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Abstract 

In the last decades, great attention has focused on the impact of oil 

refinery wastewaters and discharged effluents, which are released to 

the environment as gases, particles, sludge, and liquid effluents, and 

therefore represent potential sources of pollution. In environmental 

biomonitoring programmes, marine mussels have been often used as 

bioindicator species because of their ability to bioaccumulate toxic 

compounds and their tolerance towards a huge variety of 

environmental conditions. To recover polluted sites, several 

remediation actions were made. In this work, two remediation 

techniques (BF-MBR and Soil Washing) versus wastewater and 

natural polluted sediments, collected from a contaminated area in 

Augusta (eastern Sicily, Italy), were evaluated. To this aim, in the first 

part of thesis, mesocosm scale-up experiments were settled in order to 

measure the recovery effects on mussels Mytilus galloprovincialis. 

Both for wastewater and sediments, three different environmental 

conditions were simulated: a control area (W, white group), a 

petrochemical polluted area (B, black group), and a polluted area 

subjected to the remediation actions (G, grey group). Mussels were 

exposed to each condition for 15 days, and then the biological effects 

of technological actions for the potential recovery of petrochemical 

contamination were evaluated by a multi-biomarker approach, 

including histology, metabolomics, immunohistochemistry, 

molecular and enzymatic investigations. Mussel gills, mainly 

involved in nutrient uptake and gas exchange, were chosen as target 
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organs. In respect to the W group, the gills of mussels from the B 

mesocosms, both for wastewater and sediments, showed marked 

morphological alterations with loss of cilia. Changes in serotoninergic 

(i.e. serotonin, 5-HT, and its receptor, 5-HT3R) and cholinergic (i.e. 

acetylcholinesterase, AChE, and acetylcholintransferase, ChAT) 

systems were observed in mussel gills from the B group by 

immunohistochemistry, as well as supported by the enzymatic 

analysis of AChE activity, metabolomics and molecular assay, which 

revealed changes in neurotransmitters. Contrarily, in the G 

mesocosms, the same battery of biomarkers indicated a general 

recovery trend in mussel gills. Overall, the application of a multi-

biomarker panel results effective in assessing the environmental 

influences of petrochemical pollutants on the health of aquatic 

organisms. Furthermore, findings from this study confirmed that the 

remediation actions herein applied on wastewaters and natural 

polluted sediments might be good tools to recovering a petrochemical 

polluted ecosystem. Some of the results presented in this PhD thesis 

are already submitted for publication in international peer-reviewed 

journals.  

Since in the first part of thesis it was demonstrated the high sensitivity 

and the extensive alterations induced to the respiratory organs (gills), 

in parallel a brief internship at the Swedish Toxicology Sciences 

Research Center (SWETOX) in Södertälje, Sweden, was done under 

the supervision of Dr. Ernesto Alfaro-Moreno, in order to acquire 

competences on the use of cell culture in toxicology. So, in the second 

part of Thesis, two different techniques were assessed for the 
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evaluation of tight junction disruption induced by pollutants (in our 

case NaClO) on human airway epithelial cells. Overall, the use of the 

in vitro technique is a promising tool for future investigations on the 

effects of environmental toxic compounds on human airway epithelial 

cells, which confirmed also the high sensitivity of this kind of cells 

versus pollutants. 
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CHAPTER I 

Introduction 

 

1.1 General Introduction 

 

In the last years, various biomonitoring programmes have been carried 

out with the aim to evaluate the environmental effects of various 

pollutants, in particular those from oil refinery activity. The activity of 

petrochemical industry and oil refinery is responsible for the emission 

of a huge amount of pollutants in the water in form of gases, particles, 

sludge, and liquid effluent. In these wastes, it is possible to observe a 

substantial amount of polycyclic aromatic hydrocarbons (PAHs), 

phenols, heavy metals and their derivatives, sulphides, naphthenic 

acids, and other chemicals (Dorris et al., 1972). It is well known that 

most of these pollutants are even toxic at low concentration (Long et 

al., 1995). Hence, petrochemical pollutant is able to provoke serious 

damages to the marine environment and human health (Fasulo et al., 

2012a; Sureda et al., 2011). Particularly negative effects of these 

pollutants are observed in harbour areas, where the quality of water, the 

water exchange and the biodiversity are reduced (Guerra-García and 

García-Gómez, 2005). Therefore, harbour areas (for instance the 

Augusta-Melilli-Priolo petrochemical area in Sicily, Italy) became a 

target for various biomonitoring programmes (Cappello et al., 2017; 

Fasulo et al., 2015; Maisano et al., 2017). The data collected within 
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several of these research programmes have offered interesting results 

which are useful not only in the evaluation of the real damage caused 

by these kind of wastes, but also in the development of new remediation 

approaches and improvement of the existing techniques. The main aim 

of remediation is to reduce the amount and the effects of wastes in the 

environment. It is possible to list various techniques of remediation, 

which can be based on various approaches (i.e. chemical, engineering 

and microbiological). The main aim of this thesis, which is part of the 

project ”SYSTEMS BIOLOGY” (PRIN2010-2011) (Fasulo et al., 

2015), is principally evaluate efficiency of two recovery techniques, the 

first one versus petrochemical polluted wastewater (BF-MBR) and the 

second one versus petrochemical polluted sediments (Soil Washing), by 

assessing different biological responses elicited by marine mussels 

Mytilus galloprovincialis treated in mesocosm scale experiments 

 

Fig 1.1 Area of Augusta-Melilli-Priolo (Sicily, Italy) 
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1.2. Remediation 

The recovery of polluted areas is becoming a very urgent and relevant 

problem. In some cases, as for instance in petrochemical areas such as 

the Augusta-Melilli-Priolo (Sicily, Italy), the concentration of 

pollutants such as Polycyclic Aromatic Hydrocarbons (PAHs) and 

heavy metals, like mercury, reach elevated concentrations. In fact, in 

the Augusta-Melilli-Priolo petrochemical area, the level of mercury in 

sediment exceeds the standard limit reported by national and 

international sediment quality guidelines (SQGs) (Ministerial Decree 

No. 260/2010 De Domenico et al., 2013). This contamination degree is 

related to the anthropogenic activities in the area, responsible to 

provoke a severe alteration of the environment. In light of this, it has 

become fundamental to develop techniques able to remove pollutants 

or mitigate their effects. During last years, various methods were 

produced based on engineering, physic-chemical and biological 

procedures. The various remediation actions could reduce the effect and 

the concentration of various organic and inorganic pollutant in a 

different matrix (Water and Soil). 
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1.2.1. Soil Washing 

An example of remediation activity is “Soil Washing”. The term “Soil 

Washing” is used to describe an ex situ technique whose aim is to 

extract contaminant from soil. It therefore differs from the “Soil 

Flushing”, which is an in-situ technique. It is a very useful technique 

able to reduce the amount of contaminant in the soil, in particular the 

level of heavy metals. Various techniques of soil washing could be 

listed. It is possible to classify them in physical techniques, which try 

to use different physical properties of contaminants, and chemical 

techniques, where the different chemical properties of the contaminants 

are used for the extraction. It is also possible to observe even combined 

techniques. In the soil washing, the knowledge of the contaminated soil 

properties is very relevant in order to apply the better technique 

(Dermont et al., 2008). The aim of this kind of technique is to 

concentrate contaminants into a smaller volume of soil by employing 

the common physical differences with regards to characteristics (size, 

density, magnetism, and hydrophobic surface properties) between the 

pollutant particles and soil particles. The foremost physical separation 

techniques are: 

 Mechanical screening  

 Hydrodynamic classification 

 Gravity concentration 

 Froth Flotation 

The choice of the physical separation technology is heavily related to 

the soil and site types to be treated (Williford et al., 2000). These kind 
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of techniques are principally appropriate to “anthropogenic” soils 

placed in urban or industrial areas, and soil with a good amount of sand 

of 50-70% (USEPA, 1997). On the other hand, physical separation 

techniques are not appropriate for treating the “natural” soils or 

agricultural soils affected by a diffuse contamination. Hence, these soils 

typically have a high content of silt/clay and organic matter the metals 

present in soils are mostly in sorbed forms as opposed to discrete 

particles. For these reasons, physical separation is often associated with 

chemical procedures to improve pollutant removal (Dermont et al., 

2008). Chemical extraction (CE) tries to remove pollutants by chemical 

reagents in order to transfer metals or other kind of pollutants from soils 

to an aqueous solution. Since it uses an aqueous solution that “wash” 

the soil, the chemical extraction is considered from some authors as the 

proper "Soil Washing. In this technique, in order to increase solubility 

leaching solutions in which the contaminants are dissolved can be used. 

Another way to increase solubility could be the conversion to soluble 

salts by valence change (Dermont et al., 2008). It is possible to consider 

different solutions able to dissolve pollutants: 

 Acids (FRTR 2007) 

 Salts and high concentration chloride solutions (Tampouris et 

al., 2001; Kuo et al., 2006) 

 Chelating Agents (Peters, 1999) 

 Surfactant (Ehsan et al., 2006) 

 Redox Agents (Van Benschoten et al., 1997). 
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Also, in this case, it is very important to have good information about 

the chemical aspect of the soil because this knowledge could address 

versus the best technique. In various situation, chemical extraction 

looks better in respect to physical extraction (as for instance for sorbed 

metals) but, at the same time, the application of chemical reagents can 

increase processing cost and generate further environmental problems 

(Dermont et al., 2008). 

 

1.2.2. Membrane Bioreactor (MBR) 

Membrane Bioreactor (MBR) is a technology that affords biological 

approach with a membrane separation. The two main steps of MBR 

are: 

- Biological degradation of organic pollutants by adapted 

microorganisms in a bioreactor; 

- Physical separation by a membrane able to segregate 

microorganisms, which permit either recycling the activated sludge 

and creating a clean matter.  

The position of membranes in important in MBR organisation. Hence, 

the membrane could be located outside or inside in respect to the 

bioreactor. In the first case, there is a recirculated configuration with an 

external membrane unit. Mixed liquor is circulated outside of the 

reactor to the membrane module, where is filtered under pressure. The 

concentrated sludge recycling occurs back into the reactor. In the 

second one, the membrane module is submerged in the activated sludge 

(Submerged configuration). This last system looks more economical 

concerning energy expenditure (Huang et al., 2001). The MBR, in 
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respect to other technique, looks more efficient respect to the common 

clarifier (Ng et al., 2007), because it is possible to use a membrane 

module more compact. Furthermore these systems permit to work with 

a higher biomass concentration than other systems (Yamamoto et al., 

1989; Jefferson et al., 2000) The use of a bioreactor is related to the 

acquired ability of different bacteria stain to biodegrade several 

pollutants, as for example hydrocarbons (Cappello et al., 2016). An 

excellent example of treatment technology is the Moving Bed Biofilm 

Reactor (MBBR). In this method biomass is able to develop either as 

suspended flocs or as biofilm, implementing a higher total biomass 

concentration in the reactor. Newly, MBR and MBBR have been 

employed together, known as Biofilm Membrane Bioreactor (BF-

MBR), substituting the secondary settler by means of MBR (Di Trapani 

et al., 2014).In these conditions the removal concentration of 

hydrocarbons refractory is considerably higher. The bioreactors for 

bioremediation procedures are tank where living organisms are able to 

perform their biological reactions. A reactor should be easy to maintain 

and operate (Evangelho et al., 2001) and should be able to work both in 

aerobic and anaerobic conditions. Their effectiveness is guaranteed by 

the capacity of bacteria to attach on the inert material, such as granular 

activated carbon, to generate high biomass at interfaces (Bouwer and 

McCarty, 1982; Teitzel and Parsek, 2003). By the rupture of solid 

aggregates and the dispersion of insoluble supports, desorption of 

hydrocarbons and contact with the aqueous phase is raised, with 

consequent improvement of biodegradation. Several models of 

bioreactors are broadly applied in a large kind of aerobic bioprocesses 
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such as aerobic fermentation, biological wastewater and hydrocarbon 

impacted soil/sediments treatments (Van Hamme et al., 2003). The 

filtration of oil-contaminated water with a porous membrane bioreactor 

(MBR) is a novel improvement in wastewater discharges 

bioremediation. In particular marine wastewater discharges are related 

to operations deriving from slops, dirty ballast, sewage and bilge water 

management are held responsible of high oil load and consequent risk 

of marine pollution (Ciacci et al., 2012; Fasulo et al., 2015; Mancini et 

al., 2017). A membrane bioreactor couples the activated sludge process 

among a membrane separation method. The work of the reactor is 

comparable to a traditional activated sludge process but, in this case, 

secondary clarification and tertiary steps like sand filtration are not 

necessary. Especially, in MBR treatment, native, water-borne micro-

organisms in a controlled habitat performed the bioremediation, so the 

choice and identification of microbial consortia with high capability to 

degrade hydrocarbons is a primary step for the optimization of the 

process. Nowadays, various aspects of these techniques are considered 

in different scientific works aimed at improving the wastewater 

discharges treatment (Cappello et al., 2016; Mancini et al., 2017; 

Pirrone et al., 2018; Yakimov et al., 2007). 
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1.3 Mesocosm: definition and application 

A simple definition of mesocosm is an experimental set-up able to 

combine the complexity of an environmental experiment and the 

controllability provided by lab context. Mesocosm should be 

considered as a useful tool that give explanations when it is difficult to 

obtain results in extremely controlled oversimplified conditions or 

complex and largely uncontrolled natural conditions (Sagarin et al., 

2016). This experimental set-up offers various opportunities in several 

research topics. For instance, in the ecological field, the mesocosm 

permits to have an easier observation and setting of several parameters 

in respect to nature. In addiction, the possibility to create perturbation 

is more pleased. For these reasons, mesocosm in the ecological field it 

is hugely applied. Indeed, in this field various scientific works were 

developed (Davis et al., 1996; Scheinin et al., 2015; Kelly et al., 2014). 

Another interesting context in which mesocosm is applied is the 

assessment of the effects of various pollutants on living organisms in 

an enclosure environment (Oviat et al., 1984, Vethaak et al., 1996, 

Sanchis et al., 2018. Oviat et al. (1984) tested the recovery capacity of 

an ecosystem with polluted sediments. Vethaak et al. (1996) directed 

their investigations on possible pathologies found on Platichthys flesus 

and their direct correlation to pollution. In the work of Sanchis et al. 

(2018), the metabolic responses of M. galloprovincialis to fullerenes 

were evaluated. On other interesting use of mesocosm is in scale-up 

experiments to better evaluate the efficiency of remediation techniques. 

For instance, Pirrone et al. (2018), used a microcosm approach to 

measure BF-MBR efficiency in mitigating the impact of oily-
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wastewater discharge into marine environments using M. 

galloprovincialis. In all these cases, the experimental use of mesocosms 

allowed to getting notable results. 

1.4. Enviromental Biomonitoring 

As mentioned earlier, the anthropogenic activity is one of the main 

causes, for various reasons, of adverse repercussions on the state of the 

wellness of the environment, and in particular, of the marine 

environment. Aquatic ecosystems resulted deeply disrupted by 

anthropogenic interferences by pollution. In particular, estuaries and 

coastal waters are commonly exposed to contamination because, during 

history, they have often been fundamental areas for human settlement 

and resource use (Lotze et al., 2006; Marean et al., 2007) among the 

biological effects of pollutants it is possible to add physiological 

alterations processes related to the accumulation of substances at toxic 

levels and movement of these substances through different trophic 

levels. For monitoring pollution levels It is possible applying several 

techniques, in relation to the specific target of the study. Direct 

chemical analysis of water and sediment  in order to Measure the 

concentration of inorganic (e.g., heavy metals, radionuclides, rare earth 

elements) and organic pollutants (dichloro-diphenyltrichloroethane, 

DDT; hexachlorocyclohexanes, HCHs; polychlorinated biphenyls, 

PCBs; polycyclic aromatic hydrocarbons, PAHs etc.) in the 

environment is very common  approach (Superville et al., 2014) For 

several years, “Mussel Watch”-like programmes (Farrington et al., 

1983; Goldberg et al., 1978; 1983; Goldberg and Bertine, 2000; Mee et 

al., 1995) have used chemical analyses of pollutant concentrations in 
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bioindicator organisms as the tool to evaluate water quality.. 

Nevertheless, this kind of results contributed little data with regards to 

the concentration of bioavailable toxins. Bioavailable toxins are the 

available pollutants for uptake and accumulation by living organism 

and their evaluation is one the most relevant aspects in environmental 

toxicology (Rainbow, 1995; Soto et al., 1995). Hence they are linked to 

a potential health risk to humans and the food reservoirs that they 

depend upon (Schöne and Krause, 2016). It is a common knowledge 

that various contaminants cause negative effects on the aquatic 

organisms. On the other hand, the living organisms react to the pollutant 

by different biological responses (i.e. biochemical, molecular, cellular, 

and physiological). These biological responses are usually named as 

"biomarkers". Biomarker is defined as a change in a biological response 

starting at the sub-cellular level (e.g. interference with molecular 

pathways) and ultimately leading to adverse effects at higher levels of 

biological organization (De Coen and Janssen, 2003), which can be 

related to exposure to or toxic effects of environmental chemicals 

(Peakall, 1994). The living organisms able to produce these kinds of 

responses are called “biondicators”, which can be considered as 

“sentinel organisms” (Walker et al., 2006). The organisms belonging to 

the genus Mytilus are very common bioindicators. Hence, it is possible 

to find several research works about their use as bioindicators 

(Bebianno et al., 2007; Ciacci et al., 2012; Cappello et al 2013a; 

Cappello et al, 2017;  Fasulo et al., 2008, 2012, 2015; Fernández et al., 

2012; Hellou and Law, 2003; Maisano et al., 2017; Manduzio et al., 

2004; Shaw et al., 2011; Sureda et al., 2011; Viarengo et al., 2007). The 
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reason of their wide use is associated to several aspects of these 

organisms. Mussels are filter-feeding organisms able to withstand also 

baseline levels of pollutant. Accordingly, they may be exposed to a 

large range of concentration of chemical pollutants even if these 

chemical compounds are found in moderately diluted concentrations. 

Another interesting aspect of the mussels is their ability to 

bioconcentrate xenobiotics up to numerous thousand times in respect to 

the biotope background. They are sessile species, a property particularly 

helpful for bioindicators since they are likely to reflect changes in the 

pollution status of a point sampling area (Manduzio et al., 2004). 

Mussels are known to accumulate high levels of metals and organic 

contaminants including PAHs and PCBs in their tissues with observable 

cellular and physiological responses (Livingstone et al., 2000; 

McDowell et al., 1999). Alterations in cellular metabolism are used as 

biomarkers for the detection of pollutant-induced cellular effects and 

help as early warning signals of exposure to contaminants in 

environmental monitoring. 

Other interesting aspects of these bioindicators are: 

 Their wide geographic distribution 

 They are easy to be collected  

 They are copious in estuarine waters 

 They are able to endure a range of environmental conditions and to 

accumulate toxic chemicals in their tissues 

 They are suitable for caging experiments at field sites and mesocosm 

experiment (Andral et al., 2004; Fasulo et al., 2012a; 2015; Gornati et 
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al., 2018; Maisano et al., 2017; Pirrone et al., 2018; Romeo et al., 2003; 

Tsangaris et al., 2010; Viarengo et al., 2007; Wu and Shin, 1998; 

Sanchis et al., 2018). 

1.5. Mussels: Mytilidae 

The mussel Mytilus galloprovincialis, chosen as bioindicator in the first 

part of thesis, is endemic to the Mediterranean coast and the Black and 

Adriatic Seas. Mussels belong to one of the major classes of molluscs, 

Bivalvia. Mussels are essentially marine bivalves. The valves are equal 

in size and shape with an elongated oval-triangular form. It has been 

able to set itself up at broadly spread points in several seas around the 

world. Most of these introductions have happened in temperate areas 

and at sites where there are extended shipping ports (Branch and 

Stephanni, 2004). A relevant reason of this huge spread is also related 

to shipping hull fouling and transport of ballast water as indicated by a 

number of studies and observations (Carlton, 1992; Robinson and 

Griffiths, 2002; Geller, 1999). The mussel tissue investigated in the 

present study was the gills, which is a first organ exposed to various 

pollutants. In Mytilus, the two shell valves are similar in size with a 

roughly triangular shape, connected together at the anterior of the shell 

(Fig. 1.2). The shell, as a skeleton, permits the attachment of muscles 

and defends against predators. The opening and the closing of the shell 

valves are set by the two muscles, the anterior and the posterior 

adductors. The mantle is composed of connective tissue with 

haemolymph vessels, nerves and muscles. This organ encloses the 

animal within the shell contained most of the gonads. Moreover, the 
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mantle represents the main site for storage of nutrient. Cilia on the inner 

surface of the mantle move particles onto the gills and pull away heavier 

material towards the inhalant opening, where it can be discharged 

(Gosling, 2003; Bayne et al., 1976a). The pair of gills (ctenidia) is made 

up o of ciliated filaments through which branchial blood vessels move. 

The opposite face is called ventral or frontal. The gills perform different 

functions, i.e. respiratory gas exchange, blood haematosis, the capture 

of blood particles, uptake of nutrients and dissolved organic particles. 

All these functions are mainly performed by ciliary and mucous cells 

of the gill epithelium  (Gosling, 1992; Auffret et al., 2003). In particular, 

these mucociliary mechanisms are used in the mussel gills and labial 

palps in order to filter and ingest particles suspended in the ambient 

water, such as bacteria, phytoplankton, detritus, microzooplankton and 

dissolved organic matter (Widdows and Donkin, 1992; Gosling, 2003). 

This way of nutrient acquisition is known as filter feeding. Water flows 

into the mantle cavity through the inhalant syphon, is carried through 

the gill filaments where particles are captured, and exits through the 

exhalant syphon. The quantity of particles captured depends on the 

volume of water transported across the gills (pumping rate) and the 

efficiency with which the particles are retained on the gills (Bayne et 

al., 1976a). After capture, the particles are moved towards the ventral 

ciliated particle channels on the gill filaments, incorporated into mucus 

strings and further transported along ciliated grooves to the labial palps 

for particle sorting (Beninger and StJean, 1997). The particles are both 

directed towards the mouth for ingestion or discarded as pseudofaeces 

(Beninger et al., 1992; Foster-Smith, 1978). The ingested material 



22 
 

undergoes extracellular digestion in the gut, and selected particles are 

moved from the stomach to the tubules of the digestive gland for a more 

complete intracellular digestion (Bayne et al., 1976a). Afterwards, the 

material is addressed to the intestine where absorption can occur 

throughout its length before elimination as faeces (Reid, 1968). in the 

terminal intestine part is located anus, and faecal pellets are swept away 

through the exhalant opening of the mantle. 

 

1.6. Neuronal gill activity regulation 

The activity of gills results regulated by the sympathetic and 

parasympathetic innervations of the autonomic nervous system located 

in the connective tissue (Catapane et al., 1974). The ciliary beating is 

regulated by various neurotrasmitters (Stefano 1990). Serotonin, or 5-

hydroxytryptamine (5-HT), involved in the serotonergic system, plays 

a cilio-excitatory activity in the gills of lamellibranchiates (Gosselin, 

1961; Carroll and Catapane, 2007). The molluskan gills are able to 

produce endogenous 5-HT, which stimulate in prompt, sustained, and 

reversible way. A wide range of 5-HT level is able to grade the 

magnitude of the response (Gosselin, 1961). The exposure to toxicant 

compounds is responsible of impairment in the serotoninergic system 

as observed in gills of the mussel M. galloprovincialis exposed to 

chromium and copper, resulting in increase of the 5-HT-stimulated 

adenylate cyclase activity in vivo and over-expression of 5-HT 

receptors (Fabbri and Capuzzo, 2006). In efferent nervous system 

acetylcholine is used as neural transmitter, it is synthesized in the 

cytoplasm of cholinergic neurons by the enzyme choline 
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acetyltransferase (ChAT) and split into choline and acetate in 

cholinergic synapses and neuromuscular junctions by 

acetylcholinesterase (AChE) (Matozzo et al., 2005). AChE plays a 

fundamental role for the regular function of the central and peripheral 

nervous system (Lionetto et al., 2013). The measure of AChE activity 

is a well known biomarker of neurotoxic compounds in aquatic 

organisms (Cajaraville et al., 2000; Matozzo et al., 2005; Ciacci et al., 

2012; D'Agata et al., 2014). In particular, Lionetto et al. (2013) showed 

that AChE activity is directly inhibited by pollutants like 

organophosphate and carbamate pesticides, but other chemicals, such 

as heavy metals and hydrocarbons, may be responsible of its 

responsiveness (Rank et al., 2007; Ciacci et al., 2012, Cappello et al., 

2015). 

 

Fig. 1.2. General anatomy of Mytilus sp. Arrows indicate (aa) anterior adductor 

muscle; (ap) posterior adductor muscle; (m) mantle; (ep) hepatopancreas; (b) 

branchial epithelium. 
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CHAPTER II 

Aim of the thesis 

In this thesis, it is evaluated the performance of two remediation 

actions, the first one versus oil wastewater and the second one versus 

metal-polluted sediments, particularly by mercury. To this aim, mussels 

Mytilus galloprovincialis, well-known bioindicators, were used as the 

sentinel organisms, exposed in mesocosms and their responses assessed 

by a multi-biomarker approach.  

The main aims of this thesis are: 

1) The evaluation of a recovery technique (BF-MBR) versus 

wastewater discharges by performing mesocosm scale experiments and 

assessing the biological responses of mussels using a multi-biomarker 

approach on gills; 

2) The evaluation of a remediation technique (Soil Washing) versus 

natural mercury-polluted sediments collected from the petrochemical 

site “Augusta-Melilli-Priolo” (Sicily, Italy) by performing mesocosm 

scale experiments and assessing the biological responses of mussels 

using a multi-biomarker approach on gills; 

3) The evaluation of two techniques for the analysis of tight junction 

disruption in human airway epithelial cells induced by NaClO, a well 

known respiratory irritant compound. 
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CHAPTER III 

BIOLOGICAL APPROACH TO EVALUATE THE 

EFFICIENCY OF-BF-MBR TREATMENT ON 

WASTEWATER  

 

3.1 Material and methods 

Set-up of mesocosms 

 

All experiments were carried out in the "Mesocosm Facility" of the 

IAMC-CNR of Messina (Italy). Animals were housed in fiberglass 

tanks (150 x 150 x 150 cm, volume 3375 L) filled in continuous (125 

L/h) with seawater (salinity 37-38‰) directly collected, by a pipeline, 

from the station “Mare Sicilia” (38°12.23’N, 15°33.10’E; Messina, 

Italy), in order to ensure daily water turnover (Della Torre et al., 2012; 

Cappello et al., 2015). Natural seawater was filtered through a 300 μm 

nylon mesh to remove large metazoans and detritus. To ensure a 

constant level of water, each mesocosm was equipped with a relief 

valve connected by a vertical conduct (PVC-u pn10, 200 mm Ø) placed 

laterally of the tank to continuously discharge the excess of seawater. 

Water within each mesocosm was gently mixed in a continuous mode 

with a pump (35 L/h) placed close to the entrance of each tank to 

provide more homogenous conditions within each mesocosm. The 

measurement of pH and temperature, performed through a multi-

parametric probe, Waterproof CyberScan PCD 650 (Eutech 

Instruments, The Netherlands), revealed values of 19.5-20.5 °C (daily 
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temperature fluctuations not exceeded 1 °C) and approximatively 

constant pH values (around 7). The experimental set-up was conceived 

as follow: 

1) White (W): mesocosm supplied only with seawater (uncontaminated 

system) at flow rate of 2 L/h.  

2) Black (B): mesocosm conceived to simulate the effect of an untreated 

oily wastewater discharged to the marine environment. In order to 

achieve this goal, the mesocosm B was constantly supplied with a 

mixture of seawater, commercial Diesel (300 mL) and Bioversal HC 

(30 mL/g). The mixture was prepared by vigorously mixing in a 50 L-

volume tank, 40 mL of the commercial Diesel and 4 mL of dispersant. 

A peristaltic pump (flow rate of 2 L/h) was used to supply all the volume 

of the continuously stirred tank every 24 h. The ratio between the 

simulated discharge and the incoming seawater flow-rate was 1:4. 

3) Grey (G): this mesocosm was conceived to measure the biological 

effects of a BF-MBR treatment as a strategy to mitigate the marine 

impact of oily wastewater discharge to the sea. In this context, the same 

mixture used for the mesocosm B (seawater, commercial Diesel and 

Bioversal HC) was prepared in the continuously-stirred 50 L tank and 

then pre-treated through the BF-MBR as previously described (Pirrone 

et al., 2018). Permeate was withdrawn by using a vacuum pump; the 

flow rate, adjusted by opening or closing a valve before the vacuum 

pump, was set at 2 L/h transferring the permeate in the mesocosm G. 

The oxygen required for microorganism growth and membrane aeration 

was supplied by two sets of air diffusers, which were placed in the 

biological reactor and below the membrane module respectively. 



27 
 

Permeate flow was monitored by a rotameter placed upstream the 

vacuum pump. (Gornati et al., 2018) 

 

Mixture of potential toxic compounds 

Commercial Diesel (ENI Technology S.p.A.), as a mixture of potential 

toxic compounds, was used as described in Cappello et al. (2007).  

 

Dispersant 

Bioversal HC (BIOVERSAL INTERNATIONAL GmbH), density at 

20 °C 1.02 g/ml, non toxic, pH 7.5, was here used in addition to the 

commercial Diesel to increase the dispersion of hydrocarbons in the 

entire water depth of the mesocosm, reducing its accumulation at the 

surface (Pirrone et al., 2018). This method was used to simulate the 

effect of the natural sea-water turbulence, which promotes the mixing 

of the oil over the water column (Gornati et al., 2018). 

 

Mussel exposure 

 

Adult Mytilus galloprovincialis Lamarck, 1819 (5.2 ± 0.4 cm shell 

length) were collected on March 2016 from an aquaculture plant located 

in the Faro lake (38°16'6.51"N; 15°38'18.57"E), one of the two brackish 

coastal lakes nearby Capo Peloro (Messina, Sicily). Mussels were then 

placed in large flow-through holding tanks (500 L) filled with natural 

seawater and maintained at 19-20 °C. After two weeks, almost 300 

animals were transferred in each mesocosm and maintained for 15 days 

(experimental time) (Fig. 3.1.). At the end of the experimental time, 30 
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individuals were randomly sampled. from, each mesocosm (Gornati et 

al., 2018). Gills were frozen in liquid nitrogen and then stored at −80 ◦C 

for molecular, metabolomics and enzymatic analysis. For histological 

and immunohistochemical evaluation tissues were fixed in 4% 

paraformaldehyde in 0.1 M phosphate buffered solution (Maisano et al., 

2017).  

 

Fig. 3.1. Experimental design of Mesocosm experiment. 
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Measurement of the main physico-chemical parameters 

 

The main physic-chemical parameters (pH, temperature) were 

measured daily in each of the three tanks through the use of a 

Waterproof CyberScan PCD 650 multi-parametric probe (Eutech 

Instruments, The Netherlands). Measurements of dissolved oxygen 

were likewise made by HI97196 multi-parameter probe (Hanna 

Instruments, Italy). 

 

Chemical Oxygen Demand (COD) measures 

 

The Chemical Oxygen Demand (COD) measurement was performed 

daily in triplicate on the three tanks by spectrophotometric 

measurement. This procedure provided the use of specific LCK 1014 

cuvettes, that after appropriate preparation were incubated in a suitable 

digester (Digester HT 200 S, HACH Lange) for 15 minutes at 170 °C. 

The COD reading, expressed as mg/L, is obtained by the 

spectrophotometer (DR 3900 spectrophotometer, HACH Lange). 

 

Quantitative analysis of hydrocarbons 

 

Quantitative measurements of the hydrocarbons present in the 

experimental systems were carried out on the three mesocosms in 

triplicate, on days 7, 10 and 15 from the beginning of the 

experimentation in order to verify the BF-MBR efficiency during the 

experimental time. Hydrocarbon extraction and analysis was conducted 
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in accordance to the 3510 EPA (Environmental Protection Agency) 

method. 

 

Histological analysis  

Gills for histological assessment were fixed in 4% paraformaldehyde in 

0.1 M phosphate buffered solution (pH 7.4) at 4 °C, dehydrated in a 

graded series of ethanol and embedded in Paraplast (Bio-Optica, Italy). 

Histological sections, 5 µm thick, were cut with a rotary automatic 

microtome (Leica Microsystems, Wetzlar, Germany), glass-slide 

mounted and stained with Hematoxylin/Eosin (Bio-Optica, Italy) to 

evaluate morphological features. Observations were made on five fields 

of one section for sample using a 40X oil-immersion objective with a 

motorized Zeiss Axio Imager Z1 microscope (Carl Zeiss AG, Werk 

Gottingen, Germany) equipped with an AxioCam digital camera (Zeiss, 

Jena, Germany)  

 

Immunohistochemical analysis 

Histological sections of mussel gills were also used for 

immunodetection of neurotransmission biomarkers applying an indirect 

immunofluorescence method (Cappello et al., 2015; Maisano et al., 

2017) for localization of 5-HT and its receptor (5-HT3R), AChE and 

ChAT. Briefly, sections were incubated for 1 h with normal goat serum 

(NGS) in PBS (1:5) to blocking non-specific binding sites for 

immunoglobulins. The sections were then incubated o.n. at 4° C in a 
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humid chamber with the primary antisera, namely mouse anti-5-HT 

antibody (Product No. M0758; Dako Cytomation, Milan, IT) diluted 

1:50, rabbit anti-5-HT3R antibody (Product No. S1561; Sigma-Aldrich, 

St. Louis, MO, USA) diluted 1:100, mouse anti-AChE antibody 

(Product No. MAB304; Chemicon International, Temecula, CA, USA) 

diluted 1:50, rabbit anti-ChAT antibody (Product No. AB6168; Abcam, 

Cambrige, UK) diluted 1:250. After a rinse in PBS for 10 min, sections 

were incubated for 2 h at room temperature with fluorescein 

isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Sigma) or 

tetramethylrodamine isothiocyanate (TRITC)-conjugated goat anti-

mouse IgG (Sigma), diluted 1:50. Positive controls for labelling 

specificity of each peptide were performed by incubating sections with 

antiserum pre-absorbed with the respective antigen (10-100 g/mL). The 

pre-absorption procedures were carried out o.n. at 4°C. In addition, 

negative controls were also performed by substitution of non-immune 

sera (without antibodies) for the primary antisera. All observations were 

made on five fields of one section per sample using a 40X oil-

immersion objective with a motorized Zeiss Axio Imager Z1 

epifluorescence microscope (Carl Zeiss AG, Werk Gottingen, 

Germany), equipped with an AxioCam digital camera (Zeiss, Jena, 

Germany) for the acquisition of images. Sections were imaged using 

the appropriate filters for the excitation of FITC (480/ 525 nm) and 

TRITC (515/590 nm), and then processed by using AxioVision Release 

4.5 software (Zeiss). 
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Metabolomics analysis 

Gill metabolite extraction  

Polar metabolites were extracted from gill tissues of mussels using a 

“two-step” methanol/chloroform/water procedure (Cappello et al., 

2013b; Wu et al., 2008; Maisano et al 2017). In brief, a 100 mg sub-

sample of each gills was homogenized in 4 mL/g of cold methanol and 

0.85 mL/g of cold water by a TissueLyser LT bead mill (Qiagen) with 

3.2 mm stainless steel beads, for 10 min at 50 vibrations/s. 

Homogenates were transferred into glass vials, and 4 mL/g chloroform 

and 2 mL/g water were added. After vortexed, samples were left on ice 

for 10 min for phase separation, and centrifuged for 5 min at 2000 g at 

4° C. A volume of the upper methanol layer (600 µL) containing the 

polar metabolites were transferred into glass vials, dried in a centrifugal 

vacuum concentrator (Eppendorf 5301), and stored at -80 °C. Prior to 

Nuclear Magnetic Resonance (NMR)-based metabolomics analysis, the 

dried polar extracts were resuspended in 600 µL of a 0.1 M sodium 

phosphate buffer (pH 7.0, 10% D2O; Armar AG, Dottingen, 

Switzerland) containing 1 mM 2,2-dimethyl-2-silapentane-5-sulfonate 

(DSS) (Sigma-Aldrich Co) as internal reference. The mixture was 

vortexed and transferred to a 5 mm diameter NMR tube. The DSS acted 

as an internal standard and provided a chemical shift reference (δ = 0.0 

ppm) for the NMR spectra, whereas the D2O provided a deuterium lock 

for the NMR spectrometer. 
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1H NMR-based metabolomics analysis 

Extracts of gill tissue were analyzed on a Varian-500 NMR 

spectrometer operating at a spectral frequency of 499.74 MHz at 298 

K. One-dimensional (1-D) 1H NMR spectra were obtained using a 

PRESAT pulse sequence to suppress the residual water resonance and 

6983 Hz spectral width with a 2.0 s relaxation delay. A total of 256 

transients were collected into 16,384 data points requiring a 19 min 

acquisition time. All data sets were zero filled to 32,768 data points and 

exponential line-broadenings of 0.5 Hz were applied before Fourier 

transformation. All 1H NMR spectra were manually phased, baseline-

corrected, and calibrated (DSS at 0.0 ppm) using Chenomx Processor, 

a module of Chenomx NMR Suite (version 5.1; Chenomx Inc., 

Edmonton, Canada) software. The peaks of interest, namely the 

metabolites related to serotonergic (i.e. serotonin) and cholinergic (i.e. 

acetylcholine) systems, were identified within the 1H NMR spectra 

(Cappello et al., 2013b; Fasulo et al., 2012b) and quantified using 

Chenomx Profiler, another module of Chenomx NMR Suite software, 

which uses the concentration of a known DSS signal to determine the 

levels of individual metabolites (Brandao et al., 2015; Cappello et al., 

2015). 
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Enzymatic analysis 

Acetylcholinesterase (AChE) activity was estimated in the gills of 

mussels by using the colourimetric method of Ellman et al. (1961), with 

small changes, by UV–Vis–UV mini-1240 spectrophotometer 

(Shimadzu, Kyoto, Japan). In short, thiocholine derivatives are 

hydrolysed by acetylcholinesterase to yield thiocholine. The subsequent 

combination with 5,5-dithiobis-2-dinitrobenzoic acid (DTNB) forms 

the yellow anion 5-thio-2-nitrobenzoic acid, which absorbs strongly at 

412 nm. AChE activity was expressed as µmol/min/mg (Maisano et al., 

2017). 

 

Molecular analysis 

RNA extraction and cDNA synthesis 

Tissue homogenization and RNA extraction from gill tissues of Mytilus 

galloprovincialis collected at each sampling site were performed using 

Qiazol reagent (Qiagen). RNA quantity and quality were evaluated as 

detailed by Giannetto et al. (2015). cDNA synthesis from 1 mg total 

RNA was performed by QuantiTect reverse transcription kit (Qiagen) 

after gDNA wipeout buffer treatment in order to remove any potential 

genomic DNA contamination, following manufacturer's instructions.  
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5-HT3R quantitative gene expression (qPCR) 

Degenerate primers (Table 3.1.) were designed on the conserved 

regions of 5-HT receptor genes isolated from other mussels.  

PCR product was separated on 1% agarose gels. The region containing 

the expected size fragment was sliced, purified using QIAquick Gel 

Extraction kit (Qiagen) and sequenced using ABI PRISM BigDye 

Terminator 3.1 Cycle Sequencing kit (PE Applied Bio-system). The 

sequence (340 bp) was submitted to NCBI database. Quantification of 

5-HT3R gene expression in M. galloprovincialis gills was performed by 

real-time PCR using the Rotor-Gene Q 2plex Hrm thermocycler 

(Qiagen) with SYBR Green chemistry (Qiagen) as mentioned by 

Giannetto et al. (2014). qPCR primers, listed in Table 3.1., were 

designed using the Beacon Designer TM online tool 

(http://www.premierbiosoft.com/qOligo/ Oligo.jsp?PID=1) for the 

target and reference genes analysed. 

The actin (act), 18S ribosomal RNA (18S rRNA) and elongation factor 

(ef1-), were chosen as reference genes. The primers for the reference 

genes are reported in Giannetto et al. (2015). Twenty-fold diluted gill 

cDNA samples were run in duplicate and no template and minus reverse 

transcriptase controls were included in each reaction The PCR 

efficiency determination was made by a five-point standard curve of a 

5-fold dilution series (1:1 to 1:32) from pooled RNA (Fernandes et al., 

2006). To correct the raw data genes a Normalization Factor was used. 

This Normalization Factor was calculated from the two most stable 

genes (18S rRNA and act) by by geNorm software 

http://www.premierbiosoft.com/qOligo/
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(http://medgen.ugent.be/~jvdesomp/genorm/). The single-peak melting 

curves confirmed the specificity of the reaction. 

Table. 3.1. Nucleotide sequences of primers, amplicons size (bp), methods, qPCR efficiencies (E%),  

 

 

 

 

Statistical analysis 

Statistical analyses were made by GraphPad software (Prism 5.0, San 

Diego CA, USA) for immunohistochemical, metabolomics and 

enzymatic data, while molecular data were analyzed using SigmaPlot 

(Systat software). Results were expressed as mean ± standard deviation 

(SD). One-way analysis of variance (ANOVA) was used to analyse 

statistically the data, applying the Dunnett’s multiple comparison test, in 

order to determine significant differences between control and treatment 

groups and the Student-Newman-Keuls post-hoc tests to assessing 

differences in 5-HT3R expression levels between mussels from the three 

mesocosms. Data were considered statistically significant at p < 0.05. 

  

Primer Primer sequence Size (bp) Methods  E (%) 

5HT_ R _FWD ATTNCGTTGGNTCGGTNCTG 

340 
Cloning 

 

5HT _R_REV TANCGCCAGANCAATTNCAT 

q5HT _R _FWD TAACGCCAGACCAATTCCAT 
95 qPCR 

98 

q5HT _R_ REV  TGAAGCCATCTTGACTGACG 102 

http://medgen.ugent.be/~jvdesomp/genorm/
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3.2. Results 

Physico-chemical parameters 

No significant variations were noted throughout the experimental 

period of the measured values of the main physico-chemical parameters 

(pH, mean value 7.9 ± 0.1; temperature, mean value 15.2 ± 0.5 ° C; 

dissolved Oxygen, 5 ± 0.5 mg/L). 

 

COD measures 

The contribution of the polluting load measured by the COD in 

comparison with the control showed COD average values of about 50-

55 mg/L in the black mesocosm and about 30-35 mg/L in the grey 

mesocosm receiving the treated water. The control recorded average 

COD values around 22-24 mg/L. In all the tanks, the COD parameter 

initially recorded significant increases at the time of placing the mussels 

(values around 110-115 mg/L are evidence of suspended material - 

unfiltered sample), and then lowered to the aforementioned values after 

a couple of water changes within the systems.  

  



38 
 

Levels of hydrocarbons 

The values of the hydrocarbons for the three days of water sampling 

(average on the triplicate of the samples taken) are shown in the 

following table (Table 3.2). In the control, all the values are below the 

limits of detection. The level of PAHs in the grey mesocosm (1.53 ± 

0.143 mg/L) after the wastewater treatment, was reduced of almost 10 

times (90% efficiency) than black mesocosm (15.83 ± 2.37 mg/L). This 

efficiency is maintained during the various measurements carried out in 

the selected days as indicated above. These data point out the efficiency 

of BF-MBR to reduce the PAH concentration in oil wastewater 

discharge. 
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Table 3.2. Quantitative analysis of hydrocarbons mean (µg/L) and 

Standard Deviation (SD); RE (Removal Efficiency) in BLACK and 

GREY mesocosms 

  BLACK BLACK GREY GREY  

Day 

 

(Mean) 

(µg/L) 

 (SD) 

(Mean) 

(µg/L) 

 (SD) 

RE 

(%) 

7th THC 13,527 855 1,820 168 87 

 C6-C10 7 3 6 4  

 C10-C20 10,930 838 1,453 154  

 C20-C30 2,600 88 350 40  

 C30-C40 40 22 31 18  

11th THC 14,954 664 1,689 280 89 

 C6-C10 4 3 6 2  

 C10-C20 12,120 365 1,353 142  

 C20-C30 2,840 334 309 116  

 C30-C40 54 33 28 22  

15th THC 15,836 2,376 1,531 143 90 

 C6-C10 9 3 6 4  

 C10-C20 12,803 1,791 1,233 103  

 C20-C30 3,040 568 273 68  

 C30-C40 51 25 26 14  
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Histology 

In the gills of M. galloprovincialis from the W mesocosm is possible to 

observe the regular morphology of gill tissue (Fig 3.2A.), consisting of 

parallel filaments whose whole surface is coated by various cilia. In the 

B mesocosm is showed a critical aberration of the morphology, with a 

relevant detachment of respiratory epithelium from the underlying 

connective tissue and loss of the cilia (3.2B.). In the G mesocosm 

instead, it is possible to observe a relevant reduction of cilia in respect 

to the control (3.2C.), but the tissue organization is maintained.

. 

Fig.3.2. Haematoxylin and Eosin (H&E) staining in the gills of Mytilus 

galloprovincialis in Mesocosm W(A), Mesocosm B (B) and Mesocosm G (C). The arrow 

shows detachement  of cells and * indicates loss of cilia. Scale bars, 20 μm. 

  

A B 

C 

* 
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Immunohistochemistry 

With regards the serotonergic system, in the mesocosm of control, it is 

possible to observe an intense immunopositivity for serotonin (5-HT) 

(3.3A.) within the cells, whilst there is a moderate immunopositivity of 

serotonin receptor (5-HT3R) (3.4A.). In the case of the B mesocosm, it 

is possible to recognize a drastic reduction of 5-HT immunopositivity 

(3.3B) and an intense positivity for 5-HT3R in fibers and a very low 

signal in the cells (3.4B.). In the G mesocosm (3.3C.; 3.4C.) the signal 

of 5-HT is high in fibers while the immunopositivity of 5-HT3R is high 

in the fiber and cells. Statistical analyses of immunohistochemical 

results for 5-HT and 5-HT3R are shown in 3.3D and 3.4D. About the 

cholinergic system, the immunopositivity of acetylcholinesterase 

(AChE) and acetyltransferase (ChAT) is low and present only in the 

cells (Fig. 3.5A.;3.6A.). In the B mesocosm (3.5B; 3.6B.), it is possible 

to evaluate an increase of the signal for the two enzymes in the cells. In 

the G mesocosm (3.5C.; 3.6C.), the intensity of the signal is also high, 

and in addition, it is possible to observe an immunopositivity also in 

fibers. Statistical analyses of immunohistochemical results for AChE 

and ChAT are shown in 3.5D. and 3.6D. 
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Fig 3.3. Immunohistochemical labeling for 5-HT in mussel gills in Mesocosm White (A), Mesocosm Black 

(B) and Mesocosm Grey (C). Mean and standard deviation (S.D.) of immunopositive cells (D). Significant 

difference p < 0.05.between Control (White Mesocosm) and the Black and Grey Mesocosm is indicated by 

an asterisk. Scale bars 20 μm.  
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Fig 3.4. Immunohistochemical labeling for 5-HT3 R in mussel gills in Mesocosm White (A), Mesocosm 

Black (B) and Mesocosm Grey (C). Mean and standard deviation (S.D.) of immunopositive cells (D). 

Significant difference p < 0.05.between Control (White Mesocosm) and the Black and Grey Mesocosm is 

indicated by an asterisk. Scale bars 20 μm.  
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Fig3.5 .Immunohistochemical labeling for AChE in mussel gills.in Mesocosm White (A),Mesocosm Black 

(B) and Mesocosm Grey (C). ). Mean and standard deviation (S.D.) of immunopositive cells (D). Significant 

difference p < 0.05.between Control (White Mesocosm) and the Black and Grey Mesocosm is indicated by 

an asterisk. Scale bars 20 μm.  
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Fig. 3.6. Immunohistochemical labeling for ChAT in mussel gills in mesocosm White (a), mesocosm Black 

(B) and mesocosm Grey (C). Mean and standard deviation (S.D.) of immunopositive cells (D). Significant 

difference p < 0.05.between Control (White Mesocosm) and the Black and Grey Mesocosm is indicated by 

an asterisk. Scale bars 20 μm.  
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Metabolomics 

With regards to the amount of the two neurotransmitters, in the case of 

serotonin, in the B mesocosm it is possible to observe an almost half 

reduction of serotonin compared to the W mesocosm, while in the G 

mesocosm, the concentration is slight higher than the control. The level 

of acetylcholine is slight higher than the control in the B mesocosm, 

while there is a three time increase of acetylcholine in respect to the 

control in the G mesocosm (Fig 3.7.). All reported data are statistically 

significant data.  

 

Fig 3.7. Average metabolite level of Serotonin and Acetylcholine in the three mesocosms.*:p value < 0.05 
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Enzymatics 

From the comparison of the enzymatic activity in the three different 

mesocosms it is possible to observe a significant reduction of about 

20% of AChE activity in the gills of mussels exposed to high 

concentrations of PAHs in the B mesocosm. In the G mesocosm, where 

wastewater was treated by BF-MBR, the enzymatic activity of AChE 

does not look inhibited hence the level of AChE activity appears 

equivalent to that recoreded in the W mesocosm (Fig. 3.8.). 

 

Fig. 3.8. Evaluation of AChE activity in the three mesocosms. *:p value < 0.05 

  

*
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Molecular results 

In regard to the gene expression of the serotonin receptor 5-HT3R, it is 

possible to observe variations in the different experimental conditions. 

In the black mesocosm, the gene expression of 5-HT3R is three times 

higher than that observed in the white mesocosm. In the grey 

mesocosm, where wastewater was treated by BF MBR, a three time 

increase in gene expression is observed compared to the W mesocosm, 

while the increase compared to the B mesocosm is slight (statistically 

significant data) (Fig 3.9.). 

 

 

Fig 3.9. Evaluation of 5-HT receptor in the three mesocosms. * p. value< 0.05 
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3.3. Discussion 

The pollution of water is the cause of severe alteration in the 

environment with serious damage to the ecosystem and living 

organisms. In particular, a great attention was focused over the 

pollution concerning the impact of the oil wastewater. Hence, despite 

events like oil spills look very impressing with regards to marine 

pollution, the higher oil load and consequent risk for marine pollution 

is mainly associated with routine operations deriving from slops, dirty 

ballast, sewage and bilge water management (Ciacci et al., 2012; Fasulo 

et al., 2015, Mancini et al., 2017). A common method used for oil 

wastewater treatment is a chemical de-emulsification followed by 

secondary clarifications. This kind of technique needs the use of a 

variety of chemical compounds such as sulphuric acid, iron and alumina 

sulphates, etc. (Al-Shamrani et al., 2002; Verma et al., 2010). The 

BioFilm Membrane Bio Reactor (BF-MBR), a growing biofilm system, 

became a very interesting method in the wastewater treatment sector 

(Barwal and Chaudhary, 2014; Gornati et al., 2018). The evaluation of 

BF-MBR efficiency is object of various studies. For instance, a pilot 

BF-MBR, inoculated with halophilic activated sludge and Alcanivorax 

borkumensis, was able to remove 72 and 90% of COD from low 

strength bilge water (1 g COD/L) in 30 days (Mancini et al., 2012). In 

Pirrone et al. (2018), the efficiency of a BF-MBR in reducing oily-

wastewaters discharge impact to marine environment was investigated 

by small-scale (100 L) artificial systems (microcosms). In this work, 

the efficiency of BF-MBR is confirmed in a scale-up system 

mesocosom (3375 L). A 10-time reduction of PAH was observed. 



50 
 

Therefore, with regards to the chemical aspect, the BF-MBR looks 

useful to decrease the concentration of the petrochemical pollutants in 

the wastewater discharges. In this experiment, the efficiency of BF-

MBR treatment was evaluated by a multi-biomarker approach in 

mussel’s gills in a mesocosm scale experiment. The use of mesocosm 

represents a very good tool to evaluate the effects of pollutants (Sanchis 

et al., 2018), and the microcosm and Mesocosm has just offered also 

good brilliant results in the evaluation of BF MBR (Pirrone et al., 2018; 

Gornati et al.,2018).  

The mussel, in particular M. galloprovincialis, is a very common 

“sentinel organism” used in several biomonitoring programmes 

(Cappello et al., 2015; Fasulo et al. 2015; Maisano et al., 2017). The 

gills are important for various functions, i.e. respiratory gas exchange, 

blood haematosis, the capture of blood particles, uptake of nutrients and 

dissolved organic particles. All these functions are mainly performed 

by the ciliary and mucous cells of the gill epithelium, so the evaluation 

of their function is fundamental. The histomorphological analysis 

showed a severe aberration of the gill morphology in samples from the 

black mesocosm in respect to control, with a severe detachment of 

epithelium from the connective tissue. A better morphology, even if not 

regular such as in the control and with loss of cilia, was observed in the 

gills of samples from the G mesocosm. The observation of 

histomorphological alteration represents a signal of impairment of the 

functional integrity of gills (Cappello et al., 2013b; Maisano et al., 

2017).  
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To better evaluate the alteration of cilia activity, which plays a key role 

in most of the gill functions (Sunila, 1998), the neurotransmission 

system, i.e. serotoninergic and cholinergic, was analysed by a multi-

biomarker approach since the cilia activity in mussels is under control 

of the neurotransmission system (Gosselin, 1961; Carroll and Catapane, 

2007; Matozzo et al., 2005). With regards to the serotoninergic system, 

the level of serotonin, evaluated by metabolomics and 

immunohistochemical approach, was lower in the B mesocosm, and 

higher in the G mesocosm in respect to the control. This data suggests 

that the BF-MBR treatment is able to create good condition for the 

synthesis of serotonin and partial improvement for functionality of the 

serotoninergic system in the G mesocosm than in B mesocosm. Instead, 

the evaluation of 5-HT receptor, performed by molecular and 

immunohistochemical analysis, showed an up-regulation in samples 

from both B and G mesocosms. The rise of 5-HT3R could be related to 

an adaptive response mediated by the paracrine signaling activities in 

order to recover a regular physiological activity in gills. Indeed, it has 

been reported that gill epithelial cells containing the lateral cilia present 

5-HT receptors to increasing the ciliary beating rate (Cappello et al., 

2015; Maisano et al., 2017). 

The movement of cilia is also under control of the cholinergic system, 

responsible for the physiological functioning of the efferent nervous 

systems (Matozzo et al., 2005). The acetylcholinesterase (AChE) is a 

well known enzyme in ecotoxicology, since it possible to observe its 

inhibition by the presence of contaminants in complex mixtures 

(Matozzo et al., 2005; Cajaraville et al., 2000; Tsangaris et al., 2010; 
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Cravo et al., 2012; D'Agata et al., 2014), by pollutants such as 

organophosphate and carbamate pesticides (Lionetto et al., 2013), or 

heavy metals and hydrocarbons (Rank et al., 2007; Ciacci et al., 2012). 

With regards to AChE activity, it was evaluated by enzymatic assay 

combined with the metabolomic evaluation of acetylcholine. In 

addition, AChE level and distribution were observed by an 

immunohistochemistry assay. AChE enzymatic activity was reduced 

while the level of acetylcholine and AChE immunopositivity increased 

in the B mesocosm compared to the control. The increase of 

acetylcholine level is probably related to the inhibition of AChE. The 

enhancement of AChE level is a possible adaptive compensatory 

mechanism in order to heal a regular physiological function of gills. 

Except for the enzymatic activity, the observed results related to AChE 

appeared different from those reported by Cappello et al. (2015) and 

Maisano et al. (2017) in mussels caged in a petrochemical polluted site 

for 30 and 60 days. Choline acetyltransferase (ChAT), the key enzyme 

responsible for the synthesis of acetylcholine, was also evaluated. The 

ChAT immunopositivity increased in the B mesocosm. This 

enhancement, observed in Cappello et al. (2015), suggests the induction 

of adaptive compensatory responses mediated by the paracrine 

signalling activities in order to recover a regular physiological function 

of gills. In the G mesocosm, the AChE activity was not inhibited and 

the immunopostivity for AChE and ChAT was lower, while the 

acetylcholine level relevantly increased than in W and B mesocosms. 

Overall, this response pattern suggests that the BF MBR for wastewater 
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treatment is likely able to partly restore the condition observed in the W 

mesocosm.  

3.4. Conclusion 

The BF-MBR results a very good method to reduce the amount of the 

chemical concentration of pollutants in wastewater. The mesocosm 

scale experiment proved to be a very good tool to evaluate the effects 

of wastewater and BF MBR treated wastewater versus living 

organisms. Mussels, as seen in nature, were validated as very good 

biondicators also in this experimental approach. The multi-biomarker 

battery, applied in order to evaluate the condition of gills and its 

neurotransmission system, represents a good tool to understand better 

the health condition of samples in the three different experimental 

conditions. Hence, thanks to this approach, it is possible to report that 

the functionality of mussel gills in the G mesocosm was not so critical 

as that one observed in samples from the B mesocosm, but at the same 

time it was not possible to observe the same regular morphology and 

neurotransmission system activity found in the W mesocosm. 

Therefore, further studies are necessary for the improvement of this 

treatment. 
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CHAPTER IV 

Biological evaluation of the Soil Washing remediation 

versus natural mercury-polluted sediments in a 

mesocosm scale experiment 

 

4.1 Material and methods 

 

Set-up of mesocosms 

 

All tests were executed in the "Mesocosm Facility" of the IAMC-CNR 

of Messina (Italy). Animals were housed in fiberglass tanks (150 x 150 

x 150 cm, volume 3375 L) filled in continuous (125 L/h) with seawater 

(salinity 37-38‰) directly collected, by a pipeline, from the station 

“Mare Sicilia” (38°12.23’N, 15°33.10’E; Messina, Italy), in order to 

guarantee periodic water turnover (Della Torre et al., 2012; Cappello et 

al., 2015). Natural seawater was filtered through a 300 μm nylon mesh 

to exclude large metazoans and detritus. To guarantee a constant level 

of water, each mesocosm was provided with a relief valve connected by 

a vertical conduct (PVC-u pn10, 200 mm Ø) located laterally of the tank 

to continuously remove the excess of seawater. Water within each 

mesocosm was lightly mixed in a continuous mode with a pump (35 

L/h) placed close to the entrance of each tank to provide more 

homogenous conditions within each mesocosm. The measurement of 

pH and temperature, performed through a multi-parametric probe 

Waterproof CyberScan PCD 650 (Eutech Instruments, The 

Netherlands), revealed values of 19.5-20.5 °C (daily temperature 
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fluctuations not exceeded 1 °C) and approximatively constant pH 

values (around 7). The experimental set-up (Fig 4.1) was conceived as 

follow:  

1. White mesocosm (WS): mesocosm supplied with seawater 

(uncontaminated system) at flow rate of 2 L/h. 125 kg unpolluted 

sediments were placed inside the mesocosm.  

2. Black mesocosm (BS): approximately 125 kg of polluted sediments 

from the petrochemical site “Augusta-Melilli-Priolo” (Sicily, Italy) 

were placed at the bottom of the tank, showing a significant mercury 

contamination (about 50 mg/kg compared to an intervention limit 

value of 1 g/kg). Overall, the mercury in the sediment tank was about 

860 mg by mass. 

3. Grey mesocosm (GS): an equal quantity of sediments previously 

treated by numerous cycles of soil washing by EDTA, EDDS 

(Mancini et al., 2011) was arranged in order to reduce metal 

contamination above all of mercury.  

 

Mussel exposure 

 

Adult Mytilus galloprovincialis Lamarck, 1819 (5.2 ± 0.4 cm shell 

length) were collected in March 2016 from an aquaculture plant placed 

in the Faro Lake (38°16'6.51"N; 15°38'18.57"E), one of the two 

brackish coastal lakes nearby Capo Peloro (Messina, Sicily). Mussels 

were then stored in large flow-through holding tanks (500 L) filled with 

natural seawater and maintained at 19-20 °C. After two weeks of 

acclimation, about 300 individuals were transferred in each mesocosm 
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and kept for 15 days (Fig. 4.1). At the end of the experimental time, 30 

animals from each mesocosm were randomly sampled (Gornati et al., 

2018). Gills were frozen in liquid nitrogen and then stored at −80 ◦C for 

molecular, metabolomics and enzymatic analysis. For histological and 

immunohistochemical evaluation, tissues were fixed in 4% 

paraformaldehyde in 0.1 M phosphate buffered solution (pH 7.4) 

(Maisano et al., 2017).  

 

 

Fig 4.1. Experimental design of Mesocosm experiment. 

 

Measurement of the main physico-chemical parameters 

 

The main physico-chemical parameters (pH, temperature) were 

measured daily in each of the three tanks through the use of a 

Waterproof CyberScan PCD 650 multiparametric probe (Eutech 

Instruments, The Netherlands). Measurements of dissolved oxygen 

(DO) were likewise made by a HI97196 multiparameter probe (Hanna 

Instruments, Italy). 
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Chemical Oxygen Demand (COD) measures 

 

The Chemical Oxygen Demand (COD) measurement was performed 

daily in triplicate on the three tanks by spectrophotometric 

measurement. This procedure provided the use of specific LCK 1014 

cuvettes, which after appropriate preparation were incubated in a 

suitable digester (Digester HT 200 S, HACH Lange) for 15 minutes at 

170 °C. The COD reading, expressed as mg/L is obtained by a 

spectrophotometer (DR 3900 spectrophotometer, HACH Lange). 

 

Quantitative analysis of sediment metals 

For determination of metals, prior to analysis, sediment  samples from 

Mesocosms were digested in concentrated nitric acid and concentrated 

hydrochloric acid using microwave heating (Ethos easy digestion 

system, Millestone) according to the US EPA 3051A sample 

preparation method (US EPA, 2007). The sample and acids were placed 

in a fluorocarbon polymer (PFA) microwave vessel, sealed and heated 

in the microwave unit. After cooling, the vessel contents were filtered 

and then diluted to volume and analysed by Inductively coupled 

plasma-mass spectrometry (PerkinElmer Nexion 350X Spectrometer) 

according to the EPA 6020A method. Reagent-grade chemicals were 

used in all the preparations (Maisano et al. 2017). 
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Histological analysis  

Gills for histological evaluation were fixed in 4% paraformaldehyde in 

0.1M phosphate buffered solution (pH 7.4) at 4 °C, dehydrated in a 

graded series of ethanol and embedded in Paraplast (Bio-Optica, Italy). 

Histological sections, 5 µm thick, were cut with a rotary automatic 

microtome (Leica Microsystems, Wetzlar, Germany), glass-slide 

mounted and stained with Hematoxylin/Eosin (Bio-Optica, Italy) to 

evaluate morphological components. Observations were made on five 

fields of one section per sample using a 40X oil-immersion objective 

with a motorized Zeiss Axio Imager Z1 microscope (Carl Zeiss AG, 

Werk Gottingen, Germany) equipped with an AxioCam digital camera 

(Zeiss, Jena, Germany). 

 

Immunohistochemical analysis 

Histological sections of mussel gills were also utilized for 

immunodetection of neurotransmission biomarkers using an indirect 

immunofluorescence method (Cappello et al., 2015; Maisano et al., 

2017) for localization of 5-HT and its receptor (5-HT3R), AChE and 

ChAT. Summarily, sections were incubated for 1 h with normal goat 

serum (NGS) in PBS (1:5) to blocking non-specific binding sites for 

immunoglobulins. The sections were then incubated o.n. at 4° C in a 

humid chamber with the primary antisera, namely mouse anti-5-HT 

antibody (Product No. M0758; Dako Cytomation, Milan, IT) diluted 

1:50, rabbit anti-5-HT3R antibody (Product No. S1561; Sigma-Aldrich, 

St. Louis, MO, USA) diluted 1:100, mouse anti-AChE antibody 
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(Product No. MAB304; Chemicon International, Temecula, CA, USA) 

diluted 1:50, rabbit anti-ChAT antibody (Product No. AB6168; Abcam, 

Cambridge, UK) diluted 1:250. After a wash in PBS for 10 min, 

sections were incubated for 2 h at room temperature with fluorescein 

isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Sigma) or 

tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-

mouse IgG (Sigma), diluted 1:50. Positive controls for labelling 

specificity of each peptide were performed by incubating sections with 

antiserum pre-absorbed with the respective antigen (10 and 100 g/mL). 

The pre-absorption procedures were carried out o.n. at 4 °C. In addition, 

negative controls were also performed by substitution of non-immune 

sera (without antibodies) for the primary antisera. All observations were 

made on five fields of one section per sample using a 40X oil-

immersion objective with a motorized Zeiss Axio Imager Z1 

epifluorescence microscope (Carl Zeiss AG, Werk Gottingen, 

Germany), equipped with an AxioCam digital camera (Zeiss, Jena, 

Germany) for the acquisition of images. Sections were imaged using 

the appropriate filters for the excitation of FITC (480/ 525 nm) and 

TRITC (515/590 nm), and then processed by using AxioVision Release 

4.5 software (Zeiss) 
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Metabolomics analysis 

Gill metabolite extraction 

Polar metabolites were extracted from gill tissues of mussels using a 

“two-step” methanol/chloroform/water procedure (Cappello et al., 

2013b; Wu et al., 2008; Maisano et al., 2017). In summary, a 100 mg 

sub-sample of each gill was homogenized in 4 mL/g of cold methanol 

and 0.85 mL/g of cold water by a TissueLyser LT bead mill (Qiagen) 

with 3.2 mm stainless steel beads, for 10 min at 50 vibrations/s. 

Homogenates were carried into glass vials, and 4 mL/g chloroform and 

2 mL/g water were added. After vortexed, samples were left on ice for 

10 min for phase separation, and centrifuged for 5 min at 2000 g at 4° 

C. A volume of the upper methanol layer (600 µL) containing the polar 

metabolites were transferred into glass vials, dried in a centrifugal 

vacuum concentrator (Eppendorf 5301), and stored at -80 °C. Prior to 

Nuclear Magnetic Resonance (NMR)-based metabolomics analysis, the 

dried polar extracts were re-suspended in 600 µL of a 0.1 M sodium 

phosphate buffer (pH 7.0, 10% D2O; Armar AG, Dottingen, 

Switzerland) containing 1 mM 2,2-dimethyl-2-silapentane-5-sulfonate 

(DSS) (Sigma-Aldrich Co) as the internal reference. The mixture was 

vortexed and transferred to a 5 mm diameter NMR tube. The DSS acted 

as an internal standard and provided a chemical shift reference (δ = 0.0 

ppm) for the NMR spectra, while the D2O provided a deuterium lock 

for the NMR spectrometer.  
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1H NMR-based metabolomics analysis 

Extracts of gill tissue were analysed on a Varian-500 NMR 

spectrometer operating at a spectral frequency of 499.74 MHz at 298 

K. One-dimensional (1-D) 1H NMR spectra were obtained using a 

PRESAT pulse sequence to suppress the residual water resonance and 

6983 Hz spectral width with a 2.0 s relaxation delay. A total of 256 

transients were collected into 16,384 data points requiring a 19 min 

acquisition time. All data sets were zero filled to 32,768 data points and 

exponential line-broadening of 0.5 Hz was applied before Fourier 

transformation. All 1H NMR spectra were manually phased, baseline-

corrected, and calibrated (DSS at 0.0 ppm) using Chenomx Processor, 

a module of Chenomx NMR Suite (version 5.1; Chenomx Inc., 

Edmonton, Canada) software. The peaks of interest, namely the 

metabolites related to serotonergic (i.e. serotonin) and cholinergic (i.e. 

acetylcholine) systems, were identified within the 1H NMR spectra 

(Cappello et al., 2013b; Fasulo et al., 2012b) and quantified using 

Chenomx Profiler, another module of Chenomx NMR Suite software, 

which uses the concentration of a known DSS signal to define the levels 

of individual metabolites (Brandao et al., 2015; Cappello et al., 2015). 

 

Enzymatic analysis 

Acetylcholinesterase (AChE) activity was estimated in the gills of 

mussels by using the colourimetric method of Ellman et al. (1961) with 

small changes by UV–Vis–UV mini-1240 spectrophotometer 

(Shimadzu, Kyoto, Japan). In short, thiocholine derivatives are 
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hydrolysed by acetylcholinesterase to yield thiocholine. The subsequent 

combination with 5,5-dithiobis-2-dinitrobenzoic acid (DTNB) forms 

the yellow anion 5-thio-2-nitrobenzoic acid, which absorbs strongly at 

412 nm. AChE activity was expressed as µmol/min/mg (Maisano et al., 

2017). 

 

Molecular analysis 

RNA extraction and cDNA synthesis 

Tissue homogenization and RNA extraction from gill tissues of Mytilus 

galloprovincialis collected at each sampling mesocosm were performed 

using Qiazol reagent (Qiagen). RNA quantity and quality were assessed 

as detailed by Giannetto et al. (2015). cDNA synthesis from 1 mg total 

RNA was performed by QuantiTect reverse transcription kit (Qiagen) 

after gDNA wipeout buffer treatment in order to exclude any potential 

genomic DNA contamination, following manufacturer's instructions. 

 

5-HT3R quantitative gene expression (qPCR) 

Degenerate primers (Table 4.1) were designed on the conserved regions 

of 5-HT receptor genes isolated from other mussels.  

PCR product was separated on 1% agarose gels. The region containing 

the expected size fragment was sliced, purified using QIAquick Gel 

Extraction kit (Qiagen) and sequenced using ABI PRISM BigDye 

Terminator 3.1 Cycle Sequencing kit (PE Applied Bio-system). The 

sequence (340 bp) was submitted to NCBI database. Quantification of 



63 
 

5-HT3R gene expression in M. galloprovincialis gills was performed by 

real-time PCR using the Rotor-Gene Q 2plex Hrm thermocycler 

(Qiagen) with SYBR Green chemistry (Qiagen) as mentioned by 

Giannetto et al. (2014). qPCR primers, listed in Table 4.1, were 

designed using the Beacon Designer TM online tool 

(http://www.premierbiosoft.com/qOligo/ Oligo.jsp?PID=1) for the 

target and reference genes analysed. 

The actin (act), 18S ribosomal RNA (18S rRNA) and elongation factor 

(ef1-), were chosen as reference genes. The primers for the reference 

genes are reported in Giannetto et al. (2015). Twenty-fold diluted gill 

cDNA samples were run in duplicate and no template and minus reverse 

transcriptase controls were included in each reaction The PCR 

efficiency determination was made by a five-point standard curve of a 

5-fold dilution series (1:1 to 1:32) from pooled RNA (Fernandes et al., 

2006). To correct the raw data genes a Normalization Factor was used. 

This Normalization Factor was calculated from the two most stable 

genes (18S rRNA and act) by geNorm software 

(http://medgen.ugent.be/~jvdesomp/genorm/). The single-peak melting 

curves confirmed the specificity of the reaction. 

Table 4.1 Nucleotide sequences of primers, amplicons size (bp), methods, qPCR efficiencies (E%). 

Primer Primer sequence Size (bp) Methods E (%) 

5-HTR _FWD ATTNCGTTGGNTCGGTNCTG 

340 Cloning  

5-HTR_REV TANCGCCAGANCAATTNCAT 

q5-HTR _FWD TAACGCCAGACCAATTCCAT 
95 qPCR 

98 

q5-HTR_ REV TGAAGCCATCTTGACTGACG 102 

 

  

http://www.premierbiosoft.com/qOligo/
http://medgen.ugent.be/~jvdesomp/genorm/
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Statistical analysis 

Statistical analyses were made by GraphPad software (Prism 5.0, San 

Diego CA, USA) for immunohistochemical, metabolomics and 

enzymatic data, while molecular data were analyzed using SigmaPlot 

(Systat software). Results were expressed as mean ± standard deviation 

(SD). One-way analysis of variance (ANOVA) applying the Dunnett’s 

multiple comparison test, in order to determine significant differences 

between control and treatment groups and the Student-Newman-Keuls 

post-hoc tests to assessing differences in 5-HT3R expression levels 

between mussels from the three mesocosms. Data were considered 

statistically significant at p < 0.05 
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4.2. Results 

Physico-chemical parameters 

No significant variations were noted throughout the experimental 

period of the measured values of the main physico-chemical parameters 

(pH, mean value 7.9 ± 0.1; temperature, mean value 15.8 ± 0.5 °C; 

dissolved oxygen, 5 ± 0.5 mg/L). 

 

COD measures 

Mean values of COD around 22 mg/L were recorded in the control 

mesocosm. The monitoring of the COD (unfiltered samples) showed 

average COD values of about 30-35 mg/L before agitation and very 

variable and different values in the two tanks of B and G sediment 

mesocosms following agitation (up to 270 mg/L). Values were elevated 

and comparable after agitation, and were recorded in the first two days 

of the experimentation in both tanks. The post-agitation values were in 

average lower after a couple of water changes within the systems. 

Further increases in COD were recorded in the last days of the 

experimentation even in the pre-stirring samples (values up to 190 mg/L 

in the B mesocosm and up to about 130 mg/L in the G mesocosm).  
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Metal concentration in sediment of B and G mesocosms  

 

The monitoring of metal concentration in sediments of B and G 

mesocosms showed a reduction of metals in the G sediment after Soil 

Washing. In particular, the treatment did not allow to obtain mercury 

concentrations below the intervention limit value for the Bay of 

Augusta, but it permitted to record an average removal efficiency higher 

than 90% (mercury concentrations below 4 mg/kg) (Tab 4.2; Tab 4.3). 

Noteworthy, it is interesting to underline the very high treatment 

efficiency observed also versus other metals (Tab. 4.3). 
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Tab 4.2 Dutch Sediment Quality Guidelines ( SQG):mg*k-1 

[Metal Concentration] < Target value, the material is class 0 (non-

polluted); Target <[Metal Concentration] < Threshold, the material is 

class 1 (slightly polluted); Threshold < [Metal Concentration] <Test 

Value, the material is class 2 (moderately polluted);Test value <[Metal 

Concentration] <Action, material is class 3 (polluted) 

;[MetalConcentration] >Action value, material is class 4 (heavily 

polluted). 

Dutch SQG 
(mg/kg) 

Target 
value 

Threshold 
value 

Test 
value 

Action 
value 

Chrome 100 380 380 380 

Nickel 35 35 25 21.04 

Copper 35 35 90 190 

Zinc 140 480 720 720 

Arsenic 29 55 55 55 

Cadmium 0.8 2 7.5 12 

Lead 85 530 530 530 

Mercury 0.3 0.5 1.6 10 
 

  



68 
 

 

Table 4.3. Concentration of metals in sediments from B and G 

mesocosms 

*Values exceeding the SQG. 

  16RP03402   16RP03403    

  

BLACK 

SEDIMENT 
SD 

GREY 

SEDIMENT 
SD 

Removal  

Efficiency 

(%) 

Nitrogen 0.44   < 0.1   78 

Total Organic 

Carbon (TOC) 

(% p) 1.4   0.19   

86 

Chlorides (Cl-) 

(mg/kg) 38900 5400 2,000 280 
95 

Sulphate 

(SO4-2) 

(mg/kg) 3865.2   504.32   

87 

Sulphide 

(mg/kg) < 0.1   < 0.1   
 

METAL          

Antimony. 

(Sb) (mg/kg) 0.48 0.072 0.255 0.034 
48 

Arsenic (As) 

(mg/kg) 12.4 1.9 1.98 0.3 
85 

Beryllium 

(Be) (mg/kg) 0.234 0.034 0.433 0.064 
 

Cadmium 

(Cd) (mg/kg) 0.197 0.03 0.05   
75 

Calcium(Ca) 

(mg/kg) 117000 35000 40000 12000 
66 

Cobalt (Co) 

(mg/kg) 10.8 3.2 3.6 1.1 
66 

 Total Chrome 

(Cr) (mg/kg) 27.7 4.2 21.2 3.2 
 

Iron (Fe) 

(mg/kg) 32800 9800 34000 10000 
 

Total 

Phosphorus 

(P) (mg/kg) 1314.06   724.22   

45 

Magnesium 

(Mg) (mg/kg) 14000 2400 12600 2200 
10 

Mercury (Hg) 

(mg/kg) 47.7* 7.2 3.55* 0.53 
90 

Molybdenum 

(Mo) (mg/kg) 2.85 0.43 0.328 0.049 
89 

Nichel (Ni) 

(mg/kg) 12.6 1.9 9.4 1.4 
27 

Lead (Pb) 

(mg/kg) 23 3.5 18.9 2.8 
18 

Copper (Cu) 

(mg/kg) 60.3* 9.1 13.1 2 
79 

Vanadium (V) 

(mg/kg) 38.9 5.8 22.3 3.4 
43 

Zinc (Zn) 

(mg/kg) 86 13 25 3.8 
71 
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Histology 

In the gills of M. galloprovincialis from WS mesoscom it was observed 

the normal morphology of mussel gill tissue (Fig 4.2A), consisting of 

parallel filaments whose whole surface is coated by cilia. In the gills of 

the BS mesocosm, it was found a relevant loss of cilia (Fig 4.2B). In the 

GS mescosm, it was noticed a moderate alteration of cilia with a 

relevant presence of haemocyte (Fig. 4.2C). 

 

Fig.4.2.The gills of Mytilus galloprovincialis stained with Haematoxylin and Eosin (H&E). Mesocosm W 

(msc II W) Mesocosm B (msc II B), Mesocosm G (msc II G). * indicate loss of clia , arrows show  haemocyte. 

Scale bars, 20 μm 
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C 
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Immunohistochemistry 

With regards to the serotoninergic system in the WS mesocosm, it was 

observed a high cellular immunopositivity for 5-HT (4.3A.) and low 

expression of 5-HT3R (4.4A.). In the BS mesocosm, it was recognized 

a reduction of immunopositivity for serotonin (4.3B.), and a 

concomitant increase of signal for the receptor in the cells and fiber 

(4.4B..). In the GS mesocosm, moderate increase of serotonin 

immunopositivity was found, as showed, in cells (4.3C.), in the GS 

mesocosm, its receptor is localized in cells (4.4C.). Statistical analyses 

of immunohistochemical results for 5-HT and 5-HT3R are shown in Fig. 

4.3D. and 4.4D. In the cholinergic system, the AChE and ChAT showed 

a high immunopositivity in the gill cells of control (4.5A.; 4.6A.). In the 

BS mesocosm, it is possible to observe a low cellular immunopositivity 

in AChE and ChAT and higher signal in fibers (4.5B.; 4.6B.). In the GS 

mesocosm, the immunopositivity for both enzymes is increased in 

respect to the BS mesocosm, and expressed mainly in cells (4.5C.; 

4.6C.). Statistical analyses of immunohistochemical results for AChE 

and ChAT are shown in 4.5D. and 4.6D.. 
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Fig.4.3. Immunohistochemical labeling for 5-HT in mussel gills in Mesocosm White (A), Mesocosm Black 

(B) and Mesocosm Grey (C). Mean and standard deviation (S.D.) of immunopositive cells (D). Significant 

difference p < 0.05.between Control (White Mesocosm) and the Black and Grey Mesocosm is indicated by 

an asterisk. Scale bars 20 μm.  
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Fig4.4. Immunohistochemical labeling for 5-HT3  R in mussel gills in Mesocosm White (A), Mesocosm 

Black (B) and Mesocosm Grey (C).Mean and standard deviation (S.D.) of immunopositive cells (D). 

Significant difference p < 0.05.between Control (White Mesocosm) and the Black and Grey Mesocosm I is 

indicated by an asterisk. Scale bars 20 μm.  
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Fig.4.5. Immunohistochemical labeling for AChE in mussel gills.in Mesocosm White (A), Black Mesocosm 

(B) and Mesocosm Grey (C). Mean and standard deviation (S.D.) of immunopositive cells (D). Significant 

difference p < 0.05.between Control (White Mesocosm) and the Black and Grey Mesocosm is indicated by 

an asterisk. Scale bars 20 μm.  
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Fig 4.6. Immunohistochemical labeling for ChAT in mussel gills.in Mesocosm White (A),Mesocosm Black 

(B) and Mesocosm Grey (C). Mean and standard deviation (S.D.) of immunopositive cells (D). Significant 

difference p < 0.05.between Control (White Mesocosm)  and the Black and Grey Mesocosm is indicated by 

an asterisk. Scale bars 20 μm.  
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Metabolomics 

In the WS mesocosm, high levels of serotonin and acetylcholine were 

observed. In the BS mesocosm the level of acetylcholine was higher 

than that one in the WS mesocosm, while the level of serotonin was 

lower (statistically significant data). In the GS mesocosm, the level of 

serotonin was higher than in the BS mesocosm and nearer to the WS 

mesocosm, while the concentration of acetylcholine was lower in 

respect to the two WS and BS mesocosms. (Fig. 4.7.) 

 

Fig. 4.7. Metabolomic evaluation of serotonin and acetylcholine in three mesocosms: * p value < 0.05 

  

* * 
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Enzymatics 

 

From the comparison of the enzymatic activity in the three different 

mesocosms it was possible to observe a significant reduction of about 

20% of AChE activity in the gills of mussels exposed to natural 

mercury-polluted sediments in the BS mesocosm (statistically 

significant data). In the GS mesocosm, where sediments were treated 

by Soil Washing, the enzymatic activity of AChE was not inhibited 

hence the level of AChE activity was equivalent to the W mesocosm 

(Fig. 4.8.). 

 

Fig.4.8. AChE Activity in three mesocosms. * p value < 0.05 

  

* 
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Molecular results 

In regards to the gene expression for the serotonin receptor 5-HT3R, it 

was possible to notice variations in the different experimental 

conditions. In the BS mesocosm, the gene expression of 5-HT3R was 

over three times higher than that observed in the WS mesocosm 

(statistically significant data). In the GS mesocosm, where natural 

mercury-polluted sediments were treated by Soil Washing, an almost 

three time increase in the gene expression was recorded compared to 

the WS mesocosm, but the gene expression compared to the BS 

mesocosm was slightly lower (statistically significant data). (Fig. 4.9.) 

 

Fig4.9. Gene expression of 5-HT receptor in three mesocosm. * P. Value <0.05 
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4.3. Discussion 

The petrochemical pollution of sediments in the harbour area represents 

a very relevant problem. For instance, the Augusta-Melilli-Priolo 

(Sicily, Italy) is characterized by high level of metals, in particular 

elevated concentrations of mercury overcoming the national and 

international guideline limits for sediment quality (Ministerial Decree 

No. 260/2010; Dutch SQGs ;De Domenico et al. 2013), though this area 

has been involved in the National Remediation Plan in 2002. The high 

level of these contaminants was confirmed by several works (De 

Domenico et al., 2011, 2013; Di Leonardo et al., 2014; Maisano et al., 

2017; Sprovieri et al., 2011).  

Soil washing, by physical and chemical approaches, is a technology 

particularly relevant for the remediation of metal-contaminated soils 

(Dermont et al., 2008). In this case, the evaluation of the efficiency of 

the Soil Washing Technique showed, with regards to the chemical 

analysis, a consistent 10 times reduction of mercury and other metals. 

The use of microscosm/mesocosm scale experiment is useful to 

evaluate the efficiency of remediation technique (Pirrone et al., 2018). 

The use a multi-biomarker approach in M. galloprovincialis gills has 

been widely reported (Cappello et al., 2015; Maisano et al., 2017; 

Pirrone et al., 2018). The histo-morphology of gills showed an 

important loss of cilia in the BS mesocosm. In the GS mesoscosm the 

condition of the tissue appeared good in respect to the gills in the BS 

mesocosm, even if it is possible to observe the presence of haemocyte. 

The toxic effects of mercury in aquatic organisms are still object of 
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research (Cappello et al., 2016a; 2016b). The view of histomorpholgical 

alteration represents a signal of damaging of the functional integrity of 

gills (Cappello et al., 2013b; Maisano et al., 2017). Hence the cilia 

activity play a key role in most of the gill functions (Sunila, 1998), 

while the hemocytes possess a complex cell signaling network with 

high homology with that of vertebrates, that allows them to modulate 

their own functions (Humphries and Yoshino, 2003; Franzellitti and 

Fabbri, 2013). The observation of haemocytes, a signal of 

inflammation, in the mesocosm with treated sediments is due to the 

presence of metals such as mercury. In fact, the soil washing was able 

to reduce the concentrations of heavy metals but in the case of mercury, 

the levels were still above of the allowed limits (Ministerial Decree No. 

260/2010; Dutch SQGs). For this reason, such concentrations are likely 

to trigger a cytotoxic and inflammatory response in the tissue. Also in 

this case, the neurotransmission system, i.e. serotoninergic and 

cholinergic, which set the movement of cilia (Gosselin, 1961; Carroll 

and Catapane, 2007; Matozzo et al., 2005), was analysed by a multi-

biomarker approach.  

About the serotoninergic system, the amount of serotonin in the GS 

mesocosm was lower than in the WS mesocosm but higher than in the 

BS mesocosm. This trend was confirmed by the immunopositivity of 

5H-T in the different mesosocosms. The reduction of serotonin, 

observed in the BS mesocosm, was previously reported in mussel gills 

exposed to petrochemical pollution in nature (Cappello et al., 2015; 

Maisano et al., 2017). The increase of the level serotonin is a signal that 

GS mesocosm condition is closer to that one observed in WS 
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mesocosm. The evaluation of 5-HT receptor, by immunohistochemistry 

assay and molecular analysis in the BS mesocosm shows an increase of 

the serotonin receptor than in the WS mesocosm. This result is an 

adaptive response mediated by the paracrine signalling activities in 

order to recover a regular physiological activity in mussel gills 

(Cappello et al., 2015; Maisano et al., 2017). Nevertheless, the 

reduction of the 5-HT3R expression and immunopositivity, in the 

mesocosm with treated sediments, suggests a trend versus healthy 

condition. Hence, in the GS mesoscosm the expression and the 

immunopositivity are not stackable in respect to the WS mesocosm 

conditon but, at the same time, they are different in respect to the BS 

mesocosm.  

The evaluation of cholinergic system was also made, since the 

cholinergic system is responsible for the physiological functioning of 

the efferent nervous systems (Matozzo et al., 2005). The acetylcholine 

level, evaluated by a metabolic approach, in the BS mesocosm was 

higher than control. As mentioned in the last chapter, this increase is 

not reported in mussels caged in petrochemical polluted areas for 30 

days (Cappello et al., 2015) and 60 days (Maisano et al., 2017). In the 

GS mesocosm, the acetylcholine level was lower than in the BS 

mesocosm and control. The AChE activity was inhibited in the BS 

mesocosm, while in the GS mesocosm the same activity was 

comparable to control. The inhibition of AChE, which split 

acetylcholine into choline and acetate in cholinergic synapses and 

neuromuscular junction (Matozzo et al., 2005), in presence of pollutants 

is well documented (Rank et al., 2007; Ciacci et al., 2012). In addition 
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to these data, to evaluate deeper the efficiency and the functioning of 

cholinergic system, immunohistochemistry assay was used, as already 

seen in other works (Cappello et al., 2015; Maisano et al., 2017). By 

this assay, choline acetyltransferase (ChAT), which synthesizes in the 

cytoplasm the cholinergic neurons acetylcholine, and AChE, were 

evaluated. The immunopostivity of the two enzymes in the BS 

mesocosm was lower than in the control. This concomitance of signal 

was reported also in Maisano et al. (2017) and it is a signal of critical 

compromise of the cholinergic system. In the GS mesocosm the 

immunopositivity was quite similar to the WS mesocosm.  

Overall, the Soil Washing of sediments was able to create healthier 

condition for mussels in the GS mesoscosm, with regards to gill 

histomorphology and neurotransmission system.  
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4.4. Conclusion 

The consistent amount of heavy metals in the sediments of a 

petrochemical site, such as "Augusta-Melilli-Priolo" (Sicily, Italy), 

represents a valid motivation to improve more efficient remediation 

techniques.  The Soil Washing, used in this experiment, has proved to 

be able to reduce by 10 times the concentration of various metals. In the 

case of mercury, whose concentration overcame the national and 

international limits for sediments in Augusta-Melilli-Priolo, a 10 times 

reduction was observed. By the multi-biomarker approach and the 

mesocosm scale experiment, it is possible to state that the treatment for 

sediment it is not still able recreate the same condition of an unpolluted 

site, but at the same time the living organisms, in this case mussels, 

exposed to this treatment show better health condition than the polluted 

mesocosm. In addition, the morphology and the neurotransmission 

system of mussel gills showed condition and functionality closer to the 

White mesocosm. Overall, although the remediation approach needs 

further improvement, it was able to create good conditions for the life 

of aquatic organisms. 
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CHAPTER V Use of Cell Culture in Toxicology: 

Evaluation of alterations induced by pollutants 

(NaClO) on tight junction of human airway 

epithelial cells 

 

5.1. General introduction 

 

In view of the results obtained with the use of mussels in environmental 

recovery programs, which demonstrated the high sensitivity and the 

extensive alterations induced to the respiratory organs (gills), we 

decided to focus our interest to the direct assessment of the effects of 

environmental contaminants versus land organisms  respiratory organs, 

including humans, by the use of airway epithelial cell lines. For this 

reason, I spent a training period and internship in the laboratory of Dr. 

Ernesto Alfaro-Moreno, Senior Researcher at SWETOX in Södertälje, 

Sweden. Here, I followed various activities, aimed at learning the use 

of cell culture in Toxicology. I learnt the basic methods of cell culture, 

from freezing to thawing cells, seeding and sub-culturing cells to the 

use of some common assays to evaluate cytotoxicity, cellular 

proliferation, epithelial barrier integrity and recovery of epithelial 

integrity after wound. For this, I did use two different cell lines, human 

bronchial epithelial cells, 16HBE, and human monocytic cell line,  

THP-1. 
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In general, the impact of human activities have been responsible for the 

environmental release of significant amount of a wide range of organic 

and inorganic contaminants, directly and indirectly, to waters, soils 

and/or the air (Kim et al., 2016; Abdel Shufy and Mansour, 2016). Since 

the industrial revolution, the presence of chemical compounds in the 

environment has changed and in particular, air pollution has been 

widely recognized as the cause of negative effects on human health and 

other living organisms (Gerdol et al., 2014). Thus, air pollution became 

a real concern for the global community’s due to the impact on humans 

and other living organisms. Due to these concerns, new approaches for 

the evaluation of the effects of pollutants on biological systems are 

required. For several years, animal models were among the most used 

tools in scientific research to evaluate the health effects of inhaled 

substances (Geiser et al., 1994; Phalen, 1976) because researchers 

thought that nonhuman animals as models would be able to predict 

toxicological response in Human Beings. Nevertheless, later the use of 

animal-based toxicity testing was not considered the best model for 

various reasons. First of all, the ethical problems to use animals, in 1959 

British zoologist William Russell and microbiologist Rex Burch wrote 

the Book "The Principles of Humane Experimental Technique", and in 

this book, the authors underlined the importance of refinement, 

reduction, and replacement (3Rs) of animal experimentation. In 

particular, the concept of Replacement suggests the use of non-animal 

model experiment respect animal model experiment for ethical reason. 

In addition, later various authors (Olson et al., 2000; Knight, 2008) 

showed that the ability of animal experiments to predict the real effect 
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of drugs is not so high (all animal experiments 71%, rodents 43% and 

no rodents 63%). Overall the increasing awareness that animal studies 

may not always be optimal predictors of human responses to inhaled 

substances, and the public concern about use of animals for research 

purposes in general, has prompted the search for alternatives (Hartung, 

2009).  
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5.2. Use of Cell Culture in Toxicology 

The first use of Tissue Culture was conceived in the first years of the 

twentieth century (Harrison, 1907; Carrel, 1912). The aim of these first 

experiments was to figure out the behaviour of animal cells free of 

systemic variations that might arise in vivo both during normal 

homeostasis and under the stress of an experiment. First researchers 

start to use lower vertebrate’s cold-blooded animal tissue because these 

cells did not need incubation and the lower vertebrates have a better 

tissue regeneration then higher ones. Few years later, other researchers, 

driven by the medical science interest, started to focus their efforts to 

other species closer to the humans. Few years later, it was possible to 

establish the first continuous mammal cell line L-cell mouse Fibroblast 

(Earle et al., 1943) and HeLa, first human cell line (Gey et al., 1952). 

Nowadays, the cell culture technique is improved, and this 

improvement permitted the use of cell culture in different fields 

(Freshney, 2011). Currently, the research fields are represented by: 

 Cell products 

 Immunology 

 Pharmacology 

 Tissue Engineering  

 Toxicology  

The aim of Toxicology is to assess the biological effects of several 

chemicals on the environments. Chemicals play an important role in 

human daily life, and in the recent years, they furnish our society with 

tools able to improve manufacturing processes in different fields (i.e. 
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chemical industry, agriculture, cosmetic, food industry and 

pharmaceutical industry) (Limonciel, 2014). Nevertheless, the use of 

chemicals is also responsible for a higher exposure of the population, 

either directly or through contamination of the environment. As 

mentioned above the first test, in toxicology, used animal model but 

then, for various reasons, this model was not adequate for researchers 

who developed new in vitro toxicological models. In the second half of 

the 1980s, this kind of experimental model became widely used in 

toxicology. In the beginning, the aim of "in vitro toxicology" was to 

figure out what occurs inside the cells in contact with the toxic agents. 

Then, thanks to the strong improvement of tissue culture 

methodologies, researchers were able to focus on the toxic mechanisms 

of action. Lately, they were able to create models, which try to 

reproduce the in vivo environment (Zucco et al., 2004). Various in vitro 

systems were created for organ toxicity evaluation, hepatoxic model 

(Godoy et al., 2013), nephrotoxic (Soo et al., 2018), neurotoxic (Bal-

Price et al., 2014) and human lung toxic (Hiemstra et al., 2018). The 

Lung airway epithelium is often exposed to inhaled particles, as for 

instance pollutants, toxins, and several airborne pathogens. Therefore, 

the integrity of this epithelium is fundamental to create a selective 

barrier, which permits the passage of solutes and ions through 

paracellular spaces, but avoid pathogen or pollutant migration from 

lumen to interstitium. Multiple mechanisms, including tight junctions, 

adherence junctions, and desmosome are crucial for the epithelial 

integrity (Matter and Bald 2003). 
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5.3. Aim of the Internship 

The purpose of the abroad period was to learn in vitro techniques in 

order to use them, in toxicological tests. In order to better understand 

the mechanism of action of several pollutants against cells and tissues, 

we tried to understand if the in vitro techniques could be considered a 

useful tool for this type of investigation in the environmental 

toxicology. The first part of the internship was characterized by the 

learning basic knowledge and techniques in a cell culture lab (Aseptic 

method, Handling of cell, Cytotoxicity assay). After this period, we 

tried to test the efficacy of two techniques (TEER Measurement and 

Immunofluorescence staining) to evaluate the tight junction disruption 

induced by air pollutant particles. In particular, for these experiments 

the sodium hypochlorite (NaClO) was used. The NaClO is a common 

disinfectant agent, which is known to be responsible of acute lung 

injury in animals (Nemery et al., 2002; Van Den Broucke et al., 2018 

Yadav et al., 2010). 
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5.4. Material and Methods  

Cell Culture  

The Human Bronchial Epithelium cells 16HBE (Cozens et al., 1994; 

Wan et al., 2000) were used in these experiments. The 16HBE were 

seeded in T75 flask with DmeM/F12 (Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12) 10% Fbs (Fetal Bovine Serum). 

Pollutant 

A stock solution of commercial sodium hypochlorite (NaClO) 

(KLORIN original 27g/Kg) 2.7% was used. To create different 

concentration (0.000027%-2.7%) the stock solution was diluted in 

DMEM/F12 (no FBS).  

Transepithelial electrical resistance (TEER) Measurement  

The 16HBE (P1-P10) were seeded in 24 well plates with inserts 

(Transwell Permeable supports Costar, 6,5 mm insert-surface 0.33 cm2, 

0,4 m Polyester membrane) with a densities of 100.000 cells/cm2 in 

the upper chamber with 100 l of medium (DMEM/F12 10% FBS), the 

down chamber of the well were filled with only 500 l of the same 

medium. The cells were observed using an inverted microscope (Nikon 

TMS Inverted Microscope) to evaluate the confluence of the cells. Once 

the cultures look confluent, we measured the TEER every day by 

Evom2 (Epithelial Volt Ohm Meter) with Stx2 chopstick. When the 

TEER reached a high value (550 cm2), signal of tight junction 

development, it was decided to start the experiments. The experiments, 

conducted in duplicate, were repeated twice. The cells were exposed to 
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several concentration of sodium hypochlorite: 0.00027% - 0.27% in the 

first experiment and 0.000027% - 0.27% in the second experiment for 

6 hours. During this time the TEER of the cells was measured by Evom2 

(Alfaro-Moreno et al., 2018). 
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Reagent Immunofluorescence staining of Zonula Occludens-1  

(ZO-1) 

For the immunofluorescence assay of Zo-1 the following reagents were 

used: 

 Methanol Acetone 1:1 (V/V) solution for fixation 

 PBS (pH 7.4) to wash  

 BSA (Bovine Serum Albumin) 1% for blocking 

 Primary Antibodies ZO-1 (2.5 g/ml ZO-1 Polyclonal Antibody 

from Thermo Fisher Scientific, catalog # 61-7300, RRID 

AB_2533938) for the first incubation 

  Secondary Antibodies Alexa Flour 488 coniugated (Donkey 

anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 488 from Thermo Fisher Scientific, 

catalog # A-21206, RRID AB_2535792) 

 

Immunofluorescence staining of Zonula Occludens-1 (ZO-1) 

In parallel, 16 HBE were seeded in 96 well plate (0.33 cm2 surface) 

with the same densities of the inserts. When was registered an increase 

in the TEER values in the inserts, the 96 well plates were treated in the 

same condition. To evaluate alterations in the tight junctions we did 

immunofluorescence staining for ZO-1 (tight junction protein). After 

the NaClO exposure, the cells were fixed with a Methanol-Acetone 1:1 

(V/V) solution. After the fixation the plates were incubated with the 

primary antibodies ZO-1. After washing, they were incubated 1 donkey 
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anti-rabbit secondary antibodies at 1:2000. ImageXpress Micro 

equipment was used for the imaging (Alfaro-Moreno et al., 2018). 

 

Statistical analysis 

Statistical analysis for TEER measurement was made by GraphPad 

software (Prism 7.0 San Diego USA). Results were expressed as mean 

± standard deviation (SD). All data were statistically analyzed by two-

way analysis of variance (ANOVA) by applying Dunnett Test. The 

datas were considered statistically significant at p < 0.05. 
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5.5. Results 

TEER results 

In the two experiments it is possible to observe a variation of the TEER 

measurement during the time exposure. But apart the highest 

concentration 0.27%( Fig. 5.2.; Fig. 5.4.) where the drop of the TEER 

after 1 hour, without recovery of it, is evident, in the other conditions, 

the value show results very variable how demonstrated by the SD, also 

in the negative control. The interaction was statistical significant only 

for the highest concentration (0.27%) in the two experiments (Fig. 5.2.; 

Fig. 5.4.). These results marked the high variability of the TEER 

Measurement (Fig. 5.1.-5.4.) (Tab. 5.1.; Tab. 5.2.) 

Tab. 5.1; TEER Measurement I Experiment, SD (Standard 

deviation) 

TEER Measurement I Experiment (cm2) 
Tim

e 

Neg 0.00027% 0.0027% 0.027 % 0.27% 

h Mean SD Mean SD Mean SD Mean SD Mean SD 

0 

479.49 192.7 320.9 134 500.78 
54.8
4 

363.00 74.67 481.80 14. 

1 
402.6 60.6 

325. 
196 517.28 61.8 344.85 114.34 52.14 0.9 

2 
379.5 42 

312.6 
169 518.10 4.6 316.80 72.34 47.03 1.1 

3 
344.85 72.3 

312.6 
159.8 456.23 50.1 328.02 61.14 47.03 3.5 

4 
323.4 88.6 

300.3 
156.3 479.33 52.5 340.73 71.17 50.16 0.9 

5 
301.95 91 

288.7 
144.6 473.55 81.6 371.42 93.57 48.68 1.1 

6 273.07 115.5 320.9 134.1 500.78 54.8 374.55 84.00 46.20 - 
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Tab. 5.2; TEER Measurement II Experiment, SD (Standard 

deviation) 

TEER Measurement II Experiment(cm2) 
T neg 0.000027% 0.00027% 0.0027% 0.027 % 0.27% 

H 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

1 
420.7 160.1 500.2 164.4 440.2 153.8 435.7 

130.
6 

439.
5 

108.
1 

314.2
5 

134 

2 
348.7 117.3 397.5 120.9 373.5 125.1 371.2 98.6 

340.
5 

93.3 49.5 2.1 

3 
342 131.5 408 156.9 367.5 129.4 372 

114.
5 

316.
5 

116.
6 

48 0 

4 
340.5 125.1 411 156.9 357.7 126.2 375 

127.
2 

313.
5 

114.
5 

45 0 

5 
352.5 129.4 433.5 176.1 447 216.3 403.5 

137.
8 

345 
114.

5 
46.5 2.1 

6 
333 125.1 410.2 170.8 411.7 200.4 382.5 

137.
8 

347.
2 

109.
2 

45.75 1 
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Fig. 5.1 TEER Measurement low concentrations (0.00027%; 0.0027%). neg (negative control). 

The dot in the graph represents the mean while the bar the standard deviation (SD) 

 

 

Fig .5.2. TEER Measurement for high concentrations (0.027%; 0,27%) neg (negative control). 

The dot in the graph represents the mean while the bar represents the standard deviation (SD) 

* statistical significant p < 0.05. 
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Fig 5.3. TEER Measurement for low concentrations (0.00027%; 0.000027%) neg (negative 

control). The dot in the graph represents the mean while the bar represents the standard 

deviation (SD) 

 

Fig.5.4. TEER Measurement for high concentrations (0.0027%; 0.027 %; 0.27%) neg (negative 

control). The dot in the graph represents the mean while the bar represents the standard 

deviation (SD). * statistical significant p < 0.05. 
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Zo-1 immunofluorescence 

In the negative control (Fig. 5.5.) it was possible to observe the regular 

tight junction pattern of the cells. This pattern looks to maintain in the 

lowest concentration (0.00027%) (Fig. 5.6.), with few cells stretched. 

In the concentration 0.0027% (Fig. 5.7.) it was possible to notice an 

alteration of the shape, with fusiform cells, and in tight junction pattern. 

In the concentration 0.27% (Fig. 5.8.) it was possible to see an increase 

of the immunopositivity, with the presence of Gap and severe alteration 

of tight junction. In the highest concentration 2.7% (Fig.5.9.) the 

absence of signal is related to the death of the cells. 

 

Fig 5.5. Immunohistochemical labeling for ZO-1 in 16HBE. Negative control with the 

regular Thight Junction pattern. Magnification 200X 
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Fig 5.6. Immunofluorescence labeling for ZO-1 in 16HBE, 0.00027% NaClO 

exposure Regular pattern of the cells with some cells in the edge which look slightly 

stretching. Magnification 200X 

 

Fig. 5.7. Immunofluorescence labeling for ZO-1 in 16HBE, 0.0027% NaClO 

exposure. Cells with a interesting amount of Streched Cells. Magnification 200X 
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Fig. 5.8. Immunofluorescence labeling for ZO-1 in 16HBE, 0.27% NaClO exposure; 

It is possible to observe a severe alteration of the pattern and the immunopositivity. 

Magnification 200X 

 

Fig. 5.9. Immunofluorescence labeling for ZO-1 in 16HBE, 2.7% NaClO exposure. 

The absence of signal is related to the death of the cells. Magnification 200X 
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5.6. Discussion 

The tight junction or zona occludens is the intercellular junction that 

rules diffusion of several substances (Matter et al., 2003). Hence it 

permits both of these cell layers to form selectively permeable cellular 

barriers able to separate apical (luminal) and baso-lateral (abluminal) 

sides in the body. These barriers regulate the transport processes and 

support the maintenance of homeostasis. The epithelial barriers of 

several organs are continuously studied in order to develop new systems 

of therapeutic drug carrier across these barriers in order to reach the 

various target tissue (Srinivasan et al., 2015). Various researchers 

revealed the respiratory and systematic effect related to exposure to 

inhaled particles as Particular Matter (PM) and nanoparticles (Np), 

which are the main pollutants element in the air, (Lin et 2008; Nemmar 

et al., 2013; Nurkiewicz et al., 2011). This effect of PM and Np were 

evaluated by different approach (Alfaro-Moreno et al., 2002, 2008. 

Rueda-Romero et al., 2016) Geys et al. (2006) underlined the 

correlation between TEER and tight junction in relation to particles 

translocation. Some particles are able to modulate the tight junction and 

permeability of epithelial barrier (Lehaman et al., 2009; Nemmar et al., 

2013). Therefore, the evaluation of the effect of toxic compounds on 

epithelial barrier permeability could be an interesting research field. 

The 16HBE (Cozens et al., 1994) are human immortalized bronchial 

epithelial cell lines, which are able to form tight junction (Luyts et al., 

2015 Wan et al., 2000). One of the most common methods to evaluate 

the epithelial barriers integrity is the measure of the TEER. It is a kind 

of technique non-invasive able to permit the evaluation of the barrier 



101 
 

integrity during various steps of growth and differentiation. But it is a 

technique that shows a wide range of value for the same cell line. This 

high variability could be lead versus incorrect conclusions about the 

epithelial barriers alteration and disruption related to drugs or particles 

(Srinivasan et al., 2015). Our experiments seem to confirm this 

variability. Hence our measures show a wide range of value for the 

same cells in the same conditions, although NaClO was used, which 

represent a well-known enviromental respiratory irritant (McGovern et 

al. 2015, 2010; Tuck et al. 2008). For this reason, more efficient ways 

of estimating variations in tight junctions are required to assess and 

screen a large number of chemicals and particulate matter. 

Nevertheless, the evaluation of the Zo-1, a protein associated with the 

tight junction (zonula occludens) in a variety of epithelia (Stevenson et 

al., 1986; Fanning et al., 1998; Luyts et al., 2015 Wan et al., 2000) by 

immunofluorescence assay seems to show interesting results. The 

immunopositivity of ZO-1 seem to be sensitive to the exposure of 

NaClO, and results were comparable in the different plates. Overall, the 

16HBE cells resulted sensitive to NaClO exposure, and these results 

confirmed their efficiency in the assessment of air pollutants effects 

(Luyts et al., 2015; Baulig et al., 2003). 
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5.7. Conclusion 

In general, the cell culture technique represents a very useful and 

interesting tool to estimate the effect of particles and pollutant on cells. 

Hence, the use of cell culture in toxicology permits to investigate deeper 

the uptake and the action mechanism of several particles and chemical 

compound in easy setting microenvironment. About the experiments, 

the evaluation of the tight junction disruption induced by pollutants and 

particles represent a very interesting investigation field. With regards 

the approaches, the TEER measurement is a non-invasive technique 

able to give general information about the integrity of the epithelial 

barriers and the use of an immunofluorescence assay seems a very 

promising approach for the evaluation of tight junction disruption 

induced by pollutants on airway epithelial cells. Therefore, these 

preliminary results, obtained during a very brief internship, could 

represent the first step for future and specific investigations for the 

assessment of environmental toxic compound effects on human airway 

epithelial cells. 
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CHAPTER VI General Conclusion 

The results obtained in this thesis highlight how the use of a multi-

biomarker approach on aquatic organisms, such as mussels, is useful in 

evaluating the biological effects of environmental pollutants. The use 

of a scale-up experiment represented a good strategy to point out the 

degree of recovery treatments efficiency versus wastewater and 

contaminated sediments from a polluted area. Additionally, thanks to 

the approaches herein applied, it was possible to underline the 

capability of the aforementioned treatments in healing environmental 

conditions for the organisms. Overall, it was possible to foreground that 

sediment treatment produced results more significant compared to those 

obtained on wastewater, but in general, results provided useful 

suggestions for the optimization of both recovery action treatments. 

Moreover, during the traineeship at Swetox, evaluation on tight junction 

disruption on airway epithelial cells after exposure to NaClO, a well-

known respiratory irritant, was performed. This work showed that the 

assessment of air pollutant effect on epithelial barrier permeability 

represents an interesting field of research. Furthermore, in general, cell 

culture techniques represent an important tool to investigate the action 

mechanisms of a variety of pollutants, that could surely represent a 

valid support in studies dealing with the biological effects of 

environmental toxic compounds in different ecosystems. 
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