) 
PDI1 

ζ-potential 

(mV)2 

PVPAuNP 40 nm ASW 40.8 ± 11.8 - - 4.1 ± 0.6 

PS-NH2 

(PS100) 
100 nm 

MQ 111 - + 48.9 ± 1 

FSW 1916 ± 335 - + 9.7 ± 1 

PS-NH2 

(PS50) 
50 nm 

MQ1 57 ± 2 0.07 ± 0.02 + 42.8 ± 1 

ASW1 200 ± 6 0.3 ± 0.02 + 14.2 ± 2 

HS2 178 ± 2 0.34 ± 0.05 + 14.2 ± 1 

PS-COOH 60 nm 
MQ3 64.5 ± 0.58 0.06 ± 0.02 -59.7 ± 2.6 

ASW 1764 ± 409 >0.4 -7 ± 5 

nSiO2 92 nm 
MQ 114  - - 8.4 ± 1 

FSW 560 ± 297 - -2 ± 4 

1Polydispersity Index (PDI),  

2ζ = zeta potential 

MQ=MilliQ water 

ASW=artificial seawater 

FSW= filtered seawater 

HS=hemolymph serum 

1from Canesi et al., 2015 

2from Canesi et al.,2016 

3from Grassi et al., 2019 
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3.2. Hemocyte functional parameters 

3.2.1. PVP AuNP 

The effects of different concentrations of PVP AuNPs on M. galloprovincialis hemocytes were 

compared in different media, ASW and Hemolymph Serum. On the basis of preliminary data with 

commercial AuNPs, showing no effects at concentrations lower than 10 µg/ml (not shown), 

hemocytes were exposed for 30 min to PVP AuNPs (from 10 to 100 µg/ml) in ASW and HS: 

lysosomal membrane stability (LMS) was first evaluated as a marker of cellular stress and 

phagocytosis as a marker of immunocompetence. The extracellular ROS production by hemocytes 

was evaluated in AuNP suspensions in ASW after 30 and 60min exposure; the results are reported 

in Fig. 1.  

AuNPs exposure did not affect LMS and phagocytosis at concentrations from 10 to 100µg/ml in 

both suspension medium (Fig. 1A and 1B). Similarly, no increase in ROS production was observed 

after exposure to AuNPs at 50µg/ml either at 30 or 60 min (Fig.1 C). 

 

Fig.1. Effects of PVP-AuNP of mussel M. galloprovincialis hemocytes on LMS (A), phagocytosis (B) and on 

extracellular ROS production (C). NPs were suspended in artificial seawater-ASW (white bars) or in hemolymph 

serum-HS (grey bars). 

 

3.2.2 Nano silica- nSiO2 

In order to study a larger spectrum of NP types on interactions with hemocytes, nSiO2 was tested as 

a model nano-oxide. The results showed that concentrations up to 50 µg/ml of nSiO2 in both 

exposure media, did not induce changes in LMS.  
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Fig.2. Effects of nSiO2 on LMS of mussel M. galloprovincialis hemocytes.  

 

3.2.3. Amino modified Nanopolystyrene - PS-NH2 (100nm) 

Exposure of hemocytes to PS-NH2 (PS100) in ASW induced a small but dose dependent 

decrease (from 10 to 30%) in LMS (Fig. 3). A similar trend was observed when exposed on the 

presence of serum. However, PS-NH2 in serum showed a slightly higher effect on LMS, that was 

significant with respect to ASW at the highest concentration tested (in serum -45% with respect to 

control; P ≤ 0.05, and -25% in ASW with respect to control; P ≤ 0.05). Phagocytosis was not 

affected when in ASW suspension; however, a slight and significant decrease was observed in 

serum suspension (-20% with respect to control; P ≤ 0.05) (Fig. 3B).   

 

Fig.3. Effects of PS-NH2 (100nm) on mussel hemocytes on LMS (A) and phagocytosis (B). PS-NH2 suspensions were 

in either ASW or in hemolymph serum. Data representing the mean ± SD of two experiments in triplicate, were 

analysed by ANOVA followed by Tukey's post hoc test. Significant differences with respect to controls (p < 0.05); * = 

all treatments vs controls; # = serum vs ASW. 

 

3.2.4. Nanopolystyrene - PS-COOH 
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Another type of nano-polystyrene, carboxylated - PS-COOH (60 nm) showed distinct effects on 

hemocytes in vitro tests and the results are reported in Fig. 4. LMS was decreased by 10 to 45% at 

concentrations ranging from 10 to 100 µg/ml in ASW, while in serum LMS was not affected (Fig. 

4A). No effects on phagocytosis ability were recorded for both media (Fig. 4B). Interestingly, PS-

COOH triggered lysozyme release by hemocytes. This rise in lysozyme activity was maintained 

after 1h exposure in ASW, whereas PS-COOH suspended in serum showed a decrease over time 

(Fig. 4C and D).  

Since PS-COOH showed distinct effects on hemocytes depending on the exposure medium, its 

possible interactions with soluble serum components (i.e. the formation of a protein corona) were 

investigated. PS-COOH was incubated with HS and isolation of the corona was performed by 

centrifugation, and 1D-gelelectrophoresis as previously described by Canesi et al., 2016 (see 

supplementary material Fig S1. for more details on the method). When samples were analysed by 

gel electrophoresis (Fig. S2), no detectable protein bands specific of the corona sample obtained 

with PS-COOH were observed, indicating the absence of proteins stably bound to the NPs (hard 

protein corona). 

 

Fig.4. Effects of PS-COOH on mussel hemocytes on LMS (A), phagocytosis (B) and lysozyme release over time using  

suspensions in ASW (C) and serum (D). PS-COOH suspensions were in either ASW or in hemolymph serum. Data 

representing the mean ± SD of two experiments in triplicate, were analysed by ANOVA followed by Tukey's post hoc 

test. Significant differences with respect to controls (p < 0.05); * = all treatments vs controls; # = serum vs ASW. 
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3.2.5. Nanopolystyrene - PS-NH2 (50nm) 

In order to compare the interactions of nanopolystyrene with Mytilus hemocytes, dependent on 

particle size and surface functionalization effects, the results were compared with those of previous 

studies. The main results obtained with Amino modified nanopolystyrene - PS-NH2 (PS50) of lower 

diameter (50 nm) (Canesi et al., 2015, 2016) are summarized in Fig. S3.  

A dose dependent decrease in LMS was observed from 1 µg/L in ASW down to -50% at 50µg/ml. 

Similar results were observed for phagocytic activity. Suspension in HS induced stronger effects on 

LMS than those observed in ASW at all the concentrations tested. Exposure to PS50 from 1 to 50 

µg/ml induced a large lysozyme release immediately after addition and maintained after 30 min 

incubation at 5 and 50 µg/ml. PS50 also stimulated increase in extracellular ROS with highest value 

recorded for the lowest PS50 concentration tested (Canesi et al., 2015).   

 

3.3. Hemocyte morphology and function using SEM  

The effects of different NPs on hemocyte morphology were investigated using Scanning 

electronic microscopy-SEM. Representative images of each condition are reported in Fig.5. For all 

NP types, an exposure time of 30 min was used at a concentration of 10µg/mL, in ASW or HS 

suspension. Controls (in absence of NPs) were run in parallel in both media type.  

Control hemocytes in ASW suspension showed a distinct shape, with extremely flat cells entirely 

attached to the filter support, rather smooth surface and several membrane extensions. Due to the 

extreme thinness of the cytoplasm at the periphery of the cells, many cells showed fractures 

probably caused by the fixation protocol, although different conditions were tested (not shown). In 

these hemocytes, lysosomes (appearing white on the image) were concentrated at the centre of the 

cell, presumably in the perinuclear region (Fig.5A-B). Control hemocytes in HS medium showed a 

different shape: the cells are also flat but they appeared smaller since they were not fully spread on 

the support, the central part of the cell present some extensions and the external part showed longer 

and thinner filopodes (Fig.5C-D). 

After the addition of PVP-AuNP in the presence of ASW, cell morphology was similar to that of 

their respective control, even though some cells showed the formation of vesicles on the edge of the 

plasma membrane (Fig. 5E-F). When the presence of Au was investigated using energy dispersive 

X-ray spectroscopy (EDS), no Au was detected inside the cells neither in the surrounding 



Chapter 2 

46 
 

environment, indicating that AuNPs did not interact with hemocytes and/or were lost during the 

fixing procedure (data not shown). As positive control, hemocytes were also exposed to AgNO3 in 

ASW (Fig. 5 G-H). As already reported in the literature (Auguste et al., 2018), Ag ions caused cell 

rounding, and a similar pattern was also observed in the present results.  

Exposure to PS-COOH in ASW did not affect gross cell morphology (Fig. 5I-K); however, small 

vesicles could be observed along the cell membrane (Fig. 5K). Moreover, PS-COOH was shown to 

form large agglomerates around the cells, appearing very white in contrast with the rest of the 

biological material (Fig. 5I). After exposure in HS suspension, cells were similar to control cells in 

HS; however, several vesicles could be observed on the edge of the cell membrane and at the end of 

the extensions (Fig. 5 L-M).  

In contrast, PS-NH2 (50 nm; PS50) induced significant changes in hemocyte shape in both media 

(Fig. 5N-Q). These morphological changes were typical of activated hemocytes, with more rounded 

cells, not fully attached to the support both in ASW (Fig.5N-O) and in HS (Fig.5 P-Q). In both 

media, cell extensions and filopodes with different size of vesicle formation were observed. The 

effects were more pronounced in HS, where cells were smaller (less spread on the substrate) 

compared to ASW.  

It is noteworthy to underline that the characteristics flat shape was encountered for most of the NPs 

in ASW suspensions.  
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Fig. 5. Effect of selected NPs in different medium (Artificial Seawater-ASW and hemolymph Serum–HS) on cell 

morphology of M. galloprovincialis hemocytes evaluated by scanning electron microscopy (SEM). (A-B) Control 

hemocyte in ASW; (C-D) Control hemocyte in HS; (E-F) hemocytes incubated with AuNP in ASW suspension; (G-H) 

hemocytes incubated with AgNO3 in ASW; (I-K)hemocytes incubated with PS-COOH in ASW; (L-M) hemocytes 

incubated with PS-COOH in HS; (N-O) hemocytes incubated with PS-NH2 in ASW; (P-Q) hemocytes incubated with 

PS-NH2 (PS50) in HS. 

 

4. Discussion 

1. Gold NPs (AuNP) and nano-oxide silica (nSiO2) 

Bulk gold is chemically inert and therefore considered to be ‘‘safe’’. In reason of their peculiar 

properties gold nanoparticles (AuNPs), are promising large range of biomedical applications such 

as bio-detection, bio-imaging or targeted drug delivery (Tiwari et al., 2011). The AuNP encountered 

in the environment is solely derived from manufactured AuNPs, that without proper treatment after 

use, could be released, explaining the low value of predicted environmental concentrations (PEC) of 

gold. As an example, in UK surface water they are estimated at 470 pg/L (Mahapatra et al., 2015). 

Moreover, within the Pandora project, gold was selected in order to allow cross species comparison, 

including human cells, in which the use of AuNP is much more common for biomedical purposes. 

AuNPs coated with PVP were specially designed to be stable in seawater (salinity 35ppt) and to 

avoid excessive agglomeration in presence of salts.  

The results obtained in vitro showed that short term exposure to PVP-AuNP did not cause cellular 

stress in mussel hemocytes, which is in line with most of the literature concerning its chemically 

inert property. However, another study using the hemocytes of marine mussel M. galloprovincialis 

exposed to three sizes of AuNPs (5, 15, 40 nm) for 24 h, reported a slight decrease in viability at 

concentrations > 50 µg/mL. Smaller size AuNPs showed stronger effects, although in general, the 

AuNPs were not highly toxic, and the citrate coating used appeared to play a major role in the 

toxicity observed (Katsumiti et al., 2015). In other cell type of Mytilus, in gill explants, AuNP (24 

nm) were shown to be accumulated in cells (from 1 to 6h exposure at concentration 750 µg/L). The 

AuNP were observed inside the cells, attached to the outer membrane of the mitochondria and to 

the nuclear envelope (García-Negrete et al., 2015). In the present work, no internalization of AuNP 

was observed (data not shown), however, these discrepancies can be due to the cell type, the 

incubation time or the NP characteristics.  
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Silica Nano-oxide, in reason of its hardness properties, is a widely used material in glass and 

optic industry, but it can also find applications in tire manufacturing or diverse pharmaceutical 

products (Dana2.0). Previously, several nano-oxides have shown to modulate immune responses in 

Mytilus upon in vitro exposure (reviewed in Canesi et al., 2019). In this line, another nSiO2 (92nm) 

was tested and the results showed no effects on LMS in hemocytes. Other studies reported the effect 

of other types of nSiO2 using in vitro method on Mytilus hemocytes. Similarly as the present results, 

exposure to nSiO2 of smaller diameter (12nm) for 30 min showed no effect on LMS at 

concentration 1, 5, 10 µg/ml. However, other functional immune parameters were activated upon 

exposure, such as a dose dependent production of extracellular ROS and increased in lysozyme 

activity (Canesi et al., 2010). In another study where hemocytes were exposed to nSiO2 (42 nm) for 

30 min showed a significant decreases in LMS (up to 30% decrease), while phagocytosis was not 

affected and lysozyme release was inhibited (Ciacci et al., 2012). The differences observed might 

be attributable to the size of the NPs used, which in the present study were of larger diameter (in the 

order of 100 nm). Moreover, complementary measurements assessing other parameters in 

hemocytes should be performed for a full appraisal with cell interactions.  

 

2. Nanopolystyrenes 

Several nanopolystyrenes (PS NPs) of different size (50 and 100 nm) and functionalization 

(-NH2 and –COOH surface modified) were tested for in vitro exposure in order to study their 

respective effects on the hemocytes of M. galloprovincialis.  

 

Effect of size 

Amino modified nanopolystyrene - PS-NH2 of lower diameter (50 nm; PS50) was previously studied 

on the effects exerted in vitro on Mytilus hemocytes (Canesi et al., 2015, 2016). The previously 

reported effects are compared to the results obtained in this study using PS-NH2 of 100 nm (PS100). 

Concerning the characterization of NPs in different medium, PS-NH2 behaviours were 

different according to the media, both almost not agglomerated in MQ-water, while in seawater 

PS50 formed agglomerates 4 times higher than the nominal size (~200nm) and PS100 agglomerates 

were 20 times higher (~2000nm). However, the surface charge zeta-potential was similar for both, 

in MQ-water very positive (> + 40mV), while reduced when in ASW suspension (around + 10mV) 

(Tab.1). A similar agglomeration behaviour was reported by Lundqvist et al., (2008); PS-NH2 of 

100 nm formed large agglomerates (~3300 nm) but had a very negative zeta-potential in PBS buffer 
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(-32mV). The observed results are coherent with published literature, and homoaggregation in 

seawater is one of the most frequent behaviour observed for nanomaterials (Christian et al., 2008). 

The results obtained for PS100 in vitro experiment showed a dose dependent decrease in 

LMS, while phagocytosis was solely slightly impacted when NP were in HS suspension. 

Altogether, the results obtained after in vitro exposure using smaller PS (PS50) have shown to 

trigger stronger effects on hemocytes compared to PS NPs of larger diameter (PS100). The results 

indicate that for NPs of the same composition, in the present case amino modified polystyrene, the 

size is important to consider, and smaller particles are showing to induce more and/or stronger 

effects. This observation has already been reported for other type of material, and also in the 

previous results on nSiO2, and size seems to be a general factor on NP effects and interactions with 

immune cells.  

 

Effect of functionalization 

To evaluate the effects of NP functionalization on Mytilus hemocytes, PSNPs of similar size 

(~ 50nm) but carrying different surface modification (–NH2 and –COOH) were compared in vitro.  

In ASW, PS-COOH showed to form large agglomerates (>1500nm; Tab.1) and this high 

agglomeration can be explained by the interactions between the negative surface charge of the NP (-

COO-) and cationic elements such as divalent cations (e.g. Ca2+ and Mg2+) naturally present in 

seawater (Tallec et al., 2019; Zhang et al., 2019). 

The results on hemocyte functional assays showed an opposite trend for PS-COOH in 

different media in comparison with PS50 (Fig.4 and S3). LMS was decreased when PS-COOH was 

in ASW suspension while did not cause any effect in HS. Similarly, for lysozyme release the effects 

observed were more important and maintained longer in ASW suspension compared to HS. This 

difference in the observed results likely arises due to the surface charge of the NPs and the 

interactions with the proteins from the surrounding exposure medium. As already reported, the 

formation of a hard corona was recorded for PS50 (Canesi et al., 2016). However, in the present 

work, for PS-COOH, no hard and stable protein corona was observed in HS. The absence of stable 

corona in the PS-COOH sample in serum can explain the large agglomerate state observed for this 

NP. In the contrary, PS50 was not showing a high agglomeration rate in HS, which could be due to 

the presence of a stable hard protein corona on its surface, facilitating its dispersion and stability in 

the media. 

In biological medium, NPs can interact with present protein and form a protein corona on 

the surface of the NP. This protein corona is composed by a hard corona, more stable and attached 

to the NP and a soft corona, which represent the layer in periphery more subjected to change 
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according to the interface with the medium (Monopoli et al., 2012). Several factors are responsible 

for the formation of this protein corona, highly dependent on the physico-chemical characteristics of 

primary particles, the medium composition (e.g. protein type and concentration) but also the radius 

of curvature (similar reported as diameter) (Lundqvist et al., 2008; Monopoli et al., 2012; Treuel et 

al., 2015). The obtained results are in line with this postulate; NP protein corona is charge 

dependent. However, 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 

patterns for both PS NP types (Grassi et al., 2019). The discrepancies between the works might 

arise because of the methodological approach using different protein separation (Two-dimensional 

electrophoresis 2DE) and subsequent proteomic analysis. In Mytilus HS, PS-COOH could solely 

attract loosely attached proteins and not a stable hard corona, which by consequent would not be 

visible with the method used. Therefore, this statement could explain the absence or lower effects 

observed in HS with respect to ASW medium in comparison with PS50. Indeed, the role of the 

protein corona has already been discussed and the composition is known to be a crucial parameter 

for the recognition and interaction of the material by the immune cells (Barbero et al., 2017). Given 

the large difference among invertebrate species, and having diverse lifestyle and adaptation, protein 

composition from extracellular fluids is expected to be extremely variable, but remained largely 

unknown and unstudied (Hayashi et al., 2014; Canesi et al., 2017). However, some models such as 

Mytilus were more studied and proteomic analyses were performed to investigate the composition 

in hemolymph extracellular fluids (Oliveri et al., 2014). In Mytilus serum, the unique protein 

component of the stable biomolecular corona formed around PS50 was EPp protein (Canesi et al., 

2016, 2017). EPp is the most abundant serum protein encountered in Mytilus HS and is known to 

play a key role in specific recognition of both selected bacterial strains and NP types. Moreover, for 

PS50 in suspension in sea urchin serum, the protein corona formation was also studied. Interestingly, 

the hard corona was mainly formed by the toposome precursor protein (TPP), a calcium binding 

glycoprotein with cell adhesion properties, the most abundant glycoprotein in the adult sea urchin 

coelomic fluid (Marques-Santos et al., 2018). In both cases, the hard corona was composed by the 

most dominant protein present in the biological fluid, playing a role in cell recognition. The degree 

of the effect reported seems to be correlated by the presence of the corona. Indeed, for both Mytilus 

and P. lividus, effect of PS50 were stronger when in suspension in biological fluids, where the 

formation of a corona was observed. These results sustained the postulate that adsorbed protein on 

NPs surface would lead to the potential interaction and internalization of both NP types by immune 

cells and their further activation.  
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All reported results are suggesting that surface charge is a first order factor for interaction 

with proteins onto NP surface. In the present work, the hard corona formation was not investigated 

for PS100 (also cationic) but Lundqvist et al., (2008), deeply studied the corona formation of 

different size modified nanopolystyrene. Their results demonstrated a sized effect for charged PS 

NPs, with slightly different composition, despite the large agglomeration state observed for 100 nm 

NP (Lundqvist et al., 2008). 

 

3. SEM 

For all NPs types, the observed results for functional immune assays were also confirmed 

with the results obtained with SEM. The cells morphology observed after 30 min incubation in vitro 

in ASW or HS medium appeared different and proper to the NP. First of all, in absence of NP, the 

medium of exposure has shown to affect the general hemocyte morphology. Results obtained in HS 

have showed relatively flat cells with numerous extensions and very thin filopodes on the surface. 

This observed morphology could be considered as the one expected in situ in Mytilus, as HS 

representing the natural biological medium for in vitro exposure. In this light, HS proteins will play 

a key role in cell adhesion with the substrate. In presence of ASW, hemocytes displayed a very flat 

morphology, well attached and spread to the support, with shorter extensions.  

After addition to NPs, a common observation was the formation of small vesicles along the 

edge of the cells, where the membrane seems to protrude to form the vesicles. Moreover, the ends 

of the filopodes are formed by chain of vesicles that seems to be detaching from the main filaments. 

The role of the vesicle is not fully understood, and their content unknown but their presence can be 

probably linked with the release in the extracellular medium of cellular lysozyme or ROS to 

respond against the presence of NP. The presence of artifcats due to the fixation procedure cannot 

be however ruled out. 

PS-COOH and PS50 in different media also showed differences in affecting the morphology 

of the hemocytes. In ASW, PS-COOH showed little effects, and SEM pictures showed similar 

morphology as in controls, with formation of vesicles. In HS, a higher number of cells presenting 

vesicles was observed. For PS50, the cells were shown to be activated in both media, attesting for 

the stronger effect also reported for functional assays in comparison with PS-COOH.  

Exposure to AuNP did not cause changes in cell morphology with respect to controls, which 

was in line with the obtained data for functional assays. All together, the data obtained for SEM 

showed a peculiar change in cell morphology according to the NP material, and seems to mirror the 

effects measured for the functional assays.  
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Moreover, exposure to AgNO3 was used as positive control as previous in vitro exposure of 

hemocytes using similar experimental design have shown that Ag ions could affect hemocyte 

cytoskeletal structures and induced cell rounding (Auguste et al., 2018). In the SEM pictures, 

exposure to AgNO3 have shown more rounded cells. This morphology was specific to AgNO3 and 

appeared different as observed in presence of the other NPs, with no cell observed at this degree of 

rounding. The present data obtained represent a good insight in understanding the morphology of 

Mytilus hemocytes and their interactions with NPs, and constituted reference images for further 

studies.  

All together the results obtained in the present chapter, assessing the effects of several types 

of NPs including size and surface coating, with different material types, on hemocytes of Mytilus 

have demonstrated that in vitro testing can represent a valuable tool in screening the toxicity of NPs 

in Mytilus, displaying different degrees in the response. The several parameters assessed, both 

functional hemocyte assays and electronic imagery, provided a general overview of the effects and 

interactions of the NPs and underlined the importance of exposure medium in the experiment 

performed in laboratory.  
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Supplementary material 

Supplementary figures 

1. Isolation of PS-COOH protein complexes 

 

Fig.S1. Schematic overview of the protocol's entire workflow utilized to identify the mussel PS-COOH corona (C) from 

Mytilus galloprovincialis hemolymph serum (Canesi et al., 2016) (modified from Canesi et al., 2017). After hemolymph 

drawing from mussel adductor sinus, hemolymph serum (HS) was obtained by filtration on 0.22 mm pore filters, 

dialyzed overnight against milliQ water to remove excess NaCl, and lyophilized. PS-COOH were incubated with 

concentrated hemolymph serum at the nominal concentration of 25 μg NP/mg protein/mL for 24 h at 18 °C. After 

incubation, particle protein complexes were recovered by centrifugal isolation (re-drawn from Monopoli et al., 2013). 

Briefly, samples were centrifuged at 17,000 ×g for 75 min at 4 °C. The supernatant was stored at −80 °C (SN) and the 

pellet was re-suspended in ASW, transferred to a new vial, and centrifuged again at 17,000 ×g for 75 min to pellet the 

particle-protein complexes. This washing procedure, used for removing unbound and loosely bound proteins from 

nanoparticles, was repeated three times, to obtain W1, W2 and W3 samples. The pellet, containing the corona (C) 

proteins, was re-suspended in 0.1 mL ASW and protein content was evaluated, as well as in SN, W1, W2, W3 samples. 

W3 samples did not contain any detectable amount of proteins. Samples were added with SDS-sample buffer and boiled 

for 5 min. Proteins (10 μg) were separated by 10% SDS/PAGE for direct visualization and comparison of stained 

protein patterns.  
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Fig. S2. Separation of PS-COOH protein complexes from HS of M. galloprovincialis proteins by SDS-PAGE and 

staining with Coomassie Brilliant Blue. PS-COOH were incubated in HS at the nominal concentration of 25 mg NP/mg 

serum protein/mL, and samples were subjected to repeated centrifugation and washing steps as described in method. 

Lane 1: St =molecular weight standards. A whole serum sample (WS) in the absence of NPs was included (Lane2). 

Lane3: supernatant after the first centrifugation of the PS-COOH suspension in HS (SN); Lanes4–6: samples 

corresponding to the three washing steps (W1, W2, W3); Lane7: long-lived, hard corona proteins (C). Lane 8: B= blank 

sample represented by a parallel sample of HS in the absence of NPs.  

 

2. Effects of smaller PS-NH2 (PS50) on Mytilus hemocytes 

 

Fig S3. Summary of the immunomodulatory effects of PS-NH2 (50nm) in vitro exposure in Mytilus galloprovincialis. 

Data summarized the main results from Canesi et al., 2015.   
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Chapter 3 

In vivo immunomodulatory and antioxidant properties of 

nanoceria (nCeO2) in the marine mussel Mytilus 

galloprovincialis 

 

The results of this work have been published in Comparative Biochemistry and Physiology, Part C 

219 (2019) 95–102.  

 

Nanoceria (nCeO2) are widely utilized due to their peculiar redox properties, and their 

increasing use lead to ponder their possible impact on aquatic organisms. In the marine bivalve 

Mytilus galloprovincialis, different types of nCeO2 were shown to affect hemocyte immune 

parameters in vitro. In particular, one type of nCeO2 (9 nm), characterized by a negative zeta-

potential, higher H2O2 scavenging capacity and Ce3+/Ce4+ ratio, inhibited basal oxyradical 

production in the presence of HS hemolymph serum- HS. The effect was related to specific 

interactions with extracellular SOD, forming a stable protein corona in mussel biological fluids. In 

this work, the effects of in vivo exposure this type of nCeO2 (100μg/L, 96h) were investigated. A 

battery of biomarkers was evaluated at different levels of organization: hemolymph immune 

parameters, changes in gene transcription in hemocytes and digestive gland, tissue antioxidant 

enzyme activities. The results show that nCeO2 increased serum lysozyme activity, whereas 

hemocyte parameters (LMS, ROS and NO production, phagocytosis) were unaffected. In 

hemocytes, nCeO2 induced upregulation of lysozyme, serotonin receptor (5- HTR), and MT20. A 

distinct pattern of gene transcription was observed in the digestive gland. In gills and digestive 

gland, nCeO2 slightly increased antioxidant enzyme activities (Catalase and Glutathione-S-

Transferase). The results confirm that exposure to some types of nanoceria specifically induce 

immune and antioxidant responses from molecular to tissue level.  
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Chapter 4 

 

Exposure to TiO2 nanoparticles induces shifts in the 

microbiota composition of Mytilus galloprovincialis 

hemolymph 

 

The results of this work have been published in Science of the Total Environment 670 (2019) 129–

137.  

 

Marine invertebrates host a high microbial abundance and diversity, and alteration of the 

microbiota due to stressful conditions and/or environmental changes has been linked with a 

compromised health status and susceptibility to disease. Titanium dioxide-nTiO2 represents one the 

most widespread nano-oxide in production and use, with possible release in the aquatic 

environment, was shown to potentially alter the composition of bacterial communities. Therefore, 

exposure to nTiO2 may also affect the microbiota of aquatic species. In this work, the effects of 

nTiO2 exposure (100 μg/L, 96 h) on hemolymph microbiota of Mytilus galloprovincialis were 

investigated. The microbiome was analysed by targeted high-throughput sequencing of the 16S 

rRNA gene using Ion Torrent technology. The results show that although similar in composition, 

the hemolymph core microbiome was less diverse in nTiO2-treated than in control mussels. The 

composition of the microbial population was unequally affected by nTiO2, with decrease in 

abundance of some genera (Kistimonas, Shewanella, Vibrio) and increase in others (e.g. 

Stenotrophomonas). Moreover, determination of immune parameters revealed decreased hemocyte 

lysosomal membrane stability, increased serum lysozyme activity, and increased bactericidal 

activity of whole hemolymph. Altogether, the results suggest an interplay between hemolymph 

microbiota and activity of the immune system, where activation of immune defences may contribute 

in creating an unfriendly medium in hemolymph, thus affecting the most sensitive bacterial 

communities present.  
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Chapter 5 

 

Shift in immune parameters after repeated exposure to 

nanoplastics in the marine bivalve Mytilus 

 

The results of this work have been published in Frontiers in Immunology, section Comparative 

Immunology, (2020), 11: 426.  

 

Recently, concerned has increased about the formation of nanoplastics in the environment 

that can arise from the degradation of microplastics into nanosized particles under abiotic 

conditions. Therefore, organisms, and in particular marine species can be subjected to nanoplastics 

exposure. The use of synthetic nanopolymers, such as nanopolystyrene may provide an initial 

estimate of their toxicity and mechanisms of action on marine organisms. In this chapter, M. 

galloprovincialis were repeatedly exposed in vivo to PS-NH2 (10µg/L; 24 h exposure, 72 h 

recovery, further 10µg/L; 24 h exposure). Hemolymph sampling occurred after each exposure and 

the recovery period and a battery of immune markers were evaluated. First exposure indicates the 

occurrence of stress conditions in the hemocytes (lysosomal compartment affected with decreased 

LMS and increased acidification/fusion of lysosomes) that did not however result in changes in the 

overall bactericidal activity. The parameters evaluated after the resting (in clean ASW) showed full 

recovery of immune markers. After second exposure, a shift in granular hemocyte subpopulations, 

together with re-establishment of basal functional parameters and of proliferation/apoptotic markers 

were observed. Moreover, hemolymph bactericidal activity, as well as transcription of immune 

related genes, all codifying for secreted proteins, were increased. The results indicate both tolerance 

and potentiation as compensatory mechanisms to maintain immune homeostasis after a second 

encounter with PS-NH2.  
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Supplementary Material 

1 Supplementary Tables 

Table S1- Physico-chemical characterization of PS-NH2suspensions (50 µg/L) in different exposure 

media (for experimental details see Canesi et al., 2015, 2016; Balbi et al., 2017). Data on average 

size, polydispersity index and zeta-potential are reported in MilliQ water, artificial seawater (ASW) 

and in hemolymph serum (HS) (mean ± SD, n=4). 

 

 Z-average (nm)1 PDI2 ζ-potential (mV)3 

MilliQ water 57 ± 2 0.07 ± 0.02 + 42.8 ± 1 

ASW 200 ± 6 0.3 ± 0.02 + 14.2 ± 2 

HS 186 ± 3 0.34 ± 0.05 + 14.2 ± 1 

 

1Determinedby Dynamic Light Scattering (DLS) 

2Polydispersity Index (PDI), determined by DLS 

3ζ = zeta potential, determined by DLS 

 

Table S2- Primer sequences and qPCR performances. 

 

Gene Primers 
Amplicon 

size bp 

Amplification 
efficiency 

(%) 

Accession 

number 
References 

EF- α1 
5’- CGTTTTGCTGTCCGAGACATG -3’ 

5’- CCACGCCTCACATCATTTCTTG -3’ 
135 99 AB162021 Ciocan et al., 2011 

EPp 
5’- TAAACTCTGGACACGCATACC -3’ 

5’- GAGTCCCTCTTGGTGCATATT -3’ 
100 100 AY364453 Balbi et al., 2016 

Lysozyme 
5’- ATGTGGAATCTGAAGGACTTGT -3’ 
5’- CCAGTATCCAATGGTGTTAGGG -3’ 

368 99 AF334665 Li et al., 2008 

TLR-i 
5’- AGGATGGCTTGAACTGGATT -3’ 

5’- AGTCGAGTAGGCTTTCTGTA -3’ 
110 100 JX173690 Toubiana et al., 2013 

MytB 
5’- GTTATTCTGGCTATCGCTCTTG -3’ 

5’- GTATAATGTCAAACAGAACGGGTC -3’ 
357 103 AF162336 Cellura et al., 2007 

MytC 
5’- CTTCTGTCTTCATTGCAGCA -3’ 

5’- ACTGGTGAGTGTAACGTGTGC -3’ 
290 104 AF162335 Cellura et al., 2007 
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FREP 
5’- CCTGACAAATGCAACAGTGG -3’ 

5’- TGGCCGTTGTGATGTTCTAA -3’ 
389 102 HQ236392.1 Romero et al., 2011 

PCNA 
5’- CTGAGCTAGAGTTCTGTGCCA -3’ 

5’- AGTTTG GAG ACT CGGTTGTGA -3’ 
108 105 LNJA010048824.1 This study 

p53 
5’- CAAACTTGCTAAATTTGTTGAAGA -3’ 

5’- TTGGTCCTCCTACACATGAC -3’ 
140 105 DQ158079 Dondero et al., 2006 

 

EF1 = M. galloprovincialis Elongation factor-1α; EPp= M. edulis Extrapallial protein precursor; Lysozyme = M. galloprovincialis 

Lysozyme; TLR-i = M. galloprovincialis Toll-like receptor i; MytB = M. galloprovincialis antimicrobial peptide precursor mytilin B; 

MytC = M. galloprovincialis antimicrobial peptide precursor myticin B; FREP = M. galloprovincialis fibrinogen-related protein; 

PCNA = M. galloprovincialis proliferating cell nuclear antigen; p53 = M. galloprovincialis p53-tumor suppressor-like protein. 

 

 

2 Supplementary Figures 

Supplementary Figure 1– Representative FC analysis of control hemocytes using size FSC and 

internal complexity SSC as discriminating parameters. The three subpopulations were identified on 

a linear FSC-SSC density plot according to their SSC and FSC ranges as hyalinocytes-HY (R1: low 

FSC and SSC), small granulocytes-SG (R2: medium SSC and FSC) and large granulocytes-LG (R3: 

high SSC and FSC). 

 

 

Supplementary Figure 2- Effects of PS-NH2 exposure on M. galloprovincialis hemocytes. (A) 

Phagocytic activity; (B) extracellular ROS production. Data are reported as mean (N=4) ± SD. 

Phagocytic activity was evaluated as uptake of Neutral Red-conjugated zymosan particles in 

hemocyte monolayers and extracellular generation of reactive species was measured by the 

reduction of cytochrome c, as previously described (Canesi et al., 2015). 
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Supplementary Figure 3-Hemocyte and hemolymph parameters assessed at different steps along 

the whole experiment: Exposure 1 (Expo1), 72 h resting (Rest), Exposure 2 (Expo2). (A) 

Lysosomal membrane stability-LMS; (B) Mitochondrial membrane potential-TMRE; (C) Serum 

lysozyme activity. Data are reported as mean (N=4) ± SD. * = P ≤ 0.05, all exposures vs controls 

and Resting conditions; # = P ≤ 0.05, Rest and Expo 2 vs Expo 1 (ANOVA plus Tukey’s). 
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DISCUSSION 

 

1. In vitro tests 

In science, the principles of the 3Rs (Replacement, Reduction and Refinement) about 

animals, is nowadays of first importance and design of laboratory protocols aims to consider these 

principles. Even if invertebrates are not directly included in these concepts, these principles can and 

should also be applied. In particular, in vitro experiments, using hemocytes of the marine mussel 

Mytilus galloprovincialis extracted via non-invasive method can provide a first line of investigation 

for testing several types of substance or material, including nanomaterials (Canesi et al., 2016a; 

Katsumiti et al., 2017; Barrick et al., 2018; Sendra et al., 2018; Voland et al., 2018). Moreover, 

specific assays like immunotoxicity, genotoxicity and oxidative stress, have shown to represent 

major assays for understanding the toxic mechanisms and modes of actions and be of high 

relevance in screening NP effects in the future (Rocha et al., 2015; Blasco and Corsi, 2019). 

Even though the mode of exposure differs from the realistic environmental pathway, due to 

the simplified setup, in vitro experiments allow to study the interactions and toxicity of the material 

with the cell and distinguish the different modes of actions between one substance to another. In 

reason of the role of hemocytes in innate immunity, acting as the first line of defence against non-

self, the induction of functional responses is rapidly observed. Indeed, short-term exposure (<1h) 

have shown activation of hemocyte functional parameters related to lysosomal function, 

phagocytosis, oxyradical production, lysozyme activity and apoptosis (Canesi et al., 2019).  

In line with these considerations, chapters 1 and 2 of the present thesis dealt with the use of 

in vitro experiments to test the effects of different types of nanoparticles (NPs) on Mytilus 

hemocytes: metal-based (AgNP, AuNP), nano-oxides (nSiO2) and modified nanopolystyrene (PS-

NH2 and PS-COOH). Hemocytes were incubated for 30 - 60 min with different concentrations of 

NPs (1-100 µg/mL) and experiments were carried out using NP suspensions in artificial seawater 

(ASW) or filtered hemolymph serum (HS).  

First of all, gold NPs (AuNPs) 40.8 ± 11.8 nm size, coated with PVP polymer 

(polyvinylpyrrolidone) stabilized in artificial seawater were used as model NPs (Chap. 2). These 

experiments allowed to verify experimental setup for in vitro testing and evaluate the basal response 

of hemocyte for functional immune parameters. The results obtained showed that none of the 

parameters measured (Lysosomal membrane stability-LMS, phagocytosis, Reactive Oxygen 

Species-ROS production) after AuNPs exposure were impacted by such exposure, in agreement 

with previous literature claiming general safety of nanogold for cells. 
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Upon this first screening and evaluation, further experiments were performed using other 

types of NPs, which are known in the literature to cause damages or activate immune response upon 

exposure in different invertebrate models or cells (McGillicuddy et al., 2017; Ferreira et al., 2019). 

 Chapter1 was focused on hemocytes exposure to uncoated AgNP and the results showed 

that AgNP specifically targeted some cell components. Lysosomal membrane stability, a marker for 

cell viability, was decreased in a dose-dependent manner from 5 to 100 µg/mL AgNP. Moreover, 

AgNP has shown to affect mitochondrial membrane potential, the first sign for induction of 

apoptosis in Mytilus hemocytes. However, phagocytic activity and extracellular release of ROS 

were not affected or activated by exposure. Parallel experiments were run using AgNO3 to evaluate 

the potential contribution of Ag ions to the effects observed. In comparison, effects obtained with 

AgNO3 were stronger and observed at much lower concentrations (≥2 µg/ml), with a general 

distinct mechanism of action for both NP and ionic. Other experiments using Mytilus hemocytes 

reported in the literature using another type of AgNP (maltose coated) have shown similar results, 

inducing immunomodulatory responses upon 24h exposure. The cell viability was decreased and 

increased in ROS, catalase and DNA damages were observed (Katsumiti et al., 2015). The use of 

smaller diameter NPs together with the longer exposure time likely explained the more pronounced 

effects observed in comparison to the results obtained in this work. Finally, with the parameters of 

concentration and time used in the present work, the results suggested little contribution of the 

dissolution and released of Ag+ ions from AgNP in the surrounding medium, that could contribute 

to the effects observed (Katsumiti et al., 2015; Chap.1).  

In contrast to what was observed for AgNPs, experiments testing nSiO2 (92nm), have shown 

no lysosomal membrane disruption. This observation also differs from previously reported effects 

of other nano-oxides (nCeO2, nTiO2), including other types of nSiO2, tested at similar concentration 

(50 µg/mL). Those results showed stronger immunomodulatory response with substantial lysosomal 

membrane damages, demonstrating the peculiarity of each type of NPs (Ciacci et al., 2012; Sendra 

et al., 2018). However further experiments would be needed in order to fully understand the 

interactions of this nSiO2 with hemocytes.  

Further NP types, such as nanopolystyrene (PS-NH2 and PS-COOH) have shown to also 

interact with hemocytes and in particular depending on the size and functionalization (Chap. 2). The 

concept of nanoplastics is recent and defines NPs that can be formed from the degradation of 

microplastics into nanosized particles (from 1 to 1000 nm) under abiotic conditions.  

This new form of NPs has raised the concern of a potential distinct impact on aquatic 

organisms (Ferreira et al., 2019). However, as the understanding of nanoplastics production is still 

incomplete, the use of synthetic nanopolymers may provide an initial estimate of their toxicity and 
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mechanisms of action on marine organisms under laboratory conditions. Commercial polystyrene 

nanoparticles (Amino modified-PS-NH2 and Carboxy modified- PS-COOH), were already used to 

study effects at different level of marine invertebrates with reported tissue accumulation and 

interactions with cells (Manfra et al., 2017; Al Sid Cheick et al., 2018; Brandts et al., 2018; 

Bergami et al., 2019).  

In Mytilus hemocytes, the results on experiments using nanopolystyrenes bearing surface 

modifications –COOH (Chap. 2) were confronted with previously obtained results of another 

nanopolystyrene(-NH2) of similar size (50 nm) (Canesi et al., 2015) and showed distinct responses. 

Both type of NPs similarly impacted LMS in hemocytes, however, other immune parameters such 

as phagocytosis or lysozyme release were differently affected, suggesting the activation of peculiar 

immune response depending on the surface motif of the NPs, with –NH2 showing general stronger 

effects and toxicity.  

Moreover, further experiments were carried out to test the contribution of size. Two different size 

(50 and 100 nm) of amino modified PS-NH2 were tested (called PS50 and PS100 respectively). In 

general, smaller PS-NH2 (PS50) showed to induce stronger immune response and effects in 

hemocytes at same concentration (for lysosome destabilization, phagocytosis, lysozyme and ROS 

release) (Canesi et al., 2015; Chap. 2). These results are in line with data commonly reported in the 

literature, that smaller NPs induced stronger effects and have higher interactions with cells 

(reviewed in Canesi et al., 2019).  

Furthermore, the explanation of the obtained results seemed to be linked with their 

behaviour in medium, both due to the size of agglomerates and the surface charge.  

The biological interactions of NPs are known to be linked with the agglomeration and aggregation 

state of the NPs, even though other parameters can be considerate (Shin et al., 2015). Due to the 

high ionic strength of seawater, the agglomeration and aggregations of NPs is a common 

observation comparing to MilliQ water. Indeed, in seawater medium, the size of agglomerates was 

much more important for PS100 (~1900 nm) compared to PS50 (~200nm) (Table 1 of Chap. 2). In 

general, NPs that showed the highest degree of agglomeration also showed less interactions and 

weaker induction of immune response induction in hemocytes (Chap. 1 and 2). AgNP and PS-

COOH showed to form large agglomerates (> 600 nm) when in suspension in ASW. This indicates 

that in the experimental conditions utilized for most in vitro tests the major part of NPs was present 

in the form of agglomerates. The AgNP used in this study is a bare NP and the absence of coating 

likely favoured its agglomeration. Moreover, the high agglomeration of PS-COOH can be explained 

by the interactions between the negative surface charge of the NP (-COO-) and cationic elements 

such as divalent cations (e.g. Ca2+ and Mg2+) naturally present in seawater (Tallec et al., 2019; 
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Zhang et al., 2019). Hemocytes have a diameter of around 20 µm, and according to the size of the 

NP agglomerates measured, this suggest that NPs likely remain in the surrounding medium and 

poorly interact with the membrane of the cells. However, results also suggested that the presence of 

smaller NP agglomerates may affect somehow the hemocytes. In light of the data obtained with the 

activation of the immune response observed, this suggested that even though agglomerated, 

hemocytes are able to recognize and interact with agglomerates of different size. This was the case 

for AgNP, were two populations size of agglomerates were observed and the smaller ones were 

apparently internalized by hemocytes (Chap. 1).  

In addition, the results obtained suggest that agglomeration is not solely responsible for the 

effects observed. Even though PS100 and PS-COOH in ASW showed similar agglomerate size, PS-

COOH showed to exert stronger effects (Fig. 3 and 4, Chap. 2). In some cases, the agglomerations 

of NPs have shown to be limited, and this has been attributed to the role of the proteins in the 

surrounding media. Therefore, parallel experiments were performed in hemolymph serum (HS), 

where the behaviour of NPs varied also according to their surface charge (Table 1, Chap. 2).  

In ASW, PS-COOH and PS-NH2 partially retain their distinct charge, with a positive zeta 

potential for PS-NH2 (+14mV) while PS-COOH has a slightly negative value (-7mV). In HS, the 

same values were measured for PS-NH2. Although for PS-COOH, the zeta potential in HS was not 

evaluated, a similar value can be expected in ASW as observed usually for other NPs. This 

difference in charge was reflected by the results in distinct effects of either nanopolystyrene PS-

NH2 or PS-COOH of similar size, which showed opposite trends according to the suspension 

medium. In ASW PS-COOH affected LMS and phagocytosis, whereas no effects were observed in 

HS. PS-COOH triggered lysozyme release by hemocytes; however, in ASW this rise was 

maintained after 1h exposure, whereas in HS a decrease over time was observed. These results 

suggest a protective mechanism by serum components.  

An opposite trend was observed for PS-NH2 that displayed stronger effects and damages in HS than 

in ASW. In HS, NPs can interact with proteins leading to the formation of a stable protein corona 

(Canesi et al., 2017). In mussel serum, the extra-pallial protein precursor-EPp was the unique 

component of the hard protein corona formed around 50 nm PS-NH2 (Canesi et al., 2016b, 2017). 

EPp is known to play a role in specific recognition of both selected bacterial strains and NP types 

that likely explained the observed activation of hemocytes (Canesi et al., 2016b).  

The results here presented showed the absence of formation of a stable protein corona with 

PS-COOH. The lack of protein-corona around PS-COOH could suggest the absence of recognition 

and interactions with hemocytes. However, an unstable and temporary protein corona, (soft corona) 
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could be formed around PS-COOH when in HS, which could not be detected with the method used. 

These results support the hypothesis that the composition of adsorbed protein on NPs surface, 

which in turn depend on their agglomeration and surface charge, plays a key role in the interactions 

and internalization of different NP types by mussel immune cells.  

The effects of different exposure media in vitro experiments were also investigated by 

evaluating the morphology of control and NP–exposed hemocytes by SEM (Chap. 2). In ASW, 

control cells were extremely flat and entirely spread onto the support, with several small membrane 

extensions. However, in HS, hemocytes were still attached but not fully spread on the substrate, 

displaying some extensions with longer and thinner filopodes. After the addition of NPs, a common 

observation was the formation of small vesicles along the edge of the cell membrane. Bud 

formation was observed and lead to vesicle formation. Chains of connected vesicles that seem to 

detach and be released in the surrounding media, such as secretory vesicles were observed. 

Altogether, the data obtained for SEM showed a peculiar change in cell morphology according to 

the NP material and seems to mirror the effects measured for the functional assays. 

 

2. In vivo experiments 

2.1. Immune response upon in vivo exposure to different types of NPs 

The second part of the thesis aimed to study the in vivo effects and mechanisms of action of 

different types of NPs (nCeO2, nTiO2 and PS-NH2) in mussels at different levels of biological 

organization (molecular, cellular, tissue level). In vivo experiments were carried out at different 

times of exposure (from 24 to 96h) with NPs added into seawater (Chap. 3, 4 and 5) as previously 

described (Canesi et al., 2010, 2014). In Table 1, NP characteristics (nCeO2, nTiO2 and PS-NH2) 

and experimental exposure conditions are reported (upper panel) and the results obtained on the 

effects on the immune response observed for each NPs used (lower panel) are briefly summarized. 

With regards to functional immune responses, LMS, a marker of cellular stress, and a good 

diagnostic biomarker of individual health status in mussels, was differently affected according to 

the NPs type. Interestingly, the results show that LMS was unaffected by exposure to nCeO2, which 

appeared to be the only NP tested to display a protective role upon the exposure (see Chapter 3), 

whereas it was decreased by exposure to both nTiO2 and PS-NH2, indicating stress conditions. 

Although nTiO2 decreased the phagocytic activity of hemocytes, which is considered as proxy of 

immunocompetence, stimulation of a ROS and NO production was observed, as well as of 

lysozyme activity in serum. Increased lysozyme activity represented a common response of 

hemocytes to different types of non self particles.  
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Table 1: Summary of NP characteristics and experimental exposure conditions (upper panel) and 

observed immune related response (lower panel). Data reported in previous chapters (Chap. 3, 4 and 

5) and previously published articles (Barmo et al., 2013; Balbi et al., 2014; Canesi et al., 2017; 

Sendra et al., 2018). ND=not determined. 5-HTR (5-hydroxyl triptamine receptor); Lyso 

(lysozyme); MT (metallothionein isoform 10 and 20), EPp (Extrapallial protein precursor) MytB 

(Mytilin B).  

 Nano-oxides Nanopolystyrene 

NPs nCeO2 nTiO2 PS-NH2 

Particle size (nm) 9 ± 4 10–65 57 ± 2 

Behaviour in ASW (nm) 558 ± 150 304 ± 38 200 ± 6  

Exposure conditions 96h; 100 µg/L 96h; 100 µg/L 24h; 10 µg/L 

    

Response    

Cell viability-LMS = ↓ ↓ 

Phagocytosis = ↓ = 

Lysozyme release ↑ ↑ ↑ 

ROS production ↑ ↑ = 

NO production = ↑ ND 

Gene expression in 

hemocytes 

Upregulation of 5-HTR, 

Lyso, MT10 and MT20 

Upregulation of anti-

microbial peptides 

Upregulation of EPp 

Downregulation Lyso, 

MytB 

Tissues accumulation No yes ND 

 

With regards to the effects at the molecular level, a distinct expression pattern of selected immune 

related genes was observed in hemocytes upon exposure to the different NPs. Exposure to CeO2 

induced a general upregulation of immune and detoxification related genes; nTiO2 provoked the 

upregulation of genes coding for secreted proteins such as AMPs, whereas PS-NH2 induced down 

regulation of some genes and up regulation of others ((i.e. the Extra-pallial protein-EPp). 

With regards to the results obtained with different nano-oxides (nCeO2 and nTiO2), in the same 

exposure conditions some differences were observed non only in the immune response but also and 

in the effects at the tissue level. These differences can be partly explained by distinct interactions of 

different nano-oxides (uptake, accumulation/elimination and effects) in mussels.  

As reported in Chapter 3, the type of nCeO2, utilized has been previously shown to exert peculiar 

immune and redox properties on mussel hemocyte parameters in vitro; moreover, for this type of 
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nanoceria, the formation of a stable protein corona was observed in hemolymph serum, whose 

unique component was represented by extracellular SOD (superoxide dismutase) (Canesi et al., 

2017; Sendra et al. 2018).The results obtained after in vivo exposure, not only confirm specific 

immunomodulatory effects of nCeO2 on hemocytes, but also showed upregulation of antioxidant 

defences at the tissue level (gills and digestive gland). The results obtained at different levels of 

biological organization further support the redox mechanisms at the basis of the physiological 

effects of nCeO2 (Chap. 3). Interestingly, the effects were observed in the absence of Cerium 

accumulation in the tissues. In light of these results, it may hypothesized that nCeO2 may directly 

enter the open circulatory system of the mussel through the gills; however mussels may perceive 

nCeO2 as being inedible, and increase pseudofaeces production to capture and reject most of the 

NPs, as already reported for other bivalves (Montes et al., 2012; Conway et al., 2014; Koehlé-Divo 

et al., 2018). 

A distinct scenario has been hypothesized with the other type of nano-oxide, nTiO2 in the same 

experimental conditions (Canesi et al., 2014; Barmo et al., 2013; Balbi et al., 2014; Chap. 4). A 

significant accumulation of Ti was observed in mussel tissues. The immunomodulatory effects 

observed in hemocytes were ascribed to the transfer from digestive cells to hemolymph (Barmo et 

al., 2013; Balbi et al., 2014; Canesi et al., 2010). It is known that capture and ingestion of NPs by 

filter feeders like Mytilus is enhanced by aggregation/agglomeration (Ward and Kach, 2009; Canesi 

et al., 2012). However, for both nTiO2 and nCeO2, the size of the agglomerates was of the same 

order of magnitude. These observations support the hypothesis on depuration of nCeO2 through 

pseudofaeces production and underline the ability of mussels to specifically recognize different NPs 

types.  

Finally, the results on PS-NH2 (Chapter 5) represent the first data on the in vivo immunomodulatory 

effects of nanoplastics in marine organisms. This type of nanopolystyrene has been previously 

shown to exert strong immunomodulatory effects in hemocytes in vitro (Canesi et al., 2015; Chap. 

2) and a specific behaviour in medium, with the formation of an EPp protein corona in hemolymph 

serum (Canesi et al., 2016b). In agreement with the in vitro data, the effects observed after in vivo 

exposure were stronger than those of the other NPs tested, since significant effects were observed at 

concentrations ten times lower (10 vs 100 µg/L). It is noteworthy that the lower agglomeration of 

PS-NH2 in ASW in comparison with those of nano-oxides may play a key role in the interactions 

with mussels. Further studies are needed to evaluate PS-NH2 uptake and accumulation in mussels.  
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Overall, the results obtained on the immune responses of Mytilus further underline the specificity of 

mussel response to in vivo exposure to NPs. These results draw the attention on the need to test 

diverse NPs types, and to understand the mechanisms of action rather than their sole toxicity.  

 

2.2 Hemolymph microbiome after nTiO2 exposure 

Marine invertebrates, including Mytilus, host high microbial abundance and diversity 

(Rubiolo et al., 2019). Under normal conditions, the innate immune system is tightly connected 

with hosted microbiota and can discriminate between pathogens to commensal bacteria thanks to 

the specific recognition mechanisms (Canesi and Pruzzo 2016). The microbiome is a community of 

microorganisms living in close relationship with its host associated with different tissues and is of 

high importance for host development and health and changes in immune function induced by 

environmental stress or contaminant exposure may affect the host microbiota. (Pierce and Ward, 

2018; Rubiolo et al., 2019). In this light, NPs exposure may alter mussel immune function as well 

as hemolymph microbiome. This possibility was investigated using nTiO2 as model NPs in the 

same exposure conditions described above (96 h at 100 µg/L) (Chap. 4). The results showed that 

nTiO₂ affects the microbial composition of mussel hemolymph, with some genera preferentially 

targeted. In particular, in exposed mussels, a decrease was observed in the abundance of some 

genera (e.g. Kistimonas, Shewanella, Vibrio and Psychrobium) with respect to controls the control 

group. The shift in microbiome composition was ascribed to the increase in most functional 

immune parameters induced by nTiO2 exposure that also resulted in an overall increase in 

bactericidal activity of whole hemolymph, as well as of upregulation of genes coding for 

antimicrobial peptides-AMPs, which are known to be involved in the direct clearance of bacteria 

and the increased of lysozyme release. These modifications will likely contribute to create an 

unfriendly medium for certain bacteria in hemolymph, that potentially lead to affect the most 

sensitive commensal bacterial communities (Chap. 4).  

 

2.3. Insights into innate memory in Mytilus 

Invertebrates are characterized by their ability to adapt and survive by only relying on innate 

immunity. This implies the presence of sophisticated recognition systems for a wide variety of non-

self molecules (immune specificity), and the capacity to mount a faster and more effective response 

upon re-exposure to a stimulus (immune training or memory) (Milutinović and Kurtz 2015; Gourbal 

et al., 2018; Melillo et al., 2018). In the literature, several proofs attesting for the presence of innate 

immune memory mechanisms have been reported across different phyla including bivalves and 
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some immune responses have been evaluated after repeated exposure to natural pathogens (i.e. 

Vibrio species) (reviewed in Melillo et al., 2018; Rey-Campos et al., 2019). However, to date, only 

one in vitro study on human immune cells has suggested the settlement of innate immune memory 

upon exposure to NPs (Italani and Borashchi 2016). Indeed, as for natural pathogens, NPs can 

induce immunomodulatory effects and could likely imply the induction of innate memory 

mechanisms. 

In this line, we investigated the effects of repeated exposure to NPs on mussel immune 

parameters. Experiments were carried out using the nanopolystyrene amino modified PS-NH2 

(50nm) (Chap. 5)  

Mussels were exposed 24h to PS-NH2 (10µg/L) then leave to rest for 72h in clean ASW and 

exposed for a second time to PS-NH2 for 24h. First exposure indicated the occurrence of stress 

conditions in the hemocytes (lysosomal compartment affected with decreased LMS and increased 

acidification/fusion of lysosomes; decreased mitochondrial membrane potential) and increased 

lysozyme activity in serum, that did not, however, result in changes in the overall bactericidal 

activity. After the resting period, full recovery of immune markers was observed. After the second 

exposure, a shift in granular hemocyte subpopulations, together with re-establishment of basal 

functional parameters were observed. Moreover, hemolymph bactericidal activity, as well as the 

transcription of immune related genes, all codifying for secreted proteins, were increased.  

Interestingly, similar effects were also observed in M. galloprovincialis for other types of non-self 

particles. Mussels were subjected to long-term repeated exposure to microplastics-MP (1-50 µm; 30 

µg/L polyethylene microbeads) and the transcriptomic response was evaluated in digestive gland 

and mantle tissues. After first exposure, the genes modulated were mostly associated with 

disruption of mussel global homeostasis, resulting in the production of stress and immune related 

proteins; after the second exposure, expression of immune and stress related genes was reduced, 

suggesting the establishment of acclimation/tolerance mechanisms during repeated MP exposure 

(Detrée and Gallardo-Escarate 2018). 

Preliminary experiments combining NPs and natural pathogens exposure (first exposure to NPs and 

second to Vibrio sp.), to test the specificity of the response were also conducted. The results 

indicate that pre-exposure to PS-NH2 increased the hemolymph bactericidal activity towards one 

strain of vibrio (V. aestuarianus 01/032), but not towards another (V. tasmaniensis LGP32), likely 

suggesting a specific response to the vibrio strain.  

Altogether, the results provide a first insight in establishment of memory/training-like 

mechanism with both tolerance and potentiation installed as compensatory mechanisms to maintain 

immune homeostasis after a second encounter with PS-NH2. Further work is needed to fully 
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appreciate and understand the establishment of these mechanisms in mussels, especially regarding 

epigenetic changes (i.e. histone acetylation/deacetylation, DNA methylation) leading to 

modifications in gene expression. 

 

 

3. Conclusions and perspectives  

The main outcomes of the present thesis and conclusive points could be summarized as follows. 

In vitro: 

• Mytilus hemocytes represent a suitable cell model for the rapid screening of the 

immunomodulatory effects of different types of NPs 

• The exposure medium plays a key role in understanding the behaviour and effects of 

different NPs. In this light, the utilization of the natural physiological fluid (i.e. hemolymph 

serum) is highly recommended 

• Both NP size and surface charge are important factors in particle behaviour in hemolymph 

(agglomeration, protein corona formation) and consequent interactions with and effects on 

hemocytes 

 

The concentrations utilized in in vitro experiments are obviously, higher than those expected in 

the environment, but they allow to understand the responses of immune cells in terms of uptake, 

mechanisms of action, or subcellular targets of different types of NPs properties rather than to 

evaluate a degree of risk or toxicity.  

 

Similarly, due to the limit of detection, the concentrations of NPs and serum protein utilized 

were chosen to detect and observe the formation of a NP-protein corona in hemolymph serum, 

following the protocols utilized for mammalian serum. However, as the corona formation mainly 

relies on the physical-chemical reactions (Vroman effect, curvature of the NPs, surface charge) 

between the NPs and the macromolecules, especially proteins, this corona formation will naturally 

occur. By consequence, despite the higher concentrations, this process is likely also happening at 

lower doses (for both NP and proteins), under similar mechanisms. 
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In vivo: 

• Different types of NPs induced distinct immunomodulatory effects in mussels  

• nCeO2 induced immunomodulatory and antioxidant effects, suggesting that some types of 

nanoceria may have a general beneficial role in both hemocytes and tissues  

• nTiO2 induced immunomodulatory effects that were related to a shift in hemolymph 

microbiota composition. This is the first observation of the effects on NPs on the complex 

interplay between the innate immunity of the host and its microbial community in a marine 

invertebrate  

• First data are provided on the impact of nanoplastics on the immune response of marine 

invertebrates. The immunomodulatory effects of PS-NH2 were observed at lower 

concentrations compared to other NPs tested.  

• Repeated exposure to PS-NH2 induced both tolerance and potentiation mechanisms 

suggesting the possible establishment of innate memory-like mechanisms in Mytilus 

 

The concentrations utilized for in vivo experiments were more realistic to predicted environmental 

concentrations, and results attested for the immunomodulation capacity of NPs. Moreover, it is 

noteworthy that for nanoplastics, these concentrations were lower than those expected in some very 

polluted areas.  

 

 

In light of the results obtained in this thesis, for the in vitro assays, the main parameter that 

seems to affect the biological effects was the NP surface charge, with positively charged NPs 

causing stronger effects (see the example of PS-NH2); then followed by the size (smaller NPs 

showing less agglomeration and stronger effects (see PS-NH2 of different sizes 50 and 100 nm); and 

finally, the core composition (for NPs without surface coating AgNP >> nSiO2 ≥ AuNP).  

 

However, in in vivo experiments, the results obtained with different nano-oxides in same 

exposure conditions underlined the importance of the core material, with titanium particles showing 

more detrimental effects and stronger immune response compared to cerium, that in contrast 

seemed to exert beneficial antioxidant and anti-inflammatory effects. 

Interestingly, of all the NP tested, 50 nm PS-NH2, as in vitro, showed stronger impacts at lower 

concentrations.  
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 In vitro In vivo 

NPs  

In ASW 
AgNP AuNP nSiO2 PS-COOH PS50 PS100 nCeO2 nTiO2 PS-NH2 

Core material Silver Gold 
Silica 

oxide 
Polystyrene Polystyrene Polystyrene 

Cerium 

oxide 
Titanium Polystyrene 

Coating - PVP - -COOH -NH2 -NH2 - - -NH2 

Nominal Size 60 60 92 60 50 100 9 ± 4 10–65 50 

Agglomerates 
138 ± 20 

671 ± 122 
58.3 ± 0.16 560 ± 297 1286 ± 127 200 ± 6 1916 ± 335 558 ± 150 304 ± 38 200 ± 6 

Surface 

charge 
-1.5 ± 3.7 

-4.1 ± 

0.6 
-2 ± 4 -10.6 ± 3.2 +14.2 ± 2 + 9.7 ± 1 -10 ± 1.8 -10 +14.2 ± 2 

Responses          

Exposure 

conditions 

50µg/ml 

30min 

50µg/ml 

30min 

50µg/ml 

30min 

50µg/ml 

30min 

50µg/ml 

30min 

50µg/ml 

30min 

100µg/L 

96h 

100µg/L 

96h 

10µg/L 

24h 

LMS          

Phagocytosis          

ROS          

Lysozyme          

NO          

 

 

 

 

 

By taking into consideration all the results obtained within this thesis, further experiments are 

planned to investigate in more detail some of the mechanisms observed. In particular, the impact of 

NPs on the immune system and the microbiome will be further investigated, especially for PS-NH2. 

Moreover, in the light of the preliminary results obtained on immune training/memory, 

forthcoming studies are needed using both natural pathogens and NPs in repeated exposure 

experiments. 
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Conferences presentations during the PhD project 
*= oral presentations 

 

- National 

 

 1.  

1. XX Meeting Italian Society Comparative and Developmental immunology, SIICS, Varese 

(Italy), February 12-14, 2020. “Immunomodulation of selected NPs in Mytilus hemocytes: a 

morphofunctional study”. M. Auguste*, C. Mayall, M. Hocevar, D. Drobne, L. Canesi. 

 2.  

2. 3. XX Meeting Italian Society Comparative and Developmental immunology, SIICS, Rende 

(Italy), February 13-15, 2019. “Exposure to TiO₂ nanoparticles results in shift in hemolymph 

microbiome composition and immunomodulation in Mytilus galloprovincialis”. M. Auguste, 

A. Lasa, A. Pallavicini, C. Pruzzo, L. Vezzulli, L. Canesi.  

 

3. 4. XX Meeting Italian Society Comparative and Developmental immunology, SIICS, Rende 

(Italy), February 13-15, 2019. “Mytilus hemocytes as a model to investigate the specificity of 

innate immunity in bivalve molluscs”. L. Canesi, T. Balbi, C. Ciacci, A. Borello, L. Vezzulli, 

M. Auguste. 

 

4. 5. XIX Meeting Italian Society Comparative and Developmental immunology, SIICS, Genova 

(Italy), February 7-9, 2018. “Effects of silver nanoparticles on M. galloprovincialis hemocytes 

and embryos”. M. Auguste*, M. Montagna, C. Ciacci, A. Brunelli, E. Badetti, A. Marcomini, 

L. Canesi.  

 

5. 6. XIX Meeting Italian Society Comparative and Developmental immunology, SIICS, Genova 

(Italy) February 7-9 2018. “Seasonal changes in immune parameters in Mytilus 

galloprovincialis farmed at different sites of the Gulf of La Spezia, Ligurian Sea, and their 

relationship with other biomarkers of the health status”. T. Balbi, M.Auguste, R. Fabbri, M. 

Montagna, L. Serracca, L. Canesi. 

 

- International  

 

6. 7. 2nd MicroMed-International conference on microplastic pollution in the Mediterranean Sea, 

Capri, (Italy), September 15 – 18, 2019. “What can model polystyrene nanoparticles can teach 

us on the impact of nanoplastics in bivalves? Studies in Mytilus from the molecular to the 

organism level”. M. Auguste*, T. Balbi, C. Ciacci, L. Canesi.  

 

7. 2nd MicroMed-International conference on microplastic pollution in the Mediterranean Sea, 

Capri, (Italy), September 15 – 18, 2019. “Interconnection of Mytilus innate immune response 

and hemolymph microbiota after nanoplastics exposure”. M. Auguste, A. Lasa, T. Balbi, A. 

Pallavicini, L. Vezzulli, L. Canesi.  

 

8. Joint Meeting of the Federation of European Physiological Societies (FEPS) and the Italian 

Physiological Society (SIF), Bologna (Italy), September 10-13, 2019. “Nanoparticles as a tool 
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for unravelling the physiological mechanisms of innate immunity in the marine bivalve 

Mytilus” M. Auguste, T. Balbi, L. Canesi.  

 

9. 3rd International Symposium on the Advances in Marine Mussel Research, Chioggia (Italy), 

August 26-28, 2019. “Nanoparticle exposure affects the microbiota composition of mussel 

hemolymph: possible interplay with the host immune system”. M. Auguste*, A. Lasa, T. 

Balbi, A. Pallavicini, L. Vezzulli, L. Canesi.  

 

10. 31st ESCPB Congress, Porto (Portugal), September 9-12, 2018. “Effect of nCeO2; on immune 

and antioxidant responses in Mytilus galloprovincialis from molecular to tissue level.” M. 

Auguste*, T. Balbi, M. Montagna, R. Fabbri, J. Blasco, L. Canesi. 

 

11. 31st ESCPB Congress, Porto (Portugal), September 9-12, 2018. “Possible impact of TiO2 

nanoparticles on Mytilus galloprovincialis hemolymph microbiome”, M. Auguste, A. Lasa, A. 

Pallavicini, C. Pruzzo, L. Vezzulli, L. Canesi.  

 

12. 31st ESCPB Congress, Porto (Portugal), September 9-12, 2018. “Responses of the Mytilus 

galloprovincialis to the emerging pathogen Vibrio coralliilyticus” T. Balbi, M. Auguste, A. 

Borello, G. Tassistro, L. Vezzulli, C. Pruzzo, L. Canesi.  

 

13. SETAC Europe 28th Annual Meeting, Rome (Italy), May 13‐17, 2018. “The use of the marine 

mussels Mytilus hemocytes as a model for studying the impact of NPs on innate immunity”. 

M. Auguste, T. Balbi, L. Canesi.  

 

14. 3rd “PARMA” NANO-DAY, University of Parma, Parma (Italy), July12-14, 2017. 

“PANDORA: Probing safety of nano-objects by defining immune responses of environmental 

organisms”. M. Auguste*, L. Canesi. 

 

15. International meeting Current trends in Nanotoxicology: Implications for environmental & 

human health. Plymouth University (UK), June 1-2, 2017. “Effects of AgNPs on embryo 

development and hemocyte lysosomal membrane stability in Mytilus galloprovincialis”. 

M.Auguste, M. Montagna, A. Brunelli, E. Badetti, A. Marcomini, L. Canesi. 

 

 

Presentations PANDORA meetings 

• PANDORA Fellows’ Kick-Off Meeting; February 22nd–23rd, 2017 - Barcelona, Spain. “The 

haemocytes of the marine bivalve Mytilus as a model for studying the impact of NP on 

innate immunity”. 

 

• PANDORA Mid-term review meeting; December 11th-15th, 2017 - University of Cardiff, 

UK. 

 

• PANDORA Annual meeting; October 22nd–25th, 2018 - Eberhard Karls Universität 

Tübingen, Germany. “Interactions of nanoparticles with the marine mussel Mytilus 

galloprovincialis”. 
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• PANDORA Annual Meeting and Final Workshop; 11th-12th July 2019 - Paris-Lodron 

Universität Salzburg – Austria. “Immunity and immunological memory in marine” 

molluscs”. 

 

 

Participation to scientific courses, workshop and transferable training 
 

• Course on communicating science, risk communication and strategies in case of crisis- 

(Univ. Paris-Lodron, Salzburg, Austria – 8-10 Jul. 2019) 
 

• Course on Plant Immunity. Assessing the impact of NPs on plant cells – (Univ. of 

Tubingen, Germany- 11- 15 Oct. 2018) 
 

• Workshop on Risk Assessment, (Univ. of Tubingen, Germany, 22-25 Oct. 2018) 
 

• Workshop Interaction between nanomaterials and the immune system: medical 

exploitations and safety issues. (Dep. of Biotechnology and Biosciences, Univ. of 

Milano-Bicocca, Italy- 9-10 Jul. 2018) 
 

• Joint short course for transferable training on Scientific communication and grant 

writing skills – (Consiglio Nazionale delle Ricerche (CNR) - Napoli, Italy- 8- 10 May 

2018) 
 

• Course on Immunity of earth invertebrate. Assessing the impact of NPs on invertebrate 

immune cells: A system Toxicology Approach – (Cardiff Univ., UK- 11- 15 Dec. 2017) 
 

• Course on Responsible Research and Innovation (Applied Nanoparticles)- 

(CosmoCaixa-Barcelona, Spain- 2- 6 Oct. 2017) 
 

• Nano-object synthesis and characterization – (Barcelona, Spain, 23-24 Feb. 2017) 
 

• Courses and practical for PhD students in DISTAV and seminar in statistics, marine 

products (2016-2019, during the whole PhD doctoral school registration) 
 

• Practical workshop on advanced microscopy (3rd NIC@IIT) (Genoa, Italy - 13-16 Dec. 

2016) 
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