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Abstract 

Nowadays, the human exposure to micro- and nano-materials is constantly 

increasing due to their consistent production and use. However, the possible 

effects that they could exert on human health are not still deeply understood. 

One of the  main reason is the lack of advanced validated models on which to 

perform the tests. 

The employment of models closer to human physiology and high throughput 

assays could help to fill this gap by better predicting the micro- and nano-

materials exposure consequences. 

With this aim, in this study a simple intestinal in vitro model, represented by 

Caco-2 cells, was implemented considering the cell heterogeneity, the 

intestinal fluids composition, and the intestinal microenvironment physical 

features. Moreover, a high throughput screening test for oxidative stress 

induction was validated. 

Different physico-chemical changes based on the chemical nature of the 

tested particles (lipid-surfactant, carbon-based, iron oxide, and 

hydroxyapatite nanoparticles) after subjecting them to an in vitro simulated 

digestion and  different effects on intestinal Caco-2 cell viability, inflammation, 

and barrier integrity were observed. The potential for the pre-treatment with 

a simulated digestion to increase the predictiveness of in vitro testing over in 

vivo circumstances is indicated by the comparison with the lipid-surfactant 

nanoparticles effects observed in mice, albeit with some differences probably 

due to the lack of some physiological features of the intestinal barrier such as 

cell heterogeneity, mucus secretion, and environmental characteristics. 

Implementing the model by using a Caco-2/HT29-MTX/M-cells co-culture, 

differences in inflammation and barrier integrity were also found after 

simulated digestion of high-density polyethylene microplastics with V. 

parahaemolyticus biofilm. Moreover, the application of physiological pressure 
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and flow showed different outcomes in terms of inflammation and barrier 

permeability on Caco-2/HT29-MTX/M-cells model exposed to microplastics. 

Finally, the results obtained in different laboratories on the tested oxidative 

stress induction assay by using iron oxide, silver, and titanium dioxide 

nanoparticles were similar between each other, indicating a promising 

applicability of this test in high throughput screenings and representing an 

important step in raising the repeatability of in vitro tests and moving toward 

the creation of standardised protocols. 

These findings suggest that the employment of advanced models and 

methods in testing micro- and nano-materials can help to better predict the 

effects that they could have on human health and reduce the use of animal 

testing.  
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1 Introduction 

1.1 Micro- and nanomaterials 

1.1.1 Micromaterials 

Micromaterials (MMs) still do have not a common, univocal, and accepted 

definition, but they can be considered as structures with dimensions less than 

1000 μm and greater than 1 μm [1–4]. 

MMs can derive from natural or artificial processes and can be made up of 

natural and/or synthetic substances. For example, among main MMs found in 

the environment there are the well-known asbestos particles that can derived 

from naturally formation by spontaneous disposition in long and thin 

crystalline fibres of hydrated silicates  [5,6] or from artificial synthesis for 

industrial purpose [6,7]. Like these particles, others can be found as 

environmental MMs: silica dust [8], soot [9], cotton dust [10] and wood dust 

[11] are such examples of particles produced by human activities, while hay 

dust is one of those naturally present in the environment  [12,13]. What join 

all of them is their potential for disease induction  [14–19]. Not all MMs 

represent a danger for human health, indeed some MMs are synthesized and 

studied as medical devices from different purposes, especially for drug 

delivery. 

Actually, some MMs are under study as carriers of drugs for different types of 

diseases for which there are evidence of increased efficacy and/or stability 

than free drug administration. Some examples can be found in the study of 

treatment of Alzheimer’s disease [20], Chronic Obstructive Pulmonary Disease 

[21], and Tuberculosis [22].  

Not only for drug delivery, but even in regenerative medicine MMs play an 

important role. In fact, different gelatine-based MMs are being studied both 
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in vitro and in vivo to regenerate cardiac tissue [23,24], blood vessels [25], 

bones [26–28], cartilage [29][30], and muscles  [31]. 

Moreover, another application of MMs can be found in the field of tumours 

theragnostic. In particular, Bi2Se3 nanodots and doxorubicin hydrochloride co-

embedded tumour cell-derived microparticles were studied by Wang and 

colleagues observing the enhancement of cellular internalization followed by 

deepened tumour penetration and increased cell damage in vitro [32]. In 

addition, by combining the intravenous injection (low-dose chemotherapy) 

and laser irradiation at 808 nm (photothermal therapy) of these microparticles 

a good anti-tumour effects in H22 tumour-bearing mice was obtained [32]. 

In recent years, microplastics (MPs) emerged as a preponderant type of  MMs. 

In fact, thanks to their unique properties, plastics are used in a huge range of 

commercial applications producing a large amount of waste that when 

abandoned and not properly disposed. They can break down into fractions 

generating the MPs that were the most studied plastics fraction in the last 

decade [33,34]. In the last years, they were under global attention because of 

their ubiquitous nature and, consequently, the high risk of human exposure 

and the associated risk to diseases (Figure 1.1). However, the possible effects 

that these particles can have on human health remain poorly understood [35]. 

The main reason can be found in the limited availability of realistic MPs. In 

fact, most of the studies on the possible health effects of MPs have been 

carried out on unrepresentative particles in terms of shape, heterogeneity and 

polymeric nature as they are represented by spherical polystyrene (PS) 

particles [36–43]. For this reason, there is the need to perform further studies 

to better understand what effects these particles could have on human health. 
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Figure 1.1.  Microplastics cycle. Adapted from Ziani et al., 2023 [44]. 

1.1.2 Nanomaterials 

Unlike MMs, nanomaterials (NMs) are accurately defined by European Union 

thanks to scientific evidence provided by European Commission Joint 

Research Centre. 

A "nanomaterial" is an organic, inorganic, or synthetic substance that contains 

at least 50% of solid particles that can be present alone or as identifiable 

constituent particles in aggregates or agglomerates and meet at least one of 

the following criteria in the number-based size distribution. 

The particle has an elongated shape, like a rod, fibre, or tube, where two 

external dimensions are smaller than 1 nm and the other dimension is larger 

than 100 nm; the particle has a plate-like shape, where one external 

dimension is smaller than 1 nm and the other dimensions are larger than 100 

nm; or the particle has one or more external dimensions that fall within the 

size range of 1 nm to 100 nm (Figure 1.2). 
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Particles with at least two orthogonal exterior dimensions larger than 100 µm 

need not be taken into account when determining the particle number-based 

size distribution. However, an item cannot be considered a nanomaterial if its 

specific surface area by volume is less than 6 m2/cm3 [45]. 

As described in the above definition, like MMs, also NMs can be naturally, 

accidentally or intentionally produced. In fact, NMs can spontaneously 

occurring from volcanic ash [46], mineral and salts deposition in water [47], 

erosion [48], and also from bacterial activity [49,50] or produced as secondary 

consequence of human activity [51]. Moreover, NMs can be produced and 

used in different field [52]. Some examples can be found in TiO2 NMs that are 

used in cosmetics [53] and in paints industry [53][54], silica NMs employed in 

food industry [55], and Se NMs used in agriculture [56]. Another important 

emerging field in which NMs are employed is represented by biomedicine in 

which they take the name of nanobiomaterials (NBMs). This field include 

different branches of study of which the main examples are given below: drug 

delivery [57–60], diagnosis [61,62], and theragnostic [63]. The huge and ever 

increasing NMs employment in different fields is mainly due to their unique 

properties. In fact, they show different features than the corresponding bulk 

material. Some examples are the surface area that is higher than that of the 

bulk counterparts [64], the magnetism that can be appear only at the 

nanoscale level [65], the quantum effects that are more pronounced when the 

material is nanosized [66], the electrical and thermal conductivity that 

increases in nanomaterials compared to bulk materials depending on their 

nature [67], and extraordinary mechanical properties that can be absent in the 

macroscopic materials [68]. 

These particular features together with the increasing NMs usage can 

influence human exposure and the effects on human health, for this reason it 

is needed to deeply study the tissues/cells-NMs interaction to better 

understand case-by-case the NMs-associated risk. 
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Figure 1.2. Nanomaterials size comparison with other large materials. Adapted from 

Amin et al., 2014 [69]. 

1.2 Human exposure 

As discussed above, both MMs and NMs present useful features that can be 

exploited in different fields, so their production is becoming more and more 

leading to a constant increase in human exposure. 

This exposure can accidentally or voluntarily occur via different routes, among 

which the main ones have been identified in inhalation, ingestion, skin 

penetration, and injection [70]. 

Air pollution and worker exposure are the main source of inhaled MMs and 

NMs which mainly derived by exhausted gases from means of transport and 

industries, synthetic textiles, degradation of plastics and other wastes, 

building materials, waste incineration, and landfills [71–73]. According to 

recent works, it is estimated that urban air may contain 10,000–50,000 

NMs/m3 and 9.8 MPs/m3 [74,75]. In NMs processing and manufacturing 

businesses, these presented limits may grow larger, which might be quite 

concerning for occupational safety [76]. A great number of studies through 

the last decades have reported that the exposure to air-suspended MMs and 

NMs could induce inflammation, cytotoxicity,  and genotoxicity in lungs [77–
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84] leading to the appearance of respiratory diseases, such as asthma, 

pneumoconiosis, and chronic obstructive pulmonary disease [85–87]. 

Ingestion, together with inhalation, is considered the major route of exposure 

to MMs and NMs due to their presence in food and beverages [88–90]. For 

example, it was estimated that beer and white wine may contain up to 256 

particles/L and 2563–5857 MPs/L respectively [91], even if the first source of 

MPs ingestion has been identified in drinking water [89]. It was estimated that, 

on a global average, humans may consume up to 74,000–121,000 particles per 

year, or 0.1–5 g of MPs with a maximum size of 1 mm per week [75]. However, 

MMs and NMs could also being ingested in a voluntary way. As a matter of 

facts, a huge quantity of different particles is studied as oral delivery systems. 

An example can be found in pH-sensitive MPs studied for the intestinal 

delivery of cinnarizine [92]. Another one is represented by the study of 

nanolipospheres as oral delivery agent for cannabinoids [93]. The mechanisms 

and the effects of particles-intestine interaction will be discussed in detail in 

the following section, but it can be anticipated that, as above reported for 

inhalation, the main consequences of MMs and NMs ingestion are      

cytotoxicity, genotoxicity, and oxidative stress [94,95]. 

Another important source of MMs and NMs exposure is represented by 

personal care products. TiO2, ZnO, and silver NMs are present in products that 

directly interact with skin [96][97], while plastic microbeads are frequently 

used as abrasives in cosmetic products, such as scrubs and exfoliating soaps, 

skin creams, and toothpaste [98,99]. Particles smaller than 4 nm can easy cross 

the skin through its pores [100] causing skin inflammation and cytotoxicity 

[101,102]. 

The injection of MMs and NMs occur only voluntarily. This route of exposure 

mainly concerns drug delivery systems. In fact, during the last years several 

MMs and NMs have been studied as vehicles for drugs to increase their 

stability in human body and to better allow their uptake into the target tissue. 
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Some examples are microaggregates of nanoparticles that mimic the platelet 

behaviour studied for drug delivery against circulatory system diseases [103], 

nano-cocrystal-delivered cytarabine used to enhance the drug antitumor 

activity [104], and endostatin-loaded carboxymethyl chitosan nanoparticles 

developed to inhibit the tumoral angiogenesis and hypoxia [105]. In the 

circulation system, some particles have been shown to be able to bind 

coagulation system biomolecules potentially causing haemorrhage or 

thrombosis [106] and from the blood circulation, they may reach any body 

area by penetrating through the endothelium [97]. 

The type and the magnitude of effects that particles can cause in different 

districts is strictly influenced by their chemical composition, size, and shape. 

For example, abilities like catalytic activity, production of reactive oxygen 

species (ROS), and absorption rate can be higher for smaller particles than for 

bigger ones [107,108]. Moreover, it was reported that gold is more toxic 

towards fibroblasts when it is shaped as nanospheres than as nanostars [109], 

but gold nanostars showed higher cytotoxicity than nanospheres and 

nanorods on tumoral osteoblasts and pancreatic cells [110]. In addition to this, 

another factor that can affect the toxicity of the particles is the presence of 

contaminants on their surface. MPs are the main example of this problem, in 

fact, to improve their features, plastics polymers are treated with additives 

such as phthalate esters and bisphenol A [111] which, once they enter the 

organism, cause negative effects on the reproduction capability, and increase 

the risk to develop allergic diseases and asthma [112,113]. Moreover, poorly 

degradable synthetic polymers such as high-density polyethylene (HDPE) and 

polyethylene terephthalate (PET) are rapidly colonised by microorganisms, 

acting as vectors for pathogenic species [114–116]. 

Another aspect that can influence the particles interactions inside the human 

body and their possible effects is the bio-corona formation. Biomolecules like 

proteins and lipids can bind the particles forming a layer that can partially or 
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completely cover the surface [117]. This layer gives a new biological identity 

to the particles changing their mechanism of interaction with cells and the 

effects that can exert. In a study published in 2016, it is reported that different 

NMs (i.e., TiO2, SiO2, and carbon nanoparticles) showed higher cytotoxicity and 

inflammation on macrophages when fibrinogen was present on their surface 

[118]. On the contrary, in a recent study, gold nanoparticles showed a 

reduction in cytotoxic effects towards monocytes, dendritic cells, B cells, 

natural killer cells, and T cells in presence of a protein corona [119]. 

In general, after entering in the body, MMs and NMs can interact with cells 

leading to different cell responses possibly leading to toxic effects. 

The main mechanism through which MMs and NMs exert their toxic action is 

oxidative stress, which results from an imbalance between free radicals and 

antioxidants in the body. As a result, extra free radicals accidentally interact 

with other molecules causing an imbalance in the respiratory system of the 

cells [120]. PS MPs showed to induce oxidative stress in mice’s liver [121], 

while ROS production and consequent oxidative stress due to the disturb of 

respiratory chain have been reported in human fibroblasts after accumulation 

of Ag nanoparticles outside the mitochondria [122]. Interestingly, in a study 

conducted by Huang and colleagues, it was suggested that the biochemical 

mechanism underlying oxidative stress due to SiO2 nanoparticles in BEAS-2B 

bronchial cells is the induction of heme oxygenase-1—an antioxidant enzyme 

via the signalling pathway of Nrf-2–ERK MAP kinase [123]. 

The second toxicity process is represented by inflammation. After low-density 

polyethylene (LDPE) MPs subcutaneous implants in rats, the presence of 

multinucleated giant cells derived from activated macrophages, a sign of an 

inflammation process, was observed [124]. In other studies, it was found an 

increased release of pro-inflammatory IL-6 in A549 alveolar cells exposed to 

TiO2 nanoparticles [125], while in rats’ bronchoalveolar lavage fluid high levels 
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of IL-1β and macrophages inflammatory protein-2 were found after exposure 

to different metal oxide NMs [81]. 

Finally, the third main toxicity-driver mechanism is identified in genotoxicity. 

It can be primary or secondary depending on whether derives from direct 

particles-DNA interaction rather than indirectly by oxidative stress or 

inflammation caused by MMs/NMs [81,126]. An example of primary 

genotoxicity can be found in zirconia nanoparticles and nano- and micro-PS 

that are able to induce DNA double-strand breaks after 24 h of exposure on V-

79 hamster lung cells and A549 cells, respectively [127,128]. As secondary 

mechanism, it was reported that silica nanoparticles tested on human 

peripheral blood lymphocytes and Wistar rats lead to secondary genotoxicity 

through the oxidants release derived from inflammatory cells [129]. 

1.2.1 Ingestion 

As previously discussed, ingestion represents, together with inhalation, the 

main route of human exposure to MMs and NMs. Despite this, a relative low 

number of studies on possible effects of particles ingestion is still available 

today. This is mostly due to the gastrointestinal system complexity and the 

dearth of in vitro models that can replicate it. 

The main organs of the oral-gastro-intestinal (OGI) tract are mouth, stomach, 

and intestine and together they form a mucosal tube that is responsible of the 

food's motility, digestion, and nutrients absorption [130]. Other organs such 

as salivary glands, liver, gallbladder, and pancreas have the task of producing 

the digestive fluids [130]. 

Since the intestine is the main responsible for the final step of digestion, and 

absorption of nutrients and water, its surface presents special structures 

called villi to increase the area available for the absorption [131]. These 

structures host different types of cells which are represented by enterocytes, 

which are involved in absorption, goblet cells, which produce mucus, 
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enteroendocrine cells, which release hormones, Paneth cells, which regulate 

intestinal homeostasis in many ways, and microfold cells (M-cells), which 

phagocyte large exogenous particles and present antigens to the immune 

system [132]. All these cells, as the whole OGI tract, are mechanically 

protected by a mucus layer that represents the first barrier that ingested 

materials, including MMS and NMs, must diffuse and pass through before 

coming into contact with OGI epithelial cells. The ability to penetrate the 

mucus layer depends on the chemical nature of the particles, in particular on 

their surface charge. In fact, it was demonstrated that cationic nanoparticles 

like chitosan-based NMs have a mucoadhesive ability 10-50 fold higher than 

poly(isobutyl cyanoacrylate) nanoparticles due to the presence of positively 

charge on their surface that interact with the negatively ones of the mucins 

[133].  

After the mucus, the second physical barrier of the intestine is represented by 

epithelial cells that, thanks to the connections they establish between each 

other by tight junctions (TJs), adherent junctions (AJs) and desmosomes, are 

able to regulate the absorption of nutrients and prevent the passage of 

bacteria and other particles maintaining the epithelium integrity 

[132,134,135]. 

As the thickness of the TJs is less than 0.4 nm, in a healthy barrier the ingested 

particles cannot cross the epithelium through the paracellular route [136], but 

some particles are able to perturb the barrier integrity by disrupting the TJs 

structures [137–139]. An alternative way to cross the intestinal epithelium is 

represented by transcytosis through M-cells and, in a lesser way, through 

enterocytes. An example of M-cells-mediated transcytosis can be found in the 

ability of carboxylated PS nanoparticles to cross an in vitro model of intestinal 

barrier [140], while in another study PS nanoparticles were found to be able 

to cross an in vitro intestinal model with no M-cells made up only from 
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epithelial cells cultured both on porous inserts and on an Organ-on-Chip 

device [141]. 

After ingestion, the particles meet conditions that can drastically alter their 

bio-identity, including pH ranges from 2 to 8, strong ionic strength, 

interactions with mucus, and various proteins and enzymes. Consequently, 

depending on the chemical composition of the particles, dissolution, 

enzymatic degradation, aggregation/agglomeration, and surface changes, 

including the generation of bio-corona, may occur affecting the biological 

response [142,143]. For example, it was reported that SiO2 and ZnO NMs 

dissolve more rapidly than TiO2 and Fe2O3 NMs in a mouth simulated fluid 

[144]. At the same time, no agglomeration was found for SiO2, TiO2, and ZnO 

NMs, while Fe2O3 NMs formed large agglomerates [144]. In another study, 

food-grade TiO2 subjected to a simulated digestion showed aggregation due 

to the formation of a hard corona that decreased the surface reactivity of the 

particles and their ability to induce oxidative stress on HCT116 intestinal cells 

[94]. 

In general, the OGI exposure to MMs/NMs generates local inflammation both 

in vitro and in vivo models for different types of particles [145,146]. Moreover, 

as demonstrated for TiO2 NMs, the particles could cross the intestinal barrier 

entering the blood circulation and reaching other body sites exerting toxic 

effects such as necrosis of hepatocytes, lipid peroxidation and oxidative DNA 

damage in liver leading to hepatic injuries, and oxidative stress in red blood 

cells, liver, and brain [147,148]. 

For this reason, it is important to study in depth the possible consequences 

that MMs/NMs could have on human physiology. 
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1.3 Current (in vitro) methodologies for micro/nano- 

materials hazard assessment 

In vitro models for the evaluation of MMs/NMs effects on human health have 

undergone many innovative changes over the years. 

The intestinal models, for example, were born as 2D models and in particular 

were mainly represented by mono-cultures of Caco-2 cells. In fact, they have 

the ability to form a competent epithelial barrier after 21 days of culture on 

porous membrane inserts differentiating into adult enterocyte-like cells [149]. 

This allows to obtain a barrier useful for permeability studies thanks to the 

presence of typical intestinal TJs and brush border [149]. Unfortunately, these 

features are not enough to represent the intestinal physiology. As a matter of 

fact, in the intestinal epithelium there are many other types of cells, each with 

important functions [132]. For this reason, the researcher started to develop 

co-culture models that included different types of cells. An example is the co-

culture of Caco-2 cells and HT29-MTX cells, a model that considers even the 

production of mucus [150]. In order to obtain a model exploitable to 

absorption studies, the last cited one was implemented with M-cells that, 

unlike enterocytes, are able to carry out the transcytosis even of big particles 

[151]. This was successfully obtained thanks to the addition in the culture of 

Raji B cells that allow the Caco-2 differentiation into M-cells [140]. The latter 

represents one of the most current used models and in a recent study 

conducted by the Italian Health Institute “Istituto Superiore di Sanità” it was 

considered the standardization of an intestinal in vitro advanced model for 

nanoparticles uptake and crossing, testing on it SiO2 nanoparticles [152]. 

Other barrier models closer to the intestinal anatomy and physiology have 

been recently developed by using murine, porcine, or human ex-vivo systems 

to study the intestinal permeability after nanoemulsions or latex beads 

exposure [153,154]. The most recent advances are represented by 3D systems 
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that exploit scaffold to reproduce the 3D intestinal structure and that could 

even successfully mimic the microenvironment, mechanical peristalsis, fluid 

system, signalling gradients or other important aspects of the original human 

intestine [155]. Unfortunately, none of these models consider the possible 

change that the particles surface along the passage through the OGI tract. For 

this reason, in the last years some in vitro simulated digestion models have 

been developed [144,156] to predict the physicochemical properties 

modification that can occur in consequence to particles interaction with 

digestive fluids [157–159]. However, few studies are still available on the 

possible effects that these changes can induce to the intestinal physiology 

[94,160–162]. 

Other models suitable for micro- and nanotoxicity studies that are currently 

evolving are those for the evaluation of particles oxidative stress induction.      

The ROS production assessment by physical techniques such as electron 

paramagnetic resonance (EPR) spectroscopy represents the first step of the 

evaluation of surface reactivity of MMs and NMs [163–165] that even allows 

to discriminate between different species of ROS based on the specificity of 

the probes [163,166]. However, in cellular experiments is more practical to 

rely on probe-based biological assays that are unable to discriminate between 

the different type of ROS. Moreover, in the cell environment the particles can 

have different behaviour. In fact, oxidative stress can be induced by direct ROS 

production by particles [167,168] or can be indirectly triggered by cells-

produced ROS in response to the interaction of the particles with a variety of 

biological targets as a consequence of cell respiration, metabolism, 

inflammation, and metabolism of different particles [169] leading to the 

mitochondria damage [170,171]. 

For this reason, cell-based methods have been considered to predict the 

potential oxidative stress generation. Probes like 5-(and-6)-chloromethyl-

2′,7′-dichorodihydrofluorescein diacetate-acetoxymethyl ester (DCFDA) have 
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been employed to test the ROS generation in target cells, as in the case of 

carbon nanoparticles studied for the treatment of lung cancer [172]. Another 

method suitable for the evaluation of oxidative stress in target cells is the 

immunohistochemistry through which it is possible to evaluate the expression 

and translocation into the nucleus of the transcription factor nuclear factor 

erythroid 2-related factor 2 (Nrf2) that regulates the switch of various of 

cytoprotective genes after redox insults [173]. Unfortunately, none of the 

previous described technics allows a high throughput screening. The 

KeratinoSensTM assay is based on immortalised human keratinocytes (HaCaT) 

stably transfected with luciferase that emit a luminescent signal when the 

NRF2 gene is activated. It is recognized as a Test Guideline by the OECD since 

2018 [174] and recently was successfully used to test different NMs like CuO, 

Co3O4, NiO, TiO2, CeO2, Fe2O3, and ZnO NMs [175]. This assay has been taken 

as example to produce other similar tests based on other cell types to produce 

high throughput screening methods to determine the oxidative potential of 

particles [176,177].  
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2 Aim of the study 

This study is aimed to explore advanced methods and models to better predict 

in vitro the effects of particles in the human organism. 

Starting by  the Caco-2 cells  line, the simplest and most used model for the in 

vitro evaluation of intestinal effects of MMs/NMs,  we investigated different 

co-culture models in order to obtain more physiological conditions (i.e., cell 

heterogeneity, mucus production). Moreover, considering that the digestive 

process along the OGI tract can dramatically modify the physico-chemical 

properties of ingested particles, we applied an in vitro simulated digestion 

system.  Finally, a dynamic model was developed by using a milli fluidic system. 

The models were in part validated by in vivo experiments. Moreover, a 

validation of the high throughput method to predict the oxidative stress 

induction was performed by an interlaboratory study.  
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3 Development of human digestive system for 

the assessment of in vitro intestinal 

nanobiomaterials biocompatibility 

The study enclosed in this chapter was conducted in context with the 

European project BIORIMA and it was realized in collaboration with National 

Technical University of Athens, Colorobbia Consulting Srl, Nanovector Srl, 

Institute of Science and Technology for Ceramics ISTEC-CNR, Royal College of 

Surgeons in Ireland, and Université Grenoble Alpes. It was aimed to develop 

a human in vitro model of the digestive system to assess the biocompatibility 

of nanobiomaterials. 

3.1 Materials and methods 

3.1.1 Materials and reagents 

Plastic ware for cell cultures was purchased from Falcon (Becton Dickinson, 

Franklin Lakes, NJ), while foetal bovine serum (FBS) and culture medium were 

from Invitrogen Life Technologies (Carlsbad, CA). 

Reagents were purchased from Sigma-Merck unless otherwise noted. 

3.1.2 Nanobiomaterials (NBMs) 

According to a previously disclosed process [163], carbon nanoparticles (CNPs) 

were created by hydrothermal carbonization of glucose and then suspended 

in water to create a colloidal suspension. Lipid surfactant nanoparticles 

(LSNPs) were created by Nanovector srl Turin, Italy, and are made of water 

(Citrate/Phosphate buffer pH 5), glycerol, soy lecithin, glyceryl 

citrate/lactate/oleate/linoleate (E-472), glycerol monostearate (E-471), 

polysorbate 20, ascorbyl palmitate, sodium benzoate, α-tocopheryl acetate, 

strawberry favour, sucralose and loaded with Melatonin (0.1% (w/w)). 

Magnetite nanoparticles (FNPs) are Fe3O4 nanoparticles embedded in a 
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polymeric matrix made of poly-lactic-co-glycolic acid and polyethylene glycol, 

are suspended in phosphate buffer 1 mM and were produced by Colorobbia 

Consulting, Vinci, Italy. Hydroxyapatite (HNPs) were obtained from Sigma 

Aldrich (Merck KGaA, Darmstadt, Germany) in the form of a powder that is 

composed of stoichiometric calcium hydroxyapatite (Ca5(PO4)3OH) and then 

suspended in water. 

3.1.3 Dynamic light scattering (DLS) and Electrophoretic light 

scattering (ELS) 

A 633 nm HeNe laser-equipped Zetasizer Nano instrument (Malvern 

Instruments, UK) were used for the measurements. Size distribution and 

polydispersity index (PDI) measurements were performed on treated and 

untreated NBMs diluted in ultrapure water (100 µg/ml) or in cell medium 

(DMEM supplemented with 10% FBS, 1% penicillin/streptomycin solution) 

(100 µg/ml). Replicate 3, equilibrium time 60 s, T=25 °C, dispersant refractive 

index 1.330 for water and 1.345 for the cell medium, dispersant viscosity 

0.8872 cP for water and 0.8000 cP for the cell medium, material refractive 

index 1.410 for LSNPs, 2.420 for CNPs, 2.420 for FNPs, and 1.650 for HNPs, and 

material absorption of 1.000 were the instrument settings. Before analysis, 

untreated NBMs were diluted in ultrapure water, and HNPs were also 

subjected to a 5-minute sonication with a probe sonicator (Sonoplus HD3100 

Bandelin, Microtip MS73, diameter 3 mm, power 100 W, amplitude 30%). 

Without dilution, treated NBMs were directly analysed in fluids. 

NBMs were diluted to 500 µg/ml in ultrapure water for the ζ-potential curve 

vs pH, and pH was changed by using 0.1 M NaOH or HCl. Dispersant (water) 

dielectric constant: 78.5 was the instrument setting. 

The average values of 15 measurements from three separate studies are 

shown by each line. 
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3.1.4 Flow particle imaging analysis (FPIA) 

Using a Sysmex FPIA3000 analyser, the flow particle imaging analysis (FPIA) 

was carried out. A high-power field with a secondary lens was used, allowing 

the measurement of particles between 1 and 40 μm. Rotina 380 R (Hettich 

Zentrifuger) was used to centrifuge the nanoparticle suspensions in the 

simulated digestive fluids for 10 minutes at 8000 rpm. After pelletizing the 

suspensions and removing the supernatant, the pellets were resuspended in 

ultrapure water for two minutes in an ultrasonic bath. 5 ml of the suspensions 

were analysed after the washing procedure that was carried in triplicate. 

3.1.5 Surface reactivity 

By using TEMPONE-H (1-hydroxy2,2,6,6-tetramethyl-4-oxo-piperidine, Enzo 

Life Sciences, Inc.) as a spin probe, EPR analysis (Miniscope 100 EPR 

spectrometer, Magnettech, Berlin, Germany) was performed to monitor the 

surface reactivity of the NBMs. The suspensions in ultrapure water or cell 

media of untreated or SHDS-treated NBMs (0.5 mg/ml) were diluted 1:1 in a 

100 µM solution of Tempone-H, which was then swirled continuously in a glass 

container. A sample aliquot (50 µl) was used to record the EPR spectra. 

Microwave power was set at 7 mW, modulation amplitude to 1 G, scan time 

to 80 s, and two scans were carried out for each sample. 

3.1.6 Transmission electron microscope (TEM) 

measurements 

A 200 kV-operating FEI CM20 microscope was used to perform transmission 

electron microscope (TEM) analysis. One drop of a diluted sample was placed 

to a carbon-coated Cu grid allowing the solvent to evaporate to create TEM 

samples. 



 
26 

 

3.1.7 Protein corona analysis 

NBMs were treated with SHDS in accordance with the following methodology. 

Both treated and untreated NBMs  (0.5 mg/ml) were incubated for 24 h at 37 

°C with agitation in DMEM with 10% FBS, 1% penicillin/streptomycin. 

Following the incubation, three centrifugation/dispersion cycles in PBS were 

used to separate the NBM-corona complex. Ferromagnetic spheres were used 

to separate the complex NBMs-corona for FNPs (unpublished data). After 

washing, the pellets were stripped using a loading buffer (Cell Signalling 

Technologies) in 0.1 M dithiothreitol and heated to 100 °C for SDS-PAGE. 

Following the centrifugation of the resulting solutions, the samples were 

loaded into a 10% acrylamide gel. The Mini-Protean (BioRad) machine was 

used to perform SDS-PAGE at 120 V until the dye front reached the gel end. 

The gels were dyed with Coomassie (Termo Scientific), and the Amersham Gel 

doc system was used to scan them. The samples in the gel were trypsinised 

and then treated with various solutions to remove the peptides from the gel 

matrix in preparation for the mass spectrometry analysis. The MaxQuant 

version 2.0.1.0 was used to process the raw mass spectrometry data [178]. 

The UniProt database was used to identify the peptides and proteins. The 

acquired LFQ intensities were analysed using Perseus software version 

1.6.15.0 [179]. Data were log transformed, and values from a normal 

distribution were used to fill in the gaps left by missing values. 

3.1.8 Cell cultures 

American Tissue Culture Collection (ATCC) provided the Caco-2 epithelial 

colon cells, which were cultured in DMEM with 20% v/v FBS and 1% v/v 

penicillin/streptomycin. Cells between passages 33 and 47 were employed for 

the tests, and they were incubated in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% v/v FBS and 1% penicillin/streptomycin. Cells 

were cultivated on Millicell®-96 cell culture inserts (Merck KGaA, Darmstadt, 
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Germany)  for 21 days to produce Caco-2 monolayer establishing a competent 

intestinal barrier model [180].  HCT116 cells, obtained from the European 

Collection of Authenticated Cell Cultures (ECACC, catalogue No. 

#91,091,005), were cultured, and exposed to NBMs in McCoy's 5a medium 

with 2 mM glutamine, 10% FBS, and 1% penicillin/streptomycin. Cells were 

used between passage 15 and 25. Colonic epithelial cell medium (HCoEpiCM) 

with 10% v/v Colonic epithelial cell growth supplement (HCoEpiCGS) and 1% 

v/v penicillin/streptomycin was used to cultivate human colonic epithelial cells 

(HCoEpiC), which were bought from CliniSciences (CliniSciences, Guidonia 

Montecelio, Italy). Experiments were performed between the passage 5 and 

8. 

3.1.9 Simulated human digestion system (SHDS) 

Following the procedure employed by Sohal et al. [144], the production of 

simulated digestive fluids and the simulation of the human digestive system 

were carried out. Table 3.1 provides an overview of each simulated digestive 

fluid composition. The organic and inorganic components of each fluid 

were individually prepared by adding them to ultrapure water and letting 

them dissolve under magnetic stirring. The two solutions were then combined 

in a 1:1 (v/v) ratio and stirred overnight. Just before starting the experiment, 

the active components were added, and the solution was vortexed to suspend 

them. 

A 1 mg/ml NBM suspension was treated with SHDS using the same volume of 

simulated digestive fluids (Figure 3.1). After adding the simulated saliva fluid 

(SSF), the sample was shaken and incubated for 15 min at 37 °C. Simulated 

gastric fluid (SGF) was then added and incubated for 4 h after that. Finally, 

simulated intestinal (SIF) was added and incubated for an additional 4 h. SIF is 

made up of simulated duodenal fluid (SDF) and simulated biliary fluid (SBF) in 

a ratio of 2:1 v/v. The simulated digestive fluids ratio was 1:2:3. (Figure 3.1). If 
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necessary, pH was adjusted between 6.5 and 7.5 at the end of the procedure 

using 1 M NaHCO3, and the suspension was sterilised for 15 minutes using UV 

rays. For the purpose of determining the surface reactivity of the suspension, 

it was centrifuged at 11,000 rpm (Rotina 380 R, Hettich Zentrifuger), and the 

supernatant was discarded before the suspension in cell culture medium in a 

volume based on the desired concentration. To get the final concentration for 

other testing, the suspension was directly diluted with cell medium. Cells 

or intestinal barrier model were incubated for 24 h. 

 

Figure 3.1. Representative SHDS treatment.  
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Table 3.1. Composition of simulated digestive fluids for the simulated digestion 

model (amounts based on 100 ml of fluid). 

Fluids Saliva Gastric juice Duodenal fluid Bile 

pH 6.5 ± 0.1 1.4 ± 0.1 8.1 ± 0.1 8.0 ± 0.1 

Inorganic 

fraction 

89.6 mg KCl 

20 mg KSCN 

102.2 mg 

NaH2PO4xH2O 

57 mg 

Na2SO4 

29.8 mg NaCl 

Milli-Q water 

30.6 mg NH4Cl 

40 mg 

CaCl2x2H2O 

82.4 mg KCl 

275.2 mg NaCl 

30.6 mg 

NaH2PO4xH2O 

Milli-Q water 

5 mg 

MgCl2x6H2O 

56.4 mg KCl 

8 mg KH2PO4 

338.8 mg 

NaHCO3 

701.2 mg NaCl 

Milli-Q water 

37.6 mg KCl 

578.5 mg 

NaHCO3 

525.9 mg 

NaCl 

Milli-Q water 

Organic 

fraction 

20 mg urea 

Milli-Q water 

8.5 mg urea 

65 mg D-glucose 

2 mg glucuronic 

acid 

33 mg D-

glucosamine 

hydrochloride 

Milli-Q water 

25 mg urea 

Milli-Q water 

10 mg urea 

Milli Q-water 

Enzymes 5 mg mucin 

(porcine 

stomach) 

1.6 mg uric 

acid 

14.5 mg α-

amylase 

(Bacillus 

subtilis) 

 

300 mg mucin 

(porcine 

stomach) 

100 mg albumin 

(bovine serum) 

100 mg pepsin 

(porcine gastric 

mucosa) 

 

300 mg 

pancreatin 

(porcine 

pancreas) 

50 mg lipase 

from (Candida 

rugosa) 

100 mg albumin 

(bovine serum) 

 

600 mg bile 

(bovine) 

180 mg 

albumin 

(bovine 

serum) 
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3.1.10 Viability assay 

After treatment with NBMs, the cell viability—as a measure of mitochondrial 

activity—was assessed using the WST-1 assay. Its principle relies on the 

cleavage of the slightly red tetrazolium salt WST-1 (4-[3-(4-iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) into a dark red 

formazan dye by metabolically active cells. WST-1 was added at 10% v/v in cell 

medium, and the absorbance was measured at 440 nm after 2 h for Caco-2 

cells, 1 h and 30 min for HCT116 cells, 4 h for HCoEpiC cells, and 30 min for the 

intestinal barrier model using a Synergy HT Multi-Detection Microplate Reader 

(BioTek Instruments, Winooski, VT) or a Spectramax ID3 plate reader 

(Molecular Devices, for HCT116 cells only). The reference (630 

nm) absorbance value was subtracted from absorbance obtained at 440 nm. 

3.1.11 Genotoxicity assay 

After immunostaining of the 53BP1 DNA repair protein, as previously 

described [181,182], genotoxicity was evaluated by counting the DNA double 

strand break repair foci. After being exposed to NBMs, cells were 

permeabilized with 0.2% v/v Triton X-100 produced in PBS containing 3% w/v 

bovine serum albumin and fixed with 4% v/v paraformaldehyde (PBS-BSA). 

PBS-BSA was used to block non-specific sites, followed by the dilution of a 

rabbit polyclonal anti-TP53BP1 antibody (Abnova, reference PAB12506) for 1 

h in PBS-BSA, three PBS-BSA-washes lasting 5 min each, and a 1 h incubation 

with an anti-rabbit IgG Atto 633 antibody (Sigma-Aldrich, 41,176) for the 

remaining non-specific sites. The nuclei were stained with 0.3 g/ml Hoechst 

33,342 (Sigma-Aldrich) for 20 min at room temperature after three washes in 

PBS-BSA containing 0.2% Triton X-100. Using a CellInsight CX5 High-Content 

Screening Platform, the number of cell nuclei and the average number of 

53BP1 foci per cell nucleus were enumerated (Thermo Fisher Scientific). There 
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were      n=5 replicates in each of the three independent experiments that this 

experiment was replicated in. 

3.1.12 Trans-Epithelial Electrical Resistance (TEER) 

3.1.12 Trans-epithelial electrical resistance (TEER) was measured using the 

Millicell® ERS-2 voltohmmeter (Merck KGaA, Darmstadt, Germany) to assess 

the barrier development and integrity of the Caco-2 barrier model. The 

resistivity was calculated by subtracting the value of the cell-free inserts from 

the value of the cell-containing inserts and multiplying by the growth area. The 

resistance was measured in ohms. Only monolayers with values greater than 

250 *cm2 were exposed to NBMs. 

3.1.13 Evaluation of barrier permeability 

The intestinal barrier model permeability was assessed using the trans-

epithelial passage of Lucifer Yellow (LY) fluorescent dye [183] in accordance 

with the NANoREG SOP (Standard Operating Procedure for evaluation of NPs 

impact on Caco2 cell barrier model). Hanks' Balanced Salt Solution (HBSS) was 

used to wash the cells and the basolateral (Bl) compartment of Millicell®-96 

cell culture inserts after medium collection. Thereafter, in the apical (Ap) 

compartment, 50 µl/well of a 0.4 mg/ml LY solution in HBSS were added. After 

2 h of incubation at 37 °C, a Synergy HT Multi-Detection Microplate 

Reader was used to read the relative fluorescence units (RFUs) (excitation: 504 

nm, emission: 529 nm) and calculate the apparent permeability (Papp) and the 

percentage of fluorophore recovered from the lower chamber in cell-free 

inserts. 

Papp was calculated with following formula: 

Papp = ((ΔQ/Δt)·V)·(1/AC0) 
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where ΔQ/Δt ((mg/mL)/s) is the LY passage rate from the Ap to the Bl chamber, 

V is the Bl volume (cm3), A (cm2) is the area of the membrane, and C0 (mg/mL) 

is the initial LY concentration in the Ap chamber. 

3.1.14 NBMs absorption through the intestinal barrier 

by Nanoparticle Tracking Analysis (NTA) 

Nanoparticle Tracking Analysis (NTA) (ZetaView, Particle Metrix GmbH, 

Germany) was used to count the number of particles in the initial suspension 

and in the Bl compartment of the Millicell®-96 cell culture inserts in order to 

assess the CNPs and FNPs passage through the Caco-2 intestinal barrier. Prior 

to examination, the samples were diluted in ultrapure water. Shutter value 

was set to 100 and sensitivity to 60. Under these conditions, no phenol red 

nor FBS interference could be found. 

3.1.15 FNPs absorption through the intestinal barrier 

by colorimetric assay 

Based on the procedures described by Jeinter [184] and Balivada and 

coworkers [185], the FerroZineTM-based colorimetric assay was used to 

quantify FNPs in the Bl compartment. Briefly, 150 µl of the samples were 

incubated with 150 µl of 1.2 M HCl and 60 µl of 1 M ascorbic acid at 70 °C for 

2 h in order to dissolve and reduce the iron present in FNPs. Subsequently, 300 

µl of the resultant solution were incubated with 100 µl of 21 mM FerroZineTM 

(Thermo Fisher Scientifc), 200 µl of 1.5 M sodium acetate, 50 µl of 1 M ascorbic 

acid, and 350 µl of ultrapure water. An UV-Vis spectrophotometer (UVICON 

930, Kontron Instruments, Basel, Switzerland) was used to detect the 

absorbance at 562 nm after 20 min of incubation at room temperature, and 

the concentration was determined using a calibration curve. 
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3.1.16 Quantitative Real-Time PCR (qRT-PCR) 

The phenol/chloroform/ethanol procedure was used to extract the mRNA 

from the cells. Cells were lysed in 0.5 ml of RiboZol (VWR; Radnor, PA), 

incubated for 10 min at room temperature, and then 0.2 ml of chloroform was 

added. The samples underwent a 15 s shake, a 3 min      incubation at room 

temperature, and a 15 min 12,000 g, 4 °C centrifugation. After transferring the 

aqueous phase to a fresh tube and adding 0.2 ml of isopropanol, the samples 

were incubated for 10 min at room temperature before being centrifuged at 

12,000 g for 10 min at 4 °C. RNA pellets were then resuspended in RNAse-free 

water after two washes in ethanol 70%. RNA was quantified by reading the 

absorbance at 260 nm with the Take3 plate (Synergy HT Multi-Detection 

Microplate Reader). After that, RNA samples were subjected to a reverse      

transcription using the iScript cDNA synthesis kit (Bio-Rad, Segrate, Italy), 

according to the manufacturer’s instructions. qRT-PCR was carried out using 

as gene reference the ribosomal protein unit S14 coding gene to quantify the 

expression of the genes of interest reported in Table 3.2. Briefly, for each 

sample were added to the well 5 µl of iTaq Universal SYBR Green Supermix 

(Bio-Rad Laboratories), 2 µl of 5 µM primers mix and 3 µl of cDNA (5 ng/µl). 

Using a CFX96 Real-Time System (Bio-Rad Laboratories) the samples were run 

for 30 s at 95 °C, 5 s at 95 °C and 30 s at 60 °C for 42 cycles. Bio-Rad CFX 

Maestro software (Bio-Rad Laboratories) was used for the analysis. 

3.1.17 Statistical analysis 

ANOVA (ANalysis Of VAriance) with post-hoc Tukey Honestly Significant 

Difference Test Calculator for comparing multiple treatments [186], were used 

for statistical analyses by using Statistical Package for Social Science software 

(IBM SPSS Statistics v.19). p < 0.05 was considered significant.  
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Table 3.2. Genes and respective sequences of qRT-PCR primers. 

Gene Forward (5’-3’) Reverse (5’-3’) 

TJP1 CCCCACTCTGAAAATGAGGA ACAGCAATGGAGGAAACAGC 

OCLN ATGCCATGGGACTGTCAACT TTTGTGGGACAAGGAACACA 

CLDN3 CCTGCGTCTGTCCCTTAGAC CACGCGAGAAGAAGTACACG 

CLDN5 GCTGTTTCCATAGGCAGAGC CCCTGCCGATGGAGTAAAGA 

TNF TGGGATCATTGCCCTGTGAG GGTGTCTGAAGGAGGGGGTA 

IL6 GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC 

IL10 AGACAGACTTGCAAAAGAAGGC TCGAAGCATGTTAGGCAGGTT 

IL22 GCTGCCTCCTTCTCTTGG GTGCGGTTGGTGATATAGG 

S14* AGGTGCAAGGAGCTGGGTT TCCAGGGGTCTTGGTCCTATTT 

* Reference gene 

3.2 Results 

3.2.1 Properties of NBMs 

Three colloidal formulations composed by elemental carbon nanoparticles 

(CNPs), lipid-surfactant nanoparticles (LSNPs) and PLGA-PEG coated 

magnetite nanoparticles (FNPs) and one powdered sample of hydroxyapatite 

nanoparticles (HNPs) were selected for this study.  

Table 3.3 summarize the main properties of materials. 

Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering (ELS) were 

respectively employed to investigate the size distribution and the surface 

properties of the NBMs (Table 3.3 and Figure 3.2 A and B). 

CNPs and FNPs appeared to be stable, monodisperse colloidal suspensions 

based on the low polydispersity index values (PDI) and the modest standard 

deviation (SD) of the size distribution (Table 3.3). Although particles or 
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aggregates in the nanometric or sub-micrometric range were found, CNPs and 

FNPs were primarily formed of nanometric particles (100 nm) (Figure 3.2A). 

Table 3.3. Physico-chemical properties of samples.  

Samples Appearance 
Concentration 

(mg/ml) 

Z-average 

hydrodynamic 

diameter 

(nm)* 

ζ-

potential 

(mV) ** 

pH 

** 

LSNPs 

Lipid-

surfactant 

nanoparticles 

Colloidal 

suspension 
12 

135.0 ± 0.5  

PDI 0.244 

-16.3 ± 

1.5 
5.46 

CNPs 

Carbon 

nanoparticles 

Colloidal 

suspension 
1.2 

130.8 ± 1.0 

PDI 0.170 

-52.6 ± 

1.0 
4.60 

FNPs 

PLGA-PEG 

coated Fe3O4 

nanoparticles 

Colloidal 

suspension 
2 

83.2 ± 0.5 

PDI 0.169 

-40.8 ± 

1.0 
6.84 

HNPs 

Hydroxyapatite 

nanoparticles 

Powder 1 
3126 ± 523 

PDI 0.648 

-2.0 ± 

0.2 
7.75 

* DLS measurement, samples diluted in water (100 µg/ml). 
**ELS and pH measurement, samples diluted in water (100 µg/ml). 
PDI is referred to Polydispersity Index. 

According to DLS, LSNPs showed a bigger size than CNPs and FNPs, mostly in 

the sub-micrometric range (Figure 3.2A). However, given that DLS techniques 

overestimate the abundance of particles with the biggest sizes, it might 

correspond to the presence of a small number of sub-micrometric particles. 

With clear sedimentation over time, HNPs generated in water unstable 
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suspensions, showing in DLS analysis the presence of big particles with sizes 

close to the upper range of the instrument (Figure 3.2A). 

 

Figure 3.2. NBMs size distribution. A) DLS-measured hydrodynamic diameter 
distribution of the samples in water; Each line is the mean of three independent 
experiments +/- SD.; B) ζ-potential vs pH curve of the samples evaluated by ELS; C, D) 
Size distribution of C) LSNPs and D) HNPs evaluated by Sysmex FPIA3000 analyzer. 

LSNPs and HNPs were also subjected to FPIA (size range 1-150 µm) (Figure 3.2 

C and D) to detect particles/aggregates larger than the maximum limit of 

detection of the DLS technique (5 µm) present in these suspensions. FPIA 

actually confirmed the presence of a few particles with diameters between 1 

and 10 μm in LSNPs suspension (Figure 3.2C). In the case of HNPs, the particle 

sizes ranged widely, from 400 nm to 20 μm (Figure 3.2A and D). Further 

information on the four NBM structural features is discussed in following 

section after TEM analysis. The presence of negatively charged surface groups 

was evident in the LSNPs and CNPs negative ζ-potential values across the 

entire pH range (Figure 3.2B), as was expected. Only at extremely low pH 
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levels FNPs exhibited positive ζ-potential values (Figure 3.2B), most likely as a 

result of the magnetite core involvement. At all pH values, HNPs showed ζ-

potential values that were near to 0 mV, which is consistent with the instability 

of the suspensions (Figure 3.2B). 

3.2.2 Effect of the Simulated Human Digestive System (SHDS) 

on the measured particles size. 

After subjecting NBMs to SHDS, changes in the size distribution, surface 

modifications, and degradation by enzymatic digestion or dissolution were 

monitored.  

First, integrating DLS and FPIA data, the changes in size distribution during the 

SHDS treatment was investigated comparing the hydrodynamic distribution in 

the different compartments with those measured in water Figure 3.3. 

For LSNPs and CNPs in SSF, there was no change in the size distribution 

(Figures 3.3A and B), but for FNPs and HNPs, it was observed a shift in the 

distribution curve toward larger diameters (Figures 3.3C and D), which would 

indicate agglomeration or aggregation. All NBMs underwent to an important 

destabilisation in SGF, as indicated by both a shift in the diameters toward high 

values and an increase in the standard deviation of the measurements for 

LSNPs, CNPs, and FNPs (Figure 3.3A-C). HNPs also were destabilised, but the 

size shifted towards lower values (Figure 3.3D), in contrast to what observed 

for the others NBMs. This was expected given the media high ionic strength 

and low pH. In fact, in the case of HNPs, the particles are predicted to dissolve 

in the SGF since their solubility at acidic pH [187], and eventually to re-

precipitate in the SIF in the end (Figure 3.4). Even in the SIF, the suspensions 

remained extremely unstable, and the final suspension visually revealed the 

presence of large aggregates (Figure 3.5). FPIA revealed the existence of 

micrometric particles, aggregates, or agglomerates, although in varying 

amounts between different NBMs suspensions (Figure 3.3E-H). 
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Figure 3.3. SHDS-treated samples size distribution. DLS patterns in the different 
compartment of the SHDS; A) LSNPs; B) CNPs, C) FNPs; D) HNPs and FPIA patterns after 
SHDS; E) LNPs; F) CNPs, G) FNPs; H) HNPs. In the box the number of particles analysed. 
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Figure 3.4. HNPs dissolution at acid pH.  A) HNPs suspension in water and B) in water 
at pH 1.4 for 30min; C) HNPs suspension at the end of treatment with SHDS. 

 In contrast to the untreated material, LSNPs (Figure 3.3E) show a larger 

concentration of micrometric particles, whereas HNPs (Figure 3.3H) show a 

decrease. Moreover, the size distribution was even assessed by directly 

incubating the NBMs in the intestinal fluid (Figure 3.6). 

 

Figure 3.5. Samples before A) and after B) treatment with the SHDS. 

While the suspension in this instance appeared more stable and less 

aggregated than it did following the SHDS, it is likely that the aggregation took 

place in the SGF and was permanent for all NBMs. 

TEM analysis of the SHDS-treated and untreated NBMs was also performed 

(Figure 3.7). 
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Figure 3.6. Size distribution of the samples in SHDS final fluid with and without SHDS 
process of A) LSNPs; B) CNPs, C) FNPs; D) HNPs. 

Untreated LSNPs (Figure 3.7A) appeared to be made up of different-sized 

almost-spherical particles, supporting DLS analysis findings (Figure 3.2A). The 

SHDS-treated LSNPs (Figure 3.7A') looked to be degrading and to be smaller 

in size, but they were arranged into big aggregates that were completely 

covered in biological material derived from the SHDS fluids. 

According to the DLS data, untreated CNPs (Figure 3.7B) were spherical, 

evenly dispersed, and had a narrow size distribution centred around 120 nm, 

but SHDS treatment lead CNPs (Figure 3.7B') to aggregate and become 

entangled with biological matter in a manner akin to that of LSNPs (Figure 

3.7A'). 

Figure 3.7C shows untreated FNPs, which look to be made up of tiny, spherical 

iron oxide particles encased in a PLGA-PEG polymer matrix. Due to the PLGA 

polymer biodegradable properties [188], the polymer matrix appeared to be 

eliminated after the SHDS (Figure 3.7C'). It was possible to see transparent 

A B

C D
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spherical formations, which could have been caused by the biological matrix 

or by the polymeric residue that was still present after partial biodegradation. 

According to the findings of the DLS investigations, the breakdown of 

polymeric matrix, that confers colloidal stability to the FNPs, caused iron oxide 

particles highly aggregation (Figure 3.3C), while the shape of these particles 

did not change noticeably. 

HNPs were visualised as large particles with a variety of forms, including rods, 

rectangles, and spheres (Figure 3.7D). The instability of the colloidal 

suspensions and the inconsistent findings in the DLS analysis can both be 

attributed to this shape/size diversity. Moreover, SHDS-treated HNPs (Figure 

3.7D') appear to have undergone a significant morphological change, with 

clear biological material surrounding them. 

Since lipases are able to hydrolyse lipid nanoparticles [189] and LSNPs was 

found partially degraded in TEM analysis (Fig re 3. A’), to prove the 

involvement of lipase in this process, LSNP  was incubated in a solution of 

lipase in water at the same pH as the intestinal fluid in order to study 

its susceptibility to enzymatic degradation. The size distribution was tracked 

for up to 24 h (Figure 3.8). 

At 15 minutes, there was a change in the hydrodynamic diameter (dH) 

distribution toward lower values, indicating degradation (Figure 3.8A); after 

24 h, the mean dH value dropped by around 8%. (Figure 3.8B). 
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Figure 3.7. Representative TEM images of A) LSNPs; B) CNPs, C) FNPs; D) HNPs before 
digestion and A’) LSNPs; B’) CNPs, C’) FNPs; D’) HNPs after digestion. Adapted from 

Antonello et al., 2022 [190]. 
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Figure 3.8. LSNPs degradation by lipases. A) changing in size distribution during the 
contact of LSNPs with lipase (DLS); B) mean  dH before and after the treatment. 

3.2.3 Bio-molecular corona formation during SHDS 

Because of CNPs and FNPs have a surface reactivity that can serve as a probe 

to measure the amount of surface coverage, the formation of a bio-molecular 

corona was studied on these NBMs. 

The size distribution variations were monitored after performing the SHDS 

both with and without active components (proteins, enzymes, bile, and uric 

acid, Table 3.1) (Figure 3.9). 

In comparison to values obtained in fluids with active components, a greater 

Z-average and PDI value was reported in both SGF and SIF. In addition, 

the suspensions were largely unstable, and as can be seen in Figure 3.9, the 

particles gradually deposited to the bottom of the flask. This demonstrates 

that a bio-molecular corona that stabilizes the colloids forms during the SHDS. 

The NBMs were examined for their surface reactivity charge by EPR 

spectroscopy in a bid to determine the extent to which the surface was 

covered (Figure 3.10). After washing procedures designed to get rid of the soft 

corona, the studies were carried out. 

By adjusting the pH of the suspension, the ζ-potential was determined in 

ultrapure water (Figure 3.10A and B). When compared to the untreated CNPs, 

the ζ-potential curves of the SHDS-treated CNPs were different, indicating the 
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presence of biomolecules on the surface. The loss of the polymeric covering 

or the presence of a bio-molecular corona could be the cause of the treated 

FNPs shifting ζ-potential. 

 

Figure 3.9. Role of proteins. Mean dH and PDI (left  panels) and images of the 
suspensions (right panels) of A) CNPs; B) FNPs; in the various OGI compartments with 
or without proteins. 

The spin-probe TEMPONE-H was used to measure the surface reactivity. This 

general probe can react with reactive oxygen species, producing the stable 

radical TEMPONE that can be detected via EPR spectroscopy [191]. Therefore, 

it is appropriate to observe the surface reactivity of nanomaterials. The usual 

three-line signal of the TEMPONE radical could be observed in the presence of 

untreated CNPs (Figure 3.10A') or FNPs (Figure 3.10B'). Both FNPs and CNPs 

surface reactivity diminished after being exposed to SHDS without completely 

vanishing, indicating that the solvent was still partially contacting the surface 

(Figure 3.10). 

B
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Figure 3.10. Extent of surface coverage and reversibility of the biocorona. EPR 
spectra recorded on A) CNPs and B) FNPs treated with the SHDS in comparison with 
the pristine one, using spin-probe TEMPONE-OH; ζ-potential vs pH curve of NBMs 
treated with SHDS with and without proteins and washed (right panels). A) CNPs; B) 
FNPs. 

3.2.4 NBMs identity in cell culture medium and in SHDS 

Proteins are among the components of cell medium, which is used in in vitro 

cellular testing. The interaction of particles with the medium components 

during incubation is probably what changes the biological identity of NBMs. 

First, it was determined how exposure to cell media altered the materials size 

distribution. Table 3.4 reports the mean dH values and PDI. 

The size distribution of all NBMs in cell medium underwent an important 

change after being exposed to the SHDS.  

A
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Table 3.4. Mean dH and PDI of NMs in DMEM+10% FBS (100 mg/ml), 24 h incubation. 

Samples Z-average (nm) PDI 

LSNPs 281.2 ± 9.3 0.418 ± 0.025 

LSNPs-SHDS 202.1 ± 5.4 0.613 ± 0,076 

CNPs 188.8 ± 2.4 0.083 ± 0.009 

CNPs-SHDS 460.0 ± 31.5 0.487 ± 0.032 

FNPs 169.8 ± 3.3 0.300 ± 0.039 

FNPs-SHDS 849.0 ± 6.6 0.522 ± 0.064 

HNPs 653.2 ± 18.6 0.337 ± 0.057 

HNPs-SHDS 2435 ± 306 0.841 ± 0.223 

The treated LSNPs in the cell medium were more stable over time than the 

untreated ones (Figure 3.11A), but they showed a larger range of sizes, with 

one population having a mean diameter that was less than that of the LSNPs 

in water, may be as a result of partial deterioration. Up to 24 h, both treated 

and untreated CNPs exhibited stability in cell media (Figure 3.11B). 

Nonetheless, a little shift in the sizes toward values greater than those of the 

particles in water was noted, which was more pronounced for the treated 

CNPs. Both treated and untreated FNPs (Figure 3.11C) and HNPs showed a 

clear time-dependent instability in cell medium (Figure 3.11D). In comparison 

to water, treated FNPs appear to be extensively aggregated, while untreated 

FNPs showed a little shift of the curve toward greater dH. 
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Figure 3.11. NBMs identity in cell media. Size distribution of the samples in DMEM 
+10% FBS . A) LSNPs; B) CNPs; C)  FNPs; D) HNPs. Representative EPR spectra recorded 
in a suspension of E) CNPs; F) FNPs pre-incubated in DMEM 10% FBS  in the presence 
of the spin-probe TEMPONE-H. 

Instead, compared to water, untreated HNPs appeared to form slightly more 

stable colloids in cell medium, on the contrary numerous populations with a 

wide range of sizes appeared following SHDS. For all NBMs in cell media, the 

development of aggregates with sizes greater than the DLS detection limit was 

clearly discernible (Figure 3.12). 
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Figure 3.12. Aspect of the suspension of the (*) pristine and (**) digested A) LSNPs, B) 

CNPs, C) FNPs and D) HNPs in cell media. Adapted from Antonello et al., 2022 [190]. 

Using EPR spectroscopy, the surface reactivity of CNPs and FNPs in the cell 

medium was also determined (Figure 3.11E and F). Similar surface reactivity 

was seen in cell media for both treated and untreated CNPs, indicating that 

the particle surfaces are still in contact with the solvent as a result of an 

incomplete covering by the bio-molecular corona. The SHDS-treated sample 

in the case of FNPs showed an unexpectedly high level of surface reactivity, 

which may have been caused by the presence of some redox-active elements 

in the bio-molecular corona. 

After incubation in cell medium, the composition of the hard protein corona 

for treated and untreated NBMs was also examined. Three steps of 

centrifugation were required to remove the soft corona in order to isolate the 

corona-NBM complex [192]. With the control sample, which contained only 

SHDS and DMEM 10% FBS and no NBMs (Figure 3.13), a protein background 

was found, indicating that the prolonged incubation period and the SHDS 

process caused protein aggregation. However, the NBMs-corona isolation 

approach did not allow for the separation of the protein corona from the 

background proteins that co-precipitated. Consequently, we only examined 

the effects of SHDS treatment for FNPs. In fact, a magnetic separation was 

used as an alternative technique for these NBMs to eliminate the soft corona.  
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Figure 3.13. SDS-PAGE gel showing the hard corona of (*) treated and (**) untreated 
A) LSNPs, B) CNPs, C) FNPs and D) HNPs in cell media and obtained by centrifugation, 

and E) digested solution without NBMs. Adapted from Antonello et al., 2022 [190]. 

The SDS-PAGE examination of the hard corona is displayed in Figure 3.14. As 

treated and untreated samples show differing protein patterns, it is obvious 

that the SHDS treatment had an impact on the corona composition. 

More than 200 proteins were identified for the corona of both SHDS-treated 

and untreated FNPs following proteomic mass spectrometric analysis (Figure 

3.14B). 

Tables 3.5 and 3.6 list the top 20 proteins by abundance. The quantity of 

proteins in the two samples was compared using label free quantification 

(LFQ) calculations made with Perseus. 
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Figure 3.14. Protein corona for FNP exposure to DMEM+10% FBS for 24 hours, before 
and after SHDS treatment. A) SDS-PAGE. B) Heat map showing the relative abundance 
for every protein normalizing the mean value for the same row (for the same protein). 
Specific proteins from SHDS are highlighted in the square. Adapted from Antonello et 

al., 2022 [190].  
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Table 3.5. Top 20 most abundant proteins for pristine FNPs. Modified from Antonello et al., 

2022 [190]. 

 FNPs DMEM 10% FBS 

 LFQ ± SEM 

(x1E08) 

Protein Name Protein ID MW 

(kDa) 

1 8.11 ± 1.6 Bovine Haemoglobin foetal 

subunit beta* 

P02081 15.9 

2 4.81 ± 0.19 Bovine Alpha-1-antiproteinase* P34955 46.1 

3 3.99 ± 0.050 Bovine Alpha-2-HS-glycoprotein* P12763 38.4 

4 3.27 ± 0.34 Bovine Albumin* P02769 69.3 

5 3.22 ± 0.70 Bovine Haemoglobin subunit 

alpha* 

P01966 15.2 

6 2.67 ± 0.35 Bovine Apolipoprotein  

A-I* 

P15497 30.3 

7 2.45 ± 0.11 Bovine Inter-alpha-trypsin 

inhibitor heavy chain H2* 

A0A3Q1LK49 96.8 

8 2.35 ± 0.35 Bovine Angiotensinogen* P01017 51.4 

9 2.04 ± 0.18 Bovine Alpha-fetoprotein* Q3SZ57 68.6 

10 1.90 ± 0.16 Bovine Apolipoprotein  

A-II* 

P81644 11.2 

11 1.88 ± 0.14 Bovine Inter-alpha-trypsin 

inhibitor heavy chain H4 

F1MMD7 101.5 

12 1.87 ± 0.10 Bovine Alpha-1-microglobulin F1MMK9 53 

13 1.80 ± 0.17 Bovine Beta-2-glycoprotein 1* P17690 38.3 

14 1.54 ± 0.090 Bovine Alpha-2-macroglobulin Q7SIH1 167.6 

15 1.52 ± 0.15 Bovine Fetuin-B Q58D62 42.7 

16 1.46 ± 0.24 Bovine Vitronectin* Q3ZBS7 53.6 

17 1.46 ± 0.037 Bovine Complement C3 Q2UVX4 187.3 

18 1.39 ± 0.12 Bovine Alpha-1B-glycoprotein Q2KJF1 53.6 

19 1.28 ± 0.11 Bovine Inter-alpha-trypsin 

inhibitor heavy chain H3 

P56652 99.6 

20 1.28 ± 0.11 Bovine Complement factor B P81187 85.4 

*Common proteins; **proteins from SHDS. LFQ was calculated with Perseus (n=3). SEM refer 
to the standard error of the mean for n=3.  
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Table 3.6. Top 20 most abundant proteins for SHDS-treated FNPs. Modified from Antonello et 

al., 2022 [190]. 

 SHDS-FNPs + DMEM 10% FBS 

 LFQ ± SEM 

(x1E08) 

Protein Name Protein ID MW 

(kDa) 

1 12.4 ± 3.4 Bovine Alpha-2-HS-glycoprotein* P12763 38.4 

2 12.3 ± 1.8 Bovine Alpha-1-antiproteinase* P34955 46.1 

3 10.0 ± 0.90 Pig Peptidase S1 domain-

containing protein** 

I3LHI7 27.7 

4 7.96 ± 0.32 Bovine Albumin* P02769 69.3 

5 6.84 ± 1.1 Bovine Haemoglobin foetal 

subunit beta* 

P02081 15.9 

6 4.03 ± 0.60 Bovine Apolipoprotein  

A-I* 

P15497 30.3 

7 3.42 ± 0.76 Bovine Histone H2A type 2-C A1A4R1 14 

8 2.45 ± 0.24 Bovine Haemoglobin subunit 

alpha* 

P01966 15.2 

9 2.43 ± 0.35 Pig Triacylglycerol lipase** F1S4T9 51.6 

10 2.42 ± 0.35 Pig HATPase_c domain-containing 

protein** 

A0A287A9T4 83 

11 2.32 ± 0.57 Bovine Serpin family G  

member 1 

E1BMJ0 51.8 

12 2.26 ± 0.42 Pig Carboxypeptidase A1** P09954 47.2 

13 2.02 ± 0.80 Bovine Angiotensinogen* P01017 51.4 

14 2.00 ± 0.13 Bovine Alpha-fetoprotein* Q3SZ57 68.6 

15 1.61 ± 0.85 Bovine Histone H2A F2Z4G5 14.1 

16 1.58 ± 0.10 Bovine Beta-2-glycoprotein 1* P17690 38.3 

17 1.58 ± 0.10 Bovine Inter-alpha-trypsin 

inhibitor heavy chain H2* 

A0A3Q1LK49 96.8 

18 1.39 ± 0.16 Bovine Apolipoprotein  

A-II* 

P81644 11.2 

19 1.30 ± 0.19 Pig Peptidase S1 domain-

containing protein** 

I3LJ52 26.9 

20 1.14 ± 1.7 Bovine Vitronectin* Q3ZBS7 53.6 

*Common proteins; **proteins from SHDS. LFQ was calculated with Perseus (n=3). SEM refer 
to the standard error of the mean for n=3. 

Several serine proteases from SHDS were detected in the top 20 most 

prevalent for the treated sample. The corona of both samples, however, 
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included proteins that were noted for being abundant on the FBS [193], 

particularly alpha-2-HS-glycoprotein, apolipoprotein AI and AII, bovine 

haemoglobin alpha and beta chains, and alpha-1-antiproteinase. The latter is 

a serine protease inhibitor known as alpha-1-antiproteinase, alpha-1-

antitrypsin, alpha-1-proteinase inhibitor, or serpin A1. Figure 3.15 compares 

the protease concentrations in treated and untreated samples. 

 

Figure 3.15. LFQ intensity for different proteases inhibitor for FNPs non-treated and 

pre-treated with SHDS. n=3; +p<0.05.  ITIH2: Inter-alpha-trypsin inhibitor heavy chain 

H2; ITIH3: Inter-alpha-trypsin inhibitor heavy chain H3; SERPINA 5: Plasma serine 

protease inhibitor; ITIH1: Inter-alpha-trypsin inhibitor heavy chain H1; ITHI4: Inter-

alpha-trypsin inhibitor heavy chain H4; SERPINA 7: Serpin peptidase inhibitor, clade A 

(Alpha-1 antiproteinase, antitrypsin), member 7; SERPINA 1: Alpha-1-antiproteinase. 

Edited from Antonello et al., 2022 [190]. 

3.2.5 Effects of SHDS on the viability of epithelial intestinal 

Caco-2 cells, HCT116 cells and primary Human Colonic 

Epithelial cells  

A dose-dependent viability experiment employing a dose range of 0 to 150 

g/ml was carried out on Caco-2 and HCT116 cells to investigate the effect of 
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SHDS treatment on the NBMs biocompatibility/cytotoxicity. This range was 

determined by the toxicity of OGI fluids tested separately at the same dilutions 

as those used to dilute NBMs, which showed that OGI fluids are not 

significantly cytotoxic up to dilution equivalent to 150 g/ml NBMs (Figure 

3.16A). 

 

Figure 3.16. Cells viability of A) Caco-2 cells and B) HCoEpiC cells after 24h of 
incubation with OGI fluids. 
n=3 

+p<0.05 vs Ctrl; ++p<0.01 vs Ctrl 
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Untreated LSNPs up to 100 µg/ml showed very minimal toxicity in Caco-2 and 

HCT116 cells. However, following SHDS treatment, both Caco-2 and HCT116 

cells showed considerable cytotoxicity for doses greater than 75 µg/ml and 20 

µg/ml, respectively (Figure 3.17A). Contrarily, neither the untreated nor the 

SHDS-treated CNPs were toxic, and SHDS had no effect on the biocompatibility 

profile of this NBM in both the two cell lines (Figure 3.17B). Untreated FNPs 

showed the maximum level of cytotoxicity on Caco-2 cells, starting to exert 

toxicity at 10 µg/ml, but SHDS, in contrast to the other NBMs, had a 

cytoprotective effect. In fact, treated FNPs became toxic at 75 µg/ml (Figure 

3.17C). For HNPs, a similar effect of toxicity masking was seen; while untreated 

HNPs exhibited toxicity starting at 50 µg/ml, treated HNPs did not exhibit 

toxicity at any of the concentrations examined (Figure 3.17D). Neither 

untreated nor SHDS-treated FNPs and HNPs significantly produced 

cytotoxicity in HCT116 cells (Figure 3.17C and D). 

Models of gastrointestinal cells like Caco-2 and HCT116 are frequently 

employed [194]. However, because they are immortalized, they should be less 

susceptible to outside stimuli. For this reason, we also evaluated the impact 

of NBMs in primary non-transformed intestinal epithelial cells (HCoEpiC). All 

the NBMs, in general, demonstrated toxicity at lower doses than on Caco-2 

and HCT116 cells (Figure 3.18). The higher susceptibility of HCoEpiC to SHDS 

fluids, which are toxic at lower concentrations (50 µg/ml) than in immortalized 

cells (Figure 3.16B), can help to explain this finding. Taking this into account, 

we chose to analyse the NBMs in a concentration range (2.5–20 µg/ml) that 

was just below the first toxic concentration of SHDS fluids. 

HNPs were the only NBM that demonstrated a lower cytotoxicity after SHDS 

towards both Caco-2 (Figure 3.17D) and HCoEpiC cells (Figure 3.18D). SHDS 

treatment increased the cytotoxicity of LSNPs and CNPs (Figure 3.18A and B), 

while there was no observable cytotoxicity difference between SHDS-treated 

and untreated FNPs (Figure 3.18C) (Figure 3.18D). 
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Figure 3.17. Cells viability of Caco-2 (in black) and HCT116 (in gray) cells after 
incubation with pristine and SHDS-treated A) LSNPs , B) CNPs, C) FNPs and D) HNPs. 
+p<0.05 vs Ctrl, ++p<0.01 vs Ctrl; *p<0.05 vs pristine; **p<0.01 vs pristine. Adapted 

from Antonello et al., 2022 [190]. 
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Figure 3.18. HCoEpiC viability after incubation with pristine and SHDS-treated A) 
LSNPs, B) CNPs, C) FNPs and D) HNPs. +p<0.05 vs Ctrl, ++p<0.01 vs Ctrl; *p<0.05 vs 
pristine; **p<0.01 vs pristine. 

These findings indicate that the nature of NBMs, which can go through various 

alterations throughout SHDS, has an impact on the behaviour of epithelial 

intestine cells. Furthermore, the selection of an in vitro model to assess 

cytotoxicity is crucial, as shown by the disparate sensitivity of Caco-2 cells, 

HCT116 cells, and primary non-transformed cells. 

Subsequently, HCT116 cells were used to test the genotoxicity of NBMs that, 

although being a cancer-derived cell line, contain wild-type p53 as opposed to 

Caco-2 cells. Counting 53BP1 DNA repair foci revealed that none of the tested 

NBMs increased the number of DNA strand breaks in a manner that was 

statistically different from the positive control, which consisted of cells treated 

for 24 h to 50 µM etoposide (Figure 3.19). 
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Figure 3.19. NM genotoxicity. DNA strand breaks were quantified using 53BP1 
immunostaining and foci counts, each focus reflecting the presence of a DNA double 
strand break. HCT116 were exposed for 24 h to 10, 20 or 50 µg/mL of FNP, CNP, LSNP 
or HNP NMs, either pristine or digested, except for the digested form of LSNP, which 
was tested only at 10 µg/mL due to cytotoxicity higher than 30% at the two other 
concentrations. Positive control: HCT116 cells exposed for 24 h to etoposide (black 
bar). Only the positive control significantly increases the nr. of 53BP1 foci. 
+p<0.05 vs Ctrl; ++p<0.01 vs Ctrl 

Adapted from Antonello et al., 2022 [190]. 

3.2.6 Effects of SHDS on viability and permeability of Caco-2 

intestinal barrier model 

Lastly, using the 21-day differentiated Caco-2 model, we examined the impact 

of NBMs on viability, permeability, and inflammatory parameters in a reliable 

intestinal barrier model. 

Caco-2 cells start differentiating after 21 days, when they have reached 

complete confluence after growing on porous membrane inserts [149]. 

Because it replicates intestinal physiology, this model is accepted as a reliable 

representation of the intestinal barrier and is frequently employed in 

permeability evaluation tests [195,196]. Hence, for all SHDS-treated and 

untreated NBMs, we examined the effects on cell viability and barrier 

permeability using this model. In order to highlight the differences in terms of 



 
59 

 

the toxicological features of NBMs, before and after the simulated digestive 

process, we decided to analyse the greatest non-toxic dose of NBMs obtained 

in vitro on Caco-2 undifferentiated cells. This is because there is no published 

data about the physiological doses in patients exposed to these NBMs, but 

there are also no reports of severe acute toxicity. The greatest concentration 

of SHDS-treated NBMs (150 g/ml for CNPs and HNPs, 50 g/ml for LSNPs and 

FNPs) that did not significantly cause toxicity in undifferentiated Caco-2 cells 

were therefore used to incubate barrier-forming cells for 24 hours (Figure 

3.17, left panel). 

Neither untreated nor SHDS-treated NBMs displayed toxicity in the viability 

assays (Figure 3.20A). 

 

Figure 3.20. Caco-2 barrier A) viability and B) permeability. +p<0.05 vs Ctrl, ++p<0.01 
vs Ctrl; *p<0.05 vs pristine; **p<0.01 vs pristine. 

As NBMs toxicity may affect barrier integrity and cause inflammation [197], 

we then assessed integrity measures in terms of functional assays, TEER and 

TJ levels, and the production of pro- and anti-inflammatory cytokines. 

In our model, the absence of permeability fluctuation, as determined by the 

LY permeability assay, was paralleled by the absence of toxicity (Table 3.7, 

Figure 3.20B). Additionally, in both untreated and NBM-treated barriers, the 

TEER values were always greater than 600 Ωcm2 (Table 3.8).  
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Table 3.7. Apparent permeability (Papp) values of Caco-2 barrier model after 24 h of incubation. 

 Untreated Papp (cm/s) SHDS-treated Papp (cm/s) 

Ctrl 2.61x10-7 ± 2.71x10-8 2.67x10-7 ± 1.40x10-8 

LSNPs 2.32x10-7 ± 5.60x10-9 2.26x10-7 ± 3.20x10-9 

CNPs 2.38x10-7 ± 1.83x10-8 2.09x10-7 ± 3.37x10-9 

FNPs 2.29x10-7 ± 1.08x10-8 2.50x10-7 ± 1.35x10-8 

HNPs 2.21x10-7 ± 9.92x10-9 2.18x10-7 ± 1.45x10-8 

24 h of incubation with 50 µg/ml of LSNPs and FNPs, and 150 µg/ml of CNPs and HNPs. n=3; 
mean+/-SEM. 

Table 3.8. Trans-Epithelial Electrical Resistance (TEER) values of Caco-2 barrier model after 24 
h of incubation. 

 U treated  EER (Ω*  2) SHDS-treated  EER (Ω*  2) 

Ctrl 619.5 ± 44.2 657.3 ± 25.3 

LSNPs 642.3 ± 31.7 661.5 ± 21.2 

CNPs 674.1 ± 53.4 632 ± 23.1 

FNPs 665.7 ± 37.8 653.2 ± 24.9 

HNPs 623.7 ± 19.2 642.5 ± 23.6 

Importantly, each NBM displayed a distinct pattern of upregulation of one or 

more TJ-related genes (Figure 3.21). Untreated LSNPs, FNPs, and HNPs 
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downregulate the occludin encoding gene (OCLN) (Figure 3.21B), as well as 

the zonula occludens-1 (TJP1), claudin 3 (CLDN3), and claudin 5 (CLDN5) 

encoding genes, to a lesser extent (Figure 3.21D). Only TJP1 and CLDN5 

expression was increased by SHDS-treated LSNPs, TJP1, OCLN, and CLDN5 

expression was increased by SHDS-treated FNPs, and all these genes 

expression was enhanced—albeit to varying degrees—by SHDS-treated HNPs. 

It is interesting to note that CNPs were the only NBM to stimulate the 

expression of all TJs-encoding genes examined, in both the untreated (apart 

from CLDN5) and the SHDS-treated forms (Figure 3.21). 

 

Figure 3.21. Tight junction proteins gene expression in Caco-2 barrier model after 
incubation with NBMs A) TJP1 , B) OCLN, C) CLDN3 and D) CLDN5. +p<0.05 vs Ctrl, 
++p<0.01 vs Ctrl; *p<0.05 vs pristine; **p<0.01 vs pristine. 

The upregulation of TJs genes may indicate that intestinal cells generated a 

compensatory response in reaction to potentially cytotoxic NBMs. The 
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functional outcome in terms of permeability (Figure 3.20B) indicates that this 

reaction was successful in preventing the deterioration of barrier integrity. 

The gene expression of two pro-inflammatory cytokines involved in the 

pathogenesis of inflammatory bowel disease, TNF-α and IL-6 [198], was also 

examined. These cytokines were contrasted to IL-10, which is known for its 

role in reducing inflammation in inflammatory bowel disease [199], and IL-22, 

which promotes intestinal regeneration after injuries [200] and maintains the 

integrity of the intestinal epithelium [201]. 

None of the untreated NBMs significantly raised the expression of the 

cytokines genes (Figure 3.22), which is consistent with the low influence TJ-

genes were subjected to (Figure 3.21). 

 

Figure 3.22. Inflammation-related gene expression in Caco-2 barrier model after 
incubation with NBMs A) TNF , B) IL6, C) IL10 and D) IL22. +p<0.05 vs Ctrl, ++p<0.01 vs 
Ctrl; *p<0.05 vs pristine; **p<0.01 vs pristine. 
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The expression of the pro-inflammatory TNF-α encoding gene was raised by 

SHDS-treated LSNPs, FNPs, and HNPs but not by SHDS-treated CNPs (Figure 

3.22A). All the SHDS-treated NBMs upregulated the IL-6 encoding gene (Figure 

3.22B), but they also upregulated the IL-10 and IL-22 encoding genes, two anti-

inflammatory/immune-suppressive cytokines, suggesting a balance between 

pro-inflammatory and anti-inflammatory processes that may help to maintain 

the integrity of the intestinal barrier. 

3.2.7 NBM intestinal barrier crossing 

The LY test results indicated that the studied NBMs, in both their pristine and 

treated forms, are unable to pass the barrier by paracellular 

translocation.  The model was treated with CNPs and FNPs, and NTA was used 

to track the particle concentration in the Bl compartment of the Caco-2 barrier 

in order to monitor any potential transcellular translocation. These samples 

were chosen because high refractive index samples are more suitable for the 

procedure. After treatment with both pristine and SHDS-treated CNPs and 

FNPs, no particles were discovered in the Bl compartment, indicating that, 

based on their minimal detectable concentration, the absorption through the 

barrier is less than 1.25 and 2.5%, respectively, of the Ap concentration for 

pristine ones, and 2% and 25%, respectively, for digested ones. These findings 

were verified for FNPs using the FerroZineTM assay, which demonstrated that 

neither untreated nor treated samples contained detectable iron 

corresponding to concentrations greater than 1.25% of the Ap concentration. 

All the results contained in this chapter are summarized in Table 3.9. 
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Table 3.9. Resume of the results of Chapter 3. 

Endpoint Results 

Properties of NBMs NBMs with different chemical 
nature differ from each other by size 
distribution and surface charge 

Effect of SHDS on NBMs size After SHDS treatment all NBMs 
tested showed a micrometric 
fraction, a biological coating and 
appeared aggregated. HNPs and 
LSNPs were partially degraded from 
acidic pH and lipase respectively 

Bio-molecular corona formation 
during SHDS 

After SHDS, CNPs and FNPs 
appeared more stable and acquired 
different surface charge and 
reactivity as compared to pristine 
particles 

NBMs identity in cell culture 
medium and in SHDS 

In cell culture medium, both pristine 
and SHDS-treated particles showed 
different hydrodynamic diameter, 
size distribution, stability, and 
surface reactivity than particles in 
water or dispersant. 
FNPs presented on the surface 
bovine serum proteins and proteins 
from SHDS fluids 

Effects of SHDS on the viability of 
intestinal cells 

The particles had different effects on 
cell viability on Caco-2, HCT116 and 
HCoEpiC cells. HCoEpiC were the 
more sensible cells as they are 
primary cells. No genotoxicity was 
found for all particles tested on 
HCT116 cells 

Effects of SHDS on Caco-2 
intestinal barrier model 

No change in viability, permeability, 
and integrity of the barrier for all 
particles tested. Different particles 
and SHDS-treated particles showed 
different trends of regulation of TJs-
associated genes. Only SHDS-treated 
particles up-regulated inflammation-
related genes 

NBM intestinal barrier crossing No detectable barrier crossing was 
found for CNPs and FNPs 
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3.3 Discussion 

Nanomaterial exposure is growing more and more likely as a result of the 

extensive use in numerous industrial sectors, including the food and 

pharmaceutical industries. As a consequence, the number of studies 

examining the risk posed by NBMs is growing dramatically [202–204]. Despite 

being an important route of exposure to both NMs and NBMs, ingestion has 

received little attention thus far. This is probably due to the complexity of the 

physiology of the OGI tract and the absence of models and markers of NBMs 

toxicity. 

To better simulate the complex gut structure and physiology, several 

alternative cellular models have recently been proposed [153,154,205–208]. 

However, the majority of current studies only expose cells to pristine NBMs, 

omitting the changes that they go through along the OGI tract [209]. To detect 

such biotransformation, many in vitro digestion-simulating systems have 

recently been proposed [144,210,211]. The impact of the biotransformation 

throughout the OGI tract on the toxicity of nanomaterials against intestinal 

cells, however, has received very little attention [94,212–215] although lately 

the interest on this topic is rising with the contribution of some studies 

[216,217]. 

Here we reveal that the bioactivity of NBMs towards intestinal epithelial cells 

is significantly altered by the application of a SHDS, which in turn depends on 

the chemical nature of the NBMs. 

3.3.1 NBMs acquire a new identity in the OGI tract 

The fact that the physical and chemical characteristics of NBMs, such as size 

and surface properties, greatly influence their bioactivity, like toxicity, is 

currently well established [218–220]. 
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Size mostly influences cellular uptake and dosimetry. In fact, smaller particles 

can enter cells more easily via diffusion through the cell membrane or active 

processes like caveolae- and clathrin-mediated endocytosis [221]. The kinetics 

of interaction with cells and the effective dose, on the other hand, are 

modified by size because it influences particle sedimentation and diffusion 

[222,223]. 

Several different types of NBMs, including lipid nanoparticles [224], silver 

nanoparticles [225,226], titanium dioxide nanoparticles [94,227], silica 

nanoparticles [228], amorphous magnesium-calcium phosphate nanoparticles 

[229], gold nanoparticles [230], and others [231,232], have been shown to 

aggregate or agglomerate after interacting with simulated gastric or intestinal 

fluids. As the size of the four NBMs under investigation has significantly 

increased (Figures 3.3), our study supports earlier reports. Regardless of the 

chemical nature of the NBMs, this process, which primarily takes place in the 

stomach compartment, is irreversible. All NBMs actually look aggregated in 

cell medium, and in these forms, they have a higher possibility of interacting 

with the intestinal cells in vivo. As shown for stable zero-valent iron [233], gold 

[234], and silver nanoparticles  [235][235], the stomach fluid low pH and high 

ionic strength appear to be the primary driving forces for aggregation, 

whereas the proteins appear to impede the process only partially. 

NBMs go through other transformational processes besides aggregation. Since 

dissolution, enzymatic degradation, or coating degradation were observed, it 

appears that HNPs, LSNPs and FNPs aggregates are made up of transformed 

primary particles that are smaller than the original ones. This finding is in line 

with other investigations that have shown that extremely acidic pH can 

dissolve pH-sensitive NBMs [234–236] and that enzymes and proteins can 

contribute to NBMs dissolution by breaking down their components [237–

240]. 
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The alteration of the NBMs surface chemistry is a crucial factor. Both colloidal 

stability and interaction of nanoparticles with membranes are impacted by 

surface charge [241–243]. The NBMs surface, on the other hand, works as a 

scaffold for protein and biomolecules binding, resulting in the acquisition of a 

biological identity [244–248] that appears to determine NBMs affinity for 

certain cell types and particular receptors [221,249]. The specific bio-fluid in 

which NBMs are dispersed has a significant impact on the content of the bio-

corona and subsequent NBMs activity [250–253]. 

Our research clearly reveals that proteins and other components form a hard 

corona to establish an irreversible bond to the surface. There were noticeable 

variations between FNPs that had not been pre-treated with the SHDS and 

FNPs that had. A protein coating actually forms around the hydroxyapatite 

nanoparticles, delaying their degradation, as previously shown by Choki and 

colleagues, who also noted the protective role of proteins [254]. A 

diminished release of Ag+ ions from silver nanoparticles when coated with 

bovine serum albumin has also been shown by Levak and co-workers and 

Martin and colleagues [255,256]. Yet, the protein corona alters the surface 

charge of CNPs and FNPs while only partially inhibiting their surface reactivity. 

This finding indicates that the particle surfaces may still be partially exposed 

to the solvent and able to interact directly with cell surface. The nature of the 

materials has an impact on this effect. In fact, we have already reported that 

the treatment with SHDS fully suppressed the surface reactivity in the case of 

TiO2 [94]. 

3.3.2 Effect of the biotransformation on the toxicity of NBMs 

toward intestinal cells 

The treatment with SHDS had a significant impact on how NBMs interacted 

with Caco-2 cells. Yet, the outcome varies based on the NBMs type and 

model/endpoint. The treatment increased the toxicity of LSNPs toward 
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undifferentiated Caco-2 cells, most likely due to the release of the surfactant 

generated by the outermost layers breakdown induced by the SHDS (Figure 

3.17), but not of CNPs, and decreased the cytotoxicity of FNPs and HNPs. The 

pattern in primary intestinal epithelial cells was distinct. In this instance, SHDS 

increased the toxicity of CNPs and FNPs while maintaining a toxicity trend 

similar to Caco-2 cells for LSNPs and HNPs (Figure 3.18). This result is 

consistent with that of other non-transformed cell lines, such as CCD-841, 

which demonstrated a greater drop in viability following treatment with 

silicon nanoparticles with isothiocyanate caps than Caco-2 cells [257]. 

Nevertheless, the literature does not report any specific mechanism of 

increasing sensitivity to NBMs in specific cell types, thus we cannot exclude 

induced variations other than inflammation and cell viability loss, such as 

affection of cellular ultrastructure (e.g., cytoskeleton rearrangement, TJs 

perturbation). However, our findings indicate that the use of primary 

epithelial cells helps in obtaining a more comprehensive understanding of the 

effects of NBMs in humans: by combining the findings from immortalized cells, 

which are by nature useful for preliminary and extensive screening, with the 

findings from a model more resembling the physiological cells found in the 

human OGI tract, more accurate information about the NBM biocompatibility 

arise.  

Interestingly, while all NBMs clearly perturbed the TJs, neither treated nor 

pristine NBMs were cytotoxic in the differentiated Caco-2 cells or changed the 

permeability of the intestinal barrier. This could be seen as a compensatory 

mechanism, as it happens in various diseases [258] or in response to IL-10, a 

cytokine whose expression is increased by the NBMs in our model, known to 

preserve the integrity of the intestinal barrier [259]. In order to limit the 

damage induced by NBMs, intestinal cells likely respond by increasing specific 

genes encoding for the main TJ proteins, preventing the loss of TJs, and 

maintaining the barrier intact. While it is true that the pro-inflammatory 
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cytokines TNF-α and IL-6, which are also stimulated by NBMs, promote the 

disruption of the intestinal barrier [259], IL-10 is also elevated; this balance 

may help the barrier integrity to recover after being first damaged by 

inflammation. In samples that had been treated, the gene for TJs protein was 

considerably more clearly induced. This might be because, as shown for FNPs, 

proteases originating from the SHDS are present in the hard corona. In fact, it 

has been suggested that the protease/antiprotease balance is crucial for 

maintaining and controlling intestinal permeability [260]. However, the high 

concentration of protease inhibitors derived from the cell medium could 

offset this impact. Since the protein corona composition is anticipated to 

depend on the chemical nature of the NBM, this theory should not necessarily 

hold true for the other NBMs that have been investigated. On the other hand, 

it has been noted that TiO2 nanoparticles upregulated paracellular 

permeability in mice by decreasing TJ genes expression in vivo and ex vivo 

[261]. Sometimes, NBMs like TiO2 or SiO2 are combined with dietary additives 

[262] or bacterial toxins like lipopolysaccharide [263] and they diminish TJs, 

including adherence and gap junction proteins. We came to the conclusion 

that the increase in TJs elicited by NBMs was adequate to avoid any loss of 

barrier integrity because no increase in the permeability of LY was found in 

our experimental settings for any of the NBMs tested. It is also known that 

Caco-2 cells exposed to silica nanoparticles undergo an initial disruption of the 

actin cytoskeleton and TJs architecture, followed by a recovery phase of actin 

remodelling and TJs reassembly [138]. It is possible that the integrity of the 

intestinal barrier that we measured was the result of a complete process of 

barrier reparation after an initial damage. 

As predicted, neither untreated nor treated FNPs or CNPs were able to pass 

through the barrier through the transcellular or paracellular pathways. 

It has been widely documented that because NBMs are non-self components, 

exposure of the intestinal barrier to NBMs causes local inflammation, which is 
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supported by the presence of numerous lymphoid tissues linked to the 

intestinal mucosa [264] and/or by changes in the gut microbiota [265]. 

Moreover, epithelial cells naturally produce cytokines and chemokines that 

play a key role in regulating immune cell activation and preserving the 

equilibrium of the microbiota [266]. Dysbiosis, pathogenic infection, or 

inflammatory bowel illness can all be induced by abnormal cytokine 

production from epithelial cells [266]. We therefore assessed how the 

production of pro-inflammatory and anti-inflammatory cytokines as the last 

biocompatibility criteria of NBMs. We found As suggested by  suggested by 

the increase in the expression of typical pro-inflammatory cytokines TNF-

α and IL-6, as well as in the anti-inflammatory cytokine IL-10 and in IL-22, 

related to intestinal epithelial regeneration, we likely have inflammatory 

events induced by NBMs exposure that are paralleled by a compensatory gene 

expression of anti-inflammatory and pro-regenerative cytokines. This 

equilibrium, together with the increased expression of TJs related genes, 

probably contributes to prevent barrier deterioration and integrity loss. Our 

findings agree with those of Colombo and colleagues, who found that 

commercial ZnO NPs boost the production of IL-6 and IL-8 in the Caco-2 barrier 

model while retaining barrier integrity [267]. Similar to this, polyvinyl chloride 

particles have been shown to stimulate IL-1β secretion while maintaining the 

viability and integrity of the Caco-2/HT29-MTX/THP-1 barrier [268]. However, 

none of this research takes into account the changes that occur during the 

digestion of NBMs. Indeed, we saw a much higher increase in TJs and cytokines 

in the case of digested NBMs, which is probably related to the substantial 

changes that  NBMs underwent after SHDS. Yet, these alterations are 

nonetheless linked with a conserved barrier integrity, as seen by the lack of 

increased permeability in the Caco-2 barrier exposed to digested SHDS-

treated NBMs. Interestingly, CNPs confirmed their status as the NBMs less 
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modified during OGI transit and more biocompatible after oral consumption 

by being thelower modulators of TJs and cytokines even after SHDS treatment. 

3.4 Conclusions 

The findings presented in this chapter show that the transit along the OGI tract 

and the biotransformation of NMBs significantly influences their 

biocompatibility on intestinal cells. Due to the numerous effects of the 

observed biotransformation on NBMs bioactivity, no common trend between 

the various NBMs was found. The results of the current study indicate that 

using OGI simulating systems that have undergone rigorous validation would 

enhance the possibility of in vitro models to accurately predict the behaviour 

of NBMs in vivo. 

The results enclosed in this chapter have been published in Particle and Fibre 

Toxicology in the paper “ Changes of physico-chemical properties of nano-

biomaterials by digestion fluids affect the physiological properties of epithelial 

intestinal cells and barrier models “. [190]  
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4 Comparison between in vitro and in vivo 
effects on gut of nutraceutical 
nanoformulations 

This chapter enclose a study that was conducted as a part of the European 

project BIORIMA with the aim to compare the in vitro model developed in 

Chapter 3 whit an in vivo situation. It was carried out in collaboration with 

University of Rome Tor Vergata. 

4.3 Materials and methods 

4.3.1 Materials and reagents 

Plasticware for cell culture was obtained from Falcon (Becton Dickinson, 

Franklin Lakes, NJ), FBS and cell culture media were from Invitrogen Life 

Technologies (Carlsbad, CA). 

All reagents were purchased from Sigma-Merck if not otherwise specified. 

4.3.2 Nanomaterials 

As previously described in Chapter 3, section 3.1.2, LSNPs were produced by 

Nanovector srl Turin, Italy, and are made of water (Citrate/Phosphate buffer 

pH 5), glycerol, soy lecithin, glyceryl citrate/lactate/oleate/linoleate (E-472), 

glycerol monostearate (E-471), polysorbate 20, ascorbyl palmitate, sodium 

benzoate, α-tocopheryl acetate, strawberry favour, sucralose and loaded or 

not with Melatonin (0.1% w/w). 

4.3.3 Cell cultures 

The human colon adenocarcinoma cell line Caco-2 provided by ATCC 

(Manassas, VA, USA) were expanded and maintained in DMEM (Thermo Fisher 

Scientific; Waltham, MA, USA) supplemented with 20% v/v FBS, and 1% v/v 

penicillin/streptomycin. For the viability assay, cells were seeded 24 h before 

the incubation with NMs in cell media at 10% v/v FBS with a density of 2.5 × 
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103 cells/well on Falcon ® 96-well Polystyrene Microplates (Corning Life 

Sciences, Chorges, France). For the viability and permeability assay on Caco-2 

barrier model, cells were seeded on Transwell™ inserts (1 μm diameter pore-

sizes, growth area of 4.2 cm2, Corning Life Sciences, Chorges, France) 24 h 

before the treatment in cell media at 10% v/v FBS with a density of 38 × 104 

cells/insert and cultured for 21 days to let them differentiate in adult 

enterocytes-like cells. The culture medium was changed twice a week until 

time of use. 

All cell cultures were kept in a humidified incubator at 37°C in a 5% CO2 

atmosphere. 

4.3.4 Simulated Human Digestion System (SHDS) 

The preparation of the simulated fluids and the procedure of SHDS were the 

same of previous explained in Chapter 3 in section 3.1.9. 

4.3.5 Cell exposure to NMs or melatonin 

Caco-2 cells were exposed for 24 h to pristine and SHDS-treated NMs the day 

after cell seeding. Before the exposure the desired concentrations of NMs (2.5, 

5, 10, 20, 50, 100 and 150 μg/mL) or the corresponding concentration of 

melatonin (MLT) (0.42, 0.83, 1.66, 4.2, 8.3, 12.5 μg/mL) were obtained by 

diluting them in cell culture media. 

Caco-2 cells previously cultured on Transwell™ inserts were incubated with 

pristine and SHDS-treated NMs or MLT for 24 h. Before incubating the cells 

with NMs, the culture medium was replaced with 1.5 ml of medium containing 

the NMs or MLT at the desired concentration (50 μg/mL or the respective 

amount of MLT). 

4.3.6 Cell viability 

Cell viability measurements was performed as described in Chapter 3 in 

section 3.1.10. 
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4.3.7 Trans-Epithelial Electrical Resistance 

The TEER was measured as reported in Chapter 3 in section 3.1.12. 

4.3.8 Barrier permeability assessment 

Similar to the previous chapter, to assess whether a change in permeability of 

Caco-2 barrier model occurred at the end of the NMs exposure time (24 h), 

the passage of LY was used following the NANoREG protocol (Standard 

Operating Procedure for evaluation of NMs impact on Caco-2 cell barrier 

model). 

Briefly, the Bl and Ap medium of each well were removed, and the wells were 

washed three times with pre warmed (37°C) Hanks’ Balanced Salt Solution 

(HBSS, Thermo Fisher Scientific; Waltham, MA, USA). After the washing steps, 

inserts were transferred into new 6-wells plates containing 1.5 mL of HBSS in 

the Bl compartment. At this point 0.5 mL of HBSS with 0.4 mg/mL of LY were 

inserted in the Ap compartment and incubated for 2 h at 37 °C in 5 % CO2 

incubator. 

After the incubation time, the Bl medium was collected and it was loaded in 

duplicate into black 96-well plates to read the fluorescence using a Synergy 

HTX microplate reader (Bio-Tek Instruments) (excitation at 428 nm, emission 

at 536 nm). 

The percentage of LY that has crossed the barrier in the wells containing cells 

has been compared with that of cell-free insert and the apparent permeability 

(Papp) was calculated. The Papp is expressed as cm/s and was calculated using 

the following equation:  

Papp = ((ΔQ/Δt)·V)·(1/AC0) 

where ΔQ/Δt ((mg/mL)/s) is the NMs transport rate from the Ap to the Bl 

chamber, A (cm2) is the area of the membrane (which in our case was 4.2 cm2), 

and C0 (mg/mL) is the initial NMs concentration in the Ap chamber. 
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4.3.9 Mice exposure to NMs 

Ten female CD1 mice were treated by oral gavage with High (H) or Low (L) 

concentrations (i.e., 750 mg and 7.5 mg) of NMs with (+) and without (-) MLT, 

respectively, three times a week for six weeks. As a negative control, four 

female mice were treated with citrate buffer as a vehicle. Gut samples were 

taken from three distinct tracts of the small intestine (duodenum, jejunum, 

and ileum). 

4.3.10 Quantitative Real Time PCR (qRT-PCR) 

The phenol/chloroform/ethanol procedure was used to extract the mRNA 

from the cells. Cells were lysed and tissues were homogenised in RiboZol 

(VWR; Radnor, PA), incubated for 10 min at room temperature, and then 

chloroform was added. 

The samples were centrifuged for 15 min at 12,000 g at 4 °C after being shaken 

for 15 s and incubated at room temperature for 3 min. After transferring the 

aqueous phase to a clean tube and adding isopropanol, the samples were 

incubated for 10 min at room temperature before being centrifuged at 12,000 

g for 10 min at 4 °C. After centrifuging RNA pellets at 12,000 g for 5 min at 4 

°C and twice with ethanol 70% v/v, they were resuspended in RNAse-free 

water. A Take3 plate (Synergy HT Multi-Detection Microplate Reader) was 

used to measure the amount of RNA by reading the absorbance at 260 nm. 

RNA samples were reverse transcripted using the iScript cDNA synthesis kit 

(Bio-Rad, Segrate, Italy), as per manufacturer’s instructions. 

qRT-PCR was used to estimate the expression levels of the genes listed in 

Tables 4.1 (murine) and 4.2 (human) respectively. For each sample, 5 μl of the 

Bio-Rad Laboratories iTaq Universal SYBR  reen Supermix, 2 μl of a mix of 5 

μM primers, and 3 μl of cDNA (5 ng/μl) were used. Using a CFX96 Real-Time 

System (Bio-Rad Laboratories), samples were run 42 cycles for 30 s at 95 °C, 5 
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s at 95 °C, and 30 s at 60 °C. The analysis was done with the help of the program 

Bio-Rad CFX Maestro (Bio-Rad Laboratories). 

Table 4.1. Genes and primers used for human cells. 

GENE  5’-FORWARD-3’ 5’-REVERSE-3’ 

TNF TGGGATCATTGCCCTGTGAG GGTGTCTGAAGGAGGGGGTA 

IL6 GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC 

IL10 AGACAGACTTGCAAAAGAAGGC TCGAAGCATGTTAGGCAGGTT 

IL22 GCTGCCTCCTTCTCTTGG GTGCGGTTGGTGATATAGG 

*S14 AGGTGCAAGGAGCTGGGTT TCCAGGGGTCTTGGTCCTATTT 

* Reference gene  
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Table 4.2. Genes and primers used for murine tissues. 

GENE  5’-FORWARD-3’ 5’-REVERSE-3’ 

TNF CCTCTCATGCACCACCATCA GCATTGCACCTCAGGGAAGA 

ILB1 AAGGGGACATTAGGCAGCAC ATGAAAGACCTCAGTGCGGG 

IL6 AGCCCACCAAGAACGATAGTC GCATCAGTCCCAAGAAGGCA 

IL10 ACCTGGTAGAAGTGATGCCC ACACCTTGGTCTTGGAGCTT 

IL22 GACAGGTTCCAGCCCTACAT TCGCCTTGATCTCTCCACTC 

NOS2 AGGTTGTCTGCATGGACCAG GCTGGGACAGTCTCCATTCC 

CLDN3 GGTGACAGACGACACACAGT GTCCATTCGGCTTGGACAGT 

CLDN4 TGGTGTGCTGAGTGACTGAC GGGTCAAGCACAGTCATTGC 

CLDN2 AGGAATTGCCCAGAAGCCAA GGTTTAGCAGGAAGCTGGGT 

CLDN5 TTAAGGCACGGGTAGCACTC CAACGATGTTGGCGAACCAG 

OCLN TCTTTCCTTAGGCGACAGCG AGATAAGCGAACCTGCCGAG 

TJP1 AGAGCTACGCCTGGAGATTC TGTCCTATTTCCAGCTCCCG 

MUC3 GCAGAAGGGCGATAAGTGGT GCTGACATTTGCCGTAGCTG 

*ACTB TGAAGTGTGACGTTGACA TAGAAGCACTTGCGGTGCACG 

* Reference gene 

4.3.11 Statistical Analysis 

For the statistical analysis, ANOVA (ANalysis Of VAriance) with post-hoc Tukey 

Honestly Significant Difference Test Calculator for comparing multiple 

treatments [186] was used by using Statistical Package for Social Science 

software (IBM SPSS Statistics v.19). p < 0.05 was considered significant. 
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4.4 Results 

4.4.1 LSNPs cytotoxicity assessment 

Taking into consideration the results obtained and discussed in Chapter 3, 

simulated digestion might improve the effects on cell viability of LSNPs. For 

this reason, we tested their biocompatibility on undifferentiated Caco-2 cells, 

before and after SHDS treatment, in a concentration range between 5 and 150 

μg/ml, based on the highest concentration of simulated digestive fluids alone 

that do not affect Caco-2 cells viability (Chapter 3, section 3.2.5, Figure 3.16). 

To exclude any possible interference of loaded MLT, also its corresponding 

concentrations were tested. As shown in Figure 4.1A, MLT had not influence 

on cell viability in the whole concentration range, both in pristine form and in 

SHDS-treated one. Instead, LSNPs both with and without MLT, became toxic 

starting from 100 μg/ml only after SHDS treatment (Figure 4.1B). While in the 

pristine form LSNPs did not affect cell viability in presence of MLT, however in 

the absence of MLT they exerted their toxicity on Caco-2 cells at the highest 

concentration tested (Figure 4.1B), likely due to the lack of MLT that is 

recognized as a homeostasis maintenance factor on intestinal epithelium 

[269]. 

These data also confirm the findings presented in Chapter 3, section 3.2.5. 

The highest non-toxic concentration (i.e., 50 μg/ml) was then employed to 

investigate the effects on Caco-2 intestinal barrier model. 

After 24 h of exposure, cell viability was measured by using WST-1 assay: in all 

conditions tested the viability remained unchanged (Figure 4.2A). 

Instead, to verify if LSNPs affected the integrity of the barrier, TEER as well as 

the LY passage were measured. If the LY assay did not show significant 

differences between control and treated barrier both calculating the 

percentage (Figure 4.2C) and the Papp (Table 4.3), TEER showed an increased 
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value when the barrier was exposed to pristine MLT (Figure 4.2B), confirming 

the beneficial role of the latter on intestinal epithelium. 

 

Figure 4.1. Caco-2 cell viability after 24 h of exposure to A) melatonin and B) pristine 
and SHDS-treated LSNPs with or without MLT. ++p<0.01 vs Ctrl; *p<0.05 vs pristine; 
°p<0.05 vs w/o MLT; °°p<0.01 vs w/o MLT. 
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Figure 4.2. Caco-2 barrier model A) cell viability, B) Trans Epithelial Electrical 
Resistance, and C) permeability after 24 h of incubation with NBMs. **p<0.05 vs Ctrl. 
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Table 4.3. Apparent permeability of Caco-2 barrier model after 24 h of exposure with NBMs. 

Papp (cm/s x 10-8) 

 Pristine SHDS-treated 

Ctrl 8.6 ± 4.5 7.4 ± 1.6 

LSNPs 5.7 ± 1.2 7.2 ± 4.6 

LSNPs w/o MLT 6.8 ± 3.7 7.1 ± 2.4 

MLT 7.8 ± 2.2 7.6 ± 4 

EtOh 6.8 ± 3.5  

 

 

Figure 4.3. Gene expression of inflammation-related genes in Caco-2 barrier model. 
A) TNF, B) IL6, C) IL10, and D) IL22. +p<0.05 vs Ctrl; ++p<0.01 vs Ctrl; **p<0.01 vs 
pristine; °°p<0.01 vs w/o MLT; §§p<0.01 vs MLT. 

To get a complete picture of the LSNPs effects on Caco-2 barrier, the 

expression of two pro-inflammatory cytokines genes (i.e., TNF and IL6) and of 

two anti-inflammatory cytokines genes (i.e., IL10 and IL22) was investigated. 
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If for TNF there was no evidence of up-regulation for all tested conditions 

(Figure 4.3A), IL6 was decreased after the exposure to SHDS-treated LSNPs 

without MLT (Figure 4.3B). 

At the same time, this exposure condition seems to induce the concomitant 

up-regulation of anti-inflammatory IL10 and, albeit at a lesser extent, of IL22 

(Figure 4.3C and 4.3D), that might be the responsible of the absence of loss in 

barrier integrity despite the induced inflammation response. 

4.4.2 LSNPs effects on mice’s gut 

In parallel to the in vitro experiments, the effects of LSNPs on the gut in terms 

of barrier integrity and inflammation were investigated on an animal model 

using CD1 mice. They were exposed to two different concentrations of LSNPs 

with and without MLT three times a week for 6 weeks. At the end of the 

treatment, the mice were sacrificed and three different segments of the 

intestine (i.e., duodenum, jejunum, and ileum) were resected and analysed by 

qRT-PCR for encoding genes of TJ proteins, a mucin, pro- and anti-

inflammatory cytokines. 

For all TJ proteins, with the exception of TJP1, the exposure to higher 

concentration of LSNPs without MLT resulted in an important down-regulation 

for all of three intestinal sections analysed (Figure 4.4). Instead, TJP1 showed 

to be up-regulated in jejunum and ileum (Figure 4.4A). When the same 

particles were administered at lower concentration, they maintained the 

same effect on almost all TJ proteins in duodenum and ileum but they 

increased their expression in jejunum (Figure 4.4). Instead, LSNPs with MLT 

induced an overexpression of all TJ proteins in jejunum both for higher and 

lower doses in a concentration-dependent manner (Figure 4.4), while for the 

other two intestinal segments almost all TJs genes did not undergo to 

important variation excepted for CLDN2, CLDN3 and CLDN4 that were slightly 

up-regulated in duodenum (Figure 4.4C, D and E), OCLN, CLDN2 and CLDN5 
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that were slightly overexpressed in ileum  (Figure 4.4B, C and F), and TJP1 and 

CLDN3 that were slightly down-regulated in duodenum and ileum, 

respectively (Figure 4.4A and D). 

 

Figure 4.4. Gene expression of intestinal barrier integrity-related genes in mice. A) 
TJP1, B) OCLN, C) CLDN2, D) CLDN3, E) CLDN4, F) CLDN5, and G) MUC3. 
H: LSNPs with (+) and without (-) MLT higher concentration 

L: LSNPs with (+) and without (-) MLT lower concentration 

+p < 0.05 vs Ctrl; ++p < 0.01 vs Ctrl; °p<0.05 vs w/o MLT; °°p<0.01 vs w/o MLT; *p<0.05 
vs lower concentration; **p<0.01 vs lower concentration. 

MUC3 followed the trend of TJ genes: in duodenum it was decreased after 

treatment with LSNPs without MLT in a dose-dependent manner; in jejunum 
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it was always overexpressed, apart for the higher concentration of LSNPs 

without MLT; in ileum it was down-regulated at higher concentration of LSNPs 

both with and without MLT (Figure 4.4G). 

Parallelly to these changes in the expression of genes involved in intestinal 

barrier integrity, also the inflammation-related genes underwent a different 

regulation. 

All analysed inflammation-involved cytokines were down regulated, albeit at 

different extent, after exposure to higher concentration of LSNPs without MLT 

(Figure 4.5), similarly to what were found for TJ proteins genes (Figure 4.4). 

 

Figure 4.5. Gene expression of intestinal barrier inflammation-related genes in mice. 
A) TNF, B) IL6, C) ILB1, D) NOS2, E) IL10, and F) IL22. 
H: LSNPs with (+) and without (-) MLT higher concentration 

L: LSNPs with (+) and without (-) MLT lower concentration 

+p < 0.05 vs Ctrl; ++p < 0.01 vs Ctrl; °p<0.05 vs w/o MLT; °°p<0.01 vs w/o MLT; *p<0.05 
vs lower concentration; **p<0.01 vs lower concentration. 
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Instead, the lower dose of the same particles led to an up-regulation of the 

pro-inflammatory cytokines genes TNFα in duodenum and IL1B in jejunum 

(Figure 4.5A and C), as opposed to the overexpression of anti-inflammatory 

cytokines genes IL22 in jejunum and IL10 in all intestinal segments analysed 

(Figure 4.5E and F). In presence of loaded MLT, in contrast, TNF in duodenum 

(Figure 4.5A), IL1B in jejunum (Figure 4.5C) and IL6 in both (Figure 4.5B), only 

countered in jejunum by an overexpression of IL22 (Figure 4.5F). 

Finally, NOS2 gene, which is reported to play a role in the attenuation of 

inflammatory response in IBD [270–272], was up-regulated in jejunum only for 

LSNPs with MLT (Figure 4.5D). 

4.5 Discussion 

This work, as a part of the European project BIORIMA, was aimed to 

investigate the possible effects of ingested LSNPs, developed as nutraceutical 

formulation to vehicle the melatonin to the gut and improve its adsorption. 

In the last years the human exposure to NMs has been increasing thanks to 

their widespread employment due to their unique properties, which make 

them versatile and therefore easily usable in different fields, particularly in the 

healthcare [57,273–275]. 

Despite ingestion is one of the main routes of voluntary or involuntary human 

exposure to NMs, nowadays a validated in vitro model to study the NMs 

biocompatibility towards the gut is not still available. The main reason of this 

lack is likely identifiable in the complexity of the digestive system, which 

makes it hard to reproduce in vitro all the important features of this apparatus. 

In particular, it is difficult not only to mimic the intricate structure of the 

intestinal tissue, but also the possible modifications to which the NMs undergo 

during the digestion process due to the interaction with the different 

environmental conditions found along the gastro-intestinal tract (i.e., 

agglomeration/aggregation, degradation, bio-corona formation) that could 
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affect the particles-cells interaction, making the data inconclusive respect to 

that obtained in vivo. 

For this reason, we evaluated both in vitro and in vivo the gut effects of two 

nano-formulations  applying a simulated human digestion system before their 

exposure to Caco-2 intestinal cells and intestinal barrier model. 

It is now proven that lipid-based particles are susceptible to degradation 

during the digestive process by lipolysis to different extent depending on their 

structure and composition [238–240]. An example is represented by the work 

of Zöller and colleagues in which they observed a partially digestion by lipases 

and pancreatin of all tested lipidic particles, albeit to different extent 

depending on the particles composition. In particular the study reports a great 

resistance to enzymatic degradation in presence of PEG polymers [240]. 

Similar findings were reported by Ban and co-workers who made lipidic 

particles more resistant to the digestive process by PEGylating them [238].  

Similarly, in this thesis work, we observed important SHDS-induced 

modifications in LSNPs structure, as already disclosed in the previous chapter 

(Chapter 3, section 3.2.2). Moreover, we hypothesised that the simulated 

digestion-induced the LSNPs-contained surfactant (section 4.3.2) release from 

the outermost layers of the particles under the lipase activity can affect the 

cell viability at higher concentrations (Chapter 3). In fact, after degradation 

some components of lipid-based NPs could be released in the surrounding 

environment and may also have toxic effects [239]. The type and amount of 

released surfactants will be determinate by high performance liquid 

chromatography in future investigation. 

Confirming all these previous findings, in this part of the thesis we observed a 

loss in Caco-2 cells viability at higher doses only for SHDS-treated LSNPs, in line 

with our previous findings (Chapter 3, section 3.2.5). Conversely, in the 

absence of loaded MLT not only the induced toxicity increased, but also the 

pristine LSNPs affected cell viability. MLT was found to be a gut homeostasis 
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maintenance factor thanks to its antioxidative and anti-inflammatory 

properties [269,276,277]. In fact, it was demonstrated that the MLT 

administration is able to restore the physiological conditions in mice after 

sleep deprivation, dextran sodium sulphate or sodium diclofenac-induced gut 

damage [269,278,279]. Moreover, in clinical study on IBD the co-

administration of MLT with the conventional treatments was able to enhance 

the beneficial effects of the latter in patients during the active phase of these 

pathologies [280], while administering MLT in the remission phase helped to 

maintain the remissive condition for a longer time [281]. 

Therefore, the MLT beneficial effects can be responsible for the lower 

cytotoxicity of LSNPs in comparison to LSNPs w/o MLT. In fact, when we 

moved to Caco-2 barrier model we observed neither viability nor permeability 

perturbation in all conditions tested, except for free MLT which increased the 

barrier TEER value: this was likely due to its beneficial roles on the intestine 

that could improve the junction between cells. Indeed, the MLT ability in TJs 

genes regulation is greatly demonstrated. An example is the work of Lin and 

co-workers in which they observed an increased expression of TJ proteins  in 

mic after treatment with MLT [282]. Similarly, another study reported that the 

reduction of TJ proteins induced by sleep deprivation in mice can be 

counteracted by MLT administration that upregulated TJ genes [276]. 

To complete the picture, we also investigate the possible LSNPs involvement 

in inflammation by measuring the expression of genes encoding for two pro-

inflammatory cytokines found to be related to IBD and irritable bowel 

syndrome (IBS) i.e., TNF-α and IL-6 [282,283,284] and two anti-inflammatory 

cytokines produced in response to gut inflammation i.e., IL-10 and IL-22 

[284,286,287]. 

We observed an increased expression of TNF only for SHDS-treated LSNPs w/o 

MLT, probably due to the SHDS-induced surfactant release. If this hypothesis 

was true, also the particles loaded with MLT would have shown the same 
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effect. However, considering the MLT ability to modulate the inflammation-

related genes [277,288] this incongruence between our experimental findings 

and the previous hypothesis could be explained. In fact, as observed by Akcan 

and co-workers, MLT is able to reduce the TNF-α serum levels in rat [277]. 

Moreover, TNF-α is a well-known intestinal barrier hyperpermeability inducer 

as demonstrated by in vitro studies on Caco-2 cells [289] and by clinical studies 

in which an anti-TNF-α treatment reached good outcomes in IBD patients 

[290]. Despite we observed a TNF expression increase after the exposure of  

Caco-2 barrier to SHDS-treated LSNPs w/o MLT, no TEER nor LY crossing were 

found, as previously discussed. At the same time, also IL10 and IL22 

underwent an up-regulation in our model. Both cytokines encoded by these 

two genes are involved in intestinal barrier inflammation prevention 

[291,292]. Moreover, IL-10 is related to the control of abnormal immune 

response in the gut [293,294] and is produced in response to pro-

inflammatory factor modulating them [295], while IL-22 promotes epithelial 

cells proliferation and has a protective role in IBD [296]. Therefore, the 

concomitant up-regulation of anti-inflammation-related gens IL10 and IL22 

could explain the barrier integrity maintenance in spite of TNF induction. 

To understand if the in vitro findings can reflect a realistic intestinal response 

to the two nano-formulations studied, the same outcomes were investigated 

on CD1 mice after three weeks gavage treatment with LSNPs loaded or not 

with MLT. 

After evaluating the gene expression of TJs-related proteins, a mucin, and pro-

and anti-inflammatory factors, we generally observed a greater effect in the 

jejunum with respect to the duodenum and ileum, where we found no 

alterations in the expression of the analysed genes. This trend can be 

explained by the fact that jejunum is the intestinal tract responsible of lipid 

absorption and metabolism, and the huge presence of specialised membrane 
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receptors [297] can lead to a major interaction with LSNPs than in duodenum 

and ileum. 

In general, LSNPs w/o MLT at higher dose down-regulated most of TJ and 

inflammation related genes, while at lower dose the situation is the opposite, 

suggesting an induced tissue damage that at higher concentration cannot be 

thwarted. For LSNPs with MLT we observed for both lower and higher 

concentrations a general overexpression of the same genes. The mechanism 

underlying the overexpression of TJ and inflammation related genes at lower 

concentration could be the initial induction of an inflammatory process, where 

the up-regulation of pro-inflammatory cytokines genes in turn stimulates the 

production of anti-inflammatory cytokines, as already was observed in vitro 

and in vivo in IBD models [298]. Since IL10 and IL22 are protective of intestinal 

barrier physiology [291,292], their production could induce the TJ genes up-

regulation avoiding intestinal barrier damage. MLT which, as previously 

mentioned, is able to compensate a gut barrier damage restoring the 

physiology by modulating pro-inflammatory genes and enhancing anti-

inflammatory genes can explain the protection against tissue damage at LSNPs 

higher concentration, [276,277]. At the same time, MLT has the ability to up-

regulate the TJ encoding genes [276,282] leading to a maintenance or a 

restoration of intestinal barrier structure. In fact, LSNPs at higher 

concentration showed a general gene up-regulation of both pro- and anti-

inflammatory cytokines and even of TJs and mucin. 

The in vivo results were similar to what was observed on Caco-2 barrier model, 

in particular after LSNPs treatment with SHDS for which, in the absence of 

MLT, we found an overexpression of pro-inflammatory TNF-α encoding gene 

in conjunction with the up-regulation of anti-inflammatory IL10 and IL22 with 

any variation in cell viability and barrier integrity. 

All together these in vitro and in vivo findings suggest that LSNPs at high 

concentrations can damage the gut tissue structure by inducing inflammation, 
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but the presence of MLT lead to the activation of compensatory mechanisms 

restoring the gut structure and physiology. 

4.6 Conclusions 

In this study we obtained a good alignment between in vitro and in vivo results. 

Despite few differences, our in vitro model where LSNPs were subjected to 

SHDS reflected well the effects of ingested nano-formulations obtained in 

mice, highlighting the importance of considering the modifications caused by 

the digestion process in the nano-materials biocompatibility/toxicity 

evaluation. The observed differences could be caused by the impossibility to 

know the effective intestinal nanomaterials doses. Hence, further studies are      

needed in order to better mimic a real exposure in vitro in future evaluations. 

Moreover, the cellular model could be improved by adding different cell types 

and intestinal conditions such as flow and pressure in order to recapitulate the 

intestinal-like environment and structure that is important for the particles-

tissue interaction.  
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5 Advanced in vitro gut models to study the 

effects of ingested microplastics 

This chapter enclose the work in the context of the European project 

PlasticsFatE that was carried out in collaboration with Gaiker Technology 

Center where I was hosted for a period abroad. The aim of this chapter is to 

improve the previous developed in vitro model to make it closer to the real 

situation assessing the possible intestinal effects of microplastics. 

5.3 Materials and methods 

5.3.1 Materials and reagents 

Cell cultures plasticware was from Falcon (Becton Dickinson, Franklin Lakes, 

NJ), while FBS and culture media were purchased from Invitrogen Life 

Technologies (Carlsbad, CA). 

If not otherwise specified, reagents were from Sigma-Merck. 

5.3.2 Micro-plastics 

High-density polyethylene (HDPE) micro-particles are commercial product of 

Clariant AG (Muttenz, CH) and were dispersed in a solution of 0.25% w/v 

bovine serum albumin (BSA) in ultrapure water. To obtain a stable suspension, 

the dispersion was sonicated in an ultrasound bath for 30 min and then the 

bigger and aggregated particles were removed by transferring the suspension 

in a fresh bottle. 

5.3.3 Biofilm formation on MPs 

Vibrio parahemoliticus was seeded on blood agar and the day after an 

inoculum of 109 CFU in Tryptic soy broth (TSB, Merck KGaA, Darmstadt, 

Germany) was prepared to dilute it at 108 CFU in Marine Broth (Fisher 

Scientific, Göteborg, Sweden) in which 1 mg/ml MPs was dispersed. The 

bacteria were grown 48 h by adding fresh Marine Broth at 24 h of incubation 
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with MPs. At the end of the incubation, the suspension was filtered (filter 

porous dimension 5 µm) in order to separate the unattached bacteria to the 

MPs with formed biofilm. Even if with the equipment at our disposal we are 

not able to discriminate if this incubation results in a complete biofilm 

formation with specific features such as the presence of a matrix or in a simple 

bacteria attachment. 

To recover the MPs, the filter was turned, and the medium was flowed 

through. As HDPE MPs have a size average of 5 µm, we are not able to 

ascertain that the smallest particles are retained by the filter and therefore 

recovered for exposure to the cells. 

5.3.4 Simulated Human Digestion System (SHDS) 

Unlike the system used in chapter 3 and reported in section 3.1.9, for this 

study we follow the INFOGEST protocol [156] slightly modified by the 

European project consortium as to harmonize the methods used in the whole 

PlasticsFatE project. 

The simulated fluids were prepared as explained in the work of Brodkorb and 

co-workers [156] and their content is reported in Table 5.1. Briefly, a 

concentrated stock solution of each salt was prepared and then the correct 

volume was added to ultrapure water to reach the 1.25X concentration of 

simulated saliva fluid (SSF), simulated gastric fluid (SGF), and simulated 

intestinal fluid (SIF). Just before the experiment, the correct amount of active 

components and the correct volume of CaCl2 fresh stock solution were added 

to the different simulated fluids. Starting from a precise sample volume, the 

SSF 1.25X was added; employing a 1M HCl solution the pH was adjusted to 7 

before bringing to final volume to reach the SSF 1X concentration. The sample 

was incubated for 2 min at 37 °C under agitation. After the incubation time, 

the SGF 1.25X was added to the mixture and the suspension was brought to 

pH 3 and final volume reaching a 1X concentration of SGF. 
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Table 5.1. Content of simulated digestive fluids. 

Components SSF SGF SIF 

Salts mM mM mM 

KCl 15.1 6.9 - 

KH2PO4 3.7 0.9 0.8 

NaHCO3 13.6 25 85 

NaCl - 47.2 38.4 

MgCl2(H2O)6 0.15 0.12 0.33 

(NH4)2CO3 0.06 0.5 - 

HCl 1.1 15.6 8.4 

CaCl2(H2O)2 1.5 0.15 0.6 

Active 

components 

mg/ml mg/ml mg/ml 

Mucin 0.23 0.42 - 

α-amylase 0.167 - - 

Pancreatin - - 31 

Rabbit gastric 

extract* 

- 8 - 

Bile - - 11.7 

*Rabbit gastric extract (RGE) was from Lipolytech (Marseille, France) 

The mixture was incubated at 37 °C under agitation for 2 h. Finally, SIF 1.25X 

was added to the sample and HCl 1M and ultrapure water were added to 
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achieve pH 7 and final volume getting the SIF 1X concentration. The sample 

was then incubated for a further 2 h at 37 °C under agitation. 

5.3.5 Scanning Electron Microscope (SEM) analysis 

To visualise the particles at the Scanning Electron Microscope (SEM), the 

samples were filtered on a paper filter (pores 5µm) and then dehydrated until 

the critic point incubating them in ethanol at increasing concentrations (30-

100%), and in hexamethyldisilazane. After an overnight solvent evaporation, 

the samples were covered by gold under argon atmosphere and analysed by 

using a SEM (EVO 50, Zeiss, Spain). 

5.3.6 Cells culture 

Caco-2 (ATCC) (passage 30-43) and HT29-MTX cells (passage 51-58) (ECACC) 

were grown and maintained in DMEM 1% v/v P/S, 1% v/v non-essential amino 

acids (NEAA), 1% v/v Sodium Pyruvate supplemented with 20% and 10% v/v 

of FBS respectively. Raji B (ATCC) and THP-1 cells (passage 8-25) (ATCC) were 

conditioned to grow in DMEM 10% v/v FBS.  All cell cultures were passed 2 or 

3 times a week and were maintained at 37 °C in humidity conditions with 5% 

CO2. 

5.3.7 Wheat Germ Agglutinin staining 

Fluorescein isothiocyanate (FITC)-labelled wheat germ agglutinin (WGA) was 

used due to its strong affinity for sialic acid and N-acetylglucosamine 

residues found in M-cells to validate the production of M cells by the Caco-

2/Raji B co-culture. After two PBS washes, 4% formaldehyde was used to fix 

the cells for 25 minutes at room temperature. After three PBS washes, the 

cells were treated with a 5.0 µg/ml WGA-FITC conjugate in PBS for 15 min at 

room temperature. After that, PBS was used to wash the cells twice. The 

polycarbonate inserts were meticulously removed, put on a microscope slide 

with Fluoroshield™ with 4′,6-diamidino-2-phenylindole (DAPI), covered with 
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a glass coverslip, and left to dry at 4 °C for 24 hours before visualization with 

fluorescence microscope (Leica DC100, Leica Microsystems GmbH, Wetzlar, 

Germany). 

5.3.8 Alcian Blue Staining 

Alcian blue staining was employed to demonstrate that the Caco-2/HT29-

MTX co-culture model produced mucus. Briefly, PBS was used to wash the 

Caco-2/HT29-MTX co-culture twice, and 4% formaldehyde was used to fix it 

for 25 minutes at room temperature. The cells were stained with 10 mg/ml 

Alcian blue (in 3% acetic acid) for 30 min at room temperature after being 

rinsed three times with PBS. The inserts were carefully removed and placed 

onto a microscope slide. A glass coverslip was placed over the cells, and they 

were then observed under a microscope (Leica DC100, Leica Microsystems 

GmbH, Wetzlar, Germany). 

5.3.9 Cells exposure to MPs/NPs 

Caco-2 cells were seeded as mono-culture in 96-well plates 72 h before the 

experiment at a density of 5 x 104 cells/well in order to reach a 100% 

confluence. Moreover, Caco-2 and HT29-MTX cells (ratio 9:1) were seeded in 

96-well plates at a density of 2.88 x 104 cells/well and grown as co-culture for 

21 days as to let them reach the completed maturity (i.e., enterocyte-like 

phenotype for Caco-2 and the production of a physiological-like mucus layer 

for HT29-MTX). After the growth phase, the cultures were exposed to 

increasing concentration of pristine or SHDS-treated MPs in a range of 1-100 

µg/ml or the tantamount amount of dispersant diluting them in cell culture 

medium (i.e., DMEM 10% v/v FBS, 1% v/v P/S, 1% v/v Sodium pyruvate and 1% 

NEAA) without phenol red. The cells were exposed for 4 h a day for 4 weeks in 

the chronic experiments and from 24 h during the acute experiments. Figure 

5.1 show the workflow of co-culture model exposure to HDPE MPs. 
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Caco-2 and HT29-MTX cells were even co-cultured on 24-well or 12-well 

membrane porous cell culture inserts (STEMCELL Technologies, Canada or 

VWR International, Pennsylvania) and on LB2 chambers of IV-Tech millifluidic 

device (IV-Tech, Massarosa, Pisa, IT) – that have the same growth area of 12-

well cell culture inserts – at a density of 9 x 104 cells/cm2 in a ratio 9:1 for 21 

days. At day 14, 1 x 105 Raji B cells were added to the Bl compartment of each 

insert to allow the Caco-2 differentiation into M-cells [299]. After removing 

Raji B cells, the obtained barrier model was exposed to 100 µg/ml of pristine 

or SHDS-treated MPs, or to the equivalent amount of dispersant diluting them 

in cell culture medium (i.e., DMEM 10% v/v FBS, 1% v/v P/S, 1% v/v Sodium 

pyruvate and 1% v/v NEAA) without phenol red. The exposure took place 4 h 

a day for 5 days to simulate sub-chronic conditions. For the millifluidic 

experiments (Figure 5.2) the circulating volume was 5 ml for Ap compartment 

and 15 ml for Bl compartment, while the flow was set at 200 µl/min and 100 

µl/min for Ap and Bl compartment respectively to reach the physiological 

pressure [300]. 

 

Figure 5.1. Schematic representation of co-culture intestinal model exposure to HDPE MPs 
workflow. 
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Moreover, undifferentiated Caco-2 cells in 96-well plates and the tri-co-

culture barrier model (i.e., Caco-2/HT29-MTX/Raji B cells) on 24-well cell 

culture inserts were exposed for 24 h to different concentrations (1, 10, 100 

µg/ml) of pristine or SHDS-treated MPs before (V-) or after (V+) the formation 

of Vibrio Parahemoliticus biofilm. 

 

Figure 5.2. Millifluidic device. A) Image of millifluidic system and B) schematic 
representation of the exposure experiment in a cell of the millifluidic system. Modified 
from IVTech web page [301]. 

5.3.10 Cell viability 

Cell viability was measured as metabolic activity using the Alamar Blue® Cell 

Viability Reagent (Thermo Fischer Scientific, Massachusetts). This kit exploits 

the ability of the cells to reduce the active principle into resorufin, a red 

coloured and fluorescent compound, detectable via absorbance or 

fluorescence reading. 

The reagent was added to fresh cell culture medium at 10% v/v and cells, after 

replacing the medium, were maintained in incubator for 4 h. After the 

incubation time, the absorbance (570 nm) or the fluorescence (ex. 560 nm; 

em. 590 nm) was read and the value obtained for dead cells (treated for 15 

min with 0.2% Tryton X-100) was subtracted. 
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5.3.11 Barrier permeability assessment 

The protocol used to investigate the variation in barrier permeability was 

similar to that used in chapters 3 and 4, respectively described in section 

3.1.13 and 4.1.8, in accordance with NANoREG protocol (Standard Operating 

Procedure for evaluation of 

NPs impact on Caco2 cell barrier model), but with slight modifications. In brief, 

cell culture medium was collected for further investigation and cells and well 

were washed with HBSS. Then, 0.1 mg/ml LY solution in HBSS was added in 

the Ap compartment and cells were incubated for 1 h at 37 °C. After 

incubation, the fluorescence was read (excitation: 504 nm, emission: 529 nm) 

as RFUs employing a Synergy HT Multi-Detection Microplate Reader to 

calculate the apparent permeability (Papp) and the percentage of fluorophore 

recovered from the lower chamber in cell-free inserts. 

Papp was calculated using the following equation: 

Papp = ( VB x C1 ) / ( A x t x C0 ) 

where VB is the volume of HBSS in the basal compartment, C0 and C1 are 

concentrations in mg x mL-1 of respectively the initial solution and the Bl 

compartment, A is the area of cell culture insert, and t is time in hours. 

5.3.12 Trans Electrical Epithelial Resistance (TEER) 

TEER was measured as described in chapters 3 and 4 and described in sections 

3.1.12 and 4.1.7 using the Millicell® ERS-2 voltohmmeter (Merck KGaA, 

Darmstadt, Germany) to evaluate the barrier development and integrity of the 

barrier model. The resistivity was calculated starting from the value in ohms 

of the cell-containing inserts by subtracting the value of the cell-free inserts 

and multiplying by the growth area, according to the method reported in 

section 3.1.12. 
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5.3.13 Cytokines release assessment 

Induction of inflammation was evaluated by employing enzyme-linked 

immunosorbent assays (ELISAs). IL-6, IL-8, TNF-α, IL-10, and IL-22 were 

measured in cell culture medium at different time points of incubation with 

MPs, following the manufacturer instruction (Thermo Fischer Scientific, 

Massachusetts). 

5.3.14 Statistical Analysis 

The statistical analysis was performed via ANOVA (ANalysis Of VAriance) with 

post-hoc Tukey Honestly Significant Difference Test Calculator for comparing 

multiple treatment [186]. by using Statistical Package for Social Science 

software (IBM SPSS Statistics v.19) and by GraphPad Prism® software. p < 0.05 

was considered significant. 

5.4 Results 

5.4.1 Evaluation of Vibrio parahaemolyticus biofilm formation 

on MPs surface and the effect of the simulated digestive 

system 

MPs are able to act as scaffold for bacterial colonies allowing them to make a 

solid structure called biofilm [114]. 

To verify if the studied MPs could be a good support for this structure, the 

formation of V. parahaemolyticus biofilm on the MPs surface was evaluated 

by SEM analysing the particles before and after incubation with the bacteria. 

Figure 5.3A shows the pristine particles, which have different size, confirming 

the inhomogeneity of the sample. Moreover, with a great magnification we 

could appreciate that MPs appear irregular in shape (Figure 5.3B). After two 

days of incubation with V. parahaemolyticus, it is possible to see the presence 

of the bacteria to the surface of MPs, as shown in Figure 5.3 ’. 
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Since it is not possible by SEM to correctly define the amount of bacteria 

present in a certain volume of MPs suspension, the CFUs were quantified by 

sample filtration followed by plating on blood agar the particles trapped in the 

filter or the filtrate. 

 

Figure 5.3. Representative SEM images of A) pristine HDPE MPs (lower 
magnification), pristine HDPE MPs (higher magnification) B) before and B’) after 
incubation with V. parahaemolyticus, and SHDS-treated HDPE MPs C’) with and C) 
without previous incubation with V. parahaemolyticus. The bacteria are indicated with 
red rows. 

Table 5.2 reports the quantification of bacteria on the MPs surface and in the 

filtrate supernatant. In samples with V. parahaemolyticus biofilm we counted 

an average number of 4.59 x 107 bacteria on the filtered MPs, while in the 
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dispersant the amount was two orders of magnitude higher (Table 5.2). We 

did not saw any colony formation plating the samples without biofilm. 

It is demonstrated that MPs disseminated in the environment may by ingested 

through food intended for human consumption (e.g., fish and seafood) 

[91,302–304]. After ingestion, the particles are submitted to the digestive 

process that could make surface and structural changes, as previously 

described in Chapter 3. The digestive fluids can also interact with the MPs 

attached bacteria, modifying the previous formed biofilm. 

To investigate this possibility, MPs and MPs with V. parahaemolyticus biofilm 

were subjected to SHDS and then examined by SEM and by plating them to 

obtain a qualitative and quantitative analysis respectively. 

These samples showed the presence of an organic matrix not only on the 

particles surface, but even on the surrounding support (Figure 5.3C) likely 

made up by active components of simulated digestive fluids. It is evident the 

decrease in bacteria attached to the MPs surface for the sample with biofilm, 

which moreover appear covered by the organic matrix (Figure 5.3 ’). It is 

possible that the bacteria were detached to the MPs and partially killed by the 

SHDS treatment, but even they could be between the MPS surface and the 

organic matrix coating. 

The counting of CFUs confirms the partial death of V. parahaemolyticus after 

SHDS treatment that happens also for free bacteria in the dispersant with a 

reduction in number of almost 50% (Table 5.2). 

Table 5.2. CFU number on 100 µg/ml suspension of MPs. 

CFU/100 µg/ml MPs HDPE MPS HDPE MPs supernatant 

- SHDS 4.59x107 ± 7.5x106 2.58x109 ± 5.9x108 

+ SHDS 2.74x104 ± 1.9x104 1.17x105 ± 1.03x105 

The data are reported as mean ± SEM. n≥3. 
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5.4.2 Advanced intestinal gut model validation 

The most used in vitro intestinal model in toxicity assessment is represented 

by 21 days grown Caco-2 cells, which are able to differentiate forming a 

monolayer and assuming an enterocyte-like phenotype  including the 

formation of TJs [149]. 

Despite this, enterocyte-like cells do not completely represent the gut 

epithelium that is made up from different specialized cell types. Among these, 

goblet cells and M-cells are able to produce mucus and to transport particles 

through the intestinal barrier, respectively [151,305–308]. In the toxicity 

assessment of ingested particles, it is important to consider the possible 

mucus-particles interaction that can enhance or hinder the epithelium 

reaching and interaction by the particles [309,310]. Moreover, thanks to the 

presence of TJs, the particles, due to their size, are unable to cross the 

intestinal epithelium by paracellular way unless the barrier is damaged. The 

enterocyte transcytosis is not possible for the bigger particles [311], which 

instead can cross the intestinal epithelium by M-cells [306,312] passing into 

the circulatory stream and having the possibility of reaching other locations in 

the body. 

To make the gut model structure more realistic, in this study we decided to 

improve the intestinal in vitro model used in Chapter 3 and 4 by adding to the 

Caco-2 culture also mucus-producing cells and M-cells. 

To obtain the desired model, the HT29 cell-line treated with methotrexate 

(HT29-MTX) that allow their differentiation into goblet-like cells able to 

produce mucus in a physiological way and amount after 21 days of co-culture 

in a ratio 9:1 with Caco-2 cells  was chosen as mucus-producing cells 

[306,313].To obtain M-cells we added lymphocytic Raji B cells in the Bl 

compartment the last 7 days of cell culture because they are well-known to be 

able to stimulate Caco-2 cells to acquire M-cell phenotype [306]. 



 
103 

 

After 21 days of cellular growth on porous membrane inserts, the production 

of mucus and the successful differentiation into M-cells were verified by cells 

staining and microscope analysis. 

As shown in Figure 5.4A, the mucus was found in cell monolayer when HT29-

MTX cells were present in the co-culture (central and right panels), not when 

Caco-2 were cultured alone (left panel). 

Similarly, M-cells were not found in Caco-2 monoculture (upper panels) and in 

Caco-2/HT29-MTX co-culture (central panels) (Figure 5.4B). Only after 7 days 

of incubation with Raji B cells (lower panels), the presence of M-cells was 

observed in the intestinal model (Figure 5.4B). 

As further confirmation, the measurement of TEER was assessed observing a 

drastic decreasing of this value when the model was incubated with Raji B cells 

(Table 5.3), confirming the successful Caco-2 differentiation into M-cells which 

form a few amount of TJs [314,315], causing a reduction in TEER value. 

Table 5.3. Transepithelial electrical resistance of mono-, bi-, or tri-culture gut model. 

 Caco-2 Caco-2/HT29-

MTX 

Caco-2/HT29-

MTX/Raji B 

TEER 

(Ω     2) 
1113 ± 119.7 1065.75 ± 61.95 202.75 ± 3.25 

Data are mean ± SEM. n=3 
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Figure 5.4. Microscope analysis of A) Mucus stained with Alcian Blue and B) M-cells 
stained with WGA-FITC (green). The nucleus was stained with DAPI (blue). 
Bar = 50 µm. 
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5.4.3 MPs evaluation as bacterial vehicle to the gut 

As previously specified, MPs can be a vehicle of pathogens to the human gut 

thanks to their easy colonization by bacteria. 

For this reason, we investigated the intestinal effects of bacteria-colonized 

MPs in case they are ingested. 

We explored the acute exposure for 24 h on undifferentiated Caco-2 cells of 

pristine and SHDS-treated MPs in the absence or presence of V. 

parahaemolyticus biofilm. 

The particles, previous incubated with the bacteria to allow the biofilm 

formation, were separated from free bacteria by filtering them from the 

supernatant and then recovering them in fresh medium to start the incubation 

with cells. 

For pristine particles we did not observed any variation in cell viability (Figure 

5.5A), but in the presence of V. parahaemolyticus the MPs became toxic with 

a significative dose-dependent trend of cytotoxicity starting from the lowest 

tested concentration (1 µg/ml) (Figure 5.5A). 

 

Figure 5.5. Caco-2 cell viability after 24 h of incubation with A) pristine MPs with (+V) 
or without V. parahaemolyticus biofilm and B) SHDS-treated MPs with (+V) or without 
V. parahaemolyticus biofilm. 

V. parahaemolyticus 10
9
 CFU/ml represent the concentration in the filtrate. 

Ctrl + = V. parahaemolyticus 10
7
 CFU/ml 

SHDS = SHDS fluids concentration corresponding to the higher SHDS-MPs 
concentration used. 
Mean ± SEM. n=3. + p< 0.05 vs ctrl, ++ p< 0.01 vs ctrl, ** p<0.01 vs w/o biofilm. 
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This cytotoxicity was accompanied by a dose-dependent induction of 

inflammation detected as IL-8 release (Figure 5.6A), that was absent for MPs 

without bacteria for the exception of highest concentration of MPs for which 

the IL-8 release was significatively increased, but always to a lower extent than 

in presence of the biofilm (Figure 5.6A). IL-6 and TNF-α release were also 

investigated as inflammatory indicators, but they were not detected (data not 

shown). 

 

Figure 5.6. Caco-2 IL-8 release after 24 h of incubation with A) pristine MPs with (+V) 
or without V. parahaemolyticus biofilm and B) SHDS-treated MPs with (+V) or 
without V. parahaemolyticus biofilm. 

V. parahaemolyticus 10
9
 CFU/ml represent the concentration in the filtrate. 

Ctrl + = V. parahaemolyticus 10
7
 CFU/ml 

Mean ± SEM. n=3. 
+ p< 0.05 vs ctrl, ++ p< 0.01 vs ctrl, * p< 0.05 vs w/o biofilm. 

When MPs were subjected to SHDS a toxic effect with similar extent in the 

whole concentration range in presence of biofilm was detected (Figure 5.5B), 

along with a dose-dependent loss in cell viability for particles without bacteria 

that become significative at the highest concentration (Figure 5.5B). In the 

absence of biofilm the toxicity was not coupled to IL-8 release, on the contrary 

when bacteria were present, we found a significant IL-8 production at the 

highest concentration (Figure 5.6B). As for pristine particles, also in this case 

it was not found IL-6 and TNF-α release (data not shown). The lower toxicity 

and induction of inflammation of SHDS-treated MPs in presence of the 
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bacterial biofilm could be explained by the reduction in number of viable 

bacteria on the MPs surface after treatment with SHDS (Table 5.2). 

To confirm these results, we moved to an intestinal model that more closely 

represents the gut structure involving not only enterocyte-like cells, but even 

goblet cells and microfold ones, which validation is disclosed in the previous 

section (5.2.2). 

Differently from what was observed on the simpler model, after 24 h of 

exposure no differences in cell viability were found for all conditions tested in 

the whole concentrations range (Figure 5.7).  

 

Figure 5.7. Caco-2/HT29-MTX/M-cells co-culture model cell viability after 24 of 
incubation with A) pristine MPs with (+V) or without V. parahaemolyticus biofilm and 
B) SHDS-treated MPs with (+V) or without V. parahaemolyticus biofilm. 

Ctrl + = V. parahaemolyticus 10
7
 CFU/ml 

SHDS = SHDS fluids concentration corresponding to the higher SHDS-MPs 
concentration used. 
Mean ± SEM. n=3. 
++ p< 0.01 vs ctrl, * p< 0.05 vs w/o biofilm. 

These results were not paralleled by changes in TEER values (Figure 5.8) and 

LY passage (Figure 5.9), indicating the maintenance of the integrity and 

permeability of the barrier. 

Unexpectedly, pristine MPs in presence of bacterial biofilm induced an 

increase in barrier integrity (Figure 5.8) accompanied by a decrease in barrier 

permeability (Figure 5.9), however these effects disappeared when the 

particles were subjected to SHDS. The possible activation of inflammatory 
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processes was also investigated by measuring the release of some pro-

inflammatory cytokines in the Bl compartment. 

 

Figure 5.8. Caco-2/HT29-MTX/M-cells co-culture model barrier integrity measured 
as TEER after 24 of incubation with A) pristine MPs with (+V) or without V. 
parahaemolyticus biofilm and B) SHDS-treated MPs with (+V) or without V. 
parahaemolyticus biofilm. 

Ctrl + = V. parahaemolyticus 10
7
 CFU/ml 

Mean ± SEM. n=3. 
+ p< 0.05 vs ctrl, ++ p< 0.01 vs ctrl, ** p<0.01 vs w/o biofilm. 

In accordance with what we observed on undifferentiated Caco-2 cells, only 

IL-8 was detected in the Bl supernatant, but not IL-6 and TNF-α. The condition 

for which IL-8 was released in a greater manner was MPs without biofilm after 

SHDS treatment that induced the IL-8 production in relation with the MPs 

concentration, albeit in a non-significative manner (Figure 5.10). Moreover, 

SHDS treatment slightly increased the release of this cytokine also in presence 

of bacteria at the highest MPs concentration (Figure 5.10).  
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Figure 5.9. Caco-2/HT29-MTX/M-cells co-culture model barrier permeability after 24 
of incubation with A, C) pristine MPs with (+V) or without V. parahaemolyticus biofilm 
and B, D) SHDS-treated MPs with (+V) or without V. parahaemolyticus biofilm, 
expressed as A, B) percentage vs Cell free inserts or C, D) Papp cm x h. 

Mean ± SEM. n=3. Ctrl + = V. parahaemolyticus 10
7
 CFU/ml 

++ p< 0.01 vs ctrl, * p< 0.05 vs w/o biofilm, ** p<0.01 vs w/o biofilm. 

 

Figure 5.10. Caco-2/HT29-MTX/M-cells co-culture model pro-inflammatory 
cytokines release after 24 of incubation with A) pristine MPs with (+V) or without V. 
parahaemolyticus biofilm and B) SHDS-treated MPs with (+V) or without V. 
parahaemolyticus biofilm. 

Ctrl + = V. parahaemolyticus 10
7
 CFU/ml 

Mean ± SEM. n=3. 
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5.4.4 Assessment of MPs chronic exposure consequences on 

intestinal barrier models 

As MPs are ubiquitous, humans are continuously exposed to them. In 

consequence, we also explored the intestinal chronic exposure incubating the 

cells for 4 h a day for 4 weeks with pristine and SHDS-treated MPs. 

Unfortunately, in this case it was not possible to study the effects of bacterial 

biofilm as bacteria grow fast, affecting the cell culture during a small time. 

Since, undifferentiated Caco-2 cells cannot be maintained in culture for a such 

long time, therefore we chose to perform cell viability and inflammation on 21 

days-grown Caco-2/HT29-MTX co-culture exposed to MPs in a concentration 

range between 1 and 100 µg/ml. 

Before this, we verified the absence of toxicity induction following the 

exposure of SHDS fluids alone at the corresponding concentrations used for 

SHDS-MPs exposure (Figure 5.11A). 

 

Figure 5.11. Cell viability of  A) Caco-2/HT29-MTX, and B)  
Caco-2/HT29-MTX/M-cells co-culture models after 4 hours-daily exposure with SHDS 
fluids only. Mean ± SEM. n=3. 

After exposure to pristine or SHDS-treated MPs we did not find any significant 

variation in cell viability along the whole period and for all concentrations 

tested (Figure 5.12). 
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Figure 5.12. Caco-2/HT29-MTX co-culture model cell viability after  A) 5 days, B) 12 
days, C) 19 days, and D) 26 days of 4 hours-daily exposure with pristine or SHDS-
treated MPs. Mean ± SEM. n=3. 

Considering these findings, we moved to the more complex co-culture model 

previously described in section 5.2.2 to evaluate if the compartmentalisation 

and the presence of M-cells could influence the outcome of cell survival and 

inflammation. Since no variation in analysed parameters was observed for the 

lower concentrations, we decided to investigate the effects only of the 3 

highest concentrations (i.e., 1-100 µg/ml). 

At the end of each week of exposure, the cell viability was assessed by using 

Alamar Blue reagent. As for the simpler model, the absence of SHDS fluids-

induced cytotoxicity was previously verified (Figure 5.11B). Consistently with 

Caco-2/HT29-MTX co-culture results, no decrease in cell viability was found 

for both pristine and SHDS-treated MPs in the whole concentration range 

(Figure 5.13). 
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Figure 5.13. Caco-2/HT29-MTX/M-cells co-culture model cell viability after  A) 5 days, 
B) 12 days, C) 19 days, and D) 26 days of 4 hours-daily exposure with pristine or SHDS-
treated MPs. Mean ± SEM. n=3. 
++ p< 0.01 vs ctrl, ** p<0.01 vs pristine MPs. 

The barrier integrity was also evaluated without observing any decrease in this 

parameter (Figure 5.14), even if the TEER showed a dose-dependence 

increased values during the first 2 weeks of exposure (Figure 5.14A and B). 

Interestingly, this increase was higher when the particles were treated with 

SHDS. The values were then stabilised at the value of the control in the last 2 

weeks (Figure 5.14C and D). 

The Bl release of pro-inflammatory cytokines IL-8, IL-6, and TNF-α was 

investigated as markers of inflammation, without finding significant      

variation in IL-8 in the whole range of time and concentration (Figure 5.15). In 

accordance with previous results, no detectable levels of IL-6 and TNF-α were 

found. 
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Figure 5.14. Caco-2/HT29-MTX/M-cells co-culture model barrier integrity after  A) 5 
days, B) 12 days, C) 19 days, and D) 26 days of 4 hours-daily exposure with pristine or 
SHDS-treated MPs. Mean ± SEM. n=3. 
+ p< 0.05 vs ctrl, ++ p< 0.01 vs ctrl, ** p<0.01 vs pristine MPs. 
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Figure 5.15. Caco-2/HT29-MTX/M-cells co-culture model IL-8 release after  A) 5 days, 
B) 12 days, C) 19 days, and D) 26 days of 4 hours-daily exposure with pristine or SHDS-
treated MPs. Mean ± SEM. n=3. 

5.4.5 Effect of applying dynamic conditions on MPs exposure 

effects on intestinal barrier model 

As mucus and M-cells are very important to a more in-depth assessment of 

MPs intestinal effects, the dynamic conditions present in the intestine (e.g., 

flow, pressure) are too. 

To explore the role of these conditions in the effects evaluation of ingested 

MPs, we used a millifluidic device to reproduce on tri-culture intestinal model 

the physiological flow that allows to reach the physiological pressure found in 

human gut [300]. 

We used a sub-chronic exposure of 5 days, exposing the cells to MPs for 4 h a 

day, since the cell  growth for a longer period is difficult in a millifluidic device. 

Intestinal model grown on porous membrane inserts and in LB2 support 

(IVTech, Massarosa, Italy) were exposed to the highest dose used in previous 
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experiments (i.e., 100 µg/ml), as we did not observe great effect of MPs on 

static model up to 5 days. 

At the end of the exposure time, barrier permeability, mucus secretion, and 

inflammation were evaluated. In static condition we observed an increased 

barrier permeability greater when particles were subjected to SHDS (Table 

5.4). Instead, there were no differences in LY barrier crossing in the dynamic 

model (Table 5.4). 

Table 5.4. Apparent permeability of Caco-2/HT29-MTX/M-cells gut model under 
static or dynamic conditions after 5 days of  4h-daily exposure to HDPE MPs treated 
or not with SHDS. 

Papp (cm/h) Static Dynamic 

Ctrl 4.72 x 10-2 ± 9.66 x 10-3 2.57 x 10-2 ± 1.55 x 10-3 

HDPE 6.80 x 10-2 ± 3.02 x 10-2 2.57 x 10-2 ± 4.39 x 10-3 

SHDS-HDPE 8.60 x 10-2 ± 1.31 x 10-2 2.71 x 10-2 ± 1.53 x 10-3 

Data are Mean ± SEM. n=3. 

To verify if MPs could also affect the mucus layer, a staining with Alcian Blue 

was performed: no qualitative differences with respect to the control for all 

conditions tested in both used models (Figure 5.16). Interestingly, the mucus 

covering the cells is more abundant forming a complete layer when the model 

was subjected to dynamic conditions (Figure 5.16). 

To evaluate the possible induction of inflammation, the presence of pro- and 

anti-inflammatory cytokines was analysed by ELISA in the Bl medium. Anti-

inflammatory cytokines IL-10 and IL-22 were not detected for all condition 

tested (data not shown), but an increased release of pro-inflammatory TNF-α  

was found only in static conditions (Figure 5.17), by using an improved and 

more sensitive protocol compared to previous experiments. Moreover, the 
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measured amount of this cytokine was greater when MPs were treated with 

SHDS (Figure 5.17). 

 

Figure 5.16. Mucus staining with Alcian Blue of Caco-2/HT29-MTX/M-cells co-culture 
model in static or dynamic conditions after incubation with HDPE MPs before and after 
treatment with SHDS. 

 

Figure 5.17. Caco-2/HT29-MTX/M-cells co-culture model TNF-α release after 5 days 
of 4 hours-daily exposure with pristine or SHDS-treated MPs under static or dynamic 
conditions. Mean ± SEM. n=1. ++p<0.01 vs Ctrl; **p<0.01 vs pristine. 
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The results presented in this section are just preliminary results that need 

further confirmation on permeability and barrier integrity parameters. 

All the results discussed in this chapter are summarized in Table 5.5. 

Table 5.5. Resume of the Chapter 5 results. 

Endpoint Results 
V. parahaemolyticus biofilm formation 
on MPs 

After 48h of incubation, V. 
parahaemolyticus successfully 
colonised HDPE MPs surface forming a 
dense biofilm 

Effect of SHDS on MPs and on V. 
parahaemolyticus biofilm 

After SHDS treatment the number of 
viable bacteria on MPs surface 
consistently decrease and they are not 
still visible in SEM images. The particles 
showed a biological covering 

Advanced intestinal gut model 
validation 

The Caco-2/HT29-MTX/Raji B cells co-
culture successfully produce mucus and 
contain M-cells derived by Raji B-
induced differentiation of Caco-2 cells 

MPs evaluation as bacterial vehicle to 
the gut 

On undifferentiated Caco-2 cells, the 
MPs with bacterial biofilm caused a 
significant decrease in cell viability and 
an increase of IL-8 release. After 
digestion this trend was less visible. 
On barrier model, neither decrease in 
cell viability and barrier integrity nor 
increased in barrier permeability and 
IL-8 release were found. An increased 
in TEER values was observed in 
presence of bacterial biofilm 

MPs chronic exposure on intestinal 
barrier models 

Neither decreased in cell viability and 
barrier integrity nor increased in IL-8 
released were found up to 4 weeks of 
exposure. During the first two weeks an 
increased in TEER values was observed 
for both pristine MPs and SHDS-treated 
MPs 

Effect of applying dynamic conditions 
on MPs exposure effects on intestinal 
barrier model 

Dynamic condition allowed to obtain a 
more consistent mucus layer. If for 
static model increased permeability 
and TNF-α release were observed, in 
particular for SHDS-treated MPs, for 
dynamic model no changes were found 
for both parameter 
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5.5 Discussion 

MPs are now ubiquitous in the environment and their amount is rising over 

time, increasing the possibility of human exposure. Yet, the effects of MPs on 

the human body have not been completely understood [35]. 

Despite one of most common routes of contact with humans is represented 

by ingestion through the food, an advanced and validate in vitro gut model to 

study the possible effects that MPs can exert on the intestine is not still 

available. 

Currently, the most common gut models are not representative enough of the 

complex anatomy and physiology of the intestine. Therefore, it is needed to 

improve the current models to obtain a more representative one that allow to 

better predict in vitro the possible consequences of MPs ingestion. 

Trying to fill this gap, in this work we have implemented in various aspects the 

simplest and most used in vitro gut model represented by the monoculture of 

Caco-2 cells. In particular, we developed a platform in which the possible 

bacterial contamination, the main cell types, the possible MPs changes 

occurring during the digestion process and the dynamic environment of the 

gut are considered, by adding to the Caco-2 culture goblet-like and M-cells, 

applying a SHDS and employing a millifluidic device to reach physiological flow 

and pressure. 

5.5.1 Microplastics as microbial carrier to the gut 

It was already reported that the environment-dispersed MPs can be quickly 

colonised by human pathogens [114,316] and that then they can be ingested 

through the food [317–320]. 

Confirming the previous findings, we verified the actual ability of HDPE MPs to 

act as a scaffold for V. parahaemolyticus, one of most foodborne pathogens 

that can reach the small intestine causing gastro-intestinal symptoms and in 
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worst cases even septicaemia [321,322]. As this bacterium have the ability to 

disrupt the intestinal villi [321], in presence of V. parahaemolyticus HDPE MPs 

caused a dose-dependent loss in Caco-2 cell viability likely due to the induction 

of inflammation as indicated by the increase of IL-8 release that is already 

reported as the results of the mitogen-activated protein kinases stimulation 

via V. parahaemolyticus VP1680 effector protein [323]. 

Despite its resistance to gastric low pH [321,322], after SHDS treatment the V. 

parahaemolyticus CFU number on MPs surface decreased under the 50% of 

the non-treated MPs, similarly to what found by Wang and co-workers after 

V. parahaemolyticus subjection to SGF [324]. These results can explain the 

lower toxicity and inflammation induction after treatment with SHDS found 

on undifferentiated Caco-2 cells for the lower MPs concentrations. In fact, as 

suggested by Lynch and co-workers, the production of enterotoxic hemolysins 

is not sufficient to induce toxicity on Caco-2 cells barrier model supposing that 

the specific toxicity it could be mediated by a type III secretion systems that 

requires the contact with cells to exert the toxic effects [325]. Unfortunately, 

we are not able to exclude the possibility of V. parahaemolyticus adhesion to 

the culture plate and if SHDS-treatment can affect the entity of this process.  

Interestingly, the SHDS treatment leads to a decrease in cell viability even in 

absence of bacterial biofilm as already observed for TiO2 nanoparticles on 

Caco-2 cells [162] and for iron particles on human liver cells [325]. 

However, this cellular model does not reflect well the gut epithelium structure 

and physiology. For instance, it does not consider the importance of the mucus 

layer [326–328] and of M-cells [306,315,329] in the particles/bacteria-cells 

interaction and their absorption through the gut. 

The 9:1 ratio of Caco-2/HT29-MTX cells successfully led to an increase in 

mucus secretion: it has been already reported as the best ratio to obtain a 

physiological amount of mucus [152,330]. Moreover, the successful Caco-2 

differentiation into M-cells was verified by WGA staining and TEER 
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measurement that decrease due to the weaker junction strength than that 

formed by enterocytes [314,315]. On this model the effects of the HDPE MPs 

with biofilm on cell viability were lost likely due to the more sensitivity of 

undifferentiated Caco-2 cells compared to the more advanced models 

[214,331]. Surprisingly, barrier integrity increased, and barrier permeability 

decreased in a dose-dependence manner in presence of V. parahaemolyticus 

biofilm suggesting a compensation mechanism actuated to preserve the 

barrier homeostasis. Recently, other works have reported an increase in TJ-

related genes after exposure to nanomaterials [190] or an E. coli-induced 

increased TEER [332], making our hypothesis stronger. However, after SHDS 

treatment both in the absence and presence of bacterial biofilm the above-

mentioned trend was also observed, albeit in a non-significative manner, 

suggesting that the treatment induces an adaptive mechanism and that since 

the number of CFU decreases after SHDS, the effects was lower than that 

induced by pristine particles. The gain in barrier integrity was accompanied by 

the dose-dependence increase in IL-8 release only for SHDS treated particles 

without biofilm, albeit not in a significant way, suggesting an initial induction 

of inflammation that probably trigger a compensatory mechanism of 

upregulation of TJs. Ongoing experiments are setting up to demonstrate our 

hypothesis. Despite in literature the release of pro-inflammatory cytokines 

after intestinal cells exposure to nano/micro-particles have been largely 

reported [333–336], no studies which also consider the possible 

transformation during the digestion process was found. However, in Chapters 

3 of this thesis we reported an increase in pro-inflammatory cytokines IL-6 and 

TNF-α after nanomaterials exposure to Caco-2 gut model that was higher 

when the particles were treated with SHDS. 
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5.5.2 Effects of MPs long- and medium-term exposure to the 

gut model 

Humans are constantly exposed to MPs; in fact, it was estimated that a person 

ingests on average 458000 - 3569000 MPs/ year [337]. As it happens for 

different types of particles, the acute effects do not always reflect the chronic 

ones. An example of this difference is reported by Visalli and co-workers who 

observed an increased mortality rate and a significant ROS production after 24 

h of HT29 intestinal cells exposure to polystyrene (PS) MPs, but in a sub-

chronic condition (i.e., 48 days) this effect decreased, probably due to the cell 

adaptation [338]. Another example can be found in the work of Lebedová and 

colleagues in which the acute or chronic exposure of mice to CdO NPs was 

observed to lead to different Cd accumulation in the organs that was higher 

for the chronic condition. Moreover, morphological alteration and tissue 

damage were observed only after chronic exposure[339]. 

In addition, the average of intestinal transit timing has been estimated to be 

around 4 h [340]. For this reason, to better mimic the real situation, we 

explored the possible effects of a long-term intestinal exposure to HDPE MPs 

incubating the simpler co-culture of Caco-2 and HT29-MTX cells and the 

previously described tri-culture model with the particles 4 h /day for 4 weeks. 

For both models no cell viability nor inflammation changes occurred. 

However, a we found a significant increase in TEER values in the firsts 2 weeks 

of exposure indicating a probable adaptation mechanism of the cells. Similarly, 

after 24 h of exposure to Ag nanoparticles, the co-culture of Caco-2/THP-1 

cells showed an increased TEER value with respect to the control [341]. Also, 

Schulze and colleagues reported an increased TEER values after 6 h or 24 h of 

Calu-3 sub-bronchial gland cells exposure to different types of particles: 

AIOOH, TiO2, and CeO2 nanoparticles [342], reinforcing our hypothesis. 

In summary we did not observe any notable sign of cell damage or 

perturbation, but an important element was neglected in the cellular model 



 
122 

 

set up: the dynamic     condition within the intestine. As a matter of facts, in 

the small intestine are present physiological flow and pressure that have an 

important role in the intestinal barrier properties and intestinal maintenance, 

but they could also influence the particles-cells interaction leading to a 

possible different outcome of cellular exposure to MPs [300]. To overcome 

this lack, we decided to employ a millifluidic device that mimics physiological 

physical parameters of the intestine. 

It was previous demonstrated that dynamic conditions induce a reduction of 

the required time for differentiation of HT29-MTX cells and allow to reach a 

more physiological cellular organization and a generation of thicker layer of 

mucus [343]. Similarly, we observed a higher quantity of produced mucus that 

formed a complete layer on the cells when they were subjected to a 

physiological flow. However, comparing to the control, no changes were 

observed after incubation with HDPE MPs, both pristine and SHDS-treated. 

In this case, a significant difference in the permeability and inflammation, 

measured as TNF-α release. was found between static and dynamic conditions 

after 5 days of exposure (4 h/ day). Both parameters were increased when the 

model was static, but no changes were found in the dynamic ones. It was 

previously demonstrated that Caco-2 cells cultured in the same millifluidic 

device used in this work showed an increased barrier integrity coupled with a 

higher quantity of TJs formation [300]. This increased barrier function makes 

the epithelium more compact: this could explain its higher resistance to MPs 

exposure in terms of permeability perturbation. Moreover, the dynamic flow 

could modify the cells-MPs interaction, altering the number of contacts, as 

previously demonstrated for other types of cells/tissue models exposed to 

NPs. Recently, Burns and co-workers observed that the physiological dynamic 

flow on adherent U937 endothelial cells resulted in a decrease in silver 

nanoparticles deposition consequently accompanied by a reduction in the 

oxidative stress [344]. On the contrary, when the cells were in suspension, the 
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flow effect was the opposite, resulting in a higher frequency of contact and 

increased ROS production by cells [344]. Similarly, in another study it was 

found a smaller deposition rate of gold nanoparticles on A549 alveolar cells 

when a physiological flow was applied [345]. 

Since this last part of this chapter is composed by preliminary data, other tests 

studying the expression of TJ protein and other inflammatory/ anti-

inflammatory cytokines, will be carried out in order to confirm the results. 

5.6 Conclusions 

In this chapter we demonstrated that the MPs could be a suitable scaffold for 

V. parahaemolyticus biofilm having the potential to serve as a vehicle of these 

bacteria to the human intestine. Moreover, we proved that the results can be 

different if obtained using a static monoculture or an organotypic dynamic 

culture model: in fact, by  making the cellular model more complex and closer 

to the physiology, we obtained a different response. On the other hand, we 

are aware that the lack of immune cells and microbiota components makes 

the organotypic model still incomplete. The work of this chapter could be the 

starting point to develop intestinal models closer to human physiology to 

study in depth and in an accurate way the consequence of ingested MPs.  
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6 Inter-laboratory validation of an in vitro 

platform to evaluate the induction of 

oxidative stress by nano-materials 

This chapter is focused on the Round Robin test performed in the context of 

the European Project BIORIMA. As suggested by the intrinsic meaning of the 

term used to describe this typology of studies, as part of the UNITO working 

group my contribution is restricted to a single type of experiments, namely 

“NRF2 reporter gene assay”. 

However, in this type of test each single contribution is important in order to 

increase the size of the statistical population on which the analyses are 

performed and consequently to make the results of the work more significant. 

6.3 Materials and methods 

6.3.1 Materials and Reagents 

The reagents, cells and NBMs were common to all the participating 

laboratories. DMEM/F12 without phenol red, Trypsin 0.5% EDTA (10x), NEAA, 

FBS, dextran-coated charcoal-stripped foetal calf serum (DCC-FCS) and 

phosphate-buffered saline, were from Gibco (California). Curcumin, dichlorvos 

and mannitol were purchased from Sigma Aldrich (Amsterdam, Netherlands). 

Dimethyl sulfoxide (DMSO) was purchased from Acros Organics (Belgium), 

while geneticin (G418) from Duchefa (Haarlem, Netherlands), and P/S from 

Invitrogen (Netherlands). 

6.3.2 Nanobiomaterials 

Fe3O4-PEG-PLGA (FNPs) nanomaterials were provided by Colorobbia Holding 

S.p.A (Firenze, Italy) as early described in section 3.1.2 of this thesis, while Ag 

nanoparticles (NM300K) and TiO2 nanoparticles (NM101) were obtained from 

the Joint Research Center of the European Commission (Italy), respectively in 
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suspension and in powder. NM101 was suspended following the Nanogenotox 

protocol [52]. 

6.3.3 Small Angle X-ray Scattering (SAXS) 

After being incubated for 18 days at 37°C in cell culture medium supplemented 

with 4% v/v FBS, 1% v/v Glutamax (Invitrogen), 1% v/v NEAA, 1% v/v sodium 

pyruvate (Sigma-Merck), 1% v/v P/S and 1% v/v HEPES, the dissolution and 

aggregation of the Ag nanomaterials was observed by small angle X-ray 

scattering (SAXS) (Invitrogen, Netherlands). 

SAXS measurements were performed in Kapton capillaries using the high-

resolution X-ray spectrometers Xeuss 2.0 (Xenocs) and ChemSaxs (lab design, 

CEA) at a concentration of 0.5 mg/ml. PySAXS software [346] was used to fit 

the data after subtracting the baseline signal. One of the cooperating 

laboratories conducted SAXS experiments. 

6.3.4 Transmission Electron Microscopy (TEM) 

A FEI TECNAI F20 microscope operating at 200 keV was used for the TEM 

experiment. The suspension was drop-casted onto a gold grid-supported, 

holey carbon film. After that, the sample was dried at 60 °C. Phase contrast 

and high-angle annular dark-field scanning transmission modes 

(HAADFSTEM) were used to capture the images in order to learn more about 

the morphology of the particles. 

The crystalline phase structure and content were examined using high 

resolution (HREM) and selected area electron diffraction (SAED) analyses. 

More than 100 particles were measured in order to determine the mean 

particle diameter. 

One of the cooperating laboratories conducted TEM experiments. 
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6.3.5 Dynamic Light Scattering (DLS) 

FNPs hydrodynamic diameters and zeta potential were determined as 

previously disclosed in the NANoREG project [347]. In brief, endotoxin-free 

water or medium with or without FBS were used to modify the concentrations 

of the test samples from their corresponding stock suspensions of 1 mg/ml to 

a concentration of 25 μg/ml for the measurements. Malvern Zetasizer Nano 

ZS was used to determine the zeta potential and particle size distribution of 

the test materials using respectively the ELS and DLS methods. Particle size 

distribution and zeta potential values of each test material were measured 

three times, without pausing, at 0 and 24 h at a temperature of 25°C. One of 

the cooperating laboratories conducted DLS tests. 

6.3.6 Endotoxin Detection 

According to prior descriptions [348,349], the Limulus Amoebocyte Lysate 

(LAL) assay was utilized to find bacterial endotoxin contamination. The Limulus 

Amoebocyte Lysate PYROTELL®-T test (Associates of Cape Cod, Inc., East 

Falmouth, MA) was utilized in accordance with the manufacturer's 

instructions. PYROS® Software was used for data analysis (Associates of Cape 

Cod, Inc., East Falmouth, MA). 

6.3.7 Cell culture 

Bio Detection Systems (BDS) (Netherlands) kindly provided U2OS-NRF2 cells. 

In the human osteoblastic osteosarcoma U2OS-NRF2 cells, four distinct EPRE 

sequences are expressed, including the consensus EPRE 

(TCACAGTGACTAAGCAAAAT), the hNQO1 EPRE (TCACAGTGAC TCAGCA-

GAAT), the hGCLM EPRE (AGACAATGACTAAGCAGAAA), and the hGCLC EPRE 

(TCACAGTGAC TCAGCA-GAAT) (TCACAGTCAGTAAGTGATGG) [350]. The two 

oligos were linked to generate the luciferase reporter construct pLuc, which 

lacks a promoter. Because the NRF2 pathway is expressed naturally in U2OS 
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cells, a selection construct (pSG5-neo) was employed. The cells were grown in 

DMEM/F12 supplemented with 10% v/v FCS and 1% v/v P/S. 

To keep the selection pressure high, 200 g/ml G418 was added to the culture 

medium once a week. Cells were kept at 37 °C in a humid environment with 

5% CO2. 

6.3.8 Cell viability assay 

The Alamar blue® (resazurin) assay (Thermo Scientific, Sweden) was used to 

determine the cytotoxicity of NBMs [351]. Prior to the "round robin" pre-

validation studies, one of the participating laboratories conducted the cell 

viability tests. Trypsinization, counting, and resuspension of the cells were 

performed before they were added to cell culture medium devoid of phenol 

red and supplemented with 5% v/v DCC-FCS, with a final concentration of 104 

cells per well (100 μl). 

Cells were seeded in 96-well plates and either maintained in DCC-FCS alone 

(negative control) or subjected to test items. To track cellular metabolic 

activity, the assay reagent was applied to each well (10% v/v). Using a 

spectrophotometer (Tecan Infinite® F200), the samples were examined. 

6.3.9 Reporter gene assay 

By monitoring the induction of luciferase activity in the NRF2-U2OS cells, the 

potential of NRF2 mediated gene expression induction by NBMs was 

examined. Briefly, in a 96-well plate without using the exterior wells, the cells 

were trypsinised, counted, and resuspended in cell culture media without 

phenol red and supplemented with 5% v/v DCC-FCS. The plates were 

incubated for 24 h at 37°C with 5% CO2 in a humid environment. After this pre-

incubation, one reference plate was exposed to 9 serial dilutions of the 

reference substance curcumin, ranging in concentration from 1X10-4 M to 

1X10-8 M (log10 dilution steps), as well as the positive control dichlorvos (1X10-
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5 – 1X10-7 M) and the negative control mannitol (1X10-3 – 1X10-5 M). Dichlorvos 

was used as a positive control because it is well known to cause a reaction in 

this test, but mannitol should not. As curcumin typically produces a dose-

effect response in the current experiment, it was chosen as the reference 

molecule. The compounds from a 200-fold concentrated stock solution in 

DMSO were added to the exposure medium (5% v/v DCC-FCS in DMEM/F12 

without phenol red), which was used to expose the cells to the reference 

compounds. Cells underwent additional processing for the luciferase 

induction assay after being exposed to the test materials. Cells were rinsed in 

PBS before being lysed in 30 μl of low salt buffer (Tris, 25 mM, DTT 2.0 mM, 

CDTA 2.0 mM), which was followed by freezing at 80°C to ensure thorough cell 

lysis. In order to measure luciferase, a flash mix methodology was used (BDS, 

Netherlands). The illuminate mix, also known as the flash mix, contains 20 mM 

tricine, 1.07 mM (MgCO3)4 Mg(OH)2.5 H2O, 2.67 mM MgSO4 x 7 H2O, EDTA 0.1 

mM, DTT 1.5 mM, D-Luciferine 539 mM, and ATP 5.49 mM. Using a 

luminometer with two injectors—one to start the reaction by adding the 

Luciferin contained in the illumine mix and one to stop the enzymatic reaction 

with NaOH- the measurements were performed in the different laboratories. 

In order to stop the reaction, 100 μL of 0.2 M NaOH was added. As previously 

mentioned, an induction factor threshold of 1.5 was established for the NRF2 

mediated gene expression [350]. 

In order to exclude any interference of the materials with the luciferase 

activity, the U2OS-NRF2 cells were fixed at the end of exposure by adding 50 

μl of paraformaldehyde at 4% v/v in PBS for 30 min at room temperature just 

before cell lysis to carry out the luciferase induction assay as described above. 

6.3.10 Design of “round robin” pre-validation 

During the current work, FNPs were chosen as a representative and innovative 

NBM. Both therapeutic and diagnostic uses for these nanoparticles are 
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envisioned. The "benchmark" NM101 NMs were included as an inert (non-

cytotoxic) nanomaterial and the NM300K NMs were included as a 

nanomaterial that most likely would elicit NRF2 mediated gene expression. 

Cytotoxicity at higher concentrations of the latter nanomaterials, however, 

could not be excluded. Based on the manufacturer's recommendations, 

additional positive and negative chemical controls (dichlorvos and mannitol) 

were added for the test. 

The NRF2 reporter gene assay, quality control procedures, and data analysis 

were all explained to the collaborating laboratories (see Figure 6.1 for a 

flowchart of the process). Karolinska Institute, Wageningen University, 

University of Turin, University of Grenoble-Alpes, Edinburgh Napier University, 

University of Rome Tor Vergata, University of Paris Cité, and Tokyo University 

of Science were among the institutions that took part in the pre-validation 

study. The data are presented separately because one of these laboratories 

only examined FNPs and not the other "benchmark" nanomaterials. In-person 

meetings and online courses were used to debate and decide on protocols. 

Hence, each experiment consisted of three experimental plates and one 

reference plate. 

Each experimental plate had a full concentration range of the reference 

substance curcumin dissolved in DMSO, as did the reference plate three upper 

rows. The positive and negative controls (reference plate) or one of the three 

NBMs under examination (FNPs, NM101, NM300K) were in the lower section. 

The exposure settings were harmonized among the collaborating laboratories 

as well. As a result, FNPs and AgNM300K NMs were diluted from a stock of 

3000 μg/ml in dispersant at a concentration range of 0.21 μg/ml to 3000 

μg/ml, then underwent a second 30 x dilution step in exposure medium to an 

exposure range of 0.001-100 μg/ml. For NM101, the NANO ENOTOX 

dispersion procedure was used to create newly generated suspensions [52]. 
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The reporter cells were exposed for 24 h in a humid environment with 5% CO2 

at 37°C. 

 

Figure 6.1. Pre-validation process workflow. The number of involved labs is indicated. 

Edited from Martin et al., 2022 [352]. 

6.3.11 Data Analysis 

Microsoft Excel was used to export the data for further processing. 

The viability percentage toward the cells not exposed was used to express 

cytotoxicity. The Induction Factor (IF), which is the measured relative light unit 

(RLU) value divided by the mean RLU value of the solvent control, was used to 

display the results for the NRF2 reporter gene tests. The NRF2-U2OS reporter 

gene test was considered to be successful when the induction factor of 

curcumin was over 8. Inducers of NRF2 mediated-gene expression were 

samples with an induction of 1.5-fold or greater [350]. 

Prism 9.0 (GraphPad Software, Inc.) was used to create the graphs after non-

linear curve fitting was used to analyse the data (agonist versus response). The 

intra-laboratory and inter-laboratory standard deviations were determined 
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across all NRF2 reporter gene assay results and presented in a heatmap to 

assess the variability of results and reproducibility of the assay. Version 8.3.0 

of GraphPad Prism was used for the statistical analysis. 

According to ISO standards 5725-1 and 5725-2 for accuracy (trueness and 

precision) of measurement methods and results, the interlaboratory standard 

deviation of the assay results of all participating laboratories was calculated. 

6.4 Results 

6.4.1 Nanobiomaterials Characterization 

The sterility in terms of endotoxins content of the FNPs and associated 

dispersant was assessed. Both were shown to have endotoxin levels that were 

below the standards set by the US FDA for medical devices (data not 

shown).  Both HAADF-STEM pictures and TEM phase contrast images (Figure 

6.2A and B) revealed regular morphology with a mean particle diameter of 12 

nm. 

 

Figure 6.2. Representative TEM images of FNPs. A) TEM phase contrast 
image; B) HAADF-STEM image; C) HREM phase contrast image; D) SAED 
polycrystalline pattern rings. Scale bars: A,B) 50 nm; C) 10 nm. Adapted from Martin 

et al., 2022 [352]. 



 
132 

 

The polycrystalline pattern rings acquired by SAED (Figure 6.2D) were indexed 

as crystalline magnetite, which was identified as the unique phase 

composition. The higher magnification HREM phase contrast images (Figure 

6.2C) revealed a cubic crystal structure compatible with the magnetite lattice. 

The benchmark materials were completely characterized [353,354]. 

After incubation at 37°C for 18 days in culture media, SAXS analysis revealed 

that there was little to no dissolution of the NM300K. These nanomaterials 

average sizes (15 0.2 nm and 15 0.2 nm at t = 0 and t = 18 days, 

respectively) did not change during incubation. In the relevant cell culture 

media, the hydrodynamic diameter and zeta potential of the NBMs were also 

examined. 

After being incubated in cell culture media for 24 h under the exposure 

conditions required for the NRF2 reporter gene experiment, the data 

collectively showed that all the test materials were stable (Figure 6.3A, B). 
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Figure 6.3. Characterization of Fe3O4-PEG-PLGA. A) Hydrodynamic diameter and B) 
ζ-potential of FNPs in cell culture media or water. Adapted from Martin et al., 2022 

[352]. 

6.4.2 Cytotoxicity evaluation 

It is important to consider whether the test materials have the potential to 

affect cell viability before considering the outcomes of the reporter gene 

experiment.  Only a modest reduction in U2OS cell viability was seen at the 

maximum tested dose of 100 μg/ml for FNPs (Figure 6.4A). 
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Figure 6.4. Cytotoxicity evaluation after 24 h of U2OS cells exposure 
to A) FNPs, B) TiO

2
 nanomaterials (NM101), C) Ag nanomaterials (NM300K), and D) 

control chemicals or dispersants. Data are mean values ± S.D. n = 3. Edited from Martin 

et al., 2022 [352]. 
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Similarly, NM101 was non-cytotoxic at low concentrations, but at the highest 

concentration (100 μg/ml) a significantly reduced viability was observed 

(Figure 6.4B). In contrast, a dose-dependent reduction of cell viability was 

found for NM300K (Figure 6.4C). The reference compounds were also 

evaluated for their potential cytotoxic effects (Figure 6.4D). The U2OS cells 

were unaffected by dichlorvos or mannitol, while curcumin, at concentrations 

of 500 nM and higher, significantly decreased U2OS cell viability in a dose-

dependent manner (Figure 6.4D). 

6.4.3 NRF2 reporter gene assay 

The NRF2 pathway induction was then evaluated. Increasing amounts of the 

reference substance (curcumin), as well as the positive and negative controls, 

were administered to NRF2-U2OS cells (Figure 6.5). While exposure to 

mannitol did not induce NRF2 mediated gene expression, the reference 

substance, and the positive control (dichlorvos) did (Figure 6.5). 

 

Figure 6.5. Induction of NRF2 mediated gene expression by the reference compound 
(curcumin) and negative (mannitol) and positive controls (dichlorvos). The results are 
presented as induction factor, the fold induction over the solvent control. The data are 

presented as mean values ± S.D. n = 3. Edited from Martin et al., 2022 [352]. 

In the "round robin" pre-validation research, eight laboratories took part, 

seven of which (among which the UNITO team) employed FNPs, NM300K, and 

NM101 NMs (Figure 6.6), while one partner used solely FNPs (Figure 6.7).  
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Figure 6.6. Interlaboratory study. Induction of NRF2 mediated gene expression 
following cells exposure to FNPs, NM300K, and NM101 nanomaterials. Each graph (A–
G) represents the results of an individual laboratory. Each experiment was performed 
according to the same harmonized protocol. The results are presented as induction 
factor, the fold induction over the solvent control. The data are presented as mean 

values ± S.D, n = 3. Edited from Martin et al., 2022 [352]. 
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Consistently, the findings demonstrated that NM101 did not promote NRF2-

mediated gene expression. Yet, in every experiment, exposure to NM300K 

increased the expression of NRF2-mediated genes in a dose-dependent 

manner (Figures 6.6A–G). Induction factors, which measure the size of 

responses at similar concentrations, varied somewhat between laboratories. 

It was repeatedly discovered that the NRF2 mediated gene expression 

decreased at the highest concentrations, which is probably because of 

NM300K dose-dependent cytotoxicity as previously described in section 6.2.2 

(Figure 6.4C). Ultimately, little elevation of NRF2-mediated gene expression 

was seen after exposure to FNPs (Figures 6.6A–G). 

 

Figure 6.7. NRF2-mediated gene expression in response to FNPs. 
The data are from participating laboratory 8. Data on NM101 and NM300K are not 

available. Edited from Martin et al., 2022 [352]. 

As a result, while three of the participating laboratories reported no induction, 

data from five more laboratories showed a slight induction at 30 or 100 μg/ml, 

and some laboratories reported a lower induction factor for the 100 μg/ml 

samples compared to the 30 μg/ml samples. The assay results inter- and intra-

laboratory standard deviations were then determined. The mean inter-

laboratory standard deviation was 0.28, with a range of 0.044 to 1.221. (Figure 
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6.8). The average intra-laboratory standard deviation was 0.16. (Figures 6.9 

and 6.10). 

 

Figure 6.8. Heatmap of the interlaboratory standard deviation of the NRF2 induction 
results from all participating laboratories. The combinations of concentration and 
nanomaterials that resulted in higher variability of assay results across the partner 
laboratories are indicated by darker boxes in the heatmap. Adapted from Martin et 

al., 2022 [352]. 

 

Figure 6.9. Heatmaps of the intra-laboratory standard deviations of all NRF2 
induction results performed with the U2OS cell line. The combinations of 
concentration and nanomaterials that resulted in higher variability of assay results are 
indicated by darker boxes in the greyscale heatmap. The numbers represent the 

individual participating laboratories 1 – 8. Adapted from Martin et al., 2022 [352]. 
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Figure 6.10. Heatmaps of the intra-laboratory standard deviations of all NRF2 
induction results performed with the U2OS cell line. The combinations of 
concentration and nanomaterials that resulted in higher variability of assay results are 
indicated by darker boxes in the greyscale heatmap. The numbers represent the 

individual participating laboratories 1 – 7. Adapted from Martin et al., 2022 [352]. 
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6.5 Discussion 

In this chapter, we aimed to validate a NRF2 reporter gene assay to investigate 

for oxidative stress by screening for NRF2 mediated gene expression activation 

after exposure to NBMs. Eight laboratories participated in the pre-validation, 

including the UNITO team. As representative NMs, FNPs were chosen, and the 

outcomes were compared to "benchmark" nanomaterials from the JRC, 

NM101 (TiO2) and NM300K (Ag), as well as positive and negative chemical 

controls. None of the collaborating labs saw an induction above the threshold 

for the NM101. Some laboratories measured an induction for the FNPs that 

was just above the threshold, however for other laboratories the induction 

levels were lower than the threshold. The NRF2 reporter gene assay can be 

easily used by several laboratories, as evidenced by the fact that all of them 

were able to detect a dose-dependent induction after exposure to the 

NM300K (albeit with varying induction factors). The NRF2 reporter gene test 

for assessing oxidative stress generated by NBMs is appropriate for application 

in different laboratories because the interlaboratory standard deviation was, 

overall, acceptable. Based on these preliminary results, we suggest 

considering this validated test for an in depth validation as a method for NBMs 

fast screening. 

Manufactured NBMs have the ability to produce ROS through a variety of 

methods, including the Fenton reaction, redox cycling, and radical creation 

[355]. This ROS production can then activate the NRF2 mediated gene 

expression. Numerous previous investigations have demonstrated that 

nanoscale metal oxides, such as CuO and ZnO materials, can activate NRF2 

[175,356]. Moreover, it was discovered that exposure to Ag nanoparticles 

activated NRF2, which is consistent with the present findings. According to the 

findings of the current investigation, FNPs only slightly activated U2OS-NRF2 

cells. Unfortunately, no literature on the capacity of FNPs to induce NRF2-
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mediated gene expression could be found. In a recent work, various acellular 

assays and a NRF2 reporter assay based on HEK293 cells were compared to 

examine the production of ROS and antioxidant responses of manmade NMs. 

It is noteworthy that whereas Fe3O4 nanoparticles have been found to be able 

to generate oxidative stress in rodents [357], the HEK293 cell-based NRF2 

reporter experiment did not demonstrate any concentration-dependent 

reactivity for the Fe-based nanomaterials [177]. Due to the low number of 

expressed receptors in U2OS-NRF2 cells, there is extremely little chance of 

crosstalk between signal transduction pathways. Moreover, the U2OS cell line 

has a poor total metabolic capacity, which increases the likelihood and 

sensitivity of reactive substances, or metabolites, to activate reporter systems. 

The U2OS-NRF2 cells used in the current study have a tandem of four AREs 

upstream of the luciferase reporter and may therefore be more sensitive to 

inducers acting via the NRF2-pathway than the KeratinoSensTM method 

validated by the OECD (Test No. 442D), which has one ARE-response element 

upfront of the ARE-reporter construct. However, caution must be used when 

comparing reporter assays in various cell systems and in vivo data because the 

presence of intracellular ROS levels can vary depending on the abundance of 

thiol-containing ligands (such as GSH and metallothioneins) [358], which may 

affect the sensitivity of cell-based NRF2 reporter gene assays. 

In addition to the aforementioned in vitro research, a number of in vivo rodent 

investigations have also demonstrated that nanomaterials can cause NRF2 

activation. For instance, Sun and co-workers [359] demonstrated that chronic 

exposure to TiO2 nanoparticles increased the expression of the catalytic 

subunit of glutamate-cysteine ligase, NRF2, and heme oxygenase 1 (HO-1) 

(GCLC). In the aorta of mice, intra-tracheal injection of ZnO nanoparticles 

increased the expression of NRF2 and HO-1, according to other researchers 

[356]. In addition, members of the BIORIMA consortium previously used Nrf2-

null mice to study the part NRF2 plays in pulmonary inflammation after 
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exposure to ZnO nanoparticles [360]. The study showed infiltration of 

inflammatory cells in the mouse lung but only weakly stimulated NRF2-

dependent antioxidant enzymes after administration of 20 nm ZnO 

nanoparticles by pharyngeal aspiration. The authors came to the conclusion 

that the neutrophil migration caused by ZnO nanoparticles is negatively 

regulated by NRF2 [360]. 

In recent years, a lot of research have been conducted to improve the quality 

of nanotoxicological investigations, including numerous interlaboratory 

comparisons (also known as round robins). For instance, a US consortium 

supported by the NIEHS carried out cell-based assays on a selection of NMs, 

concentrating on cell viability and cytokine (IL-1β) production. These assays 

included various kinds of TiO2 and ZnO nanomaterials as well as multi-walled 

carbon nanotubes [361]. It was underlined how crucial it is to use carefully 

defined nanomaterials as well as positive and negative controls. The 

harmonization of in vitro test methods for the evaluation of NMs has also been 

a focus of several pan-European programs [52,362–364]. These efforts have 

highlighted the critical value of standardized test protocols while recognizing 

that the road to regulatory-relevant results can be challenging and long [365]. 

The need for adapting the current OECD Test Guidelines (TGs) and Guidance 

Documents (GDs) as well as generating new TGs and GDs to address NMs has 

been examined by the OECD Working Party on Manufactured Nanomaterials 

(WPMN) [366]. 18 European nations, numerous Directorates-General of the 

European Commission, the European Chemicals Agency (ECHA), and other 

organizations work together as part of the so-called Malta Initiative to make 

legislation, particularly for chemicals, enforceable [367]. The current goal of 

this European initiative is to make the OECD TGs on NMs fit for purpose by 

updating them. Although more validation is undoubtedly needed, the current 

reporter gene assay, which measures an essential biological endpoint called 

oxidative stress, is well matched with these efforts. 



 
143 

 

6.6 Conclusions 

Comparing FNPs with NM101 and NM300K NMs, in this study a validation 

"round robin" employing the NRF2 reporter gene assay was successfully 

carried out. The assay was quickly adopted by different laboratories. It is 

important to remember that other reporter gene assays have already 

undergone validation and that the OECD TG 455 and TG 458 have just recently 

added the androgen receptor (AR)-reporter gene assay and the estrogen 

receptor (ER) reporter gene assay, respectively. In order to develop the NRF2 

gene reporter assay for the screening of the induction of oxidative stress 

responses triggered by NBMs, the results of the current interlaboratory 

investigation may serve as a starting point for a large validation study. 

These results have been published in Frontiers in Toxicology in the paper “ Pre-

validation of a reporter gene assay for oxidative stress for the rapid screening 

of nanobiomaterials “. [352]  
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7 General conclusions and perspectives 

There is still a long road toward a validated in vitro model sufficiently 

representative of the OGI tract to predict the effects of NMs and MMs on the 

gut. 

In the present study, we contribute to this field by exploring some possible 

improvements, starting by the widely used model Caco-2 cells. 

Overall, the results show that the different in vitro models showed variable 

outcomes, supporting the need of  standardization. 

The employment of an in vitro digestion system, which modifies the physico-

chemical features of the particles, has, depending upon the material, variable 

effects. The comparison with the effects in mice suggests that this pre-

treatment have the potential to make the in vitro tests more predictive of the 

in vivo conditions. The differences between the two models could be 

attributed to the lack of some physiological features in Caco-2 barrier model, 

such as the presence of mucus, cells with an absorptive phenotype and 

inflammatory cells mimicking the mucosa-associated lymphoid tissue. For this 

reason, we moved in this direction by increasing the complexity of the model, 

exploring the  possibility to add other types of cells such as goblet cells and M-

cells, and by introducing a dynamic system by using a millifluidic system. 

In perspective, the possibility to add other types of cells such as macrophages, 

dendritic cells, endothelial cells, and the microbiota components represents a 

further step to be closer to OGI physiology. Moreover, adding the variable of 

digested food that could affect the particles surface modification can add 

further information. 

A future step made possible by millifluidic devices is the possibility to add 

other organ models (e.g., liver) to the OGI tract. 

The validation of a cell-based assay to assess the particles potential to induce 

oxidative stress through an inter- laboratory test involving different European 
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institutions and a non-European university was a key step in improving the 

reproducibility of in vitro tests, toward the set-up of standardized protocols. 

Overall, this study contributes to the development of advanced and 

representative models reproducing the  physiological features of the small 

intestine to assess the effects of micro- and nano-materials on this important 

and complex organ addressing  the need to reduce the number of animals in 

the experimental research.  
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9 Abbreviations 

53BP1: Tumor Suppressor P53-binding Protein 1 

ACTB: Beta-actin 

AJs: Adherent Junctions 

ANOVA: ANalysis Of VAriance 

Ap: Apical 

ATCC: American Type Culture Collection 

Bl: Basolateral 

BSA: Bovine Serum Albumin 

CFU: Colony-forming Unit 

CLAUD: caludin 

CNPs: Carbon Nanoparticles 

DAPI: 4′,6-diamidino-2-phenylindole 

DCC-FCS: charcoal-stripped foetal calf serum 

DCFDA: 5-(and-6)-chloromethyl-2′,7′-dichorodihydrofluorescein diacetate-

acetoxymethyl ester 

disulfonate) 

DLS: Dynamic Light Scattering 

DMEM: Dulbecco's Modified Eagle Medium 

DMSO: Dimethyl sulfoxide 

DNA: DesoxyriboNucleic Acid 
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DTT: Dithiothreitol 

ECACC: European Collection of Authenticated Cell Cultures 

ELISA: Enzyme-linked Immunosorbent Assay 

ELS: Electrophoretic Light Scattering 

EPR: Electron Paramagnetic Resonance spectroscopy 

FBS: Foetal Bovine Serum 

FITC: Fluorescein Isothiocyanate 

FNPs: Magnetite Nanoparticles 

FPIA: Flow Particle Imaging Analysis 

HBSS: Hanks’ Balanced Salt Solution 

HCS: High-Content Screening 

HDPE: High-density polyethylene 

HNPs: Hydroxyapatite Nanoparticles 

HREM: high resolution 

HSD: Honestly Significant Difference 

IBD: Inflammatory Bowel Disease 

IBS: Irritable Bowel Syndrome 

IF: Induction Factor 

Ig: Immunoglobin 

IL: Interleukin 

LAL: Limulus Amoebocyte Lysate 
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LDPE: Low-density polyethylene 

LFQ: Label Free Quantification 

LSNPs: Lipid Surfactant Nanoparticles 

LY: Lucifer Yellow 

M-cells: Microfold Cells 

MLT: Melatonin 

MM: Micromaterial 

MP: Microplastic 

MUC: Mucin 

NBM: Nano-biomaterial 

NEAA: Non-Essential Aminiacids 

NM: Nanomaterial 

NOS2: Nitric Oxide Synthase 2 

NRF2: nuclear factor erythroid 2-related factor 2 

NTA: Nanoparticle Tracking Analysis 

OCCL: occludin 

OGI: Oral-gastro-intestinal 

Papp: apparent permeability 

PBS: Phosphate Buffered Saline 

PDI: Polydispersion Index 

PEG: Poly(Ethylene glycol) 



 
185 

 

PET: polyethylene terephthalate 

PLGA: Poly(lactic-co-glycolic acid) 

PS: Penicillin/Streptomycin 

PS: Polystirene 

PVC: Polyvinyl chloride 

qRT-PCR: quantitative Real Time – Polymerase Chain Reaction 

RFU: Relative Fluorescence Units 

RLU: Relative Light Unit 

RNA: RiboNucleic Acid 

ROS: Reactive Oxygen Species 

SAED: selected area electron diffraction 

SBF: Simulated Bile Fluid 

SD: standard deviation 

SDF: Simulated Duodenal Fluid 

SDS-PAGE: Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis 

SEM: Scanning Electron Microscope 

SF: Simulated Digestive Fluid 

SGF: Simulated Gastric Fluid 

SHDS: Simulated Human Digestion System 

SIF: Simulated Intestine Fluid 

SPSS: Statistical Package for Social Science 
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SSF: Simulated Saliva Fluid 

TEER: Trans-epithelial electrical resistance 

TEM: Transmission Electron Microscope 

TJP1: Tight Junction Protein-1 or Zonula Occludens-1 

TJs: Tight Junctions 

TNF-α: Tumor Necrosis Factor α 

TSB: Tryptic Soy Broth 

WGA: Wheat Germ Agglutinin 

WST-1: (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene  
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