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Abstract 

Application of nanomaterials (NMs) cuts across all facets of life, including agriculture, 

food, medicine, cosmetics, textiles and electronics, and can lead to ingestion by humans. 

Although researchers have investigated the toxicity of NMs, there is still a paucity of 

studies which have assessed NM toxicity to the gastrointestinal (GI) tract. The Caco-2 

cell line is most commonly used to assess impacts of NMs on the GI tract, but in vitro co-

culture models that are more complex can be used to better mimic intestinal physiology. 

Therefore, the aim of this research was to identify the most appropriate in vitro model, 

and biochemical and molecular markers for assessing the toxicity of NMs to the intestine 

in vitro. Undifferentiated Caco-2 cells, differentiated Caco-2 cells, Caco-2/HT29-MTX 

(mucus secreting intestinal model) and Caco-2/Raji B (M cell) co-cultures were used for 

this study. Copper oxide (CuO) NMs were investigated and copper sulphate (CuO4) 

included as an ionic control. CuO NMs are useful due to their antimicrobial properties for 

wood preservation, inks, cosmetics, textiles and food contact materials and their 

incorporation in these products may enhance oral exposure. CuO NMs and CuSO4, 

impaired the function of the intestinal barrier (as indicated by a reduction in transepithelial 

electrical resistance (TEER) and Zonular occludens (ZO-1) staining intensity), and 

shortened microvilli in all differentiated in vitro intestinal models tested. An increase in 

interleukin (IL)-8 secretion, upregulation of haem oxygenase (HMOX)1, IL8, 

metallothionein (MT) 1A and 2A and mucin (MUC) 2 expression were also observed 

following exposure of all models to CuO NMs and CuSO4. CuO NMs and CuSO4 

increased reactive oxygen species (ROS) production in acellular conditions, but only 

CuSO4 induced ROS production in the cell models. The Caco-2/Raji B co-culture 

demonstrated the highest level of NM translocation. Silica NMs and montmorillonite 

nanoclays did not stimulate a toxic response. The toxicity of CuO NMs and CuSO4 was 

typically 2 fold greater in undifferentiated Caco-2 cells, suggesting that undifferentiated 

cells may overestimate the toxicity of NMs. Therefore, it is suggested that differentiated 

Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures are powerful in vitro 

intestinal models and can be used to assess NM toxicity to the intestine. In addition, 

HMOX1, IL8, MT2A and MUC2 expression, IL-8 protein, TEER measurement, ZO-1 

staining and light microscopy to assess cell morphology and viability are presented as 

biomarkers for investigating the intestinal toxicity of NMs across in vitro models of varied 

complexity.  
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1.0. Nanotechnology 

In recent years, research on nanotechnology has been in exponential growth due to its 

potential application in advanced technology, consumer products, agriculture, processing, 

packaging, engineering, drug or food supplement delivery and biomedicine 

(Bouwmeester et al. 2009, Aueviriyavit et al. 2014). Nanotechnology is an 

interdisciplinary area of research and technological development involving the 

development and use of engineered nanomaterials as well as the fabrication of structures, 

devices and systems at the nanoscale (1-100 nm). Nanomaterials are materials which have 

at least one dimension measuring 1-100 nm in size (European-Commision 2011). At the 

nanometre scale (nanoscale), the properties of materials change compared to their ionic, 

or bulk (microscale) counterparts (Johnston et al. 2015, Aitken et al. 2006).  For example, 

NMs can have greater catalytic efficiency, increased electrical conductivity, and 

improved hardness, strength, magnetic, mechanical, thermal, or optical properties, which 

are highly desirable for applications in commercial, medical, military, and environmental 

sectors (Chakraborty et al. 2011, Aitken et al. 2006). 

The physicochemical properties of NMs such as particle size, chemical composition, 

agglomeration state, crystal structure, surface area, charge, shape/structure, solubility, 

and surface coatings control their behaviour (Oberdörster et al. 2005, Gatoo et al. 2014, 

Braakhuis et al. 2014). The size of NMs impacts greatly on the biological response. For 

example, a significantly greater neutrophil influx into the rat lung was observed after 

instillation of 64 nm polystyrene particles in relation to 202 and 535 nm particles (Brown 

et al. 2001), and 23.5 nm copper NMs and cupric ions (CuCl2·2H2O) demonstrated higher 

toxicity compared to 17 μm micro-copper particles after oral gavage (Chen et al. 2006). 

A high surface area per unit mass often correlates with higher biological reactivity 

(Ahamed et al. 2014), suggesting that decrease particle size, and increased surface area 

can enhance NM toxicity (Brown et al. 2001, Duffin et al. 2007). 

In addition, reports have demonstrated that NM shape can influence their toxicity. For 

example, rod shaped CuO NMs were more toxic than their spherical counterparts to 

intestinal epithelial Caco-2 cells (Piret et al. 2012b) and human hepatocyte carcinoma 

(HepG2) cells (Piret et al. 2012a). NM surface charge regulates cellular uptake, plasma 

protein binding, blood-brain barrier integrity, transmembrane permeability and colloidal 

behaviour (Pietroiusti et al. 2011, Goodman et al. 2004, Gatoo et al. 2014, Clift et al. 
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2011a). Agglomeration is the clumping together of small particles to form larger 

structures leading to an increase in size and reduction in surface area (Nichols et al. 2002). 

Agglomeration of NMs is a function of size, chemical composition surface charge and 

other physicochemical properties. Agglomeration may lead to increased or decreased 

toxicity of NMs. For example Lim et al. (2012) reported no impact of agglomeration of 

nano-sized carbon black on its toxicity after exposure to rats through venturi nozzles 

(pulmonary route). In contrast, agglomeration of carbon nanotubes led to an increase in 

toxicity in a mesothelioma cell line (MSTO-211H) (Wick et al. 2007) and silver NMs 

agglomeration caused a reduced toxicity in fish (alevin and juvenile rainbow trout) 

(Kalbassi et al. 2013). Therefore, the impact of agglomeration on NM toxicity is likely to 

be dependent on the NM in question, and model under investigation. Presently, there are 

numerous types of NMs, which can be made from all the elements of the periodic table, 

sometimes in combination. The composition of NMs can influence their toxicity, with 

some NMs inherently more toxic than others (Brown et al. 2018, Kermanizadeh et al. 

2013a)  

1.1. Nanomaterial routes of exposure 

The route of exposure of toxic substances determines the level and site of toxicity. The 

human body is equipped anatomically, biochemically and physiologically to prevent the 

entrance of toxic materials into the systemic environment. For example, the GI tract is 

equipped with tight junctions between adjacent epithelial cells (selective absorption), 

mucus (trapping pathogens and particulate matters) and M cells (for antigen sampling) to 

prevent the entrance of pathogens, antigens and other particulate matter (Hansson 2012, 

Kucharzik et al. 2000). In addition, the interaction of NMs with cells, (locally at the 

exposure site and at the site distal to site of entry), body fluids (e.g. lymph and blood) and 

biological molecules (e.g. proteins and lipids) has an essential role in the distribution and 

biological effects of NMs in the body. For example, protein interactions with NMs (often 

termed the protein corona) may lead to the formation of complexes, which could be more 

mobile or stable thereby affecting cell and tissue accessibility (Nel et al. 2006, Brown et 

al. 2014). 

There are four main routes of human exposure to NMs: inhalation, dermal, ingestion 

(oral) and parenteral (e.g. injection) (Figure 1.1), which can occur in environmental, 
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consumer and occupational settings (The Royal Society 2004). Some of the possible 

applications of NMs that could enhance oral exposure include the use of NMs as food 

pigments, health supplements and /or flavour, texture and taste enhancers (Bouwmeester 

et al. 2009, Wijnhoven et al. 2009, Bergin and Witzmann 2013). For example, the use of 

titanium dioxide (TiO2) NMs as a food additive (pigment) will lead to the direct ingestion 

of NMs (Duncan 2011). Ag NMs have antimicrobial activities and are used for coatings 

for food and drink containers, clothing, personal care products (e.g. toothpaste, shampoo, 

detergents), wound dressings, toys and humidifiers (Benn et al. 2010), which may lead to 

exposure via ingestion, inhalation or dermal. Ag NMs are also incorporated into food 

packaging to increase the shelf life of food, and nanoclays are used to improve the barrier 

properties of food and drink packaging (Majeed et al. 2013). The leaching of these NMs 

into food and drink (Benn and Westerhoff 2008, Hauri and Niece 2011) from such 

products could lead to the accidental ingestion of NMs. 

In addition to ingested NMs, inhaled NMs may also have access to the GI tract through 

mucociliary clearance from the respiratory tract (Takenaka et al. 2001, Hoet et al. 2004) 

(Figure 1.1). However, it has been reported that inhaled particles trapped into mucus are 

not capable of moving (Kirch et al. 2012, Geiser and Kreyling 2010). This suggests that 

the mucus layer in the respiratory tract may immobilize the NMs once inhaled, thereby 

hindering their bioavailability. Therefore, the physicochemical properties of NMs may 

influence their interaction with mucus, and hence the potential for transfer to the GI tract 

from the lungs. Inhaled NMs may be cleared by the mucociliary escalator or transported 

into the circulatory system followed by distribution to secondary target organs such as 

the liver, kidneys, intestine, lymph nodes, spleen, heart, and the brain (Mailänder and 

Landfester 2009, Geiser and Kreyling 2010). 

Possible modes of NM exposure to the skin could be occupational, or via the direct 

application of NM including products such as sunscreens or cosmetics (Christensen et al. 

2010). NMs used for producing sunscreen and cosmetics may be deposited into the GI 

tract through the process of hand to mouth exposure in occupational and consumer 

settings (Peixe et al. 2015). Nanotoxicology research papers are dominated by in vivo and 

in vitro studies, which investigate the toxicity of NMs following inhalation (Johnston et 

al. 2015, Brown et al. 2004, Brown et al. 2010, Hussain et al. 2005, Gaiser et al. 2013, 

Kermanizadeh 2012, Kermanizadeh et al. 2013a, Kermanizadeh et al. 2013b). 
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Conversely, there are lack of studies, which have assessed the impact of ingested NMs 

on the gastrointestinal (GI) tract (Stone et al. 2014, House of the Lords 2009, Stone et al. 

2016). 

Various researchers have used animal models and cell lines to study the impact of NM 

inhalation on the lungs (Suliman et al. 2015, Brown et al. 2004, Farcal et al. 2015, Banga 

et al. 2012, Mura et al. 2011, Derk et al. 2015) and they reported cytotoxic effects, release 

of pro-inflammatory cytokines, genotoxicity, oxidative stress and intracellular production 

of ROS. This information on the cellular and molecular events underlying NM toxicity to 

the lungs, can be used to guide investigations which evaluate the toxicity of NMs at other 

target sites, such as GI tract. 

 

Figure 1.1: Exposure routes of nanomaterials. 

Exposure to NMs may occur via parenteral, dermal, oral and pulmonary routes. Following exposure, NMs 

may enter the circulation and become more widely distributed. The green arrows show the possible 

exposure routes of NMs to the GI tract whereas the red arrows indicate the potential fate of NMs on leaving 

the GI tract. 
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1.2. The gastrointestinal tract structure and function 

The functions of the GI tract include digestion and absorption of nutrients and 

electrolytes, maintenance of water homeostasis, elimination of undigested fraction of 

macromolecular antigens and the exclusion of pathogens (Bellmann et al. 2015). The GI 

tract is a complex barrier-exchange system and a boundary between the intestinal contents 

and the internal medium of the human body. However, daily consumption of food and 

drink exposes the GI tract to various potentially harmful substances such as chemicals 

(e.g. pharmaceuticals, pesticides and NMs), and microorganisms. 

The GI tract consists of the oral cavity, oesophagus, stomach, small intestine, and large 

intestine, which are separated by sphincters. The length of the GI tract from mouth to 

anus is approximately 5 m, of which two-thirds is the small intestine, with some variation 

between individuals (Helander and Fändriks 2014). The oral cavity begins the process of 

digestion by receiving, chewing and mixing food with saliva. The oral cavity, the 

oesophagus and the stomach have very low surface area, of which the oral cavity and the 

oesophagus are about 0.02 m2 while the stomach is approximately 0.05 m2 (Helander and 

Fändriks 2014). Little is known about absorption and transport in the oral cavity, the 

oesophagus and the stomach (Bellmann et al. 2015, Helander and Fändriks 2014). 

The major site of absorption is the small intestine, which is divided into three segments; 

the duodenum, jejunum and ileum, and are covered by extended microvilli (Sancho et al. 

2004) (Figure 1.2). The small intestine is the longest part of the GI tract with the highest 

surface area (30 m2) due to the presence of villi and microvilli at the outermost surface, 

which increases the surface area of small intestine 9-16 fold  (Helander and Fändriks 

2014). The duodenum, being the first part of the small intestine, regulates digestion by 

neutralising gastric acid and increasing pH to about 6.5 (Evans et al. 1988, Hörter and 

Dressman 2001). 
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Figure1.2: The human gastrointestinal tract  

Adapted from (Baricevic 2012). 

 

Most nutrients are absorbed in the jejunum because of the presence of crypts of 

Lieberkühn, villi and microvilli, which leads to an increase in the surface area (Sancho et 

al. 2004). The jejunum also secretes mucins, lactoferrin, albumin and other proteins. The 

large intestine, also known as the colon, is divided into the ascending, transverse, 

descending and sigmoid colon (Helander and Fändriks 2014). It has a relatively short 

length and lacks villi. The diameter of the large intestine is 4.8 cm while the surface area 

of the colon is about 2 m2 (Helander and Fändriks 2014). It stores indigestible food 

materials and waste products prior to excretion, absorbs vitamin K and maintains water 

balance. 

1.2.1. The intestinal epithelium 

The intestinal epithelium is made up of the enterocytic cells, endocrine cells, Paneth cells 

(provides host defence against microbes), goblet cells, and microfold cells (Madara 2011) 

(Figure1.3). A single layer of epithelial cells forms the epithelium lining of the GI tract 

and is constantly renewed from intestinal stem cells (ISCs) by continuous production of 

progeny. The proliferation of ISCs usually occurs at the base of the crypts (deep 

invaginations of the epithelium around the villi) and the progeny eventually emerge as 
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differentiated absorptive or secretory lineages. During differentiation, enterocytes, goblet 

cells, and microfold cells, migrate from the crypts to the epithelial surface, while Paneth 

cells migrate to the crypt base (Gassler et al. 2006, Mahe et al. 2015). The protective 

barrier function of the GI tracts is as a result of well differentiated enterocytes (which 

prevent transport of molecules between cells), the tight mucosal lining, presence of mucus 

secreting (goblet) cells, well developed innate immunity and presence of immune tissue 

and cells (Garrett et al. 2010). The integrity of the epithelial barrier is dependent on 

epithelial cells being joined together by tight junctions, which are essential to the 

establishment and maintenance of cell polarity (Snoeck et al. 2005). The intestinal 

epithelial cells separate the intestinal lumen from the systemic environment and regulate 

nutrient and ion absorption. They also protect the systemic environment from invasion of 

microorganisms, some of which are in a symbiotic relationship with the host (human 

intestine) (section 1.2.1.5). For example, commensal bacteria benefit from the host’s 

anaerobic and nutrient rich luminal environment (Halpern and Denning 2015, LeBlanc et 

al. 2013) and help degrade bile acids and metabolise essential vitamins such as riboflavin, 

vitamin B12, which is of benefit to the host (LeBlanc et al. 2013, Morowitz et al. 2011). 

The interaction of the microorganisms and the host also enhances the barrier function and 

intestinal epithelial structure (Halpern and Denning 2015). 

 

 

Figure1.3: Structural representation of the small intestine 
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1.2.1.1. Tight junctions  

The majority of the cells in GI tract are enterocytes. The individual cells of the intestinal 

epithelium are sealed together by tight junctions, which prevent the translocation of 

substances from the intestinal lumen to the systemic environment (Landy et al. 2016). A 

compromise in tight junction function leads to inflammation and penetration of toxic 

compounds to the systemic environment (Schulzke et al. 2009, Ma et al. 2012). 

There are ~40 tight junction proteins such as zonula occludens (ZO-1, ZO-2, ZO-3), 

claudin, tricelluin, occludin, junctional adhesion molecule (JAM) and tight junction-

associated marvel protein (TAMP) (Ma et al. 2012, Lee 2015, Halpern and Denning 2015, 

Landy et al. 2016). The functions of all the tight junction associated proteins are not 

known, however; ZO-I and occludin have been demonstrated to play a role in tight 

junction stabilization (cell-cell contact) and regulation, while claudin is essential for cell 

to cell adhesion and formation of a selective barrier (Lee 2015). Occludin and claudin 

bind with ZO-1, which then interacts with the actin cytoskeleton and cytoskeleton 

proteins (König et al. 2016, Fanning et al. 2002, Lee 2015). 

 In vitro, the function of tight junctions is monitored by performing permeability studies 

(using inulin or mannitol) and via measurement of transepithelial electrical resistance 

(TEER). TEER measures the ability of the cell monolayer to separate ionic charge across 

the epithelium (Ma et al. 2012). Intestinal monolayers have been classified as leaky or 

tight based on their electrical resistance and tight junction discriminate between 

substances based on charge and size (Ma et al. 2012). TEER measurement has been used 

to study the toxicity of chitosan NMs (Vllasaliu et al. 2010), Ag NMs (Bouwmeester et 

al. 2011, Georgantzopoulou et al. 2016) and  TiO2 NMs (Brun et al. 2014) using different 

cell types including differentiated Caco-2 cells, lung adenocarcinoma (Calu-3) cells, 

Caco-2/Raji B cells and a Caco-2/HT29 co-culture. 

In vitro studies suggest that TiO2 NMs cause a reduction in tight junction (ZO-1) staining 

intensity at 24 h post exposure to a Caco-2/HT29 co-culture (Brun et al. 2014). Calu-3 

cells treated with chitosan NMs also demonstrated a reduction in intensity of ZO-1 

staining after 24 h exposure (Vllasaliu et al. 2010), indicating that NMs may affect the 

tight junctions of epithelial cells. The regulation of tight junctions is influenced by 

nutrition (the composition of food intake), pharmacological (ingested medication), 

physiological (enzymes secreted into lumen fluid composition of the mucosal and luminal 
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compartment), microbial (luminal microbial load) and inflammatory factors 

(inflammatory state of the intestinal mucosa, inflammatory and pro-inflammatory 

mediators present in lumen) (Ma et al. 2012). 

1.2.1.2. Villi and microvilli 

The apical surface of the intestinal epithelium is covered by microvilli, often-termed the 

brush border. The microvilli were first visualised using electron microscopy in 1950 by 

Granger and Baker (1950) and are known to be essential for nutrient absorption, as the 

presence of microvilli increases the intestinal surface area. Thousands of microvilli, 

which possess a uniform diameter and length of about 100 nm X 1-3 µm, project into the 

intestinal lumen and are arranged in an orderly manner in such a way that the brush border 

can be viewed in a hexagonal array of microvilli (Helander and Fändriks 2014). Intact 

and densely packed microvilli are present in the small intestine (Helander and Fändriks 

2014, Crawley et al. 2014). Disruption of the orderly arrangement or shortening of the 

microvilli may lead to impairment in its absorptive function. Previous studies have 

demonstrated shortening of microvilli after exposure of differentiated Caco-2 cells to 

CuO NMs (Ude et al. 2017), TiO2 NMs (Koeneman et al. 2010, Faust et al. 2014a) and 

ion (III) oxide (Fe2O3) NMs (Zhang et al. 2010, Faust et al. 2014b). 

1.2.1.3. Goblet cells 

The goblet cell is a mucus-secreting cell and an essential part of the mucosal barrier. The 

goblet cells in the intestinal epithelium are responsible for mucus secretion, forming a 

mucus layer (Liu et al. 2015). The mucus layer protects the epithelial surface, interacts 

and traps foreign particles and pathogens thereby preventing their contact with the 

enterocytes. Mucus is a complex network which is formed from extremely branched 

macromolecules and glycoproteins and acts as a first barrier that every material taken 

orally must cross before accessing the intestinal epithelium (Crater and Carrier 2010).  

The most abundant mucin of the intestinal mucus is mucin (MUC) 2, (Johansson et al. 

2008, Johansson et al. 2011). Mucus is continuously secreted and shed or digested, 

therefore pathogens, drugs and other particles delivered to mucosal surface have to move 

“upstream” via the mucus layer before they can adhere to the surface of epithelial cells 

(Cone 2009). 
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The ability of pathogens, drugs and other particles to transverse the mucus layer are 

dictated by the adhesive and viscoelastic nature of the mucus (Crater and Carrier 2010). 

The viscosity of mucus is affected by rehydration and for mucus to transport particles and 

pathogens it must have appropriate viscoelasticity (Cone 2009). Therefore, for NMs to 

interact with the intestinal epithelium and be absorbed, they must pass through the sticky 

mucus layer efficiently. Physicochemical characteristics (Liu et al. 2015) such as particle 

size and solubility determines if a substance will be able to have contact with the epithelial 

tissue since soluble substances hardly adhere to the mucus (Sigurdsson et al. 2013). In 

addition, materials  that can adhere to mucus are typically restrained from crossing the 

mucus layer while non-adherent materials easily cross (Bannunah et al. 2014). There is 

less interaction of mucus with the lamellar layer (thin layer membrane or tissue) in the 

small intestine and this allows access of the intestinal contents to the epithelium 

(Bannunah et al. 2014, Johansson et al. 2011, Round et al. 2012). The thin layer of mucus 

in the small intestine is likely to explain why most absorption occur in the small intestine 

as it leads to high epithelial cell accessibility by particles and pathogens (Atuma et al. 

2001, Round et al. 2012, Bannunah et al. 2014). Reports have demonstrated that the 

presence of mucus reduces the rate of absorption of NMs in cellular and acellular in vitro 

models (Crater and Carrier 2010, Vllasaliu et al. 2011).  

1.2.1.4. Gut-associated lymphoid tissue (GALT) 

The human GI tract needs to control whether an immune response is elicited in response 

to antigen from external environment (via food, water and other chemicals (drugs)). 

GALT includes specialized areas of the intestinal epithelium comprising of isolated and 

aggregated lymphoid follicles. The follicle-associated epithelium (FAE) forms a 

boundary between the GALT and the luminal microenvironment (Corr et al. 2008) 

(Figure 1.3). GALT is one of the largest lymphoid organs because of its high immunocyte 

content (70 % of the body’s immunocytes) (Jung et al. 2010). 

Aggregated lymphoid follicles known as Peyer’s patches (PPs) were named after the 

Swiss pathologist Johann Conrad Peyer who described PPs in detail in 1667 (Jung et al. 

2010) and are responsible for luminal sampling of particles and antigens. M cells are 

located in the follicle-associated epithelium of intestinal PPs of gut-associated lymphoid 

tissue. M cells are also found in the isolated lymphoid follicles, appendix and the 
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mucosal-associated lymphoid tissue (MALT) (Corr et al. 2008, des Rieux et al. 2006). M 

cells make up approximately 1% of the in the intestinal epithelium surface (Bellmann et 

al. 2015, des Rieux et al. 2006, Giannasca et al. 1999). Some of the characteristics of M 

cells that distinguish them from other enterocytes include reduced and weakly organised 

brush border, short and irregular microvilli, lack of apical glycoprotein of alkaline 

phosphatase and sucrose-isomaltase activity, absence of thick glycocalyx and a unique 

intraepithelial invagination or ‘pocket’ (Gebert et al. 1999, Corr et al. 2008, Kanaya et al. 

2007, Brayden et al. 2005). 

M cells transport materials across the intestinal epithelial barrier from the lumen of the 

intestine to underlying immune cells, the point of processing and initiation of an immune 

response. The transportation of materials may inhibit or activate an immune response and 

could therefore either cause tolerance or a systemic immune response (Corr et al. 2008). 

NMs and microorganisms can also utilize the M cell as a point of entry into the systemic 

environment (Teitelbaum et al. 1999, Gullberg and Soderholm 2006). Other functions of 

M cells may include releasing a co-stimulatory signal for T- and B- cell proliferation 

thereby aiding the induction of an immune response to the antigen they are transporting 

(Corr et al. 2008). The determinants of the mechanism of particle or microorganism 

uptake by M cells include size, local surface pH, surface charge, temperature, 

hydrophobicity, concentration of the material and presence or absence of an M cell-

specific receptor (des Rieux et al. 2005). Interestingly, researchers have demonstrated the 

transport of particles such as latex beads, nanoparticles, carbon particles and liposomes 

and macromolecules including ferritin, horseradish peroxidase, cholera toxin-binding 

subunit, lectins and antivirus antibodies across M cells in vitro (Gebert et al. 1996, des 

Rieux et al. 2005, Shakweh et al. 2004). 

In vivo study of M cells has been a difficult task due to the minute quantity of M cells 

found in the intestinal epithelium. This led to the design of different types of in vitro 

models in order to investigate M cell functions. In vitro models of M cells are usually a 

co-culture of Caco-2 cells with freshly isolated murine lymphocytes or Raji B cells, 

(Gullberg et al. 2000, des Rieux et al. 2007, Kernéis et al. 1997). In vitro models are found 

to mimic the in vivo M cell by having short or no microvilli at the apical surface, broad 

microfold cells, thinner glycocalyx and ability to transport particulate matter (Brayden et 
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al. 2005).  In vitro M cell models are presently being employed in drug and particulate 

transport studies (des Rieux et al. 2005, Gullberg et al. 2000, Shakweh et al. 2004). 

1.2.1.5. The intestinal microbiota 

The gut microbiota (sometimes termed the microflora) is the entire population of 

microorganisms including bacteria, fungi, archaea, viruses, and protozoan that inhabit the 

GI tract (e.g. Bifidobacteria (Bifidobacterium bifidum), Lactobacteria (Lactobacillus 

acidophilus, Lactobacillus plantarum, Lactobacillus rhamnosus), Propionobacteria, 

Peptostreptococci and Enterococci). The gut microbiota enhance food digestion, nutrient 

metabolism, drug metabolism, prevent pathogenic microorganism’s colonization of the 

intestine and help in maintaining intestinal barrier function (Jandhyala et al. 2015). 

Alteration of the gut microflora is associated with numerous human diseases such as 

obesity, colitis, immunological dysfunction and inflammatory bowel disorders 

(Pietroiusti et al. 2016). Many NMs are exploited for their antimicrobial properties, and 

thus their ingestion could lead to a change in the abundance and diversity of the gut 

microflora, which may lead to adverse health effects. Silver NMs have been shown to 

affect the microflora in rats following ingestion shifting the gut microflora to a greater 

percentage of gram positive bacteria (Williams et al. 2015). In addition, zinc oxide (ZnO), 

caesium oxide (CeO) and TiO2 NMs were demonstrated to affect short-chain fatty acid 

production, hydrophobicity, sugar content of the extracellular polymeric substance, and 

electrophoretic mobility using an in vitro model of colon gut microbiota (Taylor et al. 

2015). 

1.2.1.6 Intestinal pH 

pH is a logarithmic measure of hydrogen ion concentration and could also be defined as 

a measure of acidity and alkalinity of a solution, where pH less than 7 is acidic and greater 

than 7 is alkaline (Abbasi et al. 2012). The pH of the stomach is highly acidic at pH 1 to 

2 (Beasley et al. 2015). The duodenum has a pH of 6, whilst the ileum has the pH 7.4, 

which decreases to pH 5.7 in caecum and finally increases to 6.7 in the rectum 

(Fallingborg 1999). The differences in the pH of the different segments of the GI tract 

pose difficulty in the in vitro study of absorption and toxicity. Researchers have applied 

different approaches such as mimicking the saliva, gastric juice, and duodenal juice in 
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vitro to improve the physiological relevance of the models (Brandon et al. 2006, 

Versantvoort et al. 2005, Oomen et al. 2003, Oomen et al. 2002). Importantly, pH may 

also affect the physicochemical properties of NMs. For example, the solubility of NMs 

(e.g. Ag) is enhanced at acidic pH, which may influence its toxicity and availability for 

absorption in the GI tract (Lefebvre et al. 2015, Bellmann et al. 2015). 

1.2.2. Ingested NM penetration across the intestinal epithelium 

Particulate matter does not undergo simple diffusion into the basolateral compartment 

(des Rieux et al. 2006), which could be attributed to the physical characteristics of the 

particles such as surface charge and inability to dissolve. Ingested NMs may translocate 

across the GI tract via four processes. The first is endocytosis, an energy dependent 

movement of macromolecules and particles across the intestinal barrier via the epithelial 

cells. The second is transcytosis, where macromolecules and particles are transported 

across the intestinal barrier through microfold (M) cells at the surface of intestinal 

lymphoid tissue or via other epithelial cells. Third, persorption occurs where old 

enterocytes are extruded from the villus into the gut lumen, leaving holes in the 

epithelium, allowing translocation of large particles. Fourth, the paracellular (passive 

transport) route across tight junctions of the epithelial cell layers (Martirosyan and 

Schneider 2014, Martirosyan et al. 2012, Powell et al. 2010) (Figure 1.4). The 

transportation of particulate materials is dependent on the physical and chemical 

properties of substance (Bellmann et al. 2015). The most efficient transport mechanism 

for the transportation of intact macromolecules through the epithelial cells is the vesicular 

transcytosis (endocytosis) which requires energy from the cell. Therefore, most NM 

uptake only occurs via an active transport mechanism through interaction with the 

microfilament actin cytoskeleton and microtubules (Bellmann et al. 2015, Catto-Smith et 

al. 2008). However, transportation of NMs through endocytosis is very low because of 

the low metabolic activity of the small intestine (des Rieux et al. 2006). In the GI tract, 

large particles, viruses and bacteria are absorbed via phagocytosis and M cells employ 

receptor-mediated endocytosis and phagocytosis in intestinal lumen sampling (Bellmann 

et al. 2015). 

The size of paracellular spaces is dependent on the region of the gut; the small intestine 

has a diameter of one nanometre while the upper duodenum and large intestine could 
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allow the passage of a material with a diameter of 7 and 3 nm respectively (Bellmann et 

al. 2015). Although the paracellular spaces hinder the access of substances into the 

intestinal epithelium, other conditions such as inflammation, diarrhoea, irradiation insult 

and other intestinal insults (Bellmann et al. 2015) may lead to an increase in transcellular 

permeability, thereby promoting the transport of material through tight junctions of the 

epithelial surface. Therefore, it could be inferred that most NMs are absorbed through the 

M cells, with transport via endocytosis and damaged tight junctions also likely (Bellmann 

et al. 2015, Shakweh et al. 2004, des Rieux et al. 2006). Translocation of NMs across the 

intestinal barrier in vivo is size dependent (with smaller NMs translocating to a greater 

extent) and there is evidence that translocated NMs are distributed throughout the body 

following ingestion (Schleh et al. 2012). In vitro studies have also demonstrated a similar 

size dependent translocation of NMs (Zhou et al. 2017). 

 

Figure 1.4: Translocation of ingested NMs.  

1.2.3. Human gastrointestinal models for studying NM transportation and toxicity 

Studying the toxicity of NMs to the human GI tract is a complicated task due to its 

diversity and complexity. Beside the complexity of human GI tract, the physicochemical 

characteristics of NMs may also affect its toxicity in different ways. For example, some 

NMs may dissociate in acidic medium leading to increased toxicity. Several models of 

the human GI tract have been employed when investigating the toxicity of chemicals and 

pathogens including in vivo animal models, ex vivo tissue models, in vitro cell culture 

models, in vitro non-cellular models, and in silico computational models (Lefebvre et al. 

2015, Gamboa and Leong 2013). Each of these models have their own advantages and 
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limitations and therefore, for effective study of absorption and toxicity of NMs in the GI 

tract there is the often a need to employ more than one model. 

1.2.3.1. In vivo models 

In vivo animal models have been used to investigate NM (local and systemic) toxicity and 

translocation. In vivo models have also been used to investigate the efficacy and 

bioavailability of oral nanomedicines (section 1.3.4). Animal models used for in vivo 

studies may be healthy, genetically modified or induced with human pathological disease 

such as cancer, diabetes, ulcer or any other disease state the researcher is interested in 

(Vandamme 2014). Typically, rats, mice, pig and human volunteers are exposed to NMs 

dispersed in liquid, incorporated in food or administered via oral gavage for in vivo 

toxicity studies (e.g. Bouwmeester et al. 2018, Pele et al. 2015). The use of animal models 

for toxicity testing is advantageous as it involves the use of living organism with an 

organised GI tract that is anatomically and physiologically similar to humans (Vandamme 

2014). However, some drawbacks are associated with their use. For example, a difference 

in the length of the GI tract, peristalsis movement and gastrointestinal arrangement of the 

animal model and humans. When NMs are incorporated into food it is difficult to 

ascertain the amount of NMs that actually reached the intestine without forming other 

complexes with the food materials and the animal may not eat all the food or drink all the 

liquid containing the NMs (Bouwmeester et al. 2018). Other disadvantages include cost, 

time and ethical considerations. A desire to reduce reliance on animal testing led to the 

emergence of alternative approaches such as in vitro or in silico models (Lefebvre et al. 

2015). Although, ex vivo and in vitro models cannot totally replace in vivo models, they 

could be used first before deciding whether to use an animal model thereby embracing 

the 3Rs principles (Replacement, Reduction and Refinement of animal testing) (Burden 

et al. 2017). This is particularly important for NMs, as there are many NMs whose safety 

needs to be assessed (Burden et al. 2017). 

1.2.3.2. Ex vivo models 

Ex vivo models typically use tissues obtained from humans or animals to investigate 

toxicity, and are often regarded as a bridge between in vivo and in vitro models. By 

retaining cytoarchitecture, physiological function, intercellular connections and 
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metabolic processes, and ex vivo models closely resemble the in vivo setting (Ong et al. 

2013, Dusinska et al. 2017). Indeed studies have shown that mice lung slices (ex vivo) 

and mice (in vivo) exposed to SiO2 (10 nm), CeO2 (23 and 88 nm) and TiO2 (10 and 100 

nm) demonstrated similar pattern of toxicity (Kim et al. 2014). GI tract sections can be 

inverted so that anything taken up across the epithelium will collect in the lumen of the 

GI tract section, allowing its quantification (Alam et al. 2008, Au - Mateer et al. 2016). 

Uptake and translocation of TiO2 NMs have been studied ex vivo using rainbow trout 

intestinal gut sac and the result demonstrated a titanium metal concentration increase in 

the mucosa (Al-Jubory and Handy 2013). Ex vivo experiments also provide researchers 

with the opportunity to perform experiments, which ordinarily would not be possible in 

vivo. For example, uptake studies using confocal and electron microscopy can easily be 

studied using ex vivo or in vitro models as they require series of treatments and washes 

(Brun et al. 2014, Estrela-Lopis et al. 2011, Wang et al. 2012, Peckys and de Jonge 2011, 

Elsaesser et al. 2011). In addition, investigation of the impact of NMs on epithelial cell 

integrity via TEER measurement is only possible in either ex vivo or in vitro models (Lefei 

et al. 2017, Brun et al. 2014, Zhang et al. 2010). The use of ex vivo models are only 

applicable for short term experiments (~3 h) (Lundquist and Artursson 2016) and their 

use often requires fresh tissue, which may not always be available, or could be expensive 

as the entire animal model may be sacrificed for the tissue to be collected (Ong et al. 

2013), hence the study may also have ethical limitations. Ex vivo models also lack 

circulation and the sub-epithelial muscle layer, thereby hindering nerve signalling and 

peristaltic movement signalling (Lundquist and Artursson 2016). However, co-culture in 

vitro models which make use of different cell types also mimic the in vivo situation and 

could last longer in cell culture than the ex vivo models (Clift et al. 2011b). 

1.2.3.3. In vitro models 

Due to cost and ethical implications of performing in vivo studies, the desire to increase 

the implementation of 3Rs principles, and to make testing more rapid, it has become 

important to develop and use alternative (non-rodent) models to reduce the requirement 

for animal testing. Human cell lines are a useful tool to study the toxicity of materials to 

target cells (Lefebvre et al. 2015). To date the study of the effect of pathogen 

exposure/infection and toxicity of substances (e.g. chemicals, pharmaceuticals, NMs) in 

the GI tract has used different types of in vitro cell models from humans and animals such 
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as primary cell cultures and cell lines from normal tissue (e.g. IEC 16, IEC 17 and IEC 

18). Others include cell lines transfected with regulatory genes (e.g. IEC 16 transfected 

with Cdx-2 gene), and established cell lines of tumour origin (e.g. Caco-2, HT29 and 

HCT 8) (Sambuy et al. 2001). However, most of the models are considered inefficient as 

they are faced with different drawbacks ranging from inability to form villi, microvilli, 

functional tight junctions, differentiate into intestinal enterocyte and express 

characteristic enzymes of the normal living intestinal epithelial cells. Primary cells 

maintain some degree of differentiation when cultured in the laboratory however, 

differentiation to mature enterocytes lasts for only three to six days, preventing long term 

study with primary cells (Sambuy et al. 2001). Therefore, the need to obtain a regular 

supply of cells limits their widespread use. In addition, there is inter-individual variability 

in the response measured when primary cells are used. 

Cell lines obtained from normal intestinal tissue express most of the epithelial cell 

markers like cytokeratin, organized F-actin bundles, tight junction proteins, and 

microvillus proteins, but do not form functional tight junctions as a result of their inability 

to survive for a long time in culture and do not express disaccharidase and peptidase 

(Sambuy et al. 2001). Cell lines obtained from normal tissue, which are usually derived 

from rats, have been found to differentiate poorly and so they do not mimic the 

differentiated intestinal epithelium. All these drawbacks led to further research and the 

discovery of cell line from tumour origin of which Caco-2, HT 29 and T 84 are the mostly 

used models (Sambuy et al. 2001, Ferrec and Fardel 2012). The Caco-2 cell line is most 

commonly used as it expresses most of the characteristics of mature enterocytes. This is 

because these cells spontaneously differentiate to form a monolayer of highly polarised 

cells, joined by functional tight junctions with well-developed and organised microvilli 

on the apical (AP) membrane after two to three weeks (Sambuy et al. 2001, Sambuy et 

al. 2005, Ferruzza et al. 2012a). Both undifferentiated and differentiated Caco-2 cells 

have been used in existing nanotoxicology studies (e.g. Abbott Chalew and Schwab 2013, 

Bony et al. 2006, des Rieux et al. 2005). For example, barrier permeability and cytotoxic 

effects of different-sized ZnO NMs have been studied using differentiated Caco-2 cells. 

This study demonstrated that the penetration and cytotoxicity of ZnO (20 nm) NMs was 

greater than those with a diameter of 1-5 µm and 90-200 nm after 24 h exposure (Chang 

et al. 2011).  Furthermore, differential toxicity of rod and spherical shape CuO NMs were 
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investigated with differentiated Caco-2 cells and they observed that rod shaped NMs are 

more toxic than the spherical shaped CuO NMs (Piret et al. 2012b). 

Whilst simple monocultures of (undifferentiated and differentiated) Caco-2 cells have 

been commonly used to investigate NM toxicity, more complex in vitro co-culture models 

(with 2-3 cell types) have also been used to better mimic the in vivo situation. For 

example, in vitro co-culture models comprised from Caco-2 and HT29-MTX  mucus 

secreting cells (Mahler et al. 2009), Caco-2 and Raji B cells for M cell model (des Rieux 

et al. 2005, des Rieux et al. 2007), and Caco-2 and THP-1 (macrophage) cells for an 

immune cell model (Manabe et al. 2002, Kämpfer et al. 2017) have been employed in 

existing studies. A triple co-culture with Caco-2, HT29-MTX and Raji B cells has M cells 

and secretes mucus has also been used to assess NM transport (Schimpel et al. 2014, 

Antunes et al. 2013). Currently these triple and double co-culture models are mostly used 

for NM absorption and translocation studies (des Rieux et al. 2005, des Rieux et al. 2007, 

Beatriz et al. 2014, Akbari et al. 2017, Araújo et al. 2014, Antunes et al. 2013). Therefore, 

use of these models to assess the toxicity of NMs would also be prudent. 

1.3. Copper 

Copper (Cu) is a transition element with an atomic number of 29 and atomic mass of 63.5 

g/mol. Cu, on exposure to atmospheric oxygen slowly reacts to form copper oxide (CuO). 

Cu is an essential micronutrient present in all tissues and is necessary for peptide 

amidation, cellular respiration, pigment formation, neurotransmitter biosynthesis and 

connective tissue strength (Desai and Kaler 2008, Araya et al. 2003). Low concentrations 

of Cu may result in incomplete development, while excessive Cu intake could be harmful 

and can cause gastrointestinal symptoms such as nausea, vomiting, diarrhoea, and 

abdominal pain (Dameron and Harrison 1998, Araya et al. 2003, Ellingsen et al. 2007, 

Gotteland et al. 2001). Some of the enzymes that use Cu as a cofactor include 

ceruloplasmin, tyrosinase, dopamine-β-hydoxylase, peptidylglycine-α-amidating mono-

oxygenase, hephaestin, cytochrome c oxidase and copper/zinc superoxide dismutase 

(Kaler 1998, Desai and Kaler 2008, Rinaldi 2000, Zucconi et al. 2007, Joanne et al. 2006). 

The pathogenesis of many neurological diseases such as aceruloplasminemia, 

Alzheimer’s disease, amyotrophic lateral sclerosis, Huntington’s disease, Menkes 

disease, occipital horn syndrome, Parkinson’s disease, prion disease, and Wilson disease 
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are associated with high Cu levels in humans (Kaler 1998, Gaggelli et al. 2006). Cu has 

also been implicated in development and maintenance of both innate and acquired 

immunity (Erickson et al. 2000, Muñoz  et al. 2005). Although Cu toxicity in humans is 

rare, Cu can replace other metals in metalloproteins (proteins containing a metal ion 

cofactor) and the higher binding affinity of Cu compared to other metals may lead to 

disruption of protein structure hence inactivating the protein or leading to over activity 

(Foster et al. 2014, Valdez et al. 2014). It is therefore essential to avoid this deleterious 

indiscriminate binding of Cu by maintaining its concentration at a minimum level.  A 

high Cu level in the human body can also activate the generation of damaging free 

radicals. The presence of Cu-ATPase (ATP7A and ATP7B), allows the body to eliminate 

excess Cu via the intestine as faeces, the liver as a bile product, and the mammary gland 

as milk (Lutsenko et al. 2007, Usman et al. 2013). 

1.3.1. Copper Oxide Nanomaterials (CuO NMs) 

CuO NMs can be synthesized via three methods including simple precipitation (Ahamed 

et al. 2014), Gloriosa superba L. plant extract as fuel by solution combustion synthesis 

(Naika et al. 2015) and thermal decomposition (Xu et al. 2002). Copper oxidizes to CuO 

and Cu2O then to Cu+ on exposure to the ambient environment. Presently, CuO NMs have 

been useful as antimicrobials integrated into textiles, inks, food contact materials, wood 

preservation solutions and intrauterine devices (Gabbay 2006, Ren et al. 2009). Cu is 

cheap and readily available and therefore, could replace silver and gold for antimicrobial 

activity. CuO NMs are also incorporated into heat transfer fluids and/ or semiconductors 

(Chang et al. 2005, Aruoja et al. 2009). It has been reported that modification of Cu NMs 

with organic compounds to form copper-based metal-organic framework NMs (Cu-MOF 

NMs) can reduce the toxicity of Cu NMs, (Xiao et al. 2018). These applications of CuO 

NMs may lead to their being exposed to the GI tract. For example, CuO NMs may be 

exposed to GI tracts via direct ingestion of foods or water contaminated by leachates from 

food contact materials, hand to mouth contact of consumer products or in 

environmental/occupational setting and mucocilary escalator when inhaled.  
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1.3.2. CuO NM toxicity in vitro  

Previous studies have reported CuO NM toxicity in vitro using various cell types 

including human lung epithelial (A549) cells (Sun et al. 2012, Strauch et al. 2017, Titma 

et al. 2016), human colon (Caco-2) cells (Titma et al. 2016, Piret et al. 2012b), human 

bronchial epithelial (BEAS-2B) cells (Strauch et al. 2017), human cervix (HeLa) cells 

(Strauch et al. 2017) and human liver (HepG2) cells (Siddiqui et al. 2013, Piret et al. 

2012a). However, the toxicity of CuO NMs is cell type dependent with some cells 

exhibiting greater sensitivity to CuO NM toxicity. CuO NMs were demonstrated to be the 

most potent in terms of cytotoxicity and DNA damage to A549 human lung epithelial 

cells among TiO2, ZnO, CuZnFe2O4, Fe3O4, and Fe2O3, and could not be explained solely 

by Cu2+ ion release since CuO NMs showed more toxicity than the same quantity of Cu+ 

(Karlsson et al. 2008). CuO NM exposure to cells has been shown to exhibit its toxicity 

via DNA damage (Angelé-Martínez et al. 2017), ROS production (Karlsson et al. 2008, 

Angelé-Martínez et al. 2017), stimulation of an inflammatory response (Misra et al. 

2014), activation of DNA damage inducible genes and down reregulation of DNA repair 

genes, glutathione depletion and cell cycle arrest (Strauch et al. 2017). Other studies have 

also reported the involvement of the autophagy pathway (Sun et al. 2012) and reduction 

of mitochondrial membrane potential (Siddiqui et al. 2013) in CuO NM toxicity. In 

addition, CuO NMs have been shown to translocate across the Caco-2 cell monolayer in 

vitro (Chen et al. 2015) and decrease barrier integrity (as indicated by a reduction in 

TEER) (Piret et al. 2012b). Ag NMs have demonstrated a lack of impact on the Caco-

2/HT29-MTX co-culture via assessment of IL-8 and ROS at 24 and 2 h respectively 

(Georgantzopoulou et al. 2016). Reports have also shown an increase in oxidative stress 

and metal binding genes (HMOX1, MT2A, MT1G, MT1M, MT1F) at 4 h post exposure of 

Caco-2/Raji B cells to Ag NMs but no impact was observed on TEER at 24 h post 

exposure (Bouwmeester et al. 2011). Although, toxicity of CuO NMs has been studied 

using different cell types, only a few studies have used Caco-2 cells and none have 

compared its toxicity using undifferentiated Caco-2 cells, differentiated Caco-2 cells and 

co-culture models (Caco-2/HT29-MTX and Caco-2/Raji B cells). 
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1.3.3. CuO NM toxicity in vivo  

Translocation of ingested CuO NMs in vivo using animal models has not been 

investigated previously. However, other NMs such as TiO2 and Au NMs have been shown 

to translocate across the intestinal barrier of rats. For example, Au (1.4-18 nm) (Schleh et 

al. 2012) and TiO2 NMs (50 nm) (Kreyling et al. 2017) translocated across the 

gastrointestinal barrier 1 h post exposure of rats via intra-oesophageal instillation. Most 

in vivo studies conducted to date have investigated the biodistribution of ingested rutile 

or anatase TiO2 NMs (Jones et al. 2015, Pele et al. 2015). TiO2 NMs (15 nm) showed a 

peak absorption (~13 µg/l) between 8 and 12 h following oral administration, when the 

titanium level was assessed in the urine and blood samples over 4 days (Jones et al. 2015). 

In addition, Pele et al. (2015) reported a peak absorption (~11 µg/l) 12 h after 

administration of 100 mg/ml of TiO2 NMs, suggesting low absorption as there was no 

significant absorption compared to a micro sized counterpart (Jones et al. 2015). 

Few studies have investigated the toxicity of ingested NMs to the intestine in vivo. For 

example investigation of the toxicity of CuO, TiO2 and Al2O3 NMs following exposure 

of rats for 14 days via oral gavage demonstrated an increase in total oxidants status, 

activity of Ca-ATPase, Mg-ATPase, alanine amino transferases (ALT) and aspartate 

amino transferases (AST) in the blood, which indicates liver damage (Canli and Canli 

2017).  Inhibition of Na, K-ATPase was also observed and CuO and Al2O3 NMs increased 

alkaline phosphatase (ALP) activity. Oral exposure of rats to Cu NMs (25 nm) mediated 

a dose related increase in Cu concentration in urine and induced red blood cell, thymus, 

spleen, kidney and liver damage at doses of 100, 200 and 400 mg/kg body weight (Lee et 

al. 2016), indicating that Cu NMs can be absorbed from the intestine. They also observed 

elevated airway hyper-responsiveness, inflammatory cell counts, pro-inflammatory 

cytokine secretion, ROS production, and mucus secretion. 

Oral administration of gold NMs at a dose of 0.57mg/kg for 8 weeks to mongrel white 

male rats demonstrated that gold NMs (5 nm) accumulated in the connective tissue sheath 

of the testes (Velikorodnaya et al. 2015). In addition, though little presence of gold NMs 

was observed in the lumen of convoluted seminiferous tubules there was no impact on 

the expression of proliferation proteins (KI-67 and D1 cyclin) and activity of apoptosis 

in the spermatogenic epithelium (Velikorodnaya et al. 2015). DNA damage and 

permanent genome alterations, and modulation of DNA repair gene expression in the 
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mice liver was investigated for polyvinylpyrrolidone (PVP)-coated Ag NMs (33.6 nm) 

following ingestion (Kovvuru et al. 2015). The observation was that Ag NMs induce large 

DNA deletions in developing embryos, irreversible chromosomal damage in bone 

marrow, and double strand breaks and oxidative DNA damage in peripheral blood and/or 

bone marrow after 5 days of oral gavage administration. Ag NMs also altered expression 

of 36 of the 84 DNA repair genes, where 24 genes were downregulated and 12 genes were 

upregulate out of the altered genes (Kovvuru et al. 2015). Oral administration of Ag NMs 

(7.9 nm) showed that the majority of the NMs were eliminated via faeces, while their 

blood concentration was very low, an indication of low absorption through the GI tract 

whereas a high blood silver level after tail vein injection of Ag NMs was observed (Park 

et al. 2011). 

Most in vivo studies have investigated CuO NM toxicity to the lung (Gosens et al. 2016). 

Inhalation and intratracheal instillation of CuO NMs mediated an increase in ROS and 

cell death via apoptosis in mice exposed to 2.5, 5 and 10 mg/kg body weight (Lai et al. 

2018). Another researcher also reported that exposure of mice to 25, 50 and 100 µg/kg 

body weight of CuO NMs daily via intranasal instillation for three days to Balb/c mice 

and ovalbumin-induced asthma murine model caused an increase in inflammatory 

cytokines and ROS production in the lungs, and intensified the development of Asthma 

(Park et al. 2016). 

1.3.4. Impact of NMs on microorganisms 

Varieties of metal NMs are bactericidal however, the antimicrobial properties of CuO, 

Au, Ag, ZnO, TiO2 and SiO2 NMs are the most studied (Ahamed et al. 2014, Usman et 

al. 2013, Argueta-Figueroa et al. 2014, Kasemets et al. 2009, Awwad et al. 2015, Zhou et 

al. 2012, Beyth et al. 2015, Zhang et al. 2015, Yang et al. 2017). The mechanism of 

toxicity of metal NMs on bacteria have been attributed to the release of ions, cellular 

uptake, ROS production and oxidative stress as reviewed by Besinis et al. (2014). The 

anti-bacterial activity of CuO NMs has been demonstrated on Escherichia coli, 

Pseudomonas aeruginosa, Klebsiella pneumonia, Enterococcus faecalis, Shigella 

flexneri, Salmonella typhimurium, Proteus vulgaris, Staphylococcus aureus (Ahamed et 

al. 2014). A reduction in the growth of yeast, e.g. Candida albicans, Candida krusei and 

Candida glabrata has also been observed  (Amiri et al. 2017) including a 60-fold greater 



Chapter 1: Introduction 

24 

 

toxicity than bulk CuO on Saccharomyces cerevisiae (Kasemets et al. 2009). Aruoja and 

colleagues also reported antimicrobial effects of CuO NMs on algae (Pseudokirchneriella 

subcapitata, bacterial species (Vibrio fischeri, E.coli, S. aureus) and protozoa 

(Tetrahymena thermophile) (Aruoja et al. 2015). Ag NMs have been effective against 

drug resistant bacterial such as E. coli, P. aeruginosa, Staphylococcus pyogens S. aureus, 

lactobacilli (Lactobacillus delbrueckii subsp. bulgaricus and Lactobacillus), Bacillus 

subtilis, and Bacillus cereus (Lara et al. 2010, Tian et al. 2018, Syed et al. 2015). Ag, 

TiO2 and SiO2 NMs have been shown to exert anti-microbial properties against 

Streptococcus mutans (Besinis et al. 2014). In addition, Au NMs also demonstrated 

bactericidal effect on Bacillus subtilis, Bacillus cereus, Bacillus thuringiensis, S. aureus, 

Staphylococcus epidermidis, and P. aeruginosa (Zhang et al. 2015, Kumari et al. 2012). 

Therefore, NMs may be useful in antimicrobial formations and incorporation in food 

packaging materials. However, following ingestion NMs may impact on the gut 

microflora, which can have implications for gut health (e.g. Merrifield et al. 2013). 

1.4. Mechanism of NM toxicity 

The mechanism of toxicity of NMs are hinged on some of the properties of NMs such as 

particle size, surface area, surface characteristics, dissolution, 

agglomeration/aggregation, chemical composition, as well as the exposure route, target 

organ and concentration (Oberdörster et al. 2005, Gatoo et al. 2014). For example, the 

surface area of NMs increases as the size of NMs decreases, which is known to enhance 

the NM cellular uptake, translocation, accumulation, reactivity and interaction with 

biomolecules (e.g. Duffin et al. 2007). It is established that NMs of varied 

physicochemical properties can exert toxicity via oxidative stress and inflammation 

(Williams et al. 2015). Existing knowledge of NM toxicity can inform the design of 

studies which investigate NM toxicity to the intestine in vitro. 

1.4.1. Dissolution 

It is generally believed that dissolution of metal containing NMs such as CuO, Ag, ZnO 

and Ce3O4 is fundamental to their toxicity, as reviewed by Ivask et al. (2014) and 

Bondarenko et al. (2013). However, investigation of the contribution of ions to their 

toxicity is difficult, as the available methods such as detection of free and labile metal 
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ions, qualitative determination of the presence of dissolved metal ions by chelation, and 

separation of dissolved metal ions by filtration or centrifugation is challenging (Ivask et 

al. 2012). Previous studies commonly include an ‘ionic control’ that is typically a metal 

salt (e.g. silver nitrate) to help identify the contribution of ions to NM toxicity. When 

soluble NMs are internalised by cells in a particle form, they tend to dissociate 

intracellularly (in acidic lysosomes) thereby exhibiting a Trojan horse-type mechanism 

of toxicity (Cho et al. 2011, Shinohara et al. 2017). CuO, ZnO and Ag NMs, which are 

soluble, have been shown to be more toxic than the non-soluble SiO2 and TiO2 NMs in 

vitro (Karlsson et al. 2008, Farcal et al. 2015, Johnston et al. 2015, Kermanizadeh et al. 

2013b). However, more direct comparisons of the toxicity of an array of soluble and non-

soluble NMs using the same experimental design (e.g. cell model, NM dispersion 

protocol, NM concentrations and exposure time) is required to verify these findings. 

Previous studies have also shown that Ag NMs dissociated intracellularly in an 

immortalized murine microglial cell line (BV-2) when internalised, inducing toxicity via  

a Trojan horse mechanism (Hsiao et al. 2015). ZnO and Ag NM toxicity correlates well 

with ion release indicating that the toxicity of ZnO and Ag NMs may be dependent on 

dissolution as reviewed by Ma et al. (2013) and McShan et al. (2014). However, it has 

been reviewed that both particles and ionic effects contribute to the toxicity of ZnO and 

Ag NMs (Chang et al. 2012, Hsiao et al. 2015). For example, studies have also shown 

that CuO NM toxicity involves a combination of particle and ion mediated effects in 

differentiated Caco-2 and A549 cells (Piret et al. 2012b, Wang et al. 2012) and that CuO 

NMs may dissociate to Cu ions after internalisation, as reviewed by Ivask et al. (2014). 

Although, dissolution is implicated in metal containing NM toxicity as mentioned above, 

separation of particle from ion effects and determination of the actual ion or particle that 

will have contact with the cell is pertinent for understating of their mechanism of toxicity. 

1.4.2. Uptake 

The uptake of NMs by intestinal cells may be an important determinant in their toxicity. 

NM uptake is dependent on their physicochemical properties such as size, 

agglomeration/aggregation, surface charge, morphology and interaction with 

biomolecules (Yao et al. 2015, Fröhlich 2012, Shaw et al. 2016, Zhou et al. 2017, Florez 

et al. 2012). The uptake of NMs by cells can lead to increased bioavailability and it has 

been suggested that when CuO NMs are internalized, it may lead to the release of Cu ions 
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(Ivask et al. 2014). Only one published paper has demonstrated the uptake of CuO NMs 

(10-20 nm) by differentiated Caco-2 cells, and the authors reported that CuO NMs were 

present in the cytoplasm, nuclei, lysosomes and membrane bound vesicles after 1 h 

exposure (Chen et al. 2015). Reports have shown a size dependent increase in Au NM 

(15, 50 and100 nm) uptake by differentiated Caco-2 cells, demonstrating an increase in 

uptake as the size decreases (Yao et al. 2015). Silicon oxide NMs (50, 150 nm) 

demonstrated a very low level of uptake by differentiated Caco-2 cells with higher uptake 

for the smaller SiO2 (50 nm) NMs (Ye et al. 2017). An increased uptake and translocation 

of rod shaped polystyrene NMs (50-100 nm) was demonstrated compared to spherical 

NMs using Caco-2/HT-29 and Caco-2/HT-29/Raji-B intestinal models (Banerjee et al. 

2016). Whereas increased uptake of triangular shaped Au NMs (60-70 nm) was observed 

compared to rod and star shaped NMs using murine macrophage cells (Xie et al. 2017). 

Thus, the shape of NMs may influence NM cell interactions and therefore cellular dose. 

It has been shown using A549 cells and mouse macrophage cells (J774A.1 cells) that the 

uptake of NMs may occur by micropinocytosis, phagocytosis, passive diffusion, active 

endocytosis, clathrin and caveolae-mediated process depending on the physicochemical 

properties (e.g. size) of the NMs and cell type under investigation (Kuhn et al. 2014, 

Fröhlich 2012). For example, Li and Monteiro-Riviere (2016) demonstrated that Au NMs 

(80 nm) was internalised in a size dependent manner via active endocytosis, clathrin and 

caveolae-mediated endocytocysis in human epidermal keratinocytes. NMs or previous 

injury to the cell can affect the integrity of the plasma membrane or cell monolayer 

(barrier integrity) leading to increased translocation (Ivask et al. 2014). It has been shown 

that the uptake of Fe3O4 NMs (20, 50 and 200 nm) occurred in a size dependent manner 

and was enhanced in inflamed Caco-2 cells (Zhou et al. 2017). However, most studies, 

which have investigated the uptake and translocation of NMs using Caco-2 cells have 

used NMs other than CuO. Therefore, the study of uptake and translocation of CuO NMs 

is essential for proper knowledge of its toxicity. 

1.4.3 Oxidative stress  

Oxidative stress is an imbalance between the production of ROS and their detoxification 

by antioxidants (Johnston et al. 2018). ROS are oxygen-derived small molecules with an 

unpaired electron (e.g. superoxide, hydroxyl, peroxyl hypochlorous acid, ozone and 
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hydrogen peroxide) (Huang et al. 2010). ROS are very reactive and damaging to proteins, 

DNA and lipids and can lead to cell death as reviewed in Johnston et al. (2018). ROS are 

important for physiological functions, for example wound healing, tissue repair processes 

and destruction of invading pathogens. In addition, signalling pathways involved in cell 

proliferation, cell growth, apoptosis, inflammation and metastasis are often regulated by 

ROS. However, higher concentrations could be very detrimental to human cells and 

tissues. Mitochondrial and cytochrome P-450 enzymes, endotoxin-activated 

macrophages, cytokine activated neutrophils and hypoxia-activated hypoxanthine-

xanthine oxidase system found in the intestinal mucosa are the major producers of ROS 

in mammals (Granger and Kvietys 2015, Bhattacharyya et al. 2014). Transition metals 

including Cu induce ROS production via Fenton or Haber-Weiss reactions (Gaggelli et 

al. 2006, Chumakov et al. 2016) and CuO NMs have also be reported to likely stimulate 

ROS production via these processes (Angelé-Martínez et al. 2017). The reduction of 

molecular oxygen to water in the mitochondrial electron transport chain, leads to stepwise 

addition of four electrons and thereby formation of several hydrogen containing ROS like 

superoxide radical, hydroxyl radical and hydroperoxyl radical (Gaggelli et al. 2006). 

Although the superoxide ion is usually generated by the electron transport chain in  

mitochondria and microsomes via electron leakage, superoxide radicals can also be 

produced by metal ion-dependent oxidative reactions through Fenton and Haber-Weiss 

chemistry (Gaggelli et al. 2006). 

The human body regulates ROS levels to maintain physiological homeostasis via the 

activity of non-enzymatic and enzymatic antioxidants. Antioxidants scavenge ROS to 

control cellular levels. Non-enzymatic antioxidants include glutathione, melatonin, 

thioredoxin, vitamin E, vitamin C, vitamin A, minerals (zinc, copper, manganese, iron 

and selenium) and polyphenols (flavonoids) (Bhattacharyya et al. 2014, Kim et al. 2012). 

Whilst enzymatic antioxidants include haem oxygenase, catalase, superoxide dismutase, 

glutathione reductase and glutathione peroxidase (Kim et al. 2014, Bhattacharyya et al. 

2014, Verma et al. 2013, Ock et al. 2012). There are many approaches that can be used 

to assess whether oxidative stress is activated in cells including assessment of 

antioxidants (e.g. glutathione) depletion, antioxidant activity (e.g. superoxide dismutase), 

intracellular ROS production and expression of antioxidants genes (e.g. HMOX1 and 

glutathione reductases expression). 
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There is evidence that NMs of varied physicochemical properties can stimulate oxidative 

stress. For example, carbon NMs can stimulate a depletion of glutathione in lung 

epithelial cells in vitro (Stone et al. 1998). The capacity of NMs to induce intracellular 

production of ROS is commonly assessed in hazard studies as an indicator of their 

potential to cause oxidative stress. For example, CuO NMs  have been shown to generate 

an increased level of ROS compared to TiO2, ZnO, CuZnFe2O4, Fe3O4 and Fe2O3 NMs 

after exposure to the A549 human lung epithelial cells, and it was concluded that CuO 

NMs seem to be more toxic than the other NMs (Karlsson et al. 2008). Assessment of 

CuO NMs showed a depletion of  glutathione in A549 cells indicating that CuO NMs 

toxicity may occur as a result of oxidative stress (Boyles et al. 2016).  It has also been 

shown that ultrafine carbon can induce toxicity via oxidative stress in human monocytes 

(Brown et al. 2004). There are several pathological conditions associated with oxidative 

stress in the GI tract, which includes inflammatory bowel disease, gastrointestinal ulcer 

and various intestinal malignancies (Bhattacharyya et al. 2014, Kim et al. 2014). It is 

therefore prudent to assess whether NMs induce ROS production in intestinal cells and 

antioxidant enzymes to determine the possible mechanism of CuO NM toxicity in the GI 

tract. 

I.4.4. Inflammation 

Oxidative stress and inflammation are intimately linked. NM mediated oxidant 

production causes the activation of several signalling pathways, transcription factors and 

cytokine cascades leading to a myriad of cellular responses (Brown et al. 2004, Brown et 

al. 2010, Zhang et al. 2016, Marano et al. 2011, Yan et al. 2016). For example, oxidative 

stress may lead to an inflammatory response via activation of the redox sensitive nuclear 

factor kappa B (NF-κB)  and nuclear factor erythroid related factor (Nrf) 2 signalling 

pathways, which are responsible for controlling the transcription of pro-inflammatory 

genes like interleukin-1 beta (IL-1β), interleukin-8 (IL-8), and tumour necrosis factor-

alpha (TNF-α) as well as cytoprotective proteins such as antioxidants (Huang et al. 2010). 

Gosens et al (2016) demonstrated that CuO NMs caused an inflammatory response in the 

lungs following inhalation. Research has shown production of pro-inflammatory cytokine 

such as MCP-1, IL-8, TNF-α, IL-1, and IL-6 on exposure of cells to NMs (Johnston et al. 

2015, Huang et al. 2010, Piret et al. 2012a, Piret et al. 2012b). CuO NMs have been shown 

to induce IL-8 release by differentiated Caco-2, HepG2 and A459 cells (Piret et al. 2012b, 
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Piret et al. 2012a, Boyles et al. 2016). There is evidence that carbon black particles and 

ultra-fine carbon can induce toxicity via the release of cytokines (TNF α and IL-8) in 

human monocytes and A549 cells (Brown et al. 2004, Brown et al. 2010). Au NMs (20 

and 100 nm) have been shown to induce toxicity due to inflammation by stimulating 

cytokine (IL-6, MCP-1, 1L-1β) release in primary hepatocytes, the hepatocyte cell line 

(C3A) and macrophages (Brown et al. 2014). The production of pro-inflammatory 

cytokines may be mediated by ROS as report has a reduction of cytokine production after 

exposure of cells with antioxidant prior to NM exposure (Brown et al. 2004). Since NM 

toxicity may occur through activation of an inflammatory response, there is the need to 

investigate the toxicity of CuO NMs via assessment of the stimulation of inflammation 

(such as investigation of cytokine release in vitro). 

1.4.5. Disruption of metal homeostasis 

Copper is essential for several processes in the human body including for example 

respiration, connective tissue formation, protection from oxidative stress, iron absorption 

and metabolism (Nose et al. 2006, Prohaska 2008, Lutsenko et al. 2007, Lutsenko 2010). 

Due to the participation of Cu in important physiological functions, the intracellular 

concentration is tightly controlled. In humans, the Cu transporter 1(CTR1) regulates 

intestinal Cu absorption (Nose et al. 2006). An increase in extracellular Cu concentration 

induces the movement of CTR1from the plasma membrane into the cytoplasm thereby 

decreasing Cu uptake. When the concentration of Cu reduces CTR l returns to the plasma 

membrane (Burkhead et al. 2009, Molloy and Kaplan 2009). Copper-transporting P-type 

ATPases (ATP7A and ATP7B) are also involved in Cu homeostasis (La Fontaine and 

Mercer 2007). ATP7A controls the transport of Cu into the trans-Golgi network for 

biosynthesis of Cu containing enzymes and importation into the intestine whereas ATP7B 

is essential for homeostasis in the liver, placenta, brain, kidney and small intestine (La 

Fontaine and Mercer 2007, Lutsenko et al. 2007, Prohaska 2008). Increased levels of Cu 

may overwhelm homeostatic control mechanisms and alter Cu homeostatic proteins 

leading to its accumulation and toxicity (Prohaska 2008, Lutsenko 2010). Reports have 

shown that alteration of homeostatic mechanisms of physiologically important metals 

may lead to toxicity, as reviewed in Chang et al. (2012). 
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1.4.6. Interaction of NMs with proteins  

Several proteins require one or more metals for their optimum activity. Metals such as 

Ni, Cu, Zn, Fe, Mn and Co function as cofactors and are essential for enzymatic catalysis, 

electron transfer, structural maintenance and signalling. Proteins may interact with metal 

ions derived from NMs via non-covalent binding and the coordination effect (Chang et 

al. 2012, Ueno et al. 2007, Quintanar and Rivillas-Acevedo 2013). More specifically, the 

binding of ligand to a central metal atom of a protein is usually essential for the activity 

of the protein. When the original central atom (e.g. metal ion) is substituted, it can lead 

to protein unfolding and structural changes, which may affect the activity of the protein 

(Chang et al. 2012). A greater percentage of in vivo molecules coordinate with nitrogen 

atoms (of histidine), oxygen atoms (of aspartate and glutamate), and sulphur atoms (of 

cysteines and methionine residues) (Quintanar and Rivillas-Acevedo 2013). These atoms 

have the capability of bonding with metals such as Cu ions by donating one electron. 

Therefore, since the coordination atoms are located at the active site, the replacement of 

the metal may affect the specificity of the protein leading to functional disruption. Cu 

ions have high affinity for thiol and amino group present in proteins and have the ability 

to dislodge other metals (Letelier et al. 2005). The presence of clusters of these functional 

groups in a protein (e.g. metallothionein) may enhance Cu storage in the cell and prevent 

its toxicity. However, increased levels of Cu may lead to its binding to other thiol groups 

unrelated to Cu metabolism or homeostasis (Letelier et al. 2005). For example, Cu can 

dislodge Zn from metallothionein at toxic level, which have been shown to induce ROS 

production (Ogra et al. 2016). 

1.4.6.1. Metallothioneins 

Metallothioneins (MTs) are low molecular weight cysteine-rich, metal-binding proteins 

first isolated in 1957 from the cortex of the horse kidney (Margoshes and Vallee 1957). 

These low molecular weight (7 KDa) proteins contain 61- 68 amino acids, of which about 

20 are cysteine, which can bind to both essential metals (zinc and copper) and toxic metals 

(cadmium and mercury). MTs have no aromatic amino acid residues and may contain 7 

to 12 metal atoms (such as zinc, copper, silver, cadmium or mercury) in each molecule 

(Calvo et al. 2017). The cysteine residue can cluster in Y-Cys-Cys-Y, Y-Cys-Y-Cys-Y 

and Y-Cys-Y-Y-Cys. Where Y is any other non-aromatic amino acid (Figure 1.5). MTs 
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are known to have a high content of thiol groups as a result of their rich cysteine (33 mol 

%) content and could bind to many transition metals such as cadmium, copper, platinum, 

mercury, and silver (Romero-Isart and Vašák 2002, Ruttkay-Nedecky et al. 2013). 

MT detoxifies heavy metals like mercury and cadmium and regulates the concentration 

of essential metals such as copper and zinc. MT can protect against ROS, DNA damage, 

oxidative stress, cell damage, angiogenesis, apoptosis, and increase cell proliferation 

(Takahashi 2012, Carpene et al. 2007, Ruttkay-Nedecky et al. 2013).  MT proteins are 

encoded by a family of genes located on chromosome 16q13 and are broadly classified 

into major and minor isoforms, in which MT-1 and MT-II are known as the major 

isoforms having MT-IA, MT-IB, MT-IE, MT-IF, MT-IG, MT-IH, MT-IX and MT-IIA 

as the known functional members (Takahashi 2012). The minor isoforms are MT-III and 

MT-IV (Romero-Isart and Vašák 2002, Takahashi 2012, Cherian et al. 2003). Some of 

the functions of the four isoforms are outlined in table 1.1. 

Treatment of human hepatoblastoma cells (HepG2) with 100 mM of Cu for 2 weeks led 

to a 28-fold elevation in intracellular Cu and concurrently exhibited a seven-fold increase 

in total MT concentration with an increase in its saturation with Cu from 45 to 86% 

(Jiménez et al. 2002). Therefore, MT could account for around 38% of Cu in the cytosolic 

fraction (Jiménez et al. 2002). At excessive concentrations of Cu, synthesis of MT is 

induced by gene transcription (Bremner 1987, Suzuki et al. 2002). However, when the 

concentration of Cu goes above the storable level by MT, the thiol groups are saturated 

and the Cu-MT complex becomes unstable. The instability of the complex triggers the 

release of Cu ions leading to free radical generation; thereby MT may begin to function 

as a pro-oxidant (Jiménez et al. 2002, Liu et al. 2001). 

Researchers have also demonstrated that during Cu deficiency, Cu binds MT (Suzuki et 

al. 2002). MT expression was strongly upregulated in Ag NM treated astrocytes with an 

average hydrodynamic diameter of 75±20 nm (Luther et al. 2012). Using an immunoblot, 

it was observed that exposure of 0, 6.25, and 12.5 µg/ml Ag NMs for 24 h showed a dose-

dependent increase in MT expression in Caco-2 and NHBE (human bronchial epithelial) 

cells, whereas RAW 264.7 (murine macrophage), THP-1, (human macrophage) and RLE-

6TN (rat lung epithelial-T-antigen negative) cells did not show increased expression, 

though their exposure to CdCl2 triggered increased MT expression (Zhang et al. 2015). 
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This suggests a cell specific MT isotype upregulation. However, more studies are needed 

in intestinal cells to quantify the expression level of MT after NM exposure. 

 

Figure 1.5: Schematic representation of peptide sequence and metal binding domains of 

metallothionein 1  

The 20 cysteines are numbered with red (1-20), metal biding domain (Me1-Me7) and thrombin cleavage 

site are indicated with a brown line.   
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Table 1.1: Isoforms, organ of expression and functions of metallothionein, 

MT 

ISOFORMS 

ORGANS OF 

EXPRESSION 

FUNCTIONS 

MT-I Expressed 

ubiquitously in 

all organs such as 

liver, intestine, 

kidney and brain  

Essential for copper and zinc homeostasis, cell 

transcription, detoxification of heavy metals, play a role 

in immune function, and are necessary for a variety of 

GI tract functions (Thirumoorthy et al. 2011). They also 

protect against oxidative stress caused by ROS, nitrogen 

species and  other free radicals (Calvo et al. 2017). Their 

expression is inducible by external stimuli. 

MT-II Expressed 

ubiquitously in 

all organs such as 

liver, intestine, 

kidney and brain 

Essential for copper and zinc homeostasis, cell 

transcription, detoxification of heavy metals, play a role 

in immune function, and are necessary for a variety of 

GI tract functions (Thirumoorthy et al. 2011). They also 

protect against oxidative stress caused by ROS, nitrogen 

species and other free radicals (Calvo et al. 2017). Their 

expression is inducible by external stimuli. 

MT-III Expressed in 

brain, central 

nervous system, 

stratified 

epithelia and 

pancreas  

Play a major role in the development, organization and 

programmed cell death in the brain (Thirumoorthy et al. 

2011, Cherian et al. 2003). Their expression is not 

inducible by external stimuli. 

MT-IV Expressed in 

brain, central 

nervous system, 

stratified 

epithelia and 

upper GI tract 

Regulates stomach acid pH, taste and texture 

discrimination of the tongue. Protects against sunburn 

and other skin traumas (Thirumoorthy et al. 2011, 

Cherian et al. 2003). Their expression is not inducible 

by external stimuli. 
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1.5 General aims and objectives 

It is not appropriate to rely on animal testing to assess NM toxicity, as animals are 

expensive, time consuming and their use is associated with ethical issues. Reducing 

reliance on the use of animal models in NM toxicity studies is therefore very essential to 

align studies with the 3Rs principles (Burden et al. 2017). In vitro models can be used to 

test a panel of NMs, at a range of concentrations and time points to make testing high 

throughput, efficient, and lower cost. There is a lack of studies, which have assessed the 

toxicity of ingested NMs, however existing knowledge of how NMs exert toxicity can 

inform which cellular responses are prioritised when screening toxicity to the intestine. 

Whilst there are a variety of different intestinal in vitro models available, these models 

have not been widely used to investigate the toxicity of NMs to the intestine (Stone et al. 

2016, Lefebvre et al. 2015, Bouwmeester et al. 2018). Therefore, the general aims of this 

study are: 

1. To identify biochemical and molecular biomarkers for testing the toxicity of NMs 

to a model of the intestine in vitro. 

2. To compare the response to NMs using in vitro intestinal models of varied 

complexity. 

1.6. General hypotheses  

i. NMs will induce cytotoxicity in intestinal cell models in vitro 

ii. NMs will elicit ROS production in intestinal cell models in vitro. 

iii. NMs will induce cytokine production in intestinal cell models in vitro. 

iv.  NMs will impair barrier integrity (i.e. a reduction in TEER, disruption of tight 

junction staining), which will lead to Cu ion translocation across differentiated 

intestinal cell models in vitro. 

v. NMs will upregulate expression of genes related to inflammation, oxidative stress, 

mucus secretion and metal binding (metallothionein) in intestinal cell models in 

vitro. 

vi. The impact of CuO NMs on intestinal in vitro models will be similar to copper 

sulphate (CuSO4). 

vii. The toxicity of CuO NMs to intestinal cell models in vitro will be similar to silica 

SiO2 NMs and montmorillonite (MMT) nanoclay. 



Chapter 1: Introduction 

35 

 

viii. The toxicity of NMs will be comparable across all in vitro models under 

investigation. 

 

 

 

  



CHAPTER 2: Impact of copper oxide NMs and copper sulphate on undifferentiated Caco-2 cells 

36 

 

CHAPTER 2: Impact of copper oxide NMs and copper sulphate on undifferentiated 

Caco-2 cells 

  



CHAPTER 2: Impact of copper oxide NMs and copper sulphate on undifferentiated Caco-2 cells 

37 

 

2.1. Introduction 

The human Caco-2 cell line originated from a human colon adenocarcinoma and was first 

isolated in the Sloan Kettering Institute, New York, NY by Fogh and colleagues (Fogh et 

al. 1977). Caco-2 cells spontaneously differentiate to a mature human intestinal 

epithelium after culturing for 15-21 days (Sambuy et al. 2001, Sambuy et al. 2005, Natoli 

et al. 2011). Differentiated cells share many morphological and functional characteristics 

of enterocytes in vivo such as the presence of microvilli. Interestingly, the origin of Caco-

2 cells is the colon of the large intestine, which do not have microvilli and its associated 

proteins. Caco-2 cells can be used to develop co-culture models, which mimic different 

characteristics of the human small intestine including mucus secreting goblets cells (co-

culture of Caco-2 and HT29 cells) (Gamboa and Leong 2013, Lefebvre et al. 2015), M 

cells (Caco-2 and Raji B co-culture) (des Rieux et al. 2007, des Rieux et al. 2005), and 

microvilli (Sambuy et al. 2001, Sambuy et al. 2005).  The healthy and diseased state of 

the human intestine has also been modelled using Caco-2 cells (Kämpfer et al. 2017). 

Although Caco-2 cells are of colon tumour origin, it has been widely employed as an in 

vitro model for the study of intestinal epithelial cell function (Wang et al. 2008), drug 

discovery/development, mode of transport and mechanism (Kumar et al. 2010, Cheng et 

al. 2008, Liu et al. 2017, Hubatsch et al. 2007). In addition, undifferentiated Caco-2 cells 

are also useful in the study of NM toxicity (Jepson 2012, Gerloff et al. 2013, Gerloff et 

al. 2009, Tarantini et al. 2015b), pathogens (O'Flaherty and Klaenhammer 2012, Naresh 

et al. 2009), pharmaceuticals (Li et al. 2011, Taipalensuu et al. 2001) and industrial 

chemical waste (Velarde et al. 1999). 

Undifferentiated Caco-2 cells lack some biochemical and morphological characteristics 

of human enterocytes but they represent proliferating cells (Tarantini et al. 2015b), hence 

they depict more closely the intestinal crypt epithelial cells. Undifferentiated Caco-2 cells 

have been shown to be more sensitive than differentiated Caco-2 cells to NM toxicity 

(Gerloff et al. 2013, Ude et al. 2017), but they can be used for a rapid and cheap screen 

of a high number of substances (e.g. NMs, drugs) at a range of concentrations and time 

points before employing more complicated models. More especially, the culture of 

differentiated cells requires transwell plates and takes up to 21 days to develop. In 

contrast, undifferentiated cells can be grown in 96 well plates and can be used 24 h post 

seeding, which means that they are cheaper and quicker to use. Although there has been 
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a lack of studies, which have assessed the response of the intestine to ingested NMs (Stone 

et al. 2016), the majority of existing in vitro studies have used Caco-2 cells as a model 

system. For example, undifferentiated Caco-2 cells have been used for the study of the 

toxicity of cadmium selenium (CdSe) quantum dots (QD), in which cell viability and cell 

attachment were studied as indicators of toxicity (Wang et al. 2008). Reports have also 

shown that titanium dioxide (TiO2, 305-311 nm), silver (Ag, 202-227 nm) and zinc oxide 

(ZnO, 212-260 nm) NMs led to increased IL-8 production from undifferentiated Caco-2 

cells but no significant reactive oxygen (ROS) formation was stimulated (Abbott Chalew 

and Schwab 2013). Toxicity, genotoxicity and pro-inflammatory effects of amorphous 

nanosilica (SiO2, 15 and 55 nm) have also been studied using undifferentiated Caco-2 

cells (Tarantini et al. 2015b). These researchers observed that SiO2 of 15 nm generated 

more ROS than the 55 nm SiO2 and IL-8, while 55 nm SiO2 did not stimulate IL-8 

secretion and both sizes did not cause genotoxicity. Although there are many studies, 

which have used undifferentiated Caco-2 cells to study the toxicity of NMs, there is no 

report on toxicity of CuO NMs and CuSO4 using undifferentiated Caco-2 cells. The 

majority of existing studies have assessed similar endpoints to screen NM toxicity; 

namely, cytotoxicity, inflammation and oxidative stress, and this will inform the 

endpoints investigated in this study. 

Undifferentiated Caco-2 cells were selected for the study of CuO NM and CuSO4 toxicity 

because the Caco-2 cell line is the basis on which other, more complex models for this 

project will be built on. Thus, it is important to understand the “baseline” response in 

undifferentiated cells prior to applying more complex models. It is also very easy, cheap 

and quick to screen a wide range of concentrations of NMs with undifferentiated cells 

and so it is intended that the results obtained will inform the selection of NM 

concentrations that will be used for further experiments. Of benefit is that common 

cellular responses can be measured across undifferentiated cells, and more complex 

models allowing for comparisons in model sensitivity to be made. 

2.1.1. Aim and objectives 

The aim of this chapter was to investigate the use of undifferentiated Caco-2 cells for the 

study of ingested NM toxicity in vitro, and to identify the biochemical and molecular 

biomarkers of NM toxicity in the intestinal model in vitro. In addition, the toxicity of 
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CuO NMs and CuSO4 will be compared to help dissect out the contribution of particle 

and ionic effects to NM toxicity. 

The specific objectives include: 

i. To determine the effect of CuO NMs and CuSO4 on undifferentiated Caco-2 cells 

via assessment of cytotoxicity (Alamar blue assay), cytokine production (ELISA) 

and ROS formation (DCFH-DA assay). 

ii. To assess the impact of CuO NMs and CuSO4 on undifferentiated Caco-2 cell 

morphology (light/electron microscopy) and expression of genes related to 

inflammation (IL8), oxidative stress (HMOX1), mucus secretion (MUC2) and 

metal binding (e.g. metallothionein (MT1A and 2A). 

2.1.2. Hypotheses 

i. CuO NMs and CuSO4 will induce a loss of viability in undifferentiated Caco-2 

cells. 

ii. CuO NMs and CuSO4 will stimulate ROS production in undifferentiated Caco-2 

cells. 

iii. CuO NMs and CuSO4 will stimulate cytokine production in undifferentiated 

Caco-2 cells. 

iv. CuO NMs and CuSO4 will upregulate the expression of genes related to 

inflammation, oxidative stress, mucus secretion and metal binding in 

undifferentiated Caco-2 cell. 

v. The impact of CuO NMs on undifferentiated Caco-2 cell will be similar to CuSO4. 

2.2. Materials and Methods 

2.2.1. Nanomaterial preparation 

CuO NMs were obtained from Plasma Chem, GmbH (Berlin, Germany), in a powdered 

form as a kind gift from project partners in the FP7 funded project Sustainable 

Nanotechnologies (SUN). The CuO NMs are a crystalline material with a size range of 

15–20 nm (size provided by manufacturer). Brunauer–Emmett–Teller (BET) method was 

used to evaluate the specific surface area (47m2/g and a density (6.3 g/cm3) (manufacturer 

data sheet). Previously, a detailed characterisation of the CuO NMs was performed using 
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Transmission Electron Microscopy (TEM), X-ray diffraction (XRD), and Inductive 

Coupled Plasma Optical Emission Spectrometry (ICP-OES) (Gosens et al. 2016). 

2.2.2. Nanomaterial preparation 

CuO NMs and CuSO4 were dispersed following the procedure developed by (Jacobsen et 

al. 2010). Briefly, CuO NMs and CuSO4 were dispersed in 2 % heat inactivated fetal 

bovine serum (FBS) in Milli Q de-ionised water and sonicated for 16 min without pause. 

Following the sonication step, all samples were used immediately. To determine the acute 

toxicity of CuO NMs, concentrations between 0.37 to 78.13 Cu µg/cm2 (equivalent to 

1.17 to 250 Cu µg/ml) were used. After sonication, the required concentration for each 

experiment was obtained by serial dilution in the appropriate medium. 

2.2.3. Cell Culture 

The human colon colorectal adenocarcinoma Caco-2 cell line was obtained from the 

American Type Culture Collection (ATCC) (USA).  The cells were maintained in 

minimum essential medium eagle (MEM) (Sigma) supplemented with 10 % heat 

inactivated FBS (Gibco Life Technologies), 100 U/ml Penicillin/Streptomycin (Gibco 

Life Technologies), 100 IU/ml nonessential amino acid (NEAA) (Gibco Life 

Technologies), and 2 mM L- glutamine (L-Glu) (Gibco Life Technologies), at 37 ºC and 

5 % CO2. The cells were sub-cultured three times a week at 70 to 80 % confluency using 

trypsin-EDTA (0.05 %) (Gibco Life Technologies). 

2.2.4. Dynamic light scattering  

Dynamic Light Scattering (DLS) measures hydrodynamic diameter, zeta potential and 

the polydispersity index of NM suspensions. The instrument first measures the Brownian 

motion of particles by assessing scattered light, and applies the Stokes-Einstein equation 

to determine the size of the particle. The mean hydrodynamic diameter (z-average 

diameter) and the width of distribution (polydispersity index (PdI)) of the particle are 

calculated. In addition, the zeta potential of NMs are usually measured in a cell containing 

two gold electrodes and application of voltage to the electrode leads to movement of 

particles towards opposite charge electrode then velocity is measured as a function of 

voltage. 
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The hydrodynamic diameter, zeta potential and PdI of CuO NMs suspended in biological 

medium (MEM and DMEM complete cell culture medium) was determined using DLS 

(Malvern Zetasizer Nano series) at 0 h and at 24 h (following incubation at 37 °C). 

Briefly, CuO NMs were dispersed by bath sonication in 2 % FBS (in water) for 16 min 

(at a concentration of 1 mg/ml). The concentration was adjusted to 50 Cu μg/ml in phenol 

red free MEM or DMEM cell culture medium supplemented with 10 % FBS (Gibco Life 

Technologies), 100 U/ml Penicillin/Streptomycin (Gibco Life Technologies), 100 IU/ml 

NEAA (Gibco Life Technologies), and 2 mM L-Glu (Gibco Life Technologies). The 

hydrodynamic diameter, polydispersity index (PdI) and Zeta potential of the samples 

were measured in triplicate following 120 sec equilibrations. 

2.2.5. Alamar blue cell viability assay   

Alamarblue (resazurin) is a non-toxic, cell-permeating compound that is blue in colour 

and virtually non-fluorescent. Upon entering cells, resazurin is reduced to the fluorescent 

product (resorufin) by mitochondrial enzymes. Only viable cells convert resazurin to 

resorufin, thereby generating a quantitative measure of viability (Al-Nasiry et al. 2007). 

For viability assessment, a concentration of 1.56 x 105 cells /cm2 of Caco-2 cells were 

seeded into a 96 well plate (surface area 0.32 cm2) (Costar Corning Flintshire UK) 

and incubated at 37 ºC and 5 % CO2. After 24 h 100 % confluency was reached, and the 

cell culture medium was removed. The cells were washed twice with PBS (Gibco Life 

Technologies) and exposed to cell culture medium (negative control), 0.1 % triton-X 100 

(positive control) and a range of concentrations of CuO NMs or CuSO4 (0.37 to 78.13 Cu 

µg/cm2 equivalent to 1.95 to 250 Cu µg/ml) at a volume of 100 µl. The concentration of 

the CuO NMs and CuSO4 were standardized to ensure that the cells were exposed to the 

same concentration of Cu for both CuO NMs and CuSO4 at each concentration. The cells 

were incubated for 24 h at 37 ºC and 5 % CO2 and then the supernatant was removed, and 

the cells were washed twice with PBS. Cells were then exposed to 100 µl of Alamar blue 

reagent (0.1 mg/ml in MEM cell culture medium) (Sigma, Poole). The cells 

were incubated for 4 h at 37 ºC, 5 % CO2 and fluorescence measured with a microplate 

reader (SpectraMax M5) at a wavelength of 560/590 nm (excitation/emission). Data was 

analysed using PROAST 38.9 software to obtain the Benchmark dose response (BMD) 

20 (the concentration of CuO NMs that increase cell death by 20 %). Data are expressed 

as mean % viability of the control. 
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2.2.6. Nuclei counting 

Undifferentiated Caco-2 cells seeded at a concentration of 3.13 x 105 cells/cm2 were 

grown on a glass coverslip in a 24 well plate (Costar Corning, Flintshire, UK) for 24 h. 

The cells were exposed to cell culture medium (control), 6.34 and 12.68 Cu µg/cm2 of 

CuO NMs or CuSO4. After 24 h, the cells were fixed with 4 % formaldehyde for 25 min 

at RT and 50 mM ammonium chloride was used to quench excess aldehyde groups at RT 

for 10 min. The cells were then permeabilized with 0.1 % triton X100 for 10 min at RT. 

The nuclei of the cells were stained with 300 nM of 4, 6- diamido-2-phenylindole (DAPI) 

for 15 min at RT and then washed with PBS three times. The glass coverslips were 

mounted with mowiol containing DABCO (1, 4-Diazobicyclo-(2,2,2-octane, antifading 

agent, (Sigma, Poole UK)) onto a microscope slide, sealed with nail polish and allowed 

to dry at 4 oC for 24 h before visualizing with Zeiss fluorescent Microscope, Carl Zeiss 

Axio Scope A 1 Upright Research Microscope (Germany) fitted with camera (ZEISS 

Axiocam ERc 5s). At least five fields of view were imaged and analysed (each field of 

view was 140.80 X 105.60 microns). Data are expressed as mean % of unexposed control. 

2.2.8. Romanowsky staining: Cell morphology 

Rapid Romanowsky stains combine the basic (cationic) dye, methylene blue (azure) and 

the acid (anionic) dye, eosin Y. The basic dye binds negatively charged nuclei thereby 

generating a purple colour while the acid dye binds to the cytoplasm producing a red 

colour (Horobin 2011). 

For light microscopy, undifferentiated Caco-2 cells seeded at a concentration of 3.13 x 

105 cells/cm2 were grown on a 10 mm glass coverslip in a 24 well plate (Costar Corning, 

Flintshire, UK) for 24 h. The cells were exposed to MEM cell culture medium (control), 

6.34 and 12.68 Cu µg/cm2 of CuO NMs or CuSO4. After 24 h, the cells were stained with 

Rapid Romanowsky stain (TCS Biosciences, England). Cells were fixed by rinsing the 

coverslip 10 times in methanol. To stain the cells the coverslips were rinsed in eosin Y 

solution 10 times and then the methylene blue solution 10 times. The cells were 

thoroughly washed in distilled water, air-dried and mounted with DPX mountant (Sigma, 

Poole UK). The samples were examined using light microscopy- Zeiss fluorescent 

microscope, Carl Zeiss Axio Scope A 1 Upright Research Microscope (Germany) fitted 

with camera (ZEISS Axiocam ERc 5s) (magnification 40 X). 
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2.2.7. Scanning electron microscopy (SEM)  

SEM uses an electron gun located at the top of an SEM instrument to shoot out a highly 

concentrated electron beam towards the specimen. To maximise the efficiency, the 

electron is directed towards the specimen via the series of lenses located in the vacuum 

chamber. The vacuum chamber helps to prevent the obstruction of the electron beam as 

obstruction of the chamber may lead to unclear result and the more the electron that reach 

the specimen the more powerful the magnification obtained. As the beam of the electrons 

(incident beam) hits the specimen, X-rays, primary backscattered electrons, secondary 

electrons and Auger electrons are emitted. The electrons used by the SEM are the primary 

backscattered and secondary electrons. The rebounding electrons are picked up by 

electron recorder and the imprint recorded. Finally, the information is translated onto a 

screen, which allows a clear representation of three-dimensional images (Gree 2015). 

For this experiment, undifferentiated Caco-2 cells were seeded at a concentration of 3.13 

x 105 cells/cm2 onto a 10 mm glass coverslip in a 24 well plate (Costar Corning, Flintshire, 

UK) and grown for 24 h. The cells were treated with cell culture medium (control) or 

12.68 Cu µg/cm2 of CuO NMs. After 24 h, the cells were washed with PBS twice, fixed 

with 5 % glutaraldehyde (in 0.1 M sodium cacodylate) for 2 h at 4 oC. The cells were 

washed three times with 0.1 M sodium cacodylate followed by dehydration in graded 

ethanol (25, 50, 70, 80 and 90 %) for 10 min in each ethanol grade at RT. The cells were 

further dehydrated in 100 % ethanol three times for 15 min each then, submerged in 2:1 

fresh solution of hexamethyldisilazane (Sigma, Poole):100 % ethanol. The glass 

coverslips containing the cells were dried in 100 % hexamethyldisilazane (Sigma, Poole) 

and mounted on SEM specimen stubs (Aluminium, 12.5 mm diameter, 3.2 x 6 mm pin 

Agar Scientific UK). Finally, the specimens were coated with gold and examined with 

Scanning Electron Microscopy (SEM). More than 5 views were imaged and a 

representative image presented. 

2.2.9. Oxidative stress assays 

2.2.9.1. Evaluation of acellular ROS production: DCFH-DA assay  

The oxidant activity of CuO NMs in acellular conditions was assessed using the dichloro-

dihyro-fluorescein diacetate (DCFH-DA) probe. The presence of oxidizing species 
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converts the non-fluorescent DCFH-DA probe to the fluorescent dichloro-dihyro-

fluorescein (DCF) species. In acellular conditions, the acetate is removed via chemical or 

enzymatic hydrolysis as the enzyme capable of hydrolysing DCFH-DA is absent in a cell 

free environment. The acellular ROS formation by CuO NMs and CuSO4  was 

investigated by modifying the methods described by Foucaud et al. (2007) and Sauvain 

et al. (2013). Briefly, 10 mM DCFH-DA (in methanol) was hydrolysed by diluting 10 

mM DCFH-DA to 1 mM in methanol and then to 0.2 mM in 0.01M NaOH. The solution 

was incubated at RT for 30 min in the dark and 0.1 M PBS (pH 7.4) was then added to 

stop the reaction (to give a concentration of 0.05 mM DCF). The reaction mix was placed 

on ice and used immediately. As a control, an equivalent volume of 0.01 M NaOH, 0.1 

M PBS solution (pH 7.4) and methanol was prepared without DCFH-DA. 

The DCFH reaction mix or the mixture without DCFH-DA was transferred to the wells 

of a black clear bottom 96 well plate (225 µl/well) in triplicate This was followed by 

addition of 25 µl MEM complete cell culture medium without phenol red (negative 

control), 1 mM/cm2 H2O2 and 3.17, 6.34 or 12.68 Cu µg/cm2 of CuO NMs or CuSO4 (in 

complete cell culture medium without phenol red). The fluorescence generated by the 

DCF oxidation was measured at time zero and every 15 min for 75 min then every 30 min 

for 1 h 30 min 485/530 nm (ex/em) with constant shaking at RT. Data was expressed as 

fold change or fluorescence units. 

2.2.9.2. Evaluation of intracellular ROS production: DCFH-DA assay 

Intracellular reactive oxygen species (ROS) levels were evaluated using the non-

florescent probe DCFH-DA. The diacetate allows for the penetration of DCFH-DA in to 

the cell, which is then cleaved inside the cell. Existing studies have varied with respect to 

the protocol used to assess ROS production using the DCFH-DA assay (e.g. DCFH probe 

concentration, the time point at which ROS production is quantified, and whether cells 

are preloaded with dye then exposed to NMs or exposed to NMs then the DCFH-DA 

probe). Thus, the protocol had to be optimised for Caco-2 cells and CuO NMs. The 

DCFH-DA concentration was optimized and identified to be 150 µM. Undifferentiated 

Caco-2 cells (1.56 x105 cells /cm2) were grown in a 96 well plate (Costar Corning) and 

maintained at 37 oC, 5 % CO2 and 95 % humidity for 24 h. Cells were then washed twice 

with PBS and 150 µM of DCFH-DA (in Hanks’ Balanced Salt solution (HBSS)) was 

added (100 µl). The cells were then incubated for 1 h in the dark at 37 oC, 5 % CO2 and 
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95 % humidity. Next, the cells were washed with PBS and exposed to 100 µl HBSS 

(control), H2O2 (1 mM), CuO NMs or CuSO4 (3.17, 6.34 and 12.68 Cu µg/cm2) diluted 

in HBSS and incubated at 37 oC, 5 % CO2 and 95 % humidity. The fluorescence was 

measured at time 0 and then every 1 h for 6 h at a wavelength of 485/530 nm (ex/em) 

using micro plate reader, SpectraMax M5 (California USA). The fluorescence reading 

was used to identify the appropriate time point for performing the DCFH-DA assay and 

the chosen time (2 h) was used for further experiments. The same experiment was 

repeated with undifferentiated Caco-2 cells with the same concentrations of CuO NM, 

CuSO4 and H2O2 and following the procedure as stated above. The fluorescent readings 

were taken at 0 h and 2 h. Data was expressed as fold change or fluorescence unit. 

2.2.10. Cytokine analysis  

2.2.10.1. Proteome profiling  

A proteome profiler provides a platform in which multiple cytokines can be detected 

concurrently within a sample. Proteome profiling was performed using a Human 

Cytokine Array kit (R&D System, Inc., Minneapolis, MN USA) following the 

manufacturer’s protocol. Briefly, undifferentiated Caco-2 cells (1.56 x105 cells /cm2) 

were cultured in 96 well plate (Costar Corning) and maintained at 37 oC, 5 % CO2 and 95 

% for 24 h. Cells were exposed to 4.44 Cu μg/cm2 of CuO NMs for 24 h. The supernatant 

was stored at -80 oC and then thawed on the day of the experiment. After blocking the 

membrane with the array buffer-4 (supplied by the manufacturer) for 1 h, 1 ml of the 

thawed supernatant was added to 0.5 ml of array buffer-4 plus 15 µl human cytokine array 

detection antibody cocktail and incubated overnight (o/n) at 4 oC with a rocking plat form 

shaker. After 24 h the membrane was treated with 2 ml of streptavidin-HRP and incubated 

for 1 h at RT. This was followed by treatment with chemiluminescence reagent and the 

membrane was visualized and a photograph taken using a ChemiDoc XRS+ imager 

(ChemiDoc, version 4.1, Bio-Rad). 

2.2.10.2. IL-8 production 

Caco-2 cells were seeded at a concentration of 1.56 × 105 cells/cm2 into the wells of a 96 

well plate (Costar Corning Flintshire, UK) and incubated for 24 h at 37 °C and 5 % CO2 

until 100 % confluency was reached. Cells were then exposed to cell culture medium 
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(control), 200 ng/ml TNF-α (positive control), 2.22, 4.44 and 8.88 Cu μg/cm2 of CuO 

NMs or CuSO4 for 6 or 24 h. The cell supernatants were collected and stored at −80 °C 

until required. On the day of the cytokine analysis, the supernatants were thawed, and 

human IL-8 levels quantified using Enzyme-linked Immunosorbent Assay (ELISA) 

(R&D System, Inc., Minneapolis, MN USA) following the manufacturer’s protocol. The 

absorbance of human IL-8 production was measured using a microplate reader, 

SpectraMax M5 (California USA) at wavelength 450 nm and the concentration in pg/ml 

was obtained from the standard curve. Data are expressed as mean IL-8 concentration 

(pg/ml). 

2.2.11. Gene expression  

2.2.11.1. Ribonucleic acid (RNA) isolation  

Caco-2 cells were seeded into a 24 well plate (Costar Corning, Flintshire, UK) at a 

concentration of 1.56 × 105 cells/cm2 and were incubated at 37 oC, 5 % CO2 for 24 h. The 

cells were then exposed to cell culture medium (control), 3.17, 6.34 and 12.68 Cu  g/cm2 

of CuO NMs or CuSO4 and incubated for 4, 8, 12 and 24 h at 37 oC. The RNA was isolated 

using the MagMAXTM 96 Total RNA Isolation Kit (Ambion, USA) following the 

manufacturers protocol. Briefly, after, the specified time point, the medium was removed 

and 140 l of lysis/binding solutions were immediately transferred into the plates, which 

were shaken for one minute before transferring to the processing plates. 

Thereafter, 20 l of bead mix was added and shaken for 5 min. The RNA binding beads 

were captured magnetically, and the supernatant discarded. The beads were washed with 

wash solutions (provided by the manufacturer). Diluted TURBO DNase (50 l) was then 

added and the samples shaken at RT for 15 min, followed by addition of 100 l of 

ribonucleic acid (RNA) rebinding solution and further shaken for 3 min. The RNA 

binding beads were washed twice with a wash solution and the beads were dried by 

shaking for 2 min. The RNA was eluted with 30 l of the elution buffer. The RNA 

concentration and purity were measured with a Nanodrop 2000c system (Thermo 

Scientific, UK) and only isolated RNA samples with A260/A280 ratio of 2 to 2.1 were 

used for cDNA synthesis. 
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2.2.11.2. Complementary deoxyribonucleic acid (cDNA) synthesis  

The RNA was transcribed to cDNA using a Precision nanoScriptTM2 Reverse 

Transcription kit (Primerdesign, UK) following the manufacturer’s protocol. Briefly, 

RNA (900 ng) was added into thin walled 0.2 ml PCR tubes followed by 0.5 l each of 

oligo-dT and random nanomer primer and made up to 10 l with RNase/DNase free 

water. The samples were heated to 65 oC for 5 min using Life Pro thermal cycler (Bioer 

Service Life, China) and immediately cooled in ice. A mixture of 5 l of nanoScript 

Buffer 4 X, 1 l of 10 mM dNTP mix, 1l of nanoScript 2 enzyme and 3 l of 

RNase/DNase free H2O was transferred to the reaction tube on ice. The reaction tube was 

pulse centrifuged and heated at 25 oC for 5 min, 42 oC for 20 min and 75 oC for 10 min 

using Life Pro thermal cycler (Bioer Service Life, China). The cDNA was stored at -20 

oC immediately until when needed. 

2.2.11.3. Real time quantitative polymerase chain reaction (RT qPCR) 

RT qPCR was performed with a 7900 RT fast PCR system and SDS 2.3 software using 

384 well plates (Applied Biosystems, USA), using a custom designed real-time PCR 

assay with Double-Dye probe and Precision PLUS qPCR Master Mix (Primerdesign, UK) 

following the manufacturer’s instructions. Approximately 25 ng cDNA (calculated from 

RNA concentration prior to cDNA synthesis) was used for RT qPCR. The enzyme 

activation step was measured at 95 oC for 2 min, denaturation (95 oC for 10 s) and data 

collection (60 oC for 1 min) for 40 cycles. Glyceraldehyde 3- phosphate dehydrogenase 

(GAPDH) was used as an internal control/housekeeping gene as GAPDH have been 

shown to be the best housekeeping gene for Caco-2 cell (Piana et al. 2008, Vreeburg et 

al. 2011). The fluorogenic data was collected through FAM channel. Sequences of 

primers of genes indicative of activation of inflammation (IL8), oxidative stress (haem 

oxygenase (HMOX1)), mucus secretion (MUC2) and metal binding (MT1A and MT2A) 

used for the RT qPCR are shown in Table 2.1. The threshold cycle (Ct) value indicates 

the cycle number at which the fluorescence generated within a reaction is above the 

threshold, therefore the Ct value is the point of accumulation of a sufficient number of 

amplicons in the process of the reaction. The relative level of mRNA expression is a ratio 

of optical density of the experimental groups to that of GAPDH (endogenous 

housekeeping gene). Data are expressed as mean fold change. 
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Table 2.1: Primers used for RT qPCR analysis. 

GENE PRIMER 

 Sense Anti-sense 

HMOX1 5’-GGAAGCCCCCACTCAACA-3’ 5’-GCATAAAGCCCTACAGCAACT-3’ 

IL8 5’-CAGAGACAGCAGAGCACAC-3’ 5’-AGCTTGGAAGTCATGTTTACAC-3’ 

MT1A 5’-GCCCTGCTCGAAGATATAGAAAG-3’ 5’-AATACAGTAAATGGGTCAGGGTT-3’ 

MT2A 5’-GACTCTAGCCGCCTCTTCAG-3’ 5’-GGCAGCAGGAGCAGCAG-3’ 

MUC2 5’-ACCTCCATCAATAACTCCTCCTA-3’ 5’-CTCCACCTGGTTTGTGAAAGT-3’ 

 

2.2.12. Data analysis  

Each experiment was repeated at least three times (on different days) and all data 

generated from these experiments are expressed as the mean ± standard error of the mean 

(SEM). The figures were generated using Graph Pad Prism. After checking normality of 

the data, a one-way analysis of variance (ANOVA) and the Tukeys multiple comparison 

was employed to investigate statistical significance using Minitab 17 software. PROAST 

version 38.9 software was used to analyse Benchmark dose-response. The microscope 

images and nuclei counts were analysed with image J software. 

2.3. Results 

2.3.1. Characterisation of CuO NMs 

CuO NMs were characterised by measuring the hydrodynamic diameter, zeta potential 

and PdI using DLS (Table 2.2) after dispersion in MEM and DMEM complete cell culture 

medium (at 0 and 24 h). DLS analysis demonstrated that CuO NMs were agglomerated 

in both media at time zero since the average hydrodynamic diameter was 104.86±9.03 

and 117.63±7.88 nm in MEM and DMEM complete cell culture medium respectively. 

The average hydrodynamic diameter significantly decreased to 25.26±0.91 and 
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23.74±0.64 in both MEM and DMEM complete cell culture medium after incubation for 

24 h at 37 oC, 5 %, CO2 and 95 % humidity. There was no significant difference in the 

hydrodynamic diameter of CuO NMs diluted in MEM complete cell culture medium 

compared to that of DMEM complete cell culture medium at both 0 h and 24 h post 

incubation. The Zeta potential did not vary significantly between media and remained 

negative at 0 and 24 h. The PdI at 0 and 24 h time points were less than one, which is a 

confirmation that CuO NM suspensions were suitable for DLS analysis. 

Table 2.2: Hydrodynamic diameter, zeta potential and polydispersity index (PdI) of 

CuO NMs in MEM and DMEM complete cell culture medium.  

CuO NMs were suspended in MEM and DMEM complete medium at a concentration of 50 Cu µg/ml, and 

measurements taken at 0 and 24 h post incubation at 37 oC. Data are expressed as mean ± SEM (n=3). 

Asterisk (*) represents significant (P<0.05) difference between 0 h and 24 h. 

 Time (h) 0 24  

 

Complete 

MEM 

Hydrodynamic diameter (nm) 104.86±9.03 25.26±0.91* 

Zeta Potential (mV) -8.76±0.66 -9.12±0.82 

PdI 0.29±0.01 0.47±0.07* 

 

Complete 

DMEM 

Hydrodynamic diameter (nm) 117.63±7.88 23.74±0.64* 

Zeta Potential (mV) -9.39±0.52 -9.22±0.26 

PdI 0.58±0.02 0.41±0.03 

2.3.2. Viability of undifferentiated Caco-2 cells after exposure to CuO NMs and CuSO4 

When the viability of undifferentiated Caco-2 cells was assessed using the Alamar blue 

assay a concentration dependent decrease in viability was observed 24 h post exposure 

with CuO NMs and CuSO4 (Figure 2.1). There was no impact on the viability of 

undifferentiated Caco-2 cells at lower concentrations (0.61 to 1.22 Cu µg/cm2) of CuO 

NM and CuSO4. Significant decreases in cell viability were observed at concentrations 

above 4.89 Cu µg/cm2 for both CuO NMs and CuSO4. For example, cell viability was 

reduced from 87 to 3 % from 2.44 to 19.53 Cu µg/cm2 of CuO NMs and CuSO4 and up 
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to 90 % cell death was observed at concentrations above 19.53 Cu µg/cm2 of CuO NMs 

after 24 h. There was no significant difference between the toxicity of CuO NMs and 

CuSO4 when concentration was expressed as Cu µg/cm2. 

PROAST 38.9 software was used to calculate the concentration of CuO NMs and CuSO4 

required to kill 20 % (Benchmark dose (BMD) 20) of the cells (EFSA 2009). The BMD 

20 for CuO NMs and CuSO4 were 4.44 and 4.25 Cu µg/cm2 respectively (Figure 2. 2). 

This data was used to select concentrations of CuO NMs and CuSO4 (2.22, 3.17, 4.44, 

6.34, 8.88 and 12.68 Cu µg/cm2) for investigating sub-lethal impacts on Caco-2 cells. The 

viability of undifferentiated Caco-2 cells were also studied by staining the nuclei of the 

undifferentiated Caco-2 cell after exposure to 6.34 and 12.68 Cu µg/cm2 of CuO NMs 

and CuSO4, using DAPI in order to assess cell number. A significant concentration 

dependent decrease in number of nuclei compared to unexposed control was observed for 

both CuO NMs and CuSO4, suggesting that there was a loss of cells (Figure 2.3). 
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Figure 2.1: Cytotoxicity of CuO NMs and CuSO4 to undifferentiated Caco-2 cells. 

Viability of undifferentiated Caco-2 cells was assessed using the Alamar blue assay following exposure of 

cells to MEM complete cell culture medium (control), CuO NMs or CuSO4 at concentrations ranging from 

0.61 to 78.13 Cu µg/cm2 for 24 h. Viability of Caco-2 cells was expressed as a % of the control (i.e. % 

viability). Data are expressed in mean ± SEM (n = 3) and significance is indicated by * = P < 0.05, ** = 

P < 0.01 compared to control. 
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Figure 2.2 Determination of 20% Benchmark dose (BMD20) following exposure of 

undifferentiated Caco-2 cells to CuO NMs and CuSO4. 

Viability of undifferentiated Caco-2 cells was assessed using the Alamar blue assay following exposure to 

cell culture medium (control), CuO NMs or CuSO4 at concentrations ranging between 1.17 and 125 Cu 

µg/ml Cu for 24 h. Data are expressed as fluorescence intensity Data were analysed using PROAST 38.9 

software to obtain the BMD 20. 
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Figure 2.3: Assessment of the viability of undifferentiated Caco-2 cells using nuclei 

staining with DAPI.  

Undifferentiated Caco-2 cells were treated with 6.34 and 12.68 Cu µg/cm2 of CuO NMs and CuSO4, fixed 

and the nuclei stained with DAPI and images obtained with Zeiss fluorescent Microscope, Carl Zeiss Axio 

Scope A 1 Upright Research Microscope (magnification 40 X) and the nuclei counted (A) using Image J 

software. Data are presented as the number of nuclei (expressed in % of the unexposed control) ± SEM (n 

= 3) and significance are indicated by * = P < 0.05, ** = P < 0.01 compared to control. Representative 

images are presented (B), and Scale bar = 10 µm (n= 3). 
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2.3.3. Impact of CuO NMs on cell morphology  

The morphology of undifferentiated Caco-2 cells was assessed using SEM (Figure 2.4) 

and it was shown that for the control, the entire surface was covered with cells 

demonstrating they were 100 % confluent. However, only poorly developed microvilli 

resembling those of crypt cells were observed on the cell surface of the cell monolayer. 

Cells exposed to CuO NMs (12.68 Cu µg/cm2) showed a loss of cells compared to the 

control. Light microscopy was also used to verify the morphology of the undifferentiated 

Caco-2 cells (Figure 2.5). The unexposed control cells were all healthy and the cells 

covered the entire surface of the coverslip. Wells exposed to 6.34 or 12.68 Cu µg/cm2 

CuO NMs or CuSO4 for 24 h show a clear concentration dependent loss of cells. 

 

Figure 2.4: SEM images of undifferentiated Caco-2 cells exposed to CuO NMs for 24 h. 

Cells were exposed to 12.68 Cu µg/cm2 of CuO NMs or cell culture medium (control) for 24 h and then 

were washed, fixed, dehydrated, dried and examined by SEM. Specimens i) and ii) are control 

undifferentiated Caco-2 cells imaged at magnifications of X 5000 and X 10000 respectively. iii) and iv) are 

undifferentiated Caco-2 cells exposed to 12.68 Cu µg/cm2 of CuO NMs imaged at a magnification of X 

5000 and X 10000 respectively. Representative images are shown (n=3). 
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Figure 2.5: Impact of CuO NMs and CuSO4 on undifferentiated Caco-2 cell 

morphology using light microscopy. 

Cells were exposed to cell culture medium (control), and 6.34 or 12.68 Cu µg/cm2 CuO NMs or CuSO4 for 

24 h. The cells were then fixed, stained and visualised using light microscopy (magnification 40X, scale 

bar=50 µm. Representative images are shown (n=3). 

2.3.4. Oxidative stress 

2.3.4.1. Acellular ROS Production  

Figure 2.6 shows acellular ROS production by CuO NMs and CuSO4 over time, with an 

increase in fluorescence indicative of an increase in ROS production. At all the time 

points assessed a similar trend was observed for CuO NMs and CuSO4. This data was 

used to identify the optimum time point for assessment of acellular ROS production. A 

significant ROS production was observed at 2 h post incubation hence, was taken as the 

optimum time point. CuO NMs and CuSO4 significantly increased ROS formation 

compared to the control in a concentration dependent manner; with increasing 

concentration stimulating increased ROS production at 2 h post incubation (Figure 2.7). 

The greatest increase in ROS production was observed at a concentration of 12 Cu µg/cm2 

for both CuO NMs and CuSO4. However, the level of ROS formation stimulated by 

CuSO4 was double that stimulated by CuO NMs at concentrations of 3.17 and 6.34 Cu 
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g/cm2 and more than three-fold higher at highest concentration of 12 Cu µg/cm2 (Figure 

2.7). 
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Figure 2.6: Acellular ROS formation by CuO NMs and CuSO4 over time. 

Acellular ROS production by CuO NMs and CuSO4 was determined using the DCFH-DA assay 

concentrations of 3.17, 6.34 and 12.68 Cu µg/cm2. Cell culture medium were included as a negative control 

and H2O2 (1 mM/cm2) as positive control and assessed at regular intervals up to 2 h 45 min. Data are 

expressed as fluorescence units (FTU) ± SEM (n = 3). 
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Figure 2.7: Acellular ROS formation by CuO NMs and CuSO4 at 2 h.  

Acellular ROS production by CuO NMs and CuSO4 was determined using the DCFH-DA assay at 

concentrations of 3.17, 6.34 and 12.68 Cu µg/cm2. Cell culture medium was included as a negative control 

and H2O2 (1 mM/cm2) as a positive control and assessed at 2 h post incubation. Data are expressed as 

mean fold change (compared to control) ± SEM (n = 3). Significance are indicated by * P<0.05 and ** = 

P<0.01 compared to control. 
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2.3.4.2. ROS Production by undifferentiated Caco-2 cells 

The potential role of ROS production in the toxicity of CuO NMs to undifferentiated 

Caco-2 cells was evaluated by measuring the level of intracellular ROS formation by 

undifferentiated Caco-2 cell after exposure to CuO NMs and CuSO4 using the DCFH-DA 

assay. In the first instance, the optimal concentration of DCFH-DA to use was determined 

by measuring ROS production at different concentrations of DCFH-DA (25, 100 and 150 

M) (Figure 2.8). A concentration of 150 M DCFH-DA was chosen based on the result 

of this pilot study (Figure 2.8) as a significant increase in ROS production was observed 

at this concentration. The time point used to assess ROS production was also selected 

based on the results of a pilot study (Figure 2.9). A 2 h time point was selected to monitor 

changes in ROS production in cells as measurable increase in ROS formation in treated 

cells, compared to the control was observed (Figure 2.9. Longer time points were avoided 

as ROS formation due to cell death may occur in cells, since the assay is conducted in 

HBSS, which does not contain essential nutrients required for cell growth.  Following 

exposure of undifferentiated Caco-2 cells to CuO NMs and CuSO4 for 2 h, CuO NMs 

showed a non-significant concentration dependent increase in ROS formation compared 

to control (Figure 2.10). However, CuSO4 demonstrated a significant concentration 

dependent increase (more than 6-fold increase) in ROS production in cells (Figure 2.10).  

ROS was not produced when undifferentiated Caco-2 cells were treated with CuO NMs 

and CuSO4 for 24 h (Data not shown). 
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Figure 2.8: Determination of optimum concentration for DCFH assay with 

undifferentiated Caco-2 cells.  

Undifferentiated Caco-2 cells were treated with 25, 100, and 150 µM  DCFH-DA for 1 h prior to exposure 

to MEM complete cell culture medium containing (0), 3.17, 6.34 and 12.68 Cu µg/cm2 and I mM H2O2.  A) 

CuO NMs, B) CuSO4 Data are expressed in fluorescence units (FTU) ± SEM (n = 3). 
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Figure 2.9: ROS formation by undifferentiated Caco-2 cells following exposure to CuO 

NMs and CuSO4. 

Intracellular ROS production by cells exposed to cell culture medium (0), 1mM H2O2, CuO NMs and CuSO4 

at concentrations of 3.17, 6.34 and 12.68 Cu µg/cm2 using the DCFH-DA assay. Data are expressed as 

mean fluorescence unit (FTU) ± SEM (n = 4). 
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Figure 2.10: ROS formation by undifferentiated Caco-2 cells 2 h post exposure to CuO 

NMs and CuSO4.  

Intracellular ROS production by cells exposed to cell culture medium (0), 1mM H2O2, CuO NMs and CuSO4 

at concentrations of 3.17, 6.34 and 12.68 Cu µg/cm2 using the DCFH-DA assay. Data are expressed as the 

mean fold change in ROS production (compared to control) ± SEM (n = 4). Significance are indicated by 

* = P<0.05 compared to control. 
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2.3.5. Cytokine production 

For cytokine production, a protein profiler was used to identify which cytokines were 

produced by undifferentiated Caco-2 cells after exposure to CuO NMs (Figure 2.11). An 

increase in IL-8 and ICAM-1 was observed, and investigation of IL-8 was prioritised for 

further studies, which quantified cytokine production using an ELISA. CuO NMs and 

CuSO4 stimulated a significant increase in IL-8 production by undifferentiated Caco-2 

cells 24 h post exposure at all concentrations tested, compared to control. The greatest 

level of cytokine production was observed at a concentration 4.44 Cu µg/cm2 for both 

CuO NMs and CuSO4, with IL-8 production of ~ 1000 pg/ml (Figure 2.12). The positive 

control (cells treated with 200 ng/ml TNFα) stimulated an increase in IL-8 concentration 

(275 ± 35.04 pg/ml) and IL-8 production was below detection level (31.13 pg/ml) for the 

control group. No significant change in IL-8 secretion was observed at 6 h post exposure 

for all concentrations of CuO NMs and CuSO4 (Figure 2.12). 

  

Figure 2.11: Assessment of cytokine expression by undifferentiated Caco-2 cells using a 

proteome profiler. 

Cells were exposed to cell culture medium (control, 0), or 4.44 Cu µg/cm2 of CuO NMs for 24 h. Cytokines 

were detected using human cytokine array kits. Double dots represent a different cytokine and only MIF, 

ICAM-1 and IL-8 were detected. Unexposed cells (A). Cells exposed to 4.44 Cu µg/cm2 CuO NMs (B). 
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Figure 2.12: IL-8 production by undifferentiated Caco-2 cells following exposure to 

CuO NMs and CuSO4. 

Cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at concentrations of 2.22, 4.44 

or 8.88 Cu µg/cm2 for 6 or 24 h. The level of IL-8 in the cell supernatant was determined using an ELISA. 

Data are expressed as mean IL-8 concentration (pg/ml) ± SEM (n = 3). Significance are indicated by * = 

P<0.05  compared to control. 

2.3.6. Gene expression analysis  

The impact of CuO NMs and CuSO4 on the expression of HMOX1(antioxidant) and IL8 

(pro-inflammatory cytokine) was investigated to further probe the involvement of 

oxidative stress and an inflammatory response in the Caco-2 cells response to CuO NMs 

and CuSO4. Mucin 2 (MUC2) was included as this is a gene responsible for mucus 

formation in the intestine and metallothionein (MT1A and MT2A), a gene for metal 

binding known to have high affinity for copper, in order to assess the impact of CuO NM 

and CuSO4 on mucus formation and metal binding proteins. CuO NMs and CuSO4 

induced a significant increase in HMOX1 expression compared to controls at all 

concentrations and time points in undifferentiated Caco-2 cell. The highest level of 

expression was observed at 12 h, with a fold increase in expression ranging from 39 to 78 
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fold, followed by 8 h (29 to 68 fold) and although reduced at 24 h, detectable expression 

was still significant for CuO NMs and CuSO4 (Figure 2.13A). 

IL8 expression significantly increased at all concentrations and time points tested. The 

highest significant increase in IL8 expression was observed at 12 h post exposure to CuO 

NMs and CuSO4 (76 to 265 fold), and the lowest significant increase was observed at 24 

h post exposure (45 to 115 fold) (Figure 2.13B). A significant increase in expression was 

observed at the highest concentrations of CuO NMs (12.68 g/cm2) compared to CuSO4 

at 8, 12 and 24 h time points. 

MT1A demonstrated a significant increase in expression at 8 h post exposure to CuO NMs 

at concentration of 3.17 and 6.34 g/cm2 with a fold increase of 3.2 and 2.7 fold 

respectively, and at 12 h post exposure to CuSO4 (3.17 g/cm2) (2.9 fold) compared to 

control (Figure 2.13C). No significant change in gene expression was observed at all other 

concentrations and time points (Figure 2.13C). 

Expression of MUC2 showed a concentration and time dependent increase from 4 to 12 

h exposure. The highest significant increase in expression of MUC2 was observed at 12 

h post exposure to CuO NMs at concentrations of 12.68 g/cm2 with fold increase of ~26 

fold. MUC2 expression was lowest at 4 and 24 h post exposure of CuO NMs and CuSO4 

with a significant increase in expression at concentrations of 12.68 g/cm2 at 4 h and 

concentrations of 6.34 and 12.68 g/cm2 at 24 h post exposure (Figure 2.13D). 

A fold change in MT2A expression could not be calculated because the untreated control 

did not express MT2A at a detectable level. Therefore, the results are presented as CT 

values in Table 2.3. Since the untreated control did not express MT2A at a detectable level 

(Ct value > 40), it can be deduced that CuO NMs and CuSO4 increased MT2A expression 

at all concentrations and time points tested. However, there was no significant change in 

Ct values across the concentrations at all time points (Table 2.3). The expression of all 

the genes are represented at Figure 2.14 in heatmap form for easy comparison. Generally, 

the highest expression of all the genes were observed at 12 h post exposure of CuO NMs 

and CuSO4 and gene expression is greatest at the highest concentration tested (Figure 

2.13). 
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Figure 2.13: Effect of CuO NMs and CuSO4 on undifferentiated Caco-2 cell gene 

expression. 

Undifferentiated Caco-2 cells were exposed to cell culture medium (control, 0), CuO NM or CuSO4 at 

concentration of 3.17, 6.34 or 12.68 Cu µg/cm2 for 4, 8, 12 and 24 h and changes in HMOX1 (A), IL8 (B), 

MT1A (C) and MUC2 (C) expression assessed using qPCR. Data were expressed as mean fold-change 

(compared to control) ± SEM (n = 3). Significance are indicated by * P<0.05, ** P<0.01, *** P<0.001 

compared to control. 
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Table 2.3: Effect of CuO NMs and CuSO4 on undifferentiated Caco-2 cell MT2A 

expression.  

Undifferentiated Caco-2 cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 4, 8, 12 and 24 h. Data were expressed as mean Ct 

value ± SEM (n = 3). Gene expression was not detected for the control (Ct value>40). 

 

CuO NMs (Cu µg/cm2) 

 

CuSO4 Cu µg/cm2) 

Time 

(h) 

3.17 6.34 12.68 

 

3.17 6.34 12.68 

4  18.84±0.69 17.37±0.31 17.19±0.47 

 

17.49±0.36 18.26±0.74 18.89±0.50 

8  17.68±0.30 16.75±0.33 17.18±0.80 

 

17.56±0.33 17.88±0.23 18.85±0.20 

12  18.23±0.22 17.30±0.27 17.96±0.38 

 

18.14±0.25 18.34±0.21 19.67±0.37 

24  17.88±0.55 18.05±0.66 17.96±0.38 

 

17.78±0.55 18.74±0.58 19.47±0.41 
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Figure 2.14: Heatmap representation of gene expression in undifferentiated Caco-2 

cells after exposure to CuO NMs and CuSO4. 

Undifferentiated Caco-2 cells were exposed to CuO NMs and CuSO4 at concentrations of 3.17, 6.34 or 

12.68 Cu µg/cm2 and expression of HMOX1, IL8, MT1A and MUC2 assessed at 4, 8, 12 and 24 h post 

exposure using qPCR. Genes were compared separately for significance within each time point. 

Significance are indicated by * = P<0.05, **= P<0.01, ***= P<0.001 compared to control. 

2.4. Discussion 

In this chapter, the physicochemical characteristics of CuO NMs in cell culture media, 

and their toxicity to undifferentiated Caco-2 cells was assessed via investigation of 

cytotoxicity, ROS production, cytokine production, and cell morphology (via light 

microscopy and SEM). For all cellular responses, the toxicity of CuO NMs was compared 

to CuSO4. The impact of CuO NMs on the expression of HMOX1, IL8, MT1A and MT2A 

was also investigated by RT qPCR. This study revealed that CuO NMs reduced cell 

viability, caused a change in cell morphology, stimulated IL-8 production and 

upregulated HMOX1, IL8, MUC2, MT1A and MT2A expression in a comparable manner 

to CuSO4 in an undifferentiated Caco-2 in vitro model. There was comparable impact of 

CuO NMs and CuSO4 on undifferentiated Caco-2 cell for all the markers used to assess 
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the toxicity of CuO NMs, with the exception of acellular and cellular ROS formation. 

More especially, CuSO4 stimulated 2-fold higher response than CuO NMs in both 

acellular and cellular ROS assays. Using a battery of tests, it has therefore been 

demonstrated that both CuO NMs and CuSO4 stimulate inflammatory and oxidative stress 

driven responses in undifferentiated Caco-2 cells. The result also suggests that the toxicity 

of CuO NMs is partly dependent on its dissolution (i.e. is ion mediated). 

2.4.1. Physicochemical properties of CuO NMs 

The potential usefulness and toxicity of NMs is dependent on their physicochemical 

properties, which includes size and size distribution, shape, agglomeration/aggregation 

state, surface charge, crystal structure, surface area, chemical composition, porosity, and 

surface chemistry (Oberdörster et al. 2005, Karlsson et al. 2008). NMs tend to 

agglomerate in biological medium. There are various approaches for preparing NMs 

including use of dispersants such as solvents, proteins, detergents and/or physical and 

mechanical process such as probe and bath sonication, or varying pH (Wang et al. 2018, 

Lin et al. 2017, Tsuda and Gehr 2014). However, it is necessary to use a method that will 

not disrupt the NM structure and characteristics as this may alter or enhance the toxicity 

of the NMs (Foucaud et al. 2007). Furthermore, there is evidence that chemicals used to 

disperse NMs can enhance their toxicity  (Foucaud et al. 2007). In this study, CuO NMs 

were sonicated in 2 % FBS, then diluted in cell culture medium, as this method has been 

widely employed to disperse NMs used for toxicity studies (Jacobsen et al. 2010, 

Kermanizadeh et al. 2013b, Kermanizadeh et al. 2013a, Johnston et al. 2015). The 

hydrodynamic diameter of the NMs in complete MEM and DMEM were 104.86±9.03 

and 117.63±7.88 nm respectively. The primary particle size of the CuO NMs investigated 

is approximately 10 nm (Gosens et al. 2016) suggesting that the NMs were agglomerated 

in biological media. Other studies have also demonstrated that dispersion of NMs in 

biological medium can influence their physicochemical properties (e.g. agglomeration) 

(Kang et al. 2013, Oberdörster et al. 2005). Incubation at 37 oC for 24 h after dispersion 

and dilution in cell culture medium reduced the hydrodynamic diameter of the NMs to 

25.26±0.91 and 23.74±0.64 in complete MEM and DMEM. This suggests that there is a 

reduction in particle size in biological media over time, perhaps due to a reduction in 

agglomeration due to the presence of proteins in the dispersion media and dissociation of 
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the CuO NMs to ionic form.  No TEM analysis was performed to confirm the change in 

CuO NM agglomeration status over time, but could be performed in future studies. 

The comparable toxicity of CuSO4 and CuO NMs in this study is an indication that the 

toxicity of CuO NMs may be partly mediated by ions. ICP OES analysis of the CuO NMs 

used for the study demonstrated dissociation of CuO NM to Cu ions over time after 

dispersion in MEM (47.79 and 53.53 % at 1 and 24 h respectively) and DMEM (59.91 

and 67.41 % at 1 and 24 h respectively) (Ude et al. 2017). Therefore, as the CuO NMs 

were not 100 % soluble at 24 h, but had equivalent toxicity to CuSO4, it suggests that 

CuO NMs exert toxicity via ion and particle effects. 

2.4.2. Cytotoxicity 

The Alamar blue assay was employed to assess the viability of undifferentiated Caco-2 

cells 24 h post exposure. The BMD 20 value was then calculated. The BMD helps in 

eliminating the challenges of no-observed-effect-level (NOEL), which regulators 

normally expect when deciding allowable daily intake of substances for risk assessment.  

BMD also uses full dose-response raw data for the statistical analysis hence uncertainty 

quantification in the data is possible (Chen and Chen 2014). Undifferentiated Caco-2 cells 

were employed for quick screening of viability, as it is cheaper, easier, and quicker and 

could accommodate a wide range of NM concentrations. It is beneficial to perform more 

than one viability/cytotoxicity assay when investigating the toxicity of NMs, due to issues 

with NM interference in biochemical assays and to increase confidence in findings (Ong 

et al. 2014, Kroll et al. 2012). The lactate dehydrogenase (LDH) assay uses the cell 

supernatants to assess a decline in plasma membrane integrity, which is indicative of cell 

death, and can be performed in combination with the Alamar blue assay, to maximise the 

results obtained from each experiment. However, it is established that CuO NMs interfere 

with the LDH assay (Han et al. 2011) hence, assessment of CuO NM toxicity with LDH 

assay was  unreliable in this case. 

Therefore, the viability of undifferentiated Caco-2 cells were also investigated by 

assessing the impact of CuO NMs on cell morphology using light microscopy after 

staining with Romanowisky stain and by performing nuclei counts after staining cells 

with DAPI. These methods were performed as the use of more complex in vitro models 

(Chapters 3, 4 and 5) requires the culture of cells on transwell plates, which means that 
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the Alamar blue assay cannot be performed. Thus, it was prudent to identify if alternative 

approaches to assess the impacts of NMs on cell viability provided comparable findings 

to the more traditionally used biochemical assays (e.g. the Alamar blue assay). Imaging 

of cell morphology using light microscopy, SEM and nuclei staining revealed a loss of 

undifferentiated Caco-2 cells exposed to CuO NMs and CuSO4, which is indicative that 

there was a loss of cell viability. 

All the methods used to screen cell viability were in agreement with a concentration 

dependent decrease in the viability of undifferentiated Caco-2 cells observed after 

exposure to CuO NMs. All approaches agreed that there was no significant difference 

between the toxicity of CuO NMs and CuSO4. As discussed above, the toxicity of CuO 

NMs is therefore, likely to be mediated by both particle and ion effects. Furthermore, 

following uptake of CuO NMs by the cell, the particle may dissociate intracellularly 

(Trojan horse mechanism), therefore promoting ion-mediated effects. Existing research 

using human adenocarcinoma cell line (A549) has attributed the toxicity of CuO NMs to 

intracellular release of copper ions (Strauch et al. 2017). Piret et al also reported that the 

shape of CuO NMs could cause toxicity in differentiated Caco-2 cell with predominant 

effect from copper ion release (Piret et al. 2012b). Similar reports have been made for 

other soluble NMs, such as silver and cobalt oxide (Co3O4) (Bossi et al. 2016, Park et al. 

2010, Hsiao et al. 2015, McShan et al. 2014, Ortega et al. 2014). Although, not 

investigated in this study, the contribution of intracellular Cu ion release to CuO NM 

toxicity could be investigated by detection of free and labile metal ions, qualitative 

determination of the presence of dissolved metal ions by chelation, and separation of 

dissolved metal ions by filtration or centrifugation (Ivask et al. 2012). 

Previously published studies have investigated the cytotoxicity of ZnO (10 nm), SiO2 (14 

nm), TiO2, iron oxides and Ag (25 nm) to undifferentiated Caco-2 cells (Gerloff et al. 

2009, Gerloff et al. 2013, Gerloff et al. 2012, Chen et al. 2016, Karlsson et al. 2008). The 

CuO NMs tested in this study appear more toxic, as they elicit toxicity at lower NM 

concentrations. However, it should be stressed that there is a need for side-by-side 

experiments with these NMs for more meaningful comparison as the experimental design 

used was not the same across all studies (e.g. cell concentration, NM dispersion method, 

approach to measure cell viability). 
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2.4.3. ROS formation 

It is generally established that many NMs can exhibit toxicity via stimulation of an 

oxidant response (Fu et al. 2014, Manke et al. 2013, Abdal Dayem et al. 2017, Sabella et 

al. 2014, McShan et al. 2014). ZnO, TiO2 and Ag NM (Chen et al. 2016, Ryu et al. 2014, 

Long et al. 2006) produce ROS in a range of cell types (e.g. human keratinocytes, Caco-

2 cells and immortalized brain microglia). In addition, CuO NMs has also been shown to 

produce ROS in A549, hepatocellular carcinoma (HCC), well-differentiated (HepG2) and 

poorly differentiated (SK-Hep-1) hepatocytes and airway epithelial (HEp-2) cells (Wang 

et al. 2012, Kung et al. 2015, Fahmy and Cormier 2009). However, there is no published 

paper on ROS production by CuO NMs and CuSO4 in undifferentiated Caco-2 cells at 

this time. Interestingly, CuSO4 produced > 2 fold increase in ROS production in both 

acellular and cellular conditions compared to CuO NMs. This is likely to derive from the 

fact ROS measurements were made at 2 h, and the CuO NMs will not be fully soluble at 

this time point. It is hypothesised that ROS production by CuO NMs and CuSO4 may 

have occurred through the Fenton process. In order to confirm the involvement of 

oxidative stress in NM toxicity antioxidant levels (e.g. glutathione) could be measured or 

the ability of antioxidants to ameliorate CuO NM toxicity assessed (Chakraborty and 

Pradhan 2011, Halasi et al. 2013). Interestingly, the level of the antioxidant 

HMOX1expression was increased by both CuO NMs and CuSO4 (see section 2.3.6). 

2.4.4. IL-8 production 

CuO NMs and CuSO4 stimulated a concentration and time dependent increase in IL-8 

protein production in undifferentiated Caco-2 cells. IL-8 is widely produced by a range 

of cell types in response to pathogenic invasion, tumour necrosis factor, cellular stress 

and NMs (Puthothu et al. 2006, Hoffmann et al. 2002). IL-8 contributes to the initiation 

and amplification of inflammatory processes and is a neutrophil chemoattractant 

(Puthothu et al. 2006, Hoffmann et al. 2002, Kermanizadeh et al. 2013a). A peak 

production of IL-8 was observed at 24 h at a concentration of 6.34 Cu µg/cm2 with 

production still significant, but reduced at 12.68 Cu µg/cm2. The lower effect at 12.68 Cu 

µg/cm2 could be a result of cell death. In addition, the cytokine may adsorb onto the NM 

surface, preventing its detection at higher NM concentrations (Brown et al. 2010). 

Limited studies have investigated cytokine production by Caco-2 cells following NM 
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exposure. When cytokine production is assessed, investigation of IL-8 production has 

dominated in existing studies (Chen et al. 2016, Piret et al. 2012b). In order to inform the 

selection of cytokines, a literature review was performed to identify what cytokines were 

commonly investigated in Caco-2 cells (following exposure to pathogens, 

pharmaceuticals etc.), and a proteome profiler was used to qualitatively assess cytokine 

production after exposure to CuO NMs. Results obtained suggest that IL-8 production 

should be routinely used to assess Caco-2 response to NMs. At 6 h, IL-8 protein 

production was not observed, and this may be because the produced IL8 mRNA has not 

been translated to IL-8 proteins, as IL8 mRNA was upregulated at 4 h post exposure 

(section 2.4.5). 

2.4.5. Gene expression  

Previous studies, which have investigated Caco-2 cell responses to NMs, have neglected 

to assess changes in gene expression. However, results from this study demonstrate that 

exposure of Caco-2 cells to NMs may lead to modification in the expression of gene, 

which control inflammation, oxidative stress (e.g. antioxidant), metal binding and mucus 

production. HMOX-1 is an active anti-oxidant enzyme known to play an important role 

in protection and preservation of GI tract mucosa from acute and chronic inflammation 

(Zhu et al. 2011). HMOX-1 protein has the capability of regulating stress caused by 

hypoxia, ROS and heat shock (Cooper et al. 2009, Tsuji et al. 2009, Chang et al. 2009). 

In the present study, CuO NMs upregulated HMOX1 at all concentrations and time points 

indicating that HMOX1 mRNA expression study could be useful in assessing the toxicity 

of NMs in the intestine in vitro. An increase in HMOX1 expression by CuO NMs suggests 

that they stimulate an oxidant response. 

Various reports have also demonstrated this type of up regulation of HMOX1 in response 

of a variety of cell types to NMs. For example Ag NMs (5-37 nm) upregulated HMOX1 

expression after exposure to HeLa  and A549 cells (Miura and Shinohara 2009, Sthijns et 

al. 2017) while ZnO was demonstrated to upregulate HMOX1 in a monoculture of A549 

cells and a co-culture of A549 and human coronary artery endothelial cells 

(HCAECs)  (Yan et al. 2017). An increase in HMOX1 expression was shown in Caco-2 

cells after exposure to Au (5nm) (Bajak et al. 2015) and CuO NMs up regulated 

HMOX1in the A549 cell line (Strauch et al. 2017). In addition, SiO2 was also shown to 
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upregulate HMOX1 in HaCat cell line but not in Caco-2 cells  (Ebabe Elle et al. 2016). 

Thus, there are likely to be cell and NM specific changes in HMOX1 expression. 

IL-8 is secreted at a high concentration at the site of inflammation and is responsible for 

stimulating increased recruitment and migration of neutrophils (Struyf et al. 2005, 

Kermanizadeh et al. 2013a). As discussed above (section 2.4.4) CuO NMs and CuSO4 

stimulated a significant increase in IL-8 production at 24 h. This study also demonstrates 

a significant increase in expression of IL8 by CuO NMs and CuSO4 at all concentration 

and time points. The lack of protein secretion at 6 h but high level of gene expression at 

4 h may be attributed to the fact that the genes expressed have not been translated to a 

detectable protein level at shorter time point. Therefore, this result suggests that at shorter 

time points (4 h), IL8 expression could be used as a sensitive, and rapid approach to assess 

NM toxicity to Caco-2 cells, whilst the protein assay will be more useful at longer time 

exposure (24 h). Expression of IL8 at 4 h has been reported after exposure of 

undifferentiated Caco-2 cells to ZnO and SiO2 NMs previously (Gerloff et al. 2013). 

The key players in MT induction include stress (Haq et al. 2003) and hypoxia, which may 

be as a result of reactive oxygen radicals from metal overload (Murphy et al. 1999). MT 

proteins are known to possess metal detoxifying properties and have the ability to 

scavenge excess metals (Sahu et al. 2013). Although the fold change of MT2A was not 

calculated due to its absence in the control at a detectable level, MT2A was significantly 

upregulated at all concentrations and time points following exposure to CuO NMs and 

CuSO4. MT1A was not significantly upregulated, which shows that MT2A is more 

sensitive to CuO NMs and CuSO4 than MT1A in undifferentiated Caco-2 cells. 

Expression of MT1A and 2A by CuO NMs and CuSO4 were comparable. Induction of MT 

genes in this study are likely as a result of copper ion and not particle as metal ions are 

responsible for activation of MT expression. CuO NMs has been shown to upregulate 

MT2A expression in  human bronchial epithelial (BEAS-2B) cells (Strauch et al. 2017) 

and a marked upregulation in MT2A expression has been reported after exposure of HeLa 

cell line with Ag NMs, which was attributed to oxidative stress (Miura and Shinohara 

2009). 

MUC2 was also upregulated in a concentration and time dependent manner from 4 to 12 

h and decreased at 24 h post exposure. It is possible that the observed upregulation of 

MUC2 at higher concentrations of CuO NMs and CuSO4 is a means of protection against 
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toxic substances. Expression of MUC2 has been reported to continue after inflammation, 

with altered structure and reduction in oligosaccharide chain content to 50 % leading to 

loss of viscoelastic properties and then barrier integrity dysfunction (Cornick et al. 2015). 

MUC2 expression has not been previously investigated for Caco-2 cell responses to NMs, 

although it has been investigated for other chemicals/pathogens (Elamin et al. 2014, Cobo 

et al. 2015, Azzam et al. 2011). The results from this study suggest that it could be 

assessed more routinely when investigating NM toxicity to Caco-2 cells. It is also 

important to state here that the impact of CuO NMs on undifferentiated Caco-2 cells using 

gene expression should be assessed at early time points as HMOX1, IL8 and MT2A mRNA 

expression was very high at 4 h post exposure. Therefore, IL-8 protein production and 

expression of HMOX1, IL8 and MT2A can be used as a quick and early molecular marker 

for evaluating toxicity of CuO NMs in undifferentiated Caco-2 cells. In future, other 

genes such as MT1B, MT1M, MT1L, MT1E, MT1F, MT1X, MT1G, MT1H and GPX), 

antioxidant genes (catalase, glutathione peroxidase, superoxide dismutase), apoptosis 

genes (caspases 3 and 7) can be studied to help elucidate the mode and mechanism of NM 

toxicity. 

2.5. Conclusions 

In this chapter, CuO NMs and CuSO4 demonstrated a similar degree of toxicity to 

undifferentiated Caco-2 cells. Markers of CuO NM toxicity to Caco-2 cells were 

identified namely: cytotoxicity, ROS production, IL-8 production, and gene expression 

(HMOX1, IL8, MUC2, MT1A and MT2A). Studies investigating NM toxicity normally 

assess inflammatory and oxidative effects and it is apparent that these endpoints are also 

relevant to the intestine. The comparable effect of CuO NMs and CuSO4 in most of the 

biochemical and molecular markers (except ROS formation) and knowledge that CuO 

NMs are not fully soluble at the time points investigated indicates the possibility that CuO 

NMs mediate toxicity via particle and ion effects. Undifferentiated Caco-2 cells have been 

shown to be very sensitive to CuO NMs and CuSO4 toxicity. However, the toxicity of 

NMs can be overestimated using undifferentiated Caco-2 cells since they lack various 

characteristics of mature intestine. It is therefore essential to use more complex in vitro 

models, which better mimics in vivo conditions when assessing NM toxicity.  
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3.1. Introduction 

Undifferentiated Caco-2 cells lack tight junctions, microvilli and other associated proteins 

and so they do not accurately represent human small intestinal epithelial cells (section 

2.1). However, culturing Caco-2 cells for 15-21 days, without growth factor 

supplementation, leads to spontaneous differentiation to mature enterocyte-like cells, 

which have better resemblance to mature enterocytes of the human small intestine 

(Sambuy et al. 2001, Sambuy et al. 2005, Natoli et al. 2011, Jepson 2012). Functional 

tight junctions joining the cells in the monolayer and well developed microvilli at the 

apical (AP) side form during the culture period (Sambuy et al. 2001). In addition, the AP 

membrane of differentiated Caco-2 cells express characteristic hydrolases such as 

sucrose-isomaltase, lactase, aminopeptidase N and dipeptidyl peptidase IV of the 

absorptive enterocytes of small intestine (Ferruzza et al. 2012b, Sambuy et al. 2001). The 

above characteristics of differentiated Caco-2 cells make them more appropriate in vitro 

model to represent human mature intestinal epithelial cells. For this reason, it is the most 

frequently used model for the study of absorption, toxicity and metabolism in the 

intestinal epithelium (Ferrec and Fardel 2012). However, there are some drawbacks 

associated with their use, as, for example, differentiated Caco-2 cells lack mucus layer 

and a microfold cells, and do not contain digestive enzymes and physiological conditions 

associated with the small intestine. Differentiated Caco-2 cells have been used to study 

the toxicity of SiO2 (14 nm) and ZnO (10 nm) NMs via assessment of cytotoxicity, IL8 

expression and IL-8 protein production (Gerloff et al. 2013). Piret et al. (2012b) also 

investigated the impact of CuO NMs on TEER, viability, IL-8 secretion and penetration 

of across differentiated Caco-2 cell monolayer 24 h post exposure. Although both 

undifferentiated and differentiated Caco-2 cells have been used to investigate NM toxicity 

(Piret et al. 2012b, Gerloff et al. 2013, Gerloff et al. 2012, Gerloff et al. 2009), few studies 

have compared the response of both models, despite concern that differentiated and 

undifferentiated cells may not provide the same response.  It is more expensive and time 

consuming to work with differentiated cells, which limit their widespread use. 

The development of fully differentiated cells is monitored by measurement of TEER 

(Jepson 2012, Ferruzza et al. 2012b, Ferruzza et al. 2012a), staining of tight junction 

proteins (e.g. Zonula occludens, occludins) (Jain et al. 2011, Natoli et al. 2011), 

assessment of microvilli development and presence of alkaline phosphatase (Ferruzza et 
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al. 2012b, Ferruzza et al. 2012a). TEER values of differentiated Caco-2 cells range from 

260 up to 1200 Ω.cm depending on the frequency of media changes, number of days the 

cells are cultured and constituents of the medium in the AP and basolateral (BL) 

membrane. Caco-2 cells can be considered to be differentiated if the TEER value is 

greater than 250 Ω.cm2 (Ferruzza et al. 2012a). TEER measurement is a parameter used 

to ascertain the integrity, confluency and viability of the cell monolayer and a decrease in 

TEER value is an indication of loss of barrier integrity (Gamboa and Leong 2013). 

Differentiated Caco-2 cells have been used to investigate the transport of substances and 

pathogens across the intestinal barrier. However, the rate of paracellular (passive) 

transport in differentiated Caco-2 cells has been reported lower than that of 

undifferentiated Caco-2 cells and the  human intestine as reviewed by Jepson (2012). 

However, other molecules (such as drug and nutrients) that are passively transported 

show good correlation with human colon and rectum biopsy but actively transported 

molecules do not correlate well (Lefebvre et al. 2015, Chen et al. 2010, Walter et al. 

1996). 

Differentiated Caco-2 cells have been used to study drug transport across the intestinal 

monolayer (Liu et al. 2017, Hubatsch et al. 2007) as well as the penetration of NMs. For 

example the translocation of silica nanoparticles (50 and 150 nm) (Ye et al. 2017). Cell 

permeability and cytotoxic effects of different-sized zinc oxide (ZnO) NMs were studied 

using differentiated Caco-2 cells and it was observed that  the penetration of 20 nm ZnO 

NMs across the intestinal monolayer was greater, and that they were more cytotoxic than  

larger particles (1-5 µm and 90-200 nm) at 24 h post exposure (Chang et al. 2011). 

Differentiated Caco-2 cells have also been used to study the toxicity of NMs. For 

example, differential toxicity of rod and spherical shape CuO NMs with differentiated 

Caco-2 cells and they observed that rod shaped NMs were more toxic than the spherical 

shaped CuO NMs via assessment of IL-8 and TEER value (Piret et al. 2012b). 

3.1.1. Aim and objectives 

Most of the studies using differentiated Caco-2 cells to investigate NM toxicity have 

focused on assessment of translocation, cytotoxicity and IL-8 secretion without much 

consideration of other endpoints. Here, as differentiated Caco-2 cells are a widely 

accepted model of the intestinal epithelium. They were selected to study biochemical and 
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molecular markers of nanomaterial toxicity to the GI tract using CuO NMs and CuSO4 

employing wide range of endpoints including barrier integrity (using TEER 

measurement, SEM, immunostaining of the tight junction), light microscopy. In addition, 

cytokine production, ROS formation, NM translocation and gene expression (using 

markers of oxidative stress (HMOX1), inflammatory response (IL8), mucus secretion 

(MUC2) and metal binding (MT1A and MT2A)) were also assessed. 

The aim of this chapter is to determine the potential use of differentiated Caco-2 cell as 

an in vitro model for the study of the toxicity of ingested NMs and to identify biochemical 

and molecular biomarkers of NM toxicity that could be employed in the assessment of 

NM toxicity to the intestine in vitro. Furthermore, the toxicity of CuO NMs and CuSO4 

was compared to explore the contribution of particle and ionic effects in NM toxicity. 

Specific objectives are as follows 

i. To determine the impact of CuO NMs and CuSO4 on differentiated Caco-2 cells 

on cytotoxicity, barrier integrity and cell morphology (tight junction staining, 

TEER measurement, light and electron microscopy). 

ii. To investigate the impact of CuO NMs and CuSO4 on cytokine production and 

oxidative stress in differentiated Caco-2 cells via assessment of IL-8 production, 

ROS formation and expression of genes related to inflammation, oxidative stress, 

mucus secretion and metal metabolism (metallothionein). 

iii. To assess the translocation of CuO NMs and CuSO4 across differentiated Caco-2 

cells. 

3.1.2. Hypotheses 

i. CuO NMs and CuSO4 will induce loss of differentiated Caco-2 cell viability. 

ii. CuO NMs and CuSO4 will elicit ROS production in differentiated Caco-2 cells. 

iii. CuO NMs and CuSO4 will induce cytokine production in differentiated Caco-2 

cells. 

iv. CuO NMs and CuSO4 will impair barrier integrity (i.e. a reduction in TEER, 

disruption of tight junctions), which will lead to Cu ion translocation across the 

differentiated Caco-2 cell monolayer. 
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v. CuO NMs and CuSO4 will upregulate the expression of genes related to 

inflammation, oxidative stress, mucus secretion and metal binding 

(metallothionein) in the differentiated Caco-2 cells. 

vi. The impact of CuO NMs on differentiated Caco-2 cells will be similar to CuSO4. 

3.2. Materials and Methods 

3.2.1. Cell culture  

The source of the Caco-2 cell line and its maintenance are described previously (section 

2.2.3). 

3.2.2. Differentiation of Caco-2 cells  

Differentiated Caco-2 cells were cultured on 3.0 µm pore polycarbonate transwell inserts 

in a 12 well plate with a growth area of 1.12 cm2 (Costar corning, Flintshire, UK). Cells 

were seeded at a concentration of 3.13 x 105 cells/cm2 (500 µl/well) in complete cell 

culture medium into the AP compartment of the transwell insert, and the BL compartment 

was filled with 1.5 ml of complete cell culture medium. The cells were cultured at 37 oC, 

5 % CO2 and 95 % humidity for 18-21 days. The medium was changed every other day 

for the first 16 days and then every day until 21 days. The medium was changed by 

aspirating the medium in the BL compartment followed by AP compartment and replaced 

by filling the AP compartment with 500 µl of the medium first then the BL compartment 

with 1.5 ml of the cell culture medium. Differentiation of cells was confirmed via 

measurement of TEER, tight junction staining and SEM (for microvilli) (see sections 

3.2.3, 3.2.5 and 3.2.7). 

3.2.3. Measurement of trans-epithelial electrical resistance (TEER) 

Trans-epithelial electrical resistance was measured using an epithelial voltohmmeter 

EVOM (World precision instrument, Sarasota, USA). The voltohmmeter was set to 

resistance and placed vertically on the insert making sure that the short electrode is placed 

in the AP compartment while the long electrode is placed in the BL compartment touching 

the cells. The resistance reading in ohms was taken once the reading stabilized and 

measurements were taking every 2 days until 21 days starting from the fifth day. 
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The resistivity was calculated using equation 1.  

𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (Ω. 𝑐𝑚2) = 𝑜ℎ𝑚2 − 𝑜ℎ𝑚1 × 𝐴------------------------------------ Equation 1 

Where Ohm1 = Resistance of the insert with cell culture medium only. 

 Ohm 2 = Resistance of the insert with cell. 

 A = Surface area of the insert in cm2 

TEER are reported as resistivity. 

Only Caco-2 cell monolayers with TEER values greater than 500 Ω.cm2 were used for 

experiments. 

3.2.4. Investigation of the impact of CuO NMs and CuSO4 on the barrier integrity of 

differentiated Caco-2 cells 

The impact of CuO NMs and CuSO4 on the barrier integrity of differentiated Caco-2 cells 

was assessed by measuring TEER. Differentiated Caco-2 cells were exposed to complete 

cell culture medium (negative control), 0.1 % triton X100 (positive control), CuO NMs 

or CuSO4 at a concentration of 6.34 and 12.68 Cu µg/cm2 (500 µl/well). The sub-lethal 

concentrations selected for investigation were based on the findings from undifferentiated 

cells (section 2.3.2) and the Cu concentration was standardized for CuO NMs and CuSO4. 

The TEER values were taken at time zero immediately after exposure with CuO NMs and 

CuSO4 and then every 3 h for 15 h and at 24 h post exposure. The resistivity was 

calculated using equation 1. Data are expressed as mean resistivity (Ω.cm2). 

3.2.5. Immunostaining of differentiated Caco-2 tight junctions  

Differentiated Caco-2 cells were exposed to cell culture medium (control), CuO NMs or 

CuSO4 (6.34 Cu µg/cm2) (500 µl/well) for 24 h at 37 oC and then washed twice with PBS. 

The cells were fixed with 4 % formaldehyde for 25 min at RT and 50 mM ammonium 

chloride was used to quench excess aldehyde groups at RT for 10 min. The cells were 

permeabilized with 0.1 % triton X100 for 10 min and nonspecific binding was blocked 

with 10 % BSA for 2 h at the RT. Cells were then incubated with 1 µg/ml (diluted in 1 % 

BSA) anti ZO-1 tight junction protein antibody (Abcam, Cambridge, UK) overnight (o/n) 

at 4 oC.  Cells were incubated with Alexa Fluor 488 goat anti-rabbit IgG H&L (Abcam, 

Cambridge, UK) (secondary antibody), diluted to 4 µg/ml (in 1 % BSA) for 1 h. This was 

followed by counter staining with DAPI (300 nM) for 15 min at RT for nuclei. After each 
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step, cells were washed three times with PBS except after treatment with secondary 

antibody, which was washed five times. The polycarbonate inserts were carefully excised, 

mounted with mowiol containing DABCO (antifading agent), covered with a glass 

coverslip and then sealed with nail polish. The slides were incubated at 4 oC for 24 h 

before cells were visualized using a Zeiss LSM880 confocal microscope (Germany) and 

the results analysed using the Zen program and Image J software. 

3.2.6. Nuclei counting (cytotoxicity) 

Differentiated Caco-2 cells were exposed to cell culture medium (control), CuO NMs or 

CuSO4 (6.34 or 12.68 Cu µg/cm2) (500 µl/well) for 24 h at 37 oC, and then were washed 

twice with PBS and processed as described in section 2.2.6 to stain the nuclei. The 

polycarbonate inserts were carefully excised and mounted with mowiol containing 

DABCO (anti fading agent) onto a microscope slide and covered with a glass coverslip, 

which was then sealed with nail polish and allowed to dry at 4 oC for 24 h before 

visualizing with a Zeiss fluorescent microscope, Carl Zeiss Axio Scope A 1 Upright 

Research Microscope (Germany) fitted with a camera. At least five fields of view (each 

field of view was140.80 X 105.60 microns) were imaged for each sample. The results 

were analysed with Image J software and data are expressed as mean nuclei number ± 

SEM, and representative images presented. 

3.2.7. Scanning electron microscopy (SEM) 

Differentiated Caco-2 cells were exposed to cell culture medium (control) or 12.68 Cu 

µg/cm2 of CuO NMs (500 µl/well) for 24 h at 37 oC. The inserts were then processed as 

described in section 3.2.4. The polycarbonate membranes were carefully excised and 

mounted on SEM specimen stubs (Aluminium, 12.5 mm diameter, 3.2 x 6 mm pin Agar 

Scientific UK). Then, specimens were coated with gold and examined with SEM. More 

than 5 views were imaged and representative images presented. 

3.2.8. Romanowsky staining (assessment of cytotoxicity and cell morphology)  

Differentiated Caco-2 cells were exposed to cell culture medium (control), 6.34 and 12.68 

Cu µg/cm2 of CuO NMs or CuSO4 (500 µl/well) at 37 oC. After 24 h, the cells were 

stained with Rapid Romanowsky stain (TCS Biosciences, England). Briefly, 
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differentiated Caco-2 cells were fixed by rinsing the insert 15 times in methanol. To stain 

the cells the inserts were then rinsed with eosin Y solution 15 times and then methylene 

blue solution 15 times. The inserts were thoroughly washed in distilled water and air-

dried. The polycarbonate inserts were carefully excised, then mounted with DPX (Sigma, 

Poole UK) and covered with a glass coverslip. The specimens were viewed and imaged 

using a light microscope-Zeiss fluorescent microscope, Carl Zeiss Axio Scope A 1 

Upright Research Microscope (Germany) fitted with camera (ZEISS Axiocam ERc 5s) 

(magnification 40 X). 

3.2.9. Determination of Cu ion in medium  

Differentiated Caco-2 cells were exposed to complete cell culture medium (control), 3.17, 

6.34 and 12.48 Cu µg/cm2 of CuO NMs and CuSO4 (500 µl/well) for 24 or 48 h at 37 oC, 

5 % CO2 and 95 % humidity. This was followed by removal of the cell culture medium 

from AP and BL compartments. The medium from AP (300 µl) and BL (900 µl) 

compartments were digested with 5 ml of 4 % HNO3 (Sigma), filtered with Puradisc 25 

mm 0.2 µm PES filter media (Whatman). The volume was made up to 10 ml with Milli 

Q deionised H2O to obtain final acidic concentration of 2 % HNO3. 

The cells were also digested following the method described by (Bolea et al. 2014). 

Briefly, to detach the cells, 25 mM trypsin EDTA (100 µl) was added into the apical 

compartment of the transwell plate and incubated for 5 min at 37 oC, 5 % CO2 and 95 % 

humidity. The cells were then digested by adding 1 ml of 20 % HNO3 followed by shaking 

with a rotatory shaker, PMS-1000, Grant-bio (Cambridge UK) at high speed for 4 h, at 

RT. The cell suspension was then diluted with Milli Q H2O to get an acidic concentration 

of 2 % HNO3, and then filtered with Puradisc 25 mm 0.2 µm PES filter media (Whatman). 

The copper ion content in the acidic extracts of medium (from AP and BL compartment) 

and cell were analysed by Dr. Lorna Eades (University of Edinburgh) using Inductive 

Coupled Plasma Optical Emission Spectrometry (ICP-OES) (Perkin Elmer Optima 5300 

DV USA).  Radio frequency (RF) forward power of 1400 W, with argon gas flows of 15, 

0.2 and 0.75 L/min for plasma, auxiliary, and nebuliser flows was employed respectively. 

Data are expressed as % of the exposed concentration. 

Apparent permeability coefficients (Papp) of Cu were calculated using equation 2 (des 

Rieux et al. 2007). 
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 𝑃𝑎𝑝𝑝 (𝑐𝑚 𝑠⁄ ) =
∆𝑄

∆𝑡
×

1

𝐴
× 𝐶𝑜-------------------------------------------------------Equation 2 

Where ∆Q/∆t is the amount of Cu transported into the BL compartment per unit time (t), 

A is the surface area of the insert (Caco-2 cell monolayer) and Co is the initial 

concentration of the substance in the donor (AP) compartment. 

3.2.10. Evaluation of intracellular ROS production: DCFH-DA assay 

 

Differentiated Caco-2 cells were washed twice and150 µM DCFH-DA (in HBSS) was 

added (500 µl) into the apical compartment of each of the wells. The cells were then 

incubated for 1 h in the dark at 37 oC, 5 % CO2 and 95 % humidity. Next, the cells were 

washed with PBS and exposed to 500 µl of HBSS (control), H2O2 (1 mM), CuO NMs or 

CuSO4 (3.17, 6.34 and 12.68 Cu µg/cm2) diluted in HBSS (500 µl/well) and incubated at 

37 oC, 5% CO2 and 95 % humidity for 2 h. The fluorescence reading was measured at 

time 0 and after 2 h at a wavelength of 485/530 nm (excitation/emission) using a micro 

plate reader, SpectraMax M5 (California USA) Data are expressed as mean fold change 

in fluorescence (compared to control). 

3.2.11. Cytokine analysis 

4.2.11.1. Proteome profiling  

Proteome profiling was performed using a Human Cytokine Array kit (R&D System, Inc., 

Minneapolis, MN USA). Supernatants collected after treatment of differentiated Caco-2 

cells with 6.34 Cu μg/cm2 of CuO NM for 24 h (section 3.2.3), which had been stored at 

-80 oC were thawed and used for Proteome profiling following the manufacturer’s 

protocol as described above (Section 2.2.10.1). The results from this experiment informed 

the selection of cytokine (IL-8) to be analysed. 

3.2.11.2. IL-8 production 

Differentiated Caco-2 cells were exposed to cell culture medium (negative control), 200 

ng/ml tumour necrosis alpha (TNF-α) (positive control), 3.17, 6.34, or 12.68 Cu μg/cm2 

of CuO NMs and CuSO4 (500 µl/well) for 24 or 48 h at 37 oC. The cell supernatants were 

collected from the AP and BL compartments of differentiated cells and stored at −80 °C 
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until required. IL-8 level was quantified using an ELISA as described previously (section 

3.2.10.2.). 

3.2.12. Gene expression 

3.2.12.1. Ribonucleic acid (RNA) isolation 

Differentiated Caco-2 cells were exposed to cell culture medium, 3.17, 6.34 and 12.68 

Cu g/cm2 of CuO NMs or CuSO4 (500 µl/well) and incubated for 4, 12 and 24 h at 37 

oC. The medium was then removed, and the inserts washed twice with PBS followed by 

addition of trypsin EDTA (100 l) into the AP compartment of each wells of the insert 

and the cells were incubated for 5 min at 37 oC. Trypsinisation was stopped by addition 

of cell culture medium (500 l). The cells were transferred to 1.5 ml microfuge tubes and 

centrifuged for 5 min at 2000 rpm using an Eppendorf refrigerated microcentrifuge 5424 

(Cole- Palmer UK). The cell pellet was re-suspended in PBS (30 l) and transferred to 

the processing plate then, lysis/binding solutions (140 l) were added and the samples 

were shaken for 1 min and RNA was isolated following the protocol described in section 

2.2.11.1. 

3.2.12.2. Complementary deoxyribonucleic acid (cDNA) synthesis 

The RNA was transcribed to cDNA using Precision nanoScriptTM2 Reverse Transcription 

kit (Primerdesign, UK) following manufacturers protocol as described in section 2.2.11.2. 

3.2.12.3. Quantitative polymerase chain reaction (qPCR) 

qPCR was performed with a 7900 RT fast PCR system and SDS 2.3 software with 384 

well plates (Applied Biosystems, USA), using Custom designed real-time PCR assay with 

Double-Dye probe and Precision PLUS qPCR Master Mix (Primerdesign, UK) following 

the manufacturer’s instructions as described in section 2.2.11.3. 

3.2.13. Data analysis 

Each experiment was repeated at least three times (on different days) and all data 

generated from these experiments are expressed as the mean ± Standard error of the mean 

(SEM). The figures were generated using Graph Pad Prism. After checking normality of 
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the data, a one-way analysis of variance (ANOVA) with a Tukeys multiple comparison 

was employed to investigate statistical significance using Minitab 17 software. The 

microscope images were analysed with image J software. 

3.3. Results 

3.3.1. Verification of differentiation of Caco-2 cells and impact of CuO NM and CuSO4 

on barrier integrity (TEER value and tight junction staining) 

Caco-2 cell differentiation was monitored by measurement of TEER. Measurement of 

TEER commenced 5 days post seeding to avoid disruption of the monolayer. The TEER 

value increased, with time (Figure 3.1). More specifically, there was an increase in TEER 

value from day 5 (76 Ω.cm2) reaching approximately 600 Ω.cm2 at the 17th day (Figure 

3.1). The increase in TEER value was minimal from the 17 to 21st day (760 Ω.cm2) 

(Figure 3.1). Only differentiated Caco-2 cells with a TEER value greater than 500 Ω.cm2 

were used throughout (Figure 3.1). 

Measurement of TEER value following exposure to CuO NMs and CuSO4 was then used 

to assess impacts on the barrier integrity. The TEER value of the control cells at the start 

of the experiment was between 824 and 861 Ω.cm2 (Figure 3.2). After 24 h, there was no 

change in the TEER value for the control cells over the duration of the experiment (0 – 

24 h) (Figure 3.2). A concentration and time dependent decrease in TEER values was 

observed following exposure to CuO NMs and CuSO4 compared to control (Figure 3. 2). 

Whilst the TEER value of differentiated Caco-2 cells exposed to 6.34 and 12.68 Cu 

µg/cm2 of CuO NMs and CuSO4 remained virtually constant up to 9 h post exposure, the 

TEER value significantly decreased from 12 h post exposure (Figure 3.2). The level of 

reduction of TEER value of both CuO NMs and CuSO4 was greatest after 24 h for both 

tested concentrations (6.34 and 12.68 Cu µg/cm2). 



CHAPTER 3: Impact of copper oxide NMs and copper sulphate on differentiated Caco-2 cells: an 

intestinal epithelial cell model 

84 

 

5 8 10 12 15 17 19 21

0

200

400

600

800

Days

TE
E

R
 (


.c
m

2 )

 

Figure 3.1: TEER value of Caco-2 cell over 21 days.  

Caco-2 cells were grown in transwell plates and TEER measurements made at regular intervals to 

monitor cell differentiation. Data are expressed as mean TEER value ± SEM (n = 3). 
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Figure 3.2: Impact of CuO NMs and CuSO4 on differentiated Caco-2 cell TEER values.  

Differentiated Caco-2 cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 6.34 or 12.68 Cu µg/cm2 for24 h. The TEER values were measured using epithelial volt-

ohmmeter EVOM every 3 h. Data are expressed as mean ± SEM (n = 3). Significance at P<0.05 is indicated 

by * compared with control. 
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3.3.2. Verification of tight junction formation and impact of CuO NMs and CuSO4 on 

tight junction protein (ZO-1) of differentiated Caco-2 cells 

The ability of differentiated Caco-2 cells to form tight junctions is a characteristic of intact 

intestinal epithelial cells and was verified by staining for the Zonula occludens-1 (ZO-1) 

a tight junction protein. After culturing for 21 days, tight junctions were visualised in 

differentiated Caco-2 monolayers, confirming that the cells differentiated (Figure 3.3). 

Undifferentiated Caco-2 cells were also included as a control, and did not show any tight 

junction staining (Appendix 2). Differentiated Caco-2 cells exposed to 6.34 Cu µg/cm2 

of CuO NMs, and CuSO4 for 24 h were stained for ZO-1 and the intensity of tight junction 

protein staining was reduced for both treatments compared to control suggesting a loss of 

barrier integrity (Figure 3.3). The extent ZO-1 staining intensity may be quantified to 

confirm the impact of CuO NMs and CuSO4 on the tight junction protein.  

 

Figure 3.3: The impact of CuO NMs and CuSO4 on differentiated Caco-2 cell tight 

junction protein.  

Following differentiation, Caco-2 cell monolayers were exposed to cell culture medium (control) or 6.34 

Cu µg/cm2 of CuO NMs and CuSO4 for 24 h, then fixed, and stained for the tight junction protein ZO-1 

(green) and nucleus with DAPI (blue). The images of extended focus were obtained with Zeiss LSM880 

confocal microscope using the Zen program for data analyses. Red arrows indicate areas where there is a 

reduction in ZO-1 staining intensity. Scale bar = 20 µm. Representative images are shown (n=3). 
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3.3.3. Verification of microvilli formation and assessment of CuO NMs and CuSO4 

impact on differentiated Caco-2 cell viability and morphology 

To assess the differentiation status of Caco-2 cells (e.g. microvilli development) and to 

investigate the effect of CuO NMs and CuSO4 on cell morphology, SEM and light 

microscopy was used. SEM revealed that control differentiated Caco-2 cells covered the 

entire surface with extended microvilli development evident (Figure 3.4), which is one of 

the characteristics of the human intestinal epithelium. Differentiated Caco-2 cells exposed 

to CuO NMs (12.68 Cu µg/cm2) covered the cell surface like their control counterparts 

but the microvilli were shorter on some of the cells, compared to control (Figure 3.4). 

To confirm the viability of the cells, microscopy and nuclei counts were performed. Using 

light microscopy, it was observed that there was no difference in cell number of cells 

between the control differentiated cells and cells treated with CuO NMs or CuSO4 at 

concentrations of 6.34 or 12.68 Cu µg/cm2 24 h post exposure, suggesting that there was 

no loss of cells following treatment (Figure 3.5). Differentiated Caco-2 cells were stained 

with DAPI and the nuclei counted in order to count cell number as an indicator of cell 

viability (Figure 3.6). There was no significant difference in the number of nuclei counted 

in the CuO NMs or CuSO4 exposed cells compared to the control cells, which suggests 

that there was no cell death (Figure 3.6A). Representative images confirming the number 

of counted nuclei are shown in figure 3.6B. 
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Figure 3.4: SEM images of differentiated Caco-2 cells exposed to CuO NMs for 24 h.  

Differentiated Caco-2 cells were exposed to cell culture medium (control) or 12.68 Cu µg/cm2 of CuO NMs 

for 24 h and were then washed, fixed, dehydrated, dried and examined by SEM. Specimens i) and ii) are 

control differentiated Caco-2 cells imaged at a magnification of X 5000 and X 10000 respectively. iii) and 

iv) are differentiated Caco-2 cells exposed to 12.68 Cu µg/cm2 of CuO NMs imaged at a magnification of 

X 5000 and X 10000 respectively. Representative images are shown (n=3). Red arrows indicate area of 

shortened microvili. 
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Figure 3.5: Impact of CuO NMs and CuSO4 on differentiated Caco-2 cell morphology 

and cell number using light microscopy.  

Differentiated Caco-2 cells were exposed to cell culture medium (control) or 6.34 or 12.68 Cu µg/cm2of 

CuO NMs or CuSO4 for 24 h. The cells were then fixed, stained and visualised using light microscopy 

(magnification 40 X, scale bar= 50 µm. Representative images are shown (n=3). 
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Figure 3.6: Assessment of the viability of differentiated Caco-2 cells using nuclei 

staining with DAPI. 

Differentiated Caco-2 cells were treated with CuO NMs and CuSO4 at a concentration of 6.34 and 12.68 

Cu µg/cm2 fixed and the nuclei stained with DAPI. Images were obtained with a Carl Zeiss Axio Scope A 

1 Upright Research Microscope (magnification 40X) and the nuclei counted using Image J software (A). 

Data are expressed as the number of nuclei (% of the unexposed control) ± SEM (n = 3). Significance at 

P<0.05 is indicated by * compared to unexposed control. Representative images are presented (B), and 

Scale bar = 10 µm (n= 3). 
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3.3.4. Cellular uptake and translocation of Cu across the intestinal monolayer 

A concentration and time dependent decrease in the concentration of Cu was observed in 

the AP compartment of differentiated Caco-2 cells 24 h post exposure with CuO NMs 

and CuSO4 (Figure 3.7A). Approximately, 87 to 96 % of the initial treatment 

concentration was detectable in the media of the AP compartment after 24 h treatment 

with 3.17 Cu µg/cm2 of CuO NMs and CuSO4, which declined to about 77 to 85 % at 48 

h post exposure. At the highest treatment concentration (12.68 Cu µg/cm2) of CuO NMs 

and CuSO4, the detectable Cu concentration in the media of the AP compartment was 

between 58 to 61 % of the initial treatment concentration 24 h post exposure and the 

detectable concentration further decreased to 27 to 29 % after 48 h post exposure (Figure 

3.7A). 

The concentration of Cu in the BL compartment increased in a time and concentration 

dependent manner, which was suggestive of Cu translocation across the intestinal barrier. 

The concentration of Cu was lowest in the BL media when cells were exposed to 3.17 Cu 

µg/cm2 CuO NMs and CuSO4 24 h post exposure, and greatest for cells exposed to CuO 

NMs and CuSO4 at the highest concentration of 12.68 Cu µg/cm2 at longest time point of 

48 h.  A significantly higher translocation of Cu was observed after 48 h for CuSO4 

compared to 24 h post exposure at both concentrations (3.17 and 6.34 Cu µg/cm2) (Figure 

3.7B). The level of translocated Cu from AP to BL compartment was highest at a 

concentration of 12.68 Cu µg/cm2 for both CuO NMs and CuSO4 compared to all other 

treatment concentrations at both 24 and 48 h post exposure. The cellular retention of CuO 

NMs or CuSO4 was very low (< 3 % of the initial exposure concentration) at 24 and 48 

h, for all the tested concentrations with only cells exposed to CuSO4 6.34 Cu µg/cm2 for 

48 h having significantly higher uptake compared to 24 h post exposure (Figure 3.7C). 

Cu was not detected in the untreated control. No significant difference was observed in 

transport and uptake of CuO NMs and CuSO4 at 24 and 48 h post exposure (Figure 3.7C). 

Expression of the data to obtain an apparent permeability coefficient (Papp) demonstrated 

a time and concentration dependent increase in permeability following exposure of 

differentiated Caco-2 cells to CuO NMs and CuSO4. A significant increase in Papp 

(indicative of an increase in permeability) was observed after exposure of differentiated 

Caco-2 cell monolayer with 12.68 Cu µg/cm2 of CuO NM and CuSO4 for 24 and 48 h. 
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The permeability of the monolayer increased over time, as was an enhanced Papp value at 

48 h post exposure compared to 24 h (Figure 3.8). 
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Figure 3.7: CuO NMs or CuSO4 cellular uptake and translocation across differentiated 

Caco-2 cells.  

Differentiated Caco-2 cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 24 and 48 h. The level of Cu in the AP (A), BL (B) 

compartments and the cells (C) was evaluated by ICP-OES. Sample preparation and data analysis was 

performed by Victor Chibueze Ude and Dr. Lorna Eades performed the ICP-OES analysis. Data are 

expressed as mean copper concentration (as a percentage of the treatment concentration) ± SEM (n = 3). 

Significance at P<0.05 are indicted by * for comparison of 24 h post exposure of 3.17 Cu µg/cm2 of CuO 

NMs to other treatment concentration within each time point or # for comparison of equivalent 

concentrations between 24 and 48 h time points. 
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Figure 3.8: Apparent permeability coefficient (Papp) of CuO NMs and CuSO4.  

Cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at concentrations of 3.17, 6.34 

or 12.68 Cu µg/cm2 for 24 and 48 h. The concentration of Cu in the AP and BL compartment were 

determined by ICP-OES and Papp was calculated. Data are expressed as the mean Papp ± SEM x10-7 cm/s 

(n = 3). Significance at P<0.05 are indicted by * for comparison of 24 h post exposure of 3.17 Cu µg/cm2 

of CuO NMs to other treatment concentration within each time point or # for comparison of equivalent 

concentrations between 24 and 48 h time points. 

3.3.5. ROS formation 

The level of ROS formation by differentiated Caco-2 cells after exposure to CuO NMs 

and CuSO4 was determined using the DCFH-DA assay 2 h post exposure. CuSO4 showed 

a concentration dependent increase in ROS generation (Figure 3.9). ROS production after 

exposure of cells to CuSO4 was significantly higher than that stimulated by the negative 

control, positive control and CuO NMs. Although the level of ROS formation after 

exposure to positive control (1 mM H2O2) was higher than the cells treated with cell 

culture medium (negative control) the finding was not significant. No significant increase 

in ROS production was observed following exposure of cells to CuO NMs. 
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Figure 3.9: ROS formation by differentiated Caco-2 cells following exposure to CuO 

NMs and CuSO4 at 2 h. 

Intracellular ROS levels were determined using the DCFH-DA assay 2 h post exposure of differentiated 

Caco-2 cells to CuO NMs and CuSO4 at concentrations of 3.17, 6.34 and 12.68 Cu µg/cm2. Data are 

expressed as the fold change in ROS production ± SEM (n = 3). Significance at P<0.05 is indicated by * 

compared to control. 

3.3.6. Cytokine production 

For the selection of relevant cytokines secreted by differentiated Caco-2 cells, a proteome 

profiler was used as it is capable of screening up to 37 cytokines at a time. As observed 

for undifferentiated Caco-2 cells (section 2.3.5) IL-8 and ICAM-1 production was 

increased following exposure of differentiated Caco-2 cells to CuO NMs. IL-8 was 

prioritised because it is a known cytokine involved in inflammatory response to NMs, 

while ICAM-1 is secreted by all adherent cells and this was confirmed by equal intensity 

of spot on both CuO NMs and cell culture medium (control) exposed cells (Figure 3.10). 

CuO NMs and CuSO4 demonstrated a significant increase in IL-8 production following 
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exposure of differentiated Caco-2 cells to CuO NMs and CuSO4 at concentrations of 3.17, 

6.34 and 12.68 Cu/µg cm2 for 24 and 48 h compared to the control (Figure 3.11). No 

significant difference was observed in IL-8 production between CuO NMs and CuSO4 

treated differentiated Caco-2 cells, and no difference was observed between time points. 

IL-8 production was highest at 48 h post exposure to 3.17 Cu µg/cm2 CuO NMs (421 

pg/ml) and 24 h post exposure of 6.34 Cu µg/cm2 CuSO4 (451 pg/ml) IL-8 secretion was 

below the detectable level in the supernatant collected from the BL compartment of the 

exposed cells for all treatments, and in both the AP and BL compartment of the control 

group (data not shown). A concentration of 89.60 ± 4.77 pg/ml of IL8 was detected after 

treatment of differentiated Caco-2 cell with 200 ng/ml TNF-α (positive control) for 24 h. 

 

Figure 3.10: Assessment of Cytokine expression by differentiated Caco-2 cells using 

proteome profiler.  

Cells were exposed to cell culture medium (control, 0, A), or 6.34 Cu µg/cm2 of CuO NMs (B) for 24 h. 

Cytokines in the supernatant were detected using a human cytokine array kits. Double dots represent a 

different cytokine and only MIF, ICAM-1 and IL-8 were detected.  
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Figure 3.11: IL-8 production by differentiated Caco-2 cells following exposure to CuO 

NMs and CuSO4. 

Cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at concentrations of 3.17, 6.34 

or 12.68 Cu µg/cm2 for 24 or 48 h. The level of IL-8 in the cell supernatant was determined using an ELISA 

kit. Data are expressed as mean IL-8 concentration (pg/ml) ± SEM (n = 3). * indicates significance at 

P<0.05 compared to control. 

3.3.7. Gene expression 

Exposure of differentiated Caco-2 cells to CuO NMs and CuSO4 elicited a concentration 

and time dependent increase in HMOX1 expression (Figure 3.12A). Expression of 

HMOX1 was greatest at 4 h post exposure at a concentration of 12.68 Cu g/cm2 for both 

CuO NMs and CuSO4. At 4 h post-exposure, the expression of HMOX1 significantly 

increased (4 to 12 fold) at all concentrations compared to control. HMOX1 expression 

was significantly increased after 12 and 24 h exposure of differentiated Caco-2 cells to 

higher concentrations of CuO NMs and CuSO4 (6.34 and 12.68 Cu g/cm2) compared to 

control with the fold increase ranging from 4 to 13 fold (Figure 3.12A). 

Expression of IL8 by differentiated Caco-2 cells was increased in a concentration and 

time dependent manner (Figure 3.12B). No significant increases in IL8 expression were 

observed at the lowest concentrations of CuO NMs and CuSO4 (3.17 Cu g/cm2) at all 

the time points investigated (Figure 3.12B). CuO NMs and CuSO4 (6.34 and 12.68 Cu 

g/cm2) induced a significant increase in IL8 expression compared to control at 12 and 
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24 h post exposure with the fold change of between 4 and 12 (Figure 3.12B). The greatest 

expression was observed at 24 h post exposure (Figure 3.12B).  

Differentiated Caco-2 cells demonstrated a time and concentration dependent increase in 

the expression of MT1A after exposure to CuO NMs and CuSO4 (Figure 3.12C). 

Expression of MT1A was greatest at 24 h post exposure with a significant increase in 

expression observed at all concentrations. A significantly higher level of MT1A 

expression was also observed 4 and 12 h at concentrations of 6.34 and 12.68 Cu g/cm2 

of CuO NMs and CuSO4, with the fold increase ranging from 13.5 to 23. MT2A was the 

greatest expressed among all the genes assessed. The expression of MT2A by 

differentiated Caco-2 cells was significantly elevated at all time points and concentrations 

compared to control with the fold increase ranging from 11 to 116 fold (Figure 3.12E). 

The highest level of expression of MT2A was observed on cells exposed to CuO NMs and 

CuSO4 for 12 h while there was no significant difference observed in MT2A expression 

between cells exposed to CuO NMs and CuSO4 for 4 and 24 h. 

MUC2 expression significantly increased at all concentrations after exposure of 

differentiated Caco-2 cells to CuO NMs and CuSO4 for 24 h (Figure 3.12D). The greatest 

increase was observed at 24 h, with all concentration stimulating a significant increase in 

MUC2 expression, with the fold increase ranging between 8 and 28 (Figure 3.12D). At 

shorter time points (4 and 12 h) the increase in MUC2 expression was not significantly 

different compared to control, except for cells treated with 3.17 Cu g/cm2 CuO NMs and 

CuSO4 for 4 h and 12.68 Cu g/cm2 12 h (Figure 3.12D) with fold increase of 3.4, 4.5 

and 4.2 respectively. For all genes, there was no difference between the response 

stimulated by CuO NMs and CuSO4. A heatmap, which provides a summary of the impact 

of CuO NMs and CuSO4 on gene expression by differentiated Caco-2 cells is presented 

in figure 3.13. Overall, MT2A exhibited the strongest response compared to other genes. 

In general, the highest level of gene expression was observed at 24 h. 
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Figure 3.12: Effect of CuO NMs and CuSO4 on differentiated Caco-2 cell gene 

expression. 

Differentiated Caco-2 cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 4, 12   and 24 h and changes in A) HMOX1, B) IL8, 

C) MT1A, D) MUC2, E) MT2A expression assessed using qPCR. Data are expressed as mean fold change 

(compared to the control) ± SEM (n = 3). Significance indicated by * = P<0.05 and ** = P<0.01 compared 

to control. 
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Figure 3.13: Heatmap representation of gene expression in differentiated Caco-2 cells 

after exposure to CuO NMs and CuSO4. 

Differentiated Caco-2 cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 4, 12 and 24 h and expression of A) HMOX1, B) IL8, 

C) MT1A, D) MUC2, E) MT2A assessed using qPCR. Genes were compared separately for significance. 

Significance indicated by * = P<0.05 and ** = P<0.01 compared to control. 

3.4. Discussion 

In this chapter, the impact of CuO NMs and CuSO4 on differentiated Caco-2 cells, was 

assessed via investigation of cell viability (nuclei count, light microscopy and SEM), ROS 

formation, cytokine production, cell morphology (via light microscopy) and barrier 

integrity (SEM, and ZO-1 staining) The translocation of Cu across the intestinal 

monolayer was also reported. According to the assays used, there was no significant cell 

death caused by the concentrations of CuO NMs and CuSO4 tested at 24 and 48 h. 

However, CuO NMs and CuSO4 caused barrier integrity dysfunction as evidenced via a 

reduction in TEER measurement and reduction in tight junction protein (ZO-1) staining 

Shortening of microvilli was also observed, indicating an impact on cell morphology. IL-
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8 protein secretion was increased, which suggests that CuO NMs and CuSO4 can 

stimulate an inflammatory response. Only CuSO4 stimulated intracellular ROS formation. 

Expression of HMOX1, IL8, MUC2, MT1A and MT2A were upregulated. A concentration 

and time dependent translocation of Cu was also observed suggesting that CuO NMs and 

CuSO4 may penetrate the intestinal barrier. For all the investigated endpoints, CuO NMs 

and CuSO4 demonstrated a similar effect, except ROS formation. 

3.4.1. Barrier integrity and cytotoxicity 

The differentiation status of Caco-2 cells was monitored via measurement of TEER and 

confirmed using assessment of tight junction protein (ZO-1) staining and visualisation of 

the presence of microvilli with SEM in this study. Interestingly, the majority of studies, 

which assess Caco-2 differentiation in the published literature, rely on TEER 

measurements (Piret et al. 2012b, Nishitani et al. 2013, Susewind et al. 2016). By using 

a combination of approaches, it was possible to confirm the differentiation status of Caco-

2 cells. It is recommended that TEER should be measured at least twice every week 

starting from the second week post seeding when culturing differentiated Caco-2 cells as 

it technically easier and cheaper than other approaches for assessing barrier integrity. 

Previous studies have used TEER measurement to monitor Caco-2 cell differentiation and 

to assess the impact of NM exposure to differentiated Caco-2 cell barrier integrity (Piret 

et al. 2012b, Nishitani et al. 2013, Susewind et al. 2016). However, their studies differ 

from this research as they only measured the impact of the NMs on TEER at 24 h post 

exposure whereas this study assessed impacts on TEER over time. Of benefit is that 

within one experiment multiple measurements of TEER can be made. In this study, it was 

revealed that TEER values decreased from 9 h post exposure indicating that an earlier 

measurement of toxicity could be made. It is therefore, recommended that future studies 

also monitor TEER over time when using differentiated Caco-2 cells to assess the toxicity 

of NMs in order to maximise the amount of information obtained from each experiment. 

To further investigate the impact of CuO NMs and CuSO4 on barrier integrity, 

differentiated Caco-2 cells treated with CuO NMs and CuSO4 were stained for tight 

junction proteins (ZO-1). A reduction in tight junction staining in cells exposed to CuO 

NMs and CuSO4 at 24 h confirmed the findings obtained from the TEER measurement. 

In addition, the shortening of the microvilli observed on some of the cells, as observed by 
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SEM, corroborated these findings. Loss of microvilli after food grade TiO2 exposure to 

differentiated Caco-2 cells has been reported previously (Faust et al. 2014a, Koeneman 

et al. 2010). Other studies have demonstrated that NMs (e.g. Ag NMs, 20 nm) can impair 

barrier integrity (via assessment of TEER and ZO-1 staining) when differentiated Caco-

2 cells have been used to assess NM toxicity (Martirosyan et al. 2012). Impairment of 

barrier integrity by NMs could have several implications for the function of the intestine. 

For example, it could enhance permeability to NMs to increase their translocation into 

the systemic circulation, increase microbial permeability and reduce nutrient absorption. 

Since CuO NMs are known to interfere with the LDH assay (which uses the cell 

supernatant to assess cytotoxicity) (Han et al. 2011) and the transwell inserts used to 

culture differentiated cells are not compatible with the microplate reader, it was not 

possible to perform many biochemical assays that assess cell viability (e.g. Alamar blue 

assay). Thus, it was more challenging to use differentiated Caco-2 cells to evaluate NM 

mediated cytotoxicity. Assessment of cell morphology using light microscopy, and nuclei 

staining with DAPI to count cell number were employed to assess the viability of 

differentiated Caco-2 cells following NM exposure. Unlike the undifferentiated Caco-2 

cells (Figure 2.3 and 2.4, Chapter 2), there was no loss of differentiated Caco-2 cells post 

exposure to CuO NMs, suggesting that the cells were viable. The SEM imaging also 

confirm that the cells were intact, suggesting the concentration and time point used for 

this experiment are non-toxic. A limited range of concentrations was studied in the 

differentiated cells. However, a concentration and time response experiment was not 

performed due to cost and insufficient time, but exposure to higher concentrations may 

have stimulate cytotoxic effect. Therefore, it suggests that undifferentiated cells may 

overestimated NM toxicity, and this may be because differentiated cells better mimic the 

robust nature of human intestine in vivo compared to the undifferentiated cells. 

3.4.2. Translocation and cellular uptake 

The bioavailability of NMs in vivo post oral exposure is a function of the physicochemical 

properties of the NMs including size, charge, time and the experimental set up (e.g. dose, 

time point) (Walczak et al. 2015b, Bellmann et al. 2015, Schleh et al. 2012, Kreyling et 

al. 2017, Lee et al. 2012). Several in vivo studies have therefore demonstrated that 

ingested NMs can penetrate the intestinal barrier and enter the circulation to become 
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distributed in the body (primarily the liver) (Schleh et al. 2012, Kreyling et al. 2017). In 

addition, polystyrene (50 nm) have been shown to cross the intestinal barrier in vivo 

(Walczak et al. 2015a). The level of penetration of NMs in vivo is low (typically <2 %). 

No studies were identified which investigated CuO NM translocation across the intestinal 

barrier in vivo. Differentiated Caco-2 cells have been commonly used as an in vitro model 

for the investigation of the translocation of pharmaceuticals and pathogens (Lubelska et 

al. 2012, Hubatsch et al. 2007, Lihua Chen et al. 2016). The transport of NMs (CuO and 

polystyrene) across the intestinal barrier has been investigated in vitro using differentiated 

Caco-2 cells (e.g. Chen et al. 2015, Walczak et al.2015b), with comparative studies 

demonstrating that the use of differentiated Caco-2 cells overestimates NM transport 

observed in vivo (e.g. Walczak et al. 2015a). Apart from studies carried out with ex vivo 

intestinal tissue (Brun et al. 2014)  and  Caco-2 co-culture models (Brun et al. 2014, 

Walczak et al. 2015b, Bouwmeester et al. 2011), only one research study has investigated 

the translocation of CuO NMs using differentiated Caco-2 cells (Chen et al. 2015). More 

specifically, Chen et al. (2015) assessed the concentration of Cu in the BL compartment 

only and used this information to identify the Papp value. In this thesis, the concentration 

of Cu in AP and BL compartments and cells was assessed, and the Papp value quantified 

to provide a more comprehensive assessment of Cu transport across the intestinal barrier.  

Translocation of CuO NMs and CuSO4 across the differentiated Caco-2 cell intestinal 

barrier occurred in a concentration and time dependent manner. Cu transport is likely to 

occur because of a compromise in the integrity of differentiated Caco-2 barrier by CuO 

NMs and CuSO4 (see section 3.3.1), which enhance the paracellular transport of NMs and 

ions. A concentration and time dependent transport was observed at 3 h post exposure of 

differentiated Caco-2 cells to CuO NMs with the translocated concentration being ~1 % 

(Chen et al. 2015). Summation of copper concentration in the AP and BL compartments 

as well as the cells added up to approximately 100 % of the exposure concentration at the 

lowest concentration (3.17 Cu µg/cm2) of CuO NMs and CuSO4. Whereas at higher 

concentrations (6.34 and 12 .68µg/cm2) of CuO NMs and CuSO4, Cu was not completely 

recovered. The inability to recover Cu at 100 % may be attributed to increased activation 

of synthesis of thiol containing proteins including metallothionein proteins, which chelate 

Cu (Gaetke et al. 2014, Letelier et al. 2005), which is confirmed by the high expression 

of MT2A (section 3.3.7). Furthermore, reports have shown that metal ions may be lost as 
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a result of binding to materials used for cell culture and for the transport experiment 

(Malysheva et al. 2016, Sekine et al. 2015) such as cell culture plates and the insert 

polycarbonate membranes thereby preventing 100 % detection.  In addition, as the cell 

monolayers are washed with PBS after removal of AP medium, and before cell digestion 

some of the NMs and ions may be lost at this stage.  

Translocation of orally absorbed pharmaceuticals and xenobiotics in drug discovery are 

often predicted using Papp measurements in vitro and ex vivo. (Hubatsch et al. 2007). The 

mechanism of translocation of substances across the intestinal barrier is likely to be via 

passive diffusion if the Papp values remain constant despite an increase in the 

concentration of the substance in the apical compartment  (Chen et al. 2015). It has also 

been reported that when Papp values are less than 1x10-6 cm/s malabsorption is implicated 

in drug development whereas Papp values greater than 10 x10-6 cm/s represent good 

absorption (Yee 1997, Walter et al. 1996). Interestingly, the Papp values of differentiated 

Caco-2 cells treated with all concentrations of CuO NMs and CuSO4 for 24 h were less 

than 1x10-6 cm/s and were greater when exposed to 6.34 and 12.68 Cu µg/cm2 CuSO4 

and 12.68 Cu µg/cm2 of CuO NMs. This suggests that both CuO NMs and CuSO4 are 

generally malabsorbed (i.e. translocation across the intestinal barrier is very slow) at 

lower concentrations and at the 24 h time point. This implies that translocation of CuO 

NMs or CuSO4 is mediated by mostly tight junction stress and dysfunction. In 

comparison, the Papp value for CuO NMs or CuSO4 at 24 and 48 h were greater than the 

Papp value obtained for mannitol (~5.0 x 10-7 cm/s) (Ferruzza et al. 2012b), which suggests 

that compromise to the intestinal barrier caused by CuO NMs was responsible for the 

translocation. The translocated CuO NMs and CuSO4 in this study were greater than the 

in vivo studies with rats using Au (1.4-18 nm) (Schleh et al. 2012) and TiO2 NMs (50 nm) 

(Kreyling et al. 2017) suggesting that NMs translocation may be overestimated using 

differentiated Caco-2 cells. The difference between these studies and this present study 

may be that CuO NMs is soluble whereas TiO2 and Au NMs are not. However, in vivo 

studies for CuO NMs would be required to confirm this. CuO NMs uptake by cells was 

low (<3 %). Uptake was measured using ICP-OES, which does not differentiate particle 

and ion and was not confirmed by microscopy but should be performed in future. 
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3.4.3. ROS formation 

It is established that NM toxicity can occur via an oxidant driven mechanism (Johnston 

et al. 2010, Fu et al. 2014, Abdal Dayem et al. 2017, Onodera et al. 2015, Abbott Chalew 

and Schwab 2013). However, only one published paper was identified, which has used 

differentiated Caco-2 cells to study the impact of Ag NMs on ROS formation 

(Georgantzopoulou et al. 2016), and no existing studies have used differentiated Caco-2 

cells to study ROS production by CuO NMs. Hence, this study has addressed a gap in 

knowledge. CuSO4 produced approximately double the level of ROS observed for CuO 

NMs. At the concentrations and time point (2 h) tested, CuO NMs did not stimulate ROS 

production. Only limited concentrations and time points were investigated in this study 

for time and financial reasons. Therefore, future studies could assess a wider range of NM 

concentrations and time points to provide a more comprehensive assessment of the 

contribution of ROS to CuO NM toxicity to differentiated Caco-2 cells. Transition metal 

ions are known to produce ROS via Fenton chemistry (Birben et al. 2012, Kleczkowski 

et al. 2002). Therefore the explanation for why ROS production by CuSO4 was greater 

than that observed for CuO NMs could be that the CuO NMs are not completely soluble 

at 2 h post exposure (Ude et al. 2017). It is imperative to note here that the level of ROS 

produced by undifferentiated Caco-2 cells (section 2.3.4.2) were significantly higher than 

that of differentiated Caco-2 cells (section 3.3.5). This could be because differentiated 

Caco-2 cells are a more robust intestinal-like enterocyte and are less sensitive to NM 

toxicity compared to undifferentiated Caco-2 cells. Similar to our findings no ROS 

production was reported after exposure of differentiated Caco-2 cells to Ag NM (20 and 

200 nm) to differentiated Caco-2 cells (Georgantzopoulou et al. 2016). Surprisingly, 

despite the lack of measurable ROS production the level of an antioxidant gene (HMOX1) 

was upregulated suggesting the involvement of oxidative stress in CuO NM toxicity. As 

described in chapter 2 (section 2.4.3) assessment of the glutathione depletion may be 

employed to better explain the involvement of oxidative stress in NM toxicity antioxidant 

levels in future. 

3.4.4. IL-8 production 

A concentration dependent increase in IL-8 production was observed in differentiated 

Caco-2 cells after exposure to CuO NMs and CuSO4 with peak IL-8 production at 48 h 
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of exposure at a concentration of 3.17 µg cm2 CuO NMs and after 24 h of exposure to 

CuSO4 (6.34 µg cm2). The earlier toxicity of CuSO4 observed could be related to CuO 

NM solubility, as CuO NMs are unlikely to be fully dissolved at 24 h.  It may also be due 

to NM interference as NM could bind to proteins preventing its detection. An increase in 

IL-8 secretion by differentiated Caco-2 cells has been reported after exposure to CuO 

NMs (15-20 nm) (Piret et al. 2012b), which was below the level detected in this present 

study. Furthermore, Gerloff and colleagues also reported an increase in IL-8 secretion 

after differentiated Caco-2 cells were exposed to ZnO NMs, with no response observed 

for SiO2 NMs (Gerloff et al. 2013). In addition, 20 nm Ag NMs were shown to induce a 

significant increase in IL-8 compared to 200 nm in differentiated Caco-2 cells 

(Georgantzopoulou et al. 2016). IL-8 production was greater in undifferentiated Caco-2 

cells compared to differentiated Caco-2 cells, which again suggests that use of 

differentiated cells may overestimate NM toxicity. Of the pro-inflammatory markers 

considered, only IL-8 was assessed as this cytokine was observed to be the most sensitive 

marker from the proteome profiler results. This corresponds with the published literature, 

in which IL-8 has most commonly been investigated. However, the proteome profiler 

result revealed that ICAM-1 secretion could also be assessed in future studies. 

3.4.5. Gene expression 

For undifferentiated Caco-2 cells (chapter 2), more time points were investigated and the 

findings informed the selection of time points for differentiated cells. Previously, 

researchers have studied the expression of HMOX1 post exposure to Ag, ZnO, Au, and 

SiO2 NMs using undifferentiated Caco-2 cells (Bajak et al. 2015, Ebabe Elle et al. 2016) 

and other cell types (A549, HCAECs, and Hela cells) (Sthijns et al. 2017, Yan et al. 2017, 

Miura and Shinohara 2009). For example, HMOX1 expression was shown to increase in  

undifferentiated Caco-2 cells after exposure to Au (5nm) for 72 h (Bajak et al. 2015) but 

not SiO2 post exposure for 24 h (Ebabe Elle et al. 2016). However, to date there are no 

published studies on the expression of HMOX1 using differentiated Caco-2 cells. In the 

present study, CuO NMs and CuSO4 stimulated a concentration and time dependent 

increase in HMOX1 mRNA expression, which was lower than the level expressed by 

undifferentiated Caco-2 cells (section 3.3.5). The upregulation of the antioxidant HMOX1 

suggests that CuO NMs and CuSO4 may stimulate an oxidant response in cells (Bansal et 
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al. 2014), however a more in depth investigation would be required to confirm the 

involvement of oxidative stress in CuO NM toxicity. 

A concentration and time dependent significant increase in IL8 expression was observed 

in differentiated Caco-2 cells in response to CuO NMs and CuSO4, which was in 

accordance with the quantitative protein assay. A similar result was observed after 

treatment of differentiated Caco-2 cells with SiO2 and ZnO NMs (Gerloff et al. 2013), 

suggesting that IL8 is a good marker of NM toxicity for differentiated Caco-2 cells. IL8 

expression in differentiated Caco-2 cells was also lower than undifferentiated Caco-2 cell 

as was observed in protein secretion, again suggesting that undifferentiated Caco-2 cells 

may be more sensitive to NMs and can lead to an overestimation of impacts. As stated in 

section 2.4.5, MT have the capacity to detoxify metals and the ability to contain excess 

metal (Sahu et al. 2013). Binding of metal NMs to MTs may reduce their toxicity to cells. 

MT1A and MT2A demonstrated a concentration and time dependent increase in 

expression in differentiated Caco-2 cells following exposure to CuO NMs and CuSO4. 

Existing studies have not investigated MT expression in differentiated Caco-2 cells 

following exposure to metal NMs. However, upregulation of MT1X and MT2A was also 

observed after exposure of HeLa and A549 cells with Ag NMs (Miura and Shinohara 

2009, Miyayama and Matsuoka 2016), or with A549 and BEAS-2B cells with CuO NMs 

(Strauch et al. 2017). Whereas the highest expression was observed at 24 h post exposure 

for MT1A, MT2A expression was highest at 12 h post exposure and MT2A was 

significantly expressed at 4 h post exposure. This indicates that assessment of MT2A 

expression may be a sensitive indicator of NM toxicity. 

A concentration and time dependent increase in MUC2 expression was observed with 

differentiated Caco-2 cells. The increase in MUC2 expression may be because MUC2 

expression increases after inflammation as a protective response (Cornick et al. 2015). 

For example, acetaldehyde has been shown to increase MUC2 expression by intestinal 

goblet-like cells (LS174T) (Elamin et al. 2014). Overall, the results suggest that HMOX1, 

IL8, MUC2, MT1A and MT2A are sensitive markers of NM toxicity to the intestine in 

vitro. 
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3.5. Conclusions 

CuO NMs and CuSO4 demonstrated a markedly similar toxicity to differentiated Caco-2 

cell. CuO NMs and CuSO4 reduced the TEER value, ZO-1 staining intensity and 

shortened microvilli and thereby were observed to cause barrier integrity dysfunction. 

The compromise on monolayer integrity is likely to be responsible for the increased 

translocation of Cu across the intestinal monolayer for both treatments. CuO NMs and 

CuSO4 also stimulated IL-8 secretion, and upregulated the expression of HMOX1, IL8, 

MT1A, MT2A and MUC2. ROS formation was greatest for CuSO4. The similar toxic 

effect of CuO NMs and CuSO4 is an indication that toxicity of CuO NMs was not only as 

a result of copper ion release, but a combination of both particles and ions. Obtained data 

demonstrate that differentiated cells are less sensitive to the toxicity of CuO NMs and 

CuSO4 than undifferentiated cells. The results suggest that TEER measurement, tight 

junction protein staining, IL-8 production and gene expression (HMOX1, IL8, MUC2 and 

MT2A) can be useful markers for investigating the toxicity of CuO NM in intestine using 

differentiated Caco-2 cells. The applicability of these markers to other NMs requires 

further investigation in the future. 
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4.1. Introduction 

The intestinal epithelium lined with mucus, which is secreted by the goblet cells and 

functions as a first line of defence against invading pathogens (Pelaseyed et al. 2014, Kim 

and Ho 2010). Mucus is also essential for digestion and absorption of food including 

egestion of undigested food, microorganisms and its by-products (Kim and Ho 2010). 

Mucus prevents infection and activation of inflammation, which could be damaging to 

the intestine by clearing and separating toxic materials such as pathogens from the 

epithelial cells to protect the intestinal epithelium (Hansson 2012). Mucus can enhance 

retention of substances in the intestinal lumen including NMs, which can be excreted with 

the mucus when the mucus layer are renewed, thereby preventing their interaction with 

the epithelial cells (Gamboa and Leong 2013). The secretory mucin glycoprotein (MUC2) 

is the largest component of the mucus in the intestine (Pelaseyed et al. 2014, Hansson 

2012).  

The human colon adenocarcinoma cell line (HT29) is frequently used as a cell line for 

mimicking mucus secretion in vitro. HT29 is derived from a primary tumour of a 

Caucasian woman aged 44  (Fogh and Trempe 1975), and is a mucus secreting cell line. 

Methotrexate (MTX) was used to transform HT29 cells to the HT29-MTX cell line (a 

mucus secreting cell). A monoculture of HT29 cells does not sufficiently mimic the 

human intestinal epithelium hence, a co-culture of Caco-2 and HT 29-MTX cells is used 

to solve this problem (Lefebvre et al. 2015). When co-cultured with differentiated Caco-

2 cells a mucus layer forms within three to four weeks in culture, as muciporous goblets 

cells form (Sambuy et al. 2001). 

Caco-2/HT29-MTX cells have been used to study the impact of the presence of mucus 

on intestinal transport of substances across the intestinal epithelium, since mucus is one 

of the essential protective barrier to pathogenic and particle uptake (Kavanaugh et al. 

2013, Yuan et al. 2013, Martínez-Maqueda et al. 2015, Sigurdsson et al. 2013, 

Georgantzopoulou et al. 2016). It has been demonstrated previously that a co-culture of 

Caco-2 and HT 29-MTX cells develops a layer of mucus that is about 2-10 µm thick, and 

which  is firmly bound completely covers the monolayer with the ability to withstand 

usual cell washing (Mahler et al. 2009). The development of Caco-2/HT29-MTX co-

cultures has used several experimental approaches. For example, cells have been seeded 

at a ratio of 9:1, 8:2, 7:3 3:2 or 1:1 (of Caco-2:HT 29-MTX) (Georgantzopoulou et al. 
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2016, Mahler et al. 2009, Pan et al. 2015, Walczak et al. 2015b) into the AP chamber of 

a transwell membrane (Figure 4.1). Culturing of Caco-2 and HT29-MTX cells at a ratio 

of 9:1 has been demonstrated to develop a model with mucus secretion properties 

resembling that of the human intestine in vivo (Pan et al. 2015, Georgantzopoulou et al. 

2016). As discussed previously, the integrity of the Caco-2 monolayer is ascertained using 

TEER measurement (Jepson 2012) and an increase in the ratio of HT29-MTX cell number 

in the co-culture decreases the TEER value (Gamboa and Leong 2013, Mahler et al. 

2009). Therefore, there is the need to seed HT29-MTX cells at a concentration that will 

lead to mucus formation but still maintain the integrity of epithelium. 

 

Figure 4.1: Schematic representation of mucus secreting co-culture model. 

Caco-2 and HT29-MTX cells are seeded into the apical compartment of a transwell insert at ration of 9:1 

and grown for 21 days. AP=apical, BL =basolateral. 

Intestinal epithelial cells can produce mucin proteins. However, goblet cells are primarily 

responsible for mucus production, and there is evidence that mucin proteins MUC2 and 

MUC13 are expressed in the Caco-2/HT29-MTX co-culture (Navabi et al. 2013). It has 

been shown that exposure of acetaldehyde to human intestinal goblet-like (LS174T) cells 

led to increased MUC2 protein expression (Elamin et al. 2014). In addition, exposure of 

human bronchial ChaGo-K1 epithelial cells to TiO2 NPs (<75 nm) stimulated mucin 

secretion (Chen et al. 2011). Mucin expression has not been quantified as a marker of NM 

toxicity in intestinal cell models to date. The Caco-2/HT29-MTX co-culture could 

represent a model of mucus secreting human intestinal epithelium for assessment of NM 

toxicity and transport. 

Although the Caco-2 and HT29-MTX co-culture has been frequently used to investigate 

NM transport and toxicity (Walczak et al. 2015b, Lai et al. 2009, Akbari et al. 2017, 

Antunes et al. 2013, Araújo et al. 2014, Georgantzopoulou et al. 2016), only limited NMs 
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have been tested and only limited endpoints (cell viability, IL-8 and ROS production) 

have been used to assess the impact of NMs on the co-culture. More specifically the Caco-

2/HT29-MTX in vitro model was used to investigate the toxicity of 20 and 200 nm Ag 

NMs and AgNO3. The treatment had no impact on cell viability or oxidative stress, but 

could stimulate IL-8 release (Georgantzopoulou et al. 2016). For extensive assessment of 

the toxicity of NMs to the intestine in vitro using a mucus secreting models, a range of 

endpoints, including assessment of the impact on tight junction integrity (e.g. using TEER 

measurement and immunostaining of the tight junction protein), cell morphology (e.g. 

using SEM and light microscopy), IL-8 production, ROS formation and gene expression 

have been adopted in this study. 

4.1.1. Aims and Objectives 

This chapter is aimed at using the Caco-2/HT29-MTX mucus secreting co-culture in vitro 

model to assess the toxicity of ingested NMs and to identify the most appropriate 

biomarkers (biochemical and molecular) to employ in the assessment of NM toxicity to 

the intestine. The toxicity of CuO NMs and CuSO4 will be compared to help decipher the 

involvement of particle and ions in NM toxicity. 

Specific objectives are as follows  

i. To ascertain the impact of CuO NMs and CuSO4 on a Caco-2/HT29-MTX co-

culture via assessment of cytotoxicity, barrier integrity and morphology using 

tight junction staining, TEER measurement, light and electron microscopy and 

nuclei counts. 

ii. To determine the impact of CuO NMs and CuSO4 on a Caco-2/HT29-MTX co-

culture on cytokine production and oxidative stress via assessment of IL-8 

production, ROS formation and expression of genes related to inflammation, 

oxidative stress, mucus secretion and metal binding (metallothionein). 

iii. To assess the translocation of CuO NMs and CuSO4 across the intestinal 

epithelium using a mucus secreting Caco-2/HT29-MTX co-culture. 

4.1.2. Hypotheses 

i. CuO NMs and CuSO4 will induce a loss of Caco-2/HT29-MTX co-culture 

viability. 
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ii. CuO NMs and CuSO4 will elicit ROS production in the Caco-2/HT29-MTX co-

culture. 

iii. CuO NMs and CuSO4 will induce cytokine production in the Caco-2/HT29-MTX 

co-culture. 

iv. CuO NMs and CuSO4 will impair barrier integrity (i.e. a reduction in TEER, 

disruption of tight junction staining) which will lead to Cu ion translocation across 

the Caco-2/HT29-MTX co-culture. 

v. CuO NMs and CuSO4 will upregulate expression of genes related to 

inflammation, oxidative stress, mucus secretion and metal binding 

(metallothionein) in the Caco-2/HT29-MTX co-culture. 

vi. The impact of CuO NMs on Caco-2/HT29-MTX co-culture will be similar to 

CuSO4. 

4.2. Materials and Methods 

4.2.1. Cell culture  

HT29-MTX cells (Clone E-12) and the Caco-2 cell line were utilised for this study. The 

source and maintenance of Caco-2 cell line are as outlined in section 2.2.3. HT29-MTX 

cells were obtained from European Collection of Authentic Cell Culture (ECACC) (UK). 

HT29-MTX cells were maintained in 4.5 g/l glucose Dulbecco’s modified eagle medium 

(DMEM) (Sigma) supplemented with 10 % heat inactivated FBS (Gibco Life 

Technologies), 100 U/ml Penicillin/Streptomycin (Gibco Life Technologies), 100 iu/ml 

NEAA (Gibco Life Technologies), and 2 mM L- glutamine (Gibco Life Technologies), 

at 37 ºC and 5 % CO2 and 95 % humidity. The cells were sub-cultured three times a week 

at 70 to 80 % confluency using 0.05 % trypsin-EDTA (Gibco Life Technologies). 

4.2.2. Culturing of the mucus secreting co-culture model  

A mucus secreting co-culture model of the gastrointestinal epithelium was cultured by 

modifying the protocol of (Pan et al. 2015, Georgantzopoulou et al. 2016). Briefly, 3.13 

x 105 cells/cm2 of Caco-2 and HT29-MTX cells were seeded onto the AP compartment 

of 3.0 µm pore polycarbonate transwell inserts in a 12- well plate with growth area of 

1.12 cm2 (Costar corning, Flintshire, UK) at a ratio of 9:1. The co-culture was maintained 

in 4.5 g/l glucose Dulbecco’s modified eagle medium (DMEM) (Sigma) supplemented 
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with 10 % FBS (Gibco Life Technologies), 100 U/ml Penicillin/Streptomycin (Gibco Life 

Technologies), 100 iu/ml nonessential amino acid (NEAA) (Gibco Life Technologies), 

and 2 mM L-glutamine (L-Glu) (Gibco Life Technologies). The cells were cultivated at 

37 oC, 5 % CO2 and 95 % humidity for 20-21 days and cell culture medium changed every 

other day for the first 16 days and then every day until the 21st day. The medium was 

changed by aspirating the cell culture medium in the BL compartment followed the AP 

compartment, and replaced with 500 µl medium in the AP compartment followed by 1.5 

ml in the BL compartment. TEER was measured every two days for monitoring the 

development of the intact monolayer following the method described in section 3.2.3. 

4.2.3. Alcian blue staining 

In order to confirm that the Caco-2/HT29-MTX co-culture model produced mucus, 

Alcian blue staining was used. Alcian blue is a blue dye used to stain mucus  due to its 

specificity to acidic glycoproteins (Pan et al. 2015) and can be imaged with light or 

electron microscopy. Briefly, the Caco-2 and Caco-2/HT29-MTX co-culture was washed 

twice with PBS and then fixed with 4% formaldehyde for 25 min at RT. The cells were 

washed thrice with PBS and stained with 10 mg/ml Alcian blue (in 3 % acetic acid) for 

30 min at RT. The cells were washed with PBS and the inserts were then carefully excised 

and mounted onto a microscopic slide. The cells were covered with glass coverslip, 

visualised with Axiovert 40 C light microscope (ZEISS, Germany) and the image taken 

with camera (EOS 60D Canon, Japan). 

4.2.4. Investigation of the impact of CuO NMs and CuSO4 on barrier integrity using 

TEER measurement 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control), 6.34 

or 12.68 Cu µg/cm2 of CuO NMs and CuSO4 (500 µl/well), and the TEER value was 

measured as described in section 3.2.4. 

4.2.5. Immunostaining of ZO-1 tight junctions 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control), 6.34 

Cu µg/cm2 of CuO NMs and CuSO4 (500 µl/well), processed, visualised and imaged as 

detailed in section 3.2.5. 
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4.2.6. Nuclei counting: Cytotoxicity 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control), 6.34 

or 12.68 Cu µg/cm2 CuO NMs and CuSO4 (500 µl/well). The cells were processed imaged 

and the nuclei number counted as described previously in section 3.2.6. 

4.2.7. Scanning electron microscopy (SEM) 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control) or 6.34 

Cu µg/cm2 of CuO NMs. The cells were processed and imaged as detailed in section 3.2.7. 

4.2.8. Romanowsky staining: Cell morphology 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control) 6.34 or 

12.68 Cu µg/cm2 of CuO NMs and CuSO4 (500 µl/well), and then processed using the 

method outlined in section 3.2.8. The cells were imaged with a light microscope- Zeiss 

fluorescent microscope, Carl Zeiss Axio Scope A 1 Upright Research Microscope 

(Germany) fitted with a camera ((EOS 60D Canon, Japan)). 

4.2.9. Assessment of Cu transport across the intestinal monolayer 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control), 3.17, 

6.34 or 12.68 Cu µg/cm2 of CuO NMs and CuSO4 (500 µl/well). Processing of the 

supernatant and cells including measurement of the Cu concentration were performed 

following the method described in section 3.2.9. 

4.2.10. Evaluation of intracellular ROS production 

The Caco-2/HT29-MTX co-culture was treated with cell culture medium (control), 6.34 

or 12.68 Cu µg/cm2 of CuO NMs and CuSO4 (500 µl/well), and the level of ROS 

formation was determined as detailed previously in section 3.2.10. 

4.2.11. IL-8 production 

The Caco-2/HT29-MTX co-culture was treated with cell culture medium (control), 200 

ng of TNF (positive control), 3.17, 6.34 or 12.68 Cu µg/cm2 of CuO NMs and CuSO4 
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(500 µl/well), and IL-8 secretion was then assessed using ELISA following the method 

previously described in section 3.2.11.2. 

4.2.12. Gene expression 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control), 3.17, 

6.34 or 12.68 Cu µg/cm2 of CuO NMs and CuSO4 (500 µl/well). The RNA was isolated 

as outlined in section 3.2.12.1 and the cDNA synthesised following the method described 

in section 2.2.11.2. qPCR was performed, and data analysed as described in section 

2.2.11.3. 

4.2.13. Data analysis 

All data were analysed as described previously in section 3.2.13.  

4.3. Results 

4.3.1. Verification of mucus production and intact monolayer formation by Caco-

2/HT29-MTX co-culture and impact of CuO NMs and CuSO4 on barrier integrity 

The development of tight junctions in the intestinal monolayer of the Caco-2/HT29-MTX 

co-culture was monitored by TEER measurement from 5 days after seeding the cells. The 

TEER value increased continuously over time and reached 870 Ω.cm2 on the 21st day 

(Figure 4.2). For all the experiments, cells with a TEER value greater than 500 Ω.cm2 

were used. The impact of CuO NMs and CuSO4 on the TEER value was assessed (Figure 

4.4). The TEER value of control cells was unaffected during the experiment. CuO NMs 

and CuSO4 caused a concentration and time dependent decrease in TEER value (Figure 

4.4). A significant decrease in TEER was observed in cells exposed to 12.68 Cu µg/cm2 

of CuO NMs and CuSO4 15 h post exposure whilst those exposed at a concentration of 

6.34 Cu µg/cm2 were only affected significantly at 24 h post exposure compared to 

control (Figure 4.4). The presence of mucus on the surface or in the Caco-2/HT29-MTX 

co-culture was determined by staining with Alcian blue. A greater intensity of blue 

staining was present on Caco-2/HT29-MTX co-culture compared to differentiated Caco-

2 cell monolayer, suggesting that there was greater mucus production (Figure 4.3). 
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Figure 4.2: TEER value of the Caco-2/HT29-MTX co-culture over 21 days. 

Caco-2/HT29-MTX cells were grown in transwell plates, and TEER measurement made at regular intervals 

to monitor cell differentiation. Data are expressed as mean TEER value ± SEM (n = 3). 

 

Figure 4.3: Mucus staining with Alcian Blue.  

Differentiated Caco-2 cells (A) and the Caco-2/HT29-MTX co-culture (B) were stained with Alcian blue 

and imaged with a ZEISS light microscope fixed with camera (EOS 60D Canon, Japan. The blue colour is 

mucus stained with Alcian blue. Representative images are shown (n=3). 
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Figure 4.4: Impact of CuO NMs and CuSO4 on Caco-2/HT29-MTX co-culture TEER 

values. 

 Caco-2/HT29-MTX cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 6.34 or 12.68 Cu µg/cm2 for 24 h. TEER values were measured using epithelial volt-

ohmmeter EVOM every 3 h. Data are expressed as mean TEER value ± SEM (n = 3). Significance at 

P<0.05 is indicated by * compared with control.  

4.3.2. Verification of tight junction formation using immunostaining and assessment 

of the impact of CuO NMs and CuSO4 on the tight junction protein (ZO-1) of the Caco-

2/HT29-MTX co-culture 

The presence of tight junctions (one of the characteristics of mature intestinal epithelium) 

in the Caco-2/HT29-MTX co-culture was confirmed by staining the tight junction protein, 

ZO-1 (Figure 4.5). Following treatment with 6.34 Cu µg/cm2 of CuO NMs, and CuSO4 

for 24 h, the intensity of the tight junction protein staining was similar to the control 

(Figure 4.5). 
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Figure 4.5: The impact of CuO NMs and CuSO4 on Caco-2/HT29-MTX co-culture tight 

junction proteins.  

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control) or 6.34 Cu µg/cm2 of CuO 

NMs and CuSO4 for 24 h, then fixed, and stained for the tight junction protein ZO-1 (green) and nucleus 

(blue). The images of extended focus were obtained with Zeiss LSM880 confocal microscope using the Zen 

program for data analyses. Red arrows indicate areas where there is a reduction in ZO-1 staining intensity. 

Scale bar = 20 µm. Representative images are shown (n=3). 

4.3.3. Verification of microvilli formation and impact of CuO NMs and CuSO4 on 

Caco-2/HT29-MTX co-culture viability and morphology 

The presence of microvilli in the Caco-2/HT29-MTX co-culture and impact of CuO NMs 

on microvilli and cell morphology was assessed with SEM and light microscopy. Using 

SEM, it was evident that extended microvilli covered the entire cell surface of control 

Caco-2/HT29-MTX co-culture cells (Figure 4.6). On exposure to CuO NMs (12.68 Cu 

µg/cm2), the microvilli of some cells were shortened compared to control and there was 

no loss of cells (Figure 4.6). Using light microscopy, it was observed that CuO NMs and 

CuSO4 did not impact on cell morphology or cell number (Figure 4.7). For assessment of 

viability, the Caco-2/HT29-MTX co-culture was stained with DAPI and a nuclei count 

performed. The co-culture treated with CuO NMs or CuSO4 showed no significant 
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difference in nuclei number, compared to the control (Figure 4.8A) and the representative 

images shown in figure 4.8B confirmed this finding, which suggests that the treatment 

did not impact on cell viability.  

  

Figure 4.6: SEM image of the Caco-2/HT29-MTX co-culture exposed to CuO NMs for 

24 h. 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control) or 12.68 Cu µg/cm2 of 

CuO NMs for 24 h. The cells were washed, fixed, dehydrated, dried and examined by SEM. Specimens i) 

and ii) are control Caco-2/HT29-MTX co-culture cells imaged at magnification of X 5000 and X 10000 

respectively. iii) and iv) are Caco-2/HT29-MTX co-culture exposed to 12.68 Cu µg/cm2 of CuO NMs 

imaged at magnification of X 5000 and X 10000 respectively. Representative images are shown (n=3). Red 

arrows indicate area of shortened microvili. 
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Figure 4.7: Impact of CuO NMs and CuSO4 on Caco-2/HT29-MTX co-culture 

morphology. 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control) and 6.34 or 12.68 Cu 

µg/cm2 CuO NMs or CuSO4 for 24 h. The cells were then fixed, stained and visualised using a light 

microscopy and imaged with a camera (EOS 60D Canon, Japan) (magnification 40 X, scale bar=20 µm. 

Representative images are shown (n=3). 
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Figure 4.8: Assessment of the viability of the Caco-2/HT29-MTX co-culture using 

nuclei staining with DAPI. 

The Caco-2/HT29-MTX co-culture was treated with 6.34 and 12.68 Cu µg/cm2 of CuO NMs and CuSO4, 

fixed and the nucleus stained with DAPI and images obtained with Zeiss fluorescent Microscope, Carl Zeiss 

Axio Scope A 1 Upright Research Microscope (magnification 40X) (B). Nuclei were then counted using 

Image J software (A). Data are presented in number of nuclei (expressed in % of the unexposed control) ± 

SEM (n = 3). Significance at P<0.05 is indicated by * compared to unexposed control. Representative 

images are presented (n=3). Scale bar = 10 µm. 
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4.3.4. Cellular uptake and translocation of Cu across the intestinal monolayer 

After 24 h exposure of CuO NMs and CuSO4, the detectable Cu concentration in the AP 

compartment ranged between 91 and 80 % (of the exposed concentration) whereas at 48 

h post exposure the detectable level decreased slightly, and ranged between 69 and 83 (of 

% of the exposed concentration) (Figure 4.9A). However, no significant change in Cu 

concentration was observed between 24 and 48 h. At each time point, there seem to be a 

dose dependent decrease in Cu concentration in the AP compartment (Figure 4.9A) but 

this was not significant. There was no difference between the translocated Cu in CuO 

NMs and CuSO4. 

A time dependent significant increase in the concentration of Cu in the BL compartment 

was observed after treatment of the Caco-2/HT29-MTX co-culture with CuO NMs and 

CuSO4, which suggests that Cu translocated from the AP compartment. The concentration 

of Cu detectable in the BL compartment at 24 h post exposure ranged between 1.6 and 

5.8 % (of the exposed concentration) and 4.5 to 8.8 % (of the exposed concentration) at 

48 h post exposure to CuO NMs and CuSO4. This suggests that NM transport increased 

over time. There was no significant concentration dependent increase in detectable Cu in 

BL media between CuO NMs and CuSO4 at either time point (Figure 4.9B). The 

concentration of Cu retained in the cell at all concentrations and time points was less than 

3.1 % of the initial exposure concentration. However, the cellular retention of CuO NM 

or CuSO4 significantly increased at 48 h (1.9 to 3.0 %) compared to 24 h (0.9 to 1.37 %) 

post exposure. The Caco-2/HT29-MTX co-culture did not demonstrate a significant 

treatment concentration dependent increase in detectable Cu in the cell (Figure 4.9C). The 

Papp of Caco-2/HT29-MTX co-culture exposed CuO NMs and CuSO4 showed a 

significant time dependent increase at all concentrations (Figure 4.10), with a higher Papp 

value observed at 48 h. 
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Figure 4.9: CuO NMs and CuSO4 cellular uptake and translocation across Caco-2/HT29-

MTX co-culture. 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control, 0), CuO NMs or CuSO4 

at concentration of 3.17, 6.34 or 12.68 Cu µg/cm2 for 24 and 48 h. The level of Cu in the AP (A) and BL 

(B) compartments, and the cells (C) were evaluated by ICP-OES. Sample preparation and data analysis 

was performed by Victor Chibueze Ude and Dr. Lorna Eades performed the ICP-OES analysis. Data are 

expressed as mean copper concentration (as a percentage of the exposed concentration) ± SEM (n = 3). 

Significance at P<0.05 are indicted by * for comparison of 24 h post exposure of 3.17 Cu µg/cm2 of CuO 

NMs to other treatment concentration within each time point or # for comparison of equivalent 

concentrations between 24 and 48 h time points. 
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Figure 4. 10: Apparent permeability coefficient (Papp) of CuO NMs and CuSO4. 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control, 0), CuO NMs or CuSO4 

at concentration of 3.17, 6.34 or 12.68 Cu µg/cm2 for 24 and 48 h. The concentration of Cu in the AP and 

BL compartment was determined by ICP-OES and Papp was calculated. Data are expressed in mean Papp ± 

SEM x10-7 cm/s (n = 3). Significance at P<0.05 are indicted by * for comparison of 24 h post exposure of 

3.17 Cu µg/cm2 of CuO NMs to other treatment concentration within each time point or # for comparison 

of equivalent concentrations between 24 and 48 h time points. 

4.3.5. ROS formation 

CuSO4 mediated a significant increase in ROS formation in the Caco-2/HT29-MTX co-

culture at 2 h post exposure, whereas CuO NMs did not. CuO NMs demonstrated less 

than a 2 fold increases in ROS production compared to control, whilst CuSO4 increased 

ROS production more than 3 fold at all concentrations tested. ROS production by the co-

culture exposed to CuSO4 was significantly higher than the negative control, positive 

control (1 mM H2O2) and CuO NMs (Figure 4.11). 
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Figure 4.11: ROS formation by the Caco-2/HT29-MTX co-culture following exposure to 

CuO NMs and CuSO4 for 2 h. 

Intracellular ROS levels were determined using the DCFH-DA assay 2 h post exposure of the Caco-

2/HT29-MTX co-culture to cell culture medium (control, 0), H2O2 (1mM), CuO NMs and CuSO4 at 

concentrations of 3.17, 6.34 and 12.68 Cu µg/cm2. Data are expressed as fold change (compared to the 

control) ± SEM (n = 3). Significance at P<0.05 are indicated by * compared to control. 

4.3.6. IL-8 production 

A concentration dependent increase in IL-8 secretion was observed following exposure 

of the Caco-2/HT29-MTX co-culture to CuO NMs and CuSO4 for 24 h (Figure 4.12). 

Significant levels of IL-8 production were observed at all concentrations for both 

treatments, compared to the control (Figure 4.12). A similar level of IL8 was produced 

by cells exposed to CuO NMs and CuSO4 at all concentrations. A below detectable level 

of IL8 was observed in the supernatant collected from the BL compartment for all 

treatments (data not shown). The positive control (200 ng/ml TNF-α for 24 h) secreted a 

concentration of 174.76 ± 41.44 pg/ml. 
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Figure 4.12: IL-8 production by the Caco-2/HT29-MTX co-culture following exposure 

to CuO NMs and CuSO4. 

The Caco-2/HT29-MTX co-culture was exposed to cell culture medium (control, 0), CuO NMs or CuSO4 

at concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 24 h. The level of IL-8 in the cell supernatant was 

determined using an ELISA. Data are expressed as mean IL-8 concentration (pg/ml) ± SEM (n = 3). 

Significance at P<0.05 is indicated by * compared to control. 

4.3.7. Gene expression 

The Caco-2/HT29-MTX co-culture exposed to CuO NMs and CuSO4 induced a 

concentration and time dependent increase in HMOX1 expression, compared to control. 

The highest fold increase in expression was observed at12 h post exposure and was 

greatest at the highest concentration of 12.68 Cu µg/cm2 for both CuO NMs and CuSO4 

with fold increase of approximately 21 fold. The lowest level of expression was observed 

at 24 h post exposure with the fold increase ranging from 3.4 to 8.5 fold (Figure 4.13A). 

This suggests a decrease in HMOX1 expression at increased time point. There was no 

significant difference between HMOX1 expression by CuO NMs and CuSO4 exposed to 

the Caco-2/HT29-MTX co-culture. 
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IL8 expression after exposure of the Caco-2/HT29-MTX co-culture to CuO NMs and 

CuSO4 significantly increased at all time points and concentrations compared to control 

except for cells exposed to CuO NMs and CuSO4 at a concentration of 3.17 Cu µg/cm2 

for 12 h (fold increase ~1.4 fold) (Figure 4.13B). The maximum expression of IL8 was 

observed at a concentration of 12.68 Cu µg/cm2 CuO NM and CuSO4 12 h post exposure, 

with the fold increase ranging from 7 to 8) (Figure 4.13B). There was no significant 

difference between IL8 expression by CuO NMs and CuSO4 exposed Caco-2/HT29-MTX 

co-culture. 

The lowest level of MT1A expression was observed for CuO NMs at a concentration of 

3.17 Cu µg/cm2 (2.5 fold increase), whilst the maximum expression of MT1A occurred at 

a concentration of 12.68 Cu µg/cm2 CuSO4 (14 fold increase) (Figure 4.13C). The 

expression of MT1A was not time or concentration dependent. CuSO4 showed a 

significantly greater level of MT1A expression compared to CuO NMs at 24 h post 

exposure (12.68 Cu µg/cm2). 

CuSO4 exposed to the Caco-2/HT29-MTX co-culture demonstrated a significant increase 

in MUC2 expression at 4 and 12 h post exposure (3.4-4.9 fold) compared to control 

(Figure 4.13D).  CuO NMs only stimulated a significant increase in MUC2 expression by 

the co-culture at a concentration of 12.68 Cu µg/cm2 (Figure 4.13D). However, for both 

CuO NMs and CuSO4 the greatest increase in MUC2 expression was observed at 24 h, 

with both treatments observed to induce a significant increase in MUC2 expression 24 h 

post exposure at all concentrations compared to control with fold increase ranging from 

9 to 16 (Figure 4.13D). 

MT2A has the greatest level of expression compared to other genes. MT2A expression 

was significantly upregulated at all concentrations and time points after exposure of the 

Caco-2/HT29-MTX co-culture to CuO NMs and CuSO4 compared to control with the 

fold increase ranging between 17 and 128. The highest fold increase in MT2A expression 

was observed at 12 h post exposure, reaching a maximum at a concentration of 12.68 Cu 

µg/cm2 for both CuO NMs and CuSO4 (128 and 119 fold increase respectively). The 

lowest level of MT2A expression was observed at 4 h post exposure with a fold increase 

of between 22 and 46 (Figure 4.13E). No significant difference was observed between 

gene expression by CuO NMs and CuSO4 for MT2A expression. A heatmap summarising 

the findings from all genes is represented in figure 4.14, and allows visualization of the 



CHAPTER 4: Impact of copper oxide NMs and copper sulphate on a Caco-2 and HT29-MTX co-culture-

an intestinal mucus-secreting model 

131 

 

concentration and time dependence of CuO NMs and CuSO4 impacts on the gene 

expression to be compared. 
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Figure 4.13: Effect of CuO NMs and CuSO4 on gene expression in the Caco-2/HT29-

MTX co-culture.  

Cells were exposed to cell culture medium (control, 0), CuO NM or CuSO4 at concentrations of 3.17, 6.34 

or 12.68 Cu µg/cm2 for 4, 12 and 24 h and changes in HMOX1 A), IL8 B), MT1A C), MUC2 D), MT2A E) 

expression assessed using qPCR. Data were expressed as mean fold change (compared to the control) ± 

SEM (n = 3). Significance indicated by * = P<0.05 and ** = P<0.01 compared to control. 
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Figure 4.14: Heatmap representation of gene expression of Caco-2/HT29-MTX co-

culture after exposure to CuO NM and CuSO4.  

Caco-2/HT29-MTX cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 4, 12 and 24 h and expression of HMOX1, IL8, MT1A, 

MUC2, MT2A assessed using qPCR. Genes were compared separately for significance.  Data were 

expressed as mean fold change ± SEM (n = 3). Significance indicated by * = P<0.05 and ** = P<0.01 

compared to control. 

4.4. Discussion 

Here, the impact of CuO NMs and CuSO4 on the Caco-2/HT29-MTX co-culture was 

studied via assessment of cell viability (nuclei count and light microscopy), cell 

morphology (light microscopy and SEM), IL-8 production, ROS formation and barrier 

integrity (SEM, TEER and ZO-1 staining). Presence of mucus on the Caco-2/HT29-MTX 

co-culture was determined by Alcian blue staining. Cu ion translocation and expression 

of HMOX1(oxidative stress gene), IL8 (inflammatory response gene), MUC2 (mucus 

secreting gene), MT1A and MT2A (metal binding genes) were also investigated. The 

presence of mucus on the surface of the co-culture monolayer is a clear indication of the 
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successful development of a mucus secreting in vitro intestinal model.  CuO NMs and 

CuSO4 induced no significant cell death on Caco-2/HT29-MTX cells as demonstrated by 

a lack of impact on nuclei number and morphology (via SEM and light microscopy). CuO 

NMs and CuSO4 impaired barrier integrity, as revealed by a reduction in TEER. The 

reduction in barrier integrity is likely to be responsible for the concentration and time 

dependent translocation of Cu ions across the Caco-2/HT29-MTX barrier. CuO NMs and 

CuSO4 also stimulated an increase in IL-8 production, and upregulated the expression of 

HMOX1, IL8, MUC2, MT1A and MT2A. In general, there was no difference between the 

impact of CuO NMs and CuSO4 on Caco-2/HT29-MTX cells for all the endpoints 

employed for this study with the exception of ROS formation. 

4.4.1. Barrier integrity and cytotoxicity 

Mucus secretion is one of the characteristics of human intestinal epithelium. Alcian blue 

staining of the Caco-2/HT29-MTX co-culture demonstrated increased mucus staining 

compared to differentiated Caco-2 cells, suggesting that co-culturing of Caco-2 and 

HT29-MTX cells at the ratio of 9:1 stimulated mucus secretion, which could withstand 

the vigorous washing procedures. The level of mucus production and impact of NMs on 

mucus was not assessed. However, in future, mucus levels may be quantified using the 

method of enzyme-linked lectinosorbent assay (ELLA) that measured the reactivity of 

glycoproteins pre- and post-exposure to NMs (Even-Tzur et al. 2008). In addition to 

mucus secreting properties, the co-culture also maintained the characteristics of the 

intestinal epithelium in vivo such as presence of microvilli and tight junctions. Other 

researchers also reported similar result when a ratio of 9:1 of Caco-2 and HT29-MTX 

cells were co-cultured (Pan et al. 2015, Antunes et al. 2013). 

Researchers have routinely used TEER measurement to determine the differentiation 

status of Caco-2/HT29-MTX co-culture (Brun et al. 2014, Akbari et al. 2017, Antunes et 

al. 2013, Walczak et al. 2015b, Calatayud et al. 2012). In this study, the TEER value was 

> 250 Ω.cm2, which is suggested to be the minimum acceptable intestinal cell TEER value 

(Pan et al. 2015). This data indicates that the Caco-2/HT29-MTX co-culture developed 

an intact monolayer. The TEER value measured for Caco-2/HT29-MTX co-culture was 

comparable to that measured for differentiated Caco-2 cells (section 3.4.1). Assessment 

of TEER was also used to assess impacts of NMs on the integrity of the intestinal barrier. 
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Reduction in TEER in the Caco-2/HT29-MTX co-culture following exposure to 

polystyrene and TiO2 NMs to the Caco-2/HT29-MTX co-culture has been reported, and 

was similar to these findings (Brun et al. 2014, Walczak et al. 2015b). However, this 

research differs from existing studies as TEER values were only assessed at one time 

point previously whilst in this study, a range of time points have been used to ascertain 

the impact of CuO NMs and CuSO4 on TEER over time. Interestingly, when the Caco-

2/HT29-MTX cells were exposed to 6.34 Cu µg/cm2 of CuO NMs and CuSO4, the TEER 

started decreasing at 15 h post exposure and was significant after 24 h of treatment. For 

the higher exposure concentration of 12.68 Cu µg/cm2 of CuO NMs and CuSO4 the TEER 

value of the co-culture model reduced significantly (P<0.5) as soon as 12 h post exposure. 

The TEER values of the Caco-2/HT29-MTX cell seemed to be less sensitive compared 

to differentiated Caco-2 cells (chapter 3, section 3.4.1) after exposure to CuO NMs and 

CuSO4. Therefore, the presence of mucus may reduce the toxicity of the treatments 

depending on the treatment concentration.  

Furthermore, to study the development of intact tight junctions (as confirmation of cell 

differentiation) and the impact of CuO NMs and CuSO4 on the barrier integrity of the 

Caco-2/HT29-MTX co-culture, the ZO-1 protein was stained. The clear high intensity of 

ZO-1 staining on the control (untreated) indicates a development of intact tight junction 

by the Caco-2/HT29-MTX co-culture, again indicating that the cells were differentiated. 

Exposure of CuO NMs and CuSO4 to the Caco-2/HT29-MTX co-culture did not seem to 

be much different, as the control staining was not a clear pattern. This may be due to the 

presence of mucin secreting cells providing a different pattern of staining, although the 

cells seem to be relatively intact. The decrease sensitivity of the Caco-2/HT29-MTX co-

culture to CuO NMs and CuSO4 toxicity therefore aligns with the findings from TEER 

measurements, discussed above. Tight junction protein staining has been used to monitor 

the development of tight junction by cells such as differentiated Caco-2 cells (Price et al. 

2014, Qin et al. 2009), and Madin-Darby canine kidney (MDCK) cells (Tokuda et al. 

2014), but only one published paper has used ZO-1 tight junction staining in Caco-

2/HT29-MTX co-cultures (Brun et al. 2014), which was measured in response to TiO2 

NMs. More specifically, Brun et al. (2014) demonstrated that TiO2, (12 to 140 nm) altered 

the staining intensity of ZO-1 protein in the Caco-2/HT29-MTX co-culture after 24 h 
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exposure. However, there is no other published papers on the impact of CuO NMs and 

CuSO4 on the tight junctions of Caco-2/HT29-MTX co-culture to date. 

SEM imaging of control Caco-2/HT29-MTX cells demonstrated the presence of 

microvilli, which shortened after exposure of CuO NMs for 24 h. This finding confirmed 

that Caco-2/HT29-MTX co-culture retained the characteristics of differentiated Caco-2 

cells in addition to mucus secreting properties, which is in agreement with the previous 

findings (Pan et al. 2015). The shortening of the microvilli indicates that CuO NMs 

affected the cell structure of the Caco-2/HT29-MTX co-culture monolayer. The impact 

of CuO NMs on the microvilli of Caco-2/HT29-MTX cells has not been studied 

previously. Impact of CuO NMs on microvilli may be assessed further via villin protein 

staining. There was no impact on the nuclei number and cell morphology/number of 

Caco-2/HT29-MTX cells. These methods were used to assess impacts on viability, as the 

Alamar blue assay is not compatible with the transwell plates used to culture Caco-

2/HT29-MTX and the LDH assay cannot be used due to Cu interference (section 2.4.2). 

4.4.2. Translocation and cellular uptake 

Researchers have used Caco-2/HT29-MTX co-cultures to study drug absorption and 

transportation (Antunes et al. 2013, Boegh et al. 2014, Hilgendorf et al. 2000), as well as 

NM uptake and translocation (Akbari et al. 2017, Walczak et al. 2015b, Araújo et al. 

2014, Calatayud et al. 2012, Jin et al. 2012, Kenzaoui et al. 2012, Yuan et al. 2013). 

However, none of these studies has investigated the translocation of CuO NMs using a 

Caco-2/HT29-MTX co-culture. In addition, existing studies with NMs have only assessed 

the concentration of NMs in the BL compartment. In this study, different concentrations 

of CuO NMs and CuSO4 were used to investigate the translocation of Cu from the AP to 

BL compartment over time by assessing the concentration of Cu in cells, AP and BL 

media. The concentration of Cu in the BL media, and cell increased in a time dependent 

manner. Increased concentration of Cu in AP compartment (compared to differentiated 

cells (section 3.3.4)) were observed at 24 and 48 h post exposure whilst increased Cu 

concentration was observed in the BL media at 48 h suggesting that the mucus covering 

the cell surface, may have prevented NM penetration and delayed the contact between the 

enterocytes and Cu. Although, not performed in this study, the trapping of NMs by the 
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mucus may be studied in future using electron microscopy, which could image the 

interaction of particle with mucus. 

Less than 100 % of the Cu content exposed to cells was recovered in the samples. The 

unrecovered Cu could have bound to thiol containing peptides and proteins, and cell-

culture plastics as previously described (section 3.4.2). In comparison, iron oxide NMs 

(9–10 nm) coated with either cationic polyvinyl amine (aminoPVA) or anionic oleic acid 

translocated into the BL compartment (<2 %) 24 h post exposure using Caco-2/HT29-

MTX co-culture (Kenzaoui et al. 2012), which was higher than observed for CuO NMs 

reported in this present study. Walczak et al exposed a Caco-2/HT29-MTX co-culture to 

neutral, amine and carboxyl-modified polystyrene NMs (50 and 100 nm) for 24 h 

(Walczak et al. 2015b). They observed a translocation rate of 4.5 and 0.5 % for 50 nm 

and 100 nm neutral polystyrene NMs respectively, suggesting that NM size can influence 

NM translocation across the intestinal barrier. In addition, up to 6.8 % of carboxyl-

modified polystyrene was translocated across the cells, whereas 1 % of the amine 

modified counterpart was translocated suggesting that negative modification may 

enhance translocation. Furthermore, in vivo experiments have demonstrated 0.6 % of 

48V-radiolabeled (48V) TiO2 NMs (70 nm) translocated across the gastrointestinal 

barrier when administered to female wistar-kyoto rats via intra-oesophageal instillation 

across the gastrointestinal barrier at 1 h post exposure and only 0.05 % were still retained 

in the body after 7 days (Kreyling et al. 2017). In future, it would be of interest to study 

the cellular uptake of CuO NMs using TEM, as the method used to quantify Cu (ICP-

OES) does not discriminate between particles and ions. 

The Papp value of Cu translocation across the Caco-2/HT29-MTX co-culture was less than 

1x106, which implies that CuO NMs and CuSO4 are poorly absorbed by the co-culture 

model. However, extension of the time of exposure may lead to an increased Papp value 

as a significant increase was observed after 48 h exposure compared 24 h.  Exposure of  

Cruciferin/Calcium (Cru/Ca) and Cruciferin/Chitosan (Cru/Cs) NMs to Caco-2/HT29-

MTX co-culture demonstrated higher Papp values (Akbari et al. 2017) compared to this 

present study. 
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4.4.3. ROS formation  

A series of studies have implicated ROS formation as one of the mechanism underlying 

NM toxicity (section 3.4.3) however only two published papers have studied the impact 

of NMs on ROS production by Caco-2/HT29-MTX cells (Lai et al. 2013, 

Georgantzopoulou et al. 2016) and none have used CuO NMs and CuSO4. Therefore, this 

study fills this gap in knowledge. CuSO4 stimulated a significant increase in ROS 

formation at 2 h post exposure, whereas CuO NMs did not. This could be attributed to the 

delayed and incomplete dissolution of CuO NMs at the time point studied as demonstrated 

in the dissolution studies for this NMs (Ude et al. 2017). Therefore, future studies could 

assess ROS production over a range of time points. Previous reports have shown that Ag 

NM (20 and 200 nm) and AgNO3 did not induce ROS production 2 h post exposure to 

Caco-2/HT29-MTX co-culture (Georgantzopoulou et al. 2016).  In addition, a lack of 

ROS formation was observed after exposure of Caco-2/HT29-MTX cells to carboxylated 

single-walled carbon nanotubes (SWCNT-COOH), multi-walled carbon nanotubes 

(MWCNT-COOH) and poly (4-vinylpyrrolidone) (PVP) wrapped multi-walled 

(MWCNT-PVP) 8 h post exposure (Lai et al. 2013).  In future studies, reactive nitrogen 

species (RNS), antioxidant (e.g. glutathione) depletion and/or lipid peroxidation should 

be assessed to determine the contribution of oxidative stress to the toxicity of CuO NMs 

in the Caco-2/HT29-MTX co-culture model. 

4.4.4. IL-8 production 

CuO NMs and CuSO4 stimulated a concentration dependent increase in IL-8 production 

24 h post exposure to Caco-2/HT29-MTX cells. Similarly exposure of the Caco-2/HT29-

MTX co-culture to Ag NMs (20 nm) and AgNO3 on Caco-2/HT29-MTX co-culture 

demonstrated a concentration dependent increase in IL-8 secretion but Ag NM (200 nm) 

had no significant impact indicating a size dependent effect (Georgantzopoulou et al. 

2016). However, SWCNT-COOH, MWCNT-COOH and PVP wrapped MWCNT-PVP 

demonstrated non-significant effect in all the pro-inflammatory cytokines (TNF-α, IL-1β, 

IL-6 and IL-8) assessed at 8 h post exposure to Caco-2/HT29-MTX co-culture  (Lai et al. 

2013). Assessment of cytokine release after treatment of Caco-2/HT29-MTX co-culture 

with NMs is not frequently performed as only two published papers have been identified, 

which have used cytokine production to assess NM toxicity in Caco-2/HT29-MTX co-
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culture (Lai et al. 2013, Georgantzopoulou et al. 2016). Other researchers who have 

assessed cytokine release with co-culture cells have used co-culture of different cells 

other than Caco-2 and HT29-MTX such as BEAS-2B cells and neutrophils(Pang et al. 

2012), Caco-2 and human macrophages (THP-1) cells (Susewind et al. 2016), Caco-2, 

THP-1 and human dendritic cells (MUTZ-3) (Kämpfer et al. 2017) and they observed 

increased IL-8 secretion.   Therefore, the study has shown that IL-8 production could be 

incorporated in future studies when testing NM toxicity using the Caco-2/HT29-MTX co-

culture. Other cytokines such as IL-6, IL-10, TNF- and IL-1 should be assessed in 

future studies to investigate the impact of CuO NMs on cytokine production. 

4.4.5. Gene expression 

As mentioned above (section 4.4.2) most research conducted with Caco-2/HT29-MTX 

co-cultures are on translocation, uptake and absorption. However, this study has used the 

Caco-2/HT29-MTX model to investigate the impact of CuO NMs and CuSO4 on 

oxidative stress genes (HMOX1), metal binding genes (MT1A and 2A), a mucus secreting 

gene (MUC2) and a pro-inflammatory response gene (IL8) to investigate their mechanism 

of action and identify biomarkers of toxicity. A time dependent upregulation of the 

HMOX1 which was maximal at 12 h post exposure, suggests that CuO NMs and CuSO4 

may be stimulating an oxidative response in cells, and that 12 h might be the optimum 

time point for study of HMOX1 expression in future. Similar upregulation was also 

observed in undifferentiated Caco-2 cells after exposure to Au (5nm) (Bajak et al. 2015). 

Oxidative stress or substance that can generate ROS directly or indirectly stimulates 

upregulation of the HMOX1. HMOX1 expression alteration may be induced by 

transcription factors such as NF-E2-regulated factor-2, hypoxia-inducible factor-1 or 

activator protein including, metal binding compounds and antioxidants (Ryter and Choi 

2005, Ryu et al. 2014). Upregulation of HMOX1 has been reported after exposure of Ag 

NMs (20 1126 nm) to Caco-2/Raji B co-culture (Bouwmeester et al. 2011) and Hela cells 

and A549 cells (Miura and Shinohara 2009, Sthijns et al. 2017). 

 Increased IL8 expression was observed at all time points after exposure of the Caco-

2/HT29-MTX co-culture to CuO NMs and CuSO4, which is consistent with the IL-8 

protein secretion assay (ELISA) (section 4.4.4). The maximum stimulation of IL8 was 

observed at 12 h. Although, IL8 mRNA expression by Caco-2/HT29-MTX cells 
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following exposure to CuO NMs has not been studied previously, reports have shown an 

increase in IL-8 protein production after exposure of Caco-2/HT29-MTX co-culture to 

Ag NMs (20 nm) (Georgantzopoulou et al. 2016). 

There is no published paper on MT expression following exposure of the Caco-2/HT29-

MTX co-culture to CuO NMs and CuSO4, hence the need for this study. Upregulation of 

MT expression is dependent on ion release; hence, the toxicity of CuO NMs is likely to 

rely on the dissolution of the NMs (in the intracellular or extracellular environment). 

Exposure of A549 and BEAS-2B cells to CuO NMs has been demonstrated to upregulate 

MT (Strauch et al. 2017). This study has shown an induction of MT1A and MT2A 

expression after exposure of CuO NMs and CuSO4 to Caco-2/HT29-MTX co-culture at 

all time points and concentrations tested suggesting that MT may be a good marker for 

metallic NM toxicity study, and in particular Cu NMs. The level of expression of MT2A 

was higher than MT1A and maximum at 12 h post exposure as was also observed in 

differentiated and undifferentiated Caco-2 cells (sections 2.3.5 and 3.3.7). This high level 

of expression for MT2A than MT1A was also observed in a previous study with Caco-

2/Raji B cells (Bouwmeester et al. 2011) and A549 and BEAS-2B (Strauch et al. 2017). 

Therefore, MT2A may be suggested as a better marker for metallic NM investigation than 

MT1A in intestine. 

The principal site of MUC2 expression is in the intestine (Lesuffleur et al. 1993, 

Johansson et al. 2008, Johansson et al. 2011). In the Caco-2/HT29-MTX co-culture, 

MUC2 expression occurred in time and concentration dependent manner with a maximal 

response after 24 h exposure, as also shown by differentiated Caco-2 cells (section 3.3.7). 

In control cells, MUC2 expression in Caco-2/HT29-MTX co-culture is higher compared 

to differentiated and undifferentiated Caco-2 cells, which provides additional 

confirmation that the development of a mucus secreting intestinal in vitro model was 

successful. Taken together, the findings demonstrate that when assessing the toxicity of 

NMs via investigation of expression in Caco-2/HT29 –MTX cells, HMOX1, IL8, MT2A 

and MUC2 may serve as the most sensitive molecular markers, however, HMOX1 and 

MT2A are suggested for 4 h, IL8 at 12 h and MUC2 at 24 h post exposure assessment. In 

the future, other metallothionein isoforms (such as MT1B, MT1M, MT1L, MT1E, MT1F, 

MT1X, MT1G and MT1H), antioxidant genes (catalase, glutathione peroxidase, 

superoxide dismutase), apoptosis genes (caspases 3 and 7 or cleaved poly (ADP ribose) 
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polymerase (PARP)) could be studied to perform a more in-depth assessment of 

molecular markers of the NM toxicity to the intestine in vitro. Protein production/activity 

were not measured in this study and this could be assessed in the future studies. 

4.5. Conclusions 

The Caco-2/HT29-MTX co-culture in vitro model has closer physiological characteristics 

to intestinal cells in vivo than Caco-2 cell monocultures. Interestingly, CuO NMs and 

CuSO4 compromised barrier integrity like differentiated Caco-2 cells. However, the 

impact on the integrity of cell monolayer for the co-culture was less than that observed 

for differentiated Caco-2 cells. This may also explain why there was less Cu translocation 

in the Caco-2/HT29-MTX co-culture model. The effect is likely to result from the 

presence of mucus in Caco-2/HT29-MTX co-culture, which limits the interaction of the 

NMs with the intestinal epithelial cells. Exposure of CuO NMs and CuSO4 mediated 

increased IL-8 secretion, and expression of HMOX1, IL8, MT1A, MT2A and MUC2 in the 

Caco-2/HT29-MTX co-culture.  As observed previously, CuO NMs and CuSO4 induced 

a similar impact in Caco-2/HT29-MTX co-culture at all the tested endpoints except ROS 

production. TEER measurement, IL-8 secretion, HMOX1, IL8, MT2A and MUC2 

expression could be employed as markers when testing the toxicity of CuO NMs  in the 

co-culture model. Further research is required to further probe the mechanism of toxicity 

of CuO NMs. 
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5.1 Introduction 

One of the largest lymphoid organs is the GALT (which is made up of approximately 70 

% of the bodies immunocytes) and comprises of aggregated and isolated lymphoid 

follicles (Jung et al. 2010, Neutra et al. 2001, Corr et al. 2008).  The Peyer’s patches are 

formed from aggregated lymphoid follicles in follicle-associated epithelium (FAE) which 

includes M cells  (Jung et al. 2010, Corr et al. 2008). Microfold cells represent ~10 % of 

the follicle-associated epithelium and are responsible for luminal antigen sampling 

(Lefebvre et al. 2015, Gamboa and Leong 2013, Jepson and Ann Clark 1998, Jepson and 

Clark 2001). M cells lack microvilli in the apical side and are responsible for transporting 

particles and pathogens across the intestinal epithelium to the underlying immune cells 

(des Rieux et al. 2007, Brayden et al. 2005, Corr et al. 2008, Shakweh et al. 2004, Jepson 

and Clark 2001). M cells function as antigen sampling cells and are a site for microbial 

and particulate matter trafficking (Powell et al. 2007). Translocation of food grade TiO2 

(100-200 nm), mixed environmental silicate (100-700 nm) and aluminium silicate (<100-

400 nm) particles have be studied ex vivo (using surgically resected intestinal tissues) and 

the particles were observed in the macrophages within the GALT of human volunteers 

(Powell et al. 1996). 

There are currently three different in vitro models of M cells and all are based on Caco-2 

co-cultures. The first is the co-culture of murine lymphocytes from the Peyer’s patch and 

Caco-2 cells using transwell plates (Kernéis et al. 1997), but this model has the limitations 

that it lacks uniformity, is not completely made of human cells, and relies on the use of 

animals to obtain the lymphocytes, which has ethical and financial implications. The co-

culture of murine isolated lymphocytes and Caco-2 cells has been used to study the 

adhesion, internalization and translocation of Vibrio cholerae (Kernéis et al. 1997). This 

model has also been used to investigate NM transport across the intestinal epithelium. 

More specifically, 5 fold increase in transportation of chitosan-DNA NMs (390 kDa and 

60–100 kDa) were reported in M cell monolayer compared to intestinal monolayer 

formed from only differentiated Caco-2 cells (Kadiyala et al. 2010). The second model is 

a co-culture of human Burkitt’s Raji B cells with Caco-2 cells in a transwell plate. In this 

model, Raji B cells are seeded in the BL compartment of the transwell plate after 14 days 

and are grown for a further 4-6 days (Figure 5.1 A) (des Rieux et al. 2005). This model 

has been used to study the transport of pharmaceuticals, and carboxylated and aminated 
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latex NMs from the AP to BL compartments (des Rieux et al. 2005). In addition, other 

researchers also demonstrated a substantial development of M cells in vitro using a Caco-

2/Raji B co-culture  without inverting the insert (Schimpel et al. 2014). Translocation of 

E. coli, S. enterica using un-inverted Caco-2/Raji B co-cultures has been investigated 

previously (Martinez-Argudo and Jepson 2008, Tahoun et al. 2011). 

 The third model also involves a co-culture of Caco-2 cells with Raji B cells, but the insert 

is inverted during the culture (Figure 5.1B), thereby allowing close contact of the Raji B 

cells with Caco-2 cells, which is thought to promote M cell development (des Rieux et al. 

2007). Caco-2 cells are seeded into the apical side of the transwell membrane for 3-5 

days, and then the transwell insert is inverted. After 14 days, Raji B cells are seeded to 

the BL side and the M cells form after 4-6 days of seeding the Raji B cells. Following the 

formation of the M cells, the inserts are placed back at its original orientation before use 

for studies (des Rieux et al. 2007).  M cell development using inverted and un-inverted 

transmembrane plates have been used to study insulin translocation from AP to BL 

compartment (Antunes et al. 2013). Translocation and whole genome gene expresion 

have also been investigated using this model in response to Ag NMs (Bouwmeester et al. 

2011). Antunes et al reported that there was no difference between inverted and un-

inverted Caco-2/Raji B co-culture based on WGA staining and insulin translocation 

studies  (Antunes et al. 2013) hence un-inverted model was used for this study. Several 

methods are used for assessment of M cell development including WGA staining to stain 

sialic acid and N-acetylglucosamine residues present in M cells, alkaline phosphatase 

secretion and electron microscopy to identify a lack of microvilli on the M cell (Schimpel 

et al. 2014, Martinez-Argudo and Jepson 2008, Brun et al. 2014) . It is therefore necessary 

to confirm the development of M cells prior to using the inverted or un-inverted Caco-

2/Raji B co-culture model. 

As described for the Caco-2/HT29-MTX co-culture, most researchers who have used in 

vitro M cell models (e.g. Caco-2/Raji B co-culture) to investigate the response of the 

intestine to NMs in vitro have concentrated on investigation of translocation and 

permeability of NMs with little or no attention to assessment of the toxicity of NMs (des 

Rieux et al. 2005, des Rieux et al. 2007, Cabellos et al. 2017). Therefore, to elucidate the 

appropriate marker for studying the toxicity of NMs in the intestine using an M cell in 

vitro model. An extensive range of markers such as tight junction integrity using TEER 
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measurement, SEM, immunostaining of the tight junction, light microscopy, nuclei count, 

cytokine production, ROS formation, NMs translocation and gene expression were tested 

to investigate the toxicity of NMs on Caco-2/Raji B co-cultures. 

A 

 

B 

 

Figure 5.1: Schematic representation of M cell co-culture in vitro model. 

Caco-2 cells are seeded into the apical compartment at day 1 followed by Raji B cells into the BL 

compartment on the 14th to 16th for development of the un-inverted in vitro M cell model (A). Alternatively, 

Caco-2 cells are seeded into the apical compartment at day 1, and the insert is then inverted at day 3 to 5 

and then the Raji B cells are seeded on the 14th to 16th day on the top of the inverted (B). The cells are 

allowed to grow together until the 20th or 21st day to form the M cell.  

5.1.1. Aim and objectives 

The aim of this chapter is to investigate the potential use of the Caco-2/Raji B co-culture 

as an in vitro M cell model for the study of NM toxicity, and to identify the most 

appropriate biochemical and molecular biomarker to employ in the assessment of NM 

toxicity in intestine using this in vitro model. The toxicity of CuO NMs and CuSO4 will 

be compared to help elucidate the involvement of particle and ions in the toxicity of NMs. 
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Specific objectives are as follows 

i. To elucidate the impact of CuO NMs and CuSO4 on the Caco-2/Raji B co-culture 

via investigation of cytotoxicity (light and electron microscopy and nuclei 

counts), barrier integrity (using tight junction staining, TEER measurement) and 

cell morphology, IL-8 production, ROS formation and expression of genes related 

to inflammation, oxidative stress, mucus secretion and metal binding 

(metallothionein).  

ii. To investigate the translocation of CuO NMs and CuSO4 across the intestinal 

epithelium using a Caco-2/Raji B co-culture. 

5.1.2. Hypotheses 

i. CuO NMs and CuSO4 will induce a loss of cell viability in the Caco-2/Raji B co-

culture. 

ii. CuO NMs and CuSO4 will induce ROS production in the Caco-2/Raji B co-

culture. 

iii. CuO NMs and CuSO4 will stimulate IL-8 production in the Caco-2/Raji B co-

culture. 

iv. CuO NMs and CuSO4 will impair barrier integrity via reduction in TEER, 

disruption of tight junction staining thereby enhancing Cu ion translocation across 

the Caco-2/Raji B co-culture. 

v. CuO NMs and CuSO4 will mediate increased expression of genes related to 

inflammation, oxidative stress, mucus secretion and metal binding 

(metallothionein) in the Caco-2/Raji B co-culture. 

vi. The impact of CuO NMs and CuSO4 on the Caco-2/Raji B co-culture will be 

similar. 

5.2. Materials and Methods 

5.2.1. Cell culture 

Human Burkitti’s lymphoma; B lymphocyte (Raji B) cells were obtained from ATCC 

(USA). The source and maintenance of the Caco-2 cell line is previously described 

(section 2.2.3). Raji B cells were maintained in Roswell Park Memorial Institute (RPMI) 
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1640 Medium (Gibco Life Technologies) supplemented with 10 % heat inactivated FBS 

(Gibco Life Technologies), 100 U/ml Penicillin/Streptomycin (Gibco Life Technologies) 

and at 37 ºC, 5 % CO2 and 95 % humidity. The cells were sub-cultured three times a 

week. 

5.2.2. Culturing of the microfold (M) cell model of the intestinal epithelium 

The M cell model of the gastrointestinal epithelium was cultivated by modifying the 

protocol as described (Gullberg et al. 2000, des Rieux et al. 2005, Schimpel et al. 2014). 

Briefly, 3.13 x 105 cells/cm2 of Caco-2 cells were suspended in 0.5 ml of DMEM and 

seeded into the AP compartment of 3.0 µm pore polycarbonate transwell inserts in a 12- 

well plate, with growth area of 1.12 cm2 (Corning) and grown for 15 days at 37 oC, 5 % 

CO2 and 95 % humidity. The medium on both the AP (0.5 ml) and BL (1.5 ml) 

compartments was changed every other day. On the 15th day, 5 x 105 cells/ml of Raji B 

cells were suspended in DMEM (1.5 ml) and seeded into the BL compartment. The co-

culture was grown for 5 days under standard incubation conditions and the medium was 

changed only in the AP compartment every day. The TEER was measured every other 

day following the method described in section 3.2.3. 

5.2.3. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a powerful microscope that transmits 

electron beams through an ultrathin (< 100 nm) section of a specimen or an aqueous 

suspension on a grid. The interaction of the specimen with the beam as the beam passes 

through the specimen leads to image formation. The image formed is magnified by 

electromagnetic lenses and then the images focused and collected on a screen.  In this 

study, TEM was used to identify a lack of microvilli in Caco-2 /Raji B co-culture as an 

evidence of M cell formation. Differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-

2/Raji B co-cultures (for methodology please refer to sections 3.2.2, 4.2.2 and 5.2.2) were 

washed twice with PBS and fixed with 2.5 % glutaraldehyde (in 0.1 M sodium 

cacodylate) for 2 h at the RT. The cells were washed with wash buffer (0.1 M sodium 

cacodylate pH 7.3) for 10 min three times, and further processed by Stephen Mitchel 

(Edinburgh University). Briefly, the cells were rinsed with H2O for 10 min twice, and 

post fixed with 1 % osmium teteraoxide (OsO4 in H2O) for 45 min then washed again for 
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10 min twice. Afterwards, the cells were dehydrated with graded concentrations of 

ethanol (50, 70 and 95 %), for 10 min each, and 100 % ethanol for 10 min three times. 

This was followed by 50:50 ethanol: resin for 1 h, 100 % resin for 1 h twice. The insert 

was then carefully excised and embedded in fresh epoxy resin and polymerised at 60 oC 

for 24 h. The samples were embedded and cured before being fastened to a trimming 

block. A trapezoid shape of around 1 µm thickness was obtained with an ultramicrotome 

(Leica Microsystems Milton) and stained with toluidine blue then viewed under light 

microscope (Olympus B X 40, Germany) to select an appropriate section to examine. 

Approximately 60 nm sections were cut and transferred onto TEM grids followed by 

coating of the grid with 5 nm of evaporated carbon to minimise charging. The cells were 

examined, and images taken with a Philips/FEI CM120 Bio Twin Transmission Electron 

Microscope (Germany). The images were processed with image J. 

5.2.4 Wheat germ agglutinin (WGA) conjugates staining 

In order to confirm the formation of M cells by the Caco-2/Raji B co-culture fluorescein 

isothiocyanate  (FITC) labelled WGA was used to stain Caco-2/Raji B co-cultures due to 

the high affinity of WGA to sialic acid and N-acetylglucosamine residues present in M 

cells (Schimpel et al. 2014). Differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-

2/Raji B co-cultures were washed twice with PBS and fixed with 4 % formaldehyde for 

25 min at RT. The cells were washed three times with PBS and then 500 l of 5.0 µg/ml 

WGA FITC conjugate (in PBS) (Sigma Poole, UK) was used to label the cells for 15 min 

at RT. The cells were then washed two times with PBS. The polycarbonate inserts were 

carefully excised and mounted with ProLong® Gold antifade reagent with DAPI 

(Molecular probes, Life Technology, UK) onto a microscope slide and covered with a 

glass coverslip then, sealed with nail polish and allowed to dry at 4 oC for 24 h before 

visualizing with a Carl Zeiss Axio Scope A 1 Upright Research Microscope (Germany) 

fixed with a camera (ZEISS Axiocam ERc 5s). More than 4 fields of view were taken. 
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5.2.5. Investigation of the impact of CuO NMs and CuSO4 on Caco-2/Raji B co-culture 

barrier integrity 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control), 6.34 or 12.68 

Cu µg/cm2 CuO NMs and CuSO4 (500 µl) and the TEER value was measured as described 

previously (section 3.2.4). 

5.2.6. Immunostaining of Caco-2/Raji B co-culture tight junctions 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control), 6.34 Cu 

µg/cm2 CuO NMs and CuSO4 (500 µl) processed visualised and imaged as detailed in 

section 3.2.5. 

5.2.7. Nuclei counting: Cytotoxicity 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control), 6.34 or 12.68 

Cu µg/cm2 CuO NMs and CuSO4 (500 µl). The cells were processed, imaged and the 

nuclei number counted as outlined in section 3.2.6. 

5.2.8. Scanning electron microscopy (SEM) 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control) or 6.34 Cu 

µg/cm2 CuO NMs (500 µl). The cells were processed and imaged as previously described 

in section 3.2.7. 

5.2.9. Romanowsky staining: Cell morphology 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control), 6.34 or 12.68 

Cu µg/cm2 CuO NMs and CuSO4 (500 µl) and processed as outlined in section 3.2.8. The 

cells were imaged using a light microscope, Carl Zeiss Axio Scope A 1 Upright Research 

Microscope (Germany) fitted with a camera (EOS 60D Canon, Japan). 

5.2.10. Assessment of Cu transport across the intestinal monolayer 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control), 3.17, 6.34 or 

12.68 Cu µg/cm2 CuO NMs and CuSO4 (500 µl). Processing of the supernatant and cells, 
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and measurement of the Cu concentration were performed following the method outlined 

in section 3.2.9.  

5.2.11. Evaluation of intracellular ROS production 

The Caco-2/Raji B co-culture was treated with cell culture medium (control), 6.34 or 

12.68 Cu µg/cm2 CuO NMs and CuSO4 (500 µl) and the level of ROS formation was 

determined as described previously (section 3.2.10). 

5.2.12. IL-8 production 

The Caco-2/Raji B co-culture treated with cell culture medium (control), 200 ng of TNF-

α (positive control), 3.17, 6.34 or 12.68 Cu µg/cm2 CuO NMs and CuSO4(500 µl). IL-8 

secretion was then assessed using ELISA following the method described in section 

3.2.11.2. 

5.2.13. Gene expression 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control), 3.17, 6.34 or 

12.68 Cu µg/cm2 CuO NMs and CuSO4 (500 µl). The RNA was isolated as detailed in 

section 3.2.12.1 and the cDNA synthesised following the method outlined in section 

2.2.11.2. qPCR was performed, and data analysed as described in section 2.2.11.3. 

5.2.14. Data analysis 

All data were analysed as described in section 3.2.13. 

5.3. Results 

5.3.1. Verification of M cell and intact monolayer formation 

Differentiation of the Caco-2/Raji B co-culture was studied by TEER measurement. 

TEER was measured from the 5th day after seeding the Caco-2 cells until the 20th day 

and a continuous increase in TEER was observed from the 5th day (~ 100 Ω.cm2) to the 

15th day (715 Ω.cm2), which was the day the Raji B cells were seeded to BL compartment. 

The TEER continued to increase until two days (~755 Ω.cm2) after the seeding of the Raji 

B cells and at day 20, a decrease in TEER value to approximately 690 Ω.cm2 was 
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observed (Figure 5.2). Only cultures with a TEER value of greater than 500 Ω.cm2 were 

used for all experiments in this study. TEM study was also performed to confirm the 

development of M cells by the Caco-2/Raji B co-culture, as M cells are known to lack 

microvilli. The TEM image demonstrated a lack of microvilli at the point where an M 

cell is located as indicated with red arrow in Caco-2/Raji B co-culture (Figure 5.3). 

Microvilli were present in all the surfaces of the differentiated Caco-2 cell and Caco-

2/HT29-MTX co-culture (Figure 5.3). 

FITC labelled WGA was used to localise M cells in the Caco-2/Raji B co-culture because 

of the high affinity of WGA to sialic acid and N-acetylglucosamine residues, which are 

found in high concentration in M cells compared to other cells of the enterocytes.  In this 

study a high intensity of WGA staining was visualised in the Caco-2/Raji B co-culture 

compared to differentiated Caco-2 cells and Caco-2/HT29-MTX co-culture indicating the 

formation of M cells (Figure 5.4). 
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Figure 5.2: TEER value of the Caco-2/Raji B co-culture over 20 days. 

A Caco-2/Raji B co-culture was grown in transwell plates, and TEER measurements made at regular 

intervals to monitor cell differentiation. Data are expressed as mean TEER value ± SEM (n = 3). 
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Figure 5.3: TEM image of differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-

2/Raji B co-cultures. 

Differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-culture were washed, processed for 

TEM analysis and examined by TEM. Red arrow indicates the M cell lacking microvilli. Representative 

images are shown and scale bar=5 µm (n=3). 

 

 

Figure 5. 4: Confirmation of the presence of M cells in Caco-2/Raji B co-cultures using 

WGA FITC labelling. 

Differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-culture were fixed, labelled with 

WGA FITC (green) and mounted with ProLong with DAPI (nucleus: blue) and the images obtained with a 

fluorescent Microscope. Red arrows indicate the M cells. Representative images are presented and scale 

bar = 10 µm (n = 4). 
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5.3.2. Impact of CuO NMs and CuSO4 on the barrier integrity of Caco-2/Raji B co-

cultures: TEER value and tight junction protein staining 

Caco-2/Raji B co-cultures demonstrated a significant time dependent decrease in TEER 

value 12 h post exposure to CuO NMs and CuSO4 at all concentrations tested, compared 

to control (Figure 5.5).  A significant decrease in TEER value was observed from 15 h 

post treatment with 6.34 Cu µg/cm2 of CuO NMs and CuSO4. The TEER value of the 

control remained approximately constant and ranged from 720-820 .cm2 over the 

duration of the experiment (Figure 5.5). ZO-1 was visualised in the Caco-2/Raji B co-

culture exposed to cell culture medium (control) (Figure 5.6). After exposure to 6.34 Cu 

µg/cm2 of CuO NMs and CuSO4 for 24 h, a decreased intensity of ZO-1 staining was 

observed in the co-culture exposed to CuO NMs and CuSO4 compared to control, 

implicating a loss of barrier integrity (Figure 5.6). 
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Figure 5.5: Impact of CuO NMs and CuSO4 on Caco-2/Raji B co-culture TEER values.  

The Caco-2/Raji B co-culture was exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 6.34 or 12.68 Cu µg/cm2 for 24 h. TEER values were measured using epithelial volt-

ohmmeter EVOM every 3 h. Data are expressed as mean TEER ± SEM (n = 3). Significance at P<0.05 is 

indicated by * and P<0.01 is indicated by ** compared with control. 
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Figure 5.6: The impact of CuO NMs and CuSO4 on Caco-2/Raji B co-culture tight 

junction proteins. 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control) or 6.34 Cu µg/cm2 of CuO NMs 

and CuSO4 for 24 h, then fixed, and stained for the tight junction protein ZO-1 (green) and nucleus (blue).  

The images extended focus were obtained using confocal microscope. Red arrows indicate areas where 

there is a reduction in ZO-1 staining intensity. Scale bar = 20 µm. Representative images are shown (n=3). 

5.3.3. The impact of CuO NMs and CuSO4 on Caco-2/Raji B co-culture cell viability 

and morphology 

The presence of microvilli in the Caco-2/Raji B co-culture and impact of CuO NMs on 

cell morphology was investigated with SEM. Microvilli were visualised on the surface of 

the Caco-2/Raji B co-culture, however some cells lacked microvilli (Figure 5.7) 

suggesting that the M cells were present. Shortening of the microvilli on some of the cells 

was observed at 24 h post exposure to 12.68 Cu µg/cm2 CuO NMs to Caco-2/Raji B co-

culture (Figure 5.7). The viability and morphology of the Caco-2/Raji B co-culture was 

studied with light microscopy after exposure to cell culture medium (control), 6.34 or 
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12.68 Cu µg/cm2 CuO NMs or CuSO4 and stained with Romanowisky stain.  The treated 

Caco-2/Raji B co-culture showed no visible impact on the cell viability and morphology 

at all treatment concentrations compared to the control (Figure 5.8). The viability of the 

Caco-2/Raji B co-culture was further studied by staining the co-culture with DAPI 

followed by nuclei counts after exposure to cell culture medium (control), 6.34 or 12.68 

Cu µg/cm2 CuO NM or CuSO4 for 24 h. The co-culture treated with CuO NMs or CuSO4 

showed no significant difference in nuclei number at all concentrations compared to the 

control (Figure 5.9A) with representative images shown in Figure 5.9B. This suggests 

there was no loss of cell viability. 

 

 

Figure 5.7: SEM images of Caco-2/Raji B co-culture exposed to CuO NMs.   

The Caco-2/Raji B co-culture was exposed to cell culture medium (control) or 12.68 Cu µg/cm2 of CuO 

NMs for 24 h. The cells were washed, fixed, dehydrated, dried and examined by SEM. i) and ii) are control 

Caco-2/Raji B co-culture cells imaged at a magnification of X 5000 and X 10000 respectively. iii) and iv) 

are Caco-2/Raji B co-cultures exposed to 12.68 Cu µg/cm2 of CuO NMs imaged at a magnification of X 

5000 and X 10000 respectively. Representative images are shown (n=3). Red arrows indicate area of 

shortened microvili. 

. 
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Figure 5.8: Impact of CuO NMs and CuSO4 on Caco-2/Raji B co-culture cell 

morphology. 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control) and 6.34 or 12.68 Cu µg/cm2 

CuO NMs or CuSO4 for 24 h. The cells were then fixed, stained and visualised using a light microscopy 

(magnification 40 X, scale bar=20 µm). Representative images are shown (n=3). 
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Figure 5.9: Assessment of the viability of the Caco-2/Raji B co-culture using nuclei 

staining with DAPI. 

The Caco-2/Raji B Co-culture was treated with 6.34 and 12.68 Cu µg/cm2 of CuO NMs and CuSO4, fixed 

and the nucleus (blue) stained and imaged with fluorescent microscope, (magnification 40X) and the nuclei 

counted using Image J software (A). Data are presented as number of nuclei (expressed in % of the 

unexposed control) ± SEM. Significance at P<0.05 is indicated by * compared to unexposed control. 

Representative images (B) are presented and scale bar = 10 µm.  (n = 3). 
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5.3.4. Cellular uptake and translocation of Cu across the intestinal monolayer 

Exposure of CuO NMs and CuSO4 to the Caco-2/Raji B co-culture demonstrated a 

concentration and time dependent decrease in the concentration of Cu ions retained at the 

AP compartment (Figure 5.10A). Typically, lower levels of Cu were detected at longer 

time points, and at higher treatment concentrations.  A significant decrease in Cu 

concentration in the AP medium was observed at 48 h post exposure in cells exposed to 

12.68 Cu µg/cm2 of CuSO4 for 24 h (Figure 5.10A). The concentration of Cu after 24 h 

ranged from 72 to 92 % (expressed as percentage of the initial treatment concentration), 

with the highest concentration in the AP compartment observed at a concentration of 3.17 

Cu µg/cm2 of CuO NMs and the lowest detectable Cu concentration observed when cells 

were treated with 12.68 Cu µg/cm2 of CuO NMs.  The detectable range of Cu ion in the 

AP compartment after a 48 h exposure to CuO NMs and CuSO4 was between ~54 and 79 

%. The highest detectable concentration at 48 h was observed when cells were exposed 

to 3.17 Cu µg/cm2 CuSO4 (79 %), and the lowest detectable concentration measured when 

cells were exposed to 12.68 Cu µg/cm2 of CuO NMs (~54 %) (Figure 5.10A).  

A time dependent increase in translocation of Cu across the Caco-2/Raji B co-culture 

exposed CuO NMs and CuSO4 was observed (Figure 5.10B). Translocation was greatest 

at 48 h, with a significant increase in translocation of Cu from AP to BL compartment, at 

all concentrations for both treatments (~4.6-14.2 %). This suggests that the translocation 

of Cu across the intestinal monolayer increased with time. The concentration of Cu was 

lowest in the BL compartment after exposure of cells to 3.17 Cu µg/cm2 CuO NMs and 

CuSO4 for 24 h (~2.5 %). Whereas treatment of cells with 12.68 Cu µg/cm2 of CuO NMs 

for 48 h had the highest concentration of Cu in the BL media, which was ~14 % (Figure 

5.10B). There was no significant difference between the translocation of Cu from AP to 

BL compartment between Caco-2/Raji B co-culture exposed to CuO NMs and CuSO4. 

There was no significant time or concentration dependent cellular retention of Cu after 

exposure of cells to CuO NMs or CuSO4.  The concentration of detectable Cu in cells was 

< 2 % of the initial exposure concentration at 24 and 48 h at all the tested concentrations. 

The Caco-2/Raji B co-culture exposed to 3.17 Cu µg/cm2 CuO NMs had the lowest 

concentration of Cu (0.4 %) at 24 h. At 48 h, exposure of cells to 3.17 Cu µg/cm2 CuO 

NMs and CuSO4 demonstrated the highest Cu ion retention (~1.3 %) (Figure 5.10C). No 
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significant difference was observed in and uptake of CuO NMs and CuSO4 at 24 and 48 

h post exposure (Figure 5.10C) and Cu was not detected in the control group. 

Papp demonstrated a concentration and time dependent increase for treatments. This 

indicates that translocation from the AP to BL compartment in the Caco-2/Raji B co-

culture occurred at the highest rate for cells exposed to 12.68 Cu µg/cm2 of CuO NMs 

and CuSO4 (highest Papp value) (Figure 5.11). 
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Figure 5.10: CuO NMs or CuSO4 cellular uptake and translocation across the Caco-

2/Raji B co-culture. 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 24 and 48 h. The level of Cu in the AP (A) and BL (B) 

compartments and the cells (C) was evaluated by ICP-OES. Sample preparation and data analysis was 

performed by Victor Chibueze Ude and Dr. Lorna Eades performed the ICP-OES analysis. Data are 

expressed as mean copper concentration (as a percentage of the treatment concentration) ± SEM (n = 3). 

Significance at P<0.05 are indicted by * for comparison of 24 h post exposure of 3.17 Cu µg/cm2 of CuO 

NMs to other treatment concentration within each time point or # for comparison of equivalent 

concentrations between 24 and 48 h time points. 
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Figure 5.11: Apparent permeability coefficient (Papp) of CuO NM and CuSO4. 

The Caco-2/Raji B co-culture was exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 24 and 48 h. The concentration of Cu in the AP and 

BL compartments was determined by ICP-OES and Papp was calculated. Data are expressed in mean Papp 

± SEM x10-7 cm/s (n = 3). Significance at P<0.05 are indicted by * for comparison of 24 h post exposure 

of 3.17 Cu µg/cm2 of CuO NMs to other treatment concentration within each time point or # for comparison 

of equivalent concentrations between 24 and 48 h time points. 

5.3.5. ROS formation 

A significant increase in ROS production (> 4 fold greater than the control) was observed 

in the Caco-2/Raji B co-culture exposed to all concentration of CuSO4. No increase in 

ROS production was observed in cells exposed to CuO NMs or positive control (Figure 

5.12). 
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Figure 5.12: ROS formation by the Caco-2/Raji B co-culture following exposure to CuO 

NMs and CuSO4 for 2 h. 

Intracellular ROS levels were determined using the DCFH-DA assay 2 h post exposure of Caco-2/Raji B 

co-culture to cell culture medium (control, 0), H2O2 (1 mM), CuO NMs and CuSO4 at concentrations of 

3.17, 6.34 and 12.68 Cu µg/cm2. Data are expressed as fold change ± SEM (n = 3). Significance at P<0.05 

is indicated by * compared to control. 

5.3.6. IL-8 production 

Exposure of the Caco-2/Raji B co-culture to CuO NMs and CuSO4 for 24 h stimulated a 

concentration dependent increase in IL-8 concentration. Both CuO NMs and CuSO4 

induced a similar level of IL-8 production, with the highest level of production observed 

at a concentration of 6.34 Cu µg/cm2 CuO NMs and CuSO4 (~320 and 349 pg/ml 

respectively) (Figure 5.13). IL-8 was below detectable level at the control cells (AP and 

BL media) and in the BL media for all treatments. The positive control (Caco-2/Raji B 

co-culture exposed to 200 ng/ml TNF-α for 24 h) stimulated IL-8 production of 76.92 ± 

13.95 pg/ml. 



CHAPTER 5: Impact of copper oxide NMs and copper sulphate on an intestinal microfold (M) cell in 

vitro model: a Caco-2/Raji B co-culture 

164 

 

0
3.

17
6.

34
9.

51

12
.6

8

0

100

200

300

400

500 CuO NM

CuSO4

*

*

*

Treatment Conc. (g/cm2 Cu)

IL
-8

 (
p

g
/m

l)

 

 Figure 5.13: IL-8 production by the Caco-2/Raji B co-culture following exposure to 

CuO NMs and CuSO4.  

The Caco-2/Raji B co-culture was exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at 

concentrations of 3.17, 6.34 or 12.68 Cu µg/cm2 for 24 h. The level of IL-8 in the cell supernatant was 

determined using an ELISA kit. Data are expressed as mean IL-8 concentration (pg/ml) ± SEM (n = 3). 

Significance at P<0.05 is indicated by * compared to control.  

5.3.7. Gene expression  

A significant increase in HMOX1 expression was observed in the Caco-2/Raji B co-

culture at all time points, post exposure to 6.34 and 12.68 Cu µg/cm2 of CuO NMs and 

CuSO4 when compared to the control. The level of HMOX1 expression following 

exposure to 12.68 Cu µg/cm2 of CuO NMs and CuSO4 was greater at 4 and 12 h than that 

observed at 24 h. The highest level of HMOX1 expression was observed after exposure 

of cells to a concentration of 12.68 Cu µg/cm2 of CuO NMs at 4 and 12 h with ~ 13 fold 

increase. The lowest expression was observed at a concentration of 3.17 g/cm2 Cu CuO 

NMs and CuSO4 (1.5 to 1.8 fold) at 12 and 24 h (Figure 5.14A). 

IL8 expression significantly increased at 12 h post exposure of the Caco-2/Raji B co-

culture to CuO NMs and CuSO4 (3.4 to 13.6 fold increase) compared to control, except 
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at a concentration of 3.17 Cu g/cm2 CuSO4 (2.2 fold increase) (Figure 5.14B). A 

significant increase in IL8 expression was also observed after exposure of cells to 12.68 

Cu g/cm2 CuO NMs for 24 h (3.6 fold increase). The maximum level of IL8 expression 

was observed at a concentration of 12.68 Cu g/cm2 of CuO NMs at 12 h, whereas the 

lowest IL8 expression was observed at a concentration of 3.17 Cu g/cm2 of CuO NMs 4 

h post exposure (0.7 fold) (Figure 5.14B). 

A significant upregulation in MT1A expression in the Caco-2/Raji B co-culture was 

observed at 12 and 24 h post exposure to 12.68 Cu g/cm2 of CuO NMs and CuSO4 

compared to control with the fold increase ranging from 3.2 to 4.5 (Figure 5.14C). MT1A 

demonstrated the strongest expression after exposure of cells to 12.68 Cu g/cm2 of CuO 

NMs and CuSO4 at 12 h (~4.5 fold) while the lowest expression was observed at 3.17 Cu 

g/cm2 of CuO NMs for 4 h (0.8 fold) (Figure 5.14C). 

Exposure of the Caco-2/Raji B co-culture to 12.68 Cu g/cm2 of CuO NMs and CuSO4 

for 12 and 24 h elicited a significant increase in MUC2 expression (3.2 to 4.5 fold 

increase) compared to control (Figure 5.14D). The strongest response was observed at 12 

h post exposure to12.68 Cu g/cm2 of CuO NMs and CuSO4 (~4 fold increase) and the 

lowest expression induced by CuO NMs and CuSO4 (1.2 and 1.8 fold respectively) after 

4 h exposure (Figure 5.14D). Comparison of MUC2 expression by CuO NM and CuSO4 

demonstrated a non-significant difference. 

The Caco-2/Raji B co-culture exposed to CuO NMs and CuSO4 demonstrated a 

concentration and time dependent increase in MT2A expression (Figure 5.14E). Caco-

2/Raji B co-culture exposed to CuO NMs and CuSO4 showed the highest response at 12 

h post exposure, with the maximal response observed at concentrations of 6.34 and 12.68 

Cu g/cm2 of CuO NMs and CuSO4 (fold increase ranged between 24 and 44). However, 

the lowest level of expression was observed at 4 h post exposure of 3.17 Cu g/cm2 CuO 

NMs and CuSO4 (fold increase 2.4 and 2.9 respectively). There was no significant 

difference between CuO NM and CuSO4 induced MT2A expression exposure (Figure 

5.14E). Heatmap representation of the gene expression study is shown in Figure 3.15. In 

general, the greatest response was observed at 12 h post exposure for all genes with MT2A 

observed to be the most sensitive compared to the other genes. 
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Figure 5.14: Effect of CuO NMs and CuSO4 on gene expression in the Caco-2/Raji B 

co-culture. 

Caco-2/Raji B cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at concentrations 

of 3.17, 6.34 or 12.68 Cu µg/cm2 for 4, 12 and 24 h and changes in HMOX1(A), IL8 (B), MT1A (C), MUC2 

(D), MT2A (E) expression assessed using qPCR. Data were expressed as mean fold change ± SEM (n = 3). 

Significance indicated by * = P<0.05 and ** = P<0.01 compared to control. 



CHAPTER 5: Impact of copper oxide NMs and copper sulphate on an intestinal microfold (M) cell in 

vitro model: a Caco-2/Raji B co-culture 

169 

 

 

Figure 5.15: Heatmap representation of gene expression by the Caco-2/Raji B co-

culture after exposure to CuO NMs and CuSO4.  

Caco-2/Raji B cells were exposed to cell culture medium (control, 0), CuO NMs or CuSO4 at concentrations 

of 3.17, 6.34 or 12.68 Cu µg/cm2 for 4, 12 and 24 h and expression of HMOX1, IL8, MT1A, MUC2, MT2A 

assessed using qPCR. Genes were compared separately within each time point. Significance indicated by 

* = P<0.05 and ** = P<0.01 compared to control. 

5.4. Discussion  

In this chapter, the findings of the impact of CuO NMs and CuSO4 on the Caco-2/Raji B 

co-culture were investigated via assessment of cell viability (nuclei count and light 

microscopy), cell morphology (light microscopy and SEM), IL-8 production, ROS 

formation and barrier integrity (SEM, TEER and ZO-1 staining). M cell formation by 

Caco-2/Raji B co-culture was assessed via TEM and WGA staining. Cu translocation 

(ICP-OES) and expression of HMOX1 (oxidative stress gene), IL8 (inflammatory 

response gene), MUC2 (mucus secreting gene), MT1A and MT2A (metal binding genes) 

(RT qPCR) were also investigated. M cell formation by the co-culture was confirmed by 

the high intensity of WGA staining and lack of microvilli (TEM).  CuO NMs and CuSO4 

mediated no significant cell death on the Caco-2/Raji B co-culture as demonstrated by a 

lack of impact on nuclei number and morphology. CuO NMs and CuSO4 impaired barrier 
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integrity as shown by a decrease in TEER, tight junction (ZO-1) staining and shortening 

of the microvilli. The compromise in the barrier integrity is likely to have resulted in a 

concentration and time dependent translocation of Cu ions across the Caco-2/Raji B co-

culture barrier. CuO NMs and CuSO4 also mediated an increase in IL-8 production and 

upregulated the expression of HMOX1, IL8, MUC2, MT1A and MT2A. In general, there 

was no difference between the impact of CuO NMs and CuSO4 on the Caco-2/Raji B co-

culture for all the endpoints employed for this study, except ROS formation. 

5.4.1. Caco-2/Raji B morphology and viability study 

In the small intestine, it is only the M cells that are known to lack some of the 

characteristics of absorptive cells such as the absence of microvilli, reduced or no 

hydrolytic enzymes and alkaline phosphatase (Brayden et al. 2005, Schimpel et al. 2014). 

Other methods such as TEM, alkaline phosphatase expression, and FITC labelled WGA 

staining have been employed in the identification of the presence of M cells in vitro 

(Schimpel et al. 2014, Ma et al. 2014, des Rieux et al. 2007, Antunes et al. 2013). In this 

study, FITC labelled WGA staining was used. The WGA staining demonstrated a high 

intensity in Caco-2/Raji B co-culture compared to that observed for differentiated Caco-

2 cells and the Caco-2/HT29-MTX co-culture suggesting a successful formation of M 

cells by Caco-2/Raji B co-culture. Previous researchers have reported similar findings 

(Gullberg et al. 2000, Schimpel et al. 2014, Antunes et al. 2013). The staining observed 

in differentiated Caco-2 cells and the Caco-2/HT29-MTX co-culture may be because of 

the presence of some WGA receptors or sialic acid and N-acetyl glucosamine, which are 

usually minimal in epithelial cells (Schimpel et al. 2014, Antunes et al. 2013). The lack 

of microvilli observed with TEM and SEM in the Caco-2/Raji B co-culture compared to 

differentiated Caco-2 cells and the Caco-2/HT29-MTX co-culture was similar to the 

findings of des Rieux et al and Ma et al, and confirmed the development of M cells by 

the co-culture (des Rieux et al. 2007, Ma et al. 2014). 

Assessment of the barrier integrity of the Caco-2/Raji B co-culture is essential when using 

this in vitro model as seeding of Raji B cells to the BL compartment of the Caco-2 cell 

may lead to disruption in the integrity of the monolayer. Barrier integrity of Caco-2/Raji 

B co-culture was investigated by measurement of TEER and tight junction staining. 

TEER measurement is routinely used to study the integrity of the Caco-2/Raji B co-
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culture monolayer and it has been shown previously that formation of M cell leads to 

reduced TEER values (Kernéis et al. 1997, Ma et al. 2014, des Rieux et al. 2007). The 

TEER value of this study reduced on the 5th day after seeding Raji B cells into the BL 

compartment, indicating the formation of M cell by the co-culture, compared to 

differentiated Caco-2 cells. However, the TEER was still over 500 Ω.cm2, which indicates 

that the barrier was still functional. Assessment of TEER was also measured after 

exposure of CuO NMs and CuSO4 to the Caco-2/Raji B co-culture and unexposed control 

cells in order to investigate impacts on barrier integrity. No change in TEER value after 

24 h was observed in control cells. However, when exposed to CuO NMs and CuSO4 the 

TEER value significantly reduced from 12 to 24 h post exposure, which suggests a 

disruption in barrier integrity. Previously, decreased TEER values have been reported 

only at one-time point when assessing the impact of Ag NMs on the integrity of the 

intestinal barrier using M cell in vitro model (Bouwmeester et al. 2011, Antunes et al. 

2013, Lozoya-Agullo et al. 2017). In this study, the study design enabled determination 

of the time when the TEER value started decreasing. The unchanged control TEER value 

suggests that the monolayer of the co-culture was still intact since there was no further 

reduction after the formation of M cells. 

In addition to the TEER measurement, the Caco-2/Raji B co-culture tight junction protein 

(ZO-1) was stained after exposure of cells to cell culture medium (control), CuO NMs 

and CuSO4. Monitoring of tight junction development is frequently investigated by 

staining ZO-1 protein in different models of intestine in vitro including differentiated 

Caco-2 cells (Price et al. 2014, Qin et al. 2009, Ude et al. 2017) and Caco-2/HT29-MTX 

co-culture (Brun et al. 2014). However, to my knowledge, there is no published paper on 

ZO-1 staining of CuO NMs exposed Caco-2/Raji B co-culture. Unexposed Caco-2/Raji 

B co-culture demonstrated an intense staining indicating the formation of intact tight 

junctions. When exposed to CuO NMs or CuSO4, reduced tight junction staining was 

observed in the Caco-2/Raji B co-culture compared to unexposed co-culture. This 

suggests that CuO NMs and CuSO4 may have caused a disruption in the integrity of the 

monolayer, which agrees with the findings from the TEER measurement. However, the 

loss of tight junction staining observed was less (i.e. there was less damage) when 

compared to that observed for differentiated Caco-2 cells, which suggests that co-culture 

is less sensitive to NM toxicity. 
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The Caco-2/Raji B co-culture was imaged with SEM after exposure to cell culture media 

(control) and CuO NMs. SEM imaging has been used for the identification of M cells in 

published papers (Schimpel et al. 2014, des Rieux et al. 2007). Indeed, the absence of 

microvilli in some cells confirmed the formation of M cells in the co-culture. The 

exposure of CuO NMs to the co-culture caused shortening of microvilli on some cells 

compared to the control. Although shortening or loss of microvilli have not been reported 

for the Caco-2/Raji B co culture, exposure of CuO NMs (Ude et al. 2017) and food grade 

TiO2 (Faust et al. 2014a, Koeneman et al. 2010) have disrupted the microvilli in 

differentiated Caco-2 cells. No impact on the morphology of cells or cell number using 

light microscopy and nuclei number count was observed in this study, suggesting there 

was no cell loss due to treatment of the cells with CuO NMs or CuSO4. Cell loss due to 

exposure of undifferentiated Caco-2 cells to CuO NMs or CuSO4 studied via light 

microscopy and nuclei count have been reported (Ude et al. 2017) (section 2.3.2). This 

suggests that M cell model is not as sensitive to CuO NMs and CuSO4 toxicity as 

undifferentiated Caco-2 cells. 

5.4.2. Translocation and cellular uptake 

The M cell in vitro model of intestinal epithelium are used not only for drug absorption 

and permeability (Antunes et al. 2013, Lozoya-Agullo et al. 2017, Beatriz et al. 2014) but 

also for investigating NM permeability and translocation. For example, the Caco-2/Raji 

B co-culture has been used to assess the translocation of Ag NMs (Bouwmeester et al. 

2011), TiO2 (Brun et al. 2014, Cabellos et al. 2017), aminated and carboxylated 

polystyrene nanoparticles (des Rieux et al. 2005, des Rieux et al. 2007), chitosan-DNA 

NMs (Kadiyala et al. 2010), and polystyrene NMs (Schimpel et al. 2015). However, none 

of these studies have used CuO NMs and CuSO4 or assessed the level of NMs in the AP 

and BL compartments, and cell lysate. A concentration and time dependent translocation 

of Cu from the AP to BL compartment was observed after exposure of Caco-2/Raji B 

cells to CuO NMs and CuSO4. The time and concentration dependent translocation could 

be because the intestinal monolayer is compromised, as demonstrated by the reduction in 

TEER, shortening of microvilli and reduction in ZO-1 staining intensity described above 

(section 5.4.1). Indeed, a decrease in TEER value has been shown to induce an increase 

in the translocation of insulin encapsulated chitosan NMs in M cell (Antunes et al. 2013). 

Surprisingly, the translocation of CuO NMs and CuSO4 were similar, though the 
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dissolution study demonstrated < 80 % dissolution of CuO NMs (at 24 h). Since the 

translocation was investigated via ICP OES analysis, the information about the form in, 

which CuO NMs was translocated (particle or ion) are not available. In the future, uptake 

studies via imaging will be included to elucidate whether the CuO NMs are translocated 

in its particle or ionic form. 

As described in previous chapter (section 3.4.2), the summation of the detected Cu 

concentration in the AP, BL and cell lysate did not add up to 100 %, suggesting a loss of 

Cu ion during the experiment and the reason for inability to detect 100 % of the treated 

concentration have been discussed in (section 3.4.2). This study demonstrated a 

translocation of 5 to 12 % of Cu across the intestinal barrier at 48 h post exposure to 3.17 

and 6.34 µg/cm2 CuO NMs and CuSO4, which was higher than that observed for 

differentiated Caco-2 cells and Caco-2/HT29-MTX co-culture suggesting that presence 

of M cell may have caused an increased translocation. In vivo translocation studies 

demonstrated 0.6 % translocation of 48V-radiolabeled (48V) TiO2 NMs (70 nm) after 1 

h intra-oesophageal instillation to rats (Kreyling et al. 2017). In addition, < 1.7 % 

translocation was observed after administration of polystyrene NMs (50 nm) via oral 

gavage (Walczak et al. 2015a). Nevertheless, this cannot be compared directly as they did 

not use the same time point or NMs that was used in this study. However, translocation 

of NMs in vitro has been demonstrated to be greater than observation in vivo. The Caco-

2/Raji B co-culture exposed to Ag NMs (20 and 30 nm) for 4 h (Bouwmeester et al. 2011) 

and TiO2 for 48 h (Cabellos et al. 2017) showed a reduced translocation (<1.5 %) 

compared to the present study. This could be associated with difference in the 

physicochemical properties of NMs investigated in these studies (e.g. solubility). 

The permeability of Cu across Caco-2/Raji B co-culture measured by Papp calculation 

demonstrated a time dependent translocation after exposure to CuO NMs and CuSO4. The 

Papp value was less than 1x 10-6 after 24 h exposure and above 1x 10-6 at 48 h post 

exposure suggesting that at 24 h post exposed Cu was poorly translocated whereas at 48 

h post exposure translocation was moderately better. Permeability of Cu in M cell in vitro 

model was greater than that of differentiated Caco-2 cells and Caco-2/HT29-MTX co-

culture and this was expected due to the role of M cells and compromise in the barrier 

integrity. A decrease in TEER value has been shown to corroborate with an increase in 

permeability in M cell in vitro models (Antunes et al. 2013, Akbari et al. 2017). In 
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comparison, Caco-2/Raji B co-culture demonstrated an increased Papp compared to 

differentiated Caco-2 cell at lower exposure concentration (3.17 and 6.34 Cu µg/cm2) and 

similar Papp at increased exposure concentration (12.68 Cu µg/cm2) in this study 

suggesting that the translocation may have been mediated by M cell. The reason for 

similar Papp between differentiated Caco-2 cells and Caco-2/Raji B co-culture at higher 

concentration of 12.68 Cu µg/cm2 of CuO NMs and CuSO4 may be due to saturation of 

the monolayer by Cu thereby reducing the rate of translocation. (Akbari et al. 2017). The 

Papp of this was similar to the Papp of insulin-loaded dextran sulphate/chitosan 

nanoparticles (Antunes et al. 2013) but lower than the Papp of ex-vivo study with rat ileum  

(Woitiski et al. 2011, Yin et al. 2009, Yin et al. 2008). 

5.4.3. ROS formation 

Literature has demonstrated the involvement of ROS in NM toxicity (section 3.4.3) and 

in this study, a significant concentration dependent increase in ROS was observed in the 

Caco-2/Raji B co-culture exposed to CuSO4 but not CuO NMs at 2 h post exposure. The 

explanation of this behaviour of CuO NMs may be that the exposure time was too short 

therefore; the CuO NMs had not dissolved completely as it is hypothesised that ion 

mediate ROS production. Dissolution study in cell culture media has shown that only 

about 45 % of CuO NMs dissolve after 1h (Ude et al. 2017). Only one-time point was 

investigated due to the high cost of using co-culture models. In addition, the mechanism 

of CuO NM toxicity my not be through ROS production. Previously, study with Caco-

2/HT29-MTX demonstrated a lack of ROS production after exposure of Ag NM (20 and 

200 nm) and AgNO3 for 2 h (Georgantzopoulou et al. 2016) and SWCNT-COOH, 

MWCNT-COOH and MWCNT-PVP for 8 h (Lai et al. 2013). However more 

comprehensive investigation of the involvement of oxidative stress could be performed 

in the future, for example, by performing, Electron Paramagnetic Resonance (EPR) 

methods of ROS measurement and glutathione depletion. 

5.4.4. IL-8 production 

Exposure of the Caco-2/Raji B co-culture to CuO NMs and CuSO4 mediated a 

concentration dependent increase in IL-8 production, reaching maximum at a 

concentration of 6.34 Cu µg/cm2. IL-8 production has not been previously assessed while 
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studying the toxicity of NMs using a Caco-2/Raji B co-culture. However, IL-8 production 

has been assessed in other intestinal models. For example,  IL-8 was produced by Caco-

2/THP1 co-culture following exposure to TiO2 and Au NMs (Susewind et al. 2016). CuO 

NMs and CuSO4 produced similar level of IL-8 at all concentration, hence suggesting 

particle and ion mediated toxicity. 

5.4.5. Gene expression 

Previously, expression of the characteristic in vivo M cell genes in the Caco-2/Raji B co-

culture have been assessed and Caco-2/Raji B cell demonstrated a substantial correlation 

with in vivo M cell (Lo et al. 2004). However, gene expression is not frequently used as 

a tool for assessing the toxicity of NMs in the Caco-2/Raji B co-culture. One study was 

identified, which assessed changes in gene expression after exposure of Caco-2/Raji B 

co-culture to Ag NMs and demonstrated upregulation of several genes including HMOX1, 

MT1, MT2A (Bouwmeester et al. 2011). In this study, expression of oxidative stress genes 

(HMOX1), metal binding gene (MT1A and 2A), mucus secreting gene (MUC2) and pro-

inflammatory response gene (IL8) were used to assess the toxicity of CuO NMs and 

CuSO4. Surprisingly, HMOX1 expression was induced after exposure of Caco-2/Raji B 

cells to 6.34 and 12.68 Cu µg/cm2 of CuO NMs and CuSO4 with no difference between 

the expression mediated by CuO NMs and CuSO4. This was against the expectation that 

there will be a decreased HMOX1 expression in CuO NM as CuSO4 produced 

significantly elevated ROS than CuO NMs. ROS production is known to induce HMOX1 

expression thereby regulating the injury due to oxidative stress, apoptosis and 

inflammation (Kundu et al. 2016, Loboda et al. 2016). 

IL8 expression was also greatly induced at 12 h post exposure of Caco-2/Raji B co-culture 

to CuO NMs and CuSO4. Other cell types such HeLa cells and A549 cells (Sthijns et al. 

2017, Miura and Shinohara 2009) undifferentiated Caco-2 cells after exposure to Au 

(5nm) (Bajak et al. 2015) have demonstrated HMOX1 upregulation on exposure to NMs. 

In addition, CuO NMs and CuSO4 induced a similar level of expression of HMOX1 and 

IL8 in the Caco-2/Raji B co-culture, which implies that toxicity of CuO NMs may be 

mediated by both particles and ions since CuO NM dissolution was not 100 % (Ude et al. 

2017). Increased HMOX1 expression was also reported after exposure of Ag NMs to 

Caco-2/Raji B co-culture (Bouwmeester et al. 2011) and there is no published research 
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on expression of IL8 in Caco-2/Raji B co-culture. The increased in IL8 expression 

correlated with the observed increase in IL-8 protein secretion (ELISA) in this study 

however, other models used in this study induced a greater level of IL8 gene and protein 

expression. The maximum level of IL8 at 12 h post exposure indicates that 12 h post 

exposure may be the optimum time for studying IL8 expression. Gerloff et al reported 

upregulation of IL8 mRNA at post exposure of SiO2 and ZnO NMs to differentiated Caco-

2 cell (Gerloff et al. 2013). 

MTs are essential in homeostatic regulation of transition metals such as Zn and Cu (Okita 

et al. 2017) and function as ROS scavenger (Shiraga et al. 1993) and HMOX1 modulator 

(Ryter and Choi 2005). However, inappropriate binding (i.e. when the Cu binds to a 

wrong binding site) of Cu to MT may result to ROS production (Okita et al. 2017) 

therefore MT expression may be essential for NM toxicity. An increase in expression of 

MT1A and MT2A was observed at all time points, with the highest response observed for 

MT2A after exposure of the Caco-2/Raji co-culture to CuO NMs and CuSO4. Both MT1A 

and MT2A had the highest expression at 12 h post exposure suggesting that the optimum 

time point for MT1A and MT2A is 12 h. MT2A response was also clearly high at 4 h post 

exposure, hence for quick assessment of toxicity of CuO NMs, MT2A may be useful. An 

increase in the expression of MT1A and MT2A including other isoforms of MT1 (MT1B, 

MT1M, MT1L, MT1E, MT1F, MT1X, MT1G and MT1H) after exposure of Caco-2/Raji B 

cells was observed for Ag NMs (Bouwmeester et al. 2011). Exposure of A549 and BEAS-

2B (pulmonary) cells to CuO NMs (Strauch et al. 2017) and differentiated Caco-2 cells 

to Au NMs (Bajak et al. 2015) mediated an increase in MT1A and MT2A expression. 

Therefore, an increase in MT expression may be a useful indicator of (metal and metal 

oxide) NM toxicity across different cell types. Although, different cell types may vary 

with respect to what subtype is expressed. CuO NMs and CuSO4 mediated similar level 

of MT1A and MT2A as observed by the above-mentioned researchers after exposure to 

Caco-2/Raji co-culture. 

MUC2 is principally expressed in the intestine and are essential for mucus secretion 

(section 4.4.5). Exposure of the Caco-2/Raji co-culture to CuO NMs and CuSO4 induced 

a significant increase in MUC2 expression only at the highest concentration of CuO NMs 

and CuSO4 (12.68 Cu µg/cm2). The increase in MUC2 expression may occur due to 

stimulation of a pro-inflammatory response (section 3.4.5). However, there is no mucus 



CHAPTER 5: Impact of copper oxide NMs and copper sulphate on an intestinal microfold (M) cell in 

vitro model: a Caco-2/Raji B co-culture 

177 

 

secreting cells in Caco-2/Raji B co-culture therefore low level of MUC2 expression is 

expected. Again, MUC2 expression were similar for both CuO NMs and CuSO4 in Caco-

2/Raji B co-culture. MUC2 expression in Caco-2/Raji B co-culture was lower compared 

to Caco-2/HT29-MTX co-culture. This is expected as the M cell model lacked mucus 

secreting cells. As there is no mucus secreting cells in Caco-2/Raji B co-culture therefore 

low level of MUC2 expression is expected, and therefore it is not an appropriate 

biomarker of CuO NM toxicity for this model. 

5.5. Conclusions 

This study has successfully demonstrated the incorporation of M cells into an in vitro co-

culture of Caco-2 and Raji B cells. Exposure of the Caco-2/Raji B co-culture CuO NMs 

and CuSO4 mediated reduced TEER measurement, ZO-1 green emission, and shortened 

microvilli and time and concentration dependent Cu translocation but did not stimulate 

cell loss. CuO NMs and CuSO4 stimulated IL-8 protein secretion, HMOX1, IL8, MT1A, 

MT2A and MUC2 expression in Caco-2/Raji B co-culture. The impact of CuO NMs and 

CuSO4 on the Caco-2/Raji B co-culture was similar except for ROS production, which 

was higher for CuSO4. This suggests that the toxicity of CuO NMs may have not been 

only because of ROS production in this model. TEER measurement, IL-8 secretion, 

HMOX1, IL8, and MT2A expression may be suggested as useful endpoints for future 

testing of CuO NMs toxicity in the M cell in vitro model. The M cell model was less 

sensitive to the toxicity of CuO NMs than the undifferentiated and differentiated Caco-2 

cell monocultures. 
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6.1. Introduction  

6.1.1 Silicon dioxide 

Silicon dioxide (SiO2), commonly known as silica, is a group IV metal oxide, which 

occurs in crystalline and amorphous forms (Napierska et al. 2010, Fruijtier-Pölloth 2012). 

Crystalline silica is made from tetrahedral units and exists as quartz and porosil in ordered 

arrangement (Napierska et al. 2010) (Figure 6.1A). Amorphous silica is made of a non-

repeating network of tetrahedral units, with neighbouring tetrahedral units attached to the 

oxygen corners (Figure 6.1B). Amorphous silica exists as pyrogenic silica, precipitated 

silica, silica gel and colloidal silica depending on the mode of synthesis (van Kesteren et 

al. 2015, Fruijtier-Pölloth 2012, Napierska et al. 2010). Silica is one of the most abundant 

metals in nature and humans come in contact with SiO2 in occupational, environmental 

and consumer settings. Prior to the emergence of NM hazard studies, the toxicity of 

crystalline and amorphous silica particles has been assessed (Bouffant et al. 1982, Martin 

et al. 1984, Marks 1957). For example, synthetic amorphous SiO2 has already been 

accepted as food additive since 1950 as an anticaking agent (Fruijtier-Pölloth 2016, 

Fruijtier-Pölloth 2012). The acceptable daily intake for amorphous SiO2 particles is 

designated as “not specified” (very low toxicity) by the Joint FAO/WHO Expert 

Committee on Food Additives (JCFA) and EU scientific Committee on Food (SCF) 

(Fruijtier-Pölloth 2016).  

 

Figure 6.1: Structural representation of crystalline (A) and amorphous form of silicon 

oxide (B). 

The arrangement of atoms in the crystalline form is very ordered whereas the amorphous form are more 

disarranged. Si in a purple square = silicon and the blue O = oxygen. 
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The most wildly synthesised NM globally is SiO2, because of its extensive use by industry 

and medicine (Decan et al. 2016). For example, SiO2 NMs are used for drug delivery, bio 

imaging and cancer therapy (Pasqua et al. 2009, Kim et al. 2015, Sakai-Kato et al. 2014, 

Schübbe et al. 2012). SiO2 NMs are also used in biotechnology for DNA transfection and 

for consumer products such as cosmetics, drugs, paints, and food in the form of additives 

(anticaking agent) (McCracken et al. 2013, Decan et al. 2016), and in agriculture for gene 

delivery in plants (Decan et al. 2016). SiO2 is also used to maintain the flow of powder 

(vending machine powders, milk and cream powder substitutes, cheese and sugar) 

(Smolkova et al. 2015). The use of silica NMs in a diverse range of products leads to 

human exposure via ingestion, inhalation, dermal, adsorption and injection. A series of 

toxicology studies have been conducted with different type of silica. In vitro (using cell 

lines) have investigated toxicity of SiO2 NMs to the lungs, intestine and skin and the 

available results seem to be contradictory. For example, cytotoxicity, increase in ROS 

levels and modified expression (CAT, GSTA4, TNF-α, CYP1A, POR, SOD1, GSTM3, 

GPX1, and GSR1) were shown by silica (E 551, 10-50 nm) after exposure to WI-38 cells 

(human lung normal fibroblasts) for 24 or 48 h (Athinarayanan et al. 2014). Decan et al 

also observed loss of viability after exposure of lung epithelial cells (FE1 cells)  to SiO2 

NMs (5 -20 nm) (Decan et al. 2016). Assessment of cytotoxicity, genotoxicity and nuclear 

localization of SiO2 NMs (12-200 nm) exposed to undifferentiated and differentiated 

Caco-2 cells demonstrated a non-toxic effect after 5, 24, 48 and 72 h exposure (Sakai-

Kato et al. 2014, Schübbe et al. 2012, McCracken et al. 2013, McCracken et al. 2016, 

Gerloff et al. 2013). IL-8 secretion was observed after undifferentiated Caco-2 cells were 

exposed to SiO2 NMs (15 nm) at highest concentration (32 µg/ml) whereas 55 nm sized 

SiO2 NMs did not induce IL-8 production (Tarantini et al. 2015b). In vivo studies have 

demonstrated that SiO2 NMs (10-22 nm) are non-toxic after oral, intratracheal instillation 

and intravenous administration to rat models (Tarantini et al. 2015a, Guichard et al. 2015, 

Hofmann et al. 2015). Therefore, there is the need to assess the impacts of SiO2 NMs 

following ingestion as many consumer products are being impregnated with SiO2 NMs 

that may lead to its ingestion, and there is a deficiency of studies, which have assessed 

their toxicity in the intestine. 
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6.1.2. Montmorillonite 

Nanoclay is a form of layered minerals silicates, which could be natural or synthetic and 

are used in a diverse array of products (Hayles et al. 2017). For example various health 

care products such as suspensions, emulsions stabilizers and other rheological modifiers 

use nanoclays to enhance their stability (Viseras et al. 2007). Nanoclays are also 

components of materials and substances used for protection against environmental agents, 

absorption of greases adhesion to the skin and control of heat release (Viseras et al. 2007). 

Nanoclays are also used in personal care products such as cosmetics and toothpaste 

(Uddin 2008, Das et al. 2016, Patel et al. 2006), and plastic packaging to decrease gas 

permeability (Shekarabi et al. 2014, Thomas et al. 2012). Different types of natural 

nanoclays exist (montmorillonite, bentonite, zeolite, kaolinite, chlorite, halloysite 

palygorskite and sepiolite) (Lawson and Wendell 1995, Chu and Garwood 1992, Papoulis 

2011), but MMT nanoclay is the mostly used nanoclay in health and industrial 

formulations (Baek et al. 2012, Sharma et al. 2010) hence the reason for selection of 

MMT for the study. 

MMT is a layered material that has a large specific surface area, high cation exchange 

capacity, high adsorption properties and adhesive ability (Aguzzi et al. 2007, Papoulis 

2011, Baek et al. 2012, Maisanaba et al. 2015, Mallakpour and Dinari 2011). These 

properties of MMT are usually harnessed for pharmaceutical uses such as drug delivery 

and protection of bioactive substances against harsh degradation in a biological 

environment (Papoulis 2011, Aguzzi et al. 2007). MMT have the potential of being used 

for food packaging materials due to its antimicrobial characteristics and impact on gas 

permeability (Maisanaba et al. 2015, Thomas et al. 2012). The general chemical formula 

of MMT is expressed as (Na, Ca)0.33(Al, Mg)2 (Si4O10)(OH)2 ∙nH2O (Baek et al. 2012), 

which could be modified to obtain more sustainable and suitable form of clay.  

MMT has been shown to induce cytotoxic effects only at very high concentration (125 

µg/ml) after 72 h exposure to human INT-407 intestinal cells (derived from HeLa cell 

line) whereas no toxicity was observed after oral administration of up to 1,000 mg/kg to 

mice (Baek et al. 2012). An increase in TNF-α, IL-6 and LDH secretion and absence of 

frequency of micronucleus number (FMN) was demonstrated in A549 lung epithelial 

cells after exposure to MMT (200 μg/ml) (Huo et al. 2015). Other researchers have also 

demonstrated a non-toxic effect after exposure of MMT to undifferentiated Caco-2 cells 
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with only organically modified MMT capable of inducing a cytotoxic effect via ROS 

production, glutathione increase and DNA damage (comet assay) (Maisanaba et al. 2014, 

Sharma et al. 2010). This implies that the toxicity of MMT is as a result of the organic 

modification. Cu/Zn loaded MMT induced an increase in TEER ex vivo, anti-

inflammatory cytokines (TGF-β1) mRNA expression, and protein levels, and 

downregulation of TNFα, IL6, IL8 and IL1β mRNA expression in the intestine of weaned 

piglets after 21 days feeding of a mixture of basal diet and 2 g/kg Cu/Zn loaded MMT 

(Lefei et al. 2017). Due to a lack of published paper on impact of MMT on the intestine 

and increase in ingestion of MMT as they are incorporated in many consumer products, 

there is the need to investigate its toxicity to the intestine. 

6.1.3. Aims and objectives 

In this study, the toxicity of SiO2 and MMT were assessed in 4 in vitro intestinal models 

(undifferentiated Caco-2 cells, differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-

2/Raji B co-culture, using selected endpoints, which were prioritised based on the toxicity 

of CuO NMs described in previous chapters. TEER measurement, cytotoxicity, cell 

morphology (light microscopy) and IL-8 production were selected for this study for rapid 

and inexpensive comparison between SiO2 NMs, MMT, CuO NMs and CuSO4 because 

they were the the most sensitive marker for intestinal in vitro toxicity study for CuO NMs. 

The aim of this chapter is to investigate the toxicity of SiO2 NMs and MMT nanoclay on 

intestinal in vitro models (undifferentiated caco-2 cells, differentiated Caco-2 cells, Caco-

2/HT29-MTX and Caco-2/Raji B co-cultures) using selected endpoints such as an 

assessment of cytotoxicity, ROS formation, TEER measurement, light microscopy and 

IL-8 production. 

Specific objectives 

i. To assess the impact of SiO2 NMs and MMT on undifferentiated Caco-2 cell, via 

investigation of cytotoxicity ROS formation and IL-8 production.  

ii. To investigate the impact of SiO2 NMs and MMT on differentiated Caco-2 cells, 

via investigation of cytotoxicity, barrier integrity and cell morphology ROS 

formation and IL-8 production. 

iii. To determine the impact of SiO2 NMs and MMT on the Caco-2 /HT29-MTX co-

culture, via investigation of cytotoxicity, barrier integrity and cell morphology 
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(using TEER measurement and light microscopy), ROS formation and IL-8 

production. 

iv. To assess the impact of SiO2 NMs and MMT on the Caco-2/Raji B co-culture, via 

investigation of cytotoxicity, barrier integrity and cell morphology (using TEER 

measurement and light microscopy), ROS formation and IL-8 production. 

v. To compare the toxicity of SiO2 NMs and MMT to the toxicity of CuO NMs and 

CuSO4. 

6.1.4. Hypotheses 

i. SiO2 NMs and MMT will induce loss of viability in undifferentiated Caco-2 cells. 

ii. SiO2 NMs and MMT will induce a loss of viability in differentiated Caco-2 cells, 

and the Caco-2/HT29-MTX and Caco-2/Raji B co-cultures. 

iii. SiO2 NMs and MMT will stimulate IL-8 production in undifferentiated Caco-2 

cells, differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-

cultures. 

iv. The impact of SiO2 NMs and MMT on the undifferentiated Caco-2 cells, 

differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures 

will be similar to CuO NMs and CuSO4. 

6.2. Materials and methods 

6.2.1. Nanomaterials 

Synthetic amorphous silicon dioxide (SiO2) NMs, also known as NM-202, was provided 

by the Fraunhofer Institute of Molecular Biology and Applied Ecology (IME, Germany) 

as a powder. These SiO2 NMs have been characterised by the European Commission’s 

Joint Research Centre (JRC) Repository in Ispra, Italy. 

(http://ihcp.jrc.ec.europa.eu/our_activities/nanotechnology/nanomaterials-repository). 

The SiO2 NMs primary particle size, as measured with TEM ranged between 5 and 30 

nm, with evidence that the NMs can agglomerate to a size ranging between 10 and 600 

nm and the NM had a specific surface area of 184.0 m2/g (Cotogno et al. 2013, Rasmussen 

et al. 2013). MMT was provided by BYK additive and instrument Manchester, UK. The 

manufacturer provided no information on physicochemical properties of MMT. 

http://ihcp.jrc.ec.europa.eu/our_activities/nanotechnology/nanomaterials-repository
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6.2.1.1. Nanomaterial preparation 

MMT and SiO2 NMs were dispersed by modifying the procedure developed by (Jacobsen 

et al. 2010). Briefly, the MMT nanoclay was diluted in Mili Q H2O to obtain 1 mg/ml 

suspension, vortexed for 30 sec and mixed for 1 h with Dynal sample mixer (MXIC1, 18 

RPM) and FBS then added to make up a concentration of 2 % FBS. SiO2 were dispersed 

in 2 % FBS in Milli Q de-ionised water. The dispersed MMT nanoclay and SiO2 

suspensions were sonicated for 16 min in a bath sonicator without pause. Following the 

sonication step, all samples were used immediately. After sonication the required 

concentration for each experiment were obtained by serial dilution in the appropriate 

medium. To determine the acute toxicity of MMT and SiO2 NMs, 10 concentrations of 

the NMs were prepared and ranged between 0.37 to 78.13 µg/cm2 (equivalent to 1.17 to 

250 µg/ml).  

6.2.2. Dynamic light scattering analysis 

The hydrodynamic diameter, zeta potential and polydispersity index (PdI) of SiO2 NMs 

and MMT nanoclay in biological media (MEM and DMEM complete cell culture 

medium) were determined using DLS (Malvern Zetasizer Nano series) at 0 h and at 24 h 

(following incubation at 37 °C). SiO2 NMs and MMT were prepared as described above 

(section 6.2.1) and the concentration was adjusted to 100 μg/ml in phenol red free cell 

culture medium supplemented with 10 % FBS, 100 U/ml penicillin/streptomycin, 100 

IU/ml NEAA, and 2 mM L-glutamine). The hydrodynamic diameter, PdI and Zeta 

potential of the samples were measured in triplicate following 120 sec equilibrations. 

6.2.3. Cell culture 

The source and maintenance of Caco-2 (section 2.2.3) HT29-MTX (section 4.2.1) and 

Raji B cell lines (section 5.2.1) are described previously. Caco-2 cell differentiation was 

performed as described in section 3.2.2. Co-culture of Caco-2/HT29-MTX and Caco-

2/Raji B were maintained as described in section 4.2.2 and 5.2.2 respectively. 

6.2.4. Alamar blue cell viability assay 

The viability of SiO2 and MMT in undifferentiated Caco-2 cells was assessed via the 

Alamar blue assay. After culturing the cells using the protocol described in section 2.2.5, 
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cells were washed twice with PBS (Gibco Life Technologies) and exposed to 100 µl of 

cell culture medium (negative control), 0.1 % triton-X 100 (positive control), and 

different concentrations of SiO2 or MMT (0.37 to 78.13 µg/cm2) for 24 h. Then the 

alarmar blue assay was performed as outlined in section 2.2.5. 

6.2.5. Evaluation of acellular and intracellular ROS production 

The acellular level of ROS production was determined following the method outlined in 

section 2.2.9.1 using cell culture medium (untreated control), 7.81or 15.63 µg/cm2 of SiO2 

or MMT and 1mM/cm2 of H2O2 (positive control). For cellular ROS production 

undifferentiated Caco-2 cells were cultured and treated with 150 µM DCFH-DA as 

described in section 2.2.9.2 and the cells exposed to cell culture medium (untreated 

control), 7.81, 15.63 or 31.25 µg/cm2 of SiO2 or MMT and 1mM H2O2 (positive control). 

The level of ROS produced at 2 h post exposure was determined as detailed previously 

in section 2.2.9.2. 

5.2.6. Investigation of the impact of SiO2 NMs and MMT on intestinal cell barrier 

integrity using TEER measurement 

TEER was measured after exposure of differentiated Caco-2 cells, and the Caco-2/HT29-

MTX and Caco-2/Raji B co-cultures to cell culture medium (untreated control), 7.81 or 

15.63 µg/cm2 of SiO2 NMs or MMT for 24 h as previously described in section 3.2.3. 

6.2.7. Romanowsky staining: Cell morphology 

Undifferentiated Caco-2 cells were exposed to cell culture medium (control), 7.81 or 

15.63 µg/cm2 SiO2 NMs or MMT for 24 h and processed as described previously (section 

2.2.8). The differentiated Caco-2 cell, Caco-2/HT29-MTX and Caco-2/Raji B co-culture 

were treated with cell culture medium (control) and 15.63 µg/cm2 of SiO2 NMs or MMT 

for 24 h and then processed as described in section 3.2.8. After drying, the cells were 

imaged using light microscopy. 

6.2.8. IL-8 ELISA analysis 

The supernatant from undifferentiated Caco-2 cells exposed to cell culture medium 

(control), 7.81, 15.63 and 31.25 µg/cm2 of SiO2 NMs or MMT nanoclay and differentiated 
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Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures exposed to cell culture 

medium (control), 7.81 and 15.63 µg/cm2 for 24 h were assessed for IL-8 production 

following the method outline in section 2.2.10.2. 

6.2.8. Data analysis 

All data were analysed as described previously in section 3.2.12. 

6.3 Results 

6.3.1. Characterisation of the SiO2 and MMT 

SiO2 NMs and MMT were characterised by measuring hydrodynamic diameter, zeta 

potential and PdI using DLS (Table 6.1 and 6.2) after dispersion in MEM and DMEM 

complete cell culture medium at 0 and 24 h. The average hydrodynamic diameter of SiO2 

NMs in MEM and DMEM were 133.07 and 125.57 nm at 0 h respectively and 162.58 

and 139.34 nm post 24 h incubation respectively. SiO2 NMs were agglomerated in both 

MEM and DMEM complete media as the primary size was between 5-30 nm (Rasmussen 

et al. 2013), at both time points investigated. The zeta potential was negative ranging from 

-8.61 to -10.01 mV and the PdI ranged between 0.59 and 8.3. The hydrodynamic diameter 

of MMT were 276.24 and 294.23 at 0 and 24 h respectively. MMT also seemed to have 

agglomerated and the hydrodynamic diameter increased after 24 h incubation. The zeta 

potential was negative ranging from -9.2 to -10.1 mV. Incubation of MMT for 24 h did 

not affect the zeta potential or the PdI (0.56-0.69). 
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Table 6.1: Hydrodynamic diameter, zeta potential and polydispersity index (PdI) values 

of SiO2 NMs in MEM and DMEM complete cell culture medium.  

Data are expressed as mean ± SEM (n=3). 

 Time (h)  0 24  

 

Complete 

MEM 

Hydrodynamic diameter (nm) 133.07±7.80 162.58 ±5.81 

Zeta Potential (mV) -10.01±0.30 -8.61±0.38 

PdI 0.71±0.07 0.69±0.02 

 

Complete 

DMEM 

Hydrodynamic diameter (nm) 125.57±10.09 139.34±12.88 

Zeta Potential (mV) -9.28±0.50 -8.95±0.69 

PdI 0.83±0.09 0.59±0.05 

 

Table 6.2: Hydrodynamic diameter, zeta potential and polydispersity index (PdI) values 

of MMT in MEM and DMEM complete cell culture medium. 

 Data are expressed as mean ± SEM (n=3). 

 Time (h) 0 24  

 

Complete 

MEM 

Hydrodynamic diameter (nm) 276.24±15.44 294.23±13.30 

Zeta Potential (mV) -9.22±0.20 -10.10±0.089 

PdI 0.57±0.02 0.59±0.03 

 

Complete 

DMEM 

Hydrodynamic diameter (nm) 275.57±13.36 335.04±9.12 

Zeta Potential (mV) -9.36±0.65 -10.02±0.20 

PdI 0.56±0.02 0.69±0.01 
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6.3.2. Alamar blue cell viability assay   

Assessment of the viability of undifferentiated Caco-2 cells using the Alamar blue assay 

after treatment with SiO2 NMs and MMT for 24 h demonstrated a non-significant increase 

in cell death up to a concentration of 78.13 µg/cm2 (Figure 6.2). Since there was no impact 

on the viability of undifferentiated Caco-2 cells, the BMD 20 could not be calculated. 

Therefore, the equivalent concentrations employed for CuO NMs and CuSO4 

investigation were used for further studies with SiO2 NMs and MMT. 
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Figure 6.2: Cytotoxicity of SiO2 NMs and MMT to undifferentiated Caco-2 cells. 

Viability of undifferentiated Caco-2 cells was assessed using the Alamar blue assay following exposure of 

cells to MEM complete cell culture medium (control), SiO2 or MMT at concentrations ranging from 0.61 

and 78.13 µg/cm2 for 24 h. Viability of Caco-2 cells was assessed using the Alamar blue assay, and data 

were expressed as a % of the control (i.e. % viability). Data are expressed as mean % viability ± SEM (n 

= 3).  

6.3.3. ROS formation 

Acellular ROS production by SiO2 NMs and MMT was assessed via the DCFH-DA assay 

(Figure 6.3). There was no significant production of ROS by SiO2 NMs and MMT for up 

to 2 h whereas H2O2 produced an increase in ROS (~5 fold). ROS production was also 

assessed in undifferentiated Caco-2 cells at 2 h post exposure (Figure 6.4). SiO2 NMs and 

MMT (at all treatment concentrations) did not stimulate ROS production 2 h post 

exposure. An increase in ROS production was observed in H2O2 exposed cells (Figure 
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6.4). The acellular and cellular ROS production by SiO2 NMs and MMT were lower than 

CuO NMs and CuSO4 (Figure 2.8 and 2.10) in undifferentiated Caco-2 cells. Since SiO2 

and MMT did not produce ROS (in acellular conditions and in undifferentiated Caco-2 

cells), ROS production was not investigated in the other intestinal co-culture models.  
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Figure 6.3: Acellular ROS formation by SiO2 NMs and MMT at 2 h. 

Acellular ROS levels were determined in cell culture medium (0), and for SiO2 NMs and MMT at 

concentrations of 7.81 and 15.63 µg/cm2 using the DCFH-DA assay at 2 h. Data are expressed as mean 

fold change (compared to the control) ± SEM (n = 3).  
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Figure 6.4: ROS formation by undifferentiated Caco-2 cells 2 h post exposure to SiO2 

NMs and MMT.  

Intracellular ROS levels were determined using the DCFH-DA assay 2 h post exposure of undifferentiated 

Caco-2 cells to cell culture medium (control, 0), H2O2, SiO2 NMs or MMT at concentrations of 7.81, 15.63, 

31.25 µg/cm2. Data are expressed as mean fold change ± SEM (n = 3). 

6.3.4. Impact of SiO2 NMs and MMT on cell morphology 

The impact of SiO2 NMs and MMT on intestinal barrier integrity and cell morphology 

was investigated in differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B 

co-culture models via assessment of TEER measurement, and light microscopy 

(Romanowisky staining). The TEER values were similar to the control following 

exposure of all cell models to SiO2 NMs and MMT at all concentrations and time points 

(Figure 6.5). The TEER value of differentiated Caco-2 cells ranged between 750 and 900 

Ω.cm2 (Figure 6.5A), Caco-2/HT29-MTX co-culture were also from 750 to 900 Ω.cm2 

(Figure 6.5B) and the Caco-2/Raji B co-culture ranged from 650 to 850 Ω.cm2 (Figure 

6.5C) after treatment with SiO2 NMs or MMT at all concentrations. There was no 

difference in cell number and structural morphology of undifferentiated Caco-2 cells, 

differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-culture compared 

to control after 24 h treatment with SiO2 NMs and MMT, suggesting that there was no 

loss in cell viability (Figures 6.6 and 6.7). 
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Figure 6.5: Impact of SiO2 NMs and MMT on in vitro intestinal model TEER values. 

Differentiated Caco-2 cells (A), the Caco-2/HT29-MTX co-culture (B), and the Caco-2/Raji B co-culture 

(C) were exposed to cell culture medium (control, 0), SiO2 NMs and MMT at concentrations of 7.81 or 

15.63 µg/cm2 for 24 h. The TEER values were measured using epithelial voltohmmeter EVOM every 3 h 

Data are expressed as mean TEER value ± SEM (n = 3). 

 

Figure 6.6: Impact of SiO2 NMs and MMT on undifferentiated Caco-2 cell morphology.  

Undifferentiated Caco-2 cells were exposed to cell culture medium (control) and 7.81 or 15.63 µg/cm2 of 

SiO2 NMs or MMT for 24 h. The cells were then fixed, stained and visualised using the light microscopy 

(magnification 40 X, scale bar=20 µm. Representative images are shown (n=3). 
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Figure 6.7: Impact of SiO2 NMs and MMT on differentiated Caco-2 cells, Caco-

2/HT29-MTX and Caco-2/Raji B co-culture morphology.  

Differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures were exposed to cell culture 

medium (control), 15.63 µg/cm2 of SiO2 NMs or MMT for 24 h. The cells were then fixed, stained and 

visualised using the light microscopy (magnification 40 X, scale bar=20 µm. Representative images are 

shown (n=3). 

6.3.6. IL-8 production 

A significant increase in IL-8 production was observed after exposure of undifferentiated 

Caco-2 cells to SiO2 NMs for 24 h at all concentrations compared to control. In contrast 

IL-8 production was comparable to the control following exposure of undifferentiated 

Caco-2 cells to 15.63 and 31.25 µg/cm2 of MMT (Figure 6.8A). Differentiated Caco-2 

cells exposed to 7.81 and 15.63 µg/cm2 SiO2 NMs demonstrated a significant increase in 

IL-8 secretion (32.91 and 31.09 pg/ml respectively), compared to control (Figure 6.8B). 

No IL-8 production was detected following exposure of differentiated Caco-2 cells to 

MMT. Generally, IL-8 secretion induced by MMT and the untreated control in 

differentiated Caco-2 cells were below detectable level of the ELISA assay. 

SiO2 NMs (7.81 and 15.63 µg/cm2) stimulated a significant increase in IL-8 production 

from the Caco-2/HT29-MTX co-culture at 24 h post exposure compared to control 

(Figure 6.8C). Caco-2/HT29-MTX cells exposed to 7.81 µg/cm2 of SiO2 NMs induced 
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IL-8 release of 48.55 pg/ml, while exposure to 15.63 µg/cm2 SiO2 NMs mediated IL-8 

secretion of 69.92 pg/ml. No IL-8 production from the Caco-2/HT29-MTX co-culture 

exposed to MMT or cell culture medium (control) was detected. (Figure 6.8C). The Caco-

2/Raji B co-culture secreted a concentration of 57.91 and 48.13 pg/ml of IL-8 after 

exposure to SiO2 NMs (7.81 and 15.63 µg/cm2 respectively). There was no detectable 

secretion of IL-8 by MMT and the untreated control by the Caco-2/Raji B co-culture 

(Figure 6.8D). IL-8 production by undifferentiated Caco-2 cells, differentiated Caco-2 

cells, Caco-2/HT29-MTX and Caco-2/Raji B co-culture were less post exposure to MMT 

compared to SiO2 NMs. 
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Figure 6.8: IL-8 production by undifferentiated Caco-2 cells, differentiated Caco-2 

cells, and the Caco-2/HT29-MTX and Caco-2/Raji B co-cultures following SiO2 NMs 

and MMT exposure. 

Undifferentiated Caco-2 cell (A), differentiated Caco-2 cells (B), the Caco-2/HT29-MTX co-culture (C) 

and the Caco-2/Raji B co-culture (D) were exposed to cell culture medium (control, 0), SiO2 NMs or MMT 

at concentrations of 7.81, 15.63, 31.25 µg/cm2 for 24 h. The level of IL-8 in the cell supernatant was 

determined using an ELISA. Data are expressed as mean IL-8 concentration (pg/ml) ± SEM (n = 3). 

Significance at P<0.05 is indicated by * compared to control. 

6.4. Discussion  

In this part of the study, a rapid and low-cost screen of the toxicity of SiO2 NMs and 

MMT nanoclays to the intestine was performed in vitro, with the endpoints selected based 

on the response of in vitro models (of various complexities) to CuO NMs and CuSO4. 

Furthermore, due to financial and time constraints a more in-depth screen of these NMs 

could not be performed. Assessment of TEER and IL-8 secretion were selected as they 

were previously demonstrated to be sensitive markers of CuO NMs and CuSO4 toxicity 

across in vitro intestinal models of various complexities. Light microscopy (as a measure 

of cytotoxicity) was only sensitive to undifferentiated Caco-2 cells exposed to CuO NMs 

and CuSO4 and ROS production was only sensitive to CuSO4 but were included to see if 
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SiO2 NMs and MMT can induce its response. Non-soluble NMs that are known to be less 

toxic than CuO NMs were selected to identify if the models and endpoints selected were 

appropriate to assess the toxicity of NMs of more varied physicochemical properties. The 

physicochemical characteristics of SiO2 NMs and MMT in cell culture media were 

investigated, and their toxicity to the intestinal cell models (undifferentiated Caco-2 cells 

differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures) was 

assessed via investigation of cytotoxicity (Alamar blue assay and light microscopy), ROS 

production (DCFH-DA assay), IL-8 production (ELISA), and cell morphology (via light 

microscopy). TEER measurement was used to assess the barrier integrity of differentiated 

Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures. SiO2 NMs and MMT 

were shown to have no toxic effect when cell viability and cell morphology were used as 

indicators of toxicity in all models. SiO2 NMs and MMT did not mediate production of 

ROS in acellular and cellular conditions. Whilst SiO2 NMs stimulated IL-8 production, 

MMT did not in all the intestinal in vitro models used for the study. Therefore, the result 

suggests that SiO2 NMs and MMT are relatively non-toxic at the tested concentrations 

and time points. 

6.4.1. Physicochemical properties of SiO2 and MMT 

Both SiO2 and MMT are likely to be agglomerated in the cell culture medium. The 

primary size of SiO2 NMs have been shown to range between 5 and 30 nm (Rasmussen 

et al. 2013) indicating that SiO2 NMs agglomerated in cell culture media. The primary 

size of MMT is not known as they are in layered form with a thickness of 1nm and so 

cannot be imaged. However, incubation of MMT at 37 oC for 24 h after dispersion and 

dilution in complete MEM and DMEM led to increase in hydrodynamic diameter 

(294.23±13.30 and 335.04±9.12 nm respectively) suggesting that MMT has 

agglomerated at 24 h post incubation. Agglomeration of synthetic amorphous SiO2 NMs 

has been reported (Rasmussen et al. 2013). The hydrodynamic diameter of CuO NMs was 

smaller than that observed for SiO2 and MMT (section 2.3.1). Furthermore, the 

hydrodynamic diameter of CuO NMs reduced in size 24 h post incubation. These 

differences in the physicochemical properties of NMs may influence their biological 

response. The result of the SiO2 characterisation in this study are similar to the 

observation of JRC. Extensive characterisation of MMT was not assessed in this study as 
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one of the PhD students in our laboratory is presently carrying out the characterisation. 

Preliminary results suggest that their toxicity may be cell type dependent. 

6.4.2 Cytotoxicity and impact of SiO2 NMs and MMT on cell morphology 

The Alamar blue assay was used to assess the viability of undifferentiated Caco-2 cells 

after exposure to SiO2 NMs and MMT 24 h post exposure. Both SiO2 NMs and MMT did 

not cause cytotoxicity. A similar lack of cytotoxicity has been reported for up 72 h post 

exposure of SiO2 NMs of various properties on undifferentiated Caco-2 cells (Gerloff et 

al. 2013, McCracken et al. 2013, Sakai-Kato et al. 2014, Schübbe et al. 2012, McCracken 

et al. 2016). On the other hand, FE1 (human lung epithelial) and WI-38 (human fibroblast) 

cells demonstrated slight cytotoxicity at 24 and 48 h post exposure of Si and SiO2 NMs 

(Decan et al. 2016, Athinarayanan et al. 2014). Although, the study by Athinarayanan et 

al used the same type of SiO2 used in this study, cytotoxicity assessment was performed 

with the MTT assay whereas this study used Alamar blue, which may explain why 

different results were obtained. Decan et al used amorphous Si NMs (2-20 nm), a pure 

and smaller sized silicon NMs. Therefore, different cell type and assay method may vary 

in their sensitivity to SiO2 NMs. MMT has also showed non-toxic effect at 24 h post 

exposure to undifferentiated Caco-2 cells (Sharma et al. 2010, Maisanaba et al. 2014) 

whereas long term exposure of INT-407 cells (HeLa derived cell line) to MMT induced 

cytotoxicity only at high concentration (125 µg/ml) (Baek et al. 2012). Therefore, overall, 

the findings are in agreement with those of the wider scientific community. 

The toxicity of SiO2 NMs and MMT on undifferentiated Caco-2 cells was also 

investigated with light microscopy after exposure to SiO2 NMs and MMT. The Alamar 

blue assay cannot be applied to differentiated Caco-2 models, and previous studies using 

CuO NMs demonstrated that light microscopy provided a useful and rapid insight into 

the cytotoxicity of NMs (which was comparable to the more time consuming, and 

complex quantitative approaches used to assess cell death (nuclei counts) or cell 

morphology (e.g. electron microscopy)). Therefore, light microscopy studies enabled a 

direct comparison of NM toxicity to be performed across models. SiO2 NMs and MMT 

did not impact on the confluence or morphology of the exposed cells (in all models used), 

compared to the control, suggesting that these NMs are not toxic. CuO NMs exposed to 

undifferentiated Caco-2 cells induced cell death leading to a loss of cells, which was 
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identified using the Alamar blue assay and light microscopy (Ude et al. 2017) (Figure 

2.6).  However, no impact was observed post exposure of differentiated Caco-2 cells, 

Caco-2/HT29-MTX and Caco-2/Raji B co-culture to CuO NMs (Figures 3.5, 4.6 and 5.7). 

Light microscopy has not been used to study the toxicity of SiO2 NMs and MMT in 

intestinal models (e.g. differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji 

B co-culture) prior to now. However, use of light microscopy to assess toxicity of NMs 

has been used previously for other cell types. For example, the toxicity of Ag NMs, ufCB 

and TiO2 to differentiated HL-60 has been studied using light microscopy and change in 

a cell morphology was observed after exposure to Ag NMs and ufCB (Johnston et al. 

2015). Therefore, whilst light microscopy does not provide a quantitative assessment of 

NM cytotoxicity, and has not been commonly used to assess the response of Caco-2 cells 

to NMs it is a rapid and cost-effective method that can be used to explore the impact of 

NMs on cell viability and morphology, and it is therefore recommended that it is used 

more commonly to assess NM toxicity. 

TEER measurement was also used to assess the integrity of the intestinal barrier in 

differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures after 

exposure to SiO2 NMs and MMT. No impact was observed after exposure to SiO2 NMs 

and MMT compared to control suggesting that SiO2 NMs and MMT were not toxic at the 

exposed concentrations. Exposure of CuO NMs and CuSO4 to differentiated Caco-2 cells, 

Caco-2/HT29-MTX and Caco-2/Raji B co-cultures caused a reduction in the TEER value 

compared to control (sections 3.31, 4.31 and 5.32). In addition, Cu/Zn loaded MMT 

exposed to the intestine of weaned piglets has been shown to increase TEER value ex vivo 

(Lefei et al. 2017). A decrease in TEER have been reported after exposure of CuO NMs 

to differentiated Caco-2 cells (Piret et al. 2012b), Caco-2/HT29-MTX (Walczak et al. 

2015b, Brun et al. 2014) and the Caco-2/Raji B co-culture (Bouwmeester et al. 2011, 

Lozoya-Agullo et al. 2017), although the TEER was only measured at one time point 

making their study different from this present study. There is no published paper that has 

studied the toxicity of SiO2 NMs and MMT to the intestine in vitro by measuring the 

TEER values. Measurement of TEER values maximises the amount of information 

obtained for other measurements of toxicity, therefore it is recommended that future 

studies continue to assess TEER over time as an indicator of NM toxicity. 
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6.4.3. ROS production 

Since stimulation of oxidative stress is known as key mechanism underlying NM toxicity 

(section 3.4.3), acellular and cellular ROS production by SiO2 NMs and MMT was 

assessed via the DCFH-DA assay. SiO2 NMs did not produce ROS in acellular conditions 

and undifferentiated Caco-2 cells. H2O2 was used as positive control, which demonstrated 

significant increase in ROS formation, hence suggesting that the assay worked. Therefore, 

this result suggests that SiO2 NMs was not toxic at the exposed concentration. Similar 

results were reported after exposure of human gastric epithelial cells (GES-1) and 

undifferentiated Caco-2 cell to SiO2 NMs (10-50 nm) (Yang et al. 2014, Kaiser et al. 

2013, Tarantini et al. 2015b). However, the same size of SiO2 NMs used in this study 

induced ROS production in human lung fibroblast cells (Athinarayanan et al. 2014), 

indicating a cell dependent toxicity. SiO2 NMs (14 nm) induced acellular ROS production 

when assessed in artificial digested and undigested form using EPR (Gerloff et al. 2013). 

ROS formation was also mediated in A549 and HepG2 epithelial cells and NIH/3T3 

fibroblasts at post 24 h exposure to different sizes of SiO2 NMs (20, 60, 100 and 200 nm) 

and  100 and 200 nm SiO2 NMs generated greater ROS compared to 20 and 60 nm (Kim 

et al. 2015). This suggests a size dependent toxicity of silica. 

MMT demonstrated no increase in acellular and cellular ROS with the DCFH-DA assay. 

Absence of acellular ROS and cellular ROS after exposure of up to 170 μg/ml of MMT 

to undifferentiated Caco-2 cells for 24 h has been reported (Sharma et al. 2010). Another 

researcher reported an increase in ROS production after exposure of 40 µg/ml of MMT 

to undifferentiated Caco-2 cells, but not at lower concentrations at 24 and 48 h post 

exposure (Maisanaba et al. 2014) however the MMT concentration were higher than the 

concentration used in this present study. In comparison, equivalent concentration of CuO 

NMs and CuSO4 induced ROS production in acellular conditions (section 2.3.4). This 

suggests that SiO2 NMs and MMT do not stimulate ROS production. Taken together, the 

results from existing studies suggest that experimental design influences whether NMs 

stimulate ROS production e.g. physicochemical properties of silica, assay type used to 

assess ROS production, exposure time, concentrations tested and concentration of DCFH-

DA (the reagents). Only undifferentiated cells were used for ROS production studies 

since acellular condition did not and undifferentiated Caco-2 cells, which are known to 

be more sensitive did not produce ROS after exposure to SiO2 NMs and MMT. As 
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measurement of oxidative stress requires assessment of a range of parameters, future 

studies could perform a more comprehensive assessment of the involvement of oxidative 

stress by investigating the impact of NMs on lipid peroxidation and assessment of 

antioxidants (e.g. glutathione depletion, superoxide dismutase, catalase). 

6.4.4. IL-8 production 

IL-8 production was one of the prominent markers observed across all the models after 

exposure to CuO NMs and CuSO4. Assessment of IL-8 production by SiO2 NMs and 

MMT allows a comparison of the toxicity of CuO NMs, CuSO4, SiO2 NMs and MMT to 

be performed across all the intestinal models used for this study. SiO2 NMs exposed to 

undifferentiated Caco-2 cells, differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-

2/Raji B co-cultures for 24 h induced IL-8 production at all concentration tested. 

Although SiO2 NMs stimulated IL-8 secretion was statistically significant, it is unlikely 

to be biologically significant as a relatively small increase was observed. 

Furthermore, whilst SiO2 stimulated IL-8 production by differentiated Caco-2 cells, 

Caco-2/HT29-MTX and Caco-2/Raji B co-cultures, this was 7 fold lower than that 

observed from cells exposed to CuO NMs and CuSO4 (sections 3.3.6, 4.3.6, 5.3.6). There 

are conflicting findings in the literature about whether SiO2 stimulates IL-8 production 

from cells in vitro. For example, Tarantini et al. (2015b) reported a similar level of IL-8 

production after exposure of 32 µg/ml of SiO2 NMs (15 nm) to undifferentiated Caco-2 

cells, with a lack of induction of IL-8 by lower concentrations and at all concentrations 

of larger SiO2 NMs (55 nm), indicating a size dependent and concentration dependent IL-

8 release. Another researcher reported a lack of IL-8 expression by undifferentiated and 

differentiated Caco-2 cells after exposure to SiO2 NMs (14 nm) (Gerloff et al. 2013). In 

contrast, an increase in IL-8 secretion has been reported after exposure of A549 

monoculture and A549/THP-1 co-cultures to SiO2 NMs (10 to 60 nm) (Wottrich et al. 

2004, Choi et al. 2009). Normal mesothelial cells (MET-5A) exposed to both nano and 

micro silica particles also demonstrated an increase in IL-8 secretion (Brown et al. 2007). 

This suggests that IL-8 release after exposure to SiO2 NMs may be cell dependent, as 

Caco-2 cells seem to have lower response compared to the other cell types. 

In this study, MMT did not mediate IL-8 release after 24 h exposure to undifferentiated 

Caco-2 cells, differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-
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culture. Lefei et al. (2017) reported a decrease in mRNA expression of pro-inflammatory 

cytokines such as TNFα, IL6, IL8 and IL1β after oral exposure of copper/zinc-loaded 

montmorillonite to weaned piglets in vivo. MMT induced significant increase in IL-6 after 

exposure of 200 μg/ml to A549 lung epithelial cells for 24 h and TNF-α for 3 h (Huo et 

al. 2015). The level of cytokine produced are unlikely to be physiologically relevant as 

small levels of IL-8 were produced in all the intestinal models.  

6.5. Conclusions  

Amorphous silica NMs and MMT agglomerated in cell culture medium. In comparison, 

the size of CuO NMs agglomerates was smaller and this may explain the higher toxicity 

of CuO NMs compared to SiO2 NMs and MMT. In addition, CuO NMs are soluble, which 

may likely influence their toxicity. SiO2 NMs and MMT were nontoxic to 

undifferentiated Caco-2 cells when toxicity was assessed via the Alamar blue assay, light 

microscopy, and ROS formation. In addition, SiO2 NMs and MMT did not elicit toxicity 

to differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures when 

light microscopy, and TEER was used to assess toxicity. Whilst SiO2 NMs stimulated IL-

8 release in all the intestinal in vitro models, no IL-8 secretion was induced by MMT. 

This suggests that MMT is likely to be pro-inflammatory at the tested concentrations. In 

addition, since SiO2 NMs induced very low levels of IL-8 production, it may be inferred 

that SiO2 NMs was only slightly pro-inflammatory. However, the overall findings imply 

that CuO NMs and CuSO4 were more toxic or bioreactive than SiO2 NMs and MMT as 

CuO NMs and CuSO4 induced cytotoxicity (Alamar blue assay), reduced TEER value 

and induced increased IL-8 production. It may be inferred that IL-8 is the most sensitive 

marker among the endpoints used for NM toxicity or bioreactivity investigation in this 

study across all models. It is suggested that gene expression of the oxidative stress (GPX, 

HMOX1), inflammation (IL1β, IL8, IL10) and mucus secreting (MUC2) will be 

investigated to determine the toxicity of SiO2 NMs and MMT in the intestinal in vitro 

models.  MMT did not induce toxicity via assessment of cytotoxicity and cell morphology 

(Alamar blue assay, TEER measurement and light microscopy), ROS formation and IL-

8 production, therefore it may be suggested that MMT was not toxic to all the intestinal 

in vitro models at the exposed concentrations. 
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7.1. General discussion 

In this study a range of tests were employed to assess the toxicity of NMs with the aim of 

identifying the most appropriate markers for assessment of the toxicity of NMs to the 

intestine in vitro. These endpoints included cytotoxicity (using Alamar blue assay, nuclei 

count, and light microscopy), cell morphology and barrier integrity (using TEER 

measurement, tight junction staining and SEM), uptake and translocation (ICP-OES), 

ROS production, cytokine production and gene expression (HMOX1, IL8, MUC2 MT1A 

and MT2A). Four different in vitro intestinal models namely; undifferentiated Caco-2 

cells, differentiated Caco-2 cells, Caco-2/HT29-MTX and a Caco-2/Raji B co-culture 

were used to investigate the toxicity of CuO NMs, CuSO4, SiO2 NMs and nanoclays in 

the intestine to identify if in vitro models of various complexities varied in their sensitivity 

to NM toxicity. 

7.1.1. Physicochemical properties of the NMs 

A thorough characterisation of the physicochemical properties of NMs is recommended 

in parallel to hazard studies in order to help identify the attributes of NMs, which confer 

toxicity. The physicochemical properties of NMs (CuO and SiO2 NMs) used for this study 

were investigated previously (Gosens et al. 2016, Ude et al. 2017, Rasmussen et al. 2013), 

and so only limited characterisation was necessary in this study. There is only limited 

information available on the physicochemical characteristics of the nanoclays, as their 

size could not be determined via SEM and TEM. The hydrodynamic diameter (as a 

measure of size), PdI and zeta potential were investigated for all NMs after dispersion in 

MEM and DMEM complete media at 0 and 24 h incubation. CuO NMs demonstrated a 

significant reduction in hydrodynamic diameter to less than primary size (10 nm) whereas 

an increase in hydrodynamic diameter was observed in SiO2 NMs and MMT after 24 h. 

This suggests that CuO NMs became less agglomerated in biological media, and may 

dissociate or dissolve over time (sections 2.4.1). The smaller size, and solubility of CuO 

NMs may explain why these NMs were more toxic than SiO2 NMs and MMT nanoclay. 

CuSO4 was included to help decipher the contribution of ions and particles in CuO NM 

toxicity. Furthermore, the Cu concentration in CuO NMs and CuSO4 was standardized to 

facilitate making comparisons between the treatments.  
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7.1.2. Verification of the models 

Confluency of undifferentiated Caco-2 cells was determined using light microscopy and 

SEM. Three methods confirmed that undifferentiated Caco-2 cells were 100 % confluent 

prior to their use for toxicity studies. The differentiation status, development of M cells 

and presence of goblet cells were investigated using TEER measurement, tight junction 

protein (ZO-1) staining, Alcian blue staining, WGA staining, SEM, TEM and light 

microscopy. TEER measurement, which was used to confirm the progression of 

development of barrier integrity confirmed that differentiated Caco-2 cells, and the Caco-

2/HT29-MTX and Caco-2/Raji B co-cultures developed an intact monolayer, with all the 

TEER values greater than 500 Ω.cm2. In addition, staining of the ZO-1 tight junction 

protein confirmed the findings observed with TEER measurement. Differentiated Caco-

2 cells and Caco-2/HT29-MTX co-cultures also demonstrated elongated microvilli 

covering the entire cell surface, which is an indication of development of in vivo line 

intestinal monolayer. Caco-2/Raji B cells showed an absence of microvilli in some areas, 

but not in others, which is an indicative of M cell development. A high intensity of WGA 

staining in some areas of the surface of Caco-2/Raji B cells confirmed the development 

of M cells. The presence of mucus on the surface of the Caco-2/HT29-MTX co-culture 

was confirmed with Alcian blue, and implying that goblet cells developed. The viability 

of the differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B cells was 

confirmed with light microscopy and nuclei count after staining with DAPI, and 

confirmed that the viability of the cells was not affected by prolonged culturing in a 

transwell plate. Therefore, our models were all able to mimic features of the intestinal 

epithelium. 

7.1.3. Barrier integrity and cytotoxicity 

Cell viability and impact on barrier integrity of cells was determined via the TEER 

measurement, light microscopy, nuclei count, ZO-1 staining and SEM in differentiated 

Caco-2 cell models. The impact of NMs on cell viability in undifferentiated Caco-2 cells 

was assessed using the Alamar blue assay. CuO NMs and CuSO4 demonstrated a 

significant decrease in viability 24 h post exposure to undifferentiated Caco-2 cells at 

concentrations ≥ 4.89 µg/cm2 (equivalent to 15.63 µg/ml) (section 2.3.2). Conversely, 

MMT nanoclay and SiO2 NMs did not show any significant decrease in viability, even at 

the highest concentration tested (500 µg/ml) (section 6.3.2). This suggests that CuO NMs 
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and CuSO4 were more toxic than MMT nanoclay and SiO2 NMs. The Alamar blue assay 

result was used to determine the BMD 20 of CuO NMs (4.4 µg/cm2) and to select sub-

lethal concentrations of CuO NMs and CuSO4 for further mechanistic studies in 

undifferentiated and differentiated cell models. MMT nanoclay and SiO2 NM 

concentrations were also selected based on the BMD 20 of CuO NMs as a BMD 20 could 

not be determined. The selection of the same concentration, across NMs enabled a direct 

comparison of NM. Toxicity to be made. Only limited concentration of NMs could be 

tested in the more complex models due to the higher cost of performing this work, but 

ideally a range of concentrations would be tested in hazard studies. 

Nuclei counts and light microscopy were also used to assess the cytotoxicity of the NMs 

on undifferentiated Caco-2 cells using selected concentrations. A loss of cells (light 

microscopy) and decrease in nuclei number was only observed after exposure to CuO 

NMs, confirming the results from the Alamar blue assay (section 2.4.2). The results 

therefore suggest that all measures of cytotoxicity provide comparable results. 

Assessment of the suitability of using other approaches to assess cytotoxicity was 

required as the Alamar blue assay is not compatible with the transwell plates required for 

differentiation of the cells, and the LDH assay cannot be performed with CuO Nms, due 

to interference. Interestingly, when the viability of differentiated Caco-2 cells, Caco-

2/HT29-MTX and Caco-2/Raji B cells were assessed post exposure to CuO NMs and 

CuSO4 via light microscopy and nuclei counts, the viability of the cells was not affected. 

This suggests that use of undifferentiated cells may overestimate the toxicity of NMs. 

Exposure of undifferentiated Caco-2 cells, differentiated Caco-2 cells and the Caco-

2/HT29-MTX and Caco-2/Raji B co-culture to MMT nanoclays and SiO2 NMs did not 

result in a loss of cell viability. It is proposed that nuclei count and light microscopy could 

be useful measures of intestinal cell viability across different intestinal models when other 

more commonly used biochemical assays to assess viability (e.g. Alamar blue, WST-1, 

MTT and LDH) cannot be performed. 

As discussed in sections 3.4.1, the reduction in TEER values due to CuO NMs and CuSO4 

exposure, indicated a compromise in barrier integrity. Post exposure to 6.34 µg/cm2 CuO 

NMs and CuSO4, a reduction in TEER value was identified, but the timing of the effect 

differed between the models. TEER decreased at 9 h for differentiated Caco-2 cells, at 12 

h for the Caco-2/Raji B and at 15 h for the Caco-2/HT29-MTX co-cultures, suggesting 
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that differentiated Caco-2 cells were most sensitive followed by Caco-2/Raji B and Caco-

2/HT29-MTX co-cultures. The reduced sensitivity by Caco-2/HT29-MTX co-culture 

may be attributed to trapping of the CuO NMs by the mucus thereby hindering their direct 

contact with intestinal epithelial cells (Cone 2009, Fröhlich 2012). No time dependent 

change in TEER measurement was observed post exposure of MMT nanoclays and SiO2 

NMs (equivalent concentration of CuO NMs) to differentiated Caco-2 cells, Caco-2/Raji 

B and Caco-2/HT29-MTX co-cultures. This again suggests that these NMs are less toxic 

than CuO NMs. 

Tight junction (ZO-1) staining confirmed that impact of CuO NMs and CuSO4 

compromised barrier integrity in differentiated Caco-2 cells and Caco-2/Raji B co-culture 

indicating a barrier integrity perturbation. However, the tight junction staining of Caco-

2/HT29-MTX co-culture exposed CuO NMs and CuSO4 seem similar to the control, 

which could be because mucus was covering the cell surface thereby prevent impact on 

the tight junction or visualisation of the tight junction protein staining. The impact on the 

tight junction protein staining seem greatest in differentiated Caco-2 cells followed by the 

Caco-2/Raji B and Caco-2/HT29-MTX co-cultures. Again, this suggests a protection by 

the mucus present on Caco-2/HT29-MTX co-culture. Although a reduction in ZO-1 

staining was observed, it will be important to quantify the intensity of the staining to 

confirm the degree of damage stimulated by CuO NMs and CuSO4 on tight junction 

proteins. Shortening of the microvilli was also observed in a small proportion of cells in 

differentiated Caco-2 cells, Caco-2/Raji B and Caco-2/HT29-MTX co-cultures after 

exposure to CuO NMs but was not assessed for other NMs or CuSO4 due to cost. 

Overall, the results imply that CuO NMs and CuSO4 induced toxicity and tight junction 

dysfunction in all the cell models, and it may be suggested that light microscopy, nuclei 

count, time dependent TEER measurement, ZO-1 staining and SEM imaging be included 

in routine laboratory toxicity studies which investigate the toxicity of ingested NMs in 

vitro. As light microscopy and TEER measurement are the quickest and most cost 

effective, they could be prioritised. 

7.1.4. Translocation and cellular uptake 

Translocation and uptake studies using differentiated Caco-2 cells, and the Caco-2/Raji 

B and Caco-2/HT29-MTX co-cultures indicated a time and concentration dependent 
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retention of Cu on the AP compartment. Translocation from the AP to BL compartment 

occurred in a time dependent manner as discussed in sections 3.4.2, 4.4.2 and 5.4.2. The 

level of Cu in BL compartment was lowest in Caco-2/HT29-MTX co-culture followed 

by the differentiated Caco-2 cells and then Caco-2/Raji B co-culture suggesting that 

transport was lowest Caco-2/HT29-MTX co-culture. The Caco-2/Raji B co-culture 

demonstrated the highest accumulation of Cu in the BL compartment compared to both 

differentiated Caco-2 cells and Caco-2/HT29-MTX co-culture at concentrations of 3.17 

and 6.34 µg/cm2 CuO NMs and CuSO4, 48 h post exposure.  In addition, Caco-2/Raji B 

co-culture also had less accumulation of Cu in the AP compartment at all concentrations 

compared to differentiated Caco-2 cells despite lower level of impact on monolayer 

integrity. This reflects the physiological role of the M cell in sampling the GI tract lumen 

contents and presenting them to immune cells via aiding translocation. This finding may 

be studied further by investigating the translocation of CuO NMs at a shorter time point 

(1 h post exposure). The increased level of Cu in the AP compartment in Caco-2/HT29-

MTX co-culture compared to differentiated Caco-2 cells and Caco-2/Raji B co-culture 

agrees with the reduced effect of CuO NMs and CuSO4 on TEER values and ZO-1 

staining compared to differentiated Caco-2 cells and Caco-2/Raji B co-culture (sections 

3.4.1, 4.4.1 and 5.4.1). This may imply that there was a reduced impact of CuO NMs and 

CuSO4 on cell monolayer integrity because of the presence of mucus as mentioned above 

(section 7.1.3), and that the NMs were trapped in the mucus of the AP. The decreased 

effect on cell monolayer integrity was also made evident by the reduced detectable Cu 

observed in the BL compartment and decreased Papp value compared to differentiated 

Caco-2 cells and Caco-2/Raji B co-culture (Figures 3.8, 4.10 and 5.11). Overall, the 

accumulation of Cu in cells was low (<3 %), for all modes. The high translocation in 

differentiated Caco-2 cells may be attributed to excessive compromise in monolayer 

integrity, as the same trend of translocation was not observed at lower treatment 

concentration (3.17 and 6.34 µg/cm2). The level of detectable copper in the cell lysate 

was highest in Caco-2/HT29-MTX cells and approximately the same in both 

differentiated Caco-2 cells and Caco-2/Raji B cells. Mucus may have attracted some of 

the Cu hindering its translocation, and was released during acidic digestion of cells 

thereby increasing the amount of Cu detected in the cell extract. It is known that the mucus 

layer formed after Caco-2/HT29-MTX cannot not be washed off easily (Mahler et al. 

2009), therefore cell monolayer washing prior to digestion may have not washed off the 
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Cu ions that were attached to the monolayer. In comparison with in vivo studies (Walczak 

et al. 2015a, Schleh et al. 2012, Kreyling et al. 2017), differentiated Caco-2 cells, Caco-

2/HT29-MTX and Caco-2/Raji B co-culture may overestimate the translocation of NMs, 

as a higher translocation was observed using all the in vitro models. Perhaps, lack of food 

components increases potential for exposure to NMs as trapping of NMs in the GI tract 

mix might lead to less bioavailability. 

7.1.5. ROS formation 

ROS production was increased by CuO NMs and CuSO4 in an acellular condition, with 

CuSO4 demonstrating greater than double the fold increase of ROS produced by CuO 

NMs at 2 h post exposure. In cellular conditions, only CuSO4 induced a significant 

increase in ROS production after a 2 h exposure to undifferentiated Caco-2 cells, 

differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B cells. The level of 

ROS produced by undifferentiated Caco-2 cells was the highest followed by the Caco-

2/Raji B co-culture then differentiated Caco-2 cells and the Caco-2/HT29-MTX co-

culture. There was no significant increase in intracellular ROS for all the models at 2 h 

post exposure to CuO NMs. Since the toxicity of CuO NMs and CuSO4 were similar using 

other endpoints, it may be suggested that at 2 h post exposure CuO NMs had not dissolved 

or that CuO NMs stimulate its toxicity via a Trojan horse mechanism (section 2.4.3), 

which may take longer time for uptake and dissociation intracellularly before mediating 

ROS production. Reports have shown that CuO NMs may induce ROS through Fenton 

and or Haber-Weiss process (Chumakov et al. 2016). The Fenton and or Haber-Weiss 

process involves the use of transition metal ion to induce ROS production (Chumakov et 

al. 2016, Gaggelli et al. 2006). As expected, SiO2 NMs and MMT nanoclays did not 

induce ROS production both in acellular and cellular conditions, as all other endpoints 

used to assess their toxicity demonstrated that they are less toxic. The involvement of 

oxidative stress may be assessed in future following the methods outline in section 5.4.4. 

7.1.6. Cytokine production 

Only IL-8 and ICAM-1 were identified using proteome profiler after exposure of CuO 

NMs to undifferentiated and differentiated Caco-2 cells. IL-8 has a direct relationship 

with inflammatory response whereas ICAM-1 is an adhesive molecule, which is present 

in all adherent cells at high concentrations (Sumagin et al. 2008). Since a similar level of 
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ICAM-1 production was observed in both treated and untreated cells and due to financial 

constraints, IL-8 was prioritized in this study. However, assessing ICAM -1 via ELISA 

and gene expression may give insight on the impact of CuO NMs on the inflammatory 

response and adherent capability of the cells. Exposure to CuO NMs and CuSO4 of 

undifferentiated Caco-2 cells, differentiated Caco-2 cells, the Caco-2/HT29-MTX and the 

Caco-2/Raji B cells stimulated an increase IL-8 production, whereas IL-8 was not 

detected in control cells and the BL compartments of all the intestinal models post 

exposure to CuO NMs and CuSO4. Undifferentiated Caco-2 cells mediated the highest 

level of IL-8, followed by differentiated Caco-2 cells, then the Caco-2/HT29-MTX and 

Caco-2/Raji B co-cultures suggesting that undifferentiated cells are more sensitive than 

the other models. As previously discussed using undifferentiated cells may therefore, lead 

to an overestimation of the toxicity or bioreactivity of NMs (section 2.5). Surprisingly, 

SiO2 NMs induced IL-8 production when exposed to undifferentiated Caco-2 cells, 

differentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-cultures, but MMT 

nanoclay did not. However, the level of IL-8 produced was low for SiO2 NMs, and whilst 

statistically significant is unlikely to be biologically significant. Therefore, this study 

suggests that IL-8 investigation via ELISA is very sensitive in intestinal cell models and 

may be used for investigation of NM toxicity or bioreactivity in the intestine, across 

models. Other cytokines such as IL-10, IL-1β, IL-6, TNF-α may also be assessed in 

future. 

7.1.7. Gene expression 

Gene expressions of antioxidants (HMOX1), inflammatory response (IL8), mucus 

secretion (MUC2) and metal binding (MT1A and MT2A) were assessed to determine the 

most appropriate molecular markers for the assessment of toxicity in the intestine in vitro 

and to decipher the contribution of ions and particles in the toxicity of CuO NMs. The 

undifferentiated Caco-2 cells mediated the greatest upregulation of all the genes assessed 

in this study except MT1A, further confirming the possible overestimation of toxicity 

when using undifferentiated Caco-2 cells to assess the toxicity of NMs. A lack of 

differentiation may have affected the expression of MT1A in undifferentiated Caco-2 

cells. All the intestinal models induced a time and concentration dependent HMOX1 

expression. Undifferentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B cells 

mediated a significant increase in HMOX1 at 4 h post exposure, which reached the peak 
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at 12 h, and declined at 24 h post exposure. Although, the highest upregulation of HMOX1 

was observed at 12 h post exposure in most of the intestinal models, HMOX1 expression 

may be assessed at 4 h post exposure in order to perform a more rapid assessment of 

toxicity. Maximum IL8 expression was observed at 12 h post exposure of CuO NMs and 

CuSO4 to undifferentiated Caco-2 cells, Caco-2/HT29-MTX and Caco-2/Raji B co-

cultures, while differentiated Caco-2 cells induced greatest IL8 expression at 24 h post 

exposure. The highest level of IL8 expression at 12 h observed in the Caco-2/HT29-MTX 

and Caco-2/Raji B co-cultures may be because of the presence of other cell types (HT29-

MTX or Raji B cells), which may have enhanced early induction of the gene compared 

to differentiated Caco-2 cells. All the cells induced a concentration dependent IL8 

expression at 12 h post exposure hence, 12 h may be suggested as the appropriate time 

point for assessment of IL8 expression in the intestine in vitro. 

MT1A was expressed at the lowest level in undifferentiated Caco-2 cells and highest in 

differentiated cells indicating that differentiation may have an impact on its expression. 

However, it was observed in this study that MT2A was not expressed in control 

undifferentiated Caco-2 cells, whereas unexposed differentiated cells were able to express 

MT2A, suggesting that expression of MT2A may also be affected by differentiation. There 

was no correlation between level of MT1A expression and time point or concentration. 

MT2A was upregulated in a concentration and time dependent manner in all the intestinal 

cell models except undifferentiated Caco-2 cells. Among all the genes assessed in this 

study MT2A was the most highly expressed gene, and the maximum expression was 

observed at 12 h post exposure of CuO NMs and CuSO4. A similar level of expression 

was observed in differentiated Caco-2 cells and Caco-2/HT29-MTX cells, and the lowest 

level of expression was observed in the Caco-2/Raji B co-culture. Since a substantial level 

of MT2A expression was observed at 4 h post exposure to CuO NMs and CuSO4, MT2A 

expression could be assessed at 4 h as an early indicator of NM toxicity. MT2A may be 

suggested as a good molecular marker for investigation of metal containing NMs in the 

intestine whereas MT1A may not. However, other subunits of MT1 (e.g. MT1B, MT1M, 

MT1L, MT1E, MT1F, MT1X, MT1G, MT1H and GPX) may be assessed in future to 

ascertain the MT1 subunit that may be employed in the toxicity study of NMs. Since 

expression of metallothionein are induced by ions and not particles (section 2.4.5), our 
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result implicates ion involvement in the toxicity of CuO NMs dissolved either before or 

after uptake (Trojan horse mechanism). 

MUC2 expression was highest at 12 h post exposure of CuO NMs and CuSO4 to 

undifferentiated Caco-2 cells and Caco-2/Raji B co-culture, and 24 h for differentiated 

Caco-2 cells and Caco-2/HT29-MTX co-culture. Expression of MUC2 was lowest in the 

Caco-2/Raji B co-culture at all time points and highest in Caco-2/HT29-MTX cells. This 

was not a surprise as the Caco-2/HT29-MTX co-culture contains mucus-secreting cells 

(HT29-MTX). Increased expression of MUC2 may be as a result of toxicity or 

physiologically relevant protective mechanism as previously discussed (section 2.4.5) 

therefore, MUC2 expression is suggested to be included in assessment of NMs toxicity 

or bioreactivity in intestinal models at 24 h post exposure since MUC2 expression is 

specific to the intestine (Pelaseyed et al. 2014, Johansson et al. 2008, Johansson et al. 

2011). 

7.2. Further direction of research 

Although a battery of tests were employed to assess NM toxicity across in vitro models 

of various complexities, there are still some areas that would benefit from further 

investigation. The hydrodynamic diameter of CuO NMs increased immediately after 

dispersion and decreased below the primary size after incubation for 24 h suggesting 

dissolution in cell culture media assessed via DLS. However, future studies may need to 

use TEM analysis to confirm the change in CuO NM agglomeration status over time. 

TEER measurement was associated with some difficulties as the cells are removed from 

incubator and equilibrated for 15 min prior to taking TEER measurements and this may 

introduce errors into the results. However, to eliminate this, measurement of the impact 

on cell morphology and viability may be investigated using automated impedance 

instrument (e.g. cellZscope® device) (Benson et al. 2013) in future as measurements are 

taken in situ (while the cell is in incubator). 

In this study, it was suggested that toxicity of CuO NMs was mediated by ions and 

particles. It will be of benefit to investigate the contribution of intracellular Cu ion release 

to CuO NM toxicity via the following methods: detection of the free and labile metal ions, 

qualitative determination of the presence of dissolved metal ions by chelation, and 

separation of dissolved metal ions by filtration or centrifugation (Ivask et al. 2012) in the 
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future. Translocation and uptake of CuO NMs were studied by measuring the Cu ion 

concentration with ICP-OES, which are not able to separate the ions from particles. 

However, visualisation of uptake of CuO NMs using TEM attached with energy 

dispersion spectroscopy (EDS) could be performed to confirm particle uptake by cells. 

This will also help to determine the contribution of ions and particles in the toxicity of 

CuO NMs. TEM attached with energy dispersion spectroscopy (EDS) will also facilitated 

the clarification of possible trapping of CuO NMs by the mucus formed on the surface of 

Caco-2/HT29-MTX co-culture. Short time point (e.g. 1 h post exposure) translocation 

studies with CuO NMs could be performed to demonstrate the functionality of M cell 

models (transport properties) Furthermore, latex microspheres transport studies may also 

be employed to demonstrate that Caco-2/Raji B cells functionally resemble in vivo M 

cells (i.e. to demonstrate grater particle transport properties in the M cells in vitro).   

In this study, Trojan horse, indiscriminate binding of Cu to thiol, amine and carboxyl 

groups of amino acids in their active site were suggested as the mechanism of CuO NMs 

toxicity. Nevertheless, to understand the actual mechanism underlying the toxicity of 

CuO NMs, other methods of ROS detection such as EPR, impact of these NMs on lipid 

peroxidation, and assessment of antioxidants (e.g. glutathione depletion, superoxide 

dismutase, catalase) may be employed in future to investigate ROS formation and 

involvement of oxidative stress in CuO NMs toxicity. 

The use of more concentrations, other NMs, and in vitro models such as triple co-culture 

models and epithelial cell derived stem cells, organ and body on the chip would ideally 

be included. This was not possible due financial and time constraints. In addition, 

introduction of flow/bacteria to cell cultures to improve physiological relevance may be 

employed in future studies. It would also be essential to directly compare the same NMs 

with in vivo studies, as there is lack of published data, which have compared in vitro and 

in vivo models using the same NMs and the available in vivo literature demonstrated a 

lower toxicity compared to in vitro models. 

7.3. Final conclusions 

CuO NMs and CuSO4 demonstrated strikingly similar trends of toxicity to 

undifferentiated Caco-2 cells, differentiated Caco-2 cells, and and the Caco-2/HT29-

MTX and Caco-2/Raji B co-cultures. CuO NMs and CuSO4 caused a reduction in 
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viability, TEER value, ZO-1 staining intensity, diminished the length of microvilli, and 

mediated tight junction integrity dysfunction in the entire in vitro intestinal models. CuO 

NMs and CuSO4 also upregulated IL-8 secretion, expression of HMOX1, IL8, MT1A, 

MT2A and MUC2 in a concentration and time dependent manner. CuO NMs and CuSO4 

were translocated in a concentration dependent manner with the greatest translocation 

observed in Caco-2/Raji B co-culture. Although, there was an increase in ROS production 

in acellular conditions by CuO NMs and CuSO4, no intestinal cell models showed a 

significant increase in ROS production and CuSO4 produced greater than double of the 

ROS produced by CuO NMs. This suggests that CuO NMs toxicity may be mediated by 

ion and particles as CuO NMs CuSO4 stimulated similar level of toxicity using other 

endpoints and CuO NMs dissolution was not up to 100 % after 24 h incubation in cell 

culture medium. Assessing the impact of SiO2 NMs and MMT nanoclay on the four 

intestinal models using ROS production, light microscopy, TEER measurement, viability 

assay (Alamar blue) and IL-8 production demonstrated a lack of toxicity. The results 

suggest that among the tested endpoints, IL-8 was the most sensitive marker for NM 

toxicity study. 

Undifferentiated Caco-2 cells seem most sensitive followed by differentiated Caco-2 cells 

then, the Caco-2/Raji B and Caco-2/HT29-MTX co-cultures suggesting that lack of 

differentiation to in vivo-like intestinal cells may have been the reason for their higher 

sensitivity. It is therefore, possible that the use of undifferentiated Caco-2 cells will 

overestimate the toxicity of NMs in the intestine. However, the use of undifferentiated 

Caco-2 may not be completely discarded as the use of transwell plates is more expensive 

and time consuming. Therefore, it is suggested that undifferentiated Caco-2 cells be used 

for screening of wide range of NMs for selection of sub lethal concentration prior to the 

use differentiated Caco-2 cells, and the Caco-2/Raji B and Caco-2/HT29-MTX co-

cultures. Differentiated Caco-2 cells, Caco-2/Raji B and Caco-2/HT29-MTX co-cultures 

are very robust for NM toxicity studies in the intestine; however, Caco-2/Raji B and Caco-

2/HT29-MTX co-culture may be prioritized when carrying out translocation studies as 

they mimic the in vivo situation more than undifferentiated and differentiated Caco-2 

cells. In addition, molecular markers (HMOX1, IL8, MT2A and MUC2) and biochemical 

(IL-8 secretion) time dependent TEER measurement, impact on cell morphology (using 

ZO-1 staining, light and electron microscopy) are suggested for routine assessment of 
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toxicity in the intestine in vitro. Finally, the relevancy of these markers to NMs of more 

varied physicochemical properties requires further investigation as NMs are diverse in 

nature and toxicity mechanism.
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Appendices 

Appendix 1  

Hydrodynamic diameter, zeta potential and polydispersity index (PdI) values of MEM 

and DMEM complete cell culture medium. Data are expressed as mean ± SEM (n=3). 

Asterisk (*) represents significant (P<0.05) size decrease at comparison of incubation at time point 0 and 

24 h. 

 Time (h) 0 24 

 

Complete 

MEM 

Hydrodynamic diameter (nm) 26.22±4.28 19.58±0.61 

Zeta Potential (mV) -7.98±0.43 -8.04±0.38 

PdI 0.34±0.08 0.42±0.06 

 

Complete 

DMEM 

Hydrodynamic diameter (nm) 20.45±0.33 19.74±0.46 

Zeta Potential (mV) -8.32±0.24 -7.90±0.28 

PdI 0.62±0.03 0.33±0.02 
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Appendix 2 

 

 

ZO-1 staining of undifferentiated Caco-2 cells. Cells (3.13 x 105 cells/cm2) were grown 

on a 10 mm glass coverslip in a 24 well plate (Costar Corning, Flintshire, UK). After 24 h 

of incubation, the cells were fixed and stained for the tight junction protein ZO-1 (green) and nucleus with 

DAPI (blue).  The images were obtained with Zeiss fluorescence microscopy equipped with AxioCam 

camera. Scale bar = 500 µm. 

 


